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Abstract Mountain rivers often receive sediment in the form of episodic, discrete pulses from

a variety of natural and anthropogenic processes. Once emplaced in the river, the movement of this
sediment depends on flow, grain size distribution, and channel and network geometry. Here, we simulate
downstream bed elevation changes that result from discrete inputs of sediment (~10,000 m?), differing
in volume and grain size distribution, under medium and high flow conditions. We specifically focus on
comparing bed responses between mixed and uniform grain size sediment pulses. This work builds on

a Lagrangian, bed-material sediment transport model and applies it to a 27 km reach of the mainstem
Nisqually River, Washington, USA. We compare observed bed elevation change and accumulation rates
in a downstream lake to simulation results. Then we investigate the magnitude, timing, and persistence
of downstream changes due to the introduction of synthetic sediment pulses by comparing the results
against a baseline condition (without pulse). Our findings suggest that bed response is primarily
influenced by the sediment-pulse grain size and distribution. Intermediate mixed-size pulses (~50% of
the median bed gravel size) are likely to have the largest downstream impact because finer sizes translate
quickly and coarser sizes (median bed gravel size and larger) disperse slowly. Furthermore, a mixed-size
pulse, with a smaller median grain size than the bed, increases bed mobility more than a uniform-size
pulse. This work has important implications for river management, as it allows us to better understand
fluvial geomorphic responses to variations in sediment supply.

Plain Language Summary Sediment often enters mountain rivers from a variety of natural
and human sources. Here, we simulate how this added sediment results in downstream changes in the
amount of sediment in the river channel. This work was applied to a 27 km section of the Nisqually River,
Washington, USA. We compare observed changes in the level of the stream bottom and accumulation
rates in a downstream lake to model results. Then we investigate the magnitude, timing, and persistence
of downstream changes due to the introduction of added sediment by comparing the changes against a
baseline condition (without the added sediment). We found that added sediment particles that are half as
large as on the riverbed and with a range of sizes are likely to have the largest downstream impact because
smaller sizes move quickly and larger sizes move slowly. Furthermore, added sediment particles that

are smaller than on the riverbed and with a range of sizes help more sediment particles on the riverbed
move than if that sediment addition all had the same particle size. This work has important implications
for river management, as it allows us to better understand how rivers are affected by variations in added
sediment.

1. Introduction

Sediments are delivered into river networks from the surrounding watershed, often as discrete pulses
in space and time driven by precipitation or other perturbations (Benda & Dunne, 1997b; Gran & Czu-
ba, 2017; Murphy et al., 2019). This stochastic supply of sediment may enter the river network from a
variety of watershed sources such as uplands, ravines, banks, bluffs, landslides, and debris flows (Benda &
Dunne, 1997b; Czuba et al., 2017; Murphy et al., 2019). In mountain streams, coarse sediment pulses are
commonly supplied in large volumes from episodic mass movements like landslides and debris flows (Ben-
da & Dunne, 1997b; Cui, Parker, Lisle, et al., 2003; Cui, Parker, Pizzuto, & Lisle, 2003). Wildfire is a major
effect of climate change and post-wildfire landscapes can deliver large quantities of sediment to streams
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(Benda et al., 2004; Moody & Martin, 2004; Murphy et al., 2018, 2019; Sankey et al., 2017). Anthropogenic
perturbations can also alter the frequency and magnitude of sediment supply, such as through dam removal
(Cashman et al., 2021; Czuba et al., 2011; Dow et al., 2020; East et al., 2015, 2018; Major et al., 2012; Ritchie
et al., 2018) and gravel augmentation (Arnaud et al., 2017; Gaeuman et al., 2017; Welber et al., 2020). Once
delivered into a river, a pulse of sediment moves downstream through some combination of translation,
dispersion, and attrition of particles (An et al., 2017; Cashman et al., 2021; Cui & Parker, 2005; Cui, Parker,
Lisle, et al., 2003; Cui, Parker, Pizzuto, et al., 2003; East et al., 2015, 2018; Lisle, 2008; Lisle et al., 1997, 2001;
Major et al., 2012; Ritchie et al., 2018; Sklar et al., 2009; Sutherland et al., 2002) or can be stored within the
river and floodplain network (Benda & Dunne, 1997a; Cashman et al., 2021; Gran & Czuba, 2017).

When a sediment pulse is emplaced on the bed, the river adjusts to process the additional sediment (Cui,
Parker, Lisle, et al., 2003). The evolution of sediment pulses is influenced by river channel morphology and
bed texture (Lisle, 2008), river network structure (Gran & Czuba, 2017), and watershed historical legacy
(James, 2010). In gravel-bed rivers, sediment pulses evolve by translation when pulses are composed of fine-
grained sediment, specifically finer than the underlying bed material, and when pulses have narrow grain
size distributions with small volumes (Cui & Parker, 2005; Cui, Parker, Lisle, et al., 2003; Cui, Parker, Pizzu-
to, & Lisle, 2003; Lisle, 2008; Lisle et al., 1997, 2001; Sklar et al., 2009). In contrast, dispersion of sediment
pulses occurs when the pulse has a wide grain size distribution, sediment coarser than the preexisting bed,
or a large volume relative to channel dimensions, or where the Froude number of the flow is high (>0.4)
and conditions of the river promote differential transport of sediment (Cui & Parker, 2005; Cui, Parker,
Lisle, et al., 2003; Cui, Parker, Pizzuto, et al., 2003; East et al., 2015; Lisle, 2008; Lisle et al., 1997, 2001; Sklar
et al., 2009). At large spatial scales, the sediment pulse grain size distribution may fine downstream due
to size-selective transport or attrition, especially when transport distances are long or particles are friable
(Ashworth & Ferguson, 1989; Dingle et al., 2017; O'Connor et al., 2014; Paola et al., 1992; Parker, 1991). The
gradual downstream progression of sediment pulse movement may be interrupted by sediment bottlenecks,
which are locations in river networks with local deceases in transport capacity due to low channel slopes
and/or wide channel widths (Czuba et al., 2017; Gran & Czuba, 2017; Schmitt et al., 2018).

The evolution of a sediment pulse is also dictated by pulse characteristics, streamflow hydrology, and chan-
nel properties (Cui & Parker, 2005; Czuba, Magirl, et al., 2012; Murphy et al., 2019; Sklar et al., 2009). River
reaches with high slope or discharge relative to the bed surface grain size, i.e., high bedload transport ca-
pacity, can move sediment pulses quickly while reaches with low sediment-transport capacity and stream
power are prone to sedimentation (Cui & Parker, 2005; Czuba, Magirl, et al., 2012; Murphy et al., 2019). Bed
texture response to a sediment pulse also depends on the grain size of the pre-existing bed, pulse size, pulse
volume, and the spatial and temporal evolution of the pulse (Sklar et al., 2009). Sediment pulses with a grain
size smaller than the preexisting bed move rapidly and thus, lead to a greater decrease in median bed mate-
rial size, but for a shorter duration compared to a coarser sediment pulse undergoing more dispersion (Sklar
et al., 2009). Large pulse volumes create longer-lasting impacts on the channel bed with more dispersion
compared to small-volume pulses (Czuba, Magirl, et al., 2012; Murphy et al., 2019; Sklar et al., 2009). Sed-
iment pulses are moved downstream more rapidly as the magnitude or frequency of streamflow increases
(Czuba, Magirl, et al., 2012). Thus, the interplay among sediment pulse characteristics of grain size, grain
size distribution, and volume along with channel and flow properties determine how the pulse evolves
through a river network.

Along with flume experiments and model simulations with simple geometry, recent field studies de-
scribe how sediment pulses, particularly following dam removal, evolve over long reaches in actual riv-
ers with downstream variations in bed sediment grain size, slope, and width (Cashman et al., 2021; East
et al., 2018, 2015; Harrison et al., 2018; Major et al., 2012; Pace et al., 2017; Ritchie et al., 2018; War-
rick et al., 2015). Following the removal of Simkins Dam on the Patapsco River in Maryland, Cashman
et al. (2021) found weeks to months of translation and dispersion of the sediment pulse within the channel,
which aggraded the bed and affected local hydraulics. Dispersion and deposition on floodplains persisted
for years. Following the removal of two dams on the Elwha River in Washington, approximately 65% of the
reservoir sediment was eroded, with 10% of this eroded sediment aggrading the channel up to 1 m in plac-
es (deeper in pools), and channel morphology changed from pool-riffle to braided (East et al., 2015, 2018;
Ritchie et al., 2018; Warrick et al., 2015). Furthermore, the most change occurred within the first two years
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following the dam removals (without any large flows) over the 20 km reach from the upstream-most dam to
the coast. Following the removal of Marmot Dam on the Sandy River in Oregon, Major et al. (2012) found
that sediment transport and deposition were strongly controlled by downstream changes in channel slope
and valley morphology. Thus, variable transport capacity conditions present in the field strongly influence
sediment pulse behavior. Such variability is rarely represented in network scale sediment routing models,
which presents a potentially large gap in our ability to predict how such pulses may evolve during transport
downstream through real river networks.

It is difficult to capture all the complex processes of sediment transport across a large-scale in a single
modeling framework. There are one-dimensional models available that can be utilized to simulate sedi-
ment-pulse dynamics. The Unified Gravel-Sand (TUGS) model uses a surface-based bedload equation, with
asand and gravel transfer function, in linking grain size distribution in the bed load, surface, and subsurface
layer to simulate transport, erosion, and deposition of sand and gravel (Cui, 2007). Specifically applied to
dam removal pulses, the Dam Removal Express Assessment Models (DREAMs) simulate aggradation and
incision following dam removal for reservoir deposits composed primarily of noncohesive sand and silt
(DREAM-1) and gravel (DREAM-2; Cui et al., 2006a, 2006b). The Morphodynamics and Sediment Trac-
ers in one-dimension (MAST-1D) model also incorporate particle-size distributions to simulate morpho-
dynamic evolution of a river bed and lateral exchange of sediment between the channel and floodplain
(Lauer et al., 2016; Viparelli et al., 2013). The Lagrangian framework presented by Czuba (2018) and Pfeiffer
et al. (2020) also uses a surface-based bedload equation and considers mixed-size sediment transport. This
model can be applied in gravel-bedded river networks as it is capable of incorporating additional complexi-
ties that arise from channel network structure. While these 1D models represent a promising avenue for the
study of sediment pulse dynamics, to date there are few examples of model application with field data over
spatial scales of many kilometers (Castro-Bolinaga et al., 2020; Cui et al., 2014, 2019; De Rego et al., 2020).

We investigate the space-time evolution and downstream effects of simulated sediment pulses in the main-
stem Nisqually River in Washington, USA. We simulate pulse behavior with downstream variations in
slope, width, and bed-sediment grain size using a Lagrangian, bed-material sediment transport model (Czu-
ba, 2018). Using this model, we explore how mixed-size sediment pulses, which are common in the field,
affect downstream bed elevations, grain size, and sediment transport differently than uniform-sized sedi-
ment pulses, which have been commonly studied (as described above). We focus on sediment pulse volumes
on the order of 10,000 m3, typical of small dam removals and gravel augmentation (Arnaud et al., 2017;
Bellmore et al., 2017; Foley et al., 2017; Major et al., 2017), which would be commonly encountered by riv-
er managers. Results of model simulations were compared to physical measurements, where available, to
assess the efficacy of the model in predicting sediment transport and resulting changes. While we discuss
limitations of our model in representing all the relevant complexities of the Nisqually River, we suggest that
the model adequately represents an example gravel-bedded river, constrained in reality, and offers insight
into how sediment pulses might move through real river systems. This study adds to our collective knowl-
edge of how sediment supply perturbations, as discrete sediment pulses, may evolve in rivers and impact
downstream locations.

2. Study Area

Mount Rainier is a glaciated stratovolcano in the Cascade Range of western Washington with a summit el-
evation of approximately 4,393 m. The Nisqually River drains the southwestern slope of Mount Rainier and
terminates in Puget Sound. This river system, and also the White, Carbon, and Puyallup Rivers that drain
Mount Rainier, receives large sediment loads during large floods along with substantial debris flows (e.g., 40
million m? during a rainfall event in 1947) from Mount Rainier (Anderson & Pitlick, 2014; Czuba, Magirl,
et al., 2012; Legg et al., 2014). Large sediment loads delivered to these rivers contribute to river channel
migration, bed aggradation, and subsequent reduction of flood-conveyance capacity (Czuba et al., 2010).
The Nisqually River drains approximately 2,000 km?, but Alder Lake divides the river into upper and lower
sections. Alder Lake is a reservoir, created behind Alder Dam in 1945, which reduces downstream sediment
delivery (Czuba, Olsen, et al., 2012). Herein, we focus on the upper Nisqually River draining Mount Rainier,
which is most affected by large sediment supply. The upper Nisqually River (referred to as the Nisqually
River hereafter) drains approximately 590 km? upstream of Alder Lake (Figure 1). Forest is the dominant
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Figure 1. Study area map of the Nisqually River, Washington, USA. The USGS gage (black triangle) and locations of
simulation results (brown plus signs) are marked within the modeled reach along with bed material sediment sampling
locations (white circles).

land cover here and some upstream tributaries drain active glaciers. We apply our model here, because this
is a reach commonly affected by large sediment pulse inputs and data are available to develop a model and
assess the results (further described below).

3. Methods
3.1. Model Framework and Development
3.1.1. Two-Layer River-Network Model

This work builds on a previous 1D Lagrangian, bed-material sediment transport model (Czuba, 2018), which
we briefly summarize in this section. Here, sediment is conceptualized as a set of discrete individual parcels,
where each parcel has a volume and grain size. The river network is conceptualized as interconnected links,
each with topologic (downstream connectivity), geometric (elevation, slope, channel segment length, aver-
age width), hydrodynamic (flow discharge), and bed sediment attributes (grain size distribution). Sediment
in any link at any time is separated into two layers: active surface layer and inactive subsurface layer.

The maximum volume of sediment ( y) that can be moved in any link at any time is set by:

¥ =(BL, 1)
where / is the link length, B is the channel width, and L, is the active layer thickness of that link. The total
sediment parcel volume in any link at any time (V) is the sum of the volumes of all parcels within that link
at that particular time. If the total sediment parcel volume in a link exceeds y, then the excess sediment
parcels are inactivated and placed into the subsurface layer, which consequently increases the slope of that
link and decreases the slopes of any upstream links (Czuba et al., 2017).

The total sediment volume in the active surface layer of any link at any time (V,,) is dependent on y as:
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Each sediment parcel is tracked as it moves through the network. The arrival and departure of parcels
from links follow a first-in, last-out rule, i.e., the most recent parcels to arrive in a link are positioned in
the active surface layer, whereas the oldest parcels in the link would be selected first for inactivation in the
subsurface layer as described above. With this movement of sediment, bed elevation, and thereby slope, is
updated accordingly (accounting for porosity) at each time step throughout the network. The transport time
(#) of a sediment parcel to move through link length ¢ (Czuba, 2018; Czuba & Foufoula-Georgiou, 2014) is
calculated as:

p¥2gRIL,
where p is the density of water, g is the acceleration due to gravity, R is the submerged specific gravity of
sediment, W" is a dimensionless transport rate, r is the bed shear stress, and F is a fraction describing the
ratio of the parcel volume to the total sediment volume in the active surface layer, V, ,, of that link at that
time. The dimensionless transport rate, W", is calculated for each parcel and comes from the surface-based,
mixed-size bedload transport equation of Wilcock and Crowe (2003). This formulation was chosen because
it takes into consideration that the presence of sand increases the mobility of sediment.

3)

The model requires flow data, channel/link data (segment length, width, initial elevation), and initial sedi-
ment data as inputs. The simulation procedure for every link at each time step can be summarized as:

1. compute the maximum volume of sediment y that can be moved (Equation 1),

2. compute bed elevations from sediment volume and update slope,

3. compute grain size information of the active layer from all sediment parcels in the active layer for the
Wilcock and Crowe (2003) equation,

4. compute transport time of each parcel (Equation 3), and,

5. update all parcel locations in their current link or move to a downstream link.

Thus, model outputs include spatially and temporally explicit characterization of sediment depth (account-
ing for porosity), bed elevation, grain size distribution, and volume in any link of the river network in-
cluding fluxes past the downstream outlet. The Lagrangian nature of this formulation also allows specific
sediment inputs to be tracked as they move through the river network.

3.1.2. Key Modeling Advancements

3.1.2.1. Initial Median Sediment Size

The Nisqually River is gravel-bedded, and we are representing it as a single-thread channel whose median
bed particle size varies systematically with local hydraulics. Specifically, the initial median bed particle size
(Ds,) was initialized throughout the network as a function of channel width (B) and slope (§) following a
reduced form of the equation provided by Snyder et al. (2013) as:

3
n3/5Q2/5S7/10

Dy, = 4)

Rr.B
where n is the Manning roughness coefficient, Q, is the 2-year recurrence interval flow, and 7 is the critical
Shields parameter to mobilize Dy,. We implement Equation 4 using an assumed 7, of 0.04 and n of 0.035,
as in Snyder et al. (2013). Rather than validating these particular parameter values, we simply validate the
resulting estimates of Dy, with field measurements at several points along the study reach.

3.1.2.2. Flow Depth

We consider river flows as hydraulically rough flows. Using the depth-average velocity, water depth in each
link in the model is calculated as:
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Figure 2. Fluvial geomorphic attributes along the mainstem Nisqually
River. (a) Width and initial bed slope of the Nisqually River. (b) Observed
(plus sign, where the vertical line of the plus represents the range) and
modeled (solid and dashed lines) initial bed surface material grain size
(excluding sand) from Equation 4. The observed Dy, at roughly 9 km
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where k is an effective roughness height (later assigned as a function of
bed grain size in Section 3.2). This relation is approximated from Keule-
gan's resistance law for rough flow (Garcia, 2008; Keulegan, 1938) to in-
corporate grain-induced resistance in gravel-bed rivers. The formulation
of Equation 5 allows water depth to change with variations in discharge
(Q) and channel flow resistance (via k).

3.1.2.3. Upstream Background Sediment Supply

Sediment can be supplied anywhere along any link within the network
at any time step. We considered several different methods for supplying
upstream background sediment to the model, each of which is described
in Supporting Information S1. The method that was the most numeri-
cally stable for this application and used throughout this study involved
creating a sediment supply reservoir at the upstream end of the model.
We did this by adding sediment parcels to the bed surface layer at the
most upstream link in a sufficient volume as to not empty during the
simulation. We also fixed the bed elevation at the upstream end of this
link so that the added bed volume did not increase the channel slope.
The streamflow continuously eroded this background sediment from this
sediment supply link and transported it downstream.

3.2. Model Parameterization

This study modeled a 27.2 km reach of the mainstem Nisqually River dis-
cretized into 400 m long links, which is roughly twice the channel width,
starting at Tahoma Creek (beginning of model stationing) and ending at
Alder Lake (68 links total; Figure 1). We used the input channel geome-
try, streamflow, and sediment data from the model used by Czuba, Ma-
girl, et al. (2012). The channel geometry data included channel widths
and bed elevations. The active channel, defined as the section of the river
corridor relatively free of vegetation that conveys the majority of the wa-
ter and sediment during high flow, was digitized from the 2009 National
Agricultural Imagery Program imagery at 1:3,000 scale (U.S. Department
of Agriculture, 2011). A river centerline was then digitized through the
center of the active channel, representing the dominant pathway of the
river during high flow. Major tributaries include Big and Mineral Creeks
(Figure 1). The active-channel width (Figure 2a) for each 400 m link was
computed by dividing the total active-channel area for 400 m segments of
the channel centerline by the length of that segment (400 m).

A longitudinal profile approximating the water-surface elevation was
obtained by extracting lidar elevations of the river centerline. Eleva-
tion points were sampled from the underlying 1 m bare-Earth lidar data
(PSLC, 2012) at 10 m increments along the river centerlines and averaged
together every 400 m to determine an average elevation for that link. The
final linear network in the model started just downstream of the conflu-
ence of the Nisqually River and Tahoma Creek, where the bed slope was
roughly 2% (Figure 2a). A minimum slope of 0.1% was imposed for all
links to account for any erroneously low-sloped sampling points.

A long-term streamflow record (water years 1946-2011) was compiled using time series of daily streamflow
(Figure 3a) from a USGS streamflow-gaging station (see location in Figure 1) on the Nisqually River (USGS
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Figure 3. Time series of flow and sediment characteristics at three links and the outlet. (a) Daily streamflow at the
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12082500, Nisqually River near National, WA; USGS, 2021). The streamflow data measured at this gage was
scaled to upstream and downstream flow-change locations (Big and Mineral Creeks; Figure 1) using con-
tributing drainage area. From the upstream end of the model to Big Creek (at 14.6 km), the gage discharge
was decreased by 30%, and from Mineral Creek (at 23.6 km) to the downstream end of the model, the gage
discharge was increased by 60%.

All sediment parcels were assigned a maximum parcel volume of 50 m3. Grain size of any parcel was given
a discrete value among 0.4, 2.83, 5.66, 16.0, 45.3, 90.5, 181, 362, 724.1, and 1,448.2 mm, which are the mean
sizes for sand and of gravel (computed in log scale) within grain size bins bounded by 2, 4, 8, 32, 64, 128,
256, 512, 1,024, and 2,048 mm. There were four surface grain size sampling locations (Figure 1; Czuba,
Magirl, et al., 2012), and multiple measurements were taken from gravel bars at each site using the Wol-
man pebble-count method (Wolman, 1954). These distributions had a median gravel size of roughly 70 mm
and were composed of roughly 40% sand. The initial gravel distribution was approximated as log-normal
with gravel sizes for each link calculated from Equation 4 (with Manning's n as 0.035 and z,as 0.04; Snyder
et al., 2013) and standard deviation calculated from the observed distributions (y/Dg,/D,s ~ 2-3 mm, Fig-
ure 2b; Garcia, 2008). This served as a close starting point for setting the initial bed sediment distribution
that was further modified during a model conditioning run. In Figure 2b, the observed field measurements
are shown as plus marks, the vertical lines of which extend to the range of the gravel size measurements
and horizontal lines of the plus signs represent the median observed gravel size at that location. Due to the
absence of subsurface data, it was initialized to be the same as the surface size distribution. Sediment load
by grain size, was supplied to the model at the upstream boundary, and the determination of which was
discussed in Section 3.1.2.3.

The roughness height k (Equation 5) was assumed here as twice the median particle size (Garcia, 2008) and
was updated at each time step in the model to translate flow discharge to flow depth. The active surface-lay-
er thickness was selected as 0.25 m (close to D) throughout the model and bed sediment porosity was set
as 0.25. Other specific parameter values were p = 1,000 kg/m3, g = 9.81 m/s? and R = 1.65.

The model was first run from October 1, 1945 to September 30, 2011 (water years 1946-2011) for condition-
ing of input data. The model-conditioning process is a 1D river-morphodynamic adjustment process, which
allows free or unconstrained parameters (e.g., bed sediment grain size distribution) to adjust to the fixed or
constraining parameters in a way that allows the model to better simulate river processes given sparse top-
ographic and sediment data (Cui & Wilcox, 2008; Cui et al., 2006a, 2006b; Lauer & Parker, 2008). The entire
65-year streamflow record was simulated and the model reached quasi-equilibrium after around 35 years,
when the model simulated short-term fluctuations in bed elevation (mainly with flow fluctuations), but
minimal long-term change. At the end of the model-conditioning process, the conditioned bed sediment
grain size distribution was used at the start of all subsequent model simulations. Thus, only the bed sed-
iment size distribution was updated while other inputs (e.g., slope, bed elevation etc.) were not updated
following the model-conditioning process.

3.3. Model Verification

After model conditioning, the model was run again using daily streamflow data from water years 1946-2011.
The simulated sediment depth and median grain size at three different locations are shown in Figures 3b
and 3c. These locations are marked in Figure 1 (as brown plus signs): at an upstream location (7.6 km),
in the middle of the reach (15.2 km), and at a downstream location near the basin outlet (26.8 km). The
solid line in Figure 3d shows simulated bedload volume to Alder Lake. Changes in sediment depth, grain
size, and volume were the greatest during high flows. The gradual decrease in equilibrium sediment depth
(~3 cm over 65 years) in the baseline scenario simulated by the model suggests minor incisions would
occur during high flows given the minimal baseline sediment supply simulated. Gradual coarsening of the
median grain size suggests that this transport is mainly winnowing fine material. The model was only able
to maintain a bed material composition at or below approximately 5% sand (much lower than the observed
40% on gravel bars). During the conditioning run, the model became stable when the bed material sand in
excess of 5% was transported out of the model domain. The gravel bars from which the bed material was
measured were very sandy, yet there was considerably less sand in the low-flow channel beds. We believe

AHAMMAD ET AL.

8 of 23



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface 10.1029/2021JF006194

some of this discrepancy between our field observations and simulated sand fractions has to do with sort-
ing and winnowing that occurs in the more complex field channel geometry than we are capturing in our
essentially 1D model. We discuss this issue further in Section 5.3 along with steps for potential model im-
provement. The abrupt changes in bed elevation during high flow events correspond to abrupt increases in
simulated outlet volume. Figure 3c shows coarser bed material in the middle link compared to upstream
and downstream locations, which is due to the initially coarser material at that location (middle light gray
vertical line in Figure 2b). Results demonstrate relatively stable sediment characteristics with short-lived
high flow fluctuations, while long-term trends in grain size and sediment depth were gradually adjusted
primarily during high flow events.

We compared the model results to available measurements of bed grain size data, gage height fluctuations
(at USGS 12082500, Nisqually River near National, WA), and deposition records in Alder Lake. We observed
from Figure 2b that initial median gravel sizes (from Equation 4) exhibit strong agreement with median
sizes of that collected at four locations in the network. Thus, this approach (via Snyder et al., 2013) allowed
us to vary initial sediment size throughout the network as a function of channel geometry. The observed
variance in bed elevations at the USGS gage location (at around 18 km) was ~1.5 m during 1985-2011
(Czuba, Magir], et al., 2012; Pfeiffer et al., 2019). The model predicted that bed elevations varied 0.9 m
(peak of sediment depth in Figure 2c) from equilibrium during this same period. However, this was under
a simulated background sediment supply that was transporting at-capacity, thus, not including sediment
pulses that likely contributed to real variations observed in the gage data (Anderson & Pitlick, 2014; Legg
et al., 2014). There were 48 debris-flow events recorded between 1926 and 2006 in tributaries of the Nis-
qually River within Mount Rainier, 28 of which occurred between 1967 and 2006 (Copeland, 2009; Walder
& Driedger, 1993, 1994). We also know that a heavy rainfall event in 1947 alone delivered about 40 million
cubic meters of sediment to a Nisqually River tributary (Crandell, 1971).

Estimating bedload transport only, the model underpredicted the delta volume in Alder Lake (Czuba,
Olsen, et al., 2012) by approximately four-fold (Figure 3d). In the White River (a comparable river drain-
ing Mount Rainier), the bedload contribution to the total load was low (around 11%; Czuba, Magirl,
et al., 2012), and most of the material in transport was in suspension (Czuba, Magirl, et al., 2012). We used
this percentage (11%) to convert the total volume of sediment accumulated in Alder Lake to an estimated
fraction that was delivered by bedload (Figure 3d). We did not include fine suspended material in our sim-
ulation and could not adequately simulate the total amount of sand transported in this system. Given po-
tential changes in delta depositional porosity and incomplete sediment input records (e.g., 48 debris-flow
events not included), we fully expect our simulations to underestimate both bed elevation changes and
outlet volumes. For instance, even if only a small fraction of the 40 million cubic meters of sediment de-
posited in a Nisqually River tributary from a single debris flow event in 1947 (Crandell, 1971) eroded over
time to deliver three million cubic meters of sediment to Alder Lake as bedload, this would make up for
the underestimation in the model simulation. Altogether, these factors likely contributed to the low pre-
dictions of bed elevation fluctuations and volume delivered to Alder Lake as compared to observations of
deposition in the delta of Alder Lake. However, we do think the model adequately represents an example
gravel-bedded river, constrained in reality, and should offer insight into how sediment pulses might move
through real river systems.

3.4. Model Simulations and Analysis Metrics

Model simulations investigated the spatial and temporal evolution and downstream effect of uniform-sized
and mixed sediment pulses in a river with downstream variations in slope, width, and bed-sediment grain
size. Model simulations included combinations of two hydrologic conditions, two sediment-pulse volumes,
two sediment-pulse distribution types, and three sediment-pulse grain sizes. We constructed seven com-
parative analyses (See Table 1 in Section 4.1), from which three comparisons between uniform-sized and
mixed sediment pulses are detailed in Section 4.2 (others are in Supporting Information S1). The set of
model simulations varied hydrologic conditions (repeating 10-year periods for 30 years of daily streamflow
for high (WY 1995-2004; highest two peak flows = 322 m3/s and 257 m3/s) and medium (WY 1975-1984;
highest two peak flows = 257 m3/s and 179 m3/s) streamflow hydrology; see Figure 3a), sediment-pulse vol-
ume (reported as a depth; 0.4 and 1.1 m supplied to the upstream-most link of the network), sediment-pulse
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Table 1
Summary of the Comparisons of Model Simulation Results
Difference in: Flow Pulse depth (m) Median pulse grain size (mm) Highlight
Median gravel size of pulse Medium 0.4 10 Finer pulse travels faster and causes more incision,
Medium 0.4 30 while coarser pulse travels slower and causes
’ more aggradation (especially at wider reaches
with low slope)?
High 0.4 30 Coarse pulse travels slower and leaves greater
High 0.4 70 post-pulse incision. Complex pattern of bed-
’ elevation change at intersection of pulse size,
channel characteristics, and hydrology*
Pulse volume (Depth) Medium 0.4 30 Nearly similar bed-elevation change for both pulse
Medium 11 30 depths. Smaller volume took longer to move
’ through system, likely due to more fully mixing
with the bed material®
Flow Medium 0.4 30 Pulse travels faster during high flow. Pattern of bed-
High 0.4 30 elevation change highly variable®
Pulse distribution type Medium 0.4 10 Arrival time of 50% of pulse is the same, but coarse
Medium 0.4 10 (Mixed) tail of mixed pulse moves slower. Bed-elevation
’ change (primarily incision) is greater for the
uniform pulse (Section 4.2.1)
Medium 0.4 30 Arrival time of 50% of pulse is the same, but coarse
Medium 0.4 30 (Mixed) tail of mixed pulse moves slower. Pattern of bed-
’ elevation change highly variable. (Section 4.2.2)
Medium 1.1 70 Mixed pulse dispersed slowly without a defined
Medium 11 70 (Mixed) pulse manifestation. (Section 4.2.3)

2Findings can be found in Supporting Information S1.

distribution type (uniform-sized gravel and mixed distribution), and sediment-pulse median grain size (10,
30, and 70 mm; recall that the median gravel size of the bed was approximately 70 mm, so these pulse grain
sizes are roughly 0.15, 0.5, and 1.0 times the median bed gravel size). Sediment-pulse depths (0.4 and 1.1 m)
were converted from sediment-pulse volumes (of roughly 19,000 and 57,000 m3, respectively) by dividing
by the average link length and width, and accounting for porosity. That is, if the pulses of above-mentioned
volumes were emplaced in a single link of average width, these pulses would aggrade the bed (or increase
the sediment depth) by 0.4 and 1.1 m, respectively. Thus, sediment-pulse depths represent pulses of differ-
ent sediment volumes. These pulse volumes are roughly one and three times, respectively, the transport
capacity volumes, y, of the most upstream link. Additionally, these pulse volumes are representative of in-
puts from most dam removals (94% of removed dams impounded less than 10,000 m3 of sediment; Bellmore
et al., 2017; Foley et al., 2017; Major et al., 2017) and also from gravel augmentation (23,000 m? of sediment;
Arnaud et al., 2017). The mixed-type sediment distribution was constructed assuming a log-normal sedi-
ment distribution with the specified median gravel size and standard deviation from field measurements,
and then incorporating 5% sand fraction (estimated from the conditioning run). For each hydrologic con-
dition, the simulation results of a baseline condition (without a sediment pulse) were subtracted from a
sediment-pulse condition (with different pulse volumes, distribution types, and grain sizes) to isolate the
morphodynamic response due to the individual sediment pulse. Each sediment pulse was added in total,
instantaneously to the model at the beginning of the model run (time ¢ = 0) and at the second link from the
upstream end (to avoid adding the pulse in the background sediment supply link).

The metrics we used to describe the downstream effect of a sediment pulse were the maximum change in
bed elevation and median bed-surface gravel size, timing of maximum accumulation, and average change
in post-pulse sediment depth. We compared the maximum changes and timing of maximum changes with
different pulse arrival times. The arrival time of 50% of the pulse at a location is the time when half of a
pulse’s volume has been transported past that location. We were able to calculate this metric, because the
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Lagrangian model used allows us to “tag” the pulse sediment parcels and know where they are located
at any given time. Similarly, an arrival time of 10% and 90% of the pulse at a location are the times when
one-tenth and nine-tenths of the pulse volume had transported past that location, respectively. The spread
of timing, as defined for this study, is the difference in the arrival times of 90% and 10% of the sediment
pulse by volume. If the simulated flows did not transport 90% of the pulse volume through a stated loca-
tion (e.g., the outlet) by the end of the simulation, then the spread of timing was calculated by subtracting
the pulse arrival time for the 10% volume from the duration of the simulation (i.e., 30 years). The average
change in post-pulse sediment depth was calculated as the time-averaged change of sediment depth from
the baseline condition after the peak bed-elevation change due to the pulse had passed each location. Nor-
malized change in simulated outlet volume was found by dividing the change in outlet volume from the
baseline condition by the input pulse volume.

4. Results
4.1. Overview of Pulse Dynamics and Movement

Nine sediment pulse runs were conducted to examine the impacts of median pulse grain size, volume
(converted to a depth), and distribution type (uniform and mixed) along with two baseline runs (without
pulse) under medium and high flow conditions. These simulations resulted in a total of seven compar-
isons, which are listed in Table 1. We also highlight the key findings of each comparison, the details of
which are discussed in the following sections and in Supporting Information S1. We only present detailed
comparisons between the uniform-sized and mixed pulses in the next section because these represent the
most novel results. The other comparisons, which have been explored in previous literature, are detailed in
Supporting Information S1.

Before describing the details of the runs and comparisons with differences in pulse distribution type, we
provide an overview of simulated pulse movement as the fraction of the pulse that remains in the main-
stem of the Nisqually River under different conditions (Figure 4). Compared with uniform pulses, mixed
pulses moved more slowly through the system and were not completely delivered to the outlet by the end
of the 30-year simulation (Figure 4; markers with an “X”). For example, under medium flow and for a 10
mm uniform pulse (filled green square marker), 100% of the pulse traveled through the network within the
first 2 years. But for a mixed pulse with a Dy, of 10 mm, only 70% of the pulse traveled through the network
within 2 years and 83% of it reached the outlet within 30 years. For 70 mm pulses (orange square marker),
the mixed pulse was transported slowly (71% reached the outlet after 30 years), whereas all of the uniform
pulses traveled through the network within 14 years. For 30 mm pulses (filled blue square marker), 90% of
the uniform pulse and 74% of the mixed pulse traveled through the network after 30 years. However, the
larger volume uniform pulse (hollow blue square marker) traveled more rapidly than the smaller pulse
volume of either uniform or mixed grains (filled blue square markers) under medium flows; the smaller
volume pulse was likely mixing more with the bed material than larger volume pulses (discussed further in
Text S3 in Supporting Information S1). High flows (filled blue circular markers) transported the pulse much
quicker compared to medium flows — 97% within 2 years and 100% within 12 years. When high flows act on
the system with a 90 mm pulse (filled orange circular markers), model simulations indicate 53% of the uni-
form pulse travels to the outlet within 2 years and 100% of it within 12 years. Thus, movement of sediment
pulses through this reach depends on the dynamics of size, volume, distribution type, and flow condition,
which we describe further in subsequent subsections and in Supporting Information S1.

4.2. Comparison of Changes From Different Pulse Grain Size Distributions

In this application, we systematically found that changes in median gravel size were inversely related to
the changes in sediment depth (i.e., bed aggradation occurred with bed fining and bed incision occurred
with bed coarsening; see Text S2 in Supporting Information S1). Thus, from here on, we narrow down our
analysis to sediment depth only, in order to simplify the comparisons.
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Figure 4. Movement of sediment pulses of different sizes (10, 30, and 70 mm), distribution type (uniform and mixed),
and volume (0.4 and 1.1 m depth) through the mainstem Nisqually River under high and medium flow conditions.

4.2.1. Uniform and Mixed 10 mm Pulse

Changes in sediment depth from baseline (without pulse) are shown for uniform and mixed type pulses of
10 mm and 0.4 m depth under the medium flow condition (Figures 5a and 5b; and Figures 5e and 5f zoom
in on Figures 5a and 5b, respectively). These model results show systemic initial incision (light brown colors
generally before 1.2 year, Figures 5a and 5b), likely because the pulse is cutting off the background sediment
supply that would have otherwise made it downstream. Then the pulse moves through the network, fairly
coherently between 1.2 and 1.5 year (straight sloped dark blue lines in Figures 5e and 5f). This is the pulse
itself causing aggradation and as a result of that pulse passing through (after 1.5 years), the bed sediment
was mixed and mobilized in a way that results in longer term (but slight) incision (brown areas that domi-
nate Figures 5a and 5b) compared to baseline. This prepulse incision and pulse aggradation were commonly
observed in all of the following simulations as well. If we take horizontal slices through the zoomed space-
time contours (e.g., dashed horizontal brown lines in Figures 5e and 5f at different times), we can see the
location of the pulse along the model domain (Figures 5g and 5h).

To evaluate the dynamics more closely, we selected an example upstream reach (having approximately aver-
age width) at 7.6 km (brown dotted verticals in Figures 5a and 5b and plus sign in Figure 1). For both grain
size distributions, the core of the pulse is marked in Figure 5d, before which (prepulse) the pulse reduces
the baseline sediment supply. Maximum change from baseline is slightly higher for the uniform pulse (Fig-
ure 5d). The flow hydrograph is included as well to highlight that most fluctuations in bed sediment occur
at high flow events. The timing of these impacts is, however, different, which is related to pulse arrival time.
Pulse arrival time again depends on the dynamics of the flow and pulse size.
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Figure 5. Comparison of the bed-elevation changes from uniform and mixed pulse of 10 mm median gravel size of 0.4 m depth for the medium flow condition.
(a and b) Space-time contours of change in sediment depth from baseline due to uniform and mixed pulse. (c) Daily discharge at the upstream end of the model
in medium flow condition. (d) Temporal changes in sediment depth from baseline at 7.6 km (location shown as dashed lines in (a and b)) due to uniform and
mixed pulse. The star indicates the location of the pulse. (e and f) Space-time contours of change in sediment depth zoomed in on years 1-2 from (a and b),
respectively. The narrow range in the y-axis helps to discern the movement of the pulse downstream. (g and h) Spatial changes in sediment depth from baseline
at different times (horizontal dashed brown lines in [e and f]) also show the propagation of the pulse (indicated by star).
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Figure 6. Comparison of the bed-elevation changes from uniform and mixed pulse of 30 mm median gravel size of 0.4 m depth for the medium flow condition.
(a and b) Space-time contours of change in sediment depth from baseline due to uniform and mixed pulse. (c) Daily discharge at the upstream end of the model
in medium flow condition. (d) Temporal changes in sediment depth from baseline at 7.6 km (location shown as dashed lines in [a and b]) due to uniform and
mixed pulse, where the star indicates the location of the pulse.

Post-pulse change (after 1.5 years, Figures 5a and 5b) results in mostly incision (from baseline condition),
which is greater for the uniform pulse, except for some aggradation in a low slope reach at 15.2 km. After
passing through the narrow reaches (18 km), both pulses have little impact on the bed farther downstream.
Atlocation, 7.6 km after 1.5 years, the mixing and mobilizing of the bed sediment results in slight long-term
incision, and this incision is marginally greater with the mixed pulse than the uniform pulse (Figure 5d).
Model results showed that 70% of the pulse arrives at the outlet at around 1.5 years for both the uniform and
mixed pulse (Figure 4). However, the total pulse volume arrives within 2 years for the uniform pulse, while
only 83% of the mixed pulse leaves the system by the end of the 30-year simulation period.

4.2.2. Uniform and Mixed 30 mm Pulse

Changes in sediment depth from baseline are shown for uniform and mixed type pulses of 30 mm and 0.4 m
depth under medium flow conditions (Figures 6a and 6b). Post-pulse change (after 3.5 years for the uniform
pulse and at 11.5 years for the mixed pulse) results in mostly aggradation due to the uniform pulse (except in
steep upstream reaches) and incision due to the mixed pulse (only up until 18.4 km; downstream of this nar-
row reach, there is aggradation in low sloped reaches). At location 7.6 km, there is post-pulse aggradation
for the uniform pulse and incision for the mixed pulse (Figure 6d). Model results showed that 70% of the
uniform pulse arrives at the outlet at 3.5 years and at 11.5 years for the mixed pulse (Figure 4). After the 30-
year simulation, 75% of the mixed pulse and 90% of the uniform pulse was delivered to the outlet (Figure 4).
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Figure 7. Comparison of the bed-elevation changes from uniform and mixed pulse with 70 mm median gravel size of 1.1 m depth for the medium flow
condition. (a, b) Space-time contours of change in sediment depth from baseline due to uniform and mixed pulse. (c) Daily discharge at the upstream end of the
model in medium flow condition. (d) Temporal changes in sediment depth from baseline at 7.6 km (location shown as dashed lines in [a and b]) due to uniform
and mixed pulse, where the star indicates the location of the pulse.

4.2.3. Uniform and Mixed 70 mm Pulse

Changes in sediment depth from baseline were evaluated for uniform and mixed type pulses of 70 mm
and 1.1 m depth under medium flow condition (Figure 7). Initial prepulse incision is dominant in both
cases (bottom brown nearly straight lines, Figures 7a and 7b; negative fluctuations, Figure 7d). The incision
continues for the uniform pulse (except in low slope reaches) until the pulse itself arrives downstream and
aggrades the bed at around 13.5 years (Figure 7a). As it propagated downstream, the uniform pulse aggrad-
ed low slope reaches and incised steep upstream reaches (Figure 7a). In contrast, the 70 mm mixed pulse
responded differently with no apparent peak in aggradation (Figures 7b and 7d). Recall, the 70 mm mixed
pulse grain size distribution closely resembles the existing bed, so this pulse was expected to disperse slowly
without a major mode of translation (Cui & Parker, 2005; Lisle et al., 1997, 2001; Sklar et al., 2009). What
we observed was a more diffuse impact (Figure 7b), with some accumulation in lower-sloped reaches and
bed-elevation fluctuations at flow peaks. Figure 4 shows that 70% of the uniform pulse arrived at the outlet
at 11.5 years and at 28 years for the mixed pulse. These results do not show any marked pulse aggradation
at 7.6 km due to the mixed pulse, but rather only show accumulation of the uniform pulse (at around
13.5 years, Figure 7d).

4.3. Summary of Pulse Impact

The results above (Sections 4.1-4.2, and in Supporting Information S1) showed the dynamic relation among
pulse grain size, distribution type, and volume (depth), and streamflow hydrology. Here, we summarize the
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the 30 mm pulse under high flow), the arrival time of the center of the
pulse was of a shorter duration than that of the spread of timing (Fig-
ure 8b). For pulses with a long spread in timing, we found that timing
of maximum change in bed elevation does not necessarily correspond to the timing of 50% pulse arrival
(Figures 5d-7d). The contour plots of Figures 5-7 also showed that there was little difference in timing of
the changes from upstream to downstream (because the brown and blue lines were nearly horizontal). This
indicates that most of the pulses we have simulated were translation-dominated pulses for the mainstem of
the Nisqually River (with the exception of the 70 mm mixed pulse, Figure 7). As our sediment pulses were
mostly finer than the prepulse bed grain sizes, this translational behavior was expected (Sklar et al., 2009).

‘We present the time-averaged change in sediment depth from the baseline condition after the passage of the
pulse through each location to summarize the complex post-pulse impact spatially (Figure 9). We also replot
the river width and slope, and divide the network into distinct reaches to aid in interpretation. We qualitative-
ly characterize five reaches: high slope-medium width, medium slope-high width, medium slope-low width,
low slope-medium width, and low slope-high width (ordered from upstream to downstream). The flow
change locations are at 14.4 and 23.6 km (light blue vertical dashed lines, Figure 9). The resulting average
changes were greater for high flow compared to medium flow (solid dark blue and orange lines, Figure 9).
The smallest pulse grain size (10 mm) caused average incision in high to medium slope and medium to low
width reaches (centered at 5.2 and 17.6 km, respectively; solid and dashed green lines in Figure 9). Overall,
post-pulse aggradation occurred where the channels widen (i.e., at transition locations at 8 and 23.6 km
in Figure 9) due to a decrease in transport capacity (Czuba et al., 2017; Czuba, Magirl, et al., 2012; Gran
& Czuba, 2017). This result highlights how the natural complexity of river structure (spatial distribution
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Flow

High
Medium
Medium
Medium

Medium

PULSE
dist. type gradation or incision that occurs at any location due to propagation of a

depth

0.4 m

uniform

uniform

uniform

mixture

mixture

Pulse sizo ) of channel width and slope) plays an important role in any resulting ag-

s sediment pulse.

We compared simulated outlet volumes after the 30-year simulation pe-
riod for all model runs (Figure 10b) to see how much bed sediment was
mobilized and delivered to the outlet due to the pulse introduction. The
I change in outlet volume from the baseline condition (without pulse) was
divided by the input pulse volume to normalize the results (Figure 10a).
A normalized value greater than one indicates that an additional volume

m)

Post-pulse time-average
change in sediment depth (

] greater than the added pulse passed the outlet compared to the baseline
simulation and highlights that the added pulse increased bed mobility. All
pulses under the high flow condition and the 10 and 30 mm mixed pulses
increased the mobility of the bed sediment (i.e., an amount of sediment
greater than the sediment pulse addition was delivered to the outlet; Fig-
ures 10a and 10b). The large volume (1.1 m) uniform pulse runs deliv-
ered nearly the same amount of sediment that was added (Figures 10a
and 10b). Simulations of the 10 and 30 mm pulses of small volume (0.4 m)
with medium flow condition and the 70 mm mixed distribution pulse

delivered less sediment to the outlet compared to baseline (Figures 10a
and 10b). For these small volume uniform pulses, this was likely due to a

Width (m)

reduced delivery of background sediment because of the presence of the
pulse. For the 70 mm mixed distribution pulse, this was because most of
that sediment did not arrive at the outlet in the 30-year simulation period.
The uniform pulses alone do not appear to greatly mobilize bed sediment,

Figure 9. Simulated post-pulse time-averaged change in sediment depth
(time-averaged change in sediment depth from the baseline condition after
the pulse has passed each location) throughout the river network (a), along

1(E))istance from upstream (km) decreases mobility in the Wilcock and Crowe (2003) equations. Whereas
the finer mixed pulses add a range of finer sizes to the bed grain size distri-
bution and that together increases the mobility of the larger sizes without
completely blanketing them in a uniform size range of finer sediment.

15 20 25

because they cover the existing bed in a nearly uniform grain size that

with variation in width and slope (b). The vertical dashed lines divide the
network into five reaches; the light blue ones among them also indicate the
locations of tributaries (Big Creek and Mineral Creek, in Figure 1). 5. Discussion

5.1. Corroboration of Simulation Results With Previous Findings

Sediment pulses mix with bed sediment and affect bed-sediment com-

position and mobility in nonlinear ways (Humphries et al., 2012; Sklar

et al., 2009; Venditti et al., 2010a, 2010b; Wooster et al., 2008). In general,
our model results corroborated previous findings. Once emplaced, our model results showed that in all sce-
narios (Figures 5-7, Text S3 in Supporting Information S1) an initial prepulse incision occurs followed by
sediment accumulation when the pulse arrives, consistent with Sklar et al. (2009). Post-pulse changes are
more complex as they depend on nonlinear feedbacks among streamflow hydrology, channel structure, and
mixing of pulse and bed sediment. We found that the maximum accumulation at any location occurred as a
result of the pulse sediment, and after the passage of the pulse, the magnitude of changes in sediment depth
was consistently small. General spatiotemporal patterns of long-term change in sediment depth suggest
that sediment pulses tend to deposit in the wider and lower slope reaches (blue regions of the contour plots,
Figures 5-7). Wider reaches, as well as reaches of transitional width (e.g., from a narrow to a wide channel),
experience more average aggradation after the pulse has passed the reach compared to reaches with small to
medium widths (Figure 9; Czuba, Magirl, et al., 2012). As the pulse grain sizes were (in most cases) smaller
than the median bed grain size, a corresponding fining of the bed also occurred at these locations. Our sim-
ulations show that downstream changes in channel slope and width are strong controlling factors in pulse
deposition, which is consistent with the findings of Major et al. (2012).

Sediment pulses finer than the median bed surface are transported faster and arrive downstream sooner
than pulses that have a median grain size more similar to the bed surface (Figure 4; Cui & Parker, 2005;
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Figure 10. Simulated outlet volume for pulses of different size (10, 30,
and 70 mm), depth (0.4 and 1.1 m), and distribution type (U and Mix, i.e.,
Uniform and Mixture) under medium and high flow (M and H) condition
after the 30year simulation period. (a) The change in outlet volume from
baseline normalized by the input pulse volume. That is, a value of one
would indicate that an additional volume equivalent to the added pulse
passed the outlet compared to the baseline simulation. (b) The total outlet
volume, where the first two columns are baseline conditions for medium
and high flow scenarios.

Cui, Parker, Lisle, et al., 2003; Cui, Parker, Pizzuto, et al., 2003; Sklar
et al, 2009). An increase in the magnitude or frequency of sedi-
ment-transporting flows increases the sediment-transport capacity of
rivers, resulting in sediment pulses that translate/disperse quicker (Cui
& Parker, 2005) and arrive sooner (Figure 4). The 2-year recurrence in-
terval flow, Q, (~105 m?/s in the upstream end of modeled portion of the
Nisqually), is often used as an approximation for the bankfull discharge
(e.g., Snyder et al., 2013). The threshold for motion of Dj, tends to occur
at flows below the bankfull discharge (Parker, 1978). This is particular-
ly true in high sediment supply channels such as the Nisqually (Pfeiffer
& Finnegan, 2018; Pfeiffer et al., 2017). Thus, we expect Q, (and larger
flows) should be sufficient to move a pulse grain size that is close to the
median bed particle size (70 mm). In our models, we saw major chang-
es occur when the flow was above Q, (Figures 4 and 7). For the 70 mm
pulse, we saw that major changes occurred (at 1.2 and 3.2 years) when
flow was significantly higher (~170 and ~250 m3/s, respectively) than
0, (Figure 7). Gran and Czuba (2017) concluded that storage and dis-
persion become important when background sediment load is high. We
saw gradual incision during the baseline simulation (Figure 3b), which
reflects our relatively small background sediment supply. Additionally,
because our pulse grain sizes were finer than the bed sediment (except
the 70 mm pulses), we expected and observed translation of the sediment
pulses (nearly horizontal lines in contour plots, Figures 5-7; Cui & Park-
er, 2005; Cui, Parker, Lisle, et al., 2003; Cui, Parker, Pizzuto, & Lisle, 2003;
Lisle, 2008; Lisle et al., 1997, 2001; Sklar et al., 2009).

Our simulated model results showed that changes in sediment depth and
bed grain size distributions were primarily influenced by sediment-pulse
grain size and distribution type (Figures 5-7). The influence of stream-
flow hydrology was secondary and sediment-pulse volume (or depth) was
tertiary, compared with the effects of pulse grain size (East et al., 2018;
see Supporting Information S1). This finding is in contrast to modeling
by Czuba, Magirl, et al. (2012), who increased pulse volume fivefold
(compared to our lower threefold increase) and found the higher impact
of pulse volume on the river bed compared to streamflow. The relative
impact of flow and pulse volume, thus, will depend on the specifics of
each. As expected, aggradation mostly occurred in reaches with low bed-
load transport capacity (e.g., Figure 9; Cui & Parker, 2005; Czuba, Magirl,
et al., 2012). In general, our simulated pulses caused slight long-term ag-
gradation from baseline, but when the median pulse grain size was small
compared to the bed sediment (10 mm pulse, roughly 0.15 of the median
bed gravel size; Figure 5 and Text S3 in Supporting Information S1), inci-
sion dominated. One possible reason is that the mixing of the finer pulse

with the pre-existing bed sediment modifies the bed sediment size distribution in a way that leads to overall
increased sediment transport (Venditti et al., 2010b; Wilcock & Crowe, 2003). Our larger volume pulses trav-
eled faster through the system than our smaller volume pulses. This occurred because the smaller volume
pulse more fully mixed with the bed material compared to the larger volume pulse and the larger volume
pulse also further increased the local channel slope to increase the transport rate.

5.2. Differences Between Uniform and Mixed Grain Size Pulse Behavior

Our model simulations demonstrated how mixed-size sediment pulses, which are common in natural and
human-influenced riverscapes, may affect downstream bed elevations, grain size, and sediment transport
differently than uniform-sized sediment pulses, which have been more commonly studied. The arrival time
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of 50% of the pulse was nearly the same for the uniform and mixed pulses (finer than the bed), but the
coarse tail of the mixed pulse traveled slower (Figure 4). We also found that incision due to a finer pulse was
more prevalent for a uniform pulse compared to a mixed pulse (Figure 5). This is likely because the mixed
pulse dispersed slowly compared to the uniform pulse that translated with less spread, which led to greater
magnitude change. When the median grain size was close to that of the bed, the mixed pulse traveled very
slowly in the system and resulted in a more diffuse impact compared to the uniform pulse (Figure 7). In
general, the finer fraction of the mixed pulse traveled quickly and interacted with the bed in downstream
locations first, while the coarser fraction traveled very slowly; thus, the pattern of bed-elevation change was
more variable with a mixed pulse than a uniform pulse.

Model simulations included three different sized mixed pulses, where the mixed pulse with an interme-
diate gravel size (roughly 0.5 of the median bed gravel size) caused the largest downstream aggradation.
As expected, the finer mixed pulse caused less aggradation, but when the median gravel size of the mixed
pulse was roughly the same size as that of bed (70 mm), we found similarly low aggradation (Figure 8a;
Czuba, Magirl, et al., 2012; Sklar et al., 2009). The mixed pulse with 70 mm median grain size dispersed
slowly (Figure 4), which allowed small and finer portions of the pulse to move through the system without
much deposition. This novel finding suggests that there is an intermediate median grain size for mixed-size
sediment pulses (here, roughly 0.5 of the median bed size) that may result in the largest downstream bed
impacts, because finer sizes are transported through too quickly and coarser sizes disperse too slowly to
exert influence over year to decadal timescales.

Another noteworthy result from the simulations is that mixed-size pulses with median grain size smaller
than the bed increased bed mobility more than pulses of uniform-size distributions (Figure 10a). This is
because finer mixed pulses incorporate a range of fine grain sizes into the bed and increase the mobili-
ty of larger grains without completely blanketing them in a uniformly fine layer of sediment. Whereas,
mixed-size pulses with size and distribution equivalent to the preexisting bed, disperse very slowly, reduce
background sediment supply, and limit sediment export (70 mm mixed pulse, Figures 10a and 10b). Thus,
to increase bed mobility downstream, rather than adding a relatively fine and uniformly distributed pulse
(Arnaud et al., 2017; Gaeuman et al., 2017; Venditti et al., 2010b), our model results suggest that bed mobil-
ity would be enhanced if the pulse has a wide grain size distribution.

5.3. Limitations and Future Improvements

While this study only focused on the one-dimensional aspects of sediment-pulse evolution, the spatial
complexity of rivers can influence patterns of sediment-pulse evolution (Kasprak et al., 2015; Nelson &
Dubé, 2016; Recking et al., 2016). Our simulated sediment depths are of a sediment volume deposited
uniformly over the entire width of 400 m sections of river, so in reality, we would expect locally greater
accumulations to occur. Local or reach-scale topography can affect how sediment pulses are transported
through a reach and affect how well bedload equations developed from flume studies translate to field scale
(Recking et al., 2016). Sediment pulses tend to accumulate on point bars and their growth can modify flow
patterns and lead to more active channel migration (Humphries et al., 2012; Parker et al., 2011). Additional-
ly, sediment can fill pools or locally deposit behind large woody debris, further complicating sediment-pulse
evolution (Harrison et al., 2018; Major et al., 2012; Ryan et al., 2014; Wohl & Scott, 2017). The model used in
this study does not currently consider time-varying channel width, and the interactions among bank supply,
bed structure, and lateral sediment exchange, as does the MAST-1D model.

Another major limitation of the current work was that the model was not able to maintain a bed material
with enough sand to match the measured grain size distributions from gravel bars. This means that in real-
ity, for the Nisqually River, bed sediment is probably more mobile and would transport downstream faster
than we have predicted. When sand content was high (above 5%), the model flushed out most of the sand
from the network. As a result, we noticed bed incision and corresponding bed coarsening at flow peaks (Fig-
ure 3). Without a separate transport equation for sand, as is done in the TUGS model, our present model was
unable to effectively characterize sand transport. While our model was able to route a gravel mixture, the
inclusion of a sand transport equation would make it more robust in simulating the transport of combined
gravel and sand mixtures, particularly in the challenging case of the Nisqually River.
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Our model results are applicable to sediment pulses on the order of 10,000 m3, such as from small dam
removals (<10 m high, delivering less than 10,000 m3; Bellmore et al., 2017; Foley et al., 2017; Major
et al., 2017) and gravel augmentation (23,000 m?; Arnaud et al., 2017). These are the sediment-pulse vol-
umes typically encountered by river managers. In the past few years, more data sets of larger sediment in-
puts, primarily from larger dam removals (Cashman et al., 2021; East et al., 2015, 2018; Harrison et al., 2018;
Major et al., 2012; Pace et al., 2017; Ritchie et al., 2018; Warrick et al., 2015) and modeling studies using
these data sets (Cui et al., 2014, 2019; De Rego et al., 2020) have appeared in the literature. In the future,
more directly testing an updated model against these data sets would provide a robust validation of large
sediment-pulse movement in rivers.

6. Summary

This study utilized existing physical measurements of the Nisqually River for applying a previous Lagrangi-
an, bed-material sediment transport model. We sought to investigate how perturbations in sediment supply,
modeled as sediment pulses in this river system, dictate the bed response. Specifically, we were interested in
showing how mixed-size sediment pulses, which are common in natural and human-influenced river sys-
tems, affect downstream bed elevations, grain size, and sediment transport differently than uniform-sized
sediment pulses, which have been commonly studied. Our model results are applicable to sediment inputs
on the order of 10,000 m?. Simulation results pointed to an initial prepulse incision followed by sediment
accumulation at the time of pulse arrival, and then, complex post-pulse changes. Sediment pulses were
strongly translational when pulses were finer than the existing bed material. Introduced pulses caused
slight long-term accumulation (especially at downstream reaches with low transport capacity) in general,
but if the pulse grain size was much finer than the bed sediment (roughly 0.15 of the median bed gravel
size), incision may occur due to increased bed-sediment mobility. We saw that the flow hydrograph had a
strong control over the timing of these sedimentologic changes.

We found that pulse distribution type (uniform or mixture) was an important influence on the channel bed.
Results of model simulations indicated that a mixed pulse with an intermediate gravel size (roughly 0.5 of
the median bed gravel size) may cause higher downstream accumulations compared to a mixed pulse with a
median gravel size much finer than or equivalent to that of the bed because either finer sizes move through
quickly or coarser sizes disperse slowly. Furthermore, mixed-distribution pulses with smaller median grain
sizes than the bed increase bed mobility more than uniform-distribution pulses. This is because finer mixed
pulses add a range of fine grain sizes to the bed, thereby increasing the mobility of the larger sizes without
covering them in a uniformly fine layer of sediment.

This research furthers our understanding of the space-time evolution and downstream effects of sediment
pulses in gravel-bedded rivers, and contributes to river management by assessing potential fluvial geomor-
phic response due to discrete inputs of sediment that could be from natural or anthropogenic sources.
Finally, this work revealed that incorporating a sand transport equation into our model in the future will
be necessary in order to make it more robust for simulating the transport of combined gravel and sand mix-
tures. Future model improvements could also include channel-floodplain exchange of water and sediment
and future validation should take advantage of recent data sets describing river response to dam removal.

Data Availability Statement

Data sets for this research are available at: https://doi.org/10.4211/hs.1a6f403d90a542{f6b0770d19ee5e8341.
Additional versions of the model are freely available in Matlab from Czuba (2018) via the Community
Surface Dynamics Modeling System (https://csdms.colorado.edu/wiki/Model:River_Network_Bed-Materi-
al_Sediment) or in Python from Pfeiffer et al. (2020) via Landlab.
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