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Key Points:

« We present a two-layer, turbulence-based model to predict suspended sediment
concentration in flows with emergent vegetation.

« We include coherent structures generated by stem-bed-flow interactions to calcu-
late near-bed turbulent kinetic energy.

« We derive models for effective boundary layer thickness and effective bed shear
velocity to predict suspended sediment concentration.
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Abstract

Traditional bed shear stress-based models (e.g., Rouse model) derived from the classic
parabolic profile of eddy viscosity in open-channel flows fail to accurately predict sus-
pended sediment concentration (SSC) in flows with aquatic vegetation. We developed

a two-layer, turbulence-based model to predict SSC profiles in emergent vegetated flows.
Turbulence generated from vegetation, bed, and coherent structures caused by stem-bed-
flow interaction are considered into the near-bed turbulent kinetic energy (TKE) to cal-
culate the effective bed shear velocity, u;, s The model, validated by experimental data,
further showed that the thickness height of the near-bed layer (effective bottom bound-
ary layer), Hy, varies with flow velocity and canopy density. Two additional models are
provided to estimate Hj, and uj ... The model is expected to provide critical informa-
tion to future studies on sediment transport, landscape evolution, and water quality man-
agement in vegetated streams, wetlands, and estuaries.

Plain Language Summary

Aquatic vegetation serves important roles in wetlands, estuaries, riverine, and coastal
areas. It provides shelter for living organisms, protects coastal and riverbank regions from
waves, currents, and floods, and makes a contribution to the global carbon circulation.
However, under various scenarios of environmental change, the presence of aquatic veg-
etation continuously decreased in these areas during recent decades. To improve restora-
tion efforts and protect vegetation habitats, understanding vegetation-sediment dynam-
ics is paramount and will lead to more accurate models of landscape evolution and wa-
ter quality management. Traditional suspended sediment models widely applied in open-
channel flows do not work in regions with aquatic plants. We propose a modified model
to predict suspended sediment concentration in vegetated flows, validated with exper-
imental data. The new model showed that near-bed turbulence generated by bed-vegetation-
flow interaction is as important as the bed- and vegetation-generated turbulence con-
sidered separately. The model is expected to provide critical information for future stud-
ies on sediment transport, landscape evolution, and water quality management in veg-
etated streams, wetlands, and estuaries.

1 Introduction

Aquatic vegetation serves multiple roles in maintaining the functionalities of the
ecosystem in wetlands, estuaries, riverine, and coastal areas (Micheli & Kirchner, 2002;
Danielsen et al., 2005; Dalrymple & Choi, 2007; Kakeh et al., 2015). In addition to lo-
cal influences, vegetation in these ecosystems also have global impacts. For example, coastal
plants such as mangroves, salt marshes, and seagrasses provide an essential portion of
carbon storage by global sequestration (Bouillon et al., 2008; Duarte et al., 2010; Kennedy
et al., 2010). However, according to recent studies, a significant amount of aquatic veg-
etation has been lost continuously during past decades (Marani et al., 2011; Mcleod et
al., 2011). To improve restoration efforts under multi-scale environmental changes (such
as sea level rise, landscape evolution, and anthropogenic pollution), it is necessary to im-
prove understanding of the underlying mechanisms of sediment transport (Syvitski et
al., 2009; Paola et al., 2011; Weston, 2014). In particular, we need to better understand
how water, sediment, and vegetation interact in regions with vegetation, to accurately
predict suspended sediment concentration (SSC), the evolution of vegetated landscapes,
and water quality (e.g., sediment oxygen demand; O’Connor & Hondzo, 2008; Water-
man et al., 2016).

Sediment transport has long been an important issue for hydraulic and environ-
mental engineers, which has been widely studied in open-channels (e.g., Garcia, 2008,
and references therein). In the past, sediment transport and resuspension models relied
on measurements of bed shear stress (e.g., Meyer-Peter & Muller, 1948; Yalin, 1963; En-
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gelund & Fredsoe, 1976; Parker, 1979; van Rijn, 1984; Nino & Garcia, 1998). However,
studies have shown that bed shear stress models do not work in regions with vegetation (Yager
& Schmeeckle, 2013; Tinoco & Coco, 2014). Those models do not account for the tur-
bulence generated by vegetation (Nepf, 2012), which has been recognized as a prominent
feature in natural flow environments that drives sediment resuspension (Sumer et al.,
2003; Diplas et al., 2008). Through laboratory experiments, Tinoco and Coco (2016);
Yang et al. (2016) have demonstrated how near-bed vegetation-generated turbulence af-
fects the incipient motion of sediment in vegetated flows. Yang and Nepf (2018) proposed
a turbulence-based bed-load transport model based on the relation between turbulence-
induced lift force and turbulent kinetic energy (TKE), similar to the non-vegetated case
discussed by Nino and Garcia (1996). Their model showed a good agreement with ex-
perimental data when including both TKE components from vegetative turbulence and
bed-shear turbulence.

To construct a more accurate model for predicting SSC, we must consider the lo-
cal flux of sediment entrained from the bed by near-bed coherent structures, generated
by stem-bed-flow interaction (e.g., horseshoe vortex). Previous studies have revealed that
these coherent structures can significantly alter the near-bed stress locally in front of cylin-
ders (Schanderl, Jenssen, & Manhart, 2017; Schanderl, Jenssen, Strobl, & Manhart, 2017),
resulting in large differences between the time-averaged and instantaneous turbulent quan-
tities (Apsilidis et al., 2015). These fluctuating coherent structures can cause non-negligible
contributions to sediment resuspension (Cheng et al., 2018; Li et al., 2018). In response
to the above effects, we propose a new framework considering all the turbulence com-
ponents from 1) vegetation, 2) bed shear, and 3) fluctuating coherent structures, into
near-bed TKE calculation for modeling SSC in flows through emergent vegetation. The
new turbulence-based SSC model is based on a two-layer effective turbulent stress pro-
file, and accurately predicts SSC measured experimentally.

2 Two-Layer SSC Model

Starting from a traditional approach that considers sediment particles as contin-
uous diffusive scalars, based on equilibrium of suspended sediment without reacting with
the fluid, turbulence stress is balanced with sediment’s settling as:

aC
~Di %= —w,C =0 (1)

where C is the time-averaged SSC, w; is the sediment settling velocity, and Dy is the flow
eddy diffusivity in the vertical direction. Dy is usually equated with the vertical flow eddy
viscosity, v, assuming the turbulent Schmidt number, S¢; = v,/D; = 1, according to
Reynolds analogy of eddy mixing. By solving the above differential equation, we can ob-
tain the general form of the SSC profile

Clz) = Cpe W Iy 72 (2)

where (Y is the time-averaged SSC at a reference z-location, b, near the bed. Rouse pro-
file of SSC (Rouse, 1937) has been widely applied in open-channel flows based on a parabolic
profile of eddy viscosity, v, as:

ve(2) = Kugz (1 - %) (3)

where uj is the bed shear velocity and x is the von Karman constant = 0.41. Replac-
ing Equation 3 into Equation 2, the Rouse profile of SSC can be obtained as:

B (H —2)/z]7"
C(z)=0Ch |:(I{—b)/b] (4)

where Zg is the Rouse number w
S

Zp = —;
Ky
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However, in vegetated flows the profile of 4 is no longer parabolic (Defina & Bixio, 2005),
thus Rouse profile cannot be used to accurately predict SSC (Lopez & Garcia, 1998).

According to the turbulent-viscosity hypothesis, v; can be obtained by the ratio
between the turbulent stress, 7, and the mean flow velocity gradient, dU/dz,
~ pdU/dz

which has been proved valid for simple shear flows (e.g., open channel flows). However,

in canopy flows, counter-gradient momentum transport is generally observed close to the
bed (Shaw, 1977) due to stem-bed-flow interaction, which could modify the turbulent-
viscosity hypothesis in the near-bed region (Raupach & Thom, 1981). Hence, we intro-
duce a new, more effective approximation for this near-bed region. Above the near-bed
region, Equation 6 still holds and suggests that profiles of mean flow velocity and tur-
bulent stress are key to derive v; in vegetated channels. Previous studies have shown a
characteristic constant velocity profile above a certain distance from the bed in emer-

gent vegetated flows (Nepf & Vivoni, 2000; D. Liu et al., 2008; Stoesser et al., 2010). Yang
et al. (2015) proposed a two-layer linear stress model to predict bed shear stress and the
velocity profile in vegetated flows under smooth bed environments. Etminan et al. (2018)
further provided a balance argument between TKE production and TKE dissipation rate
to precisely estimate the thickness of the viscous layer. However, most of the bottom bound-
aries in natural water environments are hydraulically rough, where roughness elements
(e.g., sediment particles) penetrate through the viscous layer. When k,/§, > 1, where

ks is the bottom roughness height, and §, is the height of viscous layer, viscous layer be-
comes relatively small and thus negligible. Also, varying bottom roughness can further
increase the boundary layer thickness (Schultz & Flack, 2007; Hanmaiahgari et al., 2017).

(6)

Vi

To account for the bottom roughness effect, we propose a modified two-layer SSC
model based on an effective turbulent stress profile for flows with emergent vegetation.
In the region close to the bed but above the viscous layer, turbulence generated from both
the bed and the vegetation is dominant, which causes counter-gradient momentum trans-
port due to interacting stem-bed-flow coherent structures. To account for such complex
interactions, we approximated the turbulent stress profile as an effective linear-stress pro-
file, following Yang et al. (2015), and included the local flux of sediment entrained from
the bed due to fluctuating near-bed coherent structures into the near-bed TKE calcu-
lation to update the linear turbulent stress (see details in Section 4.4). This region is so
called the linear-stress layer or the effective bottom boundary layer. Above the linear-
stress layer, the velocity profile reaches a constant value, and the turbulent stress in this
region also approaches a constant (7; = pu/w’ = const.). This region is called the con-
stant velocity layer or the constant stress layer. In this layer, turbulence generated from
the bed can be ignored, and sediment suspension is mainly supported by the stem-generated
turbulence.

By setting Hj, as the thickness height of the effective bottom boundary layer, the
effective turbulent stress can be expressed as

2
_ [ opup (A —2/H) ks <z< H, .
Teff { ~ const. , z > Hy (™)

where H is the water depth, and u; i is the effective bed shear velocity, derived from
the total near-bed turbulent stress, which considers turbulence generated from the bed
shear stress, vegetation, and the coherent structures. uj .. is different from the bed shear
velocity, uy, in Equation 3, which was derived directly from the bed-shear stress or bed-
shear turbulence. More details are described in Section 4.4. Since log-law is assumed valid
for the effective velocity profile in the linear stress layer, the effective mean flow veloc-

ity gradient can be estimated as

AUy by ks <z < Hy
_ , ks 8
2 { ®
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Replacing Equation 7 and Equation 8 into Equation 6, the reciprocal of the effective eddy
viscosity, vey¢, of the two-layer model can be obtained

1 _{Zl(lz/H) , ks <z < Hy

= RUp ¢ ¢
Veff ~ , z > H,

Finally, by further replacing Equation 9 into Equation 2 and solving the integral of 1/vcy¢,
we can obtain the final form of the two-layer model for SSC

ZRr
(H—2)/z
C(z) = G [(H*b)/b} p » ksszs iy (10)
Oy | E=Hu)/Hy ] 75 > H
b|TEH=b)/b e

with an updated Rouse number, Zr = w,/(kuj, ;). In the above model, there are two
critical parameters that need to be determined: the thickness height of the bottom bound-
ary layer, Hp, and the effective bed shear velocity, uj, i We developed two additional
models to estimate these parameters in Section 4.3 and Section 4.4, respectively.

3 Methods
3.1 Experimental Setup

The experiment was conducted in an Odell-Kovasznay type recirculating flume (Odell
& Kovasznay, 1971, Figure 1(a)), with a straight test section 2 m long, 0.15 m wide, and
0.6 m deep. A vertical axis disk-pump with uniformly distributed disks drives the flow
to produce a uniform velocity profile with minimal vertical disturbance. As water con-
tinues to recirculate in an essentially infinite loop, the design guarantees full develop-
ment of the boundary layer and turbulence features in the flume, which ensures appli-
cability of Equation 1 with an assumption that the sediment profile reached equilibrium
and fully developed with the flow. The disk rotational frequency, w, is set by the frequency,
f, of an inverter as w (rpm) = 6.6f (Hz).

High-stiffness aquatic vegetation such as Sagittaria sagittifolia and Sparganium erec-
tum are mimicked by an array of rigid acrylic cylinders with diameter d = 0.64 ¢m. The
water depth, H, is set as 10 cm. The length of vegetation array is 156.2 ¢m (246 d), and
the leading edge is 20.3 cm (32 d) downstream from the beginning of the straight test
section. A 7.6 cm (12 d) gap was left within the array from 135.3 ¢m to 142.9 em (213 d
to 225 d) from the beginning of the array for Particle Image Velocimetry (PIV) and SSC
measurement. A staggered configuration was used with two array densities to cover from
sparse to dense conditions, ah = {0.1 - 0.5} (Nepf, 2012). The detailed array configu-
ration is shown in Figure 1(b).
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Figure 1. (a) Top-view and (c) side-view sketch of the flume setup and the vegetation array

(not to scale), where the water depth, H = 10 ¢m, the thickness of the sediment bed, Ts = 10 ¢m,

and the stem diameter, d = 0.64 cm. The red-dashed rectangular area indicates the observation

region for PIV and SSC measurement. (b) The configuration of the dense (ah =

sparse (ah

0.5) and the

= 0.1) vegetation array. The solid dots are the locations of the cylinders. (d) Image

processing for identifying sediment particles. The red box indicates the analysis window in the

gap. In the window, pixel intensities have been converted into binary values. Black dots indicate

the sediment particles with binary value 1, compared to the white background of ambient water

with binary value 0.

To account for scaling of sediment dynamics in laboratory experiments (Heller, 2011;
Kleinhans et al., 2014), crushed walnut shells are chosen as sediment substrate (Briskin
et al., 2002), with a 10 em thick sediment bed as the initial setup in the straight test re-
gion. The sediment density is p, = 1.2 g/em? (water density, p = 1.0 g/cm3) with a
diameter range 0.84 to 1.68 mum (median grain size, D, ~ 1 mm). The walnut shell set-
tling velocity is ws & 1 em/s, which is approximated by Rubey (1933)

2 n 3602 3602
Wy = - -
3 (ps/p—1)gD3 (ps/p—1)gD3

] (ps/p—1)gD3

(11)

To ensure sediment resuspension in our tests, mean flow velocities ranged from 1.7 em/s

to 6 ecm/s within the vegetation canopy (f = 20 to 40 Hz). This range exceeds the es-
timated critical velocities (U, =~ 1.7 em/s and 1.5 em/s under sparse (ah = 0.1) and

dense (ah = 0.5) array with the light-weight sediment, respectively). Critical veloci-

ties were estimated by first obtaining the critical velocity under bare-bed condition by Ikeda

(1982):

c_w? 4 op 1
¢ RgDs 3Cp+puCp F?

(12)
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where Cf, = 0.85Cp, F = f(Uy), and then updating the values for the vegetated flows

based on Yang et al. (2016): )
Ue =Up—F/——mxs (13)

0
1+ Bp?/3
where U, is the critical velocity in vegetated flows, Uj is the critical velocity under bare-
bed condition, ¢ is the solid volume fraction of the canopy (= (7/4)ad for circular cylin-
ders), B is the coefficient noted as C' in Yang et al. (2016).

Five experimental runs with emergent vegetation arrays and three test runs with
bare-bed setup were conducted (Table 1). Under the same f, the mean flow velocity was
much higher in the bare-bed cases because of the extra drag exerted by the vegetation.
However, the turbulence generated by the vegetation enhanced resuspension, which made
the number of suspended particles with vegetation at low speeds similar to the bare-bed
case at high speeds. Maximum velocities were capped to ensure adequate capture of in-
dividual suspended sediment particles with our quantitative imaging system (details in
Section 3.3).

Table 1. Experimental parameters: roughness density, ah, inverter frequency, f, time-averaged
mean flow velocity, U, stem Reynolds number, Req =  (Ud)/v, near-bed SSC, Cj, image spa-
tial calibration factor, CF (from pizel to cm), and size of three passes used in PIVlab analysis
(details in Section 3.2).

Case ah f U Rey Cy CF 15t 274 374 pass size
(Hz) (em/s) (g/L) (em/pizel) (pizels)
1 0.0 20 16.8 2.04 0.0067 64, 32, 16
2 0.0 30 22.0 2.33 0.0067 128, 64, 32
3 0.0 40 30.6 2.44 0.0067 128, 64, 32
4 0.1 20 4.17 265 1.21 0.0071 64, 32, 16
5 0.1 30 6.04 384 1.70 0.0071 128, 64, 32
6 0.5 20 1.76 112 0.78 0.006 64, 32, 16
7 0.5 30 4.66 296 1.15 0.006 64, 32, 16
8 0.5 40 4.94 314 1.32 0.006 128, 64, 32

3.2 Hydrodynamics Measurements

A 5 W continuous-wave laser system was used to generate a vertical planar light
sheet for PIV measurement with a thickness of < 1 mm at the centerline of the flume.
The same setup was used to generate a horizontal light sheet 2 ¢m below the surface to
investigate the horizontal flow structure and validate the 2D vertical-plane approach of
the study in our thin flume, where wall effects can be ignored, even for the sparse and
bare-bed cases (see details in the supporting information). The light sheet covers the whole
observation gap (12 d long) (red-dashed box in Figure 1 (c)). This gap was left to avoid
laser reflection issues by the acrylic cylinders within the array. As shown in the support-
ing information (Fig. S1), velocity measured within the gap is representative of veloc-
ity within the array. A 5-Megapixel CCD camera, JAI GO-5000M-USB3, with a Nav-
itar 25 mm focal length was used to capture 8 - bit grayscale images at 60 Hz for 1 minute
(3600 images) in each run. Raw images were processed in PIVlab (Thielicke & Stamhuis,
2014). The image spatial calibration factor, C'F, for each case is shown in Table 1. Three
consecutive 50% size passes with 50% overlapped interrogation areas were used to ob-
tain higher resolution results during cross correlation calculations. The subwindow size
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of the first pass followed the one quarter rule (Keane & Adrian, 1990) (detailed size in-
formation in Table 1).

3.3 SSC Measurements

SSC was estimated by counting the time-averaged particle pixels in the red-dashed
observation area in Figure 1 (c), to quantify the probability of sediment particles to be
present at each location. We used bright lighting with white background to contrast par-
ticles (dark pixels) and ambient water (white pixels, Figure 1 (d)). Using the same cam-
era as for PIV, 150 images were taken at 0.5 Hz frame rate for each case. We set a thresh-
old intensity to identify sediment particles. We specify a binary value to each pixel (1 =
sediment, 0 = water), and average over all frames and along the x-direction to get a time-
averaged SSC profile, C(z), as a probability of the presence of sediment grains in the wa-
ter column. The bed location, z = 0, is determined by the top location where C(z) =
100 %. Calibration for SSC was done by adding known amount of sediments into a small
tank with known volume of water, continuously stirred to ensure that sediment parti-
cles are well-mixed and uniformly distributed. Following the same method (intensity thresh-
old, binary images, temporal and spatial averaging) with a 5-minute-long record for each
known concentration. The near-bed concentration, Cy, for each case is provided in Ta-
ble 1.

The quantitative imaging method for SSC works well in our thin flume. Sediment
grain size was larger than the image pixel size to avoid overestimation of the measured
SSC. The amount of suspended sediment particles was limited to an appropriate range
to avoid saturation, which would cause extremely dense clouds of suspended sediment
that would prevent us from getting an accurate metric. In low speed cases, when there
are not many suspended particles, the camera resolution and the size of sediment par-
ticles determine a lower-limit baseline, which occurs at some specific z-locations where
just a few grains appear on a small number of frames. This is more noticeable in the up-
per water column near the free surface.

To improve the analysis at low SSC (i.e., low number of recorded particles), a moving-
average-frame technique was applied to include the adjacent concentration data into the
analysis. The size of the moving frame was designed as 3 to 5 times the sediment size
to ensure that the averaging SSC data at each z-location included the entire sediment
particle, and averaged over the adjacent region within twice the particle size. More de-
tails are described in the supporting information.

4 Results and Discussions
4.1 SSC Profiles of Bare-Bed Channels

To validate the SSC observation method, three bare-bed test cases under different
mean flow velocities were conducted and compared with the classical Rouse profile (Equa-
tion 4) as shown in Figure 2. The near-bed reference location for the Rouse profile was
set as b = Dy =~ 1 mm. When the flow velocity goes higher, more sediments are sus-
pended, which makes higher SSC in the water column, showing better agreement between
the experimental data and the fitted Rouse profile as R? value is as high as 0.86 (Fig-
ure 2 (c)). Under lower flow velocity, there are fewer sediments suspended in the water
column, resulting in lower SSC profile and larger deviations from the fitted Rouse pro-
file as R? value drops to 0.65 (Figure 2 (a)). The deviation, due to the camera resolu-
tion and the particle size, is discussed in Section 3.3. However, the fitting coefficient still
shows a satisfactory fit, ensuring R? > 0.65 among all the cases. In Figure 2 (d), based
on the SSC-fitted bed shear velocity, u;, and the mean flow velocity profiles obtained
from PIV, the experiment shows consistency with the theoretical log-law profiles in open-

channel flows. In Figure 2 (e), u; calculated directly by the near-bed Reynolds stress v/ —u/w



from PIV also matches well with the SSC-fitted u;, and the log-law. Those results again
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283 validated the current SSC measurement method against the Rouse framework for bare-
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(c) SSC, U =30.6 cm/s
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1 e
~ < : ~ S & -
\o 2R &
0.8 Voiie v R?=0.76 o
C ? A \
'\\ o) ‘\, ub=1.33cmls 3
) Y N
0.6 ‘\ : R?=0.65 "\ R2%=0.86 -,‘\
% o u;=1_05cm/s . v“ u;=1.75cm/s :“
8 \
0.4 - \\ ke 1
(o T, § 0 1
\ \ \
\ \ &
0.2 - as i
Exp. data \ Exp.data “ « O Exp.data N
- - =Fitted: ZR=2.31\ § - = = Fitted: ZR=1.83 \\ - - =Fitted: ZR=1.39 \\
0 o -~ o B ~
10° 10% 10* 102 10% 10° 0% 10* 102 102 0% 109 10 102 10°
c/C, c/C, c/C,
(d) Mean velocity profile (e) Bed shear velocity
‘
1 = = =Log-law
1
0.8 3 ()3 PIV Ex'p‘ Data
[ SSC Fitted ’
[ g
' 2 >
0.6 : @ §
E 1 g /'6
N I ~ Q’ #
0.4 2 50 s
[} 1 3('
" Exp. Data [Low! ’ o O
2 J O oo Dua i .
§ e Logdaw (Low) W2
3 Logdaw (Median) ’
‘,:' ¢ = = =Loglaw(High) .
0 : 0
0 20 40 60 0 10 20 30 40
U (cm/s) U (cm/s)
Figure 2. The measured SSC profiles in bare-bed cases under (a) U = 16.8 cm/s, (b)
U = 220cm/s,and (c) U = 30.6 cm/s. Grey circles represent experimental data. Black

dashed lines represent the fitted profiles of SSC. Comparison of (d) mean velocity profile and

(e) bed shear velocity. In (d), grey squares represent experimental data under low flow ve-

locity (U =
locity (U =

U =
bed Reynolds stress v/ —u/w’ from PIV data. Black crosses represent the fitted bed shear velocity

from the measured SSC profiles. The grey dashed line represents the bed shear velocity from the

theoretical logarithmic profile in open-channel flows.

16.8 cm/s). Grey crosses represent experimental data under medium flow ve-

22.0 em/s). Grey circles represent experimental data under high flow velocity

30.6 cm/s). In (e), black circles represent the bed shear velocity calculated with the near-
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4.2 SSC Profiles of Emergent Vegetated Channels

By applying the proposed two-layer model derived in Section 2, Figure 3 shows the
model fitted results against the measured SSC data points within emergent arrays. Like
the bare-bed case, the near-bed reference location for the model is also set as b= D, ~
1 mm. The height of the boundary layer region is defined by the vertical location where
mean velocity profile reaches a constant value as shown by the dotted line in Figure 3.
Within the boundary layer region, flow structure is strongly affected by the flow inter-
action between bed shear and vegetation stems. The near-bed velocity bulge is one of
the features caused by flow coherent structures (e.g., horseshoe vortex and junction vor-
tex), which entrains fast moving fluid with high momentum from the surrounding region
into the wake (D. Liu et al., 2008; Stoesser et al., 2010). As a consequence, the varying
velocity profile in this region alters SSC, while above Hy, the unchanged mean flow ve-
locity makes a constant SSC profile. The model performs well to predict SSC through-
out the entire water column with emergent vegetation. However, the result shows that
two critical variables, Hy and uj, £ change with mean velocity and array density, such
that their parameterization is needed for accurate predictions.

~10—
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Figure 3. Measured SSC profiles and the corresponding mean velocity profile in flows with
emergent vegetation under (a) ah=0.1, U = 4.17 e¢m/s, (b) ah=0.1, U = 6.04 cm/s, (c) ah=0.5,
U = 1.76 cm/s, (d) ah=0.5, U = 4.66 cm/s, (e) ah=0.5, U = 4.94 em/s. Grey circles repre-
sent experimental data. Black dashed lines represent the fitted curve for SSC profile. Black solid

lines represent the velocity profile. Black dotted lines indicate the thickness height of the bottom
boundary layer.

4.3 A Model to Predict Thickness Height of the Effective Bottom Bound-
ary Layer

According to previous studies, within the effective bottom boundary layer, the layer
thickness height, Hj, is governed by an equilibrium between rates of turbulence produc-
tion, P, and the viscous dissipation, €, (Brouwers, 2007; Karimpour & Venayagamoor-
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thy, 2013)
O~ P—c¢ (14)

Following a similar argument proposed by Etminan et al. (2018) that TKE production

in the cylinder wakes balances the rate of work done by form drag (Tanino & Nepf, 2008),
turbulence production, P, can thus be expressed as the wake production, P,,, generated
by the vegetation. Equation 14 then becomes

P, =€ (15)

P, can be further scaled as (Nepf, 1999; Nepf & Vivoni, 2000)
1 3
P, ~ gCDaub (16)

where Cp is the drag coefficient of the vegetation canopy, and € can be scaled as

*2
I/Ub

€~ . (17)

Replacing Equation 16 and 17 back into Equation 15, we obtain

Hb2 ~ — (18)

In our case, since the roughness density of the canopy is in a range of ah = 0.1 to 0.5,
Cp ~ 1 can be a valid approximation (Nepf, 1999). Etminan et al. (2018) followed the
linear stress model by Yang et al. (2015) to propose an approximation of the bed shear

velocity
p=U 2 (19)
U =
b ReHU

based on the thickness height of viscous layer, H,, where Rey, = UH,/v. Consider-
ing the bottom roughness effect, we followed the form of Equation 19 and assumed that
ug is inversely proportional to the roughness Reynolds number Re, = Uk, /v

2

*
up < U
b Reks

(20)

where k, is the bottom roughness. The above assumption of the inverse proportion be-
tween u; and ks is only valid when ks/H << 1. k; is usually estimated from the sed-
iment size (ks = Ds =~ 1 mm in our cases). Finally, replacing Equation 20 into Equa-
tion 18, we estimate Hj based on bottom roughness as

1 2k \V*
=g, (aZU) .

where « is an empirical coefficient that needs to be experimentally determined. The new
proposed H, estimation in Equation 21 accounts for the bottom roughness effect in nat-
ural water environments.

Compared to previous laboratory experiments (D. Liu et al., 2008; Dupuis et al.,
2016) and field data (Widdows et al., 2008), covering a range of Req = 100 to 1,400,
d = 0.5to1cem, and ¢ = 0.006 to 0.25, Figure 4 (a) shows that the proposed model
performs well to predict H;, with R? = 0.75 and the resulting empirical coefficient o =
1.52.

The model suggests that Hj increases as U or a decrease, meaning that when the
flow velocity is low, the effective bottom boundary layer is thicker, similarly to the tur-
bulent boundary layer becoming thicker when Reynolds number is lower. Also, for sparser
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vegetation, the flow can behave more like an open-channel flow, with a larger portion
of the flow following the logarithmic profile. Higher k; will also increase Hp because stronger
turbulence can be generated from the rougher bed. However, the model is asymptotic
to infinity when a?UH*/vks — 0 as shown in Figure 4 (b), requiring a lower limit of
this model according to Hy/H < 1, which yields:
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Comparison of the Hj, model with (a) the linear fitting result and (b) the zoomed-

in region focusing on the lower value region of a?UH* /vk,. Hy is normalized by the water depth,

H. Black dashed line represents the model prediction. Grey stars represent experimental data

from the current study. Grey circles represent experimental data from D. Liu et al. (2008). Grey

crosses represent experimental data from Dupuis et al. (2016). Grey triangles represent field data
from Widdows et al. (2008). The overall model R-squared value is 0.75. (¢) Comparison of the

modeled and experimental fitted uj, 7 against mean flow velocity, U. Grey stars represent ex-

perimental data fitted from the SSC profiles in Figure 3. Black solid line represents the mean of

the model prediction. Black dashed lines construct a prediction region according to the range of

roughness density, ah

center black solid line and 0.87 to the dashed region.

0.1 to 0.5 in the experiment. The model R-squared value is 0.53 to the

4.4 A Turbulence-Based Model to Predict Effective Bed Shear Veloc-

ity

Yang and Nepf (2018) showed that sediment incipient motion in vegetated chan-
nels depends on the total near-bed TKE, k;, which is assumed to be the sum of bed-generated
turbulence, ki, and vegetation-generated turbulence, k;,. Then k4 can be approximated
by (Stapleton & Huntley, 1995):

by ~

*2
uy 1 9

0.19  0.19C,,°

~13-

(23)
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where C;, is the integral coefficient that converts mean flow velocity to bed shear ve-
locity based on log-law (Wilcock, 1996)

u 1 "1 z 1 H
Cub u H/o Kn<30ks> z H{n(SOkS) } (24)
kt, can be estimated by (Tanino & Nepf, 2008)
s 2/3
key =12 |Cp——r 2 2
w1200 —gp| v )

The above ky, estimation is valid when Regy > 120 (C. Liu & Nepf, 2016) and d/s <
0.56 (Tanino & Nepf, 2008), which works for the current experimental setup.

However, to predict the mean SSC profile, local fluxes of sediment entrainment by
near-bed coherent structures should also be considered. Hence, k; can be modified as

ke = Ky + ko + Fies (26)

where k.5 is the TKE component by the near-bed coherent structures. Since the log-
law is assumed valid in the effective bottom boundary layer, we can follow the same ap-
proximation for &y to estimate the effective bed shear velocity, u;, s based on Equa-
tion 26

U er s = V019(ke + key + Ktcs) (27)

Okayasu et al. (2010) proposed a modified effective bed shear stress equation by adding
a component that is proportional to the root-mean-square (rms) value of the mean bed
shear stress, 7, "*

T =Tp+cmp"° (28)

where 7, is the effective bed shear stress, 7 is the mean bed shear stress, ¢ is an empir-
ical coefficient which depends on the shape, orientation, array density, and stem Reynolds

number, Req. Then, ks can be approximated from 7,™¢ in a similar way as k

pes ~ 2 (29)

c *
—u
0.19 "™™?

where u?,, ;> = 77" /p. Chang et al. (2017) provided a scaling method to estimate u

oy (L VR/UNY
s Re zy/H

*
rms

(30)

where zg is a near-bed reference vertical location, kg is the TKE at z = z9. In our case,
we set zg = ks, kto = kp + ko, Re = (UH/v), then Equation 30 becomes

1/2
uj:ms = <k13/ V ktb + ktv) (31)

Replacing Equation 31 and 29 back into Equation 27, we can finally obtain the estimated
up, i

c Vv
uzeff ~ \/Olg(ktb -+ ktv + \V ktb -+ ktv) (32)

0.19 ks
where ki, and ky,, can be estimated by Equation 23 and Equation 25, respectively.

Figure 4 (c) shows the comparison of the modeled and experimental fitted u; ..
Two dashed lines provide a predicting region according to the range of ah = 01 to 0.5
in the experiment. The model makes a prediction of uZeff with R? = 0.53 to the cen-
ter black solid line and R? = 0.87 to the dashed region. The best fitted empirical co-
efficient, ¢ = 5.1, which is close to the suggested ¢ = 4.1 for circular cylinders by pre-
vious numerical study using Detached Eddy Simulations (DES) (Cheng et al., 2018). How-
ever, as mentioned, the empirical value, ¢, varies under different Re; and ah. High SSC
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values can potentially cause turbulence modulation in the flow. However, the ranges of
SSC observed in our study are low enough to avoid such particle feedbacks and poten-
tial turbulence stratification effects (Cao et al., 2003). High SSC and a sharp SSC gra-
dient only occur in the near-bed region, which could introduce particle feedbacks to in-
fluence the magnitude of ¢. To obtain a more comprehensive range of ¢ would require
more experimental or numerical studies, considering a broad range of sediment size, den-
sity, and vegetation characteristics, which is out of the scope of the current study.

4.5 Model Application

According to the proposed two-layer model and the associated turbulence-based
parameterizations of Hy and uj, 70 We can predict SSC in flows with emergent vegeta-
tion by following the procedure summarized as follows:

- Use Equation 21 to estimate the thickness height of the effective bottom bound-
ary layer, Hy, based on the measured mean flow velocity, U, and the frontal area of veg-
etation canopy, a, within the limitation range shown by Equation 22.

- Use Equation 32 to estimate the effective bed shear velocity, uj, £ which con-
siders turbulence generated from the vegetation, the bed, and the coherent structures
caused by stem-bed-flow interaction.

- Use the estimated Hj and uj, i from the previous steps into Equation 10. Use
the measured C} and the known b (= ks = D) and w, from the sediment properties
to predict SSC profiles.

5 Conclusions

The vegetation-generated turbulence alters the flow structure and interacts with
bed-generated turbulence, creating near-bed coherent structures that enhance sediment
suspension. The traditional Rouse profile derived from the classic parabolic profile of 1,
in open-channel flows fails to accurately predict SSC in regions with aquatic vegetation.
We propose a two-layer model based on mean flow and turbulent stress profiles with two
additional turbulence-based models that provide estimations of the effective bottom bound-
ary layer thickness, Hj, and the effective bed shear velocity uj, s The models show that
Hy, increases as U or a decrease, while uj ., is determined by a combination of ks and
ki with an empirical constant, ¢, to parameterize the local fluxes of sediment entrain-
ment by near-bed coherent structures. More experimental or numerical studies are needed
to obtain a more comprehensive expression of ¢, which varies under different Rey and
ah. Experimental results and observations from previous studies validated the newly de-
veloped two-layer model under ah = {0.1 - 0.5} and Req = {100 - 400}, which provides
better prediction and more detailed insights on sediment resuspension and SSC in emer-
gent vegetated flows. The model is expected to deliver critical information for future stud-
ies on landscape evolution and water quality management in vegetated channels, wet-
lands, and estuaries.
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