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Abstract Undular flows over riffles (standing waves with underlying open‐channel flows) facilitate a
quality environmental setting for riverine habitats. Understanding their link with hyporheic exchange
flow (HEF) is important from eco‐hydro‐geomorphic perspectives. We conduct refractive index‐matched
scanning experiments to resolve the exchange between surface and subsurface flows across a coarse granular
bed. We show that the HEF includes wave pumping (WP) and grain‐scale pumping (GP) components.
Mechanistically, the dynamic pressure gradient best explains the HEF on both wave and grain scales.
However, due to the underlying open‐channel flow, the result exhibits a phase lag compared to the
theoretical WP, suggesting a necessary shift from the existing water surface‐based model to a pressure
gradient‐based approach. Quantitatively, with the present experimental setting, the GP flux is 1 order of
magnitude smaller than the WP flux. The relative significance of WP to GP is further increased at higher
discharges, indicating potential utility of WP in habitat vitalization.

1. Introduction

Hyporheic exchange, based on a hydrodynamic definition, occurs in a surface or subsurface area that con-
tains the flow lines across the sediment‐water interface (Gomez‐Velez et al., 2017; Gooseff, 2010; Wu
et al., 2018). Hyporheic exchange has long been recognized for its importance to aquatic ecology and biogeo-
chemistry (Boano et al., 2014; Tonina & Buffington, 2009). Hyporheic exchange flows (HEFs) can be driven
by interfacial pressure gradients induced by local channel steepening (e.g., riffles, steps), flow transition (e.g.,
large boulders, logs, instream structures), flow separation and reattachment (e.g., dunes, ripples), surface
waves, or substrate heterogeneity (e.g., permeability); it may also be driven by near‐bed turbulence or turn-
over of bedforms (e.g., Blois et al., 2014; Buffington & Tonina, 2009; Cardenas & Wilson, 2007; Clark
et al., 2019; Elliott & Brooks, 1997; Endreny et al., 2011; Hester & Doyle, 2008; Higashino et al., 2009;
Lichtner, 2015; Packman et al., 2004; Qian et al., 2008; Roche et al., 2018; Sawyer et al., 2011; Sawyer &
Cardenas, 2009). In this study, we focus on vertical HEFs across a flat bed without bedforms, driven by
pressure gradients of undular flows, which are a combination of free‐surface flows and standing waves. A
modeling study of solute exchange in a similar setting has been conducted previously (Qian et al., 2008); here
we use an experimental approach to study the hydrodynamics of hyporheic flows. Flows beneath the
standing waves are characterized by vortices and a distribution of dynamic pressure that is distinct from
its hydrostatic counterpart described by local water surface elevation (Tonina & Buffington, 2007). The
hydrostatic pressure acts to counteract the gravity such that a static fluid is in a state of equilibrium
(Constantin, 2016), which motivates us to decompose the pressure beneath a surface wave as a dynamic part
that drives the fluid motion and a hydrostatic part due to the weight of the fluid. Hereinafter, pressure thus
refers to the dynamic part excluding the effect of gravity.

Riffles are ubiquitous mesoscale bedforms and important habitats in gravel‐bed streams (Hose et al., 2005;
Jowett & Richardson, 1995; Newson & Newson, 2000). Under regular low discharges, the surface flows over
riffles are characterized by stationary undulations, often called standing waves (see Figure 1a and Movie S1)
(Tonina & Buffington, 2007; Trauth et al., 2013). Such flows occur following an undular hydraulic jump
where the flow passes the downslope patch of the riffle with its Froude number Fr being slightly >1 and
enters the head of the pool where Fr is <1 (Chanson, 1996; Dey et al., 2013; Gotoh et al., 2005). These flows
also exhibit low relative submergence (i.e., ratio of water depth to grain size <10) (Ferguson, 2007). Although
it is well known that the mesoscale hyporheic flows across the upslope and downslope faces of the riffle are
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driven by pressure gradients induced by spatial variations of water surface elevation, the effect of the
patch‐scale standing waves on HEFs is still poorly understood (Tonina & Buffington, 2007).

Previous studies on the wave‐induced hyporheic exchange have postulated a wave pumping mechanism
governed by a sinusoidal pressure wave in phase with the surface waves (Habel & Bagtzoglou, 2005;
Huettel & Webster, 2001; King et al., 2009; Precht & Huettel, 2003; Qian et al., 2008, 2009; Riedl et al., 1972).
By such mechanism, the positive vertical pressure gradients under wave crests drive the surface water into
the bed, whereas the negative pressure gradients under wave troughs expel the water from the bed. These
wave pumping models, however, build on the potential flow solution for irrotational waves, neglecting
the influence of the underlying current (open‐channel flow), and aim for cases with horizontal, flat beds
composed of fine sediment. Their validity for undular flows over sloping, coarse granular beds has yet to
be examined. Moreover, it has been reported that the grain‐scale topography and high permeability of the
coarse granular beds would give rise to additional advective pumping flows associated with local flow
separation and reattachment between adjacent grains (Clark et al., 2019; Packman et al., 2004; Pokrajac &
Manes, 2009).

Figure 1. (a) Undular flow over riffle, observed at upper Tong‐Hou Creek in northern Taiwan (see also Movie S1). The bed slope over this patch was 1.5%. The
relative submergence was low, with ratios of flow depth to grain size ranging from 0.7 to 2.1 (average of 1.6). The wave steepness (ratio of wave amplitude to
wavelength) ranged from 0.025 to 0.075, with an average of 0.045. (b) Schematic plot of experimental setup: RIM scanning of surface and subsurface flow fields
(see Text S1 for photos).
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Herein, with the patch‐scale riffle hydrodynamics in mind, we aim to (1) investigate whether the existing
wave pumping model explains the hyporheic exchange under undular flows over a sloping, coarse gran-
ular bed and (2) assess the relative importance of grain‐scale advective pumping flow to patch‐scale wave
pumping flow. To this aim, simultaneous characterizations of hyporheic fluxes and interfacial pressure
gradients, a novel experimental task, are pursued here. We conduct experiments using undular
open‐channel flows over a granular bed packed with identical spheres. Recent experimental studies have
shown that refractive index‐matched (RIM) techniques are effective for mapping the surface and subsur-
face flow fields in uniform open‐channel flows (Kim et al., 2018; Voermans et al., 2017). By using the
RIM solid and liquid to make the granular bed transparent, we capture flow fields on both sides of
the interface, coupled with the particle tracking velocimetry (PTV) to gain optical access to the internal
subsurface flow. To account for the spatial heterogeneity, we use a laser sheet to scan the flow transver-
sely, and the results are integrated temporally and spatially under a double‐averaging analysis frame-
work. In a more dynamic setting, Ni and Capart (2018) acquired longitudinal and transverse scans to
resolve the internal solid and liquid motions of turbulent bedload layers in uniform open‐channel flows.
Here, we apply the RIM scanning to undular flows, aimed to unravel the driving mechanisms and the
multiscalar behaviors of HEF.

2. Experiments

Design of the experiments obeyed the law of similitude. For geometric similarity, the channel slope S, rela-
tive submergence (ratio of flow depth h to grain size d), and wave steepness (ratio of wave amplitude a to
wavelength λ) were selected to resemble those of natural riffles and the overlying undular flows. For

dynamic similarity, the pre‐ and post‐jump Froude numbers Fr (¼ U=
ffiffiffiffiffi
gh

p
; whereU is depth‐averaged free-

stream velocity and g is gravitational acceleration) should resemble those before and after natural undular

hydraulic jumps, and the permeability Reynolds numbers ReK (¼ u*
ffiffiffiffi
K

p
=ν, where u* ¼

ffiffiffiffiffiffiffiffi
ghS

p
is shear velo-

city, K ¼ n3d2/180(1 − n)2 is sediment permeability, n is porosity, and ν is fluid viscosity) were adjusted to
properly replicate the natural stream settings (Voermans et al., 2017). The experimental and field values
of these parameters are summarized in Table S1.

The RIMmaterials used were solid spheres made of polymethyl metacrylate (PMMA) and the organic liquid
para‐cymene (Haam et al., 2000), with the closest match of refractive index (¼1.49) attained at temperatures
near 17°C. Spheres of diameter 16 mm were used, which secured the low relative submergence (h/d < 10)
and the permeability Reynolds numbers commonly encountered in natural riffles. The liquid has
density ρ ¼ 855 kg/m3 and kinematic viscosity ν ¼ 1.2 × 10−6 m2/s, seeded with 50‐μm tracer particles.
Two experiments, Exp. 1 and 2, were conducted in a recirculating channel of length 110 cm and width
8 cm, with transparent walls and floor made of PMMA (see Figure 1b and Text S1). The channel accommo-
dated a 50‐cm entrance length to develop turbulent flows, followed by a 20‐cm observation reach, located
40 cm from the downstream end to alleviate boundary effects. The slope was 1.4% and 1.2% in Exp. 1 and
2, typical values for natural riffles (Jowett, 1993). The wavelength in Exp. 1 was longer, and only one cycle
of wave crest and trough was present in the observation reach; Exp. 2 was aimed for a shorter wavelength
such that more wave cycles could be observed. The granular bed was closest packed with three layers of
spheres. In the top and bottom layers, the width of the channel allowed five full spheres; in the middle layer
were four full spheres with a semi‐sphere attached to each sidewall, restricting the otherwise preferential
flow through the greater voids on both sides. Liquid discharges, 0.78 and 0.39 L/s in Exp. 1 and 2, were
set by varying the pump flow rate. Above the inlet was a tank containing multiple layers of spheres for flow
straightening. A permeable grid was used at the downstream end to hold the granular bed, which imposed
minimal disturbance to the subsurface flow. A surrogate tailgate was used for flow depth adjustment attain-
ing quasi‐uniform flows.

A channel‐spanning cylinder of diameter 16 mm (same as sphere size) was placed on the bed at 50 cm from
the inlet to create a rapid transition to supercritical flow (with Fr slightly >1), followed by a hydraulic jump
and subcritical undular flow with a sequence of standing waves that attenuated downstream. The resulting
wave steepness (0.03) was within the range observed in the field, and the permeability Reynolds numbers
(9.7 and 8.1) resembled those of natural permeable beds (Voermans et al., 2017). Hyporheic flows were
induced by both the cylinder and standing waves, and a normalized declining trend (NDT) approach was
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devised to separate their individual contributions (section 4.4). The observation area covered the surface and
subsurface flow regions downstream of the cylinder. Flows were scanned transversely from below at a speed
vLS, imaged from the right with a high‐speed camera operated at 300 frames per second (fps). The laser plane
was oriented parallel to the flow, scanned from y ¼ −16 to 16 mm (y ¼ 0 at the centerline of the channel)
covering two cycles of sphere crest and trough, with the camera perspective orthorectified by the calibrated
transformations (Ni & Capart, 2015). For each experiment, nine repeated scans were conducted, yielding
more than 50,000 images. All images were preprocessed and then used to track the paths of the tracer par-
ticles and reconstruct the instantaneous velocity fields of in‐plane streamwise and vertical components (u,
w), using the PTV procedure described in Text S2 (see also Movie S2 for intermediate products).

3. Double‐Averaging Approach
3.1. Velocity and Pressure Fields

As the transverse scans captured the flow fields at different locations of y, the acquired velocity fields exhib-
ited a spatial variability arising from highly heterogeneous grain‐scale topography and pore geometry of the
granular bed. To account for such variability, the scanned volume is laterally split into 33 slices, each with a
thicknessΔy ¼ 1 mm centered about an integer yn (¼−16 to 16 mm). Within each slice, the instantaneous
velocity fieldsV(x, y, z, t) are averaged over Δt orΔy (¼vLSΔt) to yield the local time‐averaged velocity field

V x; yn; zð Þ, with V ¼ (u, w) and V ¼ u;wð Þ being the instantaneous and time‐averaged velocity vectors.
The relation between the instantaneous and time‐averaged velocity fields follows the Reynolds
decomposition:

V x; y; z; tð Þ ¼ V x; yn; zð Þ þ V′ x; y; z; tð Þ (1)

whereV′ ¼ (u′,w′) are turbulent velocity fluctuations, by definition V′ ¼ 0. The local time‐averaged velo-

city fields V x; yn; zð Þ are then averaged over yn (from −16 to 16 mm) to yield the time‐space double‐

averaged velocity field V
� �

x; zð Þ, with V
� � ¼ uh i; wh ið Þ being the double‐averaged velocity vectors.

The relation between the time‐averaged and double‐averaged velocity fields is given by

V x; yn; zð Þ ¼ V
� �

x; zð Þ þ eV x; yn; zð Þ (2)

where eV ¼ eu; ewð Þ are spatial velocity disturbances, by definition eVD E
¼ 0.

The concepts of time averaging and double averaging can be applied also to the pressure fields. The local
time‐averaged pressure field can be determined by integrating the pressure divergence term in the
Navier‐Stokes equation for the time‐averaged velocity field of incompressible fluid, expressed in vector form
as follows:

∇
*

p ¼ −ρ
DV
Dt

− ν∇2V
� �

(3)

where ∇
*

p is the divergence of time‐averaged dynamic pressure; DV=Dt is the material derivative of

time‐averaged velocity; ∇2V is the Laplacian of time‐averaged velocity; and ρ and ν are fluid density
and kinematic viscosity. Direct integration of Equation 3 from point x1 ¼ (x1, z1) to x2 ¼ (x2, z2) yields
the pressure difference between the two points:

p2 − p1 ¼ ∫
x2

x1
∇
*

p � dx (4)

With a number of independent integration paths, the local pressure at a given point can be evaluated
using the median‐based algorithm presented by Dabiri et al. (2014). Similar to the double averaging of
velocity fields, the time‐averaged pressure fields of individual slices p x; yn; zð Þ so determined are then aver-
aged over yn to yield the double‐averaged pressure field ph i x; zð Þ.
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3.2. Contributors to Hyporheic Flux

To apply the double‐averaging framework to the surface flow region (z ≥ zc), we highlight below the vertical
(i.e., z direction) component of the double‐averaged Navier‐Stokes (DANS) equation for steady flows
(Giménez‐Curto & Corniero Lera, 1996; Nikora et al., 2001):

uh i∂ wh i
∂x

þ wh i∂ wh i
∂z

¼ −1
ρ

∂ ph i
∂z

þ ν
∂2 wh i
∂x2

þ ∂2 wh i
∂z2

� �
−

∂ u′w′
� �
∂x

þ ∂ w′w′
� �
∂z

" #
−

∂ euewh i
∂x

þ ∂ ewewh i
∂z

� �
(5)

where u′w′ and w′w′ are Reynolds shear and normal stresses, respectively, and euew and ewew are
form‐induced shear and normal stresses due to spatial velocity disturbances. Given that our focus is placed
on the vertical hyporheic flux across a flat bed (without bedforms), we can rearrange (5) to determine the
streamwise (i.e., x direction) gradient of vertical velocity component along the interface (z ¼ zc):

∂ wh i
∂x

				z¼zc|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Hyporheic flux grad:

¼ −
wh i
uh i

∂ wh i
∂z

� �
|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

Convective acceleration

þ
−1
ρ uh i

∂ ph i
∂z

� �
|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Pressure gradient

þ
ν
uh i

∂2 wh i
∂x2

þ ∂2 wh i
∂z2

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Viscous stresses

8>>><>>>: þ
−1
uh i

∂ u′w′
� �
∂x

þ ∂ w′w′
� �
∂z

" #
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Reynolds stresses

þ
−1
uh i

∂ euewh i
∂x þ ∂ ewewh i

∂z

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Form stresses

9>=>;
							
z¼zc

(6)

Equation 6 indicates that the streamwise variation of vertical hyporheic flux across the interface is driven
by (1) vertical convective acceleration; (2) vertical pressure gradient; and (3) viscous, Reynolds, and form
stresses. All of the above terms can be evaluated from the double‐averaged velocity and pressure fields,
enabling us to quantify the contribution of each driver to the hyporheic exchange.

4. Results and Discussion
4.1. Velocity and Pressure Fields

The velocity and pressure fields of Exp. 1 and 2 are given in Text S3 and Figure 2, respectively. Over the cylin-
der, a rapid transition to supercritical flow was followed by an undular hydraulic jump and a sequence of
standing waves. The wavelength in Exp. 1 was 8.8 cm, and only one cycle of wave crest and trough was pre-
sent in the observation reach (Figure S4); Exp. 2 had a shorter wavelength (6.1 cm), and thus, 2.5 wave cycles
were observable (Figure 2). In the subsurface region, two types of HEF were identified. The first one is the
cylinder‐induced hyporheic flow, characterized by the downstream‐directed downwelling (DS‐DW) flow
beneath the cylinder and the downstream‐directed upwelling (DS‐UW) flow extending far downstream.
As shown in Figure 2a, the lowermost streamline remained affected by the DS‐UW flow beyond x¼ 120 mm.
The second type of HEF is the alternate, shallow DS‐DW and DS‐UW flows induced by the standing waves.

Of these two types of HEF, the cylinder‐induced hyporheic flow has been studied experimentally by many
researchers (e.g., Endreny et al., 2011; Gordon et al., 2013; Hester & Doyle, 2008; Lichtner, 2015; Sawyer
et al., 2011, 2012), yet the experimental study of wave‐induced hyporheic flow has been relatively rare
(Clark et al., 2019). The above‐listed studies have shown that, when no hydraulic jump or standing waves
were present, the DS‐DW flows beneath the cylinder were followed by uniform, declining DS‐UW flows.
When a hydraulic jump was present, Endreny et al. (2011) observed that at the toe of the hydraulic jump,
the DS‐UW flows were enhanced. Our results confirmed such observation and revealed that the enhanced
upwelling was attributed to the vertical pressure difference, thus pressure gradient, induced by the supercri-
tical flow (Figures 2b and S4d). Moreover, we observed that when standing waves were present downstream
of Crest 1, the alternate, shallow DS‐DW and DS‐UW flows arose as a result of the alternate positive and
negative pressures (see section 4.2). To focus on the effect of standing waves upon the HEF and alleviate
the influences of the cylinder and hydraulic jump, in this study, we restricted our analyses to the area down-
stream of Crest 1 (Figures 2a and S4c). To disentangle the effect of the cylinder‐induced DS‐UW flow that
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remained in this area, we devised an NDT approach to isolate the individual contributions of the cylinder
and standing waves (see section 4.4).

In addition to the HEF mentioned above, two localized flow patterns, as reported by Endreny et al. (2011),
were observed in the subsurface. They are (1) reversed circulation cell (RCC), defined as upstream‐directed
downwelling (US‐DW) connecting to upstream‐directed upwelling (US‐UW), which developed beneath
Crest 1, and (2) flow reversal (FR), defined as DS‐UW connecting to US‐UW, which formed upstream of
Crests 1 and 2. These localized flows resulted from a pair of downward and upward shear stresses arising
at the junction of downwelling and upwelling flows (see Text S3).

As a comparison, Figure 2c shows the theoretical dynamic pressure field for irrotational waves over a flat bed
with no underlying current; the analytical form of the potential flow solution (Techet, 2005) is given in Text
S4. The local maxima and minima of the analytical dynamic pressure occur at the wave crests and troughs,
respectively. In contrast, the experimental result exhibited a phase lag in local extrema with respect to the
theoretical result. The lags ranged from 6.5 (P1) to 15.6 mm (P4), with an average of 12 mm, or approxi-
mately one fifth of the wavelength. The pressure on the front face of the crest was lower than that on the rear
face. The results observed in our sloping channel agree with those observed in a horizontal channel
(Umeyama, 2017), suggesting that channel slope is not the cause of such phase lags. Rather, the discrepancy
between the theoretical and experimental results arose from the non‐zero vorticity induced by the vertical
gradient of freestream velocity (Figure 2a). The wave motion became rotational due to the vorticity, which
violated the irrotational assumption of the theoretical wave field and altered the spatial distribution of

Figure 2. Exp. 2: Double‐averaged (a) velocity field (with hyporheic flow streamlines) and (b) dynamic pressure field. DS‐DW and DS‐UW, downstream‐directed
downwelling and upwelling; US‐DW and US‐UW, upstream‐directed downwelling and upwelling; RCC, reversed circulation cell; FR, flow reversal. (c) Theoretical
pressure field (Techet, 2005) used in existing wave pumping models (irrotational wave field over a flat bed with no underlying current).
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dynamic pressure (Constantin, 2016; Fan et al., 2017; Swan et al., 2001; Umeyama, 2019). Nonetheless, the
theoretical and experimental pressure fields exhibited a similar range of variation (from −20 to 20 Pa).

4.2. Contributors to Hyporheic Flux

Figure 3a shows the vertical pressure gradient field superimposed by three streamwise profiles of vertical
velocity wh i along different z, among which the lowermost profile is along the interface (z ¼ zc). The
zero‐contour lines divided the pressure gradient field into positive‐ and negative‐value regions. In either
region, the local extremum occurred below the free surface (between z¼ 50 and 60 mm) and then declining
toward the interface. Mechanistically, the positive pressure gradients drove the fluid downward, character-
ized by the negative‐slope portions of the velocity profiles, while the negative pressure gradients drove the
fluid upward, characterized by the positive‐slope portions of the velocity profiles. The velocity profiles
attained the local extrema at locations of zero pressure gradient. These trends were universal for different
z, only that the amplitudes of velocity oscillations would scale with the magnitude of local pressure gradi-
ents. These results suggest a strong link between the vertical pressure gradient and variation of vertical
velocity.

Figure 3b shows the interfacial profiles of all DANS terms given in Equation 6, presenting the individual
contributions of the potential drivers to vertical hyporheic flux. The streamwise gradient of hyporheic flux
∂ wh i=∂x is in high concordance with the pressure gradient term −∂ ph i=∂z=ρ uh i, suggesting a predominant
role of vertical pressure gradient. The impact of the remaining drivers appeared to be minor (see Text S5 for
further discussion). In short, the convective acceleration is more likely the effect of hyporheic flux rather
than the cause of the flux. The influence of viscous stresses is negligible. The form stresses are the cause
of the subgrain‐scale fluctuations present in the local hyporheic flux gradient. Finally, flow separation
and reattachment between adjacent grains generate a grain‐scale turbulent structure that facilitates the ver-
tical gradient of Reynolds normal stress to oppose the advective pumping pressure gradient.

4.3. Wave Pumping Versus Grain‐Scale Advective Pumping

The above finding that pressure gradient is the dominant driver of hyporheic flux gradient is no surprise.
What caught our attention were the multiscalar behaviors of the hyporheic flux and pressure gradients.
Variations of the hyporheic flux and pressure gradient terms in Figure 3b did not follow precisely the alter-
nate positive and negative pressure gradient regions in Figure 3a. It is conjectured that those discrepancies
stemmed from the local grain‐scale oscillations superimposed on the wave‐scale variation patterns. To iso-
late the wave‐ and grain‐scale components of pressure gradient, we used a Butterworth low‐pass digital filter
(Bianchi & Sorrentino, 2007). The low‐pass filter provided a smoother form of signals, removing the
smaller‐scale fluctuations yet retaining the larger‐scale trend by passing signals with spatial scales larger
than the selected cutoff scale (see Text S6 for details). This was achieved by using a three‐step procedure
summarized here. In Step 1, the original pressure gradient data were low‐pass filtered with a cutoff scale
(¼grain size) characterizing the grain‐scale signals, as shown in Figure 3c (black line), which filtered the
smaller‐scale noises yet retained the wave‐ and grain‐scale information. In Step 2, the original data were
low‐pass filtered with a cutoff scale (¼wavelength) characterizing the wave‐scale signals. The result retained
the wave‐scale information (red line), which was confirmed by the profile of depth‐averaged pressure (blue
dashed line) that identified the general wave‐induced pressure oscillations. In Step 3, the outcome of Step 2
(wave‐scale component) was subtracted from the outcome of Step 1 (superimposed wave‐ and grain‐scale
components) to isolate the grain‐scale component (Figure 3d). The grain‐scale signals so obtained exhibited
a periodic variation pattern in which the pressure gradient attained local negative extrema above the sphere
crests and local positive extrema above the sphere troughs.

The close‐up of near‐bed pressure field (Figure 3e) reveals the grain‐scale alternate pattern of positive and
negative pressure spots above the sphere crests and troughs, respectively. These pressure spots are superim-
posed on the wave‐induced background pressure field, which could thus be enhanced or concealed by the
background pressures. The local negative and positive extrema of pressure gradient seen in Figure 3d corre-
spond to the near‐bed positive and negative pressure spots shown in Figure 3e. The grain‐scale advective
pumping has been identified as a mechanism of HEF, driven by the dynamic pressure variations induced
by flow separation and reattachment between adjacent grains (Packman et al., 2004; Pokrajac &
Manes, 2009). Here, we made our way in demonstration of the near‐bed pressure pattern responsible for
the grain‐scale advective pumping.
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Figure 3. Exp. 2: (a) Pressure gradient field superimposed by three streamwise profiles of vertical velocity. Interfacial profiles of (b) hyporheic flux gradient and
DANS terms, (c–d) original and low‐pass filtered pressure gradients, and depth‐averaged pressure. (e) Close‐up of near‐bed pressure field. (f–g) Streamwise
profiles of original, low‐pass filtered, and corrected vertical hyporheic fluxes.
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4.4. Multiscalar Behavior of HEF

To study the multiscalar behavior of HEF, the original wh i data were low‐pass filtered to isolate the wave‐
and grain‐scale components (red and green lines in Figures 3f and 3g). As mentioned earlier, the wave‐scale
hyporheic flux component so obtained is a superposition of the cylinder‐induced upwelling flux and
wave‐induced alternate downwelling and upwelling fluxes. To disentangle the effects of cylinder and stand-
ing waves, we compared our results with those of two previous studies, in which a similar channel‐spanning
cylinder was used to induce hyporheic flows. The first study (Sawyer et al., 2012) used a flat sand bed (d-

50 ¼ 2.4 mm). No surface waves arose due to the high relative submergence (h/d ranged from 70 to 100).
The second one (Lichtner, 2015) used a coarse granular bed packed with RIM spheres of size 12.7 mm, with
a lid used to prevent formation of surface waves. As the experimental settings used in these studies were
rather different, a scaling is needed to factor out the differences in experimental conditions and to make
the comparison more consistent, as described in the following.

Three major experimental parameters were used in the scaling. The first one being the average freestream
velocityU, which represents the surface flow intensity and is used to non‐dimensionalize the hyporheic flux
w. The second one is the blockage ratio B, defined as the ratio of cylinder diameter D to flow depth h, which
helps to quantify the effect of cylinder on hyporheic flows. The third one is the permeability Reynolds num-
ber ReK (see section 2), a dimensionless parameter commonly used to characterize the extent of interfacial
momentum transfer (Voermans et al., 2017). Incorporating these key experimental parameters would effec-
tively minimize the differences in freestream characteristics, cylinder effect, channel slope, and sediment

and fluid properties. The scaled hyporheic fluxw* is defined by a general form as w=Uð Þ � Bk1 � ReKk2 , with
the best‐fit exponents (k1, k2) ¼ (−3, 0.4) for the sand bed and (1, 0.4) for the coarse granular beds. The dif-
ference in k1 is attributed to the fact that the cylinder was placed on the bed in the coarse granular‐bed
experiments, whereas it was placed at a small height above the bed in the sand‐bed experiments.

Figure 4a shows the data from five pertinent runs in Sawyer et al. (2012), where the scaled hyporheic fluxes
w* are plotted against the scaled location x/D (the cylinder is centered at x ¼ 0). These scaled data collapsed
onto single curves, with the upstream downwelling flux increasing toward the cylinder yet the downstream
upwelling flux declining rapidly away from the cylinder. For example, at x/D¼ 7, the upwelling flux already
declined to 0.005% of Peak1, with Peak1 being the maximum value immediately downstream of the cylinder.
In these sand‐bed experiments, however, the grain‐scale pumping flows were not apparent. Figure 4b shows
the data from two runs in Lichtner (2015). The overall trends of downwelling and upwelling were similar to
those in Figure 4a, yet two distinct features emerged. First, the hyporheic flux manifested grain‐scale oscil-
lations, with local peaks attained at sphere troughs. Second, with the 2 order of magnitude higher permeabil-
ity K¼ 3.3 × 10−7 m2 in Lichtner (2015) versus K¼ 3.4 × 10−9 m2 in Sawyer et al. (2012), the mean declining
trend of peak upwelling flow in the coarse granular bed was muchmilder than that observed in the sand bed.
For example, at x/D ¼ 7, the peak upwelling flux declined to 30% of Peak2 (in contrast to 0.005% of Peak1 in
the sand bed).

Figure 4c shows the scaled data from this study; the wave‐scale oscillations are a unique trait of our results.
The negative (downwelling) fluxes at the downstream of the cylinder were unseen in Figures 4a and 4b, indi-
cating that without wave pumping, no downwelling flows would occur. Moreover, due to the wave pumping
effect, the mean declining trend of peak upwelling flow was milder than that without wave pumping
(Figure 4b), and the mean declining trend of peak downwelling flow was even milder. At x/D¼ 7, for exam-
ple, the peak upwelling flux declined to 44% of Peak3 (in contrast to 30% of Peak2 with the cylinder effect
alone), and the peak downwelling flux declinedmore slowly to 64% of Peak4. Note here that themean declin-
ing trend of peak upwelling or downwelling flowwas determined with the peak data from the analyzed areas
of Exp. 1 and 2 (marked by white circles in Figure 4c), excluding those affected by the cylinder‐induced
downshoot and rapidly varied hydraulic jump. The grain‐scale oscillations are present in Figure 4c, but
much smaller than the wave‐induced oscillations (see also Figures 3f and 3g). In summary, the streamwise
declining of cylinder‐induced upwelling was much slower in coarse granular beds than in sand beds. The
declining of hyporheic flows associated with the combined cylinder‐wave effect was even slower than that
associated with the cylinder effect alone.

Using the mean declining trends of peak hyporheic flows given in Figures 4b and 4c, we devised an NDT
approach for separating the cylinder‐induced upwelling flux from the wave‐induced hyporheic flux (see
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Figure 4. Scaled hyporheic flux w* versus scaled location x/D (the cylinder is centered at x ¼ 0). Source of data: (a) Sawyer et al. (2012), open‐channel flow over
flat coarse‐sand bed with no surface waves; (b) Lichtner (2015), channel flow over coarse granular bed, with a lid used to prevent formation of surface waves;
(c) this study, open‐channel flow over coarse granular bed, with undular hydraulic jump and standing waves downstream of the cylinder.
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Text S7 for details). The corrected profile of the wave‐induced hyporheic flux is shown in Figure 3f (black
dashed line), which exhibits greater downwelling than upwelling, in contrast to the original profile (red line)
that exhibits greater upwelling. This transition from an upwelling‐dominated profile to a downwelling‐
dominated one is concordant with the trend in Figure 3a, where the lowermost profile of wh i along the inter-
face was upwelling dominated but the uppermost profile became downwelling dominated as the latter was
more distanced from the interface and less affected by the cylinder‐induced upwelling.

To provide quantitative information on three types of HEF (i.e., wave‐, cylinder‐, and grain‐induced HEFs),
for each type, we calculated the total amount of hyporheic flow (per unit width) by summing the downwel-
ling and upwelling flows, over a sufficiently long window (x ¼ 104 to 213 mm) that covered two cycles of
wave‐induced upwelling and downwelling (see Table S3 for a summary of the results). Among these three,
the total amount of wave‐induced HEF (8.59 cm2/s) was the largest. The total cylinder‐induced upwelling
flow (6.87 cm2/s) and total grain‐scale pumping flow (1.62 cm2/s) amounted 80% and 19% of the
wave‐induced HEF. The total amounts of wave‐induced upwelling and downwelling flows comprised 34%
and 66% of the total wave‐induced HEF. The total upwelling and downwelling flows induced by the
grain‐scale advective pumping were nearly identical, indicating a balanced exchange attained by this
mechanism. The results of Exp. 1, calculated over a shorter window (x ¼ 130 to 200 mm), were not directly
comparable to those of Exp. 2; thus, a conversion to mean flux (per unit area) was performed, as
described below.

4.5. Variations of Hyporheic Fluxes With Discharge

As the discharge used in Exp. 1 was twice of that used in Exp. 2, a comparison of the results may reveal the
variation trend of HEF with discharge. To facilitate such comparison, the HEFs (per unit width) were
divided by the corresponding length of the hyporheic exchange region so that the resulting mean hyporheic
fluxes (per unit area) were free from the length effect. Similarly, the upwelling and downwelling flows were
divided by the corresponding lengths of the upwelling and downwelling regions to yield the mean fluxes.
The results are described in Text S8 and summarized in Table S3. The mean fluxes for the three types of
HEF invariably increased with the discharge (Figure S8a). The mean freestream flux (or velocity) U also
exhibited an increasing trend. On average, the mean fluxes of wave pumping, cylinder‐induced upwelling,
and grain‐scale pumping accounted for ~4%, 2%, and 0.5% of the mean freestream flux. The 1 order of mag-
nitude difference between the mean wave pumping and grain‐scale pumping fluxes is consistent with the
amplitudes of flux oscillations shown in Figures 3f and 3g.

We also used a freestream forcing flux (F3), defined asUa/λ (a and λ are mean amplitude and wavelength of
standing waves), to quantify the intensity of freestream‐wave forcing. The growth ratio of F3 (¼F3 at qExp. 1/
F3 at qExp. 2) attained 1.62 as the unit discharge q increased from qExp. 2 to qExp. 1, or as q/qExp. 2 increased
from 1 to 2 (Figure S8b). Among the three types of HEF, only the wave pumping flux had a growth ratio
(¼2.46) greater than that of F3, whereas the cylinder‐induced upwelling flux and grain‐scale pumping flux
had growth ratios (¼1.35 and 1.16) less than that of F3. As such, when normalized by the growth ratio of F3,
only the wave pumping flux had a normalized growth ratio (¼1.52) greater than unity, both the
cylinder‐induced upwelling flux and grain‐scale pumping flux had their normalized growth ratios (¼0.84
and 0.72) less than unity. With the present experimental setting, the results indicated that, as the discharge
was increased by a factor of 2, the growth ratio of wave pumping flux surpassed that of F3 by ~50%, whereas
the growth ratios of cylinder‐induced upwelling and grain‐scale pumping fluxes fell behind that of F3 by
~15% and 30%. These reveal that the relative importance of wave pumping flux to grain‐scale pumping flux
is further increased at higher discharges.

5. Concluding Remarks

In this work, we report afirst quantitative andmechanistic study on thewave‐ and grain‐scaleHEFs. In terms
of mechanistic study, we show that the vertical gradient of dynamic pressure over the sediment‐water inter-
face is the dominant driver of vertical hyporheic exchange flux on both wave and grain scales. However, due
to the non‐zero vorticity of the underlying open‐channel flow, the experimental results exhibit a phase lag
with respect to the theoretical dynamic pressure distribution derived from irrotational wave field. The results
thus suggest a necessary shift from the existing wave pumping model based on water surface elevation (i.e.,

10.1029/2020GL089114Geophysical Research Letters

SHIH AND WU 11 of 14



downwelling under wave crests and upwelling under wave troughs) to a hydrodynamic approach based on
integration of dynamic pressure gradient along the interface, as indicated by Equation 6.

In terms of quantitative study, we find that the upwelling fluxes induced by a channel‐spanning cylinder are
more persistent in coarse granular beds than in sand beds, and the hyporheic exchange fluxes induced by the
combined cylinder‐wave effect are more persistent than those induced by the cylinder effect alone. The
grain‐scale pumping flux is present in coarse granular beds but not in sand beds. These findings bear impor-
tant implications for stream ecology. The higher persistence of hyporheic exchange fluxes in undular flows
over coarse granular beds and the presence of both wave‐ and grain‐scale hyporheic exchange fluxes make
the patch‐scale hydrodynamics over riffles a more favorable environmental setting for riverine habitats, for
example, for nutrient cycling and metabolic waste removal (Hose et al., 2005; Jowett & Richardson, 1995), as
compared to smooth surface flows over fine‐grained beds. We also show that the wave pumping flux is
downwelling dominated, driving more of aerated stream water into the bed, while the grain‐scale pumping
flux exhibits a balanced exchange between upwelling and downwelling. With the present experimental set-
ting, the grain‐scale pumping flux is 1 order of magnitude smaller than the wave pumping flux. Although
both fluxes increase with discharge, the importance of wave pumping flux relative to grain‐scale pumping
flux is further increased at higher discharges. These results highlight the potential utility of wave pumping
as an effective means of habitat vitalization.

The present study is subjected to several limitations that may be resolved in future studies. The granular bed
closest packed with identical spheres can be replaced by random packed heterogeneous spheres to more clo-
sely resemble the natural gravel streambeds. The cylinder‐induced undular flows can be modified by using a
channel setup that includes the downslope section of a riffle connected to a pool head such that an undular
hydraulic jump occurs in amore realistic way and the complicating factor of cylinder‐induced upwelling flux
can be excluded from the experiments. Three‐dimensional subsurface flow fields may be acquired to resolve
the strong transverse velocity component such that the subsurface pressure field and hyporheic flow paths
can be accurately determined. Some of these tasks are currently underway.

Data Availability Statement

The data used in this study are accessible online (http://doi.org/10.5281/zenodo.3964317).
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