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Abstract

We report direct numerical simulation (DNS) results of hyporheic exchange for a macro-
scopically flat river bed with two different particle roughness textures, at a surface flow
friction Reynolds number Re, = 395 and a bed permeability Reynolds number Reyx =
2.6. Transit time distributions, subsurface flow patterns and the interfacial volumetric
fluxes are discussed. The transit time was quantified using a forward particle tracking
method based on pure advection by three-dimensional, pore-resolved, time-mean veloc-
ities. Results show that bed roughness induces deep subsurface flow paths that yield a
transit time distribution with a power-law tail. Roughness obstructs the surface flow,
creating interfacial pressure variations which induce subsurface flow. Next, the molec-
ular diffusion is accounted for based on a random walk method and is shown to increase
transit times regardless of roughness texture. This work demonstrates that particle rough-
ness on a macroscopically flat sediment bed can induce significant hyporheic exchange
that is fundamentally similar to that induced by bedforms.

Plain Language Summary

Riverine flows are turbulent flows with wide range of scales of motion in both space
and time. Driven and modified by natural and anthropogenic factors, channel flows in-
teract with local features (e.g., bars, ripples and dunes) and smaller features down to the
scale of individual sediment grains. The magnitude of exchange of water with bed sed-
iment (hyporheic exchange) and the time water molecules spend within the bed before
reentering the channel are key details that control water quality in streams, as they de-
termine the nature of biogeochemical processes. The role played by processes at the scale
of individual grains and grain clusters (collectively referred to as bed roughness) have
not been understood. We use direct simulation of turbulent flows and consider two “flat
bed” scenarios with regular or random roughness at the sediment-water interface. We
show that bed roughness induces deep flow paths and long transit times similar to those
produced by local features and that the roughness texture plays an important role. The
results offer novel insights into small-scale hyporheic flows and provide quantitative es-
timates of the inherent uncertainty that can be expected in estimates of hyporheic ex-
change due to changes at larger scales.

1 Introduction

The hyporheic zone, the region in and around a stream channel where ground wa-
ter and stream water mix, plays an important role in biogeochemical processes in stream
ecosystems (Boano et al., 2014). Hyporheic mixing (Shen et al., 2020; Roche et al., 2019)
near sediment-water interfaces is controlled by several factors including the hydraulic gra-
dient and the mean grain size (Malard et al., 2002) and directly influences the fluxes of
water and solutes (nutrients, dissolved organic carbon and oxygen) by transferring mo-
mentum and energy across the interface. In addition to exchange fluxes, the role of hy-
porheic zones in transforming the chemical signature of stream water depends, among
other factors, on transport time scales often described using transit time distributions
(TTDs) and residence time distributions (RTDs). For a solute mass pulse entering the
river bed at time ¢, the residence time 7 is the age of a water parcel in the bed (Elliott
& Brooks, 1997b). Transit time, on the other hand, is the residence time or water age
at the time a parcel of water exits the system and therefore represents the maximum res-
idence time (or age) that can be attained by a water parcel for a given flow path. RTDs
and TTDs are related and they have both been extensively used in hyporheic zone re-
search. For example, residence times have been used to evaluate the ability of the hy-
porheic zone to process nutrients (Boano et al., 2014) and to classify hyporheic zones (Harvey,
Bohlke, et al., 2013). Transit times have been used to understand the kinematics of age
mixing processes in advection-dispersion models (Benettin et al., 2013) as well as rela-



tions between flow, storage and chloride transport in a small watershed (Benettin et al.,
2015; Harman, 2015), to infer changes in water cycle dynamics in managed landscapes
(Danesh-Yazdi et al., 2016) and to understand biogeochemical reactions in a dam-regulated
river corridor (Song et al., 2020). Median transit times have been used to assess the re-
action efficiency of hyporheic flows by defining a Damkohler number representing the ra-
tio of transport and biogeochemical time scales (Song et al., 2020).

Bed geometry and morphology exert a strong influence on exchange fluxes and tran-
sit times. Bed geometries are often multiscale, with both large- and small-scale features
contributing to the exchange (Aubeneau et al., 2015; Persson et al., 2005; Stubbs et al.,
2018; Lee et al., 2020; Worman et al., 2006). For example, large-scale features such as
bars that scale with bankfull depth and channel width, relatively small-scale features such
as bedforms, as well as roughness details at the scale of individual grains all influence
exchange fluxes. Existing studies on flow and residence/transit times are typically fo-
cused on the effects of morphological features such as ripples and dunes that are orders
of magnitude larger than individual sediment grains. Elliott and Brooks (1997b) (hence-
forth referred to as EB97) analytically solved for the velocity field and residence time
for an ideal subsurface flow model with a sinusoidal bedform. The solutions were based
on a two-dimensional (2D) Darcy equation with prescribed pressure distribution at the
bed surface; these solutions described the “pumping” mechanism of the exchange, induced
by pressure variations along the bed surface as a result of local flow acceleration and de-
celeration. The time a fluid particle spends along its subsurface flow path was calculated
using a numerical particle tracking approach. The model of EB97 considered only ad-
vection (by the spatially and temporally averaged Darcy velocity) for flow path track-
ing, while in Elliott (1991) additional mixing mechanisms (turbulent mixing or molec-
ular diffusion of solutes) were also accounted for by using a random walk method. In the
above methods, a constant solute concentration is assumed in the fluid column; in other
words, the flow is assumed well mixed.

Examples of the application of the Darcy model for subsurface flow calculation and
particle tracking to estimate residence time based on advective exchange (EB97) include
the following, among many others. Packman et al. (2000) applied a model of pumping
exchange to colloid transport and filtration. They calculated the residence time by su-
perimposing advective transport and particle settling in the bed and included the effect
of physicochemical filtration by bed sediment also. Worman et al. (2002) developed a
framework to integrate the residence time estimation based on the method of Packman
et al. (2000) with a model of longitudinal solute transport in streams. Many studies, such
as Salehin et al. (2004) and Laube et al. (2018), characterized hyporheic exchange within
heterogeneous streambeds. It was shown that, in a heterogeneous bed compared to a ho-
mogeneous one, the shorter and faster preferential hyporheic flow paths lead to more rapid
net hyporheic exchange and a smaller hyporheic zone. Laube et al. (2018) further de-
veloped a modeling strategy for an equivalent conductivity tensor. Several recent stud-
ies incorporated pore-scale simulation results into the particle tracking model (Sun et
al., 2015; Kim & Kang, 2020). Kim and Kang (2020) studied the 2D pore-scale trans-
port phenomena across a surface-subsurface interface, with the turbulence modeled us-
ing a Reynolds-averaged Navier-Stokes (RANS) closure.

Most of the studies summarized above quantified residence time using conceptual
models of bedform features (such as ripples or dunes). Detailed aspects of solute trans-
port near the bed, including turbulent mixing and pore-scale dynamics, are rarely stud-
ied. At the “micro” scale of pore flow, the hydrodynamic effects of bed roughness formed
by the uppermost-layer of sediment grains and their arrangement are likely to be impor-
tant, as the benthic biolayer where important nutrient or pollutant processing occurs is
limited to a thin layer (of 2-5 cm) beneath the streambed surface (Battin et al., 2008;
Harvey, Bohlke, et al., 2013; Knapp et al., 2017). In addition, in a warmer climate streambed
roughness is expected to increase as a result of enhanced bioturbation—the effect of small



animals, such as chironomid larvae and tubificid worms, within the sediment bed as they
rework the sediment (Baranov et al., 2016; Dairain et al., 2020).

The effects of wall roughness on turbulence were predominantly studied for flows
over impermeable walls (see reviews by Jiménez (2004) and Flack and Schultz (2014)).
Typically, roughness is categorized as bed height variations in the range between 546, and
0.16 (where §, = v/u, is the viscous length scale, v is the kinematic viscosity of the
fluid, w, is the friction velocity, and § is the turbulent boundary layer thickness, or the
channel depth in the present half channel simulations). Roughness affects turbulence by
increasing wall friction and enhancing turbulence production near the wall. In the con-
text of turbulent flow bounded by a permeable wall (such as the region near a sediment-
water interface), bed roughness likely affects the flow near the bed and consequently the
mass exchange also.

Some insights into how small-scale features of bed topography (e.g., grain-scale ir-
regularities) may affect the exchange were provided by a few studies on multiscale or frac-
tal bed topographies. Aubeneau et al. (2015) performed laboratory measurements of so-
lute transport with sand beds for different discharges. They found that fractal proper-
ties of the bed topography affect solute residence time distributions. The larger bedforms
induced more hyporheic exchange but shorter residence times, as shown by the steeper
slope of the washout breakthrough curve. Lee et al. (2020) analyzed the effect of frac-
tal properties of the bed topography on interfacial flux and residence time, based on cou-
pled RANS of channel flow and subsurface flow calculated using a Darcy model. Res-
idence times were calculated using the random walk particle tracking method. They ob-
served that the interfacial flux increases with the fractal dimension of the bed (i.e., promi-
nence of smaller topographical features or scales).

Recent pore-resolved direct numerical simulations (DNS) of interface turbulence
carried out by the authors (Shen et al., 2020) revealed that, even in the absence of bed-
forms, the grain-scale roughness of a macroscopically flat bed leads to significant fluid
volumetric flux into the sediment. Also, statistics and structure of the turbulent flow were
shown to depend on the texture of roughness. Similar observations were made for a macro-
scopically flat bed by Chandler et al. (2016), Grant et al. (2019) and Kim and Kang (2020).
In this paper, we expand the work by Shen et al. (2020) by documenting the effects of
grain-scale roughness and its texture on macroscopic exchange quantities including the
fluid volumetric flux into the sediment, subsurface flow paths, and transit time charac-
teristics. The primary questions that will be addressed in this research include: (1) How
does bed roughness on a macroscopically flat bed influence fluid parcel transit times?

(2) How do TTDs change with tracer particle entry/exit locations within a three-dimensional
flow field and with the inclusion of molecular diffusion? To this end, turbulent open-channel
flows bounded by synthesized sediment beds similar to those studied by Shen et al. (2020)
were simulated. Computed flows for two sediment beds that share the same bed perme-
abilities but have different bed roughness arrangements are compared. A forward par-

ticle tracking method is used to calculate the transit times, considering the mechanism

of time-mean velocity advection with and without molecular diffusion. The paper is or-
ganized as follows. Section 2 describes the details of the DNS simulations, the sediment

bed synthesis, and the method used to calculate transit times. Section 3 compares the
transit time results for the two cases examined and analyzes the effects of molecular dif-
fusion, followed by conclusions in Section 4.

2 Methodology
2.1 Governing equations

The governing equations of the DNS simulations of water flow are summarized be-
low. The incompressible flow of a Newtonian fluid is governed by the equations of con-



servation of mass and momentum:
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Here, x1, 9 and x3 (or z, y and z) are, respectively, the streamwise, bed-normal and
spanwise directions, and wu; (or u, v and w) are the velocity components in those direc-
tions; P = p/p is the modified pressure, where p is the static pressure and p is the den-
sity. A Cartesian mesh is used. The term F; in Equation (2) represents a body force pre-
scribed by an immersed boundary (IB) method to impose no-slip boundary conditions

on the fluid-solid interface. The sediment grain geometry is well-resolved by the grid; a
grain is resolved by 50 grid points in each direction. The IB method employed here is
based on the volume-of-fluid approach (Scotti, 2006); its detailed implementation and
validation are provided by Yuan and co-workers (Yuan & Piomelli, 2014a, 2014b; Yuan

et al., 2019). The F; values are negligible except in the cells that are cut by the immersed
solid boundaries. The simulations are performed using a code that was validated exten-
sively for a variety of turbulent flows in the past for different types of turbulent flows
(Keating et al., 2004; Piomelli & Yuan, 2013; Wu et al., 2019; Mangavelli et al., 2021;
Shen et al., 2020). The code solves the governing equations (1) and (2) on a staggered
grid using second-order, central differences for all terms, with semi-implicit time advance-
ment (second-order Adams-Bashforth scheme for the bed-normal diffusion term) and MPI
parallelization.

Fully developed open-channel flows are simulated. The simulation domain includes
both the surface and sub-surface flows (Figure 1(a,b)). d is the thickness of the turbu-
lent boundary layer (i.e., open-channel height) measured from the sediment crest; Hy is
the sediment depth measured from the crest to the bottom boundary of the simulation
domain. Symmetric boundary conditions are applied at both top and bottom boundaries
of the domain. Periodic conditions are applied at x and z boundaries. A constant mean
pressure gradient is used to drive the flow. The elevation of y = 0 is set at the virtual
origin—an offset of the y axis such that the mean velocity profile in the overlap region
of the turbulent flow recovers its logarithmic form. The elevation of the virtual origin
was determined based on a fitting procedure (Breugem et al., 2006; Manes et al., 2011);
it falls between 0.3D and 0.5D below the sediment crest, where D is the grain diame-
ter.

In the sediment, the presence of grains leads to spatial heterogeneity of time-averaged
variables. These time-averaged fluctuations are separated from turbulent fluctuations
using the double-averaging (DA) decomposition introduced by Raupach and Shaw (1982),

$(xi,t) = (B)(y) + d(w:) + ¢ (i, 1) 3)

where ¢ is an instantaneous flow variable, (¢) is the intrinsic spatial average in the (z, z)-

plane, (¢) = 1/Ay fAf ¢dA (where Ay is the area occupied by fluid), ¢ is the tempo-

ral average, ¢’ = ¢ — ¢ is the instantaneous turbulent fluctuation, and ¢ = ¢ — (@) is
called the form-induced (or dispersive) fluctuation.

2.2 Case configuration and parameters

The simulation parameters are listed in Table 1. Two cases are considered, one with
a regular interface (Case 1) in which the arrangement of grains in the uppermost layer
is regular and the other with random arrangement of grains (termed ‘random interface’,
Case 2). In both cases, the same porosity of 0.41 is imposed in the sediment sufficiently
far from the interface. The permeability Reynolds number and the friction Reynolds num-
ber are the same for both cases: Rex = \/Eur/u = 2.62 (where K is the permeabil-
ity) and Re, = du,/v = 395. Following Voermans et al. (2017), u, is obtained from



Table 1. Summary of simulation parameters.

Interface Rex Re, D/6 DY Hy/§ (L;L.)/5 (Axt, Ayt AzT)

Case 1 Regular 2.62 395 020 79 1.6 (6,3) (1.5,0.19,1.5)
Case 2 Random 2.62 395 020 79 1.6 (6,3) (1.5,0.19, 1.5)

Note. D is the grain diameter; Ly, is the simulation domain size in x;. AzT, Ay™, and Azt are DNS

grid sizes in z, y and z, respectively, normalized using the viscous length scale v/u-.

the maximum magnitude of the bed-normal profile of the total shear stress, which is the
sum of the viscous shear stress, the Reynolds shear stress and the form-induced shear
stress. The total numbers of grid points are 1536, 779 and 768 in z, y and z directions,
respectively. The present DNS simulations are similar to the simulations reported by Shen
et al. (2020). The only difference is that the sediment thickness herein is doubled (H;/d =
1.6 versus 0.8 in Shen et al. (2020)), to allow for deeper subsurface flow paths, which are
important for calculation of large transit times but less important for interfacial turbu-
lence. The total simulation time used for data collection is around 10 large-eddy turn-
over times (LETOTs), defined as §/u,; a LETOT represents the time scale of the evo-
lution of the largest turbulent eddy in the open channel. Sufficiency of the data sampling
in time was validated by comparing both surface and subsurface flow statistics, as well

as TTDs, obtained with 10 LETOTSs and those obtained with 20 LETOTs. The differ-

. . . - o\ 1/2
ences were small (e.g., up to 1% in subsurface dispersive velocities, <u2> / , as shown

in the Supporting Information Figure S4).

For both cases, the depths of the channel and the bed (both measured from the vir-
tual origin) are 5 times and 8 times of the grain diameter, respectively. A boundary layer
thickness of 5 times the grain size is much smaller than in many streams in reality and,
consequently, the turbulence near the interface may not be identical to those in many
real streams. However, the present setup is designed to represent streams for the regime
with Reg of o(1) where the form-induced velocity is the main component of the subsur-
face fluid motion; the interfacial turbulence weakly affects the majority of the parcel tran-
sit times in comparison to the form-induced velocities. In addition, D/§ of the same or-
der of magnitude were used in existing numerical and experimental studies that reported
grain-scale physics (Manes et al., 2009; Dey & Das, 2012; Fang et al., 2018; Han et al.,
2018; Voermans et al., 2017, 2018).

The porous sediment beds are modeled as closely packed monodisperse hard spheres.
In the bulk of the sediment, the sphere positioning is determined based on molecular dy-
namics simulations (Plimpton, 1995) and is random for both cases. For the uppermost-
layer spheres, two types of distributions are imposed, representing regular (Case 1) and
random (Case 2) bed roughness geometries, respectively. The random case corresponds
to significantly larger root-mean-square roughness height and longer horizontal corre-
lation lengths. As these length scales are much smaller compared to § and the scales typ-
ical of a bedform, the bed height variation is considered as roughness. Figures 1(a,b) com-
pare the sphere distributions in Cases 1 and 2, showing the difference in grain arrange-
ment at the top of the sediments. The sediment in Case 2 was constructed such that it
yields turbulence statistics that match those observed for randomly poured spheres in
the experimental studies of Voermans et al. (2017) (case L12 therein). Case 2 is thus con-
sidered as a good approximation of a realistic sediment.

To highlight the difference between the two roughness geometries, the one-dimensional
(1D) power spectra of height fluctuations of uppermost-layer spheres (Fj) are compared
in Figure 1(c) as functions of the streamwise wavenumber (k1 = 1/A1, where A; is the
streamwise wavelength). Both cases show a white noise regime at small wavenumbers,
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characterized by almost constant Ej. Aubeneau et al. (2015) calculated the power spec-
tra of elevations of sand beds produced in lab flume experiments under various discharges.
They also observed a white noise region in the power spectrum for small wavenumbers.
For the random case the white noise regime applies to A;/D larger than around 1.5. For
smaller A1, Ej shows a power-law decay with a slope of around —2.4. From this power-
law decay, a fractal dimension Dy can be identified as Dy = E + (3 — 3)/2 = 2.3,
where 8 = 2.4 is the fitted slope of the decay and E = 2 (for a 3D surface) is the Eu-
clidean topological dimension. Aubeneau et al. (2015) also observed power-law decays

at large wavenumbers, though with different slopes of —1.0 to —1.5. In comparison, for
the regular case the white noise region covers wavenumbers up to D. At larger wavenum-
bers E}, is characterized by higher-frequency harmonics, which is a mathematical con-
sequence of the slight clipping (or flattening) at the top of the sphere surfaces that re-
sults from the spatial discretization of the sphere geometry. These observations show that
the bed roughness of Case 2 is close to a self-affine fractal (similar to real sediment beds)
while Case 1 is characterized by organized grain-wise protuberances.

2.3 Transit time calculation based on particle tracking

For an unsteady flow in general, the mass conservation equation for the storage of
water of a certain age in the sediment is (Botter et al., 2011; Harman, 2015)

aS(t)gts(T, D )t - aS(t)gf(T, 1) "

where S(t) is the instantaneous total water storage in the sediment at time ¢, Q(¢) is the
instantaneous flux at the outflow, ps(7,t) is the instantaneous RTD, defined as the prob-
ability density function (pdf) of the age () of all the water parcels in the sediment at
time ¢, and ?Q (7,t) is the backward TTD, defined as the probability that the age of a
water parcel at the outflow at time ¢ is equal to 7 (Harman, 2015). The only assump-



tion used in Equation (4) is that there is one inlet and one outlet of the system. In this
study, the inlet is the collection of regions on the water-sediment interface where the bed-
normal velocity (v) is negative, while the collection of regions where v is positive serves
as the outlet. The water age is considered zero at the inlet.

Note that different definitions of RTD were used in the literature. For example, the
cumulative distribution function of RTD was defined as the fraction of solute entering
the sediment bed in a short time near ¢ = 0 and exiting the bed by time 7 (Grant et
al., 2020). The residence time function of EB97 is the complement of this definition. In
this article, however, the definitions of Harman (2015) are followed.

We consider fluid parcels advected by the three-dimensional, time-averaged veloc-
ity, w;. The advection by instantaneous turbulent fluctuations u} is not accounted for.
This is because, at the present Rex = 2.6, the magnitudes of normal Reynolds stress
components are significantly smaller than those of the form-induced stresses in the sed-
iment below the Brinkman layer, as shown by the DNS data of Shen et al. (2020) for the
present cases. At a higher Rey range, however, the effect of u; on the transit times is
likely to be more important inside the sediment (Voermans et al., 2017). Kim et al. (2020)
showed that at Rex = 50 and Re, = 2,000 significant turbulent motions in the bed—
including downwelling and upwelling flows—occur and are modulated by large-scale tur-
bulent motions in the surface flow. The present analyses, therefore, are relevant for the
regime of Rex = o(1) only, where the interfacial turbulence is present but weak com-
pared to dispersive velocities.

The consideration of the water parcels advected by the time mean velocity implies
a steady state assumption for Equation (4), which becomes

QTQ(T) + 58%57(7—) =0. (5)
T
Equation (5) shows that the backward TTD and the RTD are related; one can be cal-
culated from the other given known values of the outflow flux and water storage. In this
work, we calculate ?Q(T) based on its definition. The discussion is focused on TQ (1)
and the corresponding cumulative distribution function, ?Q (7). The RTD can be cal-
culated based on Equation 5; details are presented in the Supporting Information Sec-
tion S1.

In the present particle tracking approach, a fluid parcel is considered as a tracked
particle. To calculate the transit time (or the maximum water age achieved by an in-
dividual parcel in the sediment), fluid parcels are traced starting from a y elevation near
the interface throughout the (z,z) plane. Only the fluid parcels entering the sediment
(i.e., those released at locations where ¥ < 0) are tracked. The tracked paths are in gen-
eral three-dimensional. The parcel position z;(¢) at a time ¢ (with ¢ = 0 at the parcel
release time) is tracked based on

= (1), (6)

where ¢ is a fictitious time used for particle tracking, not to be confused with the sim-
ulation time in DNS. Equation (6) is discretized and solved using the explicit Euler scheme.
Once a subsurface travel path is determined, the transit time for the corresponding fluid
parcel is calculated as the total time it spends along the subsurface path.

All tracked fluid parcels share the same release elevation (y;) and the same ‘exit’
elevation (y2). If y; < ys, a parcel is considered to have left the sediment once it passes
ya. If y1 > yo, the tracked parcel first goes downward, passing the ys elevation, and then
upward toward the y, elevation; in this case, the exit is considered to occur when the
parcel passes ys the second time. The periodic boundary conditions in x and z are used:
parcels leaving the domain at boundary x/§ = 6 reenters the domain at boundary x/§ =
0, and vice versa, for up to twice of the domain lengths. Longer tracking lengths up to



4 times of the domain lengths in z and z were also tested, yielding similar transit time
distributions. One particle is released at each computational grid point in the fluid do-
main at y = y;. In total, around o(10%) particles are released. To test the result con-
vergence, we used twice the number of released particles, which led to differences of less
than 1% in the fitted TTD slope and the median transit time value. The cumulative
backward TTD, <13Q(7'), is calculated as the fraction of the number of tracked subsur-
face paths that correspond to transit times shorter than 7. ?Q (7) is then obtained as
d?Q /d7. The calculated ?Q(T) is smoothed based on a moving averaging procedure.
The size of the averaging window widens with the transit time value as approximately
0.17.

To validate the implementation of the particle tracking method, the computed res-
idence time function as defined in EB97 is compared to the analytical solution for a sub-
surface flow induced by a 2D sinusoidal interface pressure distribution. Details of the val-
idation are included in the Supporting Information Section S2. The comparison shows
that the particle-tracked residence time function matches well with the analytical solu-
tion given a sufficiently fine spatial resolution and a sufficiently deep sediment domain
(Figure S2).

In the analyses of EB97, detailed flow information around sediment grains is not
available. The water column and the subsurface flow were delineated by a zero-thickness
interface separating the surface flow and the subsurface flow where the Darcy model ap-
plies. In that context, a particle tracking method for residence time calculation assumes
that the release elevation (y;) and exit elevation (ys2) of the tracked fluid parcels are both
at the exact water-sediment interface. In the present DNS, there is a transition layer be-
tween the surface flow and the Darcy-flow region. This layer includes the roughness sub-
layer (Raupach et al., 1991)—a near-bed layer where form-induced stresses are important—
and the Brinkman layer—the region of mean shear layer penetration, 9()/0y > 0. Vary-
ing entry and exit elevations parcels are tested. Examples of tracked flow paths are sketched
in Figure 2(a).

3 Results
3.1 Effect of bed roughness geometry on transit times

Figures 2(b) and 2(c) compare <]3Q(T) and P (1) with the same entry and exit
elevations for two sets of values: y; = y» = 0 (near the sediment crest) and y; = y2 =
—3D (a sufficiently deep elevation beyond which the median 7 of the <ﬁQ(T) distribu-
tion becomes largely independent of the entry and exit elevations for both cases, as shown
later in Figure 5). The elevation —3D is equivalent to —0.66. The transit times are nor-
malized by the LETOT (6/u,) of the open-channel turbulence, representative of the time
scale of largest turbulent coherent motions in the water column. For large transit times
stronger fluctuations of the TTD curves are seen in Figure 2(c), since the sampling of
these long paths available from the DNS domain is extremely limited. The 9 (1) dis-
tributions display power-law decays with a slope of around —1.3 at large transit times
for both cases. The existence of a power-law tail indicates that the sediment domain in
the DNS simulations is sufficiently large (in both = and y) to capture deeper flow paths,
and is consistent with experimental observations by Aubeneau et al. (2015) and results
of numerical simulations obtained by Lee et al. (2020) of exchanges induced by multi-
scale bed geometries. Note that, according to Equation (5), a power-law decay of the TTD
(‘P o) is associated with a power-law decay of the RTD (pg), which is shown in Figure
S1 in the Supporting Information. For both cases, a deeper entry elevation excludes shorter
flow paths close to the surface and, consequently, increases the probability of longer paths.
This is reflected by the shifting of the TTDs toward larger times in Figure 2(c) as y; and
yo change from 0 to —3D. The change of entry and exit elevations does not significantly
modify the slope of the power-law tail.
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Figure 2.
cumulative backward transit time distribution (b) and its pdf (c) are shown for two sets of entry
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and exit locations: y1 = y2 = 0 (
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50th (median) and 95th percentiles. In (c), the dashed blue lines (-==) show the fitted power

law with slopes indicated.

—10—



Table 2. Various characteristics of transit times calculated based on mean advection only and
both mean advection and molecular diffusion, at two elevations of particle entry (y1) and exit

(y2). Transit times are normalized by 6/u.

(y1, Y2) Characteristic Case 1 (A) Case 2 (A) Casel (MD) Case 2 (MD)

(0,0) T50 0.294 0.368 0.467 0.574

(0,0) Tos 10.6 10.6 110 80.0
(—3D, —3D) T50 7.33 8.67 13.6 13.8
(—3D, —3D) Tos 205 393 8.35 x 10° 2.17 x 106

Note. ‘A’ denotes calculation based on time-mean advection alone; ‘MD’ denotes calculation accounting

for both time-mean advection and molecular diffusion (discussed in Section 3.3).

When the particle release location at 0 was used, the ?Q distribution in the case
with regular roughness displays a relatively sharp drop of probability for dimensionless
7 at around 400. This is thought to be related to the organized fluid motions around the
regularly arranged grains at the surface, leading to preferential values of 7 associated with
these short paths. A similar drop in probability is also evident at dimensionless 7 of around
200 to 400 in both cases, when a particle release elevation of —3D was used. This is be-
cause the algorithm tracks undulating segments of the large number of paths that reach
not far beyond y = —3D (visualized in Figures 3(e,f)). Lee et al. (2020) studied bed
geometries synthesized with systematically varying spectral characteristics. They also
observed variations in the slope of the RTD and suggested that they are connected to
the flow recirculation regions induced by bed morphology.

An alternative approach to plot the transit time distribution, different from ?Q(T),
is to divide the unit area under the curve into evenly spaced logarithmic increments of
7. This allows the actual probability density to be shown in a plot with a logarithmic
7 axis. This distribution, shown in Figure 2(d), is defined as d P ¢/dlog;, 7 and is equiv-
alent to 2.3037°p , (Grant et al., 2020).

To quantitatively compare the TTDs, the 50th and 95th percentiles (denoted as
Ts0 and Tys, respectively) of the ?Q distributions are calculated. Specifically, 750 rep-
resents the central tendency of the distribution, while 795 is considered as a character-
istic 7 associated with the rare, long-transit-time subsurface paths. Their values are tab-
ulated in Table 2 under columns “Case 1 (A)” and “Case 2 (A)”. The comparison shows
that the two cases give rather similar 750 values (up to 10-20% different) for both ele-
vations. For y1 = ya = —3D, 7195 is significantly higher in Case 2 than in Case 1 (393
versus 205), due to longer and deeper reaching paths, which will be shown in Figure 3(g,h).
An important conclusion that follows from this result is that the difference in bed rough-
ness texture extends deep into the sediment and significantly modifies the transit time
values.

To explain the differences in the TTD characteristics, Figure 3 shows tracked sub-
surface flow paths for y; = yo = 0 (a-d) and for y; = yo = —3D (e-h) for both cases.
Only the paths with travel times equal to 759 and 795 are plotted. In each subplot, around
200 pathlines are visualized. For both cases the paths associated with 759 are short and
do not reach beyond one grain diameter below y;. Those associated with 795, however,
reach far deeper and are described as follows. For the regular interface, relatively uni-
form small-scale arc-shaped paths are observed (due to flows around regularly packed
grains at the bed surface). For the random case the tracked paths are more complex, with
short paths near the interface and also longer, deeper paths. As the transit time of a wa-
ter parcel depends on the depth and the length of the flow path, 795 in Case 2 is longer
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Figure 3. Time-mean subsurface flow paths corresponding to the median (50th-percentile)
transit time (a,b,e,f) and the 95th-percentile transit time (c,d,g,h) for entry/exit elevations at
y1 = y2 = 0 (a,b,c,d) and y1 = y2 = —3D (e,f,g,h), for the regular (a,c,e,g) and random (b,d,f,h)

interfaces.
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Figure 4. Wall-normal variation of ¥ magnitude conditionally averaged along downward

(red) or upward (black) flow paths tracked at y1 = y2 = 0, for regular (--- ) and random (

cases.

than that in Case 1. For paths at y; = yo = —3D, Case 1 also yields multiscale flow
paths similar to those for Case 2, as the short paths near the interface for Case 1 are now
excluded by the deeper entry elevation. The paths in Case 2 reach deeper into the sed-
iment than for Case 1, leading to longer transit times. These observations indicate that
the flow pattern throughout the bed is dependent on the roughness characteristics.

In Figure 3, nearly all of the flow paths are oriented downstream in x. Exceptions
are the flow paths located in the lower portion of the recirculation regions near the in-
terface, where the flow is directed upstream. The very high fraction of subsurface flow
paths oriented downstream is a major difference from flow paths induced by bedforms,
such as those induced by triangular bedforms in the experimental study of Elliott and
Brooks (1997a), where a significant fraction of large-scale upstream-oriented subsurface
flow paths were found. This difference is probably due to the negligible hydrostatic pres-
sure variations along the interface in the present cases as the roughness height is much
lower than the open-channel height.

To characterize the velocity along the subsurface flow paths, Figure 4 compares the
wall-normal velocity magnitudes (|v]) that are conditionally averaged along the down-
and up-going portions of the flow paths, respectively. The result is a function of y and
the bed-normal flow path direction. Flow paths tracked with y; = yo = 0 are used.
At a given y near the interface, |7] for the random case is much larger than the value for
the regular case. This is consistent with the deeper flow paths for the former (Figure 3(d))
than for the latter (Figure 3(c)). In addition, for both cases the speed of downward flow
is higher compared to that of upward flow. This difference has an impact on the tran-
sit time values when the entry elevation differs from the exit one.

Next, independent variations of entry (y;) and exit (y2) elevations are studied. Both
y1 and yy are varied between the sediment crest and y/6 = —0.9. An ensemble of particle-
tracking simulations based on 42 values each of y; and y» (total 1764) was carried out.
For each (y1,y2) pair, 759 is calculated and plotted in a map shown in Figure 5. The vari-
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Figure 5. Median transit time normalized by é/u, with independent variations of y1 (entry)
and yo (exit) elevations, for regular (a) and random (b) cases. Similar variations of 795 are shown

in the Supporting Information Figure S5.

ation of 195 was also evaluated and a similar comparison was observed; the 95 plots are
shown in the Supporting Information Figure S5.

First, focus on the diagonal line represented by y; = y2. The short transit times
of o(1)6/u, at y1 = y2 =~ 0 are mostly due to mild undulations of subsurface paths
(Figure 3a,b). For sufficiently deep entry/exit elevations, 759 plateaus to values of 0(10)d/u..
The dependence of transit times on the entry and exit elevations of particles is not re-
stricted to elevation variation within the Brinkman layer, which corresponds approxi-
mately to y/d € (—0.1,0.1). Beyond this layer, deeper entry or exit elevations will still
result in progressively longer transit times due to progressive exclusion of shorter flow
paths, until only long flow paths remain.

Next, small values of |y; —ys2| produce short transit times due to a large fraction
of tracked paths being associated with short flow paths that do not extend far beyond
the elevation of y;, while with large |y; —y2| differences a larger fraction of the tracked
paths are longer and deep-reaching ones, which yields much longer transit times. The
regions above the diagonal line (i.e., y1 > y2) and below the line (i.e., y1 < y2) are
not symmetric. The median transit times with y; below y, are larger than those with
y1 above yo at the same |y; — ya| difference. This is because the downward motion of
a fluid parcel in the bed is, on average, faster than the upward motion, as shown in Fig-
ure 4. One also observes that the median transit times with y; > yo are less well-converged
statistically than those with y; < y2, as shown by the more fluctuating contour lines.
This is due to the fewer flow paths used for averaging when y; > ys in the current com-
putation procedure (see Supporting Information, Section S3 and Figure S3). At large
y1-yo separations, much longer transit times are observed for the regular case compared
to the random one. This difference is probably a result of the significantly smaller mag-
nitude of bed-normal velocity along flow paths in the regular case for y/é > —0.5 (Fig-
ure 4).

These results highlight the fact that subsurface flow paths are multiscale in nature
and typically extend deeper beyond the Brinkman layer. They also show that both the
entry and exit elevations are important parameters in measuring and reporting transit
times in the presence of bed roughness; however, these details are not often presented
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Figure 6. Sketch showing how local high-pressure (stagnation point) and low-pressure (recir-
culation) regions lead to entry and exit of fluid parcels (red spheres and red lines), specifically,

in Case 2. ——- Roughness geometry. P(z,y,z) and v(x,y, z) are the time-averaged values of

pressure and wall-normal velocity; P(z,y,z) = P(z,y,2) — (P)(y) is the form-induced pressure,

i.e., deviations from the plane-averaged value.

in the literature. The roughness geometry affects not only the transit time when y; is
set equal to ys, but also the dependence of transit time on y; and yo when y; # ya.

In the next two sections we address the following questions: (1) What factors de-
termine the (z, z) locations of the entries and exits of subsurface flow paths (and con-
sequently TTD characteristics)? (2) How important is the molecular diffusion for solute
transit time?

3.2 Interfacial v distribution

Figure 6 shows the typical flow pattern around a roughness protuberance formed
as a grain cluster. A stagnation point appears upstream of the protuberance, leading to
a region with local P higher than the spatial average (indicated by P > 0). In addi-
tion, a recirculation region appears downstream, leading to a local low-P region (indi-
cated by P < 0). Such interfacial pressure variation is in line with the description of
local pressure variation on a bedform (triangular dune) by Savant et al. (1987). These
local pressure maxima and minima lead to bed-normal pressure gradients at the bed sur-

face: 9P /0y > 0 upstream and 9P /9y < 0 downstream.

The bed-normal mean momentum equation near the interface connects the pres-
sure gradients to the entry and exit of subsurface flow paths:

Dv _ov _ Ov 1OP  ouln' 0%

ﬁ:aﬁ-ui%——;@iy— 8.171' +V61‘1‘01‘,', (7)

where Dv/Dt is the material derivative of 7 advected by the time-mean flow, and the
three terms on the right-hand-side represent forces due to, respectively, time-mean pres-
sure, Reynolds stress and viscous stress. Equation (7) describes how various factors (on
the right-hand-side) affect the time-mean v velocity of a fluid parcel. It is hypothesized
that the local pressure gradient (the first term on the right-hand-side of (7)) is the main
factor in determining the entry (7 < 0) and exit (v > 0) locations of subsurface flow
paths. Specifically, a positive 9P /0y upstream of the obstacle would lead to negative ¥
values (entries of flow paths) for a fluid parcel initially with ¥ = 0, while a negative 9P /9y
downstream would lead to exits of flow paths. Such mechanism is sketched in Figure 6.
This hypothesis is to be validated next.
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mean velocity, (b) form-induced pressure, (¢) bed-normal gradient of mean pressure, and (d)
transit time of flow paths entering at each location. Only 1/4 of the domain is shown. All quan-
tities in (a-d) are normalized by § and u.. Joint probability density functions of 9P/dy and T in

the interface region, for Case 1 (e) and Case 2 (f).
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Figures 7(a-d) compare contours of v, }5, and P/ Jy in a bed-parallel plane at y =
0 for the random case. The correlation between positive-P regions, positive y-gradients
of pressure, and negative T values (entries), is apparent. These regions are typically seen
upstream of clusters of grains serving as roughness protuberances. Similarly, downstream
of these protuberances, one typically observes low pressure values, negative pressure gra-
dients, and positive T (exits). Figure 7(d) shows the contour of transit time of flow paths
entering the subsurface from this plane. Regions with the highest pressure values are seen
to generate the longest transit times.

The local correlation between v and the bed-normal pressure gradients is better
demonstrated using contours of their joint probability density function (jpdf) in Figures 7(e,f)
for the two cases, respectively. Since the local y-gradient of P varies significantly in y
between the crest elevation and the bottom of the Brinkman layer, here the jpdf value
for each 9P /0y and ¥ combination is calculated at every y grid point in the region bounded
by these two elevations and then averaged. The jpdf values shown in Figure 7(e,f) are
normalized such that the area integral in each of these two plots is one. Both quanti-
ties are normalized by ¢ and the bulk velocity (up) in the water column; wy, is calculated
as 1/6 foé (u)dy. Here uy, instead of w, is used for normalization to highlight the effect
of roughness geometry. For both cases, the vertical pressure gradients are indeed neg-
atively correlated with the vertical flux. Comparing the two cases, the random case dis-
plays much wider distribution of ¥ and narrower distribution of y-gradient of pressure.

This means that ¥ is more sensitive in this case to changes in P /0y, probably because
of the higher effective permeability near the interface than for the regular case (Shen et
al., 2020). Notice also that in both cases the magnitude of ¥ < 0 reaches much higher
values than the magnitude of v > 0, again indicating faster fluid parcel entry into the
bed than exit from the bed.

Figure 7 indicates that, for both cases, the interfacial pressure distribution is closely
correlated with local © and therefore is probably the driving force of ¥ transport near
the interface. Forces of the Reynolds and viscous stresses play secondary roles. In other
words, the differences in transit time characteristics between Cases 1 and 2 are proba-
bly due to the different interfacial pressure distributions caused by the roughness geome-
tries obstructing the surface flow in different ways.

3.3 Effect of molecular diffusion on TTD

The transit time calculation using Equation (6) considers the movement of a fluid
parcel. On the other hand, the transit time of a solute is affected also by molecular dif-
fusion. An exact estimation of the solute transit time would require tracking either the
instantaneous location of a tracer particle (during the DNS simulation) or the concen-
tration variation which yields a breakthrough curve. These tasks are beyond the scope
of the present work. An alternative approach is to use the random walk method (Kinzelbach,
1988) to incorporate the effect of molecular diffusion into Equation (6) and this approach
is used here.

The random walk particle tracking is based on a set of stochastic differential equa-
tions. Following Sun et al. (2015) who carried out pore-scale random walk particle track-
ing for a 3D domain, we solve

€Ty (t + At) =T (t) + ﬂi (,I,L', t)At + i/ 2D7,LAt, (8)

where At is a small time differential, r; is a random number of standard Gaussian dis-
tribution with unit variance and zero mean, and D,,, is the molecular diffusion coefficient.
Equation (8) is a generalization of Equation (6). Compared to the approach of Kinzelbach
(1988), here the dispersion terms are ignored by setting the longitudinal and transverse
dispersivity lengths to zeros. This is because the DNS resolves the time-mean flow de-
tails. Note also that the diffusion due to the turbulent velocities v} is assumed to be much
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Figure 8. Cumulative backward transit time distribution (a) and its pdf (b) based on mean

advection only (
Case 1 (black) and Case 2 (red) at y1 = y2 = 0. In (b), -—- shows the fitted power law with

slope indicated.

) and based on both mean advection and molecular diffusion (=== ), for

smaller than that due to u; because of much weaker Reynolds stresses compared to the
dispersive stresses below the interface. The smoothness of the results of Equation (8)
requires the step of particle advection to be a fraction of the grid cell size; Kinzelbach
(1988) recommended five to ten steps per cell. Here, the At value corresponds to five steps
per grid cell at a convection velocity of (@) below the Brinkman layer. D,,/u,d takes a
value of 2.5x107% to achieve a Schmidt number (Sc = v/D,,) of around 1000, repre-
sentative of dissolved oxygen in water.

The backward TTD and its cumulative distribution are shown in Figure 8 for y; =
yo2 = 0. Various TTD characteristics are tabulated in Table 2 under columns “Case 1
(MD)” and “Case 2 (MD)”. The TTD power-law decay slope is milder for both cases,
with the slope of around —1.1, compared to —1.3 considering advection only. Changing
to a deeper elevation, such as y; = yo = —3D, does not affect the power-law slope.
For both cases, the addition of molecular diffusion increases significantly the probabil-
ity of transit times being longer than 0(102)d/u,, while early time values are only slightly
affected. This increase in transit times is attributed to the fact that solute particles are
displaced from the time-mean paths by molecular diffusion, resulting in paths with greater
lengths. The addition of molecular diffusion does not remove the difference brought by
a change in the roughness geometry. For a particle release elevation below the interface
region (i.e. y1 = y2 = —3D) which tracks a large fraction of deep subsurface paths,
795 normalized by §/u. is significantly longer in Case 2 (2.17x10°) than in Case 1 (8.35x
10°).

For a 2D sinusoidal bedform analyzed using an advection-dispersion model, Bottacin-
Busolin and Marion (2010) also observed a milder slope (—0.5) of the residence time func-
tion when both mean advection and mechanical dispersion were accounted for, compared
to the slope with advection only (—1.0). According to Equation (5) and the Support-
ing Information Section S1, the present slopes of ?Q shown in Figure 8(b) indicate power-
law decay slopes of —0.1 and —0.3 of the same residence time function, with or without
molecular diffusion, respectively. The difference between the slopes observed herein and
those in the study of Bottacin-Busolin and Marion (2010) is possibly due to the three-
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dimensionality of the present flow and the capability of DNS in capturing the actual ve-
locities near the interface and within the bed.

4 Conclusions

Results of transit times are reported for turbulent open-channel flows over flat sed-
iment beds at Re, = 395 and Rex = 2.6, with two different bed roughnesses consist-
ing of either regularly (Case 1) or randomly (Case 2) positioned sediment grains at the
bed surface. The transit time calculations are based on DNS simulations similar to the
ones reported in Shen et al. (2020). The transit times are calculated using the particle
tracking method, considering (i) advection by time-mean velocity only and (ii) both time-
mean advection and molecular diffusion.

Despite the absence of bedforms, both bed roughnesses generated a large spectrum
of transit times, whose characteristics are similar to those generated by bedforms. The
TTDs show power-law tails at late times for both cases; the time range and slope of the
tail vary only weakly with the roughness geometry. For both cases, the power-law slopes
range from —1.3 considering the mean advection only, and around —1.1 considering both
the mean advection and the molecular diffusion. We also show that, with pore-resolved
data, the definition of a surface-subsurface interface becomes obscure; the calculated tran-
sit times vary with the elevations chosen to mark the ‘entry’ or ‘exit’ of particles.

Near the interface, roughness leads to regions with local pressure maxima or min-
ima due to its effect on the near-bed turbulence. These regions are found to correlate
closely with the distribution of interfacial bed-normal velocity. This suggests that loca-
tions of subsurface flow path entries and exits are mainly determined by the interfacial
pressure, while being less sensitive to forces due to the Reynolds and viscous stresses.
In other words, the advective pumping mechanism may be used to describe the subsur-
face flow induced by roughness on a macroscopically flat bed, similar to those induced
by bedforms.

Compared to the regular roughness, the random roughness leads to longer tran-
sit times in the TTD power-law tail associated with deep subsurface pathlines. Specif-
ically, the pure-advection particle tracking in Case 2 yields 18% and 91% larger transit
times of the 50th and the 95th percentiles, respectively, than in Case 1 when y; = y2 =
—3D. This difference occurs because the random roughness induces more intense inter-
facial pressure variation (due to grain clusters forming protuberances larger than a sin-
gle grain), with a wider range of horizontal length scales. Consequently, the subsurface
flow paths in Case 2 can reach farther and deeper than in Case 1. With the addition of
molecular diffusion in the transit time calculation, the transit time increases (especially
at late times) for both cases, as expected. The differences between the two cases remain
significant.

This work demonstrates that grain-scale roughness and its geometry are important
for hyporheic exchange, as shown by the subsurface flow characteristics and transit times.
The effect appears to be fundamentally similar to how a larger-scale bedform affects the
exchange. These findings would not have been possible if a pore-unresolved simulation
model (such as the Darcy flow model) was used instead. In addition, DNS data similar
to the present data can be used for closure developments, such as the parameterization
of advection due to u; and «} in TTD or RTD prediction based on a Darcy flow. Ad-
ditional factors that are likely to affect the overall transit time of solutes include (i) grain-
scale solute concentration variation near the bed surface and (ii) turbulent diffusion, which
is strong in the Brinkman layer and is likely to affect 7 values calculated with y; or yo
close to 0. The importance of these factors and their dependence on roughness details
need to be addressed in future work. In addition, scenarios that include both roughness
and bedforms need to be explored for possible interactions between the effects of the two.
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