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Abstract: Estimates of bed roughness used for predictions of sediment transport are usually
derived either from simple scalars of the physical roughness (i.e., ripple height or grain size)
or from the hydrodynamic roughness length (Zo) based upon velocity gradient estimates in
the benthic boundary layer. Neither parameter accounts for irregular bed features. This study
re-evaluates the relation between hydrodynamic roughness and physical bed roughness using
high-resolution seabed scanning in the inlet of a shallow lagoon. The statistically-robust
relationship, based on a 1D statistical analysis of the seabed elevation at different locations
of the Cabras lagoon. Sardinia, has been obtained between Zo and the topographical bed
roughness Ks by defining Ks = 2*STD + skin friction, with STD the standard deviation of
the seabed elevation variations. This correlation between Ks and Zo demonstrates that the
roughness length is directly influenced by irregular bed features, and that the Reynolds
number accounts for the total drag of the bed: the data points collapse on the Law of the Wall
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curves with a fitting factor x = 0.5. Further testing must be done in other locations and in the
fully-rough domain in order to test how widely those new parameters can be applied.

Keywords: turbulence; bed roughness; small-scale topography; roughness length;
Law of the Wall

1. Introduction

The benthic boundary layer is the portion of the water column that is directly affected by bed frictional
drag [1,2]. In the coastal region, this layer plays an important role in the dynamics and biochemistry of
ecosystems [3], and has a number of applications in fields such as marine engineering, meteorology, and
oceanography [4]. However, our understanding of turbulence in the benthic boundary layer is
complicated by the lack of a reliable equation for the drag caused by the pressure differences at the
sediment-water interface [5,6].

The stress applied to the bed in this layer depends on a number of factors: the flow characteristics,
the suspended sediment concentration [6—9], and the irregularities of the bed [10]. Energy dissipation
caused by the suspended sediment is significant even at low concentrations [9]. However, in the case of
a concentration lower than 200 mg/L (such as Cabras lagoon), only the physical roughness is considered
to influence drag in the benthic boundary layer.

The relationship between hydrodynamic drag in a benthic boundary layer and the physical roughness
of the benthos in the natural environment is crude. One relies heavily on scalar quantities such as the
roughness length (Zo), drag coefficient (Cs), and friction factor (f) to estimate bed shear stress [4,5].
Such quantities are inferred from the hydrodynamics of the studied site: they do not depend on the
sediment properties or on the topography of the bed. However, in shallow coastal regions, irregularities
of the bed have a major impact on the flow in the benthic boundary layer [4].

The topographical bed roughness, Ks, may be defined as the extent to which the seabed deviates from
a perfectly planar surface and modifies the overlying fluid flow [11]. It has been assumed that only the
skin friction (due to the resistance of the particles forming the bed and controlled by grain size) is important
for studying the turbulent state, while other studies consider the total stress, which is the sum of the skin
friction and form drag; the additional shear stress is due to the irregularities of the bed [10,12].

Of particular interest is the small-scale asperity, from 1072 to 107" meters, which has a significant
influence on boundary layer dynamics [13]. This contribution to roughness is less stable than large-scale
features and may be composed of ripples generated by waves and currents as well as biologically-generated
topography. The locomotion and feeding activity of animals can leave trails and burrows that influence
the bed roughness. The presence of small reefs or shells may also influence the topography.

For regular bed features, such as ripples, relations between bed roughness and the dimensions of the
roughness elements have been extensively studied [14]. However, in the case of heterogeneous beds, the
estimation of the bed roughness is arbitrary. The lack of a quantitative, reproducible estimate of the
topographical bed roughness limits the reliability of hydrodynamic models in shallow coastal areas.

One objective of this study is to quantitatively define the topographical bed roughness at a variety of
locations in the Cabras lagoon, Sardinia. A commonly used Ks parameter is the equivalent Nikuradse
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bed roughness. The parameter is linked to the hydrodynamic roughness length Zo, the height at which
the mean velocity is zero, by the following relation [15]:
_Ks

Zo=3 (1)

This equation is valid for pipe flow experiments where grains of equal size are glued to the smooth
walls of the pipe [16]. The validity of this relation in the case of field data, where topography is present
and where the bed is heterogeneous, is doubtful.

Validation of a given relationship will be tested using the Reynolds number, a dimensionless indicator
of the flow state, of which many definitions exist. The one found in Clauser [4] is:

UxD
Re =— (2)

where U* is the friction velocity, v the kinematic viscosity of the fluid [17], and D, a length scale, often

equated with the height of the measurement Z. This definition can be simplified by including the
roughness length [18]:

Zo=— (3)

xUx
where x is an empirical coefficient. According to laboratory experiments for smooth turbulent flows,

x = 9; this value however does not necessarily apply to shallow water marine conditions [18].
Rearranging Equations (2) and (3) gives us a new definition of the Reynolds number [16,18]:

Re=—- 4)

The Law of the Wall describes the logarithmic increase of velocity with height above the bed in the
benthic boundary layer. The equations given by the Law of the Wall are derived from the slope and
offset of the best fit curve for the two different turbulent states (Figure 1):
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Figure 1. (A) Universal velocity distribution for turbulent layers near smooth walls;
(B) Universal velocity distribution for turbulent layers near rough walls (modified from
Liu [16]).

For hydraulically smooth flows, when the roughness elements are smaller than the viscous
sublayer, the relation between the Reynolds number and the dimensionless velocity (U/U*) is linear in
the viscous sublayer:

g|a

= (5)
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The relation is logarithmic in the fully turbulent part of the flow where k is von Karman’s constant:

—==In(Re) (6)

Which gives, using our definition of the Reynolds number shown in Equation (4):
U

5= ) ™

xZ0

Equations (6) and (7), referred to as the Law of the Wall, are valid from the height of the roughness
length, a few centimeters above the bed (a few millimeters in the case of a flat muddy bed), to about
20%-30% of the water depth [18]. When the mean flow and Reynolds number increase, the flow in the
boundary layer evolves from turbulent smooth to turbulent rough, and the roughness elements are larger
than the viscous sublayer, thus affecting the velocity profile.

The Law of the Wall was first demonstrated in laboratory experiments, where the empirical
coefficient x = 9 [18]. However, field experiments have found this value to be extremely variable,
ranging between 4 and 272 for unidirectional steady flows at a water depth of about 100 m, with no
visible bedforms [18,19].

Previous studies have explored the correlation between the flow field and the morphology of the bed
in the Po River [20], but at too large a scale to infer anything about the turbulent state. This study explores
the applicability of the Law of the Wall to field data with various small-scale bed features, and evaluates
the effect of compound bed roughness on the flow turbulent state in the lower part of the benthic
boundary layer. A length scale will be extracted from an analysis of quantitative topographical bed
roughness, which considers bed elevations as a three-dimensional random field, as explored in previous
studies [21-24]. This length scale will be compared with the hydrodynamic roughness length Zo in order
to evaluate the applicability of the Nikuradse relation to field data. The data will then be evaluated on a
Clauser plot to compare field data over compound roughnesses to previously published results over
standard beds.

2. Methods
2.1. Study Site

Cabras lagoon is situated near the city of Oristano in Western Sardinia, Italy (Figure 2).
It is dominated by semi-diurnal tidal currents and wind-induced standing waves of a period of 15 min.
It is the largest basin of brackish water in Sardinia, occupying an area of 22.28 km?; this shallow lagoon
has an average depth of 1.6 m and a maximum depth of 2.1 m [25]. The extensive fishery in Cabras
lagoon makes it a zone of high economic and environmental significance.

Eight stations of varying bottom roughness and flow conditions were occupied in this study.
They were situated in the outlet of Cabras lagoon, which connects with the Gulf of Oristano (Figure 2).
The outlet has been modified by man-made structures including an inlet gate, a road bridge, flood protection
dykes, and fish barriers. The gate was built at the high-tide level a few decades ago to maintain the
lagoon at a constant water level [26]. As a result, the current velocities induced by the tide are very weak:
the tidal amplitude is less than 25 cm [27]. The water circulation is, thus, dominantly wind-driven [28].

Cabras lagoon is subjected to three typical wind regimes: the Mistral blowing from the NW,
the Libeccio from the SW, and the Sirocco from the SE. Models comparing the effect of these winds
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with a purely tidal regime have shown that the Mistral is the driving factor for the hydrodynamic activity
of the lagoon [25]. This has an impact on the sediment distribution in the study site. Indeed, the western
side of the outlet, where stations 1 to 5 of this study are located, is characterized by shelly mud, while
the eastern side, where stations 8§ to 10 are located, is subjected to stronger winds and contains a larger
fraction of sand.

'.
y

Y

100 meters

Figure 2. Station locations and dominant wind regime (modified from Google Earth).
The road bridge across the inlet, and the (zig-zag) fish weirs are clearly seen in the close-up
image, which excludes stations 6 and 7.

2.2. Topographical Bed Roughness Estimate Using BRAD

A field campaign was carried between the 15th and the 20th September 2013 to measure velocity
profiles and three-dimensional (3D) images of the seabed and water column at 10 sites along the inlet at
water depths of 1 to 3 m. (Figure 2). The occupied sites show a varied seabed topography with the
presence of serpulid worm reefs, bioturbated muds, and seagrass (Figure 3). The seagrass canopy is
present in patches at sites 8, 9, and possibly at site 10 (Figure 3). Two other deployments (stations 6 and 7)
were made at the entrance of two secondary channels (Figure 2).
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Since each site takes 90 min to survey, and since the flow shows some variation with time, replication
of data collection was impossible. Deployment occurred once in each location, and the sites were then selected
on the basis of data quality. In the case of stations 6 and 7, boulders on the bed and extremely turbulent
flow resulted in poor quality data due to instrument instability and will not be included in the results.

Figure 3. Two examples of the seabed near the study sites 8, 9, and 10; (A) serpulid tube
fragments scattered over a sandy bed, with patches of seagrass, and (B) a seagrass bed of
Zostera marina.

The position and characteristics of the bed for each site are described in Table 1. Since several factors
besides bed roughness can influence the flow, including water depth, wind speed, and distance from the
fish weirs, those characteristics are also summarized in the table.

Three-dimensional images of the seabed and water column were created to determine the topography
using the Benthic Roughness Acoustic Device (BRAD). BRAD consists of a Sediment Imaging Sonar
(SIS Marine Electronics Ltd, Guernsey, UK) mounted on a fixed frame that sits on the seabed. The SIS
steps forward about 2 mm/sweep. The scanning section is 2 m by 0.94 m in size (Figure 4). The
maximum area of seabed that can be scanned during one deployment is 1.7 m? [11]. During the 90 min
of the survey, two Acoustic Doppler Velocimeters (ADVs) (Nortek Ltd., Providence, RI, USA) record
flow in three dimensions continuously at 25 Hz at two different heights (Table 1). The two bars at the
bottom of the frame stabilize BRAD and give a reference for image construction.

The SIS is fixed at a height of 0.88 m above the bed. Its rotating head emits a pencil-beam acoustic
signal at a frequency of 1.1 MHz. The sonar sweeps 90° of arc centered on the nadir (pointing vertically
down) as it moves along the frame. Scans are made at 0.9° of arc yielding about 100 beams per scan.
About 15,000 beams are recorded over the 1.8 m of travel of the sonar. The backscatter intensity is
determined by the reflection and scatter of suspended sediment, seagrass or the seabed. The normalized
backscatter Q is defined as:

Backscatter — Backscatter (water)

®)

 Backscatter(max) — Backscatter (water)

where the backscatter value corresponding to the water column is empirically defined as the value
measured between 0.5 and 0.6 m from the sensor head.
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Table 1. A summary of the locations of BRAD sites and characteristics of the seabed. Also given are the heights of the two ADV sensors, the
mean water depth, and the direction of travel of the SIS sensor head (Note this was considered important in the registration of the acoustical
image to the frame of reference of the two ADV’s).
Site 1 2 3 4 5 6 7 8 9 10
39°54.594', 39°54.588", 39°54.600'; 39°54.570'; 39°54.564', 39°55.080"; 39°55.106'; 39°54.516'; 39°54.528", 39°54.513",
Latitude/Longitude
8°29.532' 8°29.533' 8°29.526' 8°29.520' 8°29.532' 8°31.139' 8°31.181" 8°29.660’ 8°29.663' 8°29.645'
Water depth (m) 1.06 1.28 1.22 1.36 1.54 1.36 1.02 1.01 0.94 1.16
Wind speed (m/s) 8.2 NW; 9.4 NW; 10.1 NW;
5.3 NW 7.2 NNW 8.2 NW 6.5 NNW 8.5NW 82 NW 5.8 NW
and direction (gust speed 17.5) (gust speed 15.9) (gust speed 13.9)
Distance from inlet
gate >0=N 5 4 20 -7 —4 Not applicable Not applicable 6 24 -6
of weir) (m)
Height of the
0.5 0.33 0.3 0.27 0.29 0.37 0.23 0.37 0.38 0.25
upper ADV (m)
Height of the
0.32 0.14 0.01 0.011 0.17 0.2 0.05 0.18 0.08 0.08
lower ADV (m)
Sense of SIS North East-South South West-North ~ South West-North
South-North North-South South-North South-North South-North North-South North-South
scanning West East East
Ebb (Current to Ebb (water level
Flood (Flow inward, Low tide (Strong Ebb: BRAD half
South, gusts of wind deeper to the
State of the tide Ebb Low tide Flood Ebb wind blowing from continuous flow Ebb exposed by
from the North, West. Wind from
West) to South) end of run
rain) South West)
Suspended
0.01 0.04 0.03 0.01 0.02 0.04 0.06 0.06 0.03 0.08
sediment (g/L)
Sandy gravelly bed High turbidity. Shelly mud.
General over silt. Floating algae. Shelly sand. Shelly, sandy Seagrass,
Shelly mud with
description of Shelly mud. Shelly mud. Shelly mud. Shelly mud. High turbidity. Serpulid reefs up Patches of mud. Seagrass turbidity too high
serpulid reefs.
seabed Floating algae. to 15cm high and seagrass. cover.

Serpulid reefs.

40cm long.

to determine its

density.
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to power supply/
logging computer

motor box }

SIS: Marine Electronics Sediment Imaging Sonar (SIS), 1640/2640
ADV: Nortek 10MHz Vectrino A tic Doppler Velocimeters
PT/CTD: RBR Concerto Conductivity, Temperature and Depth Logger

Figure 4. (A) A schematic of the BRAD device (modified from Lefebvre [11]);
(B) The BRAD device on site.

The seabed is defined as the depth at which the normalized backscatter exceeds an empirically-found
threshold of Q = 0.81. This value was defined by [11] based upon extensive sensitivity tests. Once the
first estimation of the seabed position is made, a correction is applied for the backscatter attenuation with
depth. The correction includes the attenuation due to water absorption, to scattering, and to viscosity [29].
The final output is a grid file of relative depth in x (along the frame) and y (across the frame) from which
bed roughness is estimated. After corrections have been applied, the de-trended variations of topography
are estimated from about 13,000 data points per site. Those points are first de-spiked using a phase-space
method [30] as modified by Mori et al. [31], then linearly interpolated into a mesh of 507 x 507 points
so the elevation can be plotted as a surface.

Subsections are selected to eliminate backscatter from the frame and to reduce edge effects.
Histograms of relative elevation are used to derive statistical parameters of the topographical bed
roughness using the method of moments. The number of data points is sufficient to confidently estimate
first and second order statistical moments; that is to say, the mean and the standard deviation of the
seabed elevation changes [32].

The size of the subsection used in the analyses varies between sites to avoid unwanted features such
as footprints or instrument-related errors (tilting of the frame for example) in the seafloor mapping, as
well as to avoid reflections from the frame of BRAD. In the case of Run 1, for instance, an error in data
collection resulted in an abnormal shift in topography clearly visible at the bottom of the figure
(Figure 5). The subsections should be representative of the topography of the study area. Ideally, the
statistical parameters used to define bed roughness should be insensitive to the subsection size. In order
to test this hypothesis, ten proportional subsections of the bed were extracted from the full data set at
each station and the change in statistics of the topographical bed roughness was tested (Figure 6).

For most of the sites, the estimated roughness is unreliable below a subsection area of 0.4 m?.
Above this value, there is no significant change in the estimated topographical bed roughness
(Figure 5). We suggest that scales up to 0.4 m? fall into the category of bed roughness and, hence, is
likely to impact flow turbulence directly. In the case of topographic variations larger than 0.4 m?, we
consider that only the mean flow is affected (through continuity considerations) and thus do not
contribute to bed roughness as defined herein.
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Figure 5. An example of the raw bed roughness from BRAD at station 1. The rectangular
subsections of the bed where the topographical bed roughness is estimated are shown by the

multi-colored dots in the figure.
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Figure 6. Standard deviation of the de-trended bed elevation variations (roughness) plotted
against subsection areas for all sites of this study (Note site 7 has been included because it
represents the greatest roughness and hence likely the most sensitive to changes in

subsection size).
2.3. Roughness Length Zo Estimate

The roughness length Zo is defined as the intercept of the logarithmic velocity profile
distribution [33]; that is to say, the depth at which the mean velocity is zero [34]. In order for the velocity
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to be related to bed roughness, several conditions should apply: the flow must be fully developed,
turbulent (or transitional), stationary, and uniform.

A CTD was added to the frame at a height of 0.45 m above the bed to measure the water depth,
temperature, and salinity (Figure 3). Seawater density and viscosity were estimated from these
measurements. Additionally, two Acoustic Doppler Velocimeters (ADVs) were fitted to the frame at
two heights above the bed to measure mean current velocity and turbulence within the benthic boundary
layer of the surveyed sites (Table 1).

The ADV record data in three orthogonal directions: streamwise (U, also parallel to the long axis of
BRAD), crosswise (V), and vertical (/). Several data processing steps were undertaken to define the
mean flow velocity at each height and of the turbulent fluctuations (using the Reynolds decomposition
U(t) =U + U'). This includes the elimination of data when the (Doppler) noise from the sensor is higher
than 1% of the maximum velocity range, a rotation algorithm to correct for any sensor’s misalignment
with the peak flow, and a de-spiking algorithm to remove outliers based on a phase-space method [30]
as modified by Mori et al. [31].

Corrected datasets have an approximate length of eighty minutes. The hypothesis of a uniform flow
is reasonable considering the nearly constant value of crosswise and vertical velocities (Figure 7).
However, variations in streamwise mean flow are evident throughout the time series, which means that
the stationary flow hypothesis does not apply to the entire data set. To mitigate this variability, the time
series is divided semi-automatically into eight minute intervals for which the flow is considered to be
quasi-stationary. This has the advantage of providing a series of data sets (Reynolds numbers) at each
location. The ADV time series of each data set contains 7500 data points, which is enough to estimate
the mean and the standard deviation of the fluctuating flow [32].

The resultant of the mean velocity in the three directions is referred to as U and is found for each data
point using the equation:

U=y U2+V2+W2 9)

The resulting friction velocity is found using the turbulent kinetic energy method [35]. In the
following equation we call E the kinetic energy:

_1 12 12 ’2
E=pWU?+V72 4w (10)

with U”, 17, and W the friction velocity in the three directions. We define the friction velocity as the
variation of the instantaneous velocity from the mean velocity for each data point (U’ = U — U).
The kinetic energy is used to infer the stress z:

T =0.19+E (11)

The stress value figures in the following definition of the friction velocity:

Ux= |-
> (12)

The following allows us to calculate the resultant friction velocity from the ADV data:

Usx=+05%019% (U —0)2+ (V—-7V)2+ W —W)? (13)
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The roughness length Zo is found for each data point by plotting U at the two depths of measurement.
A log-linear fit is extrapolated from the two points to find the depth at which U = 0. This assumes a
log-linear relationship in the lower part of the boundary layer, typical of turbulent flows. A linear fit is
then made between Zo and Ks in order to check whether the Nikuradse relation holds for a heterogeneous
bed. Zo is also used to plot the field data on the Clauser plot and see how well they follow the Law of
the Wall.

Site 1 Lower ADV

Smoothed, unspiked and axis-rotated Streamwise velocity component U, (m/s)
T T T T T T T T

o
(M)

20 30 40 50 60 70 80

10

S
o

o

Streamwise velocity, (m/s)
o

Smoothed, unspiked and axis-rotated Crosswise velocity component V, (m/s)
T T T T T T T T

0.2~ .

At Iimisrsiopoismbimtgn i -

0.2 .

|
0 10 20 30 40 50 60 70 80
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0 Smoothed, unspiked and axis-rotated vertical velocity component W, (m/s)

E T T T T T T T T
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Figure 7. Eight minute sections selected in black for the lower ADV of site 1 (0.32 m above
seabed). For each section the mean velocity U, the turbulence U*, and the standard deviation
(of U and U*) are calculated.

3. Results and Discussion
3.1. Characteristics of the BRAD Sites

The hydrodynamic parameters inferred from the two ADVs for each site, as well as the topography
variations measured with the SIS, are summarized in Table 2.

Sites 8, 9, and 10 are characterized by the presence of seagrass: The velocity values of U and U* can
be considered to be influenced by the grass canopy and, thus, independent of the measurement height
and topography of the bed [11]. Those values are not expected to follow the Law of the Wall and will
not be considered for the rest of this study.
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Table 2. Position, mean velocity, turbulence, and topography of the BRAD deployment sites.

Standard Standard

Latitude/ Mean Velocity Turbulence Mean Standard Deviation of
Site _ Deviation of Deviation of
Longitude U (m/s) _ U* (m/s) Zo (cm) Seabed Elevation (cm)
U (m/s) U* (m/s)

39°54.594';

1 0.118 0.018 0.008 0.004 3.52 1.4
008°29.532'
39°54.588";

2 0.072 0.018 0.010 0.004 3.13 1.7
008°29.533'
39°54.600';

3 0.053 0.012 0.007 0.003 0.32 0.8
008°29.526'
39°54.570";

4 0.098 0.020 0.011 0.007 0.39 0.8
008°29.520'
39°54.564";

5 0.052 0.018 0.007 0.003 4.11 1.6
008°29.532'
39°54.516";

8 0.023 0.007 0.005 0.003 5.22 1.1
008°29.660'
39°54.528";

9 0.020 0.006 0.005 0.002 2.48 0.9
008°29.663'
39°54.513";

10 0.011 0.004 0.003 0.001 0.77 1.1
008°29.645'

Despite their remoteness from the study site, the wind speed and direction data measured at the
Decimomannu Air Base (Latitude: 39°21.250’; Longitude: 8°58.333") are considered representative of
the wind regime in our study site. Indeed the Mistral wind dominates over the whole island, and is also
the dominant wind regime in Cabras lagoon [25].

The sediment concentration in the water column is calculated for each site by averaging 5 to 9 water
samples of one liter taken at varying depths (0.30 to 0.70 m) above the seabed. The concentration was
always lower than 0.2 g/L (Table 1), justifying our initial assumption that drag reduction caused by
turbidity can be considered negligible, and that the drag force felt by the flow is caused by the
topographical bed roughness only. Three-dimensional images of the seabed have been created to
estimate the roughness parameter.

Histograms of the variations in elevation from the mean are produced for selected subsections of
proportionate sizes for each site (Figure 8). They have been de-trended, which means that any differential
settling of BRAD into the bed has been removed. The histograms of elevation (Figure 8) are
non-Gaussian, as the Shapiro-Wilk test rejects the hypothesis of a normal distribution for a = 0.05
because of outliers in roughness, both negative and positive. Cumulative probability plots of elevation
show these deviations from a normal distribution in the upper (largest) and lower (lowest) 5% of the
elevation variation (Figure 9).

Rejection of the normality test is expected in the case of large samples, because significant results are
derived even from small deviations from a normal distribution [36]. In our case, isolated features such
as footprints can produce outliers, both positive and negative. Yet this should not prevent a statistical
analysis. Indeed, when samples consist of several hundred measurements, as is the case here, their
distribution can be ignored when performing parametric tests [36]. Furthermore, visual observation
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shows that 85% of the data points follow the normal distribution (Figure 9), justifying that statistical
parameters such as the standard deviation are applicable to assess the topographical bed roughness.
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The topography images provide valuable visual information about the characteristics of the seabed:
while site 4 displays ripple-like bed features, the topography at sites 5 and 9 is less regular. Observations
on site suggest that those bed features correspond to serpulid reefs for site 5 and patches of seagrass for
site 9. Most of the topography variations observed were about 4 cm in relief, though some features were
10 cm in height (site 5, Figure 8).
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3.2. Relationship between Ks and Zo

The topography variation histograms are used to find the statistical parameters needed to estimate Ks,
the topographical bed roughness. Based upon the work of Nikuradse (Equation (1)), it was expected that
the bed roughness Ks from BRAD would be linearly correlated to Zo. The parameterization of
topographical bed roughness as a function of roughness elements height has been tested in previous
studies over oyster reefs [37]. Rather than bed form height, we define Ks as twice the standard deviation
of the de-trended topography distribution. This definition corresponds to the mean height of 68% of the
roughness elements in each sub-section. It gives a better measure of the bed roughness than the bed form
heights as it is determined more directly in heterogeneous beds [23].

In order to account for the limiting scenario of a smooth bed, the skin friction factor Kskin is included
in Equation (14). Kskin represents the frictional drag of a smooth bed, and is not considered significant
compared to the effect of the bed features in the present case: It has been estimated from Nikuradse for
constant Zo = 10~ m after Thompson [10].

Ks = 2% STD + Kskin (14)

The topographical bed roughness is plotted against the roughness length Zo to test the linearity of the
correlation between the two parameters. The heterogeneity of the elevation measurements due to the
resolution of the SIS are plotted as horizontal whiskers. Laboratory tests from previous studies have
established a sub-centimetrical vertical resolution and a horizontal resolution of 2 cm, so the
heterogeneity of measurement is defined as 2 cm [11]. The uncertainties of Zo, due to the variation in
flow conditions over each 2 h experiment are plotted as vertical error bars.

The coefficient of determination R? of the plot is 0.93 and the p-value is 0.02 for a = 0.05 (Figure 10).
Since the p value is less than o, it is concluded that the linear correlation between the roughness length
and the topographical bed roughness is statistically significant despite the limited number of data points.
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Figure 10. Correlation between the roughness length Zo and the topographical roughness
Ks defined as 2*STD + skin friction.
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This linear correlation indicates that Zo is indeed a function of the topographical bed roughness Ks:
Soulsby’s definition of the Reynolds number [18] then accounts for the total drag of the bed (Equation (4)),
even though it is calculated exclusively from hydrodynamic factors. The field data that are not affected
by seagrass patches fit on the transitional state between the viscosity dominated linear curve and the
turbulence dominated logarithmic curve of the Law of the Wall for a factor x = 0.5 (Figure 11).

Figure 11 shows fits of the data at sites 1 to 5 to the concepts of boundary layer flow under laminar
(linear blue line) and turbulent (log-linear red line) flows on the Clauser plot. The slope of the turbulent
(red) fit is fixed as a constant (1/k). Note that our data are scattered about this fit for stations 2 to 5
(turbulent throughout the time series). Site 1, by contrast, appears to fluctuate between the laminar and
turbulent regimes. The flow for this site is shown in Figure 7. Note the strong variations in mean flow
between almost still water and 0.3 m/s. Laminar conditions would be expected to prevail close to still
water, whereas the turbulent response would be expected at peak flows.
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Figure 11. Fits of the data at sites 1 to 5 to the concepts of boundary layer flow under laminar
(blue line) and turbulent (red line) flows on the Clauser plot. Black dots represent data from
sites 8 to 10, characterized by the presence of seagrass.

3.3. Interpretations and Limits

The Law of the Wall is found to be valid for shallow environments characterized by a heterogeneous
seabed in the absence of seagrass, provided that a factor x = 0.5 is added to our definition of Re.
This factor is lower than those found in previous field surveys [18,19]. An x factor lower than the
laboratory parameter x =9 [18] means a higher Reynolds number at a given flow velocity, implying that
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turbulence-dominated flows will occur at higher Reynolds numbers. This agrees with previous
observations that the boundary between transitional and rough flows is related to bedforms, with
fully-rough regimes occurring at higher Reynolds number for complex beds [33].

In order to study the effect of irregular bed features on the hydrodynamics of the benthic boundary
layer, the Nikuradse relation between the topographical bed roughness Ks and the hydrodynamic
roughness length Zo has been tested in the field using a simplified estimate of Ks. The factors of
uncertainty for both parameters will be explored in this section.

Our definition for Ks takes into account the limit scenario of a smooth bed, when the standard
deviation of the elevation variation tends toward 0; in this case the skin friction factor accounts for the
entirety of the topographical bed roughness. The distribution and orientation of the roughness elements
are not considered. This is deemed reasonable in our case as no clear orientation of bed roughness can
be observed, with bed features consisting mainly of serpulid reefs and seashells (Table 1). It is also in
accordance with previous studies on slope distributions over a 0.25 m? area, which have shown biogenic
bed configurations to be isotropic [21].

Bed features change over time according to complex interactions between the current and the morphology
of the bed: However, as long as the study is done over short time scales, it is reasonable to assume that
Ks is static. Similarly, sediment transport and sedimentation processes are ignored, even though studies
suggest that sediment accumulation reduces near-bed turbulence [38]. In all the stations considered, the
sediment concentration is lower than 0.2 g/L (Table 1), so ignoring those two factors is reasonable.

Another factor influencing seabed roughness is the mean grain size and sorting. In our case, since the
BRAD SIS only detects the topography, there is no information of bed material in the definition of Ks.
The mean sediment type in Cabras lagoon is silty clay with 90% mud content according to previous
studies [39], but this estimation does not represent accurately the complex bed near the inlet gate
characterized by shelly mud or sand (Table 1). Nonetheless a wide range of roughness elements,
including seashells, serpulid tubes or bed forms can be detected, due to to the high resolution of BRAD,
providing a good representation of the complex bed characteristics of the deployment sites.

Bearing in mind these approximations, BRAD can be used in the calculation of a reliable estimate of
Ks at a horizontal spatial resolution of 2 cm, which is sufficient to include most bed features.

The values for Zo, however, were extrapolated from local velocity profiles. The use of the Law of the
Wall assumes that the flow is fully developed, stationary, uniform, and turbulent so it can be related to
roughness. Yet some heterogeneity is observed in the velocity values, partially mitigated by the selection
of eight minute intervals (Figure 7). Furthermore, measurements were taken at only two depths. These
two factors result in a large uncertainty due to time variability in the roughness length values (Figure 10).
Adding a third ADV to the frame for future studies should make the results more reliable.

Yet the Zo values found remain consistent with previous studies (Figure 12). The low Reynolds
numbers observed indicate that most of our data are in the transitional regimes rather than in the fully
rough region. In some sites, abnormally low Reynold numbers can be explained by the presence of
seagrass, which attenuates currents [11] and wave energy [40]. In particular, sites 8, 9, and 10 have
similar mean velocity and turbulence values, which are significantly lower than at the other sites (Table 2).
The presence of seagrass explains why the roughness length at these sites is independent of the
topographical bed roughness, and why the flow conditions do not follow the Law of the Wall.
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Figure 12. Comparison with Zo values from Sternberg [34] in various locations within Puget
Sound [1] (modified from Sternberg [34]). The Reynolds number used for this graph is
measured at 100 cm above the seabed (sea axis label).

According to the results in Figure 12, most of our observations were made under turbulent smooth
conditions. The existence of a linear correlation between Ks and Zo indicates that the topographical bed
roughness has an influence on the mean velocity profile in the lower part of the benthic boundary layer.
The effect of topographical roughness on near-bed velocity has already been observed in the case of
hydraulically rough flows over gravel beds [41] and over oyster reefs [37].

For this to occur, however, a proportion of the roughness elements must be larger than the viscous
sublayer that is present near the bed under turbulent smooth conditions. This begs the question: what
proportion of the roughness elements are protruding through the viscous sub-layer in order to exert influence
on the flow? This intermediate state where Ks starts impacting the velocity profile is referred to as the
transitional state and is accompanied by a buffer layer in the vertical profile [1]. It will however be necessary
to test the validity of the obtained equation in turbulent rough conditions: The correlations in Figure 11
should be more significant than in the transitional state because of the absence of a viscous sublayer.

The linear relation between Ks and Zo is however very different from Nikuradse’s results, where Zo
is 30 times smaller than Ks: By contrast, Zo is larger than the mean size of the roughness elements in
our case (Figure 10). Pinpointing the factor that predominantly influences Zo in the field is problematic,
as not all parameters can be monitored. We suggest that the abnormally high roughness length is due
either to the weak flows characteristic of the study site, in a location affected by man-made structures,
such as the flood protector dykes and fish barriers, or to the heterogeneity of the seabed. Indeed at this
measurement scale, the flow could be influenced by the higher bed features rather than by the most
frequent ones. The presence of small-scale bedforms seems to affect the relation between roughness
length and topographical bed roughness.

3.4. Future Development

BRAD is a high-resolution acoustic system developed at the National Oceanography Centre
Southampton. With a horizontal resolution of 2 to 3 cm [13], this instrument allows for an accurate
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representation of the topographical bed roughness: in our site in Cabras lagoon, the topography variations
typically range between 3 and 10 cm. In the case of digital terrain models created from multibeam
echosounder data, the error caused by the interpolation process reaches 5 cm for a smooth surface and
10 cm for a more complex seabed [42]. Multibeam echosounder data are also typically collected with
vessels [20], making BRAD more suitable to shallow-water environments surveying, though at the cost
of a smaller coverage (Figure 4B).

BRAD, therefore, provides more reliable measurements for the calculation of the topographical bed
roughness for complex beds in shallow-water environments, where the applicability of the Nikuradse
relation needs to be further investigated. The elevation maps obtained from acoustic profilers have been
considered suitable for statistical roughness analysis by previous studies, even though DEMs from
improved stereophotogrammetric setups have yielded better results [24]. Furthermore, compared to the
latter method, this instrument allows for a simultaneous measurement of the bed roughness and flow
conditions, providing additional arguments to relate the topographical bed roughness to hydrodynamic
parameters [23]. The current setup of BRAD can be improved by adding one or several ADVs to the
BRAD frame in order to increase the reliability of our roughness length estimates.

The data processing method proposed in this study is semi-automatic and operates in a Matlab
environment: This favors high reproducibility. Though the dataset used herein is small, it can be easily
extended to other sites. This would test the universality of our relationship, or whether different factors
must be used for different locations.

4. Conclusions

The study tested a reproducible method for assessing the influence of the topography on the turbulent
state in the benthic boundary layer. To that end, the topographical bed roughness Ks and the roughness
length Zo were estimated independently using a seabed mapping system BRAD and two near-bed ADVs.

A proxy of the topographical bed roughness is proposed using statistical parameters of the elevation
variations. A statistically-robust relationship has been obtained between Zo and Ks when defining
Ks =2*STD + Kskin with STD being the standard deviation of the seabed elevation variations and Kskin
the skin friction caused by a smooth bed. This simple relationship makes it possible to compare the
Reynolds numbers in areas characterized by different topographies and sediment properties. In the case
of Cabras lagoon, the values collapse on the logarithmic curve of the Clauser plot by changing the
Soulsby fitting factor [18] from 9 to 0.5. This variation is thought to be linked to the higher complexity
of the bed compared to laboratory experiments. It also shows the applicability of the Clauser plot to sites
characterized by irregular bed features.
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