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Executive Summary

Predicting the effects of riparian vegetation on hydraulics and sediment transport within
managed riverine systems is a growing challenge due to the increasing priority of maintaining
ecosystem function while sustaining water conveyance. Quantitative predictive tools are needed
to aid the science, economics, and policy of establishing environmental flows by addressing
questions regarding the physical interaction of flow, vegetation, and sediment in rivers and
floodplains.

A quantitative two-dimensional model (Dombroski D. E., 2017; Dombroski D. E., 2014) has
been developed at the Technical Service Center for simulating the effect of vegetation
characteristics on river and floodplain hydraulics through spatially distributed roughness. The
model is based upon the SRH-2D package (Lai, 2010), which contains a two-dimensional flow
and mobile bed sediment transport model. The vegetation-hydraulic solver uses measured
vegetation parameters and calculated hydraulic variables to estimate a spatially-distributed,
dynamic roughness coefficient that is coupled to the simulated hydrodynamics through the bed
shear stress. Quantifying transport of sediment under vegetated flow conditions presents
additional challenges because the mechanical processes driving sediment mobility may differ
greatly than that under uniform flow conditions for which predictive formulas are traditionally
developed. For example, increasing roughness to account for hydraulic resistance may cause
gross inaccuracies in predictions of sediment transport capacity because the assumed linkage
between roughness at the bed and fluid force is no longer valid. Although the total sediment load
equations perform well in simulating transport under uniform flow conditions, the lack of direct
linkage to some important flow characteristics (e.g., turbulence production due to interaction
with objects and complex geometries) limits the practical applicability to conditions under which
the effects are small. To be able to address the increasingly common sedimentation issues
associated with more complex flow geometries and vegetated conditions, further development of
the theoretical framework upon which the sediment transport models are based is necessary.
Sediment transport under complex flow conditions has been studied in the laboratory setting to
develop a better understanding of the interactions and important parameters governing transport
rates and distributions. We incorporate measurements of hydraulic variables and sediment flux
from a flume study to inform conditions under which the computational model lacks proficiency.
A formulation for driving sediment mobility is proposed that incorporates the effects of stem-
generated turbulence in order to better capture the dominant mechanisms under vegetated flow
conditions. The developments will increase the usability and accuracy in simulating vegetation
effects on hydraulics and sediment transport. Further testing, validation, and refinement of the
model will continue as it is applied at the project level.
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Figures

Figure 1. Bedload sediment transport rate Qs as a function of channel velocity U for vegetation
solid volume fraction @ = 0 (panel A), @ = 0.005 (panel B), and @ = 0.025 (panel C). Shown in
each panel are results from the Yang (2018) laboratory experiments (black), the SRH-2D

simulation results (orange), and the computed sediment transport rates as proposed in Equations
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Introduction

Sedimentation is inclusive of the processes by which clay, silt, sand, and gravel are eroded,
transported, and deposited. Sedimentation is one of the most significant problems facing the
management of rivers and reservoirs today; it is responsible for loss of conveyance, reduced
flood protection, reduced power generation capacity, and ecosystem degradation. Fundamentally,
the issue of reservoir sustainability is a matter of managing sedimentation. Understanding the
sedimentation process and how to manage it requires the ability to accurately predict, control,
and monitor sediment transport. Understanding transport of sediment is also critical to the
design of river restoration strategies that involve the engineered manipulation of channel
geometry and riparian vegetation. Quantitative understanding of linkages between vegetation and
sediment transport is necessary in order to design sustainable river restoration projects.

Predicting the effects of riparian vegetation on hydraulics and sediment transport within
managed riverine systems is a growing challenge due to the increasing priority of maintaining
ecosystem function while sustaining water conveyance. Quantitative predictive tools are needed
to aid the science, economics, and policy of establishing environmental flows by addressing
questions regarding the physical interaction of flow, vegetation, and sediment in rivers and
floodplains. These tools are especially critical for regions of the Western U.S. like Central
California, in which multi-benefit water projects (e.g., projects that enhance flood safety, wildlife
habitat, and public recreation) are legally mandated components of regional and State-wide
planning and funding efforts. These multi-benefit projects can be critically dependent on
accurate estimates and modeling of vegetation effects on hydraulic conveyance, due to concerns
over increases in roughness resulting from vegetation establishment and growth.

Numerical modeling tools (e.g., SRH-1D, SRH-2D, U2RANS) developed at Reclamation (Lai Y.
G., 2010; Huang & Greimann, 2012) are commonly used to simulate flow and sediment transport
in order to predict effects of management changes on sedimentation in rivers and reservoirs.
These quantitative predictive tools have been valuable in understanding and comparing outcomes
of management alternatives; however, the complexity of issues that Reclamation faces is
growing with an increasing priority of maintaining ecosystem function while sustaining water
supply and providing flood protection. Growing challenges call for continued development of
tools that can better predict the effects of complex ecohydraulic processes related to sediment
transport in the riparian environment. Current sediment modeling tools do not directly account
for the effect of riparian vegetation on sediment processes and therefore it is difficult to quantify
the effect of riparian restoration design on channel processes or to estimate the sustainability of a
specific design.

Theoretical Background
SRH-2D Model Overview

A quantitative two-dimensional model (Dombroski D. E., 2014) is in active development at
Reclamation’s Technical Service Center for simulating the effect of riparian vegetation on
hydraulics and sediment transport in the river and floodplain environment. The model is based
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upon the SRH-2D package (Lai, 2010), which contains a two-dimensional flow and mobile bed
sediment transport model. Hydraulic variables are computed by solving the depth-averaged
dynamic wave (St. Venant) equations using a finite volume numerical method:

oh  0hU  ohV _ (1)
ot ox oy ¢

0hU 0hUU 0OhVU 0T, OhT, 0z
=Xy xy—gh——%+Dxx+ny

(2)
at * dx * dy dx dy dx

(3)
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Tby
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In the above, tis time, x and y are horizontal Cartesian coordinates, h is water depth, U and V are depth-
averaged velocity components in x and y directions, respectively, e is excess rainfall rate, g is
gravitational acceleration, T, Ty, Ty, are depth-averaged turbulent stresses, D, Dyy, Dy, D, are
dispersion terms due to depth averaging, z = z» + h is water surface elevation, z» is bed elevation, p is

water density, and 7,,, 75, are the bed shear stresses (friction). Bed shear stresses are calculated by
the SRH-2D hydraulic solver that uses the Manning’s roughness equation as follows:

Tbx _ Ux 2 2. _ gnz (4)
(Tby) = ply (Uy>«’Ux tUy =117

where n is the Manning’s roughness coefficient. The user-specified Manning’s n is generally
spatially-distributed yet independent of the computed hydraulic variables and is the primary
“tuning” parameter used during model calibration. The turbulent stresses are computed through
an enhanced viscosity (Boussinesg assumption):

ou 2 5
Txx:2(V+Vt)a—§k ()

ou av (6)
Txy =W+v) (E-}'a)

av 2 7
Tyy=2(V+Vt)@—§k ( )

where v is kinematic viscosity of water, vt is the turbulent eddy viscosity, and k is the turbulent
kinetic energy. One of two turbulence closure schemes is used to model the eddy viscosity: vt =
CtU,h (parabolic model) or vt = Cpk?/e (k-¢ model), where Ctand Cy are constants, U, is the bed

10



ST-1778-2019-01

frictional velocity, and ¢ is turbulent energy dissipation. Solution requires solving additional
conservation equations for k and e.

Sediment transport computations are performed within SRH-2D by solving a total load
(combined bed and suspended load) conservation equation that attributes sediment concentration
rate of change to the sum of the divergence of the sediment flux and the inequality between
equilibrium and local transport rates (Greimann, Lai, & Huang, 2008):

0hC, 0cos xi BV, hC,, 0 sin o« B, V:hC, (8)
+ +
at dx dy
0 0Cy, d 0Cy
=5 (hkasx W) + a9y (hkasy W) + Sek

Equation (8) is valid for each sediment size class k, where Ck is depth-averaged sediment
concentration, ax is the direction angle of sediment transport, Vtis depth-averaged resultant flow
velocity, Dsx, Dsy are sediment dispersion coefficients, fk is the transport mode parameter
(0<fk<1), Bk is the sediment-to-flow velocity ratio, and Sek is a source term accounting for
sediment erosion and deposition:

1, 9)
Sex = I (qt,k - .BkVtth) (
tk

In the above, Ltk is the adaptation length scale and g; ;. is the equilibrium capacity sediment transport

rate for size class k. The form of Equation (9) represents total load; pure bedload or suspended load
formulas can be recovered by adjusting fc and Sex (Lai & Gaeuman, 2013) (Greimann, Lai, & Huang,
2008):

Sex = Ckws i (Cox — Csy), fr = 1 for suspended load
1o,
Sex = E(q””‘ — qpx), fi = 0 for bedload

A sediment transport capacity equation is needed to calculate g; , in Equation (9); SRH-2D offers

the user options to select from equations by Engelund-Hanson (1972), Meter-Peter and Muller (Modified,;
1948), Parker (1990), Wilcock and Crowe (2003), Wu et al. (2000), and Yang (1973, 1979, 1984).

Vegetation, Hydraulics, and Sediment Transport

The SRH-2D package features the addition of a hydraulic roughness module for computing
dynamic, spatially-distributed Manning’s n values based on vegetation characteristics
(Dombroski D. E., 2014). The computed Manning’s n roughness values account for resistance
due to form drag of flow through the vegetation. The vegetation module receives spatially-
distributed input data via a user-generated ArcGIS shapefile that is automatically mapped to the
computational grid of the hydraulic solver at runtime. The computational time step for the
hydraulic solver is generally limited by numerical instability, whereas the computational time
step for the vegetation module is limited by ecologically-relevant scales and can generally be

11
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significantly larger. A larger vegetation time step offers the benefit of decreased computational
overhead.

The vegetated flow formulas of Baptist et al. (2007), Jarveld (2004), Kouwen & Li (1980), and
Kouwen & Fathi-Moghadam (2000) are implemented in the model for calculating roughness.
Each algorithm was developed based on theory and empiricisms to model a subset of vegetation
types and flow conditions; the algorithms algebraically relate roughness to hydraulic variables
and vegetation characteristics. Hydraulic variables are computed by the SRH-2D solver;
however, vegetation characteristics must be measured and input to the model via an attribute
table associated with the ArcGIS shapefile.

An inherent challenge associated with the vegetation modeling approach is that direct
measurement of vegetation characteristics becomes unfeasible for large riparian corridors. On-
the-ground field measurements are labor intensive (Gillihan, 2013) and are typically performed
over subplots or across transects, leading to the necessity for statistical extrapolation to larger
spatial extents. In order to meet the need for vegetation characteristics over the full modeled
domain, the methodology of Mason et al. (2003) was adopted to estimate roughness based on
remotely-sensed data. The approach (Dombroski D. E., 2017) demonstrated the practicality of
informing the hydraulic model with vegetation characteristics deduced from LiDAR data, which
is increasingly being collected as part of routine project scope and usually provides complete
spatial coverage throughout the model domain.

The presence of vegetation within open channel flows generally increases inundation which can
be accounted for in numerical modeling exercises by increasing the substrate roughness values as
a function of the plant patch characteristics. The SRH-2D module simulates the effect of
vegetation in this manner, dynamically adjusting Manning’s n according to equivalent roughness
formulations (Dombroski D. E., 2014). However, variation of the roughness to account for
hydraulic resistance may lead to gross inaccuracies in predictions of the fluid capacity to
mobilize sediment. Dombroski (2017) introduces a partitioned roughness approach that
separates grain roughness used to compute sediment transport capacity from the total hydraulic
roughness. The approach shows proficiency in modeling conditions under which flow through
vegetation causes a trapping effect on sediment mobility. Although the bulk drag resistance of
flow through vegetation has been shown to reduce bed shear stress (Lopez & Garcia, 1997,
Thompson, Wilson, & Hansen, 2004), turbulence enhancement around stems can increase
sediment entrainment locally for some spacing and geometry configurations (Nepf H. M., 1999;
Nezu & Onitsuka, 2001), complicating the analysis.

The presence of vegetation effects the vertical distribution of velocities and near-bed stresses,
which cannot generally be simulated through modification of the roughness alone. Flow within
the vegetation zone is generally slow moving relative to that outside of the vegetation, which
alters the near-bed shear stresses. For submerged vegetation, faster moving flow is partitioned
above with high shear and turbulence levels at the interface (Simon, Bennett, & Neary, 2004; Le
Bouteiller & Venditti, 2015). Turbulence intensity within the vegetation zone is highly
dependent on the stem density and diameter and is generally an important mechanism driving
sediment transport and dispersion (Tanino & Nepf, 2008). Without explicit consideration of the

12
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stresses induced by the presence of vegetation in the flow, such models are not entirely useful in
predicting sediment transport effects (Larsen, 2008). An explicit treatment of the effect of
vegetation characteristics on the intensity of turbulent fluctuations is needed in order to predict
mass transport trends that are directly coupled.

Methods

Laboratory Flume Experiments

The influence of varying vegetation stem configuration on bedload transport rate was explored in
a recirculating laboratory flume at Massachusetts Institute of Technology (Yang, 2018).
Transport rate was measured in a bare channel and for vegetated conditions in order to infer
dependencies on shear stress, turbulent Kinetic energy, and vegetation solid volume fraction.
Transport rate generally increased with vegetation solid volume fraction, even as shear stress was
held constant, suggesting that stem-generated turbulence is an important mechanism for
mobilizing sediment. Transport rate and turbulent kinetic energy generally scaled consistently
across bare and vegetated conditions, suggesting potential for a more robust predictive
relationship than conventional models dependent on shear stress. Details of the experimental
setup, measurements, and results are presented in 1.

SRH-2D Hydraulic and Mobile Bed Model

An SRH-2D hydraulic and mobile bed sediment model was built to simulate the experiments
conducted in the laboratory flume. The model is based on a 1 m wide by 10 m long rectangular
grid comprised of 2000 quadrilateral cells. A single sediment gradation was specified having
minimum, maximum, and median grain diameter of 0.42, 0.6, and 0.5 mm, respectively.

The model was calibrated to the bare bed (non-vegetated) flume experiments. For the non-
vegetated simulations, a constant roughness was specified over the entire model domain. The
model was considered calibrated when the mean velocity, depth of flow, and sediment transport
rate approximately matched that reported in the results of the flume experiments.

The effect of vegetation on the hydraulics and sediment transport was modeled using several
approaches. The Wilcock & Crowe (2003) formulation was selected for calculating transport
capacity based on the calibration results. In comparison with the laboratory experiments, the
results demonstrate that the model vastly underpredicts the sediment transport rate, regardless of
the chosen formula, for estimating vegetative roughness. In the model, the total roughness is
used to calculate the hydraulic variables while only the grain roughness component is used to
compute sediment transport capacity (Dombroski D. E., 2017). The approach approximates the
effect of sediment trapping, which effectively reduces the fluid capacity to move sediment,
without consideration of potential for capacity enhancement due to vegetation-generated
turbulence. Details of the model setup, simulations, and results are presented in 4.

13
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Turbulence-Based Sediment Capacity

The results of the numerical modeling as compared to the experimental measurements motivate
the need for a formulation of the fluid capacity needed to mobilize sediment that is based on
strength of turbulent fluctuations. The mobility of sediment in open channel flow over an
unvegetated bed is commonly taken to be dependent on the bed shear stress, which is in turn
linearly related the turbulent kinetic energy (Yang, 2018). However, under vegetated flow
conditions, the turbulence production is related to the vegetation characteristics; using shear
stress as a determination of sediment mobility under such conditions may lead to spurious
results.

Following the work of Yang (2018), we propose the adoption of a modified transport model
based on an estimation of the turbulent kinetic energy in vegetated conditions. The formulation
presented by Yang (2018) is a reinterpretation of the bedload transport Einstein-Brown model
(Einstein, 1950; Brown, 1950),

_ (2.15e7206/ke, ke, < 0.95 (10)
S 0.27k3,, 0.95 < k,, < 2.74,

where Qs is the dimensionless bedload transport rate and k= is the dimensionless turbulent kinetic
energy:

_ ke (11)
~ (ps/p — 1)gds

Yang et al. (2016) proposed the following relationship for the near-bed turbulent kinetic energy
kt:

ke,

C (12)
—_f g2 2/332/3772

k¢ 0.19U +0.9C," " 9~/°U

In the above, p, is the grain density, ds is grain diameter, U is mean channel velocity, @ is
vegetation solid volume fraction, and Cb is the vegetation drag coefficient. The bed drag
coefficient Cr is approximated from the water depth h and sediment size ds as

o 1 (13)
I~ [5.75log(2h/d,)]?

14



ST-1778-2019-01

The dimensional bedload transport rate Q, can be recovered from the definition of the
nondimensionalized quantity (Einstein, 1950):

Qs = Qs:Pswods (14)

The particle fall velocity w, is approximated as (Rubey, 1933):

3602 j 3602 (15)

2
w, = \/gds(Ps/P -1 \/§+ (ps/p — 1)gd§ - (ps/p - 1)gd§’

Using Equations (10)-(15), we estimate a new bedload transport rate using the hydraulic
simulation results from the SRH-2D model (Appendix 4) and the sediment and vegetation
characteristics as reported from the Yang (2018) laboratory experiments (Appendix 1). Shown
in Figure 1 is bedload sediment transport rate Qs as a function of the average channel velocity U
for vegetation solid volume fractions @ = 0 (panel A), @ = 0.005 (panel B), and @ = 0.025 (panel
C). Presented in each panel are results from the Yang (2018) laboratory experiments (black), the
SRH-2D simulation results (orange), and the computed sediment transport rates as proposed in
Equations (10)-(15) (gray). For the bare channel (non-vegetated) condition (@ = 0), panel A
shows that reasonable agreement is made in transport rates between both predictive models and
the laboratory experiments. However, for the vegetated conditions (¢ = 0.005 and @ = 0.025),
panels B and C show that the SRH-2D model vastly underpredicts the transport rate compared to
the laboratory experiments. It is hypothesized that the underprediction is due to stem-generated
turbulence, which mobilizes sediment in the laboratory environment, but is not accounted for in
the SRH-2D model. Using Equations (10)-(15) to compute the sediment transport rate produced
more reasonable agreement between predicted Qs and laboratory measured Qs, as shown in
panels B and C. The predictions computed from the framework presented in Equations (10)-(15)
used the depth of flow h and velocity U taken from the SRH-2D simulation results along with the
known sediment characteristics and vegetation solid volume fraction @.
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Figure 1. Bedload sediment transport rate Qs as a function of channel velocity U for vegetation
solid volume fraction @ = 0 (panel A), @ = 0.005 (panel B), and @ = 0.025 (panel C). Shown in each
panel are results from the Yang (2018) laboratory experiments (black), the SRH-2D simulation
results (orange), and the computed sediment transport rates as proposed in Equations (10)-(15)

(gray).
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Discussion

The calculations demonstrate the utility of improved formulations of sediment capacity that
directly account for the effect of vegetation-induced turbulence, which in turn drive mobility and
transport in many vegetated flow conditions. A challenge in modeling hydraulics and sediment
transport lies in the application of appropriate formulations that may vary with both the
characteristics of the vegetation and the flow regime. It is expected that the formulation for
computing sediment capacity proposed herein will yield improved predictions under conditions
in which the production of turbulence due to flow around the vegetation stems is greater than
production near the bed due to shear. Prior work suggests that for the quantity C,h®/(md/4) in
the range 0.01-1.0, wake production exceeds production due to shear within the cylinder array
(Tanino & Nepf, 2008). However, in the case of the Yang (2018) laboratory experiments, the
quantity C,h®/(md/4) was in the range 1.0-5.0, which suggests that stem-generated turbulence
may be important over a broader range of vegetated conditions, particularly at higher stem
densities. Outside of the range of conditions for which turbulence production drives
mobilization of sediment, an opposing regime is expected in which mobilization is suppressed
and sediment deposition is observed (Zong & Nepf, 2010). Sediment trapping has shown to be
effectively modeled by the vegetation partitioning algorithm already implemented in SRH-2D
(Dombroski D. E., 2017); further study to more clearly define the modeling regimes and build
appropriate logic into the model would greatly increase the applicability of the model to a range
of conditions that may be observed in the natural environment and project setting. Further, the
proposed modeling framework from the Yang (2018) laboratory experiments (Equations (10)-
(15)) is based upon measurements of bedload transport. Additional studies should be
implemented to verify the limitations of the model especially in conditions where a significant
portion of the sediment may be transported in suspension.

Next Steps

The next step would be to implement the improved formulation into the SRH-2D model.
Additional work should be performed to validate the use of methodology developed to model
bedload transport and consider the implementation of further theory for addressing mixed-mode
transport conditions. Implementing the current strategy would likely lead to improved
predictions of sediment dynamics even in mixed-mode transport.
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Appendix A — Laboratory Flume Experiments

By Qingjun Judy Yang, Ph.D., Massachusetts Institute of Technology

Experimental Setup

Laboratory experiments were conducted in a horizontal flume that recirculated water and sand
separately. The flume has a 1m wide and 10m long test section. To simulate emergent
vegetation, aluminum dowels with diameter d = 6.3mm were fixed on perforated PVC boards
in a staggered pattern and extended through the water column (Figure A 1). The number of
dowels per bed area was in the range of n = 0 to 810 stems/m?. The frontal area of the
vegetation per unit volume was a = nd = 0 to 5.1m ™! and the solid volume fraction of the
vegetation was ¢ = mnd?/4 = 0 to 0.025. Experiments with various flow rates in channels
without vegetation and with vegetation of different solid volume fraction (¢) were carried out
(Table A 1). The dowels covered the whole width (w = 1m) of the flume and 3 meters of the
flume in the streamwise direction. The water depth h was measured in the middle of the
vegetated region. The flow rate Q was measured with a flow meter with 1m3 /hr accuracy. The
cross-sectional averaged channel velocity was calculated as U = Q/(wh(1 — ¢)).
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Figure A 1. The sediment-recirculating flume with model vegetation (aluminum cylinders). The
near-bed flow velocity was recorded by the Vectrino profiler at 2 cm from the bed. Inset with blue
edge: the top view of the region where the velocity measurements were made. 3-minute velocity
measurements were recorded at multiple horizontal positions, indicated by the black pluses. The
bed elevation was measured by the Vectrino profiler at the center of the diagonal between two
dowels (the red circle) for 30 minutes to 2 hours to monitor the bed elevation evolution.

At the beginning of each experiment, a 4-cm thick layer of sand bed was placed on top of the
PVC boards and manually flattened. The density of the sand grains was p, = 2.65g/cm3 and
the sand diameter was in the range 0.42 to 0.60 mm with mean grain size d; = 0.5 mm. Only
bedload transport was observed during the experiment. Every few hours, the sand was bypassed
from the sand-recirculating pipe through a three-way valve and collected in a mesh bag with
0.25mm holes. The bypassing duration ranged from 1 to 10 minutes, chosen to be long enough to
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ensure that the volume of the collected sand was significantly larger than the background debris
in the flume. The collected sand was put into a container with water and a marked water line.
The water surface in the container was maintained at the marked water line, and the dry mass of
the sand was calculated from the mass difference of the container with and without the sand and
the density difference between the sand and the water. The instantaneous bedload transport rate,
defined as the mass of sand passing through the channel cross section per time per unit width,
was calculated as the mass of the collected sand divided by the time to collect the sand and the
width of the flume. We repeated the bedload measurements for at least 3 times until the
cumulative moving average of all the instantaneous measurements varied by less than 10% with
increasing number of measurements. The average and standard error of all the measured
instantaneous bedload transport rate were used to represent the equilibrium bedload transport rate
and its uncertainty, Qs £ g (Table A 1).

Velocity Measurements

A Nortek Vectrino profiler, an acoustic sensor that measures the velocity and the distance to the
bed, was mounted on a manually-driven positioning system placed in the middle of the
vegetation patch (Figure A 1). The positioning system allowed the profiler to move in the
stream-wise (x), the lateral (y), and the vertical (z) directions. After the bedload transport rate
reached equilibrium, the Vectrino profiler was used to measure the velocity at 0 to 4 cm relative
to the bed with Imm vertical resolution and 100Hz sampling rate for 3 minutes at multiple
horizontal locations. A typical distribution of the measurement locations is indicated by the plus
symbols in the inset of Fig. 1, and the number of locations is listed in the second to last column
of Table A 1. Measurements at 2 cm relative to the time-mean bed elevation was used to
represent the near-bed condition, because the velocity data within 2cm from the mean bed had
low correlation and low signal to noise ratio (SNR) due to the interference of the bed with the
acoustic signal of the profiler. For our cases, the ripple crest was up to 16mm from the mean bed,
which explains why the velocity measurements closer than 2 cm from the mean bed were low
quality. The velocity data was despiked, and the signal to noise ratio was larger than 30dB and
the correlation was larger than 80% at 2cm from the mean bed. For each velocity record, the
time-averaged velocity and turbulent kinetic energy converged to a stable value within 3
minutes. We calculated the spatial average and spatial standard deviation of multiple local
measurements, which is reported in Table A 1.



Table A 1. Vegetation characteristics, sediment transport rate measurements, and flow
characteristics measured in this study.

(23)

Case Vegetation | Vegetation | Flow Water | Bedload Spatial-ave | Reynolds stress
Number | Frontal Solid Rate Depth | Transport TKE
Area per Volume Rate (# of
Unit Fraction profiles)
Canopy
Volume
a 0] U h Qs+ o s ke + Ok, (Trs £ Ors)/p
(m™h) (m/s) | (m) (g/s/m) | (cm?/s?) (cm?/s?)
Bare Channel
1.1 0 0 0.42 0.12 036+ 0.05 | 28+ 1 39+0.2
(8)
1.2 0 0 0.47 0.12 1.84+0.08 | 46 +1 6.0 £ 0.2
(34)
1.3 0 0 0.65 0.12 24+1 111+ 11 147+ 1.3
(8)
14 0 0 0.88 0.12 134+ 8 205+ 10 128+ 1.6
(8)
Channels with Emergent Vegetation
2.1 1.1 0.005 0.27 0.12 0.5+0.1 19+3 0.5+0.2
(24)
2.2 1.1 0.005 0.30 0.12 2.5+0.3 2012 0.2+0.2
(24)
2.3 1.1 0.005 0.34 0.12 9+1 325 1.9+0.5
(24)
2.4 1.1 0.005 0.43 0.12 68 + 17 6518 6.2+ 0.7
(24)
31 2.5 0.012 0.21 0.12 0.154+0.02 | 1712 0.5+0.1
(27)
3.2 2.5 0.012 0.24 0.12 2.6 £ 0.5 2212 0.1+01
(27)
3.3 2.5 0.012 0.28 0.12 944+06 |45+5 20+0.6
(27)
4.1 5.1 0.025 0.21 0.10 1.3+£01 |[20+2 0.5+0.1
(23)
4.2 5.1 0.025 0.23 0.10 29403 |42+4 0.1+0.1
(23)
4.3 5.1 0.025 0.27 0.10 17+1 46 + 4 1.0+ 0.2
(23)
4.4 5.1 0.025 0.31 0.10 4142 51+5 1.6 £ 0.3
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Appendix B — SRH Hydraulic and Mobile Bed
Model

An SRH-2D hydraulic and mobile bed sediment model was built to simulate the experiments
conducted in the laboratory flume (Appendix 1). The model is based on a 1 m wide by 10 m
long rectangular grid comprised of 2000 quadrilateral cells (Figure B 1). The elevation of every
cell in the mesh was set to zero base elevation, although the mobile bed was initiated with a 4 cm
thick layer of sand and 0.5 cm active layer. A single gradation was specified having a minimum,
maximum, and median grain diameter of 0.42, 0.6, and 0.5 mm, respectively.

Figure B 1. Plan view of computational mesh used in the SRH-2D model. The mesh is 1 m wide
by 10 m long and composed of 2000 elements.

The input sediment rate was determined by transport capacity. The inlet discharge, exit water
surface elevation, roughness, and sediment transport capacity formula were systematically varied
through the model calibration and validation process.

The model was calibrated to the bare bed (non-vegetated) flume experiments. For the non-
vegetated simulations, a constant roughness was specified over the model domain. The model
was considered calibrated when the mean velocity, depth of flow, and sediment transport rate
approximately matched that reported in the results of the flume experiments (Table A 1).

Observations of the flume experiments noted that sediment was transported only as bedload.

The total load transport equations (8) and (9) can be constrained to a bedload-only mode (fk=0) by
specifying “ST_MODE=BED” in the casename_SIF.dat model input file. To more closely
model the experimental observations, the bedload mode was tested in the SRH-2D simulations.
Through varying capacity formulas and discharge, the model unexpectedly predicted greater total
transport when the equations were constrained to the bedload-only mode. Without exploring the
result further, calibration and validation simulations were conducted using the total load mode.

The results of calibrating the SRH-2D mobile bed sediment and hydraulic model to the bare bed,
non-vegetated flume experiments are shown in Table B 1. The Case Number listed in the left-
most column corresponds to the Case Number of the experiment results presented in Table A 1.
The Parker (1990) transport capacity formula demonstrated proficiency, although the Wilcock &
Crowe (2003) formula was most adept in reproducing the experimental transport rates for an
unvarying roughness across flow rates.



The effect of vegetation on the hydraulics and sediment transport was modeled using several
approaches. The Wilcock & Crowe (2003) formulation was selected for calculating transport
capacity based on the calibration results. Table B 2 presents the configuration employed for
attempting to model vegetation using a blocked obstruction methodology in SRH-2D. The
blocked obstruction is a drag-force based technique for modeling the hydraulic effect of flow
around solid objects. The results were inconclusive because of the coarseness of the mesh
relative to the size of the vegetation elements (defined as obstructions) leading to its inability to
appropriately resolve the obstructions. It is logically presumed that realistic simulation of a
collection of blocked obstructions would require that the individual elements be at least
approximately resolved by the computational mesh, which is not tractable for the case of
vegetated flow conditions. Table B 3 presents results from the hydraulic and mobile bed model
using the partitioned roughness methodology for inclusion of vegetation affects (Dombroski D.
E., 2017). Formulas for computing the component of roughness (Dombroski D. E., Draft
Document in Progress) associated with the vegetation included Baptist (2007), Kouwen (2000),
and static. Presented in the table are both the grain roughness no component and the total
roughness nt (from which the vegetation roughness ny can be calculated). The Jarvela (2004)
formula for calculating roughness was not used because the approach is intended for leafy
vegetation and includes the leaf area index (LAI) parameter, which makes little physical sense in
modeling simplified stems represented as dowels. The Kouwen (2000) approach lacks a direct
stem density parameter and therefore proved too simplistic for practical application in modeling
the flume experiments for varying vegetation solid volume fraction ¢. The static partitioned
roughness approach does not calculate a dynamic roughness but instead depends on the user to
specify a constant vegetation roughness nv. In comparison with the laboratory experiments, the
results demonstrate that the model vastly underpredicts the sediment transport rate, regardless of
the chosen formula for estimating vegetative roughness. In the model, the total roughness is
used to calculate the hydraulic variables while only the grain roughness component is used to
compute sediment transport capacity (Dombroski D. E., 2017). The approach approximates the
effect of sediment trapping, which effectively reduces the fluid capacity to move sediment,
without consideration of potential for capacity enhancement due to vegetation-generated
turbulence.
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Table B 1. Calibration results of mobile bed model simulations for bare bed (non-vegetated)
conditions.

Case Vegetation | Vegetation | Flow | Water Bedload Roughness | Notes
Number | Frontal Solid Rate Depth Transport

Area Volume Rate

per Unit Fraction

Canopy

Volume

a ¢ U h Qs tag, | n
(m™) (m/s) (m) (g/s/m)
Capacity Formula: Parker (1990)
1.1 0 0.42 0.12 1.8 0.015
1.4 0 0.85 0.13 130 0.015
Capacity Formula: Wu et al. (2000)
1.4 | |0 |08 |03 | 90 | 0.019 | unstable
Capacity Formula: Engelund & Hanson (1972)
1.4 | [0 |0.87 [028  |122 [ 0.019 | Slightly unstable
Capacity Formula: Wilcock & Crowe (2003)
1.1 0 0.35 0.13 0.59 0.016
1.2 0 0.39 0.13 1.55 0.016
1.3 0 0.66 0.14 29.5 0.016
1.4 0 0.91 0.14 124 0.016
Capacity Formula: Yang (1979)
14 0 0.71- | 0.28 970 0.019 Dune formation,
0.88 unstable

Table B 2. Configuration employed for attempting to model vegetation using a blocked
obstruction methodology in SRH-2D.

Case Vegetation | Vegetation | Flow Water Bedload Roughness | Notes
Number | Frontal Solid Rate Depth Transport

Area Volume Rate

per Unit Fraction

Canopy

Volume

a ¢ U h Qstag, [ n
(m™) m/s) | (m) | (g/s/m)

Method: Blocked Obstructions
24 ‘ ‘ 0.005 | ‘ ‘ ‘ 0.016 ‘ 475 obstructions




Table B 3. Simulation results of mobile bed simulations for vegetated conditions.

Case Vegetation | Vegetation | Flow Water Bedload Roughness Notes
Number | Frontal Solid Rate Depth Transport

Area Volume Rate

per Unit Fraction

Canopy

Volume

a (0] u h Qs £ ag, | No, Nt
(m™) m/s) | m) | (g/s/m)
Roughness Formula: Baptist (2007)
2.1 0.005 0.29 0.12 0.1 0.016, 0.07
2.4 0.005 0.43 0.15 2.7 0.016, 0.08
4.1 0.025 0.23 0.09 0.01 0.016, 0.11
4.4 0.025 0.32 0.14 0.25 0.016, 0.15
Roughness Formula: Kouwen (2000)
2.1 0.005 0.28 0.12 0.1 0.016, 0.059 | No way to adjust
density
24 0.005 0.45 0.13 3.7 0.016, 0.058 | No way to adjust
density

Roughness Formula: Static Partitioned Roughness
2.1 0.005 0.29 0.12 0.1 0.016, 0.051
24 0.005 0.44 0.13 3.7 0.016, 0.05
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