Reach-scale bed material sediment routing with off-
channel sediment storage
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Overview

* Why is lateral exchange
important in gravel-bed
rivers?

* Modeling case studies
* Walker River/Toy Model

 Minnesota River/2 Size
Fraction Model

* Elwha River/MAST-1D

* What may this mean for
Skagit River system?

Google Earth Engine Animation of Skaqit River

upstream from Sedro Wooley



https://earthengine.google.com/timelapse

Sediment Mass Balance during Erosion
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Uneven sediment exchange? West Walker River, NV
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System may lose gravel to bars as channel migrates.
Plausible rates of exchange allow channel to deplete itself
of coarse gravel over ~10 km. 4




Platform gravel thickness (m)

Hypothesis: Constant Point Bar Thickness
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Simple Model for Morphology (all gravel, one size,
constant width)

(see Church and Rice, 2009, ESPL 34: 1422-
1432. Braudrick et al., 2009, PNAS).
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Results (Gravel Bed, Gravel Bars, Constant Width)

Flow partition between channel/terrace is driven by range of flows (includingfloods). As T
Increases, flow becomes focused in channel, causing further incision.

Increase load from initial
equilibrium “graded” condition
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Two-fraction, three-reservoir model

Viparelli et al., 2013, Computers and Geosciences.

A second grain size (mud) is added and tracked in
reservoirs representing channel, floodplain, or substrate.
Material is moved to/from substrate as channel
aggrades/degrades.

Overbank deposition = f(flooding, mud load)
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Simulation of System Overloaded with Mud
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Elwha River, Washington: Size |
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Exchange Distances on Elwha

Exchange
Distance

* Assumptions:

Pre-removal migration rates of
1.3 m/yr (Drautet al., 2008, USGS
2008-5127)

Bank height =1.5m
Fraction in banks crudely
estimated from photo

Size fractionsin load from 1994
drawdown experiment.

Long term load from Reservoir
Accumulation: 340,000 Mg/yr
(Magirl etal., 2015, Geomorphology)

Down channel sediment flux

Rate at which sediment is exchanged
per unit channellength

Assumed Exchange

Load Exchange Exchange
Fraction : Fraction :
Silt/Clay 0.48 163,200 0.1 0.312 523
Sand 0.37 125,800 0.2 0.624 202
Gravel 0.13 44,200 0.3 0.936 47
Cobble  0.02 6,800 0.4 1.248 5

Bed Material 10




Multiple Size Model: Morphodynamics and
Sediment Tracers in 1-D (Lauer et al., 2016, Advancesin Water Resources)

Now calculate size-specific down channel flux e.qg.

Wilcock & Crowe (2003) and keep track of how much
A volume of each size class is in each reservoir.
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Multiple substrates needed to prevent unrealistic mixing from channel 11



Computational Procedure for MAST-1D

* Hydraulics (calculated for subset of flows
river might experience or for daily flows)

floodplain floodplain

active layer

substrate

12



Computational Procedure for MAST-1D

* Hydraulics (calculated for several bins in
flow duration curve or for daily flows)

* Compute sediment transport capacity in
each sediment size

W* (S_l)quI _f i’Fi

- RE™ s

D.
— f(F = f|
z-I’I ( S) or Tl’l D

g
Wilcockand Crowe, 2003 or Gaueman etal., 2009, WRR

floodplain floodplain

substrate
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Hydraulics (calculated for several bins in
flow duration curve or for daily flows)

Compute sediment transport capacity in
each sediment size

Compute lateral sediment fluxes from
width change and/or channel migration

floodplain

substrate

E point
& Dbar

floodplain
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Hydraulics (calculated for several bins in
flow duration curve or for daily flows)

Compute sediment transport capacity in
each sediment size

Compute lateral sediment fluxes from
width change and/or channel migration

Compute overbank deposition as
function of suspended sediment flux
during flood

floodplain floodplain

active layer

substrate

15




Computational Procedure for MAST-1D

* Hydraulics (calculated for several bins in
flow duration curve or for daily flows)

 Compute sediment transport capacity in
each sediment size

* Compute lateral sediment fluxes from
width change and/or channel migration

* Compute overbank deposition as
function of suspended sediment flux
during flood

 Compute bed change rate by finding net
gain/loss of sediment in “active layer”

point
; bhar .
* Compute vertical exchange fluxes and S I/ floodplain
update sediment size fractions inall [ ... - PO
reservoirs

substrate




Computational Procedure for MAST-1D

* Hydraulics (calculated for several bins in
flow duration curve or for daily flows)

 Compute sediment transport capacity in
each sediment size

* Compute lateral sediment fluxes from
width change and/or channel migration

* Compute overbank deposition as
function of suspended sediment flux

during flood

* Compute bed change rate by finding net
gain/loss of sediment in “active layer” point

« Compute vertical exchange fluxes and foodpiam A b foednlan
update sediment size fractions inall p— - U

reservoirs

substrate




Ad d |t|O n a | fe at U reS (see De Rego et al., 2020, Geomorphology)

Thanks to Katie De Rego, Marwan Hassan, and Brett Eaton

* Code adapted to timeseries input for flow

/Avulswn

\*%%//

* Widening rate = f(mobility of bank material)

See also Dunn and Jerolmack, 2020, Science Advances

* Narrowing rate = f(vegetation encroachment)

e Migration rate assumed half of sum of widening and
narrowing rate (so narrowing occurs on point bar)

* Channel avulsions (at a node)

e Application to Elwha River
* Animations: 100-year response to damming
« Migration (constantrate) turnedon = Vegetation

encr achment
* Migration (constant rate) turned off

* Time Series of Entire Dammed/Removal Period

e Assumessedimentin Lake Mills supplied atinitially
high but exponentially decreasingrate after removal

18



Simulation Results, 100 years of Sediment Starvation

Total In-channel bed
material load (m3/s)

Results with no migration

Results with migration

Conclusion: After damming but prior to removal, the
banks were the main source of bed material

19



Simulation Results, 100 years of Sediment Starvation

Results with no migration Results with migration

Dso (Mm)

Conclusion: With or without lateral migration, the bed coarsens rapidly
in response to dam construction.

20



Simulation Results, 100 years of Sediment Starvation

Results with no migration Results with migration

Cumulative Bed Change (m)

Counterintuitively, the lateral migration allows for ADDITIONAL
incision—probably because the coarse armor that forms gets
transferred to the floodplain. In other words, the channel moves around
the armor and incises into old floodplain material.

21



Flooding After Dam Removal
(Altair Campground, March 14, 2014)
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Simulation Results: Middle Elwha

(De Rego et al., 2020, Geomorphology)

Channel narrows after
damming, rapidly
returns to original
width after removal

Bed coarsens after
damming, rapidly fines
after removal

Floodplain material
responds more slowly
than bed

Channel migration
rates increase
immediately after
removal
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Needs/Challenges

e Data needs (in addition to hydrologic projections)
* Size-specific upstream/tributary inputs
 Size distributions in eroding banks, bars, substrate
* Overbank deposition measurements
* Initial conditions (i.e., how close to model “equilibrium” should one start?)
* More validation experiments (butsee also Lauer et al., 2016, Advancesin Water Resources)

* Model development

. Netw%lr)k Representation (MAST-1D written with simple network in mind, but
untrie

* Braiding/meandering
* Abrasion/weathering
* Code documentation

 Carefully developed management questions

24



Other Sediment Routing Approaches

Handle each 1-D size-specific 1-D size specific 2-D Simulations
“link” in Conserve bed active bed routing routing in multiple such as
hydrologic material in channel in channel bed discrete_ CAESAR-
network for one or more only, constant reservoirs, solve LisFlood, IRIC
. nodes in link ; for channel
discretely ’ width (e.g., capacity (MAST-
channel geometry CCHE1D, SHR1D, le y h
= f(drainage area) HEC-RAS, TUGS, approach)
- (e.g. Czuba 2018; Konrad et al., 2009)
Landlab, CHILD)
Conserve Size-specific off- Increasing —
suspended load  channel storage w/ computational time
in channel only geomorphic
(€.9. SWAT) feedbacks (not aware Increasing scale (spaceand . o5

of any examples) time) of published applications



m Closing Thoughts

* Advantages of 1-D/off channel reservoir approach
» Explicitly solves for channel capacity
* Plausible variability in channel width
* Plausible model for lateral migration (thanks to Katie!)
* Appropriate trends in grain size
e Equilibrium “graded” state possible

* Insight from simulations
* Nature of sediment put into lateral storage can control bed evolution

* Reduction in sediment load from damming reduces sediment size and may reduce
lateral activity of channel—while replacing load re-invigorates lateral change

* Main conclusion: lateral channel change can a major decade-scale
mechanism for storage or supply of bed material



Thank You!
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