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Abstract

The shear stress at the bed of a channel influences important benthic processes such
as sediment transport. Several methods exist to estimate the bed shear stress in
bare channels without vegetation, but most of these are not appropriate for vege-
tated channels due to the impact of vegetation on the velocity profile and turbulence
production. This study proposes a new model to estimate the bed shear stress in
both vegetated and bare channels with smooth beds. The model, which is supported
by measurements, indicates that for both bare and vegetated channels with smooth
beds, within a viscous sub-layer at the bed, the viscous stress decreases linearly with
increasing distance from the bed, resulting in a parabolic velocity profile at the bed.
For bare channels, the model describes the velocity profile in the overlap region of
the Law of the Wall. For emergent canopies of sufficient density (frontal area per
unit canopy volume a > 4.3m™! ), the thickness of the linear-stress layer is set by the
stem diameter, leading to a simple estimate for bed shear stress.
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tions along the transect of length ds (shown above) positioned at the
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(a) Spatially-averaged stresses normalized by pU? with U, estimated
from the total stress method, and (b) stream-wise velocity normalized
by U, at four horizontal locations (symbols) for case 1.1. The four
locations are 5cm apart along a lateral transect in the middle of the
flume. The near-bed viscous stress follows a linear distribution. The
linear fit to the total stress (magenta line) represents the total stress
method for U, in Table 3.1. The time averaged stream-wise velocity
profiles at four lateral positions are presented by four different symbols
in figure (b). The velocity follows the Law of Wall (red curves in
b) in the near bed region and the upper log-layer region. The new
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Chapter 1

Introduction

1.1 Ecosystem services of aquatic and riparian veg-

etation

Aquatic and riparian vegetation are, respectively, the vegetation living in fresh- and
salt water and those living in the interface between water and land. In addition to
contributing to the global food yield [14], aquatic and riparian vegetation play an
important role in the functioning of our ecological systems, such as stabilizing banks,
beds and shorelines, purifying water, providing habitat for invertebrates and other
organisms, and attenuating waves and storms [59, 5, 61]. Conservative economical
evaluation shows that seagrass contributes 3.8 trillion dollars per year to our global
ecosystem by cycling nutrients, and wetlands contribute around 1.4 trillion dollars
per year by treating waste water [18]. Most of this value is currently outside the

market.

Recently, increasing attention has turned to the study of the ecosystem services of
aquatic and riparian vegetation due to the deterioration of our ecological environment.
In 1998, nearly 40% of the assessed river miles in the U.S. was found to suffer from
excessive sediment [3]. According to EPA’s recent survey in 2008 and 2009, 55% of
the U.S. river and stream length is in poor biological condition and 40% of it has high
levels of phosphorus and 28% has high levels of nitrogen[4]. According to the Chinese
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SEPA report in 2014, 17 out of 31 major lakes in China are polluted, and 28.3% of the
main rivers are non-drinkable [69]. It is estimated that each year 190 million Chinese
get sick and 60,000 die because of water pollution [78]. Vegetation, with its unique
ability to remedy water pollution, has became a common tool in the restoration of
rivers, streams, and wetlands [59, 7, 5]. This section is focused on discussing the

different roles the aquatic and riparian vegetation plays in ecosystem services.

1.1.1 Vegetation and erosion

Aquatic and riparian vegetation are recognized for their ability to reduce erosion in
channels [89, 1, 2] and coastal areas[108, 30, 71]. Field observation in streambanks
shows that vegetation is able to reduce erosion and stabilize banks [89, 6, 58]. In
southern British Columbia, researchers found that major bank erosion happened 30
times more frequently on non-vegetated stream bends than on vegetated bends [6].
Streams with vegetation were also found to retained up to 80% of the sediment in
transit downstream [84], and, similarly, a vegetated reach retained 50% more corn
pollen than an unvegetated reach of similar length [106]. The observations in the
field have been confirmed in laboratory studies. In particular, Steven Abt and col-
leagues constructed a meandering stream channel in a recirculating flume based on the
configuration of natural streams [2]. By injecting sediment into the simulated stream
at different release rate through a filled sediment hopper, they compared the amount
of sediment deposition with and without vegetation in the stream. The amount of
sediment retained after flushing sediment-free water was also compared for bare and
vegetated streams. The study showed that the presence of vegetation significantly
increases the amount of sediment deposition and retention.

In coastal areas, vegetation also plays an important role in preventing erosion
[108, 30, 71]. By comparing the photographs taken before and after the disappearance
of the seagrass, Zostera Marina, Douglas Wilson [108] found that the level of the
seabed was lowered by 2ft after the die out of the seagrass and the bed became more
stony due to the erosion of fine sediments. Replanted mangroves were also proven to

be a successful way to protect coastal areas from erosion [71]. In particular, bunds
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(the constructed earth dykes) behind the mangroves were protected from erosion, and

as a result the agriculture areas behind the bunds were saved from erosion.

The reduction of erosion by vegetation has been attributed to the reduction of flow
velocity in the vegetated area [24, 84, 80]. In general, low velocity reduces erosion and
promotes sedimentation [84, 49, 80]. The existence of vegetation introduces additional
drag to the flow [63], which dissipates energy and slows down the flow, and as such
reduces erosion and promotes deposition. Field observation shows that submerged
vegetation can reduce velocity up to ten fold compared to adjacent non-vegetated
regions(88]. The flow reduction is more significant for emergent vegetation, because
emergent vegetation produces more drag than submerged vegetation. Two recent
studies partitioned sediment deposition inside a vegetated channel into two parts:
the primary deposition, which accounts for the deposition of sediment that hasn’t
been deposited before, such as the sediments from run off, and the suspended flux
of sediments that were deposited and resuspended from within the vegetated region
[30, 73]. Because the chemical compounds in the already deposited bottom sediments
might be different from the newly arrived suspended sediments, such partition can
help us understand the nutrient and chemical exchange between bottom sediments
and open water [73]. By assuming that the suspended flux declines exponentially with
increasing distance above the bed, Gacia and Duarte found that seagrass reduces bed

erosion mainly by preventing the resuspension of bed sediments[30].

In addition to the flow reduction caused by vegetation, researchers also found that
the surface of the vegetation acts like a distributed sediment sink [24, 48]. Specifically,
for vegetation that is not a perfect vertical cylinder, there is distributed horizontal
surface in the water column. The horizontal surface acts like a sediment sink because
sediment that deposited on the horizontal surface tends to slide down and accumulate
in the bed. In the presence of vines at flow velocity ~ 10mm/s, the total amount of
sediment deposition attributed to plant surface roughly equals the sediment deposi-

tion directly into the bed.

While it has been widely accepted that the fluid mechanics above the bed has a

large impact on the erosion and deposition in a vegetated channel, many researchers
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seek to understand the impact of vegetation roots on erosion [90, 34, 35]. Studies
show that the tensile stress provided by fibrous roots increases the soil cohesion and
reduces erosion [90, 75]. For overland flow, however, researchers have found that the
above-ground biomass plays a more important role in controlling erosion [76]. By
progressively clipping the grass cover, Prosser et. al. found that the above-ground
biomass decreases the erosion by two orders of magnitude compared to the roots-only
grass [76]. The fluid mechanics associated with the above-ground biomass is the focus

of this thesis.

1.1.2 Vegetation and water quality

Rapid growth of industry and urbanization promote the release of waste water that
contains nitrate, phosphorus, organic compound and heavy metal [91, 101]. Excessive
nitrogen and phosphorus has been identified as a major cause of algae blooms that
reduce dissolved oxygen, suffocate aquatic life, and produce toxins that are harmful
to human beings [77]. In 2007, excess phosphorus and nitrogen caused a gigantic
bloom of cyanobacteria in Taihu lake, which provided drinking water for over 2-
million people, and supported one of China’s most important fisheries for fishes and
crab [33]. The toxins produced by some cyanobacteria can cause damage to the
liver, intestines and nervous systems [33]. The nitrate in drinking water also causes
infant methemoglobinemia [44]. High nitrate concentration in 19.8% of the water
samples collected in the Great Lakes was found to cause lethal and sublethal effects
in amphibians [81]. Excessive organic compounds in the water can also cause oxygen
depletion and severe damage to aquatic life. Heavy metal, even at small amounts,
creates risk to human health as well[41]. To combat these pollutants, vegetation
has been widely used in waste water treatment. This is because vegetation can
significantly improve water quality by filtering excess nitrogen, phosphorus, carbon
and dissolved metals[36, 54, 59].

Experiments in controlled wetlands and rivers with and without vegetation show
that vegetation significantly increases the amount of N and P removed from the water

[100, 88]. By compiling previous field data, Valiela and Cole found that the vege-
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tation in coastal wetlands plays an important role in filtering land-derived nitrogen,
protecting seagrass from harmful levels of nutrient [104]. Seagrass is very sensitive
to eutrophication, and the amount of seagrass cover lost is positively correlated to
the nitrogen load in the water. By providing denitrification, which converts nitrate
to nitrogen gas, and burial of land-derived N, vegetation in wetlands helps to reduce

seagrass loss[104].

Vegetation increases the removal of N, P and C in the water by promoting the
deposition of fine sediment [86, 88|, uptaking and storing nutrient in their tissues[100],
and enhancing the microbial nutrient removal by modifying environmental conditions
[37, 100]. Field experiments in rivers using sediment traps and sediment cores have
shown that macrophytes cause a considerable nutrient retention by slowing down
flow, which increases the water residence time and the amount of deposition of fine
sediment[88]. In particular, the bed sediment within and downstream of a vegetation
patch contains much more fine sediment (up to 16 folds) than nonvegetated places[88).
The fine sediment has been found to contain much more organic matter, carbon, ni-
trogen and phosphorus than coarse sand [84]. Plants also uptake excess nutrients and
store them in different parts of their body [54]. This mechanism has been used in
waste water treatment [54]. By injecting '° N-labeled phytodetritus into the sediment
of seagrass, the uptake of nitrate through roots and the transport of nitrate to leaves
have been observed [25]. Biological inspection of seagrass leaves using microscopes
shows that certain seagrass leaves have no cell walls ingrowth but porous cubicles
that are presumed to facilitate nutrient absorption [47, 23]. For aquatic macrophytes
that live in rivers, roots have been found to play a more important role in absorbing
nutrient than leaves [16]. This conclusion is based on the strong dependence of plant
biomass and density on the nutrient concentration in the sediment rather than the
open water [16]. Field observation of river macrophytes shows that the accumula-
tion of organic material in vegetated channels exceeds the maximum macrophytes
biomass by ten fold [86]. This suggests that sedimentation in rivers play a major
role in removing nutrients from the water column. The modification of the microbial

environment by vegetation also contributes to the nutrient removal. By comparing
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the amount of N and P removed by wetland vegetation and the amount of N and P
being absorbed in the plant tissues and standing litter, Tanner et al. found that the
plant nutrient absorption, which accounts for only a small fraction of the total nutri-
ent removal by wetlands, is not the major mechanism for the removal of nutrient by
vegetation[100]. Instead, they suggest that the vegetation enhances the removal of N
and P by transporting oxygen via plant shoot to root, which enhances the microbial
decomposition and nitrification rates.

Aquatic and riparian vegetation acts as the largest biological sink for heavy met-
als and other contaminants [72, 109, 13]. Studies using trace elements show that the
amount of toxic metals such as Cd, Pb, and Hg in the vegetation can be at least one
order of magnitude greater than surrounding water and sediments [72]. The accumu-
lation of heavy metals mainly in the rhizomes and roots of macrophytes suggests that
macrophytes take up heavy metal mainly though their roots [87]. The increased de-
position of fine sediment inside vegetation also contributes to the reduction of heavy
metal in the water [96]. Fine sediments have been found to absorb heavy metal
at a greater rate than larger particles, because their surfaces are usually negatively
charged, such as the surfaces of clay minerals and organic matter [96]. Chemical
examination of sediments of different sizes shows that most of the heavy metal are

stored in fine clay and silt with size < 63um [105, 94, 112].

1.1.3 Vegetation and habitat

Aquatic and riparian vegetation are acknowledged for their ability to provide habitats
for aquatic animals and microorganisms [38, 32]. In one study, the seasonal variation
of aquatic animals in a stream was similar to the seasonal variation of plants [38],
and a decrease in the overall abundance of fish was related to the increasing length of
nonforested riparian reach [42]. Insects have been found to feed on aquatic vegetation
[57], and epiphytes such as algae always coat macrophytes [14].

Two mechanisms contribute to the creation of habitat by vegetation: the alter-
ation of the flow field [19] and the promotion of sediment deposition[8]. The spatial

heterogeneity of flow inside a vegetation patch allows aquatic animals like fish to rest
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in the low-velocity wake region and dart into the fast water for food [19, 39]. By
promoting the deposition of sediments, vegetation also indirectly affects the habitats
of aquatic life [8]. As summarized in [8], suspended and bed sediments have three
major effects on fish: (1) suffocation through direct contact, (2) the attenuation of
light by suspended sediments, which affect their feeding ability (3) burial of eggs and

larva by excess sediment.

1.1.4 Other ecosystem services

In addition to the above functions, vegetation also plays an important role in protect-
ing coastal areas from waves, extreme events like tsunami, shaping land topography
and absorbing carbon [71, 20, 97, 60]. The additional flow resistance provided by veg-
etation dissipates wave energy, which protects the coast from tidal and wind waves,
and extreme events like tsunamis [71, 55, 20]. The peak tidal wave velocity in swamps
(< 0.1m/s) has been found to be one order of magnitude smaller than the peak tidal
velocity in other regions [55]. The decay of the energy and amplitude of wind-induced
surface waves in a mangrove forest has been studied theoretically [55], and the de-
cay of random-wave height inside a vegetation field with mixed vegetation length has
been studied numerically and experimentally [10]. Flume experiments using simulated
emergent vegetation on a sand beach show that vegetation can significantly protect
the beach from regular and irregular waves [103]. During the 2004 Indian Ocean
tsunami, coastal areas with mangroves were found to suffer little damage while ar-
eas without mangroves were completely destroyed [20]. Using vegetation to protect
coastal areas from tsunami has been proposed [98].

The geomorphological impact of vegetation has been extensively studied. For
example, while experimental self-formed channels with only sand and water always
lead to braided channels, laboratory experiments with vegetation can convert the
steady-state braided channels to single channels [97]. Similarly, by placing vegeta-
tion at different places in a channel with different density, a straight channel can be
transformed into a meandering channel [7]. At the same discharge, the addition of

simulated riparian vegetation (dowels) can cause channel widening, which explains
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why steam reaches with riparian vegetation are wider than others [56]. The flow-
vegetation-sediment interaction also accounts for the erosion at the front and sides
of a vegetation patch and deposition downstream and within the patch [11]. Such
interaction can be used to explain the downstream growth of vegetation patches [85],
and the formation of channels between patches [102].

The substantial carbon-storage in aquatic vegetated habitats has recently drawn
a lot of attention [60, 74]. While the ocean stores and cycles 93% of the earth’s CO,,
over 70% of all carbon storage in ocean sediments falls in vegetated habitats, which
covers less than 1% of the seabed [60]. The carbon stored in the sediments of vegetated
habitats can be released into the atmosphere contributing to global warming if these

habitats are destroyed [74].

1.2 Sediment transport in vegetated channels

Despite the increasing effort in replanting aquatic and riparian vegetation to restore
ecosystems [71, 59, 1], the amount of aquatic and riparian vegetation has been de-
creasing rapidly. Over the past several decades, over 110 million acres of the fresh
and saltwater wetlands in the U.S. -more than half of the nation’s total amount- have
been lost[70]. Thousands of acres of seagrass, and miles of kelp beds vanished in the
U.S.[70]. Globally, the area of the world’s mangrove forests dropped by 26%, from
5.7 to 4.2 million ha[28, 20]. Between a quarter and a half of the tidal marshes in the
world has died out[22]. Deforestation of riparian vegetation with an annual rate of
14.6 million ha has also been reported [12, 95]. More details about this point and the
current advance in the study of sediment transport, especially in vegetated regions

are discussed in the following paragraphs.

1.2.1 Impact of sediment transport in vegetated channels

Studying sediment transport processes in vegetated channels is very important for the
following two reasons. First, as explained above, the ecosystem services of aquatic

and riparian vegetation, such as reducing erosion and purifying water, depend on the
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sediment transport processes [15]. Second, the sediment transport processes deter-
mine the existence and growth of the vegetation [17, 71, 27]. In salt marshes, the
sediment fluxes are considered to be one of the key factors determining the survival
of salt marshes [27]. Field observations show that wave-induced-erosion would causes
the retreat of the marsh edge [21]. The sediments eroded from the edge accrete on the
marsh surface helping it to keep in pace with sea level rise[21]. In the Venice lagoon,
the marsh edge has retreated 1 to 2m /year and the marsh surface elevation increased
by 1.54cm/year|21]. Using dimensional analysis, Day et al propose that the margin
retreat rate R is a linearly proportional to the wave power density [53]. Numerical
simulation of salt marsh evolution due to sediment transport under different sea level
scenarios has been explored[26]. The degradation of mangroves is also determined
by sediment transport mechanism [71]. Specifically, the erosion of mud-flats in front
of the mangroves exposes the roots of mangroves to water, and as such causes the
collapse of trees and the advance of erosion into the mangrove belt [71].

Sediment transport also affects the growth of vegetation [17]. Specifically, con-
trolled experiments with macrophytes grown in pails containing different sediments
at three locations with different flow velocity show that both the flow velocity and the
sediment composition affect the shoot density and biomass [17]. In particular, finer
sediments favor the growth of vegetation due to the larger nutrient concentration as

compared with coarser sediments [17].

1.2.2 Estimation of sediment transport

To date, sediment transport in bare channels has been extensively investigated, and
multiple empirical equations have been proposed to quantify the sediment transport
rate in bare channels [111, 31]. Most of these equations relate the incipient velocity
of sediment transport and the sediment transport rate to the shear stress at the bed,
Ty, or the friction velocity U, = \/T_b/7 , with p being the fluid density [9, 107]. Recent
studies suggest that the sediment transport rate in vegetated channels can be related
to the bed shear stress, similar to bare channel flows [43, 11, 45]. However, the typical

methods used to estimate the friction velocity (U,) in a bare channel (listed below)
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are difficult or not appropriate in vegetated channels [9, 82].

First, the log-law fitting method compares the measured velocity at different
heights to a logarithmic profile called the Law of the Wall [46, 65]. The friction
velocity is the fitting parameter. In vegetated channels, the Law of the Wall does not
apply because the velocity does not follow a logarithmic distribution near the bed for

either submerged or emergent canopies [61, 50].

Second, the slope method used in bare channels is based on the balance of bed
shear stress and the potential gradient due to the water surface and bed slopes, i.e.
Ty = pgsH, in which g is the gravitational acceleration, H is the water depth, and s
is the friction slope due to both surface and bed slopes. In vegetated channels, the
potential forcing pgsH balances both the bed shear stress and the stress due to the
vegetative drag. Some researchers have estimated the bed shear stress by subtracting
the vegetative stress from the potential forcing [43,. 45]. This method is prone to large
uncertainty, because both vegetative drag and the potential forcing are an order of
magnitude larger than bed shear stress [43, 99].

Third, in bare channel flow, the bed shear stress can be estimated from the max-
imum near-bed Reynolds stress, or by extrapolating the linear profile of Reynolds
stress to the bed [66]. However, the Reynolds shear stress profile inside vegetation
does not increase linearly towards the bed, but rather follows a distribution dictated
by the distribution of vegetation [64]. It is therefore inappropriate to apply the
Reynolds stress method in vegetated channels.

Fourth, the turbulence in a bare channel is produced by the boundary shear,
directly linking 7, and the near-bed turbulent kinetic energy (T K E). Observations
over a bare bed suggest 7, =~ 0.2TKFE [92]. In vegetated channels, however, the
turbulence generated by the vegetation dominates the total TKE [64], so that there
is no correlation between bed shear stress and turbulent kinetic energy [62].

Finally, the viscous stress at the bed provides the most rigorous estimate of the bed
shear stress. However, it is the most difficult to measure, especially in the field,
because it requires measurements of velocity within the viscous sub-layer, where 7, =

/,I,Z—Z|z=0, with p is the dynamic viscosity of water.
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From the above list, we see that the estimation of bed shear stress in a vege-
tated channel remains a key limitation in sediment transport studies. Rowinski [82]
proposed a mixing length model to predict the bed shear stress in a channel with
emergent vegetation. However, their model requires iteration and does not have a
practical form. In this thesis, [ propose a new model to estimate the bed shear stress
in vegetated channels that has the same form in bare channels. It is important to
note that our study only considers emergent vegetation, i.e. vegetation that fills the
entire water column, and channels with smooth and impermeable beds. Therefore,
this is only a first step toward providing a parameterization that will work for field
conditions. A discussion on how this model may be extended in the future to channels

with non-smooth beds can be found in the discussion section.
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Chapter 2

Theory

2.1 Governing equations

To account for the spatial heterogeneity of the flow inside a canopy, time- and space-
averaged (double-averaged) Navier Stokes (N-S) equations [68] are commonly em-
ployed in the study of both terrestrial canopies [29, 79] and aquatic vegetated canopies
[51, 52]. We refer the interested readers to [68] for details about the double-averaging

method. The double-averaged N-S equations in an emergent canopy of uniform poros-

ity are:
0 (i) _
il (2.1)
8(%) — 8<u—z> o _1_a<p> 1 a disp Rey vis _ .
e G 28BS (g () () - D 22

Here, u; = (u,v,w) refers to the velocity along the z; = (z,y, z) axes, corresponding
to the stream-wise (parallel to the bed), span-wise, and perpendicular (to the bed)
directions, respectively. The overbar ~ indicates a time average, and a single prime
" indicates deviation from the time average. The bracket () indicates the spatial
average. Each time-averaged variable [ is expressed as the sum of the spatial average,
(B), and a deviation from the spatial average B”. p is the pressure, and D; is the
time-mean stress due to both viscous and pressure drag exerted by the canopy in ¢
disp _Rey

direction. 7;;",T;; ,Tfjs are the time-averaged dispersive stress, local Reynolds stress
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and local viscous stress, respectively, defined in Eq.2.3.

7_Rey vzs (9’(1,7,

dz.sp —7 ] 72,7 —
> 2j puzu] 7,] = pv 8.’1;
J

Tz] —p <’U,, u] (23)

Here v is the kinematic viscosity. For unidirectional flow in a straight channel,

(%) / (G2 ~

velocity. In our experiments, g—H < 5%, so that we neglect the non-uniformity term

2

. H, with U representing the spatial-average of the time-averaged

in the z-momentum equation. Assuming that the average perpendicular ((w)) and
lateral ((7)) velocity are much smaller than the stream-wise velocity ({(@)), and that

the flow is steady (—Z 0), the stream-wise momentum equation can be simplified

to Eq.2.4.

0=gs, - 100 10 (aw o) s () D, 2

Here s, is the bed slope. The vegetative drag D, can be represented by a quadratic

law [61): Lo
D. — = b
Co2(1-9)

Here a is the frontal area per canopy unit volume, ¢ is the solid volume fraction, and

(a)* (2.5)

Cp is the drag coefficient. For cylindrical stems, ¢ = (7/4)ad. The pressure gradient

can be approximated as @ = —pg(ss — 8p), where s; is the water surface slope with

dzsp

R
T Y TV go to zero

respect to a horizontal plane. The internal shear stresses (7;;°%,7,;*, 7

at the water surface (z = Z,), so that a vertical integration of Eq. 2.4 from water

surface Z; to any position z < Z; above the bed yields,

( dzsp+< Rey> vts | +p/Zs [1 CDa __>2:| dz = pgs (Zs - z) (26)

Here s = s, is the friction slope. For small s, Z;, &~ H. The left-hand side of Eq. 2.6
shows the partitioning of total flow resistance into the internal shear stresses (first
term) and the vegetation drag (second term). The third term (on the right-hand side
of Eq.2.6) represents the driving force for the flow due to pressure and/or bed slope. A
similar drag partition method is described in [79]. The no-slip condition at a smooth

impermeable bed requires 7/%|,_y = 7%%|,_y = 0, so that the spatially-averaged bed
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shear stress is simply (1) = (Tfjis” + <7’£ey> + <T£~is>> om0 = (T2) |2=0 = <p1/% z=0>.
The effective friction velocity in a heterogeneous flow field is therefore defined as:
Users = \/m = \/W = \/@, with 7, and U, defined as the local bed
shear stress and local friction velocity, respectively. In a homogeneous flow field, 7,

and U, are interchangeable with (7,) and with U,.ss and (U,), respectively.

2.2 Friction velocity over smooth beds

2.2.1 Bare channels

First, we consider flow over a smooth bed without vegetation. Because a = 0 and
the spatial heterogeneity is small, the dispersive stress is negligible. As discussed in
[65], Eq. 2.6 can be simplified to (szey + T;’;s> |- = pgs(H — z), which indicates that
the total stress, the sum of the Reynolds stress and viscous stress, decreases linearly
with distance from the bed (z). Note that the local quantities and spatially-averaged
quantities are the same in a bare channel. As the Reynolds stress is zero at the bed,
Ty = pU2 = 7%%|,_o = pgsH, so that the bed shear stress can be estimated from the
friction slope (s). Alternatively, U, can be estimated by fitting the measured total

stress to the theoretical linear distribution of total stress,
Ton(2) = (T2Y +72) |. = pUZ(1 — 2/H) (2.7)

In this paper, the application of Eq.2.7 will be called the total stress method.

Another common way to estimate the bed shear stress over a smooth bare channel
is to fit the measured velocity to the analytical velocity profile called the Law of the
Wall [46, 65]:

az) | =2 2+ <5
U.

(2.8)
Lin (L) + 5 Z, >30

Here k, the von Karman constant, is 0.41. This law is linear in the near-bed region

(Z,; < 5) and logarithmic above (Z; > 30). A buffer layer exists between these two
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regions, i.e. 5 < Z; < 30, for which the Law of the Wall gives no formulation.

Within a thin inner layer (Z, < 5), the Law of the Wall assumes that the viscous
stress is constant, which is associated with a linear velocity profile (first line of Eq.2.8).
In contrast to this, if we assume that the Reynolds stress is negligible close to the
wall, Eq.2.7 reduces to (72%) |, = pgs(H —z), indicating that the viscous stress should
vary linearly with z close to the bed. We define the linear-stress layer height, H,, as
the height above the bed at which the linear-stress distribution can be extrapolated
to zero stress. Note that the Law of the Wall assumption of constant stress remains
valid at some distance less than H, from the wall, i.e. in the limit of z — 0, the linear
stress assumption and constant stress assumption are congruent.

The linear viscous stress distribution and the associated parabolic velocity profile

can be expressed as:

. ou U2
vis __ o _ < )
TV = pl/—az =p R (H, — 2) z< H, (2.9)
U.? 22
_ _ < .
u(z) = y (z 5 v) z < H, (2.10)

Note that because the flow is homogeneous in a bare channel, the locally-defined
equations (Eq.2.7, 2.8, 2.9 and 2.10) are also valid for spatially-averaged value, i.e.
also apply if w and U, are replaced by (@) and (U,).

2.2.2 Channels with emergent vegetation

Now, let us consider the situation with vegetation on a smooth bed. However, we
specifically consider regions of the flow for which the distance to the bed is smaller
than the distance to the nearest stem, such that the viscous stress and the velocity
are controlled by the proximity to the bed in a manner similar to that described
above for the bare channel. Namely, the near-bed viscous stress should also follow
the linear-stress model. We anticipate that this description will fail at some distance
close to a cylinder, at which the cylinder surface also contributes to local viscous

stress. In addition, we specifically note that this description will not hold within one
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diameter of each cylinder (stem), because of secondary flow structures that exist in
this region (e.g. [93]). In a model canopy of emergent vegetation (array of circular
cylinders), previous studies [63, 67, 50] have shown that the stream-wise velocity in
the upper water column (i.e. away from the bed) is vertically uniform, such that
TV = pu% = 0 in the upper layer of the model emergent canopy. We therefore

propose the following model for the distribution of viscous stress in regions at least

one diameter away from the stems inside an emergent canopy:

. p%E(H, — 2) 2z < H,
pois = § I (2.11)
0 z> H,

The following velocity distribution is consistent with 2.11 and a no-slip condition at

the bed:

U2 22 F[
” z = 4 S v

u(z) = UVZH( 2H”> (2.12)
U Hy 2> H,

Denoting the time-mean stream-wise velocity in the uniform layer (z > H,) as U,

the local friction velocity U, can be calculated from Eq. 2.12.

20U,
= 2.
Ue =/ o8 (2.13)

In this study, we use laboratory measurement to examine the validity of Eq.2.13

and to look for connections between H, and the characteristics of the model canopy.
In addition, we evaluate the relationship between the local estimate of U,, denoted
in Eq.2.13, and the effective friction velocity (U.ess) associated with the spatially-

averaged bed shear stress.
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Chapter 3

Methods

3.1 Experimental set up

Laboratory experiments were conducted in a horizontal recirculating glass flume with
a 1.2m-wide and 13m-long test section (bed slope s, = 0). By varying the weir
height at the end of the flume, the water depth was varied between H = 0.07m and
H = 0.13m. By varying the pump frequency, the cross-sectional average velocity
was varied between 0.002 and 0.18 m/s. A backscatter Laser Doppler velocimetry
(LDV) probe (Dantec Dynamics) was mounted on a manually driven positioning
system. Simultaneous measurements of stream-wise (u) and vertical (w) velocity
were recorded over a 300s period. The positioning system allowed the LDV to move
in both the 2z and y directions with a resolution of 0.1mm. In order to measure velocity
very close to the bed, the LDV axis was tilted 1 deg from horizontal and the velocity
was later corrected for this tilt. The wavelengths of the two beams of the LDV were
514.5 and 488nm, and the focal length was 399mm. For the majority of positions the
sampling frequency was 125H z, but close to the bed the sampling frequency dropped
as low as 5Hz. At this frequency, the mean velocity was still reliably measured, but
not the Reynolds stress. In these cases the near bed Reynolds stress measurements
were excluded from further anlayses, as noted below. The sampling volume was
dmm X 0.2mm x 0.2mm in the y, x, and z direction, respectively. The flow was

seeded with pliolite particles, and because the PVC board on the bottom of the flume
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is black, the reflection from the bed was negligible.

To simulate emergent vegetation, rigid dowels were placed in a staggered array in
perforated, black, PVC baseboards with smooth surfaces. The dowels covered the full
width of the flume. Two cylinder sizes were considered, with diameter d = 0.0063m
and d = 0.0126m. The frontal area per unit volume ranged from a = 0.5m™! to
17.8m~!. The drag coefficient for the cylinders in the array, Cp, was estimated from
a previous study [99]. 20 trials with dowels and 4 with a bare channel were conducted
(Table 3.1). For each trial, the velocity was measured at 15 to 40 positions along 3 to
11 vertical profiles, with at least 4 profiles for a vegetated channel. Our experiments
have shown that in a canopy 4 profiles give a good estimation of the laterally-averaged
parameters if the profiles are recorded at the extrema of the velocity field (i.e one
profile just behind a dowel y/ds = 0, one profile behind the closer adjacent dowel in
the upstream row y/ds = 1, one profile at the maximum velocity between the two
previous dowels y/ds = 0.5, and one profile between the maximum velocity and the
minimum velocity y/ds = 0.25). The vertical spacing of measurements was 0.2mm
near the bed. For the denser canopies (a = 12.6m~! and 17.3m™!), 2 or 3 dowels at the
side of the flume were removed to clear the optical path. Because the cylinders were
removed from positions laterally adjacent to the measurement point, their removal did
not alter the flow development leading up to the measurement point. Details about
each trial can be found in Table 3.1. Due to the constraint of optical access, the
individual vertical profiles were positioned along a lateral transect mid-way between

rows. The transect is shown in Fig.3-1b.
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Figure 3-1: Experimental set-up. The LDV measured streamwise (u) and vertical (w)
velocity. Vertical profiles were recorded at different lateral positions along the transect of
length ds (shown above) positioned at the mid-point between two rows of wood dowels.



Table 3.1: Experimental conditions for 24 trials

Stem Density Spacing Average Water Nb. of profiles
diameter velocity depth (Meas. per profile)
d[m] alm™']  ds[m] U [m/s] Hm]
Bare Channel

Case 1.1 NA 0 NA 0.047  0.083 4 (40)
Case 1.2 NA 0 NA 0.091  0.094 3 (20)
Case 1.3 NA 0 NA 0.036  0.110 4 (39)
Case 1.4 NA 0 NA 0.088  0.124 3 (28)
Emergent vegetation

Case 2.1  0.0063 0.5 0.056 0.013  0.075 11 (32)
Case 2.2 0.0063 0.5 0.056 0.093  0.098 7 (19)
Case 2.3  0.0063 0.5 0.056 0.050  0.078 9 (28)
Case 2.4  0.0063 0.5 0.056 0.048 0.114 5 (22)
Case 3.1  0.0063 4.3 0.019 0.052  0.097 11 (30)
Case 3.2 0.0063 4.3 0.019 0.083  0.120 7(21)
Case 3.3  0.0063 4.3 0.019 0.016  0.098 5 (18)
Case 3.4  0.0063 4.3 0.019 0.036  0.117 5 (18)
Case 4.1  0.0063 17.3 0.010 0.054  0.095 7 (23)
Case 4.2  0.0063 17.3 0.010 0.010  0.082 5 (20)
Case 4.3  0.0063 17.3 0.010 0.081 0.104 7 (18)
Case 4.4  0.0063 17.3 0.010 0.047  0.111 5 (17)
Case 5.1 0.0126 2.9 0.033 0.046  0.087 5 (18)
Case 5.2 0.0126 29 0.033 0.099  0.098 4 (19)
Case 5.3  0.0126 2.9 0.033 0.041  0.117 4 (16)
Case 5.4  0.0126 29 0.033 0.002  0.075 4 (21)
Case 6.1 0.0126 12.6 0.016 0.143  0.117 9 (21)
Case 6.2 0.0126 12.6 0.016 0.098  0.100 5 (18)
Case 6.3 0.0126 12.6 0.016 0.020  0.084 6 (16)
Case 6.4  0.0126 12.6 0.016 0.176  0.074 4 (15)

Case 4.4 has been excluded from our analysis because significant surface waves were
observed in this case. The average velocity, U, is calculated as the average of the
individual depth-average for each profile.
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3.2 Data analysis

In this paper, a spatial-average ({ }) denotes the lateral-average along this particular
transect. The friction velocity estimated from the spatially-averaged velocity is de-
noted (U),, and the spatial-average of the local estimates of friction velocity U,, i.e.
based on individual velocity profiles, is denoted (U.). The relationship among (U),,
(U) and U,y is discussed in the results and discussion section.

The measured velocities were used to estimate the friction velocity by fitting the
Law of the Wall (Eq.2.8), and the new linear stress model (Eq.2.10 and 2.12). For
the Law of the Wall, U, was used as the fitting parameter, and the best fit was
chosen based on the minimum value of the sum-of-squares error (SSE) between the
measurements and the model for both Z, < 5and Z, > 30 region, i.e. the two regions
were fitted together in a single procedure. The uncertainty in the fit was evaluated
by finding the range of U, values that return SSE less than the standard deviation
amongst the individual measured profiles. For the new linear stress model, both U,
and H, were used as fitting parameters for Eq.2.12 with the best combination of
values returning the lowest SSE. The uncertainty of U, and H, were tuned separately
using the same method as the Law of the Wall. Correspondingly, (U), and H,, were
estimated by fitting Eq.2.12 to the spatially-averaged velocity profile following the
same procedure. Finally, for the bare channel cases, the friction velocity was also
estimated by fitting Eq.2.7 over Z, > 30, which we call the total stress method. U,
was chosen based on the minimum SSE between pUZ?(1 — z/H) and ('rgij + T;f) |.
with the stresses estimated from measured velocity data (Eq.2.3). At Z, < 30,
(Tf;ey + 7';’;3) |-, oscillates intensely with the adjacent value differing by up to 20%.
We therefore exclude data from Z, < 30 from the fit. The uncertainty of U, was then
determined from the range of U, that return a SSE less than the spatial variation
between individual local total stress ((Tﬁey + T;’f) |.) profiles. For convenience, the
spatially-averaged value were used in all the fittings for bare channel cases, because

of the homogeneity of the flow.
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Chapter 4

Results

4.1 Linear distribution of near-bed viscous stress

Flow over a smooth bare channel

We first consider the smooth bare channel case. The vertical distribution of normal-
ized spatially-averaged stresses and stream-wise velocity are shown in Fig. 4-1 for
case 1.1. The data for all the figures in this section are listed in the appendix. The
U, obtained from the total stress method is used in the normalization. Near the bed
(z+ < H,4), the viscous stress (triangles) had a linear distribution, supporting the
linear stress model described above. For 2, = 2U, /v < 5 the Law of the Wall and the
linear stress model did equally well in describing the measured velocity (compare red
and green curves in Fig.4-1b). However, unlike the Law of the Wall, the linear stress
model also represented the measured velocity for z, > 5, up to z; ~ 25. That is,
the new linear stress model provides a description of the velocity profile that extends
through the buffer layer (5 < Z, < 30).

For the bare channel conditions, three methods were used to estimate the bed
shear stress: the Law of the Wall (Eq. 2.8), the total stress method (Eq.2.7), and
the new linear stress model (Eq. 2.10). The bed shear stress estimated from the Law
of the Wall and the linear stress method agreed within uncertainty (Table 4.1) for

cases 1, 2 and 3, and differed by only 14% for case 4. This agreement makes sense,
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because near the wall (Z, < 5), the velocity profiles associated with each fit essentially
overlap (Fig. 4-1b). The total-stress method also produced values of U, in agreement
(within uncertainty) with the two velocity laws, providing a consistency check for the
estimated U,. Finally, the non-dimensional linear-stress layer height, H,, = H,U,/v
(using U, from the new linear stress model), had a consistent value across all four
cases (within uncertainty), suggesting that H,, = 22 + 3(SD) may be a universal
constant, although further verification is required. Since H, is a close relative of the

viscous sublayer thicknes, it is not surprising that it may have a universal value.

(a) (b)
300¢ 100;
' Reynolds stress — Law of the Wall
~ Vliscous stress — Linear stress model
250¢f
e o Total stress
v — Linear fit of total stress
200F
R
: h
1507
+ b
N L
100},
% 15
StresstU? u/u,

Figure 4-1: (a) Spatially-averaged stresses normalized by pU2 with U, estimated from
the total stress method, and (b) stream-wise velocity normalized by U, at four horizontal
locations (symbols) for case 1.1. The four locations are 5cm apart along a lateral transect
in the middle of the flume. The near-bed viscous stress follows a linear distribution. The
linear fit to the total stress (magenta line) represents the total stress method for U, in Table
3.1. The time averaged stream-wise velocity profiles at four lateral positions are presented
by four different symbols in figure (b). The velocity follows the Law of Wall (red curves
in b) in the near bed region and the upper log-layer region. The new linear stress model
(green parabola) follows the measured velocity up to z = H,; =~ 25.

40



Table 4.1: The friction velocity U, estimated from three different methods

Bare Depth Total stress Law of the Wall Linear-stress method
channel | -averaged method method

cases | U[m/s] U.[m/s] U,m/s] U,[m/s] H,, = Hl
Casel.1 0.047 0.0032 £ 0.0001 || 0.0029 £ 0.0001 || 0.0030 £ 0.0001 254
Casel.2 0.091 0.0057 £ 0.0002 || 0.0052 £ 0.0003 || 0.0060 =+ 0.0005 19+4
Casel.3 0.036 0.0023 £ 0.0001 || 0.0023 £ 0.0002 || 0.0024 £ 0.0003 23+6
Casel.4 0.088 0.0054 £ 0.0002 || 0.0048 £ 0.0002 || 0.0056 £ 0.0004 203

U, estimated from three different methods agree within uncertainty. The non-dimensional

linear-stress layer height H,, = 22 £ 3 for the bare channel cases we studied.

Flow over smooth channels with emergent vegetation

Compared with the bare channel cases, the distribution of stresses within the emergent
canopy was more complicated because two additional components were added by the
canopy: the dispersive stress and the vegetative drag (Fig.4-2a). The vegetative
drag, estimated by Eq.2.5, represented 97% of the total drag and dominated the flow
resistance over the entire water column. Because the total stress is dominated by
vegetation drag, the total stress normalized by the bed shear stress, p (U )f, is much
larger than 1 at the bed. The vertical profiles of viscous stress at eleven positions
within the array are shown in Fig.4-2b. Although the velocity varied spatially inside
the canopy (Fig.4-3 and 4-4a), the viscous stress had almost no variation along the
measurement transect. This gives support to the assumption made above that our
transect represents a region of the flow for which the viscous stress distribution is
dominated by the proximity to the bed, because the distance to the bed is smaller
than the distance to the nearest stem. Further, the viscous stress was linear near the
bed and zero in the upper layer (Fig.4-2b), which agreed with the linear stress model
given in Eq.2.11. The dispersive stress and the Reynolds stress, though comparable
to the viscous stress near the bed, reduce to zero at the bed, so the bed shear stress
equals to the viscous stress at the bed, i.e. the normalized viscous stress goes to

1(Fig.4-2c).
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Figure 4-2: Emergent canopy case 3.1, a = 4.3m™!, ds = 3d, U, = 0.052m/s. The stem
diameter for this case is 0.0063m, and the fitted linear-stress layer thickness H, = 0.0035m,
corresponding to H,/d = 0.56. The vertical axis is the distance from the bed normalized
by the stem diameter, and the horizontal axes are the stresses normalized by p (U )f, the
bed shear stress fitted from the spatially-averaged velocity profile. (a) The spatially aver-
aged stress distribution is shown with the vegetative drag calculated with Eq. 2.5 using
drag coefficients Cp estimated from a previous study by [99]. Because the total stress is
dominated by vegetation drag, the total stress normalized by the bed shear stress, p (U )3,
is much larger than 1 at the bed. (b) Viscous stress profiles measured at 11 horizontal
positions (symbols). (c¢) Spatially averaged stresses.

The individual vertical profiles of time-averaged, stream-wise velocity normalized

by (U), at 11 lateral positions are shown in Fig. 4-3. Here (U), was derived from

the fit of the linear-stress model (Eq.2.12) to the spatially-averaged velocity profile.
At each lateral position, the velocity confirmed the two-zone profile proposed in Eq.
2.12. Specifically, the velocity was vertically uniform in the upper canopy (z/d > 4),

and the velocity near the bed (z/d < 0.5) was parabolic (green curve in Fig. 4-3b).
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Figure 4-3: Case 3.1 (as in Fig.4-2). Vertical profiles of time-mean stream-wise velocity
normalized by (U), at 11 horizontal positions (symbols). The z-axis of each profile is offset
by 3 units. The green dashed curves represents the fit of the linear-stress model (Equation
11) to each individual profile. (a) The velocity distribution over the whole water depth. In
the upper layer, the velocity is vertically uniform. (b) The velocity distribution in the near
bed region. The velocity is parabolic very close to the wall.

The spatially-averaged time-mean velocity (the black curve in Fig. 4-4) also
supported the linear stress model, i.e. the spatially-averaged velocity was verti-
cally uniform in the upper canopy (z/d > 4) and parabolic in the near-bed region
(z/d < (Hyo)/d). Here H,, was derived from the fit of the linear-stress model (Equa-
tion 11) to the spatially-averaged velocity profile, the same as (U),. Note again how
the parabolic velocity profile provided a good fit to the spatially-averaged velocity
over a larger distance (up to Z, = H,, (U), /v = 19) than the Law of the Wall,
which is only valid up to Z, = 5. However, similar to measurements described in [50]
a region of velocity deviation was observed close to Z, = H,,;. The Reynolds stress
exhibited a local maximum at the same distance above the bed (circles, Fig. 4-2c).
The feature deteriorates with increasing lateral distance from the upstream cylinder
(Fig.4-3) suggesting it is associated with the horseshoe or junction vortex formed at
the bed near each cylinder base (see Fig.7 in [93]). These coherent structures scale

with the cylinder diameter.
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Figure 4-4: Case 3.1. Vertical profiles of time-mean stream-wise velocity normalized by
(U), at 11 horizontal positions (symbols shown in Fig.4-3) and the spatial-average (shown
with heavy black curve). The green dashed curve represents the fit of the linear-stress model
(Equation 11) to the spatially-averaged velocity profile. The red line represents the fit of
the linear part of the Law of the Wall (Equation 7) to the spatially-averaged velocity. (a)
In the upper layer, the spatially-averaged velocity is constant except in regions very close to
the surface. (b) The distribution of the spatially-averaged velocity in the near bed region
is parabolic up to Hy,/d =~ 0.5.

We next consider the relationship between (U), and H,,, fitted from the spatially-
averaged velocity, and the locally fitted U, and H, (Fig.4-5). Along the lateral tran-
sect (defined in Fig.3-1), the local friction velocity U, (y) is fairy uniform, varying by

a maximum of 30% from (U),. The minimum U,(y) occurred directly behind the

upstream dowel (y = 0), which is reasonable because the velocity is also minimum
here. The spatial-average of the local U,, denoted as (U,), is approximately equal to
(U), (within 10% uncertainty). To conclude, Fig.4-3, 4-4 and 4-5 take together, have
shown that along the measurement transect, the new linear stress model (Eq.2.11) fits
both the local velocity profiles and the spatially-averaged profile. In addition, despite
the variation in upper-water column velocity (U,) across the transect (Fig.4-4), the

friction velocity was fairly constant, such that either order of averaging and fitting

((U), versus (U,)) produced similar values.
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Figure 4-5: Case 3.1. The distribution of the U,(y), fitted from local velocity profile,
normalized by (U), (triangles), and the distribution of the locally fitted H,(y) normalized
by H,, (squares). Here y indicates the position in the lateral transect, with y = 0 right
behind the dowels as shown in Fig. 3-1. The bold black dashed line represents the spatial-
average of local U,(y) normalized by (U),.

In the following sections we focus on developing an estimator for (U),. More
discussions on how (U), or (U,) can be used to estimate the effective friction velocity

at the canopy scale is presented in the discussion section.

4.2 The scale of H,,

The scale of H,, at low Rey for a > 4.3m™!

The values of H,,, determined from the linear stress model fit to the spatially-averaged
velocity are plotted in Fig.4-6. Subplot (a) and (b) separate the cases by cylinder
diameter, d = 6.3 and 12.6mm, respectively. First, let us consider the smaller cylinder
size (Fig.4-6a). When the array had sufficient density (e = 4.3m! and 17.3m™!,
shown with red symbols), H,, was comparable to the stem radius (shown by horizontal
dashed line). If the depth Reynolds number was not too high (Rey < 6000), at similar
values of Rey, H,, in the sparse canopy (black symbols) and the bare channel (open

symbols) were clearly larger than the stem radius. Therefore the presence of a dense

45



canopy (a > 4.3m™ ') reduced the linear-stress layer thickness to a scale comparable to
d/2 for small depth Reynolds number (e.g. Rey < 6000). For simplicity, R = d/2 is
used in the following paragraphs. However, in sparse canopies (a = 0.5m~! in Fig.4-
6a, black symbols), H,, was larger than the stem radius R. Specifically, the sparse
canopy value of H,, was between the bare channel value and the value in a dense
canopy (R). We propose that at low depth Reynolds number (e.g. Rey < 6000), for
canopies of sufficient density (here a > 4.3m™'), the viscous sub-layer is restricted to
the scale of the cylinder radius. The relationship between H,, and R observed for
dense canopies (a > 4.3m ™) is likely associated with the coherent structures formed
near the base of each stem. These structures create strong vertical velocity near the
bed, as shown by [93]. In particular, Fig.5 in [93] shows strong vertical velocity occurs
near z = R. By enhancing vertical momentum transport near the bed, the coherent

structures may suppress H,, to a scale comparable to R.

(a) (b)
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© Bare channel o Bare Channel
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Figure 4-6: The linear-stress layer thickness, H,,, versus depth Reynolds number, Rep,
for the bare channel cases (open circles) and the vegetation cases (a) with stem diameter
d=6.3 mm and (b) with stem diameter d=12.6mm. The depth Reynolds number Rep is
calculated using the spatially-averaged upper-layer velocity (U,) for the vegetated cases and
the spatial-average of the depth-averaged velocity for the bare channel cases. The vertical
error bars represent the uncertainty in fitting H.,,.
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Dependence on Rey

As Rep increased, the bare channel values of H,, decreased (Fig.4-6a), which is
consistent with the constant value observed for Hy, = (Hyo (U),)/v = 22+ 3 (Table
4.1). As (U,) increases, (U), also increases, so that H,, decreases. The same trend is
observed for the viscous sub-layer defined by the Law of the Wall (d;), i.e. ds+ = 5,
so that as (U,) increases, ds decreases. In our study, H,, in the bare channel became
comparable to the smaller stem radius (d = 6.3mm) near Rey = 8000 (Fig.4-6a),
so that above this value of Rey, the presence of the canopy has little impact on the
value of H,,. Although not evident in the cases we tested, we conjecture that if Rey
was increased further (Rey > 8000), the bare channel H,, would become smaller
than R. Accordingly, we posit that there exists a Reynolds number above which
the linear-stress layer thickness, H,,, would be the same in both bare and vegetated
channels, because the constraint imposed on H,, by bed-generated turbulence would

be greater than the constraint imposed by the stem-generated turbulence.

Now, let us consider the larger size cylinders (d = 12.6mm, Fig.4-6b). The val-
ues of H,, observed with the larger diameter arrays were consistent with conclusions
drawn above based on the smaller diameter arrays. Because the size constraint im-
posed by the stem radius was larger (R = 6.3mm), the bare channel value of H,,
became comparable to R at a lower Rey than occurred with the smaller radius ar-
rays (R =~ 3.2mm). Specifically, the bare and vegetated channel values of H,, became
comparable to one another at Regy = 4000. At higher Rep, there was no difference
between the bare channel and emergent array conditions. To summarize, below a
transition Rey, a dense canopy (a > 4.3m™!) can suppress H,, to R, but at higher
Rey, H,, is the same in both bare and vegetated channels. The transition Rey de-
creases with increasing stem radius. Based on this, we suggest that the linear-stress
layer thickness in a dense canopy (a > 4.3m™') will be H,, = min (R,22v/ (U),),

where the later term denotes the value for a bare bed.

The fitted H,, normalized by min (R,22v/(U),) are shown in Fig.4-7. For the

bare channel and emergent channels with a > 4.3m ™!, the model gives a very robust
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prediction of H,,, with these cases falling along the line of model agreement, shown
by the horizontal dashed line. The proposed model for H,, fails for sparse arrays

(a = 0.5m™', gray circles).
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Figure 4-7: The fitted H,, normalized by the proposed model min (R,22v/(U),). The
dashed line indicates agreement with the proposed model. The vertical errorbars represent
the fitting errors of H,, normalized by min (R,22v/ (U),).

4.2.1 Estimation of (U), in an emergent canopy

As shown in Fig.4-4, the spatially-averaged velocity can also be fit to Eq.2.13, pro-
ducing the estimate (U), = %fja—"} When the scaling H,, = d/2 is appropriate, we
propose that the friction velocity (U), = 2@ . As discussed above, this scaling
fails if the canopy is too sparse, such that the stem-scale coherent structures do not
dominate the near-bed flow, or if the depth Reynolds number is too high, such that
the bed-driven turbulence places a stronger constraint on H,, than the stem related
turbulence. To reflect the influence of both bed-driven and stem-driven near-bed

turbulence, we propose the following relationship for dense emergent canopies:

(U), = maa (\/6‘7<UO>,2 ”(g")) (a.1)
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Here, C; is the drag coefficient for the bare bed. Note that although (U,) strictly
defines the spatial-average of the velocity in the uniform upper layer of the canopy, in
most cases (U,) is close to the spatial-average of the depth-averaged velocity, which
is denoted as the average velocity U in Table 3-1. Due to the repeatable pattern of
the dowels in y direction, the spatial-average of the depth-averaged velocity along
the lateral transect shown in Fig.3-1 is equal to the volume flow rate per unit cross-
sectional area. So for the purpose of prediction, (U,) may be taken as the volume flow
rate per unit cross-sectional area corrected for porosity. Eq.4.1 captures the physical
limit that at high Reynolds number the vegetation will have negligible influence on
H,, and (U),. This limit is demonstrated in the values of (U), shown in Fig. 4-
8a. For the two stem diameters we studied, when Repy was higher than 8000, the
non-dimensional friction velocity (U), / (U,) in the emergent canopy was close to the
value observed in the bare channel, regardless of the stem diameter and the density
of the canopy. However, at low and moderate depth Reynolds number, (U), / (U,) in
dense canopies (red and blue symbols) was higher than bare channel values in Fig.
4-8a. Note that the transition Rey should decrease as d increases. That is, for a
larger stem diameter, the bare channel value of H,, would reach R at a lower Rey.
We caution that the transition Rey will likely also depend on the bare bed texture
which influences C. The quaritification of C, however, is not the focus of this study.
Here we assume that Cy for the bare channel is already known, and concentrate on
quantifying the bed shear stress once cylinder arrays have been added to the bare

bed.

Finally, Fig. 4-8b depicts (U), non-dimensionalized by /(v (U,)) /d for Rey <
6000. Over this range of Rey, (U), /(U,) was enhanced by dense canopies with
stem diameter d = 6.3mm (the red symbols in Fig. 4-8a). Compared with the
scatter of (U), /(U,) over the same range of Rey shown in Fig. 4-8a, the (U), non-
dimensionalized by /(v (U,)) /d was roughly a constant (= 2) as shown in Fig. 4-8b.
This observation confirmed that for this range of conditions (U), might be estimated

as (U), = 24/(v(U,)) /d.
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Figure 4-8: The fitted (U), non-dimensionalized by (a) (U,) and (b) /(v (U,))/d. The
black symbol represents the sparse canopy (a = 0.5m~!). In the bare channel with smooth
bed (open symbols), (U), / (U,) = 0.06.

In order to test the robustness of the conceptual model, the (U), obtained from

Eq.4.1 normalized by (U,) was plotted again the fitted (U), normalized by (U,) in

Fig.4-9. As shown in the figure, (U), /(U,) for the bare bed cases (open circles)
collapse to a single point, indicating that (U), / (U,) is a constant for bare bed chan-
nels with the same bed texture. In the channels with model vegetation, however,
(U), / (U,) has a wide range of values. The proposed model (Eq.4.1 and the dashed
line in Fig.4-9) captures the variation of (U), / (U,) in an emergent canopy with den-
sity a > 4.3m™'. For a = 0.5m™!, however, the model over-predicts (U}, /(U,).

More extensive testing is needed to more precisely define the array density above

which Eq.4.1 applies.
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by (U,). The open circles represent bare bed value also shown in Fig.4-8a. The size of
the open circle, however, has been enlarged to make the data more distinguishable. The
uppermost data point (black pentagram) corresponds to the case with the smallest Rey as

shown in Fig.4-8a.
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Chapter 5

Discussion

5.1 Relationship between the measurement tran-

sect and the canopy average

As discussed in the results section, the friction velocity (U),, fitted from the spatially-
averaged velocity (U) along the measurement transect (Fig. 3-1), falls within 10%
of (U,), the spatial-average of the local U, (Fig.4-5). In this section, we use the
numerically simulated data from [83] to show that (U,) may be a good approximation
for the effective friction velocity U.ess (= 4/(U2)) within some uncertainty. The

simulation results is shown in Fig.5-1.

93



T T U, / (gHs) "

43 42 a1 0 01 02 03 a4

! (gHs)"?

—<Uz> /(gHs)"? —-<U,>, / (gHs)'? ---U

reff

0.2

<U,> /gHs)"?

Figure 5-1: Estimates of bed shear stress normalized by the total stress, \/gHs. Note that
vegetative drag also contributes to the total stress, so that the normalized bed shear stress
has an average value less than 1. The color map and color bar is adapted from Fig. 4 of
[83]. In their simulation, the flow is from left to right through a staggered array of cylinders
with ds (defined in Fig. 3-1) equal to 2.5d. U, is negative if the shear stress on the bed is in
—x direction. The depth Reynolds number Rejy is around 3000. The blue curve shows the
lateral-average of the simulated U,/\/gHs at each x position excluding 1 diameter region
around the dowels. The effective friction velocity U,.ys is the black dashed line.

We first exclude the data in the region within one diameter from the center of each
stem (Fig.5-1). We justify this exclusion based on the fact that we seek an estimate
of bed shear stress for the future purpose of predicting net sediment flux through the
canopy. The elevated (red) and diminished (blue) regions of bed stress close to the
individual cylinders only produce localized sediment transport, i.e. the scour holes
and deposition mounds classically observed near bridge piers (Fig.1 in [110]), and
are not indicators of sediment flux at the canopy scale. Specifically, [40] observed
that the generation of individual scour holes occurs at lower channel velocities than
the onset of canopy-scale sediment transport. Rather, the value of bed shear stress
within the contiguous region of relatively uniform bed shear stress (green region in the

color map) represents the more relevant value for predicting canopy-scale sediment
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transport.

After excluding data from within 1 diameter of each stem center, we laterally-
averaged the local U, at each z position (upper plot in Fig.5-1). This lateral-average of
local U, is denoted as (U,),. The position z/ds = 1 corresponds to the measurement
transect used in this study, and this point is marked in Fig.5-1. The average of (U,),
along the z direction, denoted as (U,) ,, is the canopy-scale area average of U,. Fig.5-1
shows the variation (U,) 1» hormalized by the shear velocity associated with the total
stress v/gH s, along z (blue curve). Note that since vegetative drag also contributes to
the total stress, this normalized bed shear stress has an average value less than 1. In
the region between cylinders, e.g. 2/ds = 0.5 to 1.5, (U,) is relatively uniform, and
close to (U,) (marked in figure). Further, (U,) differs from (U.,), (blue dashed line)
by only 10%. For arrays with larger spacing between cylinders, the uniform region
will occupy a larger fraction of the total area, and the difference between (U,) and
(Us) 4 will decrease. We therefore tentatively suggest that (U,) is representative of the
canopy-average. In addition, the effective friction velocity, defined as U,ss = /(U2)
(black dashed line Fig.5-1) is approximately equal to the (U,), (within 5%). Given
this, we suggest that Eq.4.1 may reasonably predict the effective friction velocity

U*effl

Uiess = maz <\/C_'f (Us,) ,2 %"l) (5.1)

We caution that this conclusion is tentative, because [83] only provides maps of bed

shear stress for a single case, Rey =~ 3000 and ds = 2.5d.

5.2 Limitations of the model

The linear-stress model developed in this study has several limitations. Firstly, it only
works when the frontal area per unit canopy volume a is large enough so that the
velocity in the upper water column is uniform and that the stem generated turbulence
is strong enough to limit the scale of H, to R. In our experiments, we found that

these conditions are met for a > 4.3m™!.
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Secondly, the vegetation center-to-center spacing ds should be larger than stem
diameter d. As discussed in the theory section, within one diameter of the stem
center, the local linear stress model does not hold because the horseshoe vortex system
generated at the stem base locally alters the stress distribution. In addition, as the
center-to-center spacing (ds) decreases below 2.5d, the case shown in Fig.5-1, the
region where (U,), is uniform also decreases. As a result the difference between (U,)
and U,.ry would become larger, degrading the accuracy of the shear-stress estimate
given in Eq.5.1. However, for ds/d = 2.5, the difference between (U,) and U,y is
only 15% (Fig.5-1), implying that Eq.5.1 is accurate to within 15%.

Thirdly, the model and experiments described here only consider smooth and
impermeable beds. Using the distinction between hydraulically rough and smooth
flows as a guide, we expect that the validity of the proposed model for rough beds
would depend on the relative size of the bed roughness (sediment size) and thickness
of the linear-stress layer. For example, in a salt marsh, (U,) may be between 1
and 10ecm/s and typical stem sizes are d = 0.1 to lem, such that the thickness of the
linear-stress layer H,, = min (R, 22v/ \/_C_f (Uo>) is on the order of mm, which is larger
than the sediment size (on the order of 0.lmm). In this case the model developed for
smooth beds may provide a reasonable estimate of U,. In contrast, on a floodplain
(U,) may be 1m/s or higher and d is O(10cm), so that H,, is on the order of 0.1mm
which is comparable to sediment size. In this case, the bed roughness extends beyond
what we expect to be the linear-stress layer, and we expect that the bed roughness
will alter near-bed dynamics. Possibly this adjustment may be accomplished with an
adjustment to Cy to reflect the appropriate roughness, but a firm conclusion cannot

be drawn until experiments are completed on rough, permeable beds.

It is important to note that the spatial-averaging discussed in this paper (and es-
pecially in the results section) was targeted only at bed shear stress. The relationships
between local values and area-averages cannot be extended to other quantities, such
as velocity or dispersive stress. In addition, the model here only considers emergent
vegetation with cylindrical geometry. To apply the model for submerged vegetation,

the frontal area index ah (h is the height of the vegetation) has to satisfy ah > 0.3
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so that the turbulence generated at the top of the submerged canopy does not pen-
etrate to the bed and affect the near bed stress distribution ([52]). For vegetation
with non-uniform frontal area, a(z), the velocity in the upper layer of the canopy will
not be uniform, instead varying inversely with a in z direction [67]. In this case, the

upper layer velocity (U,) will need to be defined more carefully.
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Chapter 6

Conclusion

This study developed a model that can predict the friction velocity in smooth channels
with and without model emergent vegetation. In a bare channel, the model assumes
that within a distance H, from the bed, the Reynolds stress is negligible so that the
viscous stress decreases linearly with increasing distance from the bed. The experi-
mental data confirm the near-bed linear distribution of viscous stress and suggest a
universal value for the non-dimensional layer thickness H,, = 22+3. Within a model
canopy of emergent cylindrical dowels, the linear stress distribution was observed in
regions more than one diameter from the center of each dowel (Fig.4-3). For canopy
density above 4.3m™!, the thickness of the linear stress layer was shown to be the
minimum of the stem radius (d/2) and the bare channel value (22v/ (U}, ), such that
the effective friction velocity can be estimate from U,.fs = max (\/Ff (Uy),2 #{‘”)
The effective friction velocity in an emergent canopy is therefore either larger than

or equal to the bare channel value, for comparable depth-average velocity.
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Appendix A

Tables

This section contains the data included in the figures.

Table A.1: Experimental data for Fig.4-1

61

z(m) | u(m/s) u (m/s) u (m/s) a (m/s) TV TRey
at Profile 1 | at Profile 2 | at Profile 3 | at Profile 4 | (mm?2/s?) | (mm?/s?)
0.0012 0.0081 0.0101 0.0128 0.0103 NaN 1.26
0.0014 0.0094 0.0126 0.0116 0.0141 5.53 1.65
0.0016 0.0102 0.0129 0.0138 0.0139 7.20 1.77
0.0019 0.0142 0.0151 0.0165 0.0162 7.44 2.69
0.0023 0.0155 0.0186 0.0187 0.0187 5.40 2.80
0.0027 0.0193 0.0191 0.0206 0.0206 4.70 3.34
0.0031 0.0211 0.0231 0.0209 0.0224 6.21 4.13
0.0035 0.0242 0.0246 0.0255 0.0248 6.40 4.35
0.0039 0.0259 0.0272 0.0279 0.0261 4.51 5.17
0.0043 0.0278 0.0286 0.0285 0.0291 3.65 6.15
0.0047 0.0297 0.0309 0.0295 0.0293 3.57 5.71
0.0051 0.0299 0.0314 0.0320 0.0312 2.74 5.61
0.0055 0.0325 0.0321 0.0320 0.0321 2.52 6.77
0.0059 0.0322 0.0326 0.0348 0.0330 2.05 6.63
0.0063 0.0341 0.0352 0.0322 0.0339 1.75 6.45




0.0067 0.0351 0.0344 0.0352 0.0341 2.13 6.94
0.0071 0.0339 0.0364 0.0361 0.0339 0.32 6.83
0.0075 0.0368 0.0343 0.0349 0.0348 1.29 7.60
0.0079 0.0362 0.0383 0.0366 0.0331 2.65 7.35
0.0083 0.0370 0.0370 0.0381 0.0355 1.02 6.16
0.0093 0.0380 0.0388 0.0379 0.0364 0.85 7.63
0.0103 0.0393 0.0386 0.0392 0.0379 1.37 8.56
0.0113 0.0412 0.0413 0.0404 0.0394 0.92 7.25
0.0123 0.0393 0.0417 0.0409 0.0395 0.46 7.14
0.0133 0.0409 0.0421 0.0422 0.0402 0.59 7.68
0.0153 0.0401 0.0434 0.0427 - 0.0421 0.48 7.96
0.0173 0.0447 0.0438 0.0428 0.0433 0.58 7.71
0.0193 0.0427 0.0456 0.0452 0.0442 0.27 7.62
0.0213 0.0444 0.0448 0.0449 0.0439 0.18 7.47
0.0233 0.0463 0.0469 0.0441 0.0444 0.38 6.55
0.0283 0.0464 0.0490 0.0470 0.0453 0.35 7.10
0.0333 0.0484 0.0491 0.0489 0.0490 0.25 5.45
0.0383 0.0512 0.0499 0.0495 0.0489 0.19 4.73
0.0433 0.0524 0.0521 0.0494 0.0494 0.17 4.09
0.0483 0.0522 0.0531 0.0504 0.0500 0.15 3.56
0.0533 0.0520 0.0534 0.0530 0.0490 0.20 3.54
0.0583 0.0528 0.0549 0.0528 0.0528 0.23 2.63
0.0633 0.0542 0.0562 0.0533 0.0542 0.20 1.92
0.0683 0.0550 0.0565 0.0550 0.0550 0.04 1.32
0.0733 0.0550 0.0550 0.0550 0.0550 NaN 0.20

'Because in the bare channel, the spatial heterogeneity is small, only spatially averaged
viscous stress and Reynolds stress are listed for case 1.1. Because the centered difference
method was used to calculate the viscous stress, no value of viscous stress were given for
the lowest and highest positions.
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Table A.2: Experimental data for Fig.4-2, corresponding to case 3.1.

2 (m) s +Rey +Disp
(mm?/s?) | (mm?/s?) | (mm?/s®)
0.0001 0.00 0.78 -0.16
0.0003 24.31 2.88 -1.01
0.0005 28.15 4.66 -1.08
0.0007 25.93 9.13 -2.23
0.0009 19.86 14.51 -2.11
0.0011 17.24 20.68 -3.17
0.0016 14.34 30.03 -4.64
0.0021 9.07 36.66 -3.59
0.0031 5.93 39.68 -0.81
0.0041 291 36.96 3.29
0.0051 1.05 29.71 8.60
0.0061 -0.05 20.71 12.47
0.0071 -0.73 14.40 16.85
0.0081 -1.06 10.33 21.73
0.0091 -1.34 13.24 23.58
0.0101 -0.96 17.06 24.12
0.0126 -0.45 19.31 16.30
0.0151 -0.02 20.59 10.52
0.0176 0.21 22.42 8.62
0.0201 0.25 19.50 8.66
0.0226 0.13 17.38 8.19
0.0251 0.17 13.48 8.31
0.0301 0.11 9.35 8.42
0.0351 -0.01 5.44 6.54
0.0401 -0.01 2.06 4.44
0.0451 0.02 -3.80 2.93
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0.0501
0.0551
0.0601
0.0651
0.0701
0.0801

0.04
-0.03
0.01
0.07
0.14
0.00

-6.74
-7.81
-6.64
-12.49
-6.89
-14.99

1.77
-0.88
-1.33
-2.44
-0.30
-2.27

Table A.3: Experimental data for Fig.4-2 and 4-4, corresponding to case 3.1.

z (m)

0.0001
0.0003
0.0005
0.0007
0.0009
0.0011
0.0016
0.0021
0.0031
0.0041
0.0051
0.0061
0.0071
0.0081
0.0091
0.0101
0.0126
0.0151
0.0176
0.0201
0.0226

u (m/s)
at y/ds=10
-0.0032
-0.0006
0.0032
0.0086
0.0123
0.0146
0.0229
0.0271
0.0358
0.0390
0.0401
0.0386
0.0377
0.0361
0.0356
0.0352
0.0348
0.0354
0.0371
0.0385
0.0399

@ (m/s) 7 (m/s) W(mfs)) @ (m)s)
at y/ds =0.03 aty/ds=0.07 aty/ds=0.13 aty/ds=0.2
-0.0031 ©.0.0014 -0.0005 0.0018
-0.0005 0.0009 0.0023 0.0072
0.0029 0.0065 0.0076 0.0109
0.0076 0.0088 0.0141 0.0164
0.0121 0.0128 0.0177 0.0196
0.0142 0.0150 0.0201 0.0241
0.0227 0.0245 0.0252 0.0309
0.0272 0.0296 0.0301 0.0356
0.0343 0.0378 0.0394 0.0450
0.0387 0.0418 0.0443 0.0507
0.0400 0.0418 0.0468 0.0521
0.0399 0.0411 0.0453 0.0524
0.0390 0.0390 0.0440 0.0509
0.0371 0.0365 0.0424 0.0479
0.0372 0.0352 0.0400 0.0445
0.0358 0.0345 0.0378 0.0413
0.0329 0.0321 0.0329 0.0376
0.0359 0.0325 0.0334 0.0385
0.0367 0.0339 0.0349 0.0387
0.0394 0.0355 0.0365 0.0401
0.0398 0.0367 0.0387 0.0393

T (m/s)
at y/ds = 0.27
0.0009
0.0056
0.0097
0.0143
0.0187
0.0237
0.0316
0.0388
0.0490
0.0554
0.0576
0.0573
0.0554
0.0534
0.0521
0.0479
0.0443
0.0441
0.0457
0.0471
0.0471

2Only spatially averaged values of stresses were listed in the table. (U), = 0.0055m/s

was used for this case.
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0.0251 0.0408 0.0401 0.0392 0.0390 0.0402 0.0472
0.0301 0.0407 0.0397 0.0401 0.0394 0.0399 0.0493
0.0351 0.0420 0.0397 0.0402 0.0384 0.0392 0.0477
0.0401 0.0398 0.0386 0.0392 0.0391 0.0383 0.0480
0.0451 0.0416 0.0414 0.0390 0.0380 0.0388 0.0477
0.0501 0.0415 0.0413 0.0394 0.0385 0.0388 0.0474
0.0551 0.0413 0.0419 0.0391 0.0392 0.0389 0.0477
0.0601 0.0415 0.0419 0.0404 0.0406 0.0382 0.0456
0.0651 0.0414 0.0417 0.0416 0.0404 0.0383 0.0467
0.0701 0.0409 0.0429 0.0418 0.0410 0.0407 0.0451
0.0801 0.0386 0.0427 0.0444 0.0470 0.0488 0.0484
z (m) u (m/s) u (m/s) u (m/s) u (m/s) ) u (m/s) (@) (m/s)
at y/ds =04 aty/ds=053 aty/ds=0.67 aty/ds=0.8 at y/ds =1  Spatial average
0.0001 0.0027 0.0070 0.0078 0.0080 0.0062 0.0043
0.0003 0.0055 0.0116 0.0141 0.0135 0.0123 0.0089
0.0005 0.0106 0.0197 0.0192 0.0175 0.0177 0.0140
0.0007 0.0187 0.0265 0.0257 0.0256 0.0211 0.0201
0.0009 0.0232 0.0296 0.0311 0.0279 0.0289 0.0243
0.0011 0.0279 0.0338 0.0342 0.0311 0.0331 0.0281
0.0016 0.0362 0.0418 0.0431 0.0407 0.0423 0.0364
0.0021 0.0453 0.0484 0.0483 0.0452 0.0484 0.0424
0.0031 0.0547 0.0551 0.0532 0.0524 0.0541 0.0500
0.0041 0.0593 0.0589 0.0570 0.0554 0.0575 0.0543
0.0051 0.0616 0.0608 0.0581 0.0565 0.0590 0.0558
0.0061 0.0620 0.0623 0.0589 0.0580 0.0598 0.0564
0.0071 0.0612 0.0623 0.0594 0.0579 0.0595 0.0557
0.0081 0.0600 0.0616 0.0596 0.0581 0.0604 0.0549
0.0091 0.0576 0.0603 0.0582 0.0582 0.0601 0.0536
0.0101 0.0550 0.0597 0.0584 0.0578 0.0595 0.0522
0.0126 0.0517 0.0570 0.0578 0.0579 0.0604 0.0503
0.0151 0.0518 0.0558 0.0569 0.0570 0.0592 0.0500
0.0176 0.0519 0.0558 0.0567 0.0566 0.0580 0.0502
0.0201 0.0530 0.0559 0.0574 0.0567 0.0583 0.0510
0.0226 0.0541 0.0573 0.0571 0.0560 0.0588 0.0514
0.0251 0.0528 0.0571 0.0570 0.0568 0.0595 0.0517
0.0301 0.0552 0.0574 0.0584 0.0578 0.0607 0.0527
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0.0351
0.0401
0.0451
0.0501
0.0551
0.0601
0.0651
0.0701
0.0801

0.0547
0.0551
0.0548
0.0543
0.0546
0.0538
0.0523
0.0523
0.0558

0.0582
0.0581
0.0581
0.0582
0.0574
0.0570
0.0580
0.0584
0.0592

0.0587
0.0583
0.0581
0.0586
0.0592
0.0582
0.0593
0.0593
0.0594

0.0584
0.0580
0.0577
0.0582
0.0587
0.0582
0.0598
0.0596
0.0596

0.0616
0.0618
0.0626
0.0627
0.0635
0.0629
0.0644
0.0635
0.0644

0.0527
0.0526
0.0526
0.0527
0.0530
0.0524
0.0531
0.0531
0.0551

Table A.4: Experimental data for Fig.4-5, corresponding to case 3.1.

y/ds

H,(y) (m) | Us(y) (m/s)

0.00
0.03
0.07
0.13
0.20
0.27
0.40
0.53
0.67
0.80
1.00

0.0054
0.0054
0.0043
0.0037
0.0035
0.0043
0.0040
0.0036
0.0035
0.0037
0.0041

0.0039
0.0039
0.0043
0.0046
0.0048
0.0047
0.0052
0.0057
0.0058
0.0056
0.0055

3For case 3.1, the friction velocity fitted from the spatially averaged velocity (U),

0.0055m/s, and the fitted height of the linear stress layer H,, = 0.0035m.The spatial

average of local friction velocity (Ux) = 0.0052m/s.
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Table A.5: Fitted (U). and H,, used in Fig.4-6,4-7,4-8 and 4-8. Case 4.4 has been excluded
from our analysis because significant surface waves were observed in this case.

(U)« (m/s)

H,, (m)

Bare Cha

nnel

Case 1.1
Case 1.2
Case 1.3
Case 1.4

0.0030 +/- 0.0001
0.0060 +/- 0.0005
0.0024 +/- 0.0003
0.0056 + /- 0.0004

0.0083 +/- 0.0023
0.0032 +/- 0.0009
0.0096 +/- 0.0027
0.0036 +/- 0.0010

Emergent

vegetation

Case 2.1
Case 2.2
Case 2.3
Case 2.4
Case 3.1
Case 3.2
Case 3.3
Case 3.4
Case 4.1
Case 4.2
Case 4.3
Case 5.1
Case 5.2
Case 5.3
Case 5.4
Case 6.1
Case 6.2
Case 6.3
Case 6.4

0.0016 +/- 0.0001
0.0058 +/- 0.0007
0.0040 +/- 0.0003
0.0039 +/- 0.0003
0.0055 +/- 0.0003
0.0088 +/- 0.0004
0.0030 +/- 0.0002
0.0051 +/- 0.0003
0.0059 +/- 0.0010
0.0024 +/- 0.0006
0.0091 +/- 0.0013
0.0041 +/- 0.0007
0.0076 +/- 0.0013
0.0042 +/- 0.0007
0.0006 +/- 0.0001
0.0130 +/- 0.0020
0.0078 +/- 0.0007
0.0031 +/- 0.0006
0.0110 +/- 0.0020

0.0110 +/- 0.0020
0.0056 +/- 0.0015
0.0065 +/- 0.0010
0.0064 +/- 0.0010
0.0035 +/- 0.0005
0.0023 +/- 0.0002
0.0037 +/- 0.0006
0.0028 +/- 0.0003
0.0032 +/- 0.0013
0.0034 +/- 0.0020
0.0019 +/- 0.0005
0.0056 +/- 0.0020
0.0035 +/- 0.0013
0.0048 +/- 0.0020
0.0100 +/- 0.0080
0.0017 +/- 0.0005
0.0034 +/- 0.0008
0.0035 +/- 0.0020
0.0030 +/- 0.0008
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