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Introduction

One of the objectives of the Long-Term Experimental and Management Plan (LTEMP]
is to achieve the management goal for sediment (sand., silt. and clay) in the Colorado
River ecosystem by utilizing dam operations and the available tributary fine-
sediment supply (i.e., no sediment augmentation). Achievement of this gosl requires
that the i neutral itive in Riverona

" y-segment basis over multi-year ta dal timescales (DO, 2016).

of sand an i the size of sandbars

whereas management of sitt and clay is focused on maintaining sufficient quantities
of2ilt and clay for ccological processes (DOI, 2016).

Sandbar monitoring and Goal 7 metrics
presented in poster session)

Goal 7 Sediment

“Increase and retain fine sediment volume, area, and distribution in the Glen, Marble, and Grand Canyon
reaches above the elevation of the average base flow for ecological, cultural, and recreational purposes”

Matt Kaplinski, David Topping, Paul Grams, Katherine Chapman, Robert Tusso, Gerard Salter, and Shannon Sartain
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The trends in Metric 7.1 are genesally fist 1o,

Metric 7.1 Sand Supply by River Segment:
Sustainable sand management is possible as long as
long-duration high releases (equalization flaws) are
infrequent, and tributary inputs confinue to ocour.
Metric 7.2.1: Sandbar Volume

Metincraases in high-elevation sandbars oceur
during periods with fraquent HFEs. Net decreasas
occur during extended periods (3 to 4 years) without
HFEg. During the LEMP period (2016 to 2025), tha
trend is flat or nagative, with over half of the sandbars
losing high-elevation sandbar volume.

Metric 7.2.2:5andbar Response to High Flows

Each HFE that has been implemented since 2012 has.
resulted in deposition at a majority of monitoring

The sandbar volume metric is a direct of the status of 2 A RS S e b sit=s and negligible change or slight erosion at some
o - A b ——e it
sandBars that are the primary focus of the sadiment goal. 3 bt - uraustainabls sand management (significant sites.
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Sandbar monitoring and Goal 7 metric for sandbars
(presented in poster session)

Goal 7 Sediment

Elms “Increase and retain fine sediment volume, area, and distribution in the Glen, Marble, and Grand Canyon
st 1o a chaiging word |

Metric 7.1 Sand Supply by River Segment:

~| Sustainable sand management is possible as long as long-duration high
1 releases (equalization flows) are infrequent, and tributary inputs
continue to occur.

Metric 7.2.1: Sandbar Volume

Net increases in high-elevation sandbars occur during periods with
‘| frequent HFEs. Decreases occur without HFEs.

Metric 7.2.2:Sandbar Response to High Flows

| Each HFE implemented since 2012 has resulted in deposition at most
| sites.

Metric 7.3:Silt and Clay retention by River Segment

Relatively turbid conditions (> 30 FNUs) occur more than 10% of the
time in most years in all segments. A new model has been developed to
predict changes in turbidity in response to dam operations.
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Channel Response to High Flows in Western Grand Canyon
presented in poster session)

eliminary data, subject to revision, do not cite. %%
Preliminary data, subject to revision, do not cite éUSGs
Shannon Sartain’, Paul Grams?, Matt Kaplinski', Katie Chapman’, Bob Tusso’, Erich Mueller?

115, Bealogical Sarvey, Southwest Biological Science Center, Grand Canyan Manitaring and Ressarch Center
2 Sauther Utch University, Department of Geoscieaces

Monitoring and predicting channel change in Western Grand Canyon in response to

Glen Canyon Dam flows and High Flow Experiments

Background
10s of meters of Colorado River sediment have
accumulated at the former delta of Lake Mead,
filling in the pre-dam channel.
Following reservoir decline, the river now flows
over reservoir sediments, in some places out of
its pre-dam channel
We used multibeam sonar to measure the
present-day river channel 9 times over 4 years.
Question: How do Glen Canyon Dam
operations affect this rapidly changing reach?

Reservoir fill and decline

1 Pre-dam river

Reservoir filling:
sedimentation begins

2
3 Reservoir at full pool
4 Reservoir decline begins

& Displaced river channel

Displaced river hits bedrock
knickpoint formation

Lake Mead River/Reservoir Interface Study Area
VMap of study area

At Lake Mead, Pearce Ferry Rapid separates the
study are from the current reservair fluctuation zone

O Scour holes

Fearce by Rapad Sandbar reaches

2021 overfiight imagery overiaid
with bathymetry survey collected
on 5122023

w (ross-section lines

The study area is a section of the Colorado flowing through Lake Mead reservoir

¢ sediments {shown by row 5 in schematic drawing). Here, the river is over 60 m above
its pre-dam channel. It is ~4.5 river miles upstream of a knickpoint {shown by row 6 in
schematic drawing). Where bedrock is exposed, scour holes up to 12 m deep form.
Between scour holes are shallow (0.5 to 4m), sandbar reaches with shifting dunes.

Pearce Ferry Rapid has formed where the Colorado
River is out of its initial channel and flowing over
badrock, following Lake Mead decling

9+ 75 m (deposition) Change in elevation
Om from after 2023 HFE
B - 7.5 m (erosion) to one year later

the following year.

Change in elevation immediately
before and after 2023 HFE

There is erosion from pools and accumulation in sandbar reaches
during High Flow Experiments {HFEs), but these trends are reversed in

Bathymetry Survey Results

Riverbed and bank cross-sections

A | B

Survey date

— 2021-03-10

— 2021-03-26 (SDF)

— 202103-28
20210422
20210915
2023.04.25

— 2023.04.27 (HFE)

— 20230512

— 2024.0519
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Distance from bank (m)
Cross sections collected during a period containing a high flow experiment (HFE) and
spring disturbance flow (SDF). Cross-sections do not show a trend of sediment
accumulation during the study period. Instead, we see channel widening and laterally
shifting thalweg. Channel depth fluctuates but may return to a previous elevation.

Developing a Hydraulic Model

= We have developed a two-dimensional hydraulic model using FaSTMECH,
allowing us to estimate flow depth, velocity, and bed shear stress and other
parameters for a variety of bed topographies and discharges.

+ The results of this flow model provide insight into the mechanism for channel

recovery following a High Flow Experiment (HFE) d

Velocity (m/s)

Secondary flow

strength {*}
| Rl
| E
o 1520

10-15
g9 Modeled velocity fupper) and secondary flow

05  Strength flower) during the 2023 HFE Scour zones
fleft) covrespond with areas of high secondary fiow

100%
i 1-year post HFE /
7

B0 0 :

0% {after channel

g adjusts) / . i

P / During an HFE, decreases in scour hole

o / elevation and increases in sandbar reach
0% /"“’“dm"' elevation lead to increased relief over the
g post-HFE =0

o channel (elevation change plots).

@ a5 1

Valoeity {mis)

Following an HFE however, shallower
elevations in sandbar reaches lead to
higher velocities (figure left and above)
which then erode and shift sandbars that
were built during the HFE.

Cumulative distribution plot of
model output velocities on two
different bed topographies.
Velocities are higher immediately
post-HFE than one vear posi-HFE

Conclusions

«During HFEs, sediment is eroded from scour holes, where
there is bedrock at river level, and deposited in sandbar
reaches, where navigability is a concern

+However, in the period following HFEs, the pattern of
erosion and deposition reverses, indicating a return to pre-
HFE bed elevations

«Changes in velocity patterns and no evidence of sediment
accumulation in the reach indicate that hydraulics, not
sediment supply, control the distribution of sediment in the
reach.

aUSGS




Channel Response to High Flows in Western Grand Canyon
(presented in poster session)

Conclusions

e During HFEs, sediment is eroded from scour holes,
where there is bedrock at river level, and deposited in
sandbar reaches, where navigability is a concern

* However, in the period following HFEs, the pattern of
erosion and deposition reverses, indicating a return to
pre-HFE bed elevations

* Changes in velocity patterns and no evidence of sediment
accumulation in the reach indicate that hydraulics, not
sediment supply, control the distribution of sediment in
the reach.
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Project B: AMP goals addressed, and information provided

e LTEMP goal:

— “Increase and retain fine sediment volume, area, and distribution in the Glen, Marble, and Grand
Canyon reaches above the elevation of the average base flow for ecological, cultural, and recreational
purposes.”

* Project B addresses goal by two monitoring efforts and modeling:

— Annual sandbar and campsite monitoring
» Topographic surveys measure the effects of HFEs and other dam operations on sandbars
* Remote time-lapse cameras to assess immediate response to HFEs

— Periodic channel mapping of long river segments

e Evaluation of LTEMP performance by measurements of sand storage change on the riverbed and large
sample of sandbars

e Studies of riverbed response to high flows in Western Grand Canyon
— Modeling to predict fine sediment transport and sandbar response (Not funded in FY2025-2027 TWP)

a2 USGS U.S. Department of the Interior (2016)



Role of sediment and sandbars in Grand Canyon

sand dunes _ .. g,
(archeological sites) shoreline aquatic habitat beaches, campsites, and
riparian ecosystem

aeL R. Stanton

fundamental part of pre-dam landscape and major part of post-dam river and reservoir systems
~2USGS (navigation, water quality, turbidity)



Change in flow regime and disruption of sand supply have caused changes to
river morphology and decrease in the size of sandbars and campsites

photo-by R. Webb
Sandbar erosion and vegetation expansion near ~ B ,
Palisades (RM 66). View is downstream. Sandbar erosion near Tapeats Creek (RM 134).

View is downstream.
2USGS



Repeat channel mapping for monitoring
sand storage on the riverbed AND sandbars

Why measure sand storage by
mapping the riverbed?

e Sandbar replenishment is controlled by:
— Flow (need high flows to build large bars)

— Sand supply (if supply in the channel is low, a net
loss from eddy sandbars is risked)

e Sand supply is controlled by:
— Dam releases (annual volume and release pattern) 227 s = reerence stage
— Inputs from tributaries

Adapted from Hazel and others (2010)

a2 USGS



Using sandbar change and sand mass balance to evaluate LTEMP

Four possible sandbar response and sand supply outcomes:

Scenario 1 Scenario 2 Scenario 3 Scenario 4
N S g 2F b | - | i u i B i
!\ o5 HFEs
N § o 1F . - - - - - -
Q > :
S S8 °Of 1 T 1 T 1 T ]
W =35 -1t 1 F 1 F 1 F .
2 c
S 2E ,f I I I -
_3 : : : : : : : : : :
Time Time Time Time
L __—Trib. inputs
N 34 Ty TN T - 1 1 r .
S TE oot : . {1 t {1 :
2+ - = - = - = -
Time Time Time Time
Not sustainable Not sustainable Sustainable Not Meeting Goals
Sandbars eroding and Bank account mined to Sandbars and storage Sandbars erode while
g g
storage decline build sandbars are maintained storage increases
“Not enough sand” “Living on credit” “Living within your “Abandonment of the
means” experimental design”
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Channel mapping is only data that includes both high-elevation sand
(above 8k cfs) and sand in the channel and eddies to reveal which of
the four scenarios is occurring.

gain

“high-elevation sandbar”
«—

Scenario 1: Scenario 4:
Mining Accumulating
) sand and sand but not
3 losing building
- sandbars sandbars.
loss — gain

“total sand storage in
channel and eddies”




Repeat channel mapping: Implications for

high flows and dam management

Repeat measurements during HFEs (diamonds)

* HFEs are “deficit spending” (1996, 2004, and 2008 HFEs)

* Need to mobilize all the sand to build sandbars and a large
fraction is exported

* Theloss is a short-term negative and followed by recovery

a2 USGS

High-elevation sand change (m)

= = -
(4] (e ] (4)] —_ (4]

[}
—_—

-2

_ sandbar deposition and

'
—
(42}

T

-2

channel erosion

deficit
spending

downward
spiral

sandbar erosion and
channel erosion

.| [ |
-1.5 4 -0.5

sandbar deposition and
channel deposition

sustainable
sand
managment

failure to
implement
high flows

sandbar erosion and
channel deposition

0 0.5 1 1.5

Channel and eddy sand change (m)

€ 1996 HFE
€ 2004 HFE
€ 2008 HFE

® LMC 2009-2012
@® EGC2011-2014

@ UMC 2013-2016
® LMC2012-2019

2

Hazel et al., 2010; Schmidt and Grams, 2011, Grams et al. 2019; and Preliminary results. Do not cite.



Repeat channel mapping: Implications for

high flows and dam management T TS T T
_ sandbar deposition and sandbar deposition and
- channel erosion channel deposition
Repeat measurements during HFEs (diamonds) ' ; tainabl
e HFEs are “deficit spending” (1996, 2004, and 2008 HFEs) " def'c_'t sussi;:: "
* Need to mobilize all the sand to build sandbars and a large ' Spending managment

fraction is exported
* Theloss is a short-term negative and followed by recovery

Bar Sand Thickness Change (m)

. : failure to
Repeat measurements over many years (circles) downward : ;
. o .- i implement
» Downward spiral: Equalization flows and no HFEs (LMC 2009- e spiral ; .
g ; high flows
12) i
13 sandbar erosion and sandbar erosion and
channel erosion : channel deposition
-2 [ ! L (- I | L1 i 1 1 Ll | |
2 15 A 05 0 0.5 1 1.5 2

Bed Sand Thickness Change (m)

€ 1996 HFE @ LMC 2009-2012
€ 2004 HFE @® EGC2011-2014
€ 2008 HFE @ UMC 2013-2016

@ LMC 2012-2019

2USGS '
Hazel et al., 2010; Schmidt and Grams, 2011, Grams et al. 2019; and Preliminary results. Do not cite.



Repeat channel mapping: Implications for

high flows and dam management e
_ sandbar deposition and sandbar deposition and
- channel erosion channel deposition
Repeat measurements during HFEs (diamonds) ; _
e HFEs are “deficit spending” (1996, 2004, and 2008 HFEs) ' defic_it susst;:::ble
* Need to mobilize all the sand to build sandbars and a large Spening 5 managment
fraction is exported 05 o @ ¢

* The loss is a short-term negative and followed by recovery

High-elevation sand change (m)

-0.5 =
Repeat measurements over many years (circles) ' — irf'?:;r;;?]t
e Downward spiral: Equalization flows and no HFEs (LMC 2009-12) -1 spiral high flows
e Deficit spending: Equalization flows and HFEs (EGC 2011-14) i
A5 sandbar erosion and sandbar erosion and
channel erosion channel deposition
;i | i [ 0wy AT T iy oo ] L
? -2 -1.5 -1 -0.5 0 0.5 1 15 2

Channel and eddy sand change (m)

€ 1996 HFE @ LMC 2009-2012
€ 2004 HFE @® EGC2011-2014
€ 2008 HFE @ UMC 2013-2016

@ LMC 2012-2019

2USGS '
Hazel et al., 2010; Schmidt and Grams, 2011, Grams et al. 2019; and Preliminary results. Do not cite.



Repeat channel mapping: Implications for

high flows and dam management T TS T T
_ sandbar deposition and sandbar deposition and
- 15 channel erosion i channel deposition
Repeat measurements during HFEs (diamonds) £ : daitina
e HFEs are “deficit spending” (1996, 2004, and 2008 HFEs) ® def'g_'t SUSSZ':: "
. . c spendin ;
. Neeql to .moblllze all the sand to build sandbars and a large j< P 9 . managment
fraction is exported S 05 o L 4 Y _
* Theloss is a short-term negative and followed by recovery < _ ,
e B .
5 |
- g 05 : failure to
Repeat measurements over many years (circles) E, downward "
e Downward spiral: Equalization flows and no HFEs (LMC 2009-12) _°é’ g spiral high flows
e Deficit spending: Equalization flows and HFEs (EGC 2011-14) 20 : i
e Sustainable: No equalization flows and HFEs (UMC 2013-16) el £ P T— sandbar erosion and
channel erosion : channel deposition
_2'. i [ 0wy s gebo gl pped L
-2 -1.5 -1 -0.5 0 0.5 1 15 2

Channel and eddy sand change (m)

€ 1996 HFE @ LMC 2009-2012
€ 2004 HFE @® EGC2011-2014
€ 2008 HFE @ UMC 2013-2016

@ LMC 2012-2019

2USGS '
Hazel et al., 2010; Schmidt and Grams, 2011, Grams et al. 2019; and Preliminary results. Do not cite.



Repeat channel mapping: Implications for

high flows and dam management D .
_ sandbar deposition and i sandbar deposition and
6 [ channel erosion i channel deposition
Repeat measurements during HFEs (diamonds) ' daitina
e HFEs are “deficit spending” (1996, 2004, and 2008 HFEs) " def'c_'t sussz:I: "
* Need to mobilize all the sand to build sandbars and a large E SpRney i managment
fraction is exported > 05 o @ o |
* The loss is a short-term negative and followed by recovery § , o
[} EONCRPENIPISIS SO I—— ¥
s 05 | failure to
Repeat measurements over many years (circles) & downward ;
. . - implement
e Downward spiral: Equalization flows and no HFEs (LMC 2009-12) B -1 spiral high flows
* Deficit spending: Equalization flows and HFEs (EGC 2011-14) :
e Sustainable: No equalization flows and HFEs (UMC 2013-16) 15 sandbar erosion and sandbar erosion and |
channel erosion channel deposition
o9 L o T s T wy PPTTNEET | g g
- -1.5 -1 -0.5 0 0.5 1 15

The fundamental sediment-related question for LTEMF

Where will we be on this plot after 20 years of
implementation?

a2 USGS

Hazel et al., 2010; Schmidt and Grams, 2011; Grams et al. 2019; and Preliminary results. Do not cite.

Bed Sand Thickness Change (m)

€ 1996 HFE
€ 2004 HFE
€ 2008 HFE

LMC 2009-2012
EGC 2011-2014
UMC 2013-2016
LMC 2012-2019
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How we measure riverbed
sand storage

e Multibeam sonar surveys of riverbed
in ~30 mi (50 km) or longer segments

 Ground-based surveys of exposed
and shallow sandbars

e Map ~70-80% of reach by distance

Do not map in most rapids or riffles
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Baria River measurement of erosion and deposition volumes throughout reach

Intervals with
equalization flows

Upper
Marble Equalization flows:
Ca nyon Scour throughout length
of river segment with or
& without HFEs.
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0 HFEs
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EGC, 2011 to 2014
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-200

Intervals without
equalization flows

UMC, 2013 to 2016

measurement of erosion and deposition volumes throughout reach

Equalization flows:
Scour throughout length
of river segment with or
without HFEs.

LMC, 2012 to 2019

Without equalization
flows:

sand accumulates
throughout segment and
HFEs rebuild sandbars.

EGC, 2014 to 2019

a2 USGS




April 2011 — Before equalization flows
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April 2014 — After equalization flows and two fall HFEs
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Kaplinski et al. (2025b); and Preliminary results. Do not cite.
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2011 to 2014 Erosion — After equalization flows and two fall HFEs
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Kaplinski et al. (2025a;b); and Preliminary results. Do not cite.



May 2019 — No equalization flows and three fall HFEs
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Kaplinski et al. (2025); and Preliminary results. Do not cite.



2014 to 2019 Deposmon — No equahzatlon flows and three fall HFEs

Er05|on/dep05|t|on
- +3

0

A — 2011 2014 — 2019
—~ 7341
£
C
S 732-
g : T m—
<@
® 7301
480 490 500 510 520 530
distance (m)
l'..'h

Kaplinski et al. (2025a;b); and Preliminary results. Do not cite.



May 2021 — Centerline surve
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May 2013 — After equalization flows
(and fall HFE)
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May 2016 — After HFEs in 2013 and 2014
(fall HFE triggered in 2015 but not implemented) §
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elevation (m)

May 2021 — After more HFEs in 2016

and 2018
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Independent and complementary measures of sediment storage change

Project A: Suspended sediment flux Project B: River channel (bed and bank) mapping
| |

=10°  Lower Marble Canyon sand inputs and export 01-Jul-2002 to 01-Mar-2023
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Difference of cumulative suspended-sediment loads Difference between riverbed maps
between stations e Spatially rich — know where change happens and how much
e Temporally rich -- may compute budget for any e Uncertainty and bias are well constrained

time interval e Limited to discrete points in time
» Difference between two LARGE numbers e Uncertainty associated with parts of channel and banks not
* Potential for undetectable bias in measurements measured (we sample 50 to 75% of a segment)

* Uncertainty accumulates over time a2 USGS
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Repeat channel mapping: Implications for

high flows and dam management D .
_ sandbar deposition and i sandbar deposition and
6 [ channel erosion i channel deposition
Repeat measurements during HFEs (diamonds) ' daitina
e HFEs are “deficit spending” (1996, 2004, and 2008 HFEs) " def'c_'t sussz:I: "
* Need to mobilize all the sand to build sandbars and a large E SpRney i managment
fraction is exported > 05 o @ o |
* The loss is a short-term negative and followed by recovery § , o
[} EONCRPENIPISIS SO I—— ¥
s 05 | failure to
Repeat measurements over many years (circles) & downward ;
. . - implement
e Downward spiral: Equalization flows and no HFEs (LMC 2009-12) B -1 spiral high flows
* Deficit spending: Equalization flows and HFEs (EGC 2011-14) :
e Sustainable: No equalization flows and HFEs (UMC 2013-16) 15 sandbar erosion and sandbar erosion and |
channel erosion channel deposition
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The fundamental sediment-related question for LTEMF

Where will we be on this plot after 20 years of
implementation?

a2 USGS

Hazel et al., 2010; Schmidt and Grams, 2011; Grams et al. 2019; and Preliminary results. Do not cite.
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Repeat channel mapping: Implications for
" PPE: B LTEMP??

high flows and dam management e .
[ sandbar deposition and sandbar deposition and
— channel erosion nnel deposition
1.5
For upcoming knowledge assessment that leads to % i it
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Conclusions: Sandbars and in-channel sediment storage

Sandbar response to HFEs

& * When implemented, HFEs under sand-enriched conditions cause increases in sandbar
&% area and volume

“H « Sandbars have eroded since 2023 HFE

5
2 Changes in sand storage in Marble Canyon and Eastern Grand Canyon

-

| » Joint measurements of riverbed sand storage and sandbar response indicate -
“sustainable” sand management has occurred during periods that include multiple HFEs

and “normal” reservoir operations. 4;%

Ii—.

&

: * Sustained high releases (equalization and other reservoir balancing flows) cause spatially |
#= extensive scour

* Sand supply change based on measurements of suspended sediment flux closely agree =
== with measurements of riverbed sand change in most cases =

]

o

L * Cases of weaker agreement indicate there may be important processes occurring in
certain time periods and/or river segments that are not captured in our
measurements.
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