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Abstract: Distribution of the water flow path and residence time (HRT) in the hyporheic zone is
a pivotal aspect in anatomizing the transport of environmental contaminants and the metabolic
rates at the groundwater and surface water interface in fluvial habitats. Due to high variability
in material distribution and composition in streambed and subsurface media, a pragmatic model
setup in the laboratory is strenuous. Moreover, investigation of an individual streamline cannot be
efficiently executed in laboratory experiments. However, an automated generation of water flow
paths, i.e., streamlines in the hyporheic zone with a range of different streambed configurations
could lead to a greater insight into the behavior of hyporheic water flow. An automated approach
to quantifying the water flow in hyporheic zone is developed in this study where the surface water
modeling tool, HER-RAS, and subsurface water flow modelling code, MIN3P, are coupled. A 1m
long stream with constant water surface elevation of 2 cm to generate hydraulic head gradients and a
saturated subsurface computational space with the dimensions of x:y:z = 1:0.1:0.1 m is considered to
analyze the hyporheic exchange. Response in the hyporheic streamlines and residence time due to
small-scale changes in the gravel-sand streambed were analyzed. The outcomes of the model show
that the size, shape, and distribution of the gravel and sand portions have a significant influence on
the hyporheic flow path and HRT. A high number and length of the hyporheic flow path are found
in case of the highly elevated portion of gravel pieces. With the increase in the base width of gravel
pieces, the length of hyporheic flow path and HRT decreases. In the case of increased amounts of
gravel and sand portions on the streambed, both the quantity and length of the hyporheic flow path
are reduced significantly.

Keywords: groundwater; HEC-RAS; MIN3P; hyporheic exchanges; residence time; model coupling

1. Introduction

The interlinkage between surface water and groundwater is an important phenomenon
to perceive the hydrology and water cycle as they can be considered as a single resource and
variation in one resource has significant impact over the other [1-3]. This interplay between
them plays a critical role in the management and preservation of dependent riparian habitat
and ecosystem [4-6]. Groundwater resource comprises more than one-fourth of the total
global fresh water [7] and approximately two billion people throughout the world obtain
drinking water from this resource [7]. Despite the fact that a very narrow segment of global
fresh water is comprised of surface water bodies, e.g., streams, lakes, and rivers apart from
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the subsurface water resources, these are easily accessible and also are important water
resources for broad usage [8]. Deterioration of water quality and the aquatic ecosystem
occur due to the existence of critical solutes resulting in restrictions in water use. The main
contributions of these critical substances are collaborated with anthropogenic activities
that pave the way to many contaminants to the environment and subsequently to the
hydrologic circle [9-11]. Extreme emissions of nitrate and ammonia by intense agricultural
activity, sewage water, heavy industrial manufacturing process and the burning of fossil
fuels aid the process of eutrophication [12-16]. Surface and subsurface water bodies are
hydraulically linked in most of the cases demonstrating a single resource [17-19]. Exchange
that happens between surface and groundwater is found to accelerate the contamination
of either of the sources by the other [18-20]. The fate and transport of the environmental
contaminants and other substances are significantly influenced by the interaction between
surface water and groundwater [20-23]. Nonetheless, critical substances at the interface
of the surface and groundwater bodies are transformed and retrograded by the various
microbial activity. This type of phenomenon is controlled by the dissolved oxygen and
carbon sources available [23-25].

Variation between the groundwater and surface water is attributed to the hydraulic
gradients, which is the primary reason the water and solutes exchange at the interface [26].
This phenomenon results in downwelling flow, i.e., flow from surface water bodies to
the groundwater bodies or upwelling flow, i.e., flow from groundwater bodies to the
surface water bodies. The water flow over various streambed morphologies, e.g., pool-
riffles, ripples or similar obstacles, water surface profile changes, i.e., hydraulic head
gradients, which contribute to the groundwater-surface water exchange or hyporheic
exchange [27-32]. This creates a groundwater-surface water exchange zone, where water
infiltrates into the subsurface domain, and exfiltrates back to the surface water flow [6].
In recent years, hypothetic exchange within the surface water and groundwater bodies
has appeared as an important topic among the researchers to observe the linkage among
riverine ecosystem, fluvial geomorphology and groundwater [33,34]. The industrial water
waste discharged to the streams can significantly increase nutrient concentrations resulting
in a change of hyporheic conditions, e.g., depletion of oxygen concentration. In addition,
anthropogenic nutrients, pesticides, and heavy metals can be transported from groundwater
into surface water bodies, making the hyporheic zone toxic for living [35-37].

Researchers recognized that there is significant exchange of water, sediments, and
nutrients in the surface and groundwater interface. However, the underlying dynamic pro-
cesses involved are fraught with limited insight and therefore have become problematic [5].
To augment the understanding of hydrologic processes of hyporheic exchange, there is
the need for further insight on the mechanisms, by which water, materials, and energy
are transferred in the hyporheic zone. Many researchers have resorted to a multifaceted
approach towards unraveling the dynamics underpinning surface and groundwater in-
teractions to deal with the challenges associated with these mechanisms. This has also
led to the continuous advocacy for active research in combining/coupling physics-based
numerical models to estimate hyporheic flow [38-40]. The timing of hyporheic exchange,
i.e., the residence time is a determining factor of the ecological and biogeochemical trans-
formation in the hyporheic zone. As water flows through the hyporheic zone, microbial
reactions alter its chemical composition with time. The amount of time that a particle
spends in a particular system (e.g., subsurface environment) is referred to as residence
time. The groundwater component is mostly defined by long residence times, unchanging
morphology and laminar flow, whereas the surface water is characterized by turbulence,
short residence times, variable discharge, and a dynamic morphology [23,41]. The distribu-
tion and quantification of residence times give an indication of the processes involved in
holding and releasing water and solutes within the catchment. This controls the concentra-
tions of contaminants and nutrients in the sediment and surface water [36]. Additionally,
the catchment residence determines the storage, flow pathways and the source of water
and solutes. For instance, evaporation, precipitation, groundwater flow, or stream bed
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morphology may have influence on the residence time. Hence, catchment processes can
be defined by the distribution of residence times that may also be stated as an indicator of
hydrogeochemical and anthropogenic events [34].

Hyporheic residence times and streamline lengths are strongly influenced by riverbeds.
An undulant riverbed diverts currents, creating hydraulic gradients along the soil-water
interface that works as a driver of hyporheic exchange [27,42-45]. Hyporheic streamlines or
flow fields are also highly sensitive to the meanders in stream, which is also dependent on
bedform morphology [27,28,44—49]. The automated generation of hyporheic streamlines,
with various streambed setups, could help to bring a better understanding of the process
and behavior of hyporheic streamlines and residence time distribution under different
streambed conditions, whereas this is not the case in laboratory experiments [48]. Moreover,
it is not possible for repeatability of results, a high number of variations, greater insight
into the three-dimensional system, understanding of individual streamlines or hyporheic
residence time distribution to be well executed in the laboratory setup. These circumstances
create the need for numerical modeling of the flume experiment to better understand the
principal hydro-geo-chemical mechanisms at research and work, which are arduous to
isolate under a natural in-stream environment. The hydraulic head differs over a channel
bed, is scaled up with the obstacle size, and has a larger impact on comparably shallow
surface water compared to deep surface water depth, depending on the obstacle size.

Therefore in line with this assertion, this paper introduced a novel automated frame-
work to compute the hyporheic streamlines and corresponding residence times for a large
number of streambed configurations, using a coupled surface water and subsurface water
flow modelling tool (HEC-RAS and MIN3P). MATLAB is used to automate the entire
process from getting hydraulic head gradient as input due to the variation in streambed
configuration to computing streamlines and residence times. To delve into the sensitivity
of hyporheic exchange in streambed morphology, the objective of this research is to explore
the potential effects of streambed morphology on hyporheic streamlines and residence time
distribution, couple surface water and groundwater models to generate a subsurface veloc-
ity vector field in an automated process, develop a numerical code to trace particles seeded
from the bottom of the streambed, hence, to the top of the subsurface model domain. The
paper is divided into four chapters, namely: introduction; data and methods; results and
discussions; and conclusion. The project justification, objectives, and delineation of the theo-
ries behind GW-SW interactions and hyporheic exchange are presented in the introduction
chapter. In data and methods, strategies, and techniques to quantify hyporheic exchange
in terms of streamline distributions and residence time are discussed. The outcomes and
detailed discussions of the research are illustrated in the results and discussions chapter.
The conclusion chapter summarizes the research outcome and provides recommendations
for further studies.

2. Materials and Methods
2.1. Formulation of GW-SW Exchange

A one-dimensional steady flow model is analyzed using a surface water modelling
tool, HEC-RAS, to generate the distribution of hydraulic head over the streambed. In this
study, the flow regime is set to be subcritical. Figure 1 represents a visualization of the
water surface profile with gradient. The Energy equation used to compute the water surface
profile is written as follows

2 2
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Figure 1. A visualization of the water surface profile with a gradient due to the undulation in
streambed for a typical one-dimensional surface water model. Due to the change in elevation of the
channel bed, a hydraulic gradient occurs, which is the key parameter to generate hyporheic exchange.

In the above equation, Z;, Z; = bed elevation of the channel bed, Y, Y; = Water
depth; V;, V, = Average velocity; a;, a, = weighting coefficient; g = gravitational
acceleration and he = head loss.

The energy head loss between two consecutive cross sections consists of friction losses
and contraction or expansion losses. The equation for the energy head loss can be written
as follows [49]:

;mVE 4 V?

I’ZEZLSf—I—C 28 Zg

2

In the above equation, L = discharge weighted reach length.

S¢ = friction slope between two sections.

C = contraction or expansion loss coefficient.

Groundwater refers to subsurface water, where the subsurface medium is fully satu-
rated. In this study, a fully saturated subsurface, i.e., groundwater domain is considered.
The basic equations for saturated subsurface water flow can be written as [50]

oh

So;—Va4=Q 3)

q=—-KVh @)

The above equation is solved for the hydraulic head h and the Darcy flux q, where S is
the coefficient of specific storage, K is the hydraulic conductivity and Q denotes source/sink
function. By substituting g the Darcy equation can be written in the Richards-type form:

I V(KR = Q)+ Qe ©)

In the equation above, the source/sink term Q = Qy, + Qy,y is a split into a supply term
Qp and a well-related term is Qy,,, -

In this study, a fully saturated porous media is considered for analyzing particle tracks
if seeded from the surface of the model domain. Particles go along the path, which is
determined by the velocity vector field present in the model domain.

In the Figure 2, water flow through an element of the streambed can be seen. In
this figure, A denotes the cross-sectional area, L denotes length, Q; and Q, denote the
subsurface inflow and outflow, and e denotes the upwelling or downwelling hyporheic
water flux per unit length (L) of streambed [45].
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Figure 2. An elementary model to delineate the principal process of hyporheic exchange.

According to the Figure 2, a soil volume in the streambed with a cross-sectional
area A and a dimension L was considered. It is assumed that the direction of subsurface
flow through the volume is parallel to the sides of the soil element in such a way that no
lateral flow happens. Moreover, the bottom of the elementary volume is assumed to be
impermeable, and the upper surface contributes the soil-water interface. Therefore, the
variation in the total amount of water flow in this volume over time (dV,/dt) can be written

as [51]
dav.
CE=Qi—Q,+el ©®)
In case of steady-state conditions where no temporal variation is considered, V;, does
not vary with time making dV,,/dt = 0, the equation will be written as the following form-

_Q-Qi_AQ_dQ
T T Al @)
The subsurface discharge (Q) can be defined from the equation

dh
Q=uA=K-_ A ®)
where, K is the soil hydraulic conductivity, u depicts the subsurface flow velocity and
dh/dlis the spatial gradient of the hydraulic head. By substituting the discharge term from

Equation (8) into the Equation (7) the following equation can be derived.

d(—KAd 2
o ( dl)I_KA@_KdA@ Adeh

dl a2 dl dil - dl dl ©)

In Figure 3, 2D spatial dynamics of hyporheic streamlines due to the undulation in the
streambed are illustrated. Variations in extent of the hyporheic streamlines are function of
stream bed undulation. In this study, the response in the extent of the hyporheic exchange
is explored with a set of streambed configurations and material (e.g., gravel, sand).
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Figure 3. Depth and spatial pattern of hyporheic streamlines described as a function of the Hydraulic
head gradient profile.

2.2. Numerical Modelling of Hyporheic Exchange

The surface water model is set up and simulated in the HEC-RAS, which is an exe-
cutable code developed by U.S. Army Corps of Engineers. Using the streambed geometry
mentioned before and initial /boundary as follows, 1D steady surface water models are
analyzed. A constant discharge, Q = 0.00006 m3/s, was considered as a boundary condition
for steady flow analysis [50]. The initial condition was a fixed water surface elevation of
0.02 m in the stream. The geometry of the channel is 1m long (x-direction) 0.1 m wide (y
direction), 0.1 m high in z-direction. No slope along longitudinal direction of the stream.
The minimum distance between cross sections that HEC-RAS can handle without creat-
ing instabilities is 0.00025 m. For a reach size of 1 m, the resolution which is found to
be too small for HEC-RAS to handle is 0.0001, which would correspond to 10,000,000
cross-sections. Therefore, 1000 cross-sections are considered over the entire stream length
to reduce the instability and computational effort. Hydraulic heads are recorded at each
cross-section and further used as a top boundary condition of the groundwater model.

MINB3P (multicomponent reactive transport code) is used to prepare the flow field in
the subsurface saturated porous media. Spatial discretization is conducted based on the
finite volume method, which allows three-dimensional analysis [52,53]. The finite volume
method (FVM) is a robust method extensively used in computational fluid dynamics [54].
The global mass conservation for the components is discretized in three-dimensional space,
using the FVM in MIN3P by considering fully implicit time weighting [55].

The fourth order Runge-Kutta method is used in this study to trace hyporheic stream-
lines (Figure 4). The vectors considered in the subsurface water flow field can be written
as follows

1 2 3
Piqy =P+ (1/6) Ato;+(1/3) Atv ;4 +(1/3) At 14+ (1/6) Aty (10)
1
where, P; denotes the beginning position of the streamline, At is the time step, ?i 11 1is the

. . - =2 :
flow vector corresponding to the point P; + (%)At Vi, 5)1« 11 is the flow vector corresponding

. 1 =3 . . . =2
to the point P; + (%)At ?i 11 and v;,q is the vector corresponding to the point P; + At v, 4.
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Figure 4. Streamline calculation in both 2-D and 3-D cases.

2.3. Model Parameterization

The streambed used and investigated in the numerical model is prompted by a small
scale (e.g., a surface water model domain having a length of 1 m is used in this study)
hyporheic exchange with a gravel-sand streambed. An alternating gravel-sand streambed
is set up to generate hydraulic head gradient. Impact of the shape and size of gravel pieces
and the distribution of gravel and sand portion in the channel bed on hyporheic streamlines
and HRT are analyzed. The shapes considered for gravel pieces are trapezoid, rectangle,
triangle and circular. In addition to gravel pieces, the impact of gravel bars (trapezoidal) that
have a greater dimension along the longitudinal direction of the streambed are investigated.
A channel with a 1 m longitudinal length is considered for all the model setups. A constant
channel width of 0.1 m is considered for all model setups. Moreover, water surface elevation
of 2 cm is used as a known boundary condition for both the upstream and downstream
direction. Channel beds are divided into 1000 sections, where every section has a dimension
of 1 mm. The elevation of the cross-section at every mm is varied to represent streambed
geometry. According to particle size, channel bed elevation is adopted. Gravel, as defined
by [55] can have a range of 2mm up to 64mm, so anything within that range is generally
considered to be gravel [55,56]. Considering the measured grain size distribution in the
experiment conducted by [49], a grain size distribution of 2-10 mm for gravel with an
average grain size of d50 = 4.75mm and for sand 0.2-2 mm with an average grain size of
d50 = 0.57.The size of gravel pieces is chosen in such a way that it covers the whole range
of gravel size [54]. With varying sizes of gravel pieces, hydraulic head distribution varies,
and hence, this generates gradient. Proper hydraulic head gradient is considered to be
the most important factor for hyporheic exchange. It is the driving force for generating
different scaled hyporheic exchange. Manning’s roughness coefficient for gravel and sand
are selected as per [57-59].

2.3.1. Base Case

Trapezoidal gravel pieces with dimensions of 10 mm as height (h) and base width
(byw) are chosen for base case scenario. The reason for choosing this dimension is the entire
length of the channel can be evenly distributed. Moreover, computational nodes of the
channel bed for measuring elevation can be evenly distributed. ID of the model setup of
the base case is gpt10 x 10. Figure 5a demonstrates a sketch of a single trapezoidal gravel
piece and Figure 5b represents a sketch of consecutive gravel pieces.
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Figure 5. (a) Sketch of a single trapezoidal gravel piece with the dimension of 10 mm x 10 mm
used as base case. (b) Sketch of consecutive gravel pieces with the dimension of a gap among them.
Streambed with 10 x 10 trapezoidal gravel pieces is used as a base case. Four zones of gravel and
sand with Manning’s roughness coefficient, n, can be seen.

2.3.2. Size of the Gravel Piece: Height

The ridges created by the elevated portion of gravel pieces are considered to be the
height. This parameter is of paramount importance as it is responsible for generating HH
variation over the streambed, and hence, it influences the hyporheic exchange. In Figure 6,
the height can be seen, which is denoted by h. In total, six model setups were considered
for investigating the impact of height variation over hyporheic streamlines distribution
and residence time. In these model setups, only the height was increased from a minimum
2 mm to a maximum of 30 mm. The heights of gravel pieces were selected in such a
way that it reduced the complicacy in generating and distributing the nodes necessary to
measure and store elevation data of the streambed. Trapezoidal gravel pieces were chosen
for the analysis. In Table 1, a summary of model setups can be seen.

Table 1. Model setups for the analysis of the effect of height variation over hyporheic exchange. (h,
by and 1 denote the height, base width, and width of top surface of gravel pieces, respectively). Units

are mm.

Group Simulation ID/Model Setup Description

Trapezoidal gravel particle
withh=2,by =10,1=6

Trapezoidal gravel particle

gpt2 x 10

gpts x 10 with h =5, by, = 10,1=6
Trapezoidal gravel particle
. . gpt8 > 10 withh =8 by =10,1=6
Height of gravel piece (h)
Trapezoidal gravel particle
gptl0 10 withh =10, by, =10,1=6
Trapezoidal gravel particle
gpt20 x 10 with h =20, by, =10,1=6
¢pt30 x 10 Trapezoidal gravel particle

withh =30,by =10,1=6
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Figure 6. Base width (by) of the gravel pieces of the streambed is varied to investigate the effect
of base width variation over hyporheic exchange. ID of the model setups are gpt5 x 10 (a), and
gpt5 x 125 (b). All units are in mm.

2.3.3. Base Width

As with height, base width of gravel pieces also plays a vital role in creating variation
in water surface elevation above the streambed, thus altering HH distribution. The number
of nodes per gravel piece is determined by multiplying the base width of gravel piece by
1000. For example, if the base width is 0.025 m, then the number of nodes will be 0.025
times 1000 and, i.e., 25. After determining the number of nodes per gravel piece, nodes are
distributed over a sloping surface and flat surface of the gravel piece. Nodes are set up at
every millimeter. The following equations are used to distribute the number of nodes over
inclined as well as flat surfaces of the trapezoidal gravel piece.

nodes_gr =b_gr x 1000

nodes_rf = (nodes_gr/5)*2; nodes_fl = nodes_gr-nodes_rf

Here, nodes_gr = number of nodes per gravel piece, nodes_rf = Number of nodes
on inclined (rising + falling) surfaces, nodes_fl = number of nodes on flat surface of the
trapezoidal gravel piece. Figure 6 shows the base width (bw) of the gravel pieces of
the streambed is varied to investigate the effect of base width variation over hyporheic
exchange (a) gpt5 x 10, and (b) gpt5 x 125.

2.3.4. Variation in the Distribution of Gravel and Sand Portion

Gravel and sand portions are found to be randomly distributed with a variation in the
extent of the portions. These differences in the extent and distribution of particles play a
crucial role in creating hyporheic exchange. Due to computational limitations, a systematic
approach is taken into hand to address the variation in the distribution of gravel and sand
portion. In this study, streambeds with varying distribution of gravel and sand portion are
set as the following (Figure 7).
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Figure 7. Streambed setups with variation in the extent of gravel and sand portion. Models’ setups
used for the analysis are zgst5 x 10-5 (a), zgst5 x 10-10 (b). All units are in mm.

A stream water flow direction (x) of 1 m is considered to be long, as shown in the
Figure 8. A constant value of hydraulic conductivity in three directions, Kxx = Kyy = K, =
8.3 x 1073 m/s for gravel and Kyx = Kyy =Kz, =3.3 x 10~> m/s for sand was set in the
groundwater model [60]. Therefore, a fully saturated groundwater model is the result used
for the analysis. The porosity n for calculating the pore water velocity is kept to 0.33, which
is a reasonable value for heterogeneous streambed sediments [58]. To simplify the model,
the bottom and sides of the groundwater model domain are set as a no flow barrier. The
bottom of the domain exists at a depth of 1 m below the bottom of streambed. Due to small
scale HH variation resulting from the gravel and sand particles, a small scale hyporheic
exchange is expected. This is the reason why the groundwater model dimensions are set as
illustrated in Figure 8.
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T, Seng 2 (OO, Sand 4
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Figure 8. Subsurface water flow model domain with gravel/sand partitioning in streambed and
subsurface zone.
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2.4. Automated Generation of Hyporheic Streamlines

Required input files of Min3p can be subdivided into problem specific input files.
The problem-specific input file is composed of a series of sections or data blocks. Each
data block contains specific information of input and may contain a series of sub-sections
or sub-blocks for more detailed input information. There are a total of 17 Data blocks in
Flow.dat file. The data blocks can appear in any order in the input file, and the order of the
subsections within each section can also vary [61].

For tracking particles, a base model is set up using subsurface water flow modelling
code MIN3P, which provides an implicit solution to the Richard’s equation. A fully satu-
rated porous model domain under steady condition (no temporal variation) was assumed
for the analysis [60]. Fully saturated flow condition and steady state simulation was set in
data block no. 1 (global control parameters). A three-dimensional computational space was
set up based on the dimensions of X:Y:Z = 1:0.1:0.1 m in data block no. 3 (‘spatial discretiza-
tion’). From the upstream and downstream modelling domain, a constant hydraulic head
boundaries condition was parameterized by a linear drop in data block no. 13. A different
number of control volumes were considered along x, y and z for spatial discretization. For
particle tracking, the number of control volume along x, y and z was considered to be 450,
30 and 25, respectively. The units for the output can be specified in years, days, hours, or
seconds. The unit of the time step is fixed as hours for this study.

After providing the necessary input data in Flow.dat file, the simulation was run
and performed by an automated process using MATLAB. A velocity vector field file was
generated after the simulation was run for the whole model domain. Velocity components
(vx, Vy, Vz) at the center of each of the computational cells along with the coordinates (x,y,z)
were calculated by Min3p and presented in a text document (.txt). Coordinates of the
computational cells and corresponding velocity components were imported and stored
in Matlab as variables (x,y,z and vy, vy, vz). The initial condition was defined for fully
saturated flow by the hydraulic head. The distribution of this parameter can be discretized
across the model domain by means of zones. The initial condition for the zone was set to
be 0.1 m. The initial condition was given in terms of the hydraulic head. The zone was
specified for the entire solution domain (x =0t0 1.0, y =0t0 0.1, z = 0 to 0.1). The number
and names of boundary zones, boundary type, boundary value and the extent of the zone
are defined in this data block. In this study, four boundary zones, namely, sand1, gravell,
sand2 and gravel2, are defined. The extent of the boundary zones is considered to be x = 0
t0 0.25, y =0 to 0.1 for sand1, x = 0.25 to 0.5, y = 0 to 0.1 for gravell, x =0.5t0 0.75, y =0 to
0.1 for sand2 and x =0.75to 1, y = 0 to 0.1 for gravel2. The boundary conditions for sand
(sand1 and sand2) and gravel (gravell and gravel2) zones are considered to be the first
type (Dirichlet) boundary conditions with a value of 0.1 and 0.101 m (hydraulic head or
pressure head), respectively. Due to the fact that high hydraulic heads are considered for
use in gravel zones, and the water movement inside the model domain, streamlines are
therefore expected in these zones in a greater amount.

Numerical Method of Particle Tracking

Particles seeded from the surface of model domain are traced in an automated process
using Matlab. Min3p code is used for generating the velocity field file. There are six
variables providing the coordinates of the grid points (x, y, z) and the velocity components
(vx, Vy, vz) in the velocity field file. The velocity field file generated from Min3p is imported
in Matlab, keeping only the variables of locations and their corresponding velocities (X, y, z
and vy, vy, v;) stored in a 2D array. Several velocity field files, with a required change in the
data block of the Min3p code, can be generated and imported within the MATLAB interface
with the help of MATLAB Code. Z coordinates of the seeding points were assumed to be
fixed as the particle seeding is feasible and realistic from the surface of the model domain
and that is the maximum z plane (z = 0.1 m). X and Y coordinates of the seeding points
were varied in the z plane.
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After getting the particle’s seeding location, the program searches the nearest location
or asks whether the particle stays exactly on any meshing point (computational nodes
generated by Min3p) and the corresponding velocity (stored in computational cell center),
RK-4 method is used for the numerical integration of streamlines. The program searches
the nearest location of the seeded particle to predict the next location. Using Equation (10),
the program determines the next location of the particle. If the particle is seeded exactly at
y = 0.1 m, which is the maximum boundary in y direction, the program searches the nearest
computational nodes (center of the computational cell), with the nearest y coordinate
being y = 0.1 m. The nearest y coordinate in the computational nodes is 0.0991 and can be
found by max(y) function in MATLAB from the array storing computational nodes and
their corresponding velocities. For example, one of the nearest points of y = 0.1m plane is
considered to be (0.6336, 0.0991, 0.0896) and the corresponding velocity field is (—0.0414,
2.1630 x 10710, 1.5420). The unit of the velocity is considered to be m/h. The predicted y

1
location of the particle, Py can be written as, P 1 = P; + (1/6)At 71‘ + (1/3)At ?iﬂ + (1/3)At

;izﬂ +(1/6)At 31-11 and that is 0.1 + 0.0001 x 2.1630 x 10~1°, which is slightly greater than
the boundary location of y = 0.1 m. This is where the program stops the iteration process
and terminates tracing the particle. The inputs of the automated particle tracing program
are classified into three categories, such as seeding locations of the particles, boundary of
the model domain and the simulation time and time step control.

3. Results
3.1. Hydraulic Head Distribution

Distribution of a hydraulic head over the streambed was generated using a 1D stream-
flow model and was assigned to the upper boundary condition for the subsurface flow
model. High hydraulic gradient was found in the gravel zone and considerably low gra-
dient was found in the sand zone of streambed. Due to the variation in hydraulic head
gradients, hyporheic exchange was initiated from the regions of higher hydraulic head with
streamlines traveling towards regions with lower hydraulic head. In our case, variations in
the hydraulic head were found due to the variation in streambed elevation. High elevations
in the streambed with a repetitive ridge and depression pattern were defined for the gavel
portion of the bed. Below in Figure 9, change in hydraulic head is shown for the base
case scenario (gpt 10 x 10). The average hydraulic head gradient above the gravel zone,
being between x = 0 to x = 0.25 and x = 0.5 to x = 0.75, was found to be 0.005 m/m for
base case scenario (gpt10x10). Due to the flat surface with zero slope being defined for
the sand zones, the average hydraulic head gradient above these zones was close to zero
(0.000082 m/m). Channel roughness was the only reason behind creating the hydraulic
head gradient in the sand zone. Small scale changes in hydraulic heads were observed
between the individual gravel piece, due to the ridge and depression.

The size of the individual gravel piece has been shown to have a significant impact
on the distribution of the hydraulic head. Height and base width were varied to analyze
the change in hydraulic head distribution over the entire stream bed. Model setups for
the variation in the size of the gravel piece tabulated in the methodology section were
considered for the impact analysis. 1D hydraulic head distribution was obtained from
HEC-RAS streamflow model simulation. Then, the water surface rises gently over the
flat top of the gravel (in case of trapezoidal gravel piece) due to channel roughness. In
Figure 10b, region A’A” with gravel piece no. 1, 2 and 3 (red marked) can be observed to
understand the phenomena. Due to this change in the water surface elevation, and hence,
the hydraulic head, a small scale hyporheic exchange can be expected from the region of
the higher hydraulic head to the lower hydraulic head. However, globally, i.e., in the scale
of gravel portion (x = 0 to 0.25 m) of the streambed illustrated in Figure 10a, the hydraulic
head gradient can be averaged. In this fashion, larger hyporheic exchange, and hence
significant HRT, can be achieved.
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Figure 9. Distribution of hydraulic head over the length of stream bed. The graph above depicts the
base case scenario: gptl0 x 10, where the height and base width of gravel piece was 10 m.
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Figure 10. (a). Distribution of hydraulic head in the gravel portion (x = 0 to 0.25 m), In (b), a zoomed
visualization of the change in the hydraulic head from x — 0 to 0.05 m in the scale of the gravel piece
(10 mm) (base case).

The size and shape of the gravel piece influence the distribution of hydraulic heads
significantly. Streambed elevations are varied to represent the variation in size and shape
of gravel pieces. Model setups mentioned in Tables 2 and 3 in the methodology chapter are
used to delineate the streambed topology with varying sizes and shapes of gravel pieces. In
Figure 11, it can be seen that the hydraulic head increases significantly with an increasing
height of an individual gravel piece, whereas it decreases with an increase in the base width
of a gravel piece in the streambed. For example, in cases with model setups of gpt5 x 10
and gpt20 x 10, the height of the gravel piece is increased from 5 mm to 20 mm, keeping
the base width constant (10 mm). Due to such a change in the height of the gravel pieces,
there is a change in the streambed elevation in the gravel portion, and the hydraulic head
at location x = 1 m was increased from 0.121 m to 0.141 m, i.e., 0.02 m. On the other hand,
in the case of model setups gpt5 x 10 and gpt5 x 25, the base width of the gravel piece
was increased from 10 mm to 25 mm, keeping the height constant (5 mm). Hydraulic head
at the location x = 1 m was decreased from 0.12088 m to 0.12065 m, i.e., 0.00023 m, which is
smaller in order of magnitude.
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Table 2. Model setups for the analysis of the effect of base width variation over hyporheic exchange.

Units are mm.

Group Simulation ID/Model Setup Description

Trapezoidal gravel particle
withh=5,by, =5

Trapezoidal gravel particle
withh =5,by =10

Trapezoidal gravel particle
withh =5, by, =25

(bw) Trapezoidal gravel particle

gptd x 5

gpt5 x 10

. . gptd x 25
Base width of gravel piece

8pt> x50 with h = 5, by = 50
Trapezoidal gravel particle

gptd x 125 withh = 5, by = 125

opt5 x 250 Trapezoidal gravel particle

with h =5, by, =250

Table 3. ID and description of the model setups for the analysis of the effect of variation in distribution
of gravel and sand portion over hyporheic exchange.

Group Simulation ID/Model Setup Description

Sand and gravel zone with
trapezoidal gravel piece, h =5,

zgst5 x 10-2 bw = 10; no. of zone of
gravel = 2, no. of zone of
sand = 2.

Sand and gravel zone with
trapezoidal gravel piece, h =5,

zgstd x 10-5 bw = 10; no. of zone of
gravel = 5, no. of zone of
sand = 5.

Sand and gravel zone with
trapezoidal gravel piece, h =5,
zgst5 x 10-10 bw = 10; no. of zone of

. e gravel = 10, no. of zone of
Variation in the distribution sand = 10.

of gravel
and sand portion Sand and gravel zone with

trapezoidal gravel piece, h =5,
zgst5 x 10-20 bw = 10; no. of zone of
gravel = 20, no. of zone of
sand = 20.

Sand and gravel zone with
trapezoidal gravel piece, h =5,

zgsts x 10-25 bw = 10; no. of zone of
gravel = 25, no. of zone of
sand = 25.

Sand and gravel zone with
trapezoidal gravel piece, h =5,

zgst5 x 10-50 bw = 10; no. of zone of
gravel = 50, no. of zone of
sand = 50.

Groundwater model dimension is considered to be 1:0.1:0.1 m (x:y:z). Longest dimension.
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Figure 11. Variation in the distribution of hydraulic head due to a change in the shape of the gravel piece. In (a), height of the gravel piece was increased from 2 mm
to 30 mm and in (b), base width of the gravel piece was increased from 5 mm to 250 mm to observe the change in the hydraulic head distribution.
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Hydraulic head gradients (HHG) also varied with the change of gravel size. In Table 4,
with the increase in height of the gravel piece, HHG increased in gravel zones, while it
decreased in sand zones. Model setups gpt2 x 10, gpt5 x 10, gpt8 x 10, gptl0 x 10,
gpt20 x 10 and gpt30 x 10 are used to estimate the change in HHG due to the increase
in the height of the gravel piece. On the other hand, model setups gpt5 x 5, gpt5 x 10,
gpt5 x 25, gpt5 x 50, gpt5 x 125 and gpt5 x 250 are used to analyze the effect of change
in the base width of the gravel piece. In this case, HHG decreased due to an increase
in the base width of the gravel piece. Moreover, in the case of sand, the hydraulic head
gradient increased.

Table 4. Variation in HHG in the transition zones of gravel and sand portion of the streambed.

Zone of Stream Bed

Simulation
ID Gravell Sand2 Gravel3 Sand4

gpt2 x 10 0.000177 0.000029 0.000172 0.000029
gptd x 10 0.000419 0.000029 0.000388 0.000028
gpt8 x 10 0.000946 0.000027 0.000747 0.000024
gptl0 x 10 0.001420 0.000025 0.001071 0.000021
gpt20 x 10 0.009697 0.000009 0.001708 0.000008
gpt30 x 10 0.019511 0.000004 0.001750 0.000003
gpts x 5 0.000419 0.000029 0.000388 0.000028
gptd x 10 0.000364 0.000029 0.000339 0.000028
gptd x 25 0.000235 0.000029 0.000224 0.000028
gpt5 x 50 0.000170 0.000030 0.000164 0.000029
gpt5 x 125 0.000130 0.000030 0.000127 0.000030
gptd x 250 0.000117 0.000030 0.000114 0.000030

In Figure 12, the difference in HHGs of four zones with the increase in the size of
the gravel piece are shown. In Figure 12a, the effect of increasing the height of the gravel
piece is illustrated. It can be observed that the difference in HHGs is increased with the
increase in height. The increase in zone 1 and 2 (gravel 1 and sand 2) is much higher than
the increase in zone 3 and 4 (gravel 3 and sand 4). However, in a case where there is a
change in the base width of the gravel piece, the behavior of HHGs is observed to be the
opposite. With an increase in the base width of the gravel piece, the difference in the HHGs
also decreases. Both the increase and decrease in HHG are approximately exponential
in nature.

From the above investigations it can be said that due to the rise in the height of the
gravel piece, HH distribution and HHG increase. On the other hand, an increase in the
base width of the gravel piece causes the HH and HHG to be decreased. The change in HH,
and hence HHG, is the most important driver for hyporheic exchange and have a major
impact on HRT. The impact on hyporheic streamline distribution and HRT are discussed in
the later section.
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Figure 12. Change in the difference in HHGs of four zones with gravel and sand in the streambed
with increasing height (a) and base width (b) of gravel pieces. Explanation of model setups can be
found in the methodology chapter.

3.2. Subsurface Flow Field

Velocity vector field is generated in MIN3P by solving the saturated subsurface flow
equation. Velocity vector components (v, vy, v;) are derived and stored at every compu-
tational node (x,y,z). In total, 196,000 nodes are generated to create a velocity vector field
for a subsurface model of the base case (gpt10 x 10). The values of vx and vz have larger
values compared to vy (see Table 5). This is due no variation in hydraulic head distribution
being considered in y direction. The numerical value of the mean and standard deviation
is mentioned in the Table 5. The mean of vx is found to be negative, where the mean
of vy and vz are found to be positive. A positive value of vz shows upwelling velocity
component, which is a crucial factor for hyporheic exchange. However, due to the high
value of Standard Deviation, considering the mean only represents a general overview of
the velocity vector field and is not satisfactory.

Table 5. Average (mean) value and standard deviation of the velocity components.

Mean (u) (m/h) Standard Deviation (o) (m/h)
Vx Vy vz Vx Vy Vg
—6.424 1.212 x 108 7.1861 x 10~° 13.845 3.061 x 108 7.966

The mean value of vy, vy, v, does not represent the whole vector field as the value
of the other elements of vy, vy, and v, deviate significantly over a wide range. The
variations in the vector components along x and z are higher than the vector components
along y direction. The vy and v, are of particular importance as they are responsible for
contributing the streamlines down in the subsurface model domain. Velocity component
along y direction were found to be negligible

Hydraulic head gradient in gravel portions are high compared to sand portions and
causes diversified velocity field where in the sand portion, this field remains too small.
Large HHGs are created due to high hydraulic head values, which are directly linked to the
streambed elevation. Therefore, it can be said that the size of the particle in the channel bed
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is a determining factor for creating a mixture of upwelling (+ve) and downwelling (-ve)
velocity components and, consequently, for creating hyporheic exchange. In Figure 13, the
effect of the change in size of the gravel piece on the mean, range and SD of velocity vector
field are shown. Model setups gpt2 x 10, gpt5 x 10, gpt8 x 10, gpt10 x 10, gpt20 x 10 and
gpt30 x 10 are used to analyze the effect of increasing height of gravel pieces. With the
increase in height of the gravel pieces, the mean, range and SD also increases. This behavior
indicates that the absolute values and spread of velocity vector field are increased with the
increase in height of gravel. On the other hand, mean, range and SD of the velocity field
decreased with increasing base width of gravel. Therefore, the absolute values and spread
of velocity vector field are decreased with the increase in base width of the gravel piece.
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Figure 13. Effect of change in the height (a,b) and base width (c,d) of gravel piece on the velocity
vector field. Mean, range, and SD are shown to compare the impact of varying gravel size.

3.3. Hyporheic Streamline Distribution

Model setups used for investigation of the effect of variation in height of gravel pieces
can be seen in Table 1 of methodology chapter. Distribution of gravel and sand portion of
the channel band are kept alternatively, one after another, at a 250 mm distance. The base
width of each gravel piece in gravel portion of the channel bed are kept a constant 10 mm.
In Figure 14a,b, distribution of streamlines due to height variation can be observed. It is
clear from the figure that the number of streamlines generated from the particles seeded
from the surface of the model domain increases with the rise in the height of the gravel
piece. Besides the larger streamlines generated from the transition zone of gravel and sand
portion of the streambed to the middle of the sand portion, some smaller streamlines are
generated in the gravel zone.
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Figure 14. Distribution of streamlines for model set ups gpt8 x 10 (a) and gpt30 x 10 (b). Height
variation in gravel pieces influences the number of streamlines generated from the same seeding

locations. Gravel portions were shown using a rectangular block on the top of the figure distribution
of streamlines for model set ups gpt5 x 25 (c), and gpt5 x 125 (d) resulted from the variation in base
width of the gravel piece.

This is due to the fact that gravel pieces with greater height induce high hydraulic
head and thus create higher downwelling and upwelling velocity fields, which are the
driving force of hyporheic exchange. Moreover, a 1 mm gap was assumed between the
gravel pieces, which also causes a rise and fall in hydraulic head together with the top of
the gravel piece. The length of the streamline also increases with the increase in height of
gravel piece. Longer and wavy streamlines are found in sand4 zone where the streamlines
generated and ended at gravell zone. Consequently, these streamlines needed more time
to travel, and hence, they resulted in high HRT.

On the other hand, model setups used for the investigation of the effect of variation
in base width Figure 14c,d of gravel pieces are gpt5 x 5, gpt5 x 10, gpt5 x 25, gpt5 x 50,
gpt5 x 125 and gpt5 x 250 where the base width of gravel pieces is varied from 5 to
250 mm. In case of variation in base width of gravel pieces, an overall change in the
distribution of streamlines can be observed in Figure 14. The length of the streamlines was
reduced, whereas the number of streamlines was increased with the increase in the base
width. Compared to the case of height variation, the number of small streamlines was
increased. The shape of the streamlines of model setups gpt5 x 125 and gpt5 x 250 became
wavier compared to the models’ setups gpt5 x 5, gpt5 x 10, gpt5 x 25 and gpt5 x 50. In
this case, as with the case of height variation, longer streamlines are observed in the sand1
zone where the model boundary ends and no influx or outflux were considered.
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In both cases, the total number of streamlines was observed to have increased due
to increase in height and base width of an individual gravel piece, where the shape and
length of streamlines differed.

Model setups used for investigation of the effect of variation in the distribution of
gravel pieces are zgst5 x 10-2, zgst5 x 10-5, zgstd x 10-10, zgst5 x 10-20, zgst5 x 10-25
and zgst5 x 10-50. Detail of the model setups used can be seen in Table 4 of methodology
chapter. Dramatic variation in the distribution of streamlines can be observed due to change
in the distribution of gravel and sand portion over the channel bed. With the increase in
the number of gravel and sand portions, number of streamlines reduces (see Figure 15a,b).
Moreover, the length of streamlines also declines. Streamlines become more narrow and
smaller with the increase in gravel and segments. In the case of model setup zgst5 x 10-50,
where 50 segments of gravel and sand are set up, most of the streamlines are found to be
smaller and the number of streamlines decrease significantly.
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Figure 15. Distribution of streamlines for model set ups zgst5 x 10-5 (a), zgst5 x 10-50 (b). The
figure illustrates the effect of change in distribution of gravel and sand portion of streambed over

streamline distribution.

3.4. Residence Time

Size (height and base width) of an individual gravel piece was altered to analyze the
impact over HRT distribution. Due to the varying hydraulic head distribution, velocity vec-
tor field of the subsurface model domain varies and hence the change in HRT distribution
occurs. HRTs were observed to be increased with the increase in base width of gravel piece
(see Figure 16).

Distribution of HRT for the model setups zgst5 x 10-5, zgst5 x 10-25, are shown in
Figure 17a,b, respectively, where the outcomes of the variation in the distribution of gravel
and sand portion are illustrated. A decreasing trend in HRT is observed with the increase
in the number of gravel/sand zones.

A decreasing trend is observed in mean residence time with an increasing number
of particles seeded from the surface. Mean residence time is measured over the whole
x horizon (x = 0 to x = 1) at y = 0.05 and z = 0.1 using base case scenario. Zone from
x =0.25tox = 0.5 and x = 0.75 to x = 1 constitute streamlines thus approximately 50% of the
whole model domain constitutes the streamline. The means residence time reached 6.924 h
from 7.7872 h when the seeding location increased from 50 to 2000 and obtained a stable
condition, where the mean residence time does not change considerably with the increase
in seeding location in Figure 18.
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Figure 16. Impact of the size of gravel particle on mean, range, and SD of HRT. Due to an increase in
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Figure 17. Variation in HRT is shown with the change of distribution of gravel-sand portion in streambed.
Model setups zgst5 x 10-5 (a) and zgst5 x 10-25 (b) are used to compute the HRT distribution.
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Figure 18. Variation of the mean residence time with the change in number of particles seeded from
the model surface.

4. Conclusions

In the streambed created with gravel and sand, variation in elevation is brought by the
size, shape, and change in the distribution of gravel and sand segments. These parameters
are varied within a certain range to observe the response of hyporheic exchange. Due to
the change in streambed elevation occurring in such a way, hydraulic head distribution
is altered. Surface water modeling software, HEC-RAS, is used to generate and store the
alterations in the hydraulic head distribution in response to the change in channel elevation.
In the case of an increase in height of a gravel piece, hydraulic heads increase as well. A
contrary scenario was detected in cases with an increase in the base width of a gravel piece.
A similar situation was observed in cases with a variation in the number of gravel-sand
segments. However, change in the shape of a gravel piece did not show significant variation
in hydraulic head distribution compared to the other cases.

Consequently, a change in the subsurface flow field occurred as the hydraulic heads
obtained from surface water analysis were used as the boundary condition of the subsurface
computational space. Due to a change in streambed geometry, a large deviation in flow
field was monitored. The velocity vector fields that resulted due to this change showed
a large spread of values where the mean of velocities did not represent the flow field at
all. With the increase in hydraulic head values, the spread and mean value of flow fields
increased. In this flow field generated in the groundwater model domain, streamlines were
generated from predetermined uniformity distributed seeding locations. The distribution
of streamlines that resulted from the different flow field was found to be sensitive to the
change in streambed geometry. The number and length of streamlines varied significantly
in response to a change in hydraulic head distribution, and thus, a change in the size, shape,
and number of segments.

Finally, higher residence times were found where the hydraulic head values were lower.
In cases with an increasing height of gravel piece where the hydraulic head values were
increasing, HRTs were smaller. Conversely, where there was a lower hydraulic head, HRT
was higher. For instance, in cases with an increasing base width of the gravel pieces where
hydraulic head values were lower, HRT s were found to be greater. Moreover, some small
scale HRTs and streamlines were found in cases with a high number of gravel-sand segments.

In a concluding remark, it can be said that the stream bed morphology, hydraulic
heads over the subsurface domain, flow field in the subsurface, and lastly, the hyporheic
exchange, are all interlinked and should be examined together. Ignoring the effect of one of
them may lead to an erroneous prediction of hyporheic exchange. Further assessment of
the linkage among them to build a powerful mathematical relationship alongside the use
of more broad and high-resolution data are highly recommended.
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