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Abstract in addition to surface erosion, stream bank erosion and failure contributes significant sediment
and sediment-bound nutrients to receiving waters during high flow events. However, distributed and
mechanistic simulation of stream bank sediment contribution to sediment loads in a watershed has not
been achieved. Here we present a full coupling of existing distributed watershed and bank stability models
and apply the resulting model to the Mad River in central Vermont. We fully coupled the Bank Stability and
Toe Erosion Model (BSTEM) with the Distributed Hydrology Soil Vegetation Model (DHSVM) to allow the
simulation of stream bank erosion and potential failure in a spatially explicit environment. We demonstrate
the model’s ability to simulate the impacts of unstable streams on sediment mobilization and transport
within a watershed and discuss the model’s capability to simulate watershed sediment loading under cli-
mate change. The calibrated model simulates total suspended sediment loads and reproduces variability in
suspended sediment concentrations at watershed and subbasin outlets. In addition, characteristics such as
land use and road-to-stream ratio of subbasins are shown to impact the relative proportions of sediment
mobilized by overland erosion, erosion of roads, and stream bank erosion and failure in the subbasins and
watershed. This coupled model will advance mechanistic simulation of suspended sediment mobilization
and transport from watersheds, which will be particularly valuable for investigating the potential impacts of
climate and land use changes, as well as extreme events.

1. Introduction

The detrimental impacts of suspended sediments on global freshwater ecosystems are well known [Waters,
1995; Wilber and Clarke, 2001; Berry et al., 2003; Bilotta and Brazier, 2008; Vorosmarty et al., 2010]. Suspended
sediments and nutrients are considered two of the leading causes of water quality impairment in United
States lakes and reservoirs [US EPA, 2000, 2002] and more recently has been one of the focuses of develop-
ing new water quality standards and criteria [US EPA, 2015]. Similarly the European Environmental Agency
(EEA) has acknowledged that nonpoint pollution contributing to eutrophication and contamination of
aquatic resources is a major environmental concern [European Environment Agency, 1995; Stanners et al.,
1995]. According to the US Environmental Protection Agency (US EPA), suspended sediment directly
impacts water clarity, scour, sediment storage, and other aspects of water quality. Suspended sediment can
also transport bound nutrients such as phosphorus from cultivated land, and other binding contaminants
[Nebel and Wright, 1993; Sharpley et al., 1994, 1995, US EPA, 2000, 2002; Sgndergaard et al., 2003]. Excessive
phosphorus and nitrogen concentrations can lead to harmful algal blooms (HABs) making sediment-bound
nutrients an additional water quality concern associated with sediment transport [Schindler et al., 2008; Paer!
etal,2011].

Actively eroding stream channels have been observed in many regions where postglacial alluvial sediments
dominate and stream channels have more recently undergone human modifications. In such regions, a sig-
nificant portion of the total suspended sediment load reaching stream and river outlets can result from
bank erosion and failure [Kronvang et al., 1997a, 1997b; Laubel et al., 1999; Sekely et al., 2002; Simon et al.,
2004; Evans et al., 2006]. Sekely et al. [2002] used topographic surveys and field data to estimate that stream
bank slumping contributed between 31% and 44% of total annual suspended sediment load at the mouth
of the Blue Earth River in Minnesota, which represented between 7% and 10% of the annual total phospho-
rus load. Using the erosion pin method, Huang [2012] estimated that 67% of the suspended sediment
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loading in an urbanizing watershed in Missouri resulted from stream bank erosion. The results of a study
that used a mixing model and uncertainty analysis, conducted on six watersheds of Cayuga Lake, New York,
determined that bank erosion contributed between 8% and 76% of annual fine sediment loads [Nagle et al.,
2007]. Contributions of sediment from stream banks were particularly high where widespread and actively
eroding glaciolacustrine deposits were present along streams. Several studies in Vermont watersheds, such
as those of Langendoen et al. [2012], DeWolfe et al. [2004], and Morrissey et al. [2011] have also indicated
that stream bank erosion, scour, and mass failure can account for anywhere from 30 to 80% of total sedi-
ment loading into streams and lakes. These last studies focused on volumes of sediment lost to erosion and
failure, as opposed stream bank contributions to suspended sediment loads.

Empirical studies have demonstrated the importance of channel bank erosion on watershed sediment
fluxes. In order to better quantify sediment loads from bank erosion, it is helpful to understand the condi-
tions that drive bank erosion and failure processes. Activities such as channel straightening, removal of
riparian vegetation, and urban development have also been shown to increase stream bank erosion [Simon
and Rinaldi, 2006]. Stream banks can also represent a source of legacy phosphorus [Kleinman et al., 2011],
particularly when adjacent to agricultural areas with long histories of fertilizer use. Large precipitation
events and flooding that cause bank erosion and collapse can thereby result in pulses of sediment and
associated phosphorus into streams and larger water bodies. In many regions, precipitation is becoming
more intense [Karl et al., 2009; Guilbert et al., 2015] and therefore the need to simulate the impacts of chang-
ing precipitation climatology on nutrient transport into receiving waters will be of great value in informing
management and policy actions. Although the need to represent stream bank contributions to sediment
and nutrient budgets at the watershed scale is recognized, thus far mechanistic representation of both
bank erosion and geotechnical failure processes in watershed models has remained elusive. Here we pre-
sent a coupled modeling framework that addresses the prior shortcomings.

A range of bank erosion and channel evolution models exist for simulating river banks and channels, but
none allow for full coupling to perturbations in the watershed. The Bank Stability and Toe Erosion Model
(BSTEM) is a predominant bank stability model that simulates erosion and geotechnical failure of stream
banks at a specific location or segment of channel based on limit-equilibrium analysis [Simon et al., 2000,
2003, 2011]. Alternatively, the stages of channel evolution described by Schumm et al. [1984] and later mod-
ified by Simon [1989, 1995] are the basis of most existing channel evolution models. These changes in mor-
phology are represented as changes in the width and bed elevation of channel segments, where
disturbance is first seen in lower channel reaches and then move progressively upstream. Current channel
evolution models include numerical models such as those developed by Darby et al. [1996], Nagata et al.
[2000], Wang et al. [2010], and Xiao et al. [2016], as well as the Enhanced CCHE2D model [Duan et al., 2001].
The National Sedimentation Laboratory developed the Conservation Channel Evolution and Pollutant Trans-
port System (CONCEPTS), which simulates the evolution of incised streams and has been used to assess
long-term impacts of stream stabilization measures and reduction of sediment yields [Langendoen et al.,
1999, 2000, Langendoen, 2000, 2001]. CONCEPTS includes unsteady, one-dimensional flow, sediment trans-
port and bed adjustment, bank erosion and channel widening processes, as well as representation of in-
stream hydraulic structures such as bridges and culverts. These models do not typically include watershed
processes that influence spatially variable soil characteristics, the effects of vegetation, or variable flow
conditions.

Existing watershed models are also limited in their representation of sediment mobilized from the land-
scape, as to date they mostly incorporate surface erosion due to overland flow and landslide processes, and
some include representation of fluvial erosion of stream channels. Catchment scale models have largely
included sediment mobilization by sheet and rill erosion processes, and some include gully erosion. Merritt
et al. [2003] as well as Aksoy and Kavvas [2005] reviewed in detail the range of erosion and sediment trans-
port models that include representation of erosion processes. These models include a variety of conceptual,
empirical, and physics-based models of varying spatial scales that simulate the generation of sediment as
well as the transport of sediment. Some also include representation of pollutant transport. However, few
include physics-based representation of rainfall-runoff processes, land surface sediment mobilization, and
an in-stream model, much less the inclusion of stream bank erosion as well as mass failure of banks. The
SHETRAN model for instance is such a watershed model that includes surface and gully erosion, as well as
fluvial in-stream erosion [Ewen et al., 2000; Bathurst, 2002]. SHETRAN has been used to examine the effects
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of basin and land use characteristics on overall sediment yield [e.g., Lukey et al., 2000; Bathurst et al., 2005;
Birkinshaw and Bathurst, 2006]. However, no simulation of geotechnical bank failure is included in that mod-
el. Models to estimate erosion, point location bank failure, and sediment transport exist, however, a mecha-
nistic model that can simulate changing contribution of stream bank sediment from erosion as well as
geotechnical failure processes to an overall watershed sediment and nutrient load under changing climatic
conditions has not yet been published.

Mechanistic hydrologic models are well suited for investigating the nonlinear impacts of changing land use
and climate conditions on flow and stream bank erosion. The alternatives—empirical and probabilistic
models—may be limited in applicability because the magnitude of a disruption or change can fall outside
of the range of previously observed events, and in nonlinear systems past observations may not be ade-
quate for predicting future response. Hence, a mechanistic model has better capability to represent sedi-
ment mobilization processes resulting from flows that exceed previous observations. The impacts of bank
erosion and failure are increasingly important because of the changing climate and land use, and the ensu-
ing potential for more frequent and higher magnitude flooding events. Here we present a coupled model
approach to enable the representation of an important sediment source from the landscape and allow for
perturbations in the watershed to impact the processes mobilizing sediment from stream banks.

2. Model Description

To address the need for mechanistic models to represent stream bank erosion and failure under changing
climate and hydrologic regimes, we coupled two existing models: the Distributed Hydrology Soil and Vege-
tation Model (DHSVM) [Wigmosta et al., 1994] and BSTEM [Simon et al., 2000, 2003, 2011]. DHSVM is a mech-
anistic model that simulates water and energy fluxes at subdaily time steps at the watershed scale. BSTEM
is a bank stability model that simulates toe erosion rates and failure events along channel reaches. Both
models are described in full detail in associated publications and an overview of sediment related equations
is provided in supporting information (S1). Below is a brief introduction to the models and discussion of
processes related to the model coupling. A schematic of the coupled model processes, inputs and outputs
is shown in Figure 1. A considerable number of different outputs can be specified in this modeling
approach. Some, such as the occurrence of bank failures and the amount of sediment resulting from failures
or erosion in a specific channel segment, are a result of the execution of BSTEM. Others, such as the concen-
tration of suspended sediment in a channel segment or at the outlet of the watershed are the result of the
coupled BSTEM and DHSVM functions.

BSTEM is a product of continuing research and development at the U.S. Department of Agriculture, Agricul-
tural Research Service, National Sedimentation Laboratory (NSL). We chose BSTEM (Version 5.4) due to its
advanced representation of both hydraulic and geotechnical processes contributing to bank failure. BSTEM
has been used to investigate the impacts of reduced erosion on sediment loading from stream banks and
has been modified for iterative use to estimate volumes of sediment originating from stream reaches
[Simon et al., 2011]. It has also been applied to simulate long-term lateral retreat of stream banks [Midgley
et al.,, 2012]. BSTEM comprises two components: a toe erosion module that simulates undercutting of banks
resulting from fluvial erosion as a function of excess shear stress and a bank stability module that calculates
a Factor of Safety (FoS) based on force equilibrium analysis [Simon et al., 2000].

DHSVM is a physics-based model that simulates water and energy fluxes at the land surface using a spatially
explicit representation of topography, vegetation and soil properties. The model enables the user to repre-
sent modifications to the land surface, such as deforestation and urbanization [Wigmosta et al, 1994;
Wigmosta and Lettenmaier, 1999; Wigmosta and Perkins, 2001; Cuo et al., 2008; Surfleet et al., 2010]. Topogra-
phy drives the downslope movement of water, both across the land surface and within the channel net-
work. All of the grid cells are linked hydrologically through the surface and subsurface flow routing. With
respect to sediment, current versions of DHSVM include representations of surface erosion, hillslope erosion,
mass wasting in the form of landslides and redistribution of mass downslope, as well as erosion of road sur-
faces [Doten et al., 2006]. The model has been applied to simulate impacts of forest management practices
on land surface processes [Storck et al., 1998; Bowling and Lettenmaier, 2001; Wigmosta and Perkins, 2001;
Waichler et al., 2005], as well as to study the interactions between climate change and hydrology [Leung
and Wigmosta, 1999; Wigmosta and Leung, 2001; Cuo et al., 2009].
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Figure 1. Schematic of coupled model processes, inputs and outputs. Although some outputs are the results of primarily the BSTEM algorithm (such as the occurrence of bank failures
and the amount of sediment lost to bank erosion or failure in a specific channel segment), others are a result of the coupled functions of BSTEM-DHSVM (such as suspended sediment
concentration in any stream segment or at the outlet of the watershed).

To improve the representation of sediment mobilization in DHSVM, we programmed the BSTEM algo-
rithm, based on Version 5.4 as made available by the National Sedimentation Laboratory, into the
DHSVM framework. The BSTEM algorithm is executed after channel routing is performed. At each grid
cell in which a channel exists, the model first estimates toe erosion as described in the previous section,
where flow depth and water table depth are the same as the water table in the corresponding DHSVM
grid cell and based on discharge calculated in the flow routing functions of DHSVM. The bank profile
updates if needed to represent changing geometry such as an actively undercutting bank (Figure 2). For
each node on the bank profile that is below the stream water surface, the erosion distance (E) is calcu-
lated and the location of that node relocated accordingly (Figure 2). Once the effects of toe erosion
have been implemented, the model executes a FoS analysis for each grid cell along the channel net-
work. The FoS calculation is an instantaneous estimation of failure likelihood based on average condi-
tions of the channel and bank material at that point in the simulation after erosion occurs. The
algorithm loops over each node on the bank profile, randomly generating angles of potential failure
planes and deciding on the most likely starting location for a failure plane. Next the model searches for
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Figure 2. Representation of progressive undercutting and possible failures planes.

the most likely failure plane angle between calculated maximum and minimum angles, which are
dependent on the minimum angle of the bank and the assigned friction angle of soil. The final FoS for
that time step and grid cell with a stream bank is the FoS value of the most likely failure plane, based
on searching through potential failure planes beginning at each node on the bank profile. If erosion or
mass failure occurs in that grid cell, the mass of sediment is estimated for the portion of the channel
within that grid cell and that sediment enters the stream network.

In the coupled model, sediment can thereby enter the stream network not only by overland and road ero-
sion but also through bank erosion along a channel segment. Eroded and failed sediment combines with
other local sediment inflows to the channel segment in the transport equation for total load as

%ms"" %Acvﬂs:ﬂs(Qs+q5b), (1M
where g, is the local volumetric sediment inflow rate to the channel reach per meter length (m*/s/m); g; is
the local volumetric sediment inflow rate to the channel reach per meter length (m>/s/m); p, is particle den-
sity of the sediment (kg/m?); m is the mass of stored sediment in the bed per meter of channel length (kg/
m); A is the cross-sectional flow area (m?); C is the total sediment concentration (m*/m?); and V is the aver-
age channel flow velocity (m/s). This sediment is then transported throughout the channel network and
potentially to the watershed outlet based on the existing DHSVM routing functions (further described in
supporting information (S1)).

As sediment is routed downstream through the channel network [Doten et al., 2006], the coupled model
tracks the proportion of sediment originating from stream banks (Figure 3). For each channel segment, the
ratio of stream bank inputs to all other sediment inputs is calculated as

R = ((Rh—1 * Up)+ (R, + ASS ") +B],)

: e , T )
™ (Ui, +ASSi-1+Bi +0ri +O0li +Di)

where m is the channel segment identifier, i is the time step, B is sediment from stream bank erosion/failure,
Ol is sediment from overland inflow, Or is from over road inflow, D is debris inflow, U is inflow from
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Figure 3. Representation of inputs to each channel segments mand m — 1, hich d . A
where m is the channel segment identifier, B is sediment from stream bank use types which are prepared using Arc-
erosion/failure, Of is sediment from overland inflow, Or is from over road GIS. Where possible, the BSTEM module
inflow, D is debris inflow, O is outflow from the upstream segment, U is inflow uses the same parameters as those reg-

from upstream segment, and SS is stored sediment in that channel segment. . )
9 K uired by other DHSVM functions (Table 1).

For example, soil layers in BSTEM are defined based on the same soil depths set in the DHSVM input file as
are certain properties of those soil layers such as porosity. Information calculated dynamically in DHSVM
also provides input data for BSTEM. For example, the BSTEM algorithm activates after subsurface conditions
and flow routing are calculated, so water table and flow depth at each time step and in each grid cell are
used to inform BSTEM of within-bank water table level and channel flow surface levels, respectively. We
modified the configuration files to include additional parameters needed for BSTEM calculations, which
were set either by soil, vegetation, or stream class. We also assigned additional physical attributes of the
channels (including bank and toe angle, bank height, and bank toe length) based on the channel classes as
set in the DHSVM channel network input files. In the case of soil cohesion and friction angle of the soil
(which influence both surface erosion from the landscape and BSTEM calculations), DHSVM assigns these
parameters to soil types. However, since these parameters were different for stream bank soils than for soils
further away from streams, these two parameters were separately assigned to bank soils based on channel
class. Radius of curvature was also assigned based on channel class. Specific inputs to the model are
described in later sections.

ol

3. Model Test Application

3.1. Study Area

For initial assessment of our approach, we modeled the Mad River watershed (Figure 4) in central Vermont,
a tributary of the Winooski River. The watershed drains approximately 373 km? and ultimately empties into
Lake Champlain, which itself is part of the St. Lawrence basin. The steep valley is bordered by the Green
Mountains, which are composed of highly metamorphosed rock with widespread glacial deposits along the
valley floors [Field Geology Services, 2007]. Elevation ranges from approximately 70 to just over 1200 m. A
mix of surficial geologic deposits exist in the watershed, including glacial tills in the highlands, glaciofluvial
deposits along the valley margins, and alluvial fan deposits near tributary and main stem junctions [Whalen,
1998; Dunn et al., 2007a, 2007b]. In the lower reaches, erodible glaciolacustrine deposits commonly underlie
alluvial deposits, which contribute to the sensitivity of both major tributaries and the main stem of the Mad
River to changes in land use [Barg and Blazewicz, 2003; Dunn et al., 2007a, 2007b; Nagle et al., 2007].

Table 1. Shared and Added Parameters, Relevant to the Addition of BSTEM to DHSVM, As Well As Parameters That Were Similar in the
Two Models But Also Assigned in the Coupled Model Based On Channel Class for Bank Soils

Shared Variables and Parameters Added BSTEM Parameters Similar, Reassigned Parameters
Flow depth (m) Bank angle (°) Soil cohesion (kPa)

Water table depth (m) Bank toe angle (°) Friction angle (°)

Channel segment width (m) Bank toe length (m) Saturated unit weight (kN/m?)
Channel segment length (m) Critical shear stress of bank material (kPa)

Bank height (m) Critical shear stress of toe material (kPa)

Manning’s n of channel Particle diameter, dso (mm)

Soil depth (m) Internal friction angle (°)

Soil layer thicknesses (m) Angle due to matric suction (°)

Radius of curvature (m)
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Figure 4. Mad River watershed, Vermont. Map shows the five subbasins included in this study, locations of bank monitoring sites (BST), bank profile measurements, additional soil
samples locations (bulk density and grain size analysis), and TSS/turbidity measurements.

Following European settlement, the watershed experienced a period of deforestation and mill dam con-
struction in the nineteenth century and early twentieth, followed by a period of forest regrowth [Foster and
Aber, 2004; Field Geology Services, 2007; Kline and Cahoon, 2010]. Although mill dams existed in the water-
shed and have largely been removed, local geomorphology is more strongly influenced by postglacial
deposits and legacy sediments from deforestation, as well as from significant climate events and changes
[Whalen, 1998; Dunn et al., 2007a, 2007b; Walter and Merritts, 2008]. More recently, the area has become a
popular destination for vacationers. Additional development has occurred in the form of homes, ski resort
facilities, and associated commercial areas.

Human alterations, as well as the geologic setting and occurrence of natural incision processes, have influenced
the channel morphology and hydrology of the watershed, making it susceptible to the impacts of floods and
extreme precipitation events. Channel incision exacerbates the sediment and phosphorus transport problem by
naturally impairing stream channels, translating flood waves downstream instead of dissipating the energy con-
tained in high flows. Bank erosion is therefore an issue of concern in the Mad River watershed, and has been
documented in a series of Geomorphic Assessments issued by the Vermont Agency of Natural Resources [Field
Geology Services, 2008; Fitzgerald and Godfrey, 2008; Parker et al, 2008]. Concern over erosion and failure of
stream banks arises due to reasons discussed previously. Particularly along the main stem and main tributaries
of the Mad River, undercutting and erosion of banks can be visibly observed. Figure 5 shows an example of
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Figure 5. Photo of undercut and eroding bank along Mad River main stem channel, near Lareau Farm Inn in Waitsfield, VT (Site 4 in
Figure 5).

undercutting along a section of the Mad River main stem, near the town of Waitsfield in the center of the
watershed.

A USGS gaging station is located near the outlet of the Mad River watershed in Moretown, Vermont
(#04288000) and has been collecting data since 1927. Based on data downloaded from this station, average
annual flow (for USGS water years, which extend from October through September) from 1929 through
2015 was 7.7 m%/s, and ranged from 3.8 to 13.8 m?/s. Peak annual streamflow ranged from 35 to 685 m®/s
between the years 1927 and 2015, with the flood of record occurring in August 2011 during Tropical Storm
Irene. The 2 year return flow is approximately 169 m>/s based on those 86 years of annual flow data
(approximately 608,400 m>/h for comparison to subsequent flow plots).

Five tributaries were included in this study: Mill Brook, Shepard Brook, Freeman Brook, Folsom Brook, and
High Bridge Brook (Figure 4). These subbasins represented a range of land use types and elevations that are
found in the Mad River watershed. Table 2 presents relevant characteristics of these subbasins, including
area, road-to-stream length ratio, and percent coverage of potentially influential land cover types. These
subbasins were selected to make use of previous studies [Wemple, 2013; Hamshaw, 2014], described below,
for model validation.

3.2. Meteorological Data

Climate variables—primarily precipitation—drive the hydrological processes that can cause stream bank ero-
sion and collapse. DHSVM requires several input variables at a relatively high temporal resolution: precipita-
tion, temperature, humidity, incoming short wave radiation, incoming long wave radiation, and wind speed.
We installed a meteorological station for the purpose of acquiring local high resolution data near the center
of the watershed at an elevation of approximately 208 m asl. This station began recording 31 July 2013.

Table 2. Proportional Characteristics of Subbasins Including Road-to-Stream Length Ratio and Land Cover Proportions
Mad River Mill Brook  Shepard Brook  Freeman Brook  Folsom Brook  High Bridge

Watershed Subbasin Subbasin Subbasin Subbasin Subbasin

Total area, km? (percentage 359.0 (100%) 49.3 (13.7%)  44.8 (12.5%) 16.6 (4.6%) 18.5 (5.2%) 9.1 (2.5%)

of watershed)
Road:stream length ratio 19 1.8 12 15.1 1.6 36
Percent agriculture and pasture (%) 44 38 2.8 15.4 14.7 226
Percent urban/residential (%) 5.5 29 10.0 4.0 19 5.6
Percent roads/transportation (%) 2] 34 25 4.5 29 7.6
Percent forest (conifer, 86.5 854 913 735 78.8 62.0

deciduous, mixed) (%)
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In addition to the meteorological station data, we used National Centers for Environmental Protection
(NCEP) reanalysis data provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA (http://www.esrl.noaa.
gov/psd/). The North American Regional Reanalysis (NARR) data are generated using the high resolution
NCEP Eta Model, with a grid resolution of 32 km, along with the Regional Data Assimilation System (RDAS).
The resulting product is a high resolution combined model and assimilated time series data set and was
available at a 3 h temporal resolution. We obtained this data for water years 2009-2014. In August 2011,
Tropical Storm Irene passed through Vermont, resulting in storm total precipitation of 7.5-12.5 cm across
the region. NARR data did not reflect the magnitude of this event in the grid cells covering the Mad River
watershed, as measured by Doppler radar. Since one of the primary objectives of this coupled approach is
to represent impacts of extreme events, such as what occurred as a result of Irene, we used local spotter
reports of storm totals to replace NARR Reanalysis precipitation for the Irene event [National Weather
Service, 2011]. The distribution of rain over the storm period was kept the same as seen in NARR data, but
increased in magnitude to equal locally observed rainfall totals over the storm period.

Although only a limited time period of measured data was available, these data were used to drive the
model for examining the representation of sediment in the coupled model application. Differences between
NARR and measured data were clear, and were attributed to the coarse resolution of the NARR product as
well as the inability of that product to predict local convective storms that occur during the summer
months. A full comparison of NARR and measured variables in included in supporting information (S2.1).
NARR data were therefore used only to validate the hydrological calibration over several additional years.

3.3. Inputs and Field Data

DHSVM requires GIS-derived inputs, as well as configuration files containing user-defined parameter values.
Wherever possible we used site specific data collected in the field to inform parameter values, and remain-
ing values were assigned based on literature-cited values. We generated topography layers using USGS
National Elevation Dataset (NED) 10 m data, aggregating this to a resolution of 100 m (m) for the entire
Mad River watershed. We classified soil based on Natural Resources Conservation Service (NRCS) hydrologic
soil units and land use based on the 2006 National Land Use Cover Dataset (NLCD). We generated soil depth
layers as a function of elevation data and minimum/maximum soil depths, using scripts that accompanied
the DHSVM source code downloaded from the University of Washington Land Surface Hydrology Research
Group website (http://www.hydro.washington.edu/Lettenmaier/Models/DHSVM/).

To inform parameter values, we collected additional field data on channel and soil characteristics. In this work,
road classes and characteristics were based on road surface characteristics provided by the Vermont 911
board and obtained from the Vermont Center for Geographic Information. The stream channel network was
delineated using ArcGIS and stream classes were assigned based on contributing drainage area. These chan-
nel classes are the basis for parameter assignment described in subsequent sections. Parameters describing
the bank profile are also set by stream class. In addition, to calculate the volume of sediment mobilized from
a stream bank, the erosion rate calculated for any segment is currently applied to half the length of the chan-
nel segment present in that cell. Similarly, if a failure occurs, it occurs along half the length of the segment in
that cell. Because we used a 100 m resolution, and a relatively coarse stream delineation, the application of
the erosion rate or failure to the entire length of the channel was expected to overestimate the volume of sed-
iment originating from stream banks. We chose half the channel length based on Morrissey et al. [2011], in
which authors indicated that stream bank erosion affected 47-72% of reach lengths.

BSTEM requires the user input bank geometry either as a series of 23 points that describe the detailed
geometry of the bank, or as several measurements that are used to compute a simplified geometry (BSTEM
v5.4). For this work, we programmed the second option into DHSVM, so that the user inputs bank height,
bank angle, toe length, and toe angle (Figure 2) for each channel class in the stream input file. Based on
these parameters, BSTEM calculates a simplified bank profile. We made 35 measurements across all stream
channel classes of these parameters describing the stream bank profiles (pink circles in Figure 4); we used
these data to set initial bank profiles for each channel class. As the model progresses and bank erosion or
failures occur, the bank angle, toe length, and toe angle can evolve during simulation. The elevation of the
bank height remains constant as the flood plain elevation; however, individual nodes along the bank profile
can decrease in elevation due to failure and erosion. In order to prevent instabilities in the model, the bank
profiles are reset at the beginning of the water year. (If allowed to retreat over multiple years without being
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reset, the x and y positions of banks can become large negative numbers.) However, the mass of progres-
sive erosion and failures are continuously stored and not reset. Other details on stream inputs are included
in supporting information (S2.2).

Local field data collected between 2012 and 2015 provided information used to set model parameters, as
well as to calibrate and validate model results. Field work included erosion monitoring at specific sites,
measurements of bank profiles throughout the watershed, soil testing and investigation of bank parame-
ters, as well as grab samples for analysis of total suspended sediments (TSS). Several sites were chosen for
bank erosion monitoring and further investigation of geotechnical soil properties (yellow circles in Figure
4); these sites were located mostly along the main stem of the Mad River and were chosen based on
observed and anticipated bank activity, site vegetation and physical characteristics, as well as accessibility.
Bank soils at these sites were largely composed of silt loam and sandy loam and considered representative
of soils along the main stem and major tributaries. Vegetation along the main stem of the Mad River was
dominated by the invasive Japanese knotweed (Fallopia japonica), however, sites were chosen to include
some variation in vegetation as well. Other vegetation observed at monitored sites included pasture
grasses, forested areas, and native perennial species such as Canadian goldenrod (Solidago canadensis). We
also collected soil samples at 20 locations in the watershed (green circles in Figure 4) for grain size and bulk
density analysis. Additional information regarding field data is included in supporting information (S2.2).

The BSTEM algorithm requires the definition of parameters related to geotechnical properties of soil and addi-
tional stability provided by roots or bank protection measures. Critical shear stress and erodibility parameters
were set initially based on previously described measurements taken by Hanson [1990], Hanson and Simon
[2001], and Simon et al. [2003] using an in situ jet-test device. We conducted borehole shear testing (BST) at
the identified stream bank monitoring sites (Figure 4) to obtain in situ measurements of soil cohesion and fric-
tion angle. Most monitored sites comprised relatively similar sandy soils with an underlying gravel layer and
results from the bore BSTs indicated little difference in cohesion and friction angle between sites (supporting
information Table S1). We assigned cohesion and internal friction angle to bank soils in each grid cell (that
contained a stream channel) based on user-defined probability distributions in order to account for normal
spatial variability in these parameters. We also explicitly assigned radius of curvature and added cohesion val-
ues to each stream segment using probability distributions defined by field-based data. Radius of curvature
represents sinuosity, and added cohesion represents the influence of vegetation or bank stability measures to
each stream segment. Separate probability distributions were defined for each channel class and values were
assigned to each grid cell containing a bank segment during initialization, then held constant for the duration
of the model run. Thereby a stream segment randomly assigned a high curvature value would see more pro-
gressive undercutting than a straighter stream segment over longer time periods. The parameters assigned
probabilistically therefore also remain constant during execution of the BSTEM algorithm in each grid cell.

We also used suspended sediment data presented by Hamshaw [2014] collected at the outlet of the Mad
River near Moretown, as well as at the outlets of the five previously mentioned tributaries. Based on high
temporal resolution turbidity monitoring and measurements of suspended sediment, Hamshaw developed
TSS-turbidity relationships to assist in training an artificial neural network (ANN) for the Mad River water-
shed. He estimated suspended sediment loads based on the theoretical equation

15}
Load= J Q;TSSdft, (3)
4

where Q; is the stream discharge at time t and TSS; is the total suspended sediment concentration at time t.
Loads were calculated using turbidity-based estimates of TSS and compared to loads calculated using esti-
mates of TSS based on the traditional sediment rating curve approach (SRQ). In this study, we used Ham-
shaw’s continuous turbidity-based estimates of TSS to calculate suspended sediment load at the outlet for
the period of 1 August 2013 to 30 November 2013 and for 15 June 2014 to 31 October 2014 for comparison
to modeled loads. We also used discrete sample results taken during these time periods to assess modeled
suspended sediment at the watershed and subbasin outlets (red circles in Figure 4).

3.4. Calibration and Validation Methods
To assess the functionality of this coupled modeling approach, we focused first on flow and then results of
simulated sediment mobilization in the watershed. We used measured meteorological data from the field
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station, for the 2014 water year (1 October 2013 to 1 October 2014), to achieve initial hydrological calibra-
tion and compared model flow results to flow data from the USGS gauge at Moretown, Vermont. Although
DHSVM has a relatively large number of input parameters, previous studies have indicated that the model is
mostly sensitive to a few key parameters [Wigmosta et al., 2002; Yao and Yang, 2009; Surfleet et al., 2010;
Cuo et al,, 2011]. Based on these previous studies, we chose lateral conductivity, a factor representing expo-
nential decrease in conductivity with depth, field capacity, and porosity as calibration parameters and we
manually modified these within realistic ranges to adjust stream flow. We then ran the model with the
same parameter set for several years using NARR data to validate model performance. The model spin-up
period was 1 year for all model runs and was driven by NARR data.

Several measures of fit were chosen to assess model performance with respect to flow. For the initial
calibration period, driven by measured meteorological data, we primarily used the Nash-Sutcliffe efficien-
cy [Nash and Sutcliffe, 1970] (E;). E; is a commonly used measure of fit for hydrological models and
ranges from —oo to 1.0, where 1.0 indicates a perfect fit and 0.0 indicates the model results are no bet-
ter than the mean value of the observed data set. We further assessed model fit for these multiyear
model runs using two additional measures proposed by Legates and McCabe [1999] and described by
Waichler et al. [2005] to incorporate inherent seasonal variability in flow data. These additional measures
included the baseline-adjusted first-degree efficiency (E}), where the baseline mean was defined as the
mean for each month of the year, taken across all years in the simulation period, as well as the
baseline-adjusted modified index of agreement (d) [Waichler et al., 2005]. E} has a range of —cc to 1.0
and d; ranges from 0 to 1.0. These additional measures of fit are of particular interest in assessing multi-
year simulations but were also calculated for initial runs done with locally measured meteorological data
for consistency.

Following calibration/validation of model hydrology, we calibrated sediment generation in the watershed
using TSS data from four locations in the watershed. All sediment results presented here were generated
using measured meteorological data since this produced better hydrology results and better represented
actual conditions in the watershed. Additionally, subsequent results are the average of 10 identically param-
eterized runs. This was to account for probabilistic variation in explicit parameter definition as well as in fail-
ure calculations. Again, we used average bank dso and critical shear stress values as the primary calibration
parameters for the stream bank sediment module.

We used three independent data sets to assess the ability of our coupled model to estimate sediment
fluxes. Data from Hamshaw [2014], who used high frequency turbidity sensing and discrete TSS sam-
pling on our five study subbasins to establish high temporal resolution estimates of TSS concentrations
and suspended sediment flux, were used to evaluate model performance and as validation of our esti-
mates of basin-scale sediment flux. We compared modeled suspended sediment loads for the Mad River
watershed to those estimated using continuous turbidity-based TSS [Hamshaw, 2014], for the nonwinter
months of 2013 and 2014. We also used 2013-2014 discrete TSS measurements [Hamshaw, 2014] at
four locations in the watershed (red circles in Figure 4) to examine model performance at discrete times
and locations. The locations included the outlet of the Mad River at Moretown and the outlets of three
of the subbasins, Mill Brook, Shepard Brook, and Folsom Brook. Too few samples taken at Freeman
Brook and High Bridge subbasins coincided with modeled periods, so these were not used for discrete
sample comparison. For these four locations, radius of curvature values was hardcoded into model ini-
tialization functions, instead of assigned based on the stream class probability distribution. In addition,
data from Wemple [2013], who used storm-based sampling of road-sediment fluxes and a simple GIS-
based model for basin-scale estimates, were compared to modeled results of road-generated sediment
flux.

Although we have no field data on the relative contributions of overland flow or stream bank erosion, we
lastly examined the proportions of simulated sediment mobilized throughout the watershed by overland
erosion, road erosion, and stream bank erosion or failure. We also looked at the proportions of sediment
from each of these mechanisms at the outlet of the Mad River at Moretown and the outlets of all five subba-
sins (which is not necessarily the same and the amount mobilized due to settling of larger sediment). The
goal of this last investigation was to assess whether the relative proportions of sediment changed and
whether characteristics of the subbasins, had an impact on simulated sediment.
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4, Results of Coupled Model Application

4.1. Flow

Based on visual comparison as well as measure of fit values, the simulated watershed discharge fit well in
the runs driven with measured meteorological data (E; = 0.76, E; = 0.47, d} = 0.73) and was considered
adequate for runs driven with NARR data (E; = 0.67, E} = 0.32, d} = 0.67) for all 4 years). The model per-
formed very well for the 2011 and 2012 water years (E; = 0.90 and 0.92, E; = 0.50 and 0.52, d; = 0.92 and
0.94, respectively); however, results for 2013 and 2014 water years did not show such a good fit (Figure 6).
Figure 6¢ shows that the model did not simulate several discharge peaks, particularly during the summer
months of 2013. We expect that these events were driven by local convective storms and that NARR data
did not represent small scale weather events such as these local storms. The largest discrepancy in 2014
was the spring melt period. Small changes in temperature can drive these melt processes and NARR tem-
peratures likely did not accurately reflect those small fluctuations in temperatures that impacted snow melt
throughout the watershed. This again is likely a result of the NARR data resolution and the ability of that
data to represent local weather patterns and the effects on local hydrological processes.

4.2. Sediment
We first examined simulated sediment mobilization with respect to flow and watershed conditions. Figure 7
shows the model discharge at the watershed outlet and total sediment mobilized in the watershed during
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Figure 6. Measured verses modeled flow data for water years 2011-2014. The 2011-2013 runs were driven by NARR data and for the 2014
water year, runs were conducted using both measured station data and NARR data. These plots reflect gaps in the measured USGS data,

where the gauge was unable to record, mostly due to winter ice conditions.
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Figure 7. (a) Measured precipitation (model input) and (b) model simulated discharge at the Mad River outlet and total simulated
sediment mobilized within watershed (b).

the 2014 water year (Figure 7b), as well as precipitation during that time period (Figure 7a). Sediment mobi-
lization generally corresponds with peaks in flow, although as expected, the amount of sediment mobilized
is not linearly related to the peak in discharge. The sediment pulses seen in Figure 7b are the result of bank
failures. Failures that occurred in January 2014 corresponded with temperatures above freezing, indicating
a midwinter thaw, as well as the occurrence of precipitation. Relatively few failures were seen during the
period of high flows resulting from snow melt, likely because no significant precipitation events occurred
during that time period. Erosion and failure of stream banks is affected by not only high flows but also the
intensity and persistence of precipitation, as well as antecedent conditions such as soil moisture and vege-
tation. Smaller amounts of sediment enter channels at lower flow events; this sediment is the result of ero-
sion processes (as opposed to mass failures), from stream banks, as well as overland and road erosion. It
should be noted that Figure 7b shows total mobilized sediment entering stream channels, and not sedi-
ment output from the watershed. A portion of suspended sediment is deposited before reaching the outlet.

We compared model predicted suspended sediment concentrations to discrete suspended sediment meas-
urements taken during summer months of 2013 and 2014 at the Mad River outlet and three subbasins (Fig-
ure 8). Not enough samples were taken within the modeled time period at Freeman Brook and High Bridge
Brook to compare with model results. Although the inclusion of BSTEM does not change suspended sedi-
ment concentrations for all events, it does improve the representation of high concentrations associated
with higher flow events as well as produce peaks during some small events that otherwise were not present
(Figure 8d). For example, in the subwatersheds, the inclusion of BSTEM had the most impact on suspended
sediment concentrations during spring melt (shown in Figure 8b), however, no samples were taken during
that period. The model simulates relatively well the occurrence of sediment peaks, and in most cases the
magnitude of those peaks are comparable. The model generally underpredicts suspended sediment con-
centration in comparison to samples, particularly at the subbasin outlets. We attribute this to the rapid
response of subbasin discharge during flow events and the temporal resolution of the model being too
coarse to capture those fluctuations. In many cases, there were multiple TSS samples that showed consider-
able variation and were taken within a single model time step (2 h).
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Figure 8. Suspended sediment concentrations at the Mad River and subbasin outlets. (a, b) Suspended sediment for the period 1 April 2014 through 31 August 2014 at the Mad River
and Mill Brook outlets. (c, d) Results for a single storm event at Shepard and Folsom Brook outlets. Figure 8 also indicates sediment results produced when the model is run with the
same parameter set but the BSTEM module inactivated.

For most events, Figure 8 shows a lag in modeled sediment, particularly at the outlet of the larger water-
shed (Figure 8a). Few studies have compared DHSVM-modeled sediment concentrations to site specific sus-
pended sediment measurements such as this, though two works have noted similar lags in sediment
ranging from —9.5 to 26.5 h and from 1 to 37 h behind discharge peaks [Beeler, 2014; Clement, 2014].
Clement [2014] suggested that variability in lag times between turbidity and discharge were related to pre-
cipitation pattern, where longer lag times were associated with higher duration, lower intensity events and
could indicate the occurrence of a mass failure event. In this application lag times at the watershed outlet
were approximately 60 h (30 time steps), while at the major tributary outlets (Mill Brook, Shepard Brook, Fol-
som Brook, and High Bridge Brook) the lag time ranged from 8 to 14 h (4-7 time steps). At the outlet of Fol-
som Brook sediment typically lagged only 2 h (1 time step) behind peak discharge. No discernable pattern
of lags was found in the modeled versus measured discharge; peak modeled discharge occurred almost
simultaneously with measured peak discharge (=2 h/1 time step). We believe the lag observed in modeled
suspended sediment is related to the temporal and spatial resolution of the model and the number of mod-
el steps required to move sediment from various locations in the watershed to the channel network and
then downstream to an outlet segment. In the current model, sediment supply is not limiting, but transport
may be limited by estimation of flow conditions over the 2 h time step. Pulses of sediment from simulated
bank failures can be seen immediately following peak discharge in some cases (Figure 8a). These likely
occurred within close proximity to the outlet, resulting in less lag time (2-4 h, 1-2 time steps) than occurred
with sediment originating further from outlet points, such as from upland erosion of land or road surfaces
or upstream erosion of banks.

We compared cumulative total load, calculated using Hamshaw's [2014] turbidity-based TSS data, to cumu-
lative modeled load at the watershed outlet (Figure 9). Modeled load is similar to the field-estimated load
for the nonwinter months of 2013, although again underestimates loading in 2014. The modeled cumula-
tive sediment load for 1 August 2013 to 25 November 2013 was approximately 1,240,000 kg, which was
lower than the 1,960,000 kg estimated using data from the work of Hamshaw [2014]. However, the modeled
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Figure 9. Modeled verses measured cumulative sediment load at outlet of Mad River watershed during modeled nonwinter months in
2013 and 2014. Measured sediment load was based on turbidity-estimated TSS [Hamshaw, 2014].

cumulative load with BSTEM inactivated was approximately 667,000 kg for the same period. For 6 June
2014 through 5 December 2014, modeled cumulative load was approximately 345,000 kg and estimated
load was 666,000 kg, where the modeled load with BSTEM inactivated was approximately 125,000 kg. The
model underestimates suspended sediment loads in comparison to the field-based estimates of loading at
the watershed outlet. In particular, the simulated peaks in suspended sediment due to specific precipitation
and high flow events are underpredicted while there is some overprediction of suspended sediment con-
centrations during base flow conditions. While calibrating this model, we observed a trade-off between sim-
ulating elevated base flow suspended sediment as well as increased numbers of failures and simulating
base flow accurately with fewer failures occurring.

In addition to producing comparative amounts of sediment between estimated and modeled loads, the
model also simulates a similar response in sediment mobilized in the watershed. The vertical pulses seen in
Figure 9 are indicative of flow events that resulted in increased mobilization of sediment. The observed
loads show only small contributions of sediment during periods of low flow. The modeled loads show a sim-
ilar response overall, with relatively low amounts of sediment being mobilized during low flow periods. In
2014, the model does not capture pulses of sediment that likely occurred as a result of small precipitation
and flow events (Figure 9b). The model can be parameterized to capture more mobilization of sediment at
low flows, however, this results in a large overestimation of sediment at higher flows. The results of the cou-
pled model do however show improved overall estimation of cumulative sediment as compared to the
model with BSTEM inactivated (original DHSVM), particularly in 2013 where more frequent and high magni-
tude precipitation events occurred than in 2014.

Another goal for simulating sediment was to represent realistic proportions of sediment mobilized by over-
land erosion, road erosion, and stream bank erosion. Few studies have quantified sediment loading
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Figure 10. Cumulative proportions of simulated sediment mobilized by overland erosion, road erosion, and stream bank erosion and
entering stream channel network throughout Mad River watershed.

resulting from stream bank or road erosion in Vermont watersheds. Studies typically report considerable
variability in those estimates, particularly with respect to stream bank erosion among different reaches
[DeWolfe et al., 2004; Morrissey et al., 2011; Langendoen et al., 2012]. Despite this variability, we used these
prior studies as a general basis for approximating relative proportions of sediment being generated from
overland erosion, stream bank erosion, and erosion of roads. The Mad River watershed is largely forested,
so overland erosion was expected to be relatively low in comparison to other watersheds where urban and
agricultural land uses may dominate. Figure 10 shows total sediment mobilized and entering the stream
channel network within the entire watershed by the three mechanisms previously mentioned. On average,
stream bank erosion and failure generated approximately 62% of total sediment load during the modeled
time period, road erosion produced 33%, and overland erosion produced the remaining 5%. For this calibra-
tion, the proportion of sediment mobilized by each source only varied within 4% of the average of these
10 results. These estimates fall within the range of estimates of the contribution of stream banks to overall
sediment loading from studies such as those cited above. Again the behavior of sediment mobilization by
stream bank erosion/failure is also apparent in this plot, where cumulative sediment increases in pulses that
correspond to precipitation and/or high flow events.

Further examination of model-generated sediment by these three sources shows that these proportions
show logical variability between subbasins. Although we could not output total sediment mobilized
throughout each of the subbasins, we could look at the makeup of suspended sediment at the outlet of the
subbasins. These results are different from those presented above in that they are impacted by sediment
transport processes. Heavier particles are allowed to settle out in stream segments where velocity and
stream power decline. Therefore, the relative proportions of sediment in subbasin outlets, and particularly
at the outlet of the watershed at Moretown, differ from the original proportions of total sediment mobilized
within the watershed. Total cumulative suspended sediment was calculated for these subbasins using the
modeled suspended sediment concentration at each outlet, the corresponding outlet discharge, and the
tracked ratio of stream bank, road, and overland erosion that is outputted at each time step and each loca-
tion. Figure 11 shows the cumulative suspended sediment from overland erosion, roads, and stream banks
at the outlet of the watershed, as well as at each of the five subbasin outlets. In addition, Table 3 presents a
comparison of model simulated road erosion results to estimates made by Wemple [2013]. The model pre-
dicts significantly less suspended sediment from roads than was estimated by Wemple, although the overall
amount generated is the same order of magnitude as her lower bound estimates. Wemple estimated TSS
from roads based on annually scaled suspended flux measurements during specific storm events, most of
which occurred in the summer and fall months of 2011, as well as in spring and summer of 2012. However,
these years received more precipitation and higher flow events were observed in these time periods (partic-
ularly late 2011) than in 2014. Therefore, it was expected that the amount of sediment generated by road
erosion would be less in the 2014 water year. The range of percent contributions of roads in these
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Figure 11. Relative proportions of simulated cumulative suspended sediment at Mad River and subbasin outlets.

subbasins are similar however, indicating that the model is capable of representing realistic estimations of
the proportions of suspended sediment from this mechanism.

Without field data to compare absolute contributions of suspended sediment from stream bank and over-
land erosion, we also looked at the relative contributions of these mechanisms with respect to land charac-
teristics of those subbasins. Table 2 lists relative characteristics of these subbasins, such as the road-to-
stream length ratios and percent coverage of land cover types. Freeman and High Bridge subbasins have
the highest road-to-stream ratios as well as the highest percentage of land use classified as roads, which is
reflected in higher proportions of sediment from road erosion in these subbasins (37% and 24%, respective-
ly) than in other watersheds. The largest percentages of sediment from overland erosion at outlet locations
occurred in Mill Brook and Shepard Brook, which were also the largest subwatersheds (Table 2) and had the
largest ranges of elevation. The contribution of sediment from overland erosion was very negligible in small
upland subwatersheds (<1% in Folsom and High Bridge).

Table 3. Comparison of Road Sediment

Shepard  Freeman  Folsom High
Mill Brook Brook Brook Brook Bridge
Subbasin Subbasin  Subbasin  Subbasin  Subbasin
Wemple [2013] estimate of road TSS production (kg/yr) 330,265 204,212 145,054 75,816 90,664
Wemple [2013] lower bound estimate of road 13,513 8,387 6,060 3,209 3,821
TSS production (kg/yr)
Model predicted road TSS production (kg/2014 water year) 8,693 1,159 9,032 1,191 1,564
Wemple [2013] estimate of contribution of roads 27.2 19.9 12.7 9.9 114
to catchment TSS load (%)
Model predicted contribution of roads to catchment TSS load (%) 114 20.1 36.7 6.4 243
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5. Discussion and Conclusions

5.1. Model Capability and Performance

This work presents a new capability in an existing watershed model for simulation of sediment genera-
tion within a spatially explicit environment. By coupling a watershed and bank stability model, we can
more inclusively represent the processes that mobilize sediment, including the erosion and particularly
failure of stream banks, which were previously not present in similar distributed models but represent
important sediment mobilization processes in many watersheds. Overall the stream bank erosion pro-
cesses are captured in the coupled model approach, with some limitations. Comparison with available
field data indicates that the coupled model simulates the approximate magnitude and timing of sedi-
ment mobilization in the watershed and its subbasins, however generally underestimates suspended
sediment concentrations resulting from relatively small storm/flow events. Despite differences in the res-
olution of model and field data, it was evident that the coupled model still improved prediction of
cumulative loads and in some cases suspended sediment concentrations in association with elevated
flow events in comparison to the simulation conducted without representation of these processes. The
coupled model also logically represents watershed characteristics that would impact erosion processes,
such as land use, slope, and vegetation.

Although several sites were monitored for bank erosion and failure, no instances of mass failure occurred
during the modeled time period so no comparison or analysis of specific failure events could be made in
this work. The 2014 water year was relatively dry with few events that elevated flow other than spring melt.
Midwinter thaws that occurred during January 2014 were reflected in sediment results, where precipitation
that occurred during these periods was modeled as rain on snow events. Temperatures above freezing
resulted in snow melting, elevated flow conditions, and the occurrence of bank failures as expected. Elevat-
ed erosion and small failures also occurred during flows associated with the spring melt and were likely a
result of bank undercutting during this period. No significant precipitation coincided with this spring period.
Also, no data related to suspended sediment, erosion, or failures were available during the winter or spring
melt period.

This application of DHSVM represents a scaling up of the use of this hydrological model from small headwa-
ter watersheds to larger watersheds where bank erosion may play a bigger role. With some exceptions,
much of the work using DHSVM has been conducted on watersheds of less than 50 km? [e.g., Wigmosta
and Lettenmaier, 1999; Bowling and Lettenmaier, 2001; Waichler et al., 2005; Doten et al., 2006; Surfleet et al.,
2010; Du et al., 2014]. In larger watersheds, particularly those where the landscape has been modified in
ways that increase stream channel instability (such as deforestation, agriculture, and urban development),
simulation of the processes contributing to bank erosion and failure will generate a more complete picture
of how sediment is mobilized and transported. The influence of local meteorological data, particularly pre-
cipitation, is also clear in the application of this modeling approach. Particularly in larger watersheds and
watersheds with large ranges in elevation, the impact of local storms and spatial variability in rainfall may
have an important impact on sediment mobilization processes. The model time step used in this work (2 h)
was chosen based on the limited availability of higher resolution data for all variable needed to drive the
hydrology model. Inclusion of high spatial resolution precipitation data could improve model performance,
particularly with respect to water table conditions and lag times.

5.2. Supply/Transport Limit Conditions

Results indicated that there was generally more sediment available than transport capacity to move that
sediment during relatively low flow events. This was reflected in similar suspended sediment concentrations
predicted by the model at low flows, with and without BSTEM activated. Changes in parameter values that
increased available sediment resulted in no changes in the low flow, subbasin sediment concentration val-
ues. The years for which we have data on suspended sediment in the watershed were relatively dry, with
no significant precipitation or high flow events. It was therefore difficult to assess model performance under
conditions where large amounts of sediment would be mobilized by bank failures and high flow conditions
would allow transport of that material. The variability in results due to probabilistic parameter assignment
was seen primarily in the magnitude of sediment pulse events, where the number of failures showed some
variability, but typically occurred within the same few time steps. This was reflected in higher peaks in sus-
pended sediment concentrations at relatively higher flows, however, no difference was seen with low flow
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events. The results presented here indicate the potential for this approach to improve our ability to simulate
sediment mobilization and transport under higher flow conditions.

5.3. Insight Into Sources of Sediment

Results indicate that in the Mad River watershed, where the landscape is largely forested and surface ero-
sion is minimal, stream bank erosion and failure were major contributors of sediment to streams and receiv-
ing waters between 1 August 2013 and 30 September 2014. Differences in the relative proportions of
suspended sediment originating from stream bank, road, and overland erosion at subbasin outlets are indic-
ative of factors such as land use and channel characteristics impacting the simulation of those processes.
Previous studies conducted in Vermont watersheds have large ranges of sediment proportion generated by
stream bank erosion and failure. For example, Morrissey et al. [2011] estimated that on a reach basis, stream
bank erosion accounted for 15-80% of total eroded sediment. Langendoen et al. [2012] used BSTEM to esti-
mate sediment loading from stream bank erosion in an agricultural watershed in Vermont and found that
36% of total suspended sediment leaving the watershed was from stream bank erosion. Specific to the Mad
River watershed, Wemple [2013] estimated that unpaved roads contribute 10-27% of the annual sediment
yield from the five subbasins used in this study. The coupled model presented here generated suspended
sediment loads that agreed well with these field-based estimates. Model results indicated that road sedi-
ment contributed 10-37% of sediment seen at these same subbasin outlets. Additionally, in this study,
roads contributed 33% of simulated mobilized sediment that reached stream networks in the watershed,
which also compared well to field-based estimates for annual average suspended sediment from roads for
the Mad River and Winooski watersheds (17-31%) [Wemple, 2013]. However, 19% of simulated suspended
sediment at the watershed outlet near Moretown originated as road sediment. It may be that much of the
road sediment from upstream subbasins was redeposited in slower stream segments before reaching the
outlet of the watershed. This deposition of road sediment is related to the larger particle size of road sedi-
ment. Road sediment particle size was set larger than stream bank sediment. It therefore falls into a larger
sediment bin size which the model transports with remaining stream power once smaller sediment has
been moved. Overland sediment was parameterized as finer particles, and although overland erosion was
only 5% of total sediment mobilized, 14% of sediment seen at the outlet originated from this source, indi-
cating that these particles remained in suspension.

5.4. Parameter Sensitivity

An increase in the number of failures occurring, the amount of sediment mobilized, and thereby suspended
sediment concentrations in the stream channels, can be achieved by adjusting relevant parameters such as
cohesion, radius of curvature, and critical shear stress. However, this also results in an increase in suspended
sediment concentration during base flow conditions, indicating an overestimation of continuous erosion of
banks, and ultimately leading to overestimation of cumulative suspended sediment. This could potentially
be addressed by delineating the stream network into smaller segments or using a smaller grid size (grid
cells here were 100 m by 100 m), but maintaining variability among reaches, so that segments where ero-
sion and failures occur frequently, a smaller volume of sediment is being contributed to the overall system.
In this work, erosion calculated on any stream segment was applied to half the length of the channel seg-
ment contained in that grid cell. This may be relatively accurate if using a small grid cell size, however, the
coarser the resolution of the model, the less likely this assumption is to realistically represent actual erosion.
Alternatively, the model could be modified so that the volume of sediment lost due to the rate of erosion
or a mass failure was calculated based on a smaller portion of that stream segment, perhaps as a function
of the radius of curvature. This fraction of the stream reach to which erosion and failure is applied should
be treated as a user-defined calibration and further investigation could attempt to identify a physically
based method for assessing this value.

Along with the above mentioned modifications, this approach would also be improved by future efforts to
improve the ability of the model to represent changes in the position of the channels in the landscape and
associated changes in sinuosity. The model currently does not modify landscape processes in response to
channel erosion and migration. In addition, as continuous erosion occurs, sinuosity and radius of curvature
of that stream segment would be altered. Although we believe this approach has great potential for use in
investigating the impacts of climate and land use change, improvements in this area would further improve
the suitability of this approach, particularly for long-term (decadal to century time scale) simulations.
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5.5. Sediment Tracking

The ratio used to track stream bank sediment was calculated based on the influxes to each stream segment
and then applied to sediment leaving that segment. This was considered a valid assumption since those
ratios are calculated and tracked for each model sediment bin size. Once sediment is added to a bin size in
DHSVM, it is not further differentiated in the model. Sediment from all sources (roads, streams, overland,
and debris flow) entering a stream segment are combined, as well as sediment mass stored in that seg-
ment, the total transport capacity is calculated and some portion of the total available sediment is moved
to the next segment. Remaining sediment that is in excess of the total transport capacity is redeposited in
that segment and available for transport at the next time step. No preference is given to transporting
already suspended sediment over stored/settled sediment in any segment. In reality however, currently sus-
pended sediment is more likely to be transported than stored sediment and the ratio of stream bank sedi-
ment to other sediment entering a reach is not necessarily the same as the ratio at the reach outlet. In the
current parameterization, a significant portion of road sediment is redeposited before reaching the outlet
because of coarser particle size, whereas sediment from overland erosion is more easily transported due to
incipient motion on the land surface favoring fines. Stream bank soils are represented mostly as silty loams
and loamy sands, which are between road and overland sediment particle sizes. The high proportions of
stream bank soils seen in these results are also affected by the locations chosen for model comparison.
Most simulated stream bank erosion and failure occurs along the lower portion of the main stem and to
some extent along major tributaries of the Mad River, so these sediments are transported shorter distances
to locations where model results are compared to field data.

5.6. Limitations and Suggestions for Future Work

This approach could be further improved to better represent the physical conditions and processes contrib-
uting to sediment mobilization, in particular from bank erosion and failure. For example, recent version of
BSTEM incorporates the occurrence and impact of tension cracks on bank stability. In Vermont, tension
cracks are not a commonly seen mode of failure and so were not incorporated in this work. However, in oth-
er regions, this may have a more pronounced impact on bank stability and further work could enhance the
model by incorporating those processes. Additionally, BSTEM includes a RIP ROOT module [Pollen and
Simon, 2005], that calculates the specific additional cohesion due to roots on bank stability forces. Addition-
al work could enhance the ability to simulate specific bank vegetation or bank stability measures in a spa-
tially explicit format.

Bedrock outcroppings in the Mad River Valley constrict the river and cause ponding during heavy precipita-
tion events. Slower velocities lead to sediment deposition and bank erosion where flow is diverted. Sedi-
ment in tributaries as well as the main stem is then periodically flushed out by large events. This ponding
effect is difficult to model, but could potentially be achieved by manual delineation and description of the
stream network. This was not attempted for this work but may be an avenue for future research. Using a
stream network that more accurately describes explicit changes in widths and slopes of stream segments
should allow the model to produce more accurate estimates of stream power, which could potentially be
investigated as an indicator of erosional hot spots similar to how Gartner et al. [2015] identified hot spots
using a logistic regression model based on channel slope, curvature, and length of upstream segment.

5.7. Implications

The importance of simulating stream bank failures is partly because sediment can be a water quality issue
in its own right, but also because bound phosphorus can contribute significantly to nutrification problems
in receiving water bodies, such as Lake Champlain which suffers excess nutrient loads that lead to eutrophi-
cation and harmful algal blooms. Ishee et al. [2015] suggested that landscape position (floodplain, low slope
versus upland soil) may be useful in identifying stream bank erosion sites where soils are more likely to
have higher total phosphorus (TP) concentrations [Ishee et al., 2015]. However, although TP is often used as
an index of P loading, these authors also suggested, based on lower concentrations of Morgan Modified P
(MM P) and degree of phosphorus saturation (DPS), that eroding stream bank soils may actually act as phos-
phorus sinks, contrary to prior conclusions. This suggests that more work is needed to qualify stream bank
erosion based on bioavailable phosphorus measures in order to assess the impact on nutrient loading.

The presented coupled model advances mechanistic representation of suspended sediment within a water-
shed. Such modeling ability is valuable for simulating the potential impacts of climate and land use changes

STRYKER ET AL.

MODELING SEDIMENT MOBILI 2070



@AG U Water Resources Research

10.1002/2016WR019143

Acknowledgments

This research was supported by the
Vermont Experimental Program for
Stimulating Competitive Research
(EPSCoR) and funded by NSF award
EPS #1101317, Research on Adaptation
to Climate Change in the Lake
Champlain Basin (RACC). The authors
are grateful to a number of people
involved in the RACC project.
Colleagues Kristen Underwood, Scott
Hamshaw, as well as undergraduate
student intern Sean Brennan, made
invaluable contributions to the field
work and data collection for this study.
In addition, many thanks to Eddy
Langendoen and the U.S. Department
of Agriculture, Agricultural Research
Service, National Sedimentation
Laboratory (USDA-ARS, NSL) for
sharing an open version of BSTEMv5.4
with us. The data used are listed in the
references, tables, figures, supporting
information and are further available
by contacting the corresponding
author.

on sediment and nutrient budgets as precipitation driving flood events continues to become more extreme.
Because we expect higher intensity precipitation events would likely have a larger impact on stream bank
erosion and failure, this coupling may be particularly beneficial for simulating extreme event and climate
change scenarios. Although we did not have data available for validating model performance under
extreme precipitation conditions, this approach shows the potential to better represent watershed response
to such conditions than other similar watershed models. In this work, we saw the most significant differ-
ences in suspended sediment concentrations between the original DHSVM and the coupled DHSVM-BSTEM
model under elevated flow conditions, as well as with the occurrence of winter thaw events. The ability to
more inclusively simulate the processes that mobilize sediment from a watershed has important implica-
tions for water quality assessment and related policy issues (such as climate adaptation). The physics-based
nature of this coupled modeling approach will be particularly well suited for assessing the potential impacts
of future shifts in climate and land use on water quality and land management.
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