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Abstract

Phase-resolved profiles of shear stress and turbulent sediment flux were collected in
the wave bottom boundary layer of South San Francisco Bay. Observations revealed a
transitional boundary layer influenced by benthic roughness, which modified the phase
variability and vertical structure of the wave-induced velocity and shear stress compared
to classic laboratory experiments. The phase relationship between free stream velocity
and bed shear stress was, on average, close to that oberseved in previous studies. Wave
friction factor measurements were evaluated against various parameterizations, finding
that the Gon et al. [16] and Rogers et al. [35] formulations were most accurate. The Grant
and Madsen [18] combined wave-current shear stress model accurately predicted the total
bed shear stress, though negative bias increased with wave strength. Finally, turbulent
sediment fluxes exhibited complex vertical structure, but were consistently driven by a
mix of bed shear stress and the horizontal wave pressure gradient. These results provide
important validation for popular bottom boundary layer models, while highlighting the
complexities of cohesive sediment erosion over rough beds and in combined wave-current
forcing.
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1 Introduction

In estuaries and coastal regions, hydrodynamics and sediment transport are strongly influ-
enced by interactions with the bottom boundary; therefore, numerical models of these systems
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must accurately represent the bed shear stress [14]. This coupling can be seen from the gov-
erning momentum balance, which can be written following e.g., Grant and Madsen [18], as

∂u

∂t
= − 1

ρ0
∇Hp+

∂

∂z

(
τ

ρ0

)
. (1)

Here, u = (u(z, t), v(z, t)) is the horizontal fluid velocity which varies with height z and time
t, ∇H is the horizontal gradient operator in the x and y directions, p is the pressure, ρ0 is
the assumed constant fluid density, τ = (τx(z, t), τy(z, t)) is the shear stress, and we have
neglected both Coriolis effects and convective acceleration. Each component of velocity can
be further decomposed as

u = u+ u′︸ ︷︷ ︸
uc

+ ũ︸︷︷︸
uw

(2)

where uc is the component due to the steady, turbulent current with time average u and
fluctuations u′, and uw is the component due to surface gravity waves. We similarly decompose
the pressure p = pc + pw.

Our goal in this work will be to measure the terms in Equation 1 as directly as possible
using in situ observations from the shallow mudflats of South San Francisco Bay, where
both waves and tidal currents contribute to the shear stress and resulting sediment transport
[3]. From these observations, we will characterize the shear stress associated with (a) the
wave-driven flow (which we denote τw), and (b) the combined wave-current flow (τ ). These
observations will be compared to common parameterizations for wave-induced and combined
wave-current shear stress. We will also explore the phasing between near-bed velocity u and
stress τ , and examine sediment resuspension in the context of these fluid dynamics.

2 Methods

2.1 Field Deployment

The dataset that we collected and our observational methods have been described in other
publications [6, 8–10]. We refer the reader to those manuscripts for full details, and summarize
the most relevant information here for clarity.

We deployed a fixed instrument platform at 37.58745 N, 122.18530 W in South San Fran-
cisco Bay from 07/17/2018– 08/15/2018 (Figure 1). The study site was located at 1.5 m mean
lower low water, with a 2 m tidal range. Tidal currents ran approximately northwest/southeast
during ebb/flood respectively, with a maximum depth-averaged current magnitude of 33 cm/s.
Northwesterly winds picked up each afternoon, driving eastward-propagating wind waves with
bottom wave-orbital velocities over 10 cm/s and peak periods ranging from 0.25–0.6 Hz.

The platform contained Nortek Vector Acoustic Doppler Velocimeters (ADVs) with mea-
surement volumes at 5, 15, and 45 cm above the bed. Each ADV collected co-located pressure
and 3D velocity at 8 Hz for a 14 minute burst period each hour. The platform also contained
an RBR Bottom Pressure Recorder (BPR), which sampled pressure continuously at 6 Hz for
the duration of the deployment. We additionally deployed a Nortek Vectrino Profiler with
its 30 mm tall measurement volume overlapping the bed, resulting in 3D velocity and acous-
tic backscatter measurements over 1 mm vertical bins from 0 - 1.4 cm above the bed. The
Vectrino sampled at 64 Hz for 12 minutes each hour, centered on the 14 minute ADV burst
periods.

Adjacent to the fixed platform, we also collected sediment cores from the study site. Lab-
oratory disaggregated particle size distribution measurements revealed a fine-grained cohesive
bed with median primary particle size d50 = 8 µm. On top of the sediment, each core con-
tained a dense mat of feeding tubes built by the benthic worm Sabaco elongatus and amphipod
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Figure 1: Deployment site in South San Francisco Bay. Black arrows denote the direction of
the ebb and flood tidal currents, while the red arrow denotes the mean direction of the wind
waves.

Ampelisca abdita. As described in Egan et al. [8] and Egan et al. [9], the enhanced roughness
from these benthic features had a profound influence on the structure of the near-bed flow.
Consideration of the unique bed geometry in the analyses carried out in this manuscript are
further detailed in Section 3.2.1.

2.2 Data Processing

Velocity observations were rotated into an east-north (x-y) coordinate system, aligning with
the eastward wave propagation direction at the study site. Each burst sample was despiked
using a phase-space method [17]. The full velocity signal was then decomposed into wave-
driven and turbulent components ũ and u′ following Cowherd et al. [6], which adapts the
Bricker and Monismith [4] method to allow for recovery of decomposed velocity time series,
as opposed to bulk spectral statistics. Wave phase θ was identified via Hilbert Transform of
ũ(zp), the potential wave velocity in the Vectrino bin furthest from the bed (zp = 1.4 cm).

Bulk wave statistics were estimated using a mix of instrumentation. The potential wave
orbital velocity magnitude was calculated from Vectrino data as

u0 =
√

var (ũ(zp)) + var (ṽ(zp)). (3)

This definition is consistent with Madsen [28], neglecting the factor of
√
2 that is sometimes

used [44]. To validate that zp = 1.4 cm was representative of potential flow conditions, we
compared u0 estimates from the Vectrino and the nearby ADV sampling at 5 cm above the
bed. These two estimates showed excellent agreement, with r2 = 0.97, root-mean-squared
error 0.39 cm/s, and a mean bias −0.07 cm/s. This negative bias indicates that the Vectrino
slightly underpredicted u0 due to its close proximity to the bed, but given that the average
wave orbital velocity was ≈ 5 cm/s over the deployment period, we can assume that the
Vectrino data in its top measurement bin gave a reasonable approximation of the potential
flow velocity.

Once u0 was estimated, we restricted our dataset to time periods where u0 > 1.5 cm/s,
as we found that bulk wave statistics (in particular wave period) were noisy below that
cutoff. Wave direction was estimated from ADV data [19]. The radian wave frequency ω was
estimated from the peak frequency in the pressure power spectral density measured by the
BPR. The BPR was also used to measure total water depth H.
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Bottom roughness was examined for this study site in detail, finding tidal asymmetry
in drag coefficient and associated bottom roughness z0 due to heterogeneity in the benthic
feeding tube canopies [9]. Therefore, it is an open question as to whether the flood tide
bottom roughness, ebb tide bottom roughness, an average of the two, or a tidally-dependent
roughness is most appropriate for the friction felt by waves. From testing these options, we
found that the flood tide value produced the best agreement with the parameterizations that
we evaluate (Section 3.3). This may be because waves at the study site propagate in nearly
the same direction as the flooding tide. We therefore use a representative physical (Nikuradse)
bottom roughness value kb = 30z0 = 0.645 cm, the average flood tide value estimated from
the 5 and 15 cm above bed ADVs (0.66± 0.09 cm and 0.63± 0.11 cm, respectively, [9, Figure
2 therein]).

Vectrino data within the bottom boundary layer was also available for estimating bottom
roughness, though the value reported by Egan et al. [9] (0.15 ± 0.04 cm) was significantly
lower than both ADV estimates. This discrepancy has two potential sources: (1) the au-
thors vertically-averaged the Vectrino Reynolds stresses, including data from the region where
stresses began to decay towards zero, and (2) near-bed turbulent stress was shown to be re-
duced by sediment-induced stratification [10]. However, the log profile assumption required
for mapping a drag coefficient to kb should still be valid at the ADV heights: laboratory
experiments by Vallikivi et al. [43] found a log layer upper bound at approximately 0.15δ,
where δ is the channel half-height. Using δ = 0.75 m (half the mean lower low water), the 5
cm ADV would always fall below 0.15δ, and the 15 cm ADV would fall below 0.15δ for water
depths 2 m or greater (95% of the time). Considering both the uncertainty in the Vectrino
roughness estimate due to stratification, and the general agreement between the two ADV
estimates, the ADV kb values were deemed more reliable. The sensitivity of our results to the
precise choice of kb will be further discussed in Section 3.1.

Suspended sediment concentration c was estimated from the acoustic backscatter ampli-
tude of the Vectrino, using previously reported calibrations [10]. This allowed for calculation
of turbulent sediment flux profiles from the covariance c′w′, where w′ is the fluctuating vertical
turbulent velocity.

2.3 Shear Stress Estimation

2.3.1 Theoretical Considerations

First we consider the purely wave-driven flow where u = uw:

∂uw

∂t
= − 1

ρ0
∇Hpw +

∂

∂z

(
τw
ρ0

)
(4)

Outside the wave boundary layer, frictional effects are negligible, and the wave pressure
gradient is given by

− 1

ρ0
∇Hpw =

∂up

∂t
, (5)

where up is the potential flow velocity. Substituting Equation 5 into Equation 4,

∂

∂t
(uw − up) =

∂

∂z

(
τw
ρ0

)
. (6)

Integrating from the potential flow region at zp (where the wave stress is zero) to an arbitrary
z produces an expression for the wave shear stress:

τw(z) = ρ0

∫ z

zp

∂

∂t
(uw − up) dz, (7)
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which is the velocity defect form of the shear stress commonly found in the literature [13, 20,
24].

Next we follow an analogous procedure for the combined wave-current flow. Expanding
the full momentum equation produces:

∂uw

∂t
+

∂uc

∂t
= − 1

ρ0
∇Hpw − 1

ρ0
∇Hpc +

∂

∂z

(
τ

ρ0

)
. (8)

The second term on the left-hand side is negligible, and we can substitute Equation 5 for the
first term on the right-hand side. The second term on the right-hand side (pressure gradient
associated with the steady current) was not directly measured during our study. However,
we did measure the bottom stress associated with the current, and in steady, turbulent open-
channel flow, it is reasonable to assume that the pressure gradient is balanced by bottom
friction. In the x-direction,

−∂pc
∂x

=
∂τx
∂z

(9)

Assuming that the pressure is hydrostatic and that the shear stress decreases linearly from
ρ0u

2
∗ at the bed to zero at the surface, we can integrate over the depth H to obtain:

− 1

ρ0

∂pc
∂x

=
u2∗
H

(10)

Defining the friction velocity in terms of the Reynolds stress associated with the turbulent
current u∗

2 = (−u′w′,−v′w′) |z=0, substituting into Equation 8, and rearranging, we obtain

∂

∂t
(uw − up)−

u∗
2

H
=

∂

∂z

(
τ

ρ0

)
. (11)

Integrating from zp to an arbitrary z,

τ (z)− τ (zp) = ρ0

∫ z

zp

(
∂

∂t
(uw − up)−

u∗
2

H

)
dz. (12)

We once again invoke the linear stress distribution and make the substitution

τ (zp) = ρ0u∗
2
(
1− zp

H

)
(13)

to obtain

τ (z) = ρ0

(
u∗

2
(
1− zp

H

)
+

∫ z

zp

(
∂

∂t
(uw − up)−

u∗
2

H

)
dz

)
. (14)

It is straightforward to validate that at z = zp, Equation 14 reduces to Equation 13. Moreover,
under wave-free conditions, we recover τ (z = 0) = ρ0u∗

2, and in a purely wave-driven flow
we recover Equation 7.

2.3.2 Estimating shear stress from Vectrino data

With profiles of wave velocity isolated, we evaluated the phase- and height-varying wave stress
using Equation 7, averaging over eight equally-spaced phase bins from θ = [−180◦, 180◦]. In
addition to the directional stress components, we evaluated the total wave shear stress as

|τw| =
√

τ2w,x + τ2w,y (15)
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With the measured wave shear stress, we can further estimate a wave friction factor fw,
which is commonly used to parameterize the maximum shear stress the bed feels over a wave
cycle with

τwm =
1

2
ρ0fwu

2
0. (16)

From the Vectrino |τw|, we can extract a maximum value |τwm| over the vertical coordinate
and all discretized wave phases for each measurement burst period (the precise height at which
we allow the maximum to be defined requires some nuance, which will be further discussed
in Section 3.2). This leads to a Vectrino-derived wave friction factor

fw =
2|τwm|
ρu20

. (17)

To evaluate the combined wave-current shear stress (Equation 14), we estimated the
squared friction velocity based on the Reynolds stress in the potential flow region, i.e.,

u2
∗ =

(
−u′w′(z = zp)(

1− zp
H

) ,
−v′w′(z = zp)(

1− zp
H

) )
, (18)

and analogous to the wave case, define the total combined wave-current shear stress

|τ | =
√

τ2x + τ2y (19)

2.3.3 Shear Stress Parameterizations

As a comparison to the measured wave and combined wave-current shear stresses, we eval-
uate a number of theoretical formulations and empirical parameterizations that have been
proposed. For the pure wave case, this includes the laminar limit wave friction factor [23]:

fw =
2√
Rew

, (20)

where Rew is the wave Reynolds number given by

Rew =
a2bω

ν
, (21)

with ab = u0ω
−1 the bottom wave-orbital excursion amplitude and ν = 1 × 10−6 m2/s the

assumed constant kinematic viscosity of water. For rough turbulent wave boundary layers,
most parameterizations are based on the relative roughness ab/kb. We examine the Kamphuis
parameterization [25]:

1

4
√
fw

+ log10

(
1

4
√
fw

)
= −0.35 +

4

3
log10

(
ab
kb

)
; (22)

the Jonsson parameterization [23]:

1

4
√
fw

+ log10

(
1

4
√
fw

)
= −0.08 + log10

(
ab
kb

)
; (23)

and three parameterizations that all take the form:

fw = exp

(
a1

(
ab
kb

)a2

+ a3

)
. (24)
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Figure 2: Relative roughness as a function of wave Reynolds number for three different bottom
roughness values (markers). Solid lines indicate boundaries between different wave boundary
layer flow regimes [25, Equations 13 and 14 therein].

These correspond to Nielsen [33], Rogers et al. [35], and Grant and Madsen [18] (hereafter
GM), with fit coefficients (a1, a2, a3) = (5.5, -0.2, -6.3), (5.213, -0.194, -5.977), and (7.02, -
0.078, -8.82), respectively. In the range of relative roughness examined here, the Rogers et al.
[35] parameterization is equivalent to the earlier formulation of Swart [42]; we will refer to it
as the Rogers parameterization for simplicity.

Finally, we considered a more recent parameterization by Gon et al. [16] that was developed
using data over a rocky shoreline. However, their formulation relied on a standard deviation
roughness height σb rather than a Nikuradse roughness kb, taking the form

fw = 1.94

(
ab
σb

)−0.97

. (25)

To address this difference, we defined σb = αkb and fit an optimal value of α using our
measured wave friction factor and assumed bottom roughness kb. This produced an optimal
α = 0.258. Recast as kb = α−1σb, our result of α

−1 ≈ 3.88 is consistent with previous studies
that have found kb = 4σb [27, 39].

For the combined wave-current flow, we compare our maximum (over the vertical coordi-
nate and all wave phases) combined wave current shear stress |τm| to the parameterizations
of GM and Styles [18, 41]. These models both produce a combined wave-current shear stress
ρ0u

2
∗cw, but the latter is designed for arbitrarily large bed roughness.

3 Results and Discussion

3.1 Boundary Layer Regime

A wave bottom boundary layer can be classified as either laminar, transitional, or turbulent
based on its relative roughness and wave Reynolds number [25]. Following Lacy and MacVean
[26], Figure 2 shows our dataset in abk

−1
b −Rew space for three kb values.
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Figure 3: Phase-resolved velocity profiles in the (a) x-direction and (b) y-direction, ensemble-
averaged over all measurement bursts during the deployment period. The shading highlights
the beginning of the logarithmic portion of the profile, informing our definition of the bed for
purposes of estimating the bed shear stress (Equation 26)

At the roughness kb = 0.645 cm that we assume for the remainder of the manuscript, the
boundary layer is classified as transitional for the entire range of Reynolds numbers that we
observed. Therefore, we would not expect a laminar wave friction factor (Equation 20) to
accurately represent the bottom friction. However, some of the purely turbulent formulations
may not be appropriate either (see Section 3.3.2). If we had used the ebb tide value kb =
2.844 cm from Egan et al. [9], the bottom boundary layer would be fully turbulent, while a
representative value of kb = 1.0 cm that one might use in the absence of observations would
fall nearly on the boundary between transitional and turbulent. Given that any of these three
values could be justifiable, this analysis highlights the sensitivity of the boundary layer regime
(and resulting parameterized shear stress) to the choice of bottom roughness.

3.2 Mean Velocity

Though already presented for this dataset by Cowherd et al. [6], it is necessary to replicate
the phase-resolved wave velocity profiles in order to highlight the peculiar bottom roughness
conditions. This, in turn, will allow us to define a “bed” height zb where the bed shear
stress is calculated, and enable comparison to classic oscillatory boundary layer laboratory
experiments.

3.2.1 Canopy Flow Characteristics and Bed Definition

Figure 3 shows the x- and y-components of the phase-averaged wave velocity profiles. Because
waves were primarily aligned in the x-direction, the remainder of our analysis will focus on the
u component of velocity and stress along with the total (vector sum) stress magnitude, with the
goal of comparing our high-resolution in situ observations to similar laboratory experiments
and commonly-used bottom stress parameterizations. However, the vertical structure of the
velocity profiles in Figure 3 complicate that goal: as discussed by Egan et al. [8], flexible
benthic feeding tubes induced a near-bed flow more akin to a dense canopy mixing layer with
its characteristic hyperbolic tangent structure [31] than the flat-plate boundary layer (and
logarithmic law of the wall structure) assumed by the stress parameterizations we wish to
evaluate. Nepf [32] discusses the difficulty of defining a bed shear stress within dense canopies:
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both the viscous stress and Reynolds stresses go to zero at the sediment bed, which could
imply that τ (z = 0) ≈ 0. On the other hand, integration of the velocity defect (Equation 7)
would indicate a monotonically increasing stress towards z = 0. The true bed stress is likely
somewhere in between, and requires consideration of the spatially-averaged drag associated
with individual canopy elements [31, 32]. We unfortunately have no reliable way to estimate
that drag with the data we collected.

However, this inability to estimate the stress at z = 0 need not spoil the entire analysis
because it is reasonable to define our “bed” as the inflection point where the velocity profile
can be approximated as logarithmic, thus mimicking the structure of the laboratory velocity
profiles and the profile that is assumed in the parameterizations we compare results to [18, 41].
The stress at that location defines the bottom drag felt by the tidal flow and the waves, and is
therefore the most relevant quantity for hydrodynamic modeling applications. And while it is
not as coupled to sediment transport as the true bed stress at z = 0, it is likely correlated (see
Egan et al. [11] for an erosion analysis of this dataset). Quantitatively, we defined the “bed”
location for each measurement burst period as the height where the mean velocity gradient
was maximized. Across the deployment, this varied between z ≈ 0.3−0.5 cm (shaded region in
Figure 3). With this in mind, we introduce more specific definitions of our measured maximum
bed stresses for the wave-driven and combined wave-current flow during each measurement
burst period:

τwm = max
θ

⟨τw(θ, z)⟩ (26a)

τm = max
θ

⟨τ (θ, z)⟩, (26b)

where ⟨⟩ denotes a vertical average between z = 0.3− 0.5 cm.

3.2.2 Comparison with Laboratory Profiles of Wave Velocity

One of the first sets of phase-resolved wave bottom boundary layer measurements in the labo-
ratory was presented by Jonsson and Carlsen [24] (hereafter JC76), who published data tables
of their velocity and shear stress profiles for two trials, which we transcribed for replication
here. While their observations were at much higher Rew ≈ 106 and abk

−1
b ≈ 102, it is worth

comparing our results in terms of phase behavior and vertical structure. To better compare
the profiles, we normalize the wave velocity during each burst period by u0, and normalize
the vertical coordinate by δw = u∗ω

−1, a scaling for the wave boundary layer thickness, where
u∗ = (τwm,xρ

−1
0 )1/2. In our dataset, we also offset the vertical coordinate by δc = 0.4 cm (the

mean bed location). This offset ensures that the field profiles begin in the logarithmic region
rather than the canopy region, which is neccesary for comparitive purposes because the JC76
data have no canopy flow characteristics. Figure 4 shows this comparison, with Figure 4a
depicting the wave velocity averaged over all measurement burst periods (u0 > 1.5 cm/s),
and 4a depicting Trial 1 from JC76.

Qualitatively, the velocity profiles in Figures 4a and 4b have similar phasing but signifi-
cantly different vertical structure. Analyzing the phase variability more quantitatively, Figure
5 shows the potential and near-bed velocities for the field and laboratory data as a function of
wave phase, with the velocity data reprocessed using 15◦ phase bins rather than 45◦. We then
fit a cubic spline to each set of observations to enhance the resolution in phase lag estimates.
In the field observations (Figure 5a), the maximum potential flow velocity ũp is 18.0◦ out
of phase with the maximum near-bed velocity ũb. This contrasts with the laboratory data,
where the maxima are lagged by ∆θ = 33.2◦.

The closer phase alignment in the field observations suggests more efficient downward
momentum transport as compared to the laboratory data, perhaps as a consequence of the

9
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Figure 4: A comparison of phase-resolved mean velocity profiles between (a) Vectrino data
ensemble-averaged across the deployment and (b) laboratory velocity profiles of Jonsson and
Carlsen [24].

rough benthic canopy in the field. In a similar vein, while the laboratory profiles show a
thin boundary layer reaching ≈ 0.25δw and distinct “overshoot” region at all phases, the field
observations appear more diffuse with a boundary layer thickness nearing ≈ 0.5− 0.75δw.

To further probe the differences in boundary layer height between the field and lab, we
estimated a wave boundary layer height based on a displacement thickness approach [37]

δθ =

∫ zm

0

(
1− |ũ(z)|

max(|ũ(z)|)

)
, (27)

where zm is the height corresponding to max(|u(z)|), the maximum absolute value of the
velocity profile during the wave phase with the highest vertically-averaged velocity magnitude.
Consistent with Cowherd et al. [6], we scale the displacement thickness to define the boundary
layer height as 2δθ. We then examined the nondimensional boundary layer height 2δθ/δw (i.e.,
measured boundary layer height normalized by the turbulent wave boundary layer height
scaling) as a function of relative roughness abk

−1
b for the field observations, along with both

of the trials reported in JC76. This analysis is shown in Figure 6.
The trend in Figure 6 indicates that the differences in vertical structure between the field

and lab observations may be controlled by relative roughness: for abk
−1
b ∼ O(1), the boundary

layer height approaches u∗ω
−1 with an O(1) scale factor, while in the limit of abkb ≫ 1, the

boundary layer height approaches ∼ 0.01u∗ω
−1. The two sets of observations fall between

these limits. A proposed exponential fit in the same form as the parameterizations for wave
friction factor (e.g., Equation 24) fit the bin-averaged field data and laboratory observations
with r2 = 0.87. At present, most wave bottom boundary layer models assume that the
boundary layer thickness is proportional to u∗ω

−1 with a constant scale factor (the precise
factor ranges from ∼ 0.15 − 0.8 depending on the study [5, 18, 21, 45]). Therefore, our
parameterization could serve as a useful generalization by incorporating roughness variability
into the scaling relationship.
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Figure 5: Potential wave velocity (black solid markers) and wave velocity at the bed (gray solid
markers) normalized by u0 for the (a) field observations and (b) JC76 laboratory observations.
Spline fits are plotted as lines, and the maximum value for each variable is denoted by the
large open marker, with the phase lag defined as the phase difference between maximum
values.

11
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Figure 6: Normalized boundary layer height as a function of relative roughness for both the
field observations (markers with error bars) and the two JC76 trials (markers), along with a
best-fit curve (red dashed line).

In summary, we found qualitative similarities between the field and laboratory wave bot-
tom boundary layer velocity profiles. This agreement lends confidence to our wave-turbulence
decomposition and phase-averaging procedures, and suggests that velocity defect laws (Equa-
tions 7 and 14) will be appropriate for estimating stress from the velocity profiles. Addition-
ally, differences between the two sets of observations can likely be explained by differences in
the roughness regime, with higher roughness in the field leading to a thicker boundary layer
and reduced vertical phase variability.

3.3 Shear Stress

3.3.1 Comparison with Laboratory Profiles of Wave Stress

Figure 7 depicts vertical profiles of wave shear stress (Equation 7) in our dataset and JC76
Trial 1. Similar to the velocity, strong stresses were confined to a thinner boundary layer in
the lab compared to the field; we again attribute this difference to the enhanced roughness at
the field site.

To more quantitatively analyze phase variability between the field and lab shear stress
data, we next examined the phase difference between the potential velocity ũp and the wave-
induced shear stress at the bed, ⟨τw,x⟩. The relative phasing of these two quantities is impor-
tant for sediment dynamics, as the stress is responsible for resuspending sediment from the
bed while the velocity dictates transport [36]. In laminar theory (i.e., Stokes second prob-
lem), the stress leads the velocity by ∆θ = 45◦ [2]. In a turbulent wave boundary layer,
however, laboratory studies have shown a gradual decrease in phase lead with increasing wave
Reynolds numbers [13, 40]. More recently, laboratory experiments and direct numerical simu-
lations showed that the phase difference can change signs (i.e., the velocity leads the stress) in
transitional boundary layers [15, 30]. Our dataset provides a unique opportunity to compare
those results to in situ field observations.

For this analysis, we used the same 15◦ phase increment dataset as in Figure 5, with a

12
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Figure 7: A comparison of phase-resolved wave shear stress profiles between (a) Vectrino data
(Equation 7) ensemble-averaged across the deployment, and (b) laboratory velocity profiles
of JC76 Trial 1. The stress is normalized by τwm,x in each burst period prior to ensemble-
averaging.

similar spline fitting procedure to estimate the phase lag. Results for the average velocity
and stress profiles are shown in Figure 8a, which had a phase lag ∆θ = 31.7◦. This is closer
to the laminar value than the JC76 study, which has a phase lag of 23.4◦. Considering the
relatively low wave Reynolds number range in our dataset (Rew < 104), a phase lag closer to
the laminar value is consistent with prior work [30].

Beyond the mean phase lag, we also examined the velocity-stress phase lag for individual
measurement bursts to check for instances of “reversed” lags where the velocity led the stress.
This reversal, consistent with behavior seen in other transitional wave boundary layers [15, 30],
occurred in approximately 20% of the measurement bursts. However, other individual bursts
had phase lags |∆θ| > 45◦, i.e., larger than the laminar limit. Unfortunately, we were unable
to identify any consistent physical factor driving those spurious phase lags, so we restrict our
analysis to the deployment-averaged lag (Figure 8).

3.3.2 Wave Friction Factor Parameterizations

Figure 9 shows our calculated wave friction factor (Equation 17) as a function of relative rough-
ness, along with each of the parameterizations that we evaluate. As expected, the laminar
formulation tends to underestimate fw across the range of abk

−1
b . The turbulent formula-

tions tend to converge for abk
−1
b ≫ 1, but diverge significantly in the lower relative roughness

regime. For example, the turbulent formulation of Kamphuis [25] significantly overestimates
fw, producing a similar RMSE as the laminar estimate. GM generally underestimates fw
and has the highest error of all the parameterizations. Nielsen [33] and Rogers et al. [35]
are nearly identical with impressive low RMSE; Jonsson [23] is similar but suffers from its
prescribed maximum of fw = 0.3. The parameterization with lowest RMSE is Gon et al. [16],
with the caveat that it relied on an optimal fit coefficient mapping bottom roughness height
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Figure 8: (a) Vectrino measurements of normalized potential velocity (left axis) and normal-
ized bed shear stress (right axis) as a function of wave phase, with the solid line indicating a
spline fit. (b) Same as panel (a) for JC76 Trial 1. The maximum value for each variable is
denoted by the large open marker, with the phase lag defined as the phase difference between
maximum values.
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Figure 9: Wave friction factor (Equation 17; bin-averaged with error bars denoting standard
deviation, along with raw data as markers) as a function of relative roughness. Lines indicate
various wave friction factor parameterizations (Equations 20 - 25), with root-mean-squared
error (RMSE) indicated in the legend for each.

to roughness standard deviation. However, if we had used the standard scaling kb = 4σb, the
RMSE would have still been lowest out of all the parameterizations.

Overall, our results indicate that the parameterizations of Gon et al. [16], Rogers et al. [35],
and Nielsen [33] are similarly well-suited to represent wave friction in our system. Compared
to other studies, this is consistent with some (e.g., Sous et al. [39] found good agreement
using Gon et al. [16] and a formulation with coefficients close to Nielsen [33]) but diverges
from others (Huang et al. [22] found that GM’s fw parameterization was most accurate),
suggesting that results will vary between measurement techniques and the physical system
being studied. The Rogers et al. [35] parameterization (and original Swart [42] study that it
was based on) was validated using field and laboratory data from a wide range of conditions
(e.g., sandy beaches, coral reefs), which may explain its general applicability, while the Gon
et al. [16] parameterization was developed using coral reef and rocky shore observations.
And though a muddy estuarine sediment bed is not commonly thought of as dynamically
similar to a coral reef environment, the combination of large benthic roughness (high kb) and
short-period wind waves (low ab) in our system means that in terms of relative roughness,
the datasets are comparable: both Rogers et al. [35] and Gon et al. [16] included the range
abk

−1
b ≈ 0.1− 1 to fit their parameterizations, the same order of magnitude as our minimum

abk
−1
b ≈ 0.75.

3.3.3 Combined Wave-Current Shear Stress

Figure 10 shows profiles of the combined wave-current shear stress (Equation 14), averaged
over all measurement burst periods and divided into time periods of positive and negative
mean currents. Aside from the tidally-dependent shift in the profiles towards more positive
(flood tide, u > 0) or more negative (ebb tide, u < 0) stresses, the vertical structure and
phase variability of the combined stress is similar to the purely wave-driven stress depicted
in Figure 7a. Flood profiles have higher-magnitude bed stresses, though this is likely a result
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Figure 10: Phase-averaged profiles of combined wave-current shear shear stress (Equation 14),
ensemble-averaged during flood tide (u > 0, left) and ebb tide (u < 0, right). The dashed
vertical line in each panel indicates τx = 0 Pa.

of the slightly higher mean velocity on flood tide compared to ebb, rather than an effect of
wave-current alignment (which varies as a function of tidal phase). For both flood and ebb
tide, the bed shear stress at certain wave phases can oppose the turbulent (current-driven)
bed shear stress, with a magnitude approximately equal to the turbulent stress. This phase-
dependent sign change could be important for sediment transport, in particular over spatially
heterogeneous bed geometry where erodibility may be anisotropic.

3.3.4 Combined Wave-Current Shear Stress Parameterizations

We next evaluate the combined wave-current shear stress parameterizations [18, 41] against
our observations, with results shown in Figure 11. Of the two bed shear stress parame-
terizations, GM is superior both in terms of RMSE and bias. The Styles model tends to
underpredict the measured bed stress, particularly during strong wave and current condi-
tions. Nevertheless, the absolute errors are similar and both models show general agreement
with our measurements. This is somewhat unexpected considering that GM underestimated
the wave friction factor fw, and by extension the wave-driven bed shear stress (Figure 9).
Closer examination of the |τm| prediction error, however, shows that the underestimated
wave friction is merely masked in Figure 11 because the tidal component of the shear stress
often dominates the signal. This is highlighted in Figure 12 where we plot the GM combined
wave-current shear stress residual as a function of bottom wave-orbital velocity u0. There is
a clear negative trend, indicating that the combined stress is predicted with increasing neg-
ative bias as wave strength increases (Styles residuals are not shown, but displayed similar
behavior).

The results of Figures 11 and 12 could have important consequences for hydrodynamic
and sediment transport modelers: namely, GM best parameterizes bottom stress when wave-
induced stresses are not the dominant contributor to total (combined wave-current) bed stress.
In the limit where the bed shear stress is entirely due to waves, GM underpredicts the stress
considerably, which in turn could lead to underpredictions of sediment resuspension and fric-
tional wave dissipation. With that in consideration, we tested a simple modification of the
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Figure 11: Measured combined wave-current shear stress (vector magnitude of Equation 26b)
compared to the (a) Grant and Madsen [18] and (b) Styles et al. [41] parameterizations. The
solid black line denotes 1:1 correspondence, while the solid red line denotes the bin-averaged
bias.

GM model where the wave friction factor parameterization is replaced by that of Rogers et al.
[35] (which performed better against our observations, Figure 9); however, this produced a
positive bias in the combined wave-current shear stress with higher error than the standard
GM formulation. Nevertheless, our results suggest that a unified approach that implements
GM for combined forcing and relaxes to Gon et al. [16] or Rogers et al. [35] when currents
are removed may be worth developing, though it is beyond the scope of the current work.

3.4 Suspended Sediment Fluxes

In a previous analysis of this dataset, phase-averaged sediment fluxes were found to be strongly
correlated to wave shear stress and combined wave-current shear stress, with only a weak
correlation to the turbulent Reynolds stress [11]. Here we examine phase-resolved sediment
fluxes, and reevaluate the mechanism by which waves resuspend sediment from the bed.

Figure 13 shows turbulent sediment fluxes c′w′ over the course of the deployment, sepa-
rated by flood and ebb tide time periods. Averaging over all heights and wave phases, the
sediment flux is net upward (c′w′ > 0) in both current direction cases, but it is approximately
3.5 times larger when u > 0, likely a consequence of the stronger combined wave-current shear
stress during flood tide (Figure 13a).

Despite the stronger flood tide shear stress, there are numerous similarities between the
flood and ebb sediment fluxes. Focusing on the canopy region, for instance, we find the
strongest upward fluxes near θ = −90◦ during both tidal phases. This is coincident with
the maximum wave acceleration, slightly leading the maximum shear stress. The alignment
of the near-bed erosive fluxes with maximum wave acceleration suggests erosion driven not
only by bed shear stress, but by the horizontal wave pressure gradient (Equation 5). This
erosion mechanism was examined experimentally by Sleath [38] and measured in the field by
Foster et al. [12]. More recently, Marry and Foster [29] showed that strong horizontal pressure
gradients correlated to upward vertical gradients of the pore water pressure and momentary
liquefaction events within the sediment bed, providing another pathway for bed sediment
mobilization. Without direct pressure observations within the bed we cannot confirm whether
that latter mechanism was promoting erosion at our site, but the evidence does at least point
towards a combined role between bed shear stress and the horizontal wave pressure gradient
in driving vertical turbulent sediment fluxes.
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Figure 12: Combined wave-current shear stress residual (predicted - measured) from the
GM model, bin-averaged by bottom wave-orbital velocity. Error bars denote the standard
deviation about each average.

Further from the bed (z ≈ 0.5–1.5 cm), there is another strong upward flux region near
θ = 90◦ during both flood and ebb, aligned with the maximum wave deceleration and leading
the largest magnitude negative shear stress. This could be another instance of horizontal
pressure gradients and shear acting in concert to erode sediment, though given the vertical
positions of the flux maxima, the sediment appears to be sourced from above the canopy
rather than the sediment bed itself. This could happen if, for example, a high-concentration
fluid mud layer develops over the ≈ 1 cm closest to the bed due to wave-induced sediment
resuspension.

To explore the influence of the wave pressure gradient on erosion, we estimated a Sleath
number,

S =
ρ0∂tũp

g (ρs − ρ0)
, (28)

where ρs = 1300 kg/m3 is the bed sediment density consistent with Egan et al. [10]. This
value is denser than the fluid mud limit but significantly less dense than sand, which has
been the focus of most prior work evaluating Sleath-like erosion [1]. We estimated S using
the maximum velocity acceleration, and an absolute |S| using the magnitude of the mini-
mum velocity deceleration during each measurement burst. Against these Sleath numbers
we compared the nondimensional sediment flux c′w′ (ρsu∗)

−1, where u∗ = (τm,xρ
−1
0 )1/2 is the

friction velocity associated with the maximum combined wave-current bed shear stress during
each measurement burst. Nondimensionalizing the flux by u∗ helps to isolate the effect of
wave acceleration independent of wave shear stress. For positive accelerations, we compared
S to the maximum sediment flux in the canopy layer during the wave phase where S was
maximized in order to identify fluxes like those at θ = −90◦ in Figure 13c. Analogously for
decelerations, we compared |S| to the maximum sediment flux above the canopy layer during
the wave phase where |S| was maximized in order to identify fluxes like those at θ = 90◦ in
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Figure 13: (a) Combined wave-current bed shear stress, (b) potential velocity (black line,
left axis) and acceleration (gray line, right axis), and (c) turbulent sediment flux contours
averaged over all flood tide time periods. Panels (d-f) show the same data for ebb tide. The
black dashed line in panels (c) and (f) indicates the approximate canopy height.
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Figure 14: Nondimensional turbulent sediment flux as a function of Sleath Number (Equation
28). In panel (a), S is calculated using the maximum wave acceleration over all phases for
a given measurement burst period, while the sediment flux is the maximum value within the
canopy layer at the phase corresponding to maximum wave acceleration. Panel (b) shows the
same data for maximum wave deceleration and the maximum sediment flux above the canopy
layer. Error bars denote standard deviation around the bin-averages.

Figure 13c. This comparison is shown in Figure 14.
For both positive and negative wave pressure gradients, Figure 14 shows an increase in

the nondimensional sediment flux with S. The flux increases most near S ≈ 0.06, which is
close to the S ≈ 0.1 threshold that Foster et al. [12] found. In our case, however, precise
thresholds should be treated with caution due to uncertainty in the sediment density, which
modifies the magnitude of S. Nevertheless, the trend in Figure 14 supports the assertion that
wave pressure gradients have an important role in driving suspended sediment fluxes over the
cohesive bed examined here.

Another key feature of Figure 13 are the negative (counter-gradient) fluxes within the
canopy region near the bed, aligned with wave phases where the total shear stress is negative.
Further from the bed, negative fluxes are visible near θ = −45◦ when shear is positive, though
these are much weaker in magnitude. The negative fluxes appear during both tidal phases but
are more pronounced during ebb tide, which may be a result of the higher magnitude negative
shear stress compared to flood. In general, a negative turbulent sediment flux implies that
the oft-assumed balance between upward turbulent fluxes and downward mean settling (i.e.,
Rouse dynamics) does not hold. This could be caused by a number of factors. Lab experiments
by Nielsen et al. [34], for instance, found negative fluxes during decelerating wave phases,
though our data showed negative fluxes during wave acceleration too. Another study explained
counter-gradient buoyancy fluxes in their observations as being controlled by the balance
between available potential energy and vertical turbulent kinetic energy, proposing a new
nondimensional stratification parameter that delineated between positive flux and negative
flux regimes, corresponding to weak and strong stratification, respectively [7]. We estimated
their stratification parameter using the Vectrino suspended sediment concentration estimates,
but found no correlations with c′w′ (not shown).

Given the complex bed geometry at our study site and the correlation to negative shear
stresses during both flood and ebb tide, another explanation for the negative vertical fluxes
could be unresolved horizontal flux divergence, e.g., terms like ∂xu′c′ that break the balance
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between upward turbulent fluxes and downward settling. For example, roughness geometry
may differ upstream and downstream of the Vectrino, leading to horizontally-varying erosion
and directional asymmetry in the horizontal sediment flux, with stronger divergence during
periods of negative bed shear stress compared to positive bed shear stress. Unfortunately, we
are unable to test this hypothesis without horizontally-distributed measurements. Moreover,
we could not find observations of turbulent sediment fluxes under similar scenarios in the
canopy flow literature, suggesting a more general knowledge gap in our understanding of
sediment resuspension in oscillatory flows over large, spatially-varying bottom roughness. It
is therefore our hope that these intriguing but ultimately unexplained flux observations inspire
further research on that topic.

4 Conclusions

The primary contributions of this work stem from the in situ observations of a combined
wave-current bottom boundary layer over a rough-bed, resolving both wave phase variability
and millimeter spatial scales. We found that vertical profiles of velocity and shear stress
were more diffuse than those measured in classic laboratory experiments. We attributed this
effect to an extremely rough boundary and proposed a new parameterization for boundary
layer depth as a function of relative roughness. We also tested a number of parameterizations
for wave-induced and combined wave-current shear stress against our observations. In the
purely wave-driven case, we found that the parameterization of Gon et al. [16] performed
best in terms of RMSE, though Rogers et al. [35] and Nielsen [33] were very similar. In the
combined wave-current case, the parameterization of Grant and Madsen [18] had the lowest
error despite underestimating wave-induced shear stress. This suggests that a hybrid bottom
boundary layer model that leverages the GM treatment of combined wave-current forcing and
combines it with a more accurate wave friction factor parameterization could improve bottom
stress estimates in coastal hydrodynamic and sediment transport models.

We next analyzed phase-resolved profiles of turbulent sediment flux, finding that flux
maxima occurred during maximum wave acceleration and deceleration. Similar to field studies
over sandy beds, this suggests a combined role of wave shear stress and the horizontal wave
pressure gradient in resuspending sediment from the bed. We also found downward (counter-
gradient) fluxes near the bed during certain wave phases, in particular when the combined
wave-current shear stress was negative. We believe that these fluxes were likely a result of
horizontal sediment flux variability associated with heterogeneous bed roughness, though we
cannot validate that hypothesis with the available data. Overall, these results help to confirm
assumptions and parameterizations regarding the structure of the estuarine bottom boundary
layer, while raising novel questions about the role of bottom roughness in impacting fluid and
sediment dynamics.
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