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ABSTRACT

Understanding land surface change in and sediment export out of proglacial landscapes is critical for under-
standing geohazard and flood risks over engineering timescales and characterizing landscape evolution over
geomorphic timescales. We used automated Structure from Motion software to process historical aerial photo-
graphs and, with modern lidar data, generated a high-resolution DEM time series with coverage over 10 glaci-
erized watersheds on Mount Baker, Washington, USA for the time period between 1947 and 2015. We measured
basin-wide sediment yields and sediment redistribution on hillslopes and in stream channels. Slopes within most
measured erosion sites are above theoretical and observed debris-flow thresholds. We observed significant
erosion of hillslopes and limited deposition on hillslopes and in stream channels. Sediment delivery ratios during
time periods with net erosion averaged 0.73. We determined, consistent with previous field observations, that
debris flows originating from moraines are a primary erosion mechanism in proglacial zones on Mount Baker.
Time series measurements indicate that temporal variability in erosion rates is associated with climate oscilla-
tions, with higher erosion rates during cooler-wetter periods. Basin-wide sediment yield is positively correlated
with lithology (r2 = 0.54), hillslope angle (r2 = 0.52), drainage area (r2 = 0.82), and negatively correlated with
stream channel slope (r? = 0.67). Topographic differences between high and low yielding basins indicate that
spatial variability in erosion on Mount Baker is sensitive to Pleistocene and Holocene glacial and volcanic ac-
tivity. Specific sediment yields in six basins averaged 4600 ton/km?/yr, consistent with global measurements in
glacierized catchments. Specific sediment yield decreased with increasing basin area, with total loads in the
downstream main stem Nooksack River estimated between 480 and 820 ton/km?/yr. Proglacial sediment yields
account for between 18 and 32 % of total sediment load in the main stem Nooksack River and exceed contri-
butions by bluff and terrace erosion, which account for between 8 and 13 % of total load. Our findings indicate
that erosion in glacierized basins is sensitive to decadal climate oscillations and that high proglacial sediment
yields provide an important contribution to river systems downstream, particularly in catchments where upland
topography and lithology is favorable.

1. Introduction

profound glacier readvance was the Little Ice Age (LIA) (ca.
1300-1850). Terminus positions of mountain and arctic glaciers have

Glacier advance and retreat increase erosion and sediment yields
within proglacial zones, areas between the moraines of the latest glacial
maximum and the upstream, retreated active glacier margin (e.g.,
Antoniazza and Lane, 2021). Since the Last Glacial Maximum (LGM)
(~20 ka BP), geologic records reveal several epochs of glacier readvance
and retreat as a result of climate variability. The most recent and

* Corresponding author.
E-mail address: elilouis@uw.edu (E. Schwat).

https://doi.org/10.1016/j.geomorph.2023.108805

retreated rapidly from their mid-19th century LIA maximum, making
proglacial zones among the most rapidly changing landscapes measured
globally to date (Carrivick and Heckmann, 2017).

Proglacial zones are transient systems, moving from a geomorphic
equilibrium constructed during the last major glaciation, with charac-
teristic relict structures and deposits (hanging valleys, steep moraine
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terraces, and rock walls), to a new equilibrium of non-glacial conditions,
with snowmelt and rain-driven geomorphic processes dominance (e.g.,
Legg et al., 2014; Lane et al., 2017). According to the conceptual model
of Antoniazza and Lane (2021), modern sediment yields of glacierized
alpine watersheds still reflect early phases of LIA paraglacial adjust-
ment, together with the legacy of LGM landforms and deposits. During
paraglacial adjustment, glacier retreat debuttresses over-steepened
moraines, intense rainstorms and prolonged wet periods initiate land-
slides and debris flows, and drainage networks expand upslope,
increasing catchment-scale sediment connectivity (Lancaster et al.,
2012; Legg et al., 2014; Carrivick and Heckmann, 2017; Lane et al.,
2017). At the river basin scale, disequilibrium sediment yields may
continue over much longer time frames, as river networks downstream
of upland proglacial areas incise through and remobilize LGM glacial
deposits in valley floors (e.g., Church and Slaymaker, 1989).

Studies of multiple proglacial basins reveal that sediment export
rates vary tremendously in relation to lithology, characteristics of relict
topography, tectonic activity, and changing hydrologic conditions
(Holm et al., 2004; Carrivick and Rushmer, 2009; Carrivick and Heck-
mann, 2017; Carrivick and Tweed, 2021). Yields in proglacial basins
may also vary in response to anthropogenic warming. Both warming and
glacier mass losses have accelerated since the 1980s (Zemp et al., 2015;
Frans et al., 2018; Hugonnet et al., 2021) and it is expected that warming
and associated extreme precipitation events will increase proglacial
erosion rates (Carrivick and Tweed, 2021).

Proglacial and upland sediment yield variation over engineering
timescales may pose flood risk downstream. A common adage regarding
river systems with headwaters in steep glacierized mountains (e.g., the
Cascade Range and Coast Mountains of North America) is that the up-
lands are constantly shedding sediments that fill riverbeds downstream.
Studies show that channel aggradation, rather than elevated streamflow,
may be responsible for flood events (Slater et al., 2015; Ahrendt et al.,
2022), and that variation in proglacial sediment yields and downstream
channel aggradation may be linked (Anderson and Konrad, 2019;
Pfeiffer et al., 2019). However, the relative contribution of proglacial
sediments to river basin scale sediment budgets remains unclear.

The behavior of proglacial and steep mountain landscape erosion
processes and sediment yields over decadal timescales remains poorly
understood, in part because field study of these environments must take
place at rugged and remote sites. Sediment cores from marine and lake
deposits and seismic sensing methods provide evidence for changes in
sediment yields from mountains with retreating glaciers over millennial
to centennial timescales (e.g., Elverhgi et al., 1998; Hasholt et al., 2000).
Modern records, including stream gage measurements and high-
resolution topographic datasets (e.g., airborne lidar and Structure
from Motion (SfM) photogrammetry), show high sediment yields in
deglaciating watersheds over decadal to interannual timescales (e.g.,
Bogen, 2008; Koppes and Montgomery, 2009; Czuba et al., 2012;
Anderson and Pitlick, 2014; Micheletti et al., 2015; Anderson et al.,
2019). The increased availability of high-resolution topographic data-
sets is allowing study over sub-decadal timescales, in settings where
field measurements were previously difficult or impossible (Lancaster
et al., 2012; Anderson and Pitlick, 2014; Legg et al., 2014; Mancini and
Lane, 2020; Anderson and Shean, 2022; Betz-Nutz et al., 2023).

Answering the following research questions is critical to improve our
understanding of steep-slope erosion mechanisms, paraglacial adjust-
ment, upland sediment yields, and their impact on flood risk:

1. Which topographic factors control the magnitude and spatial vari-
ability of erosion rates and sediment yields in proglacial basins?

2. How do sediment yields vary in time in relation to climatic trends?

3. What is the relative contribution of proglacial sediments at the river
basin scale?

We study these questions by measuring and comparing multi-decadal
erosion rates in ten proglacial catchments on Mount Baker in
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Washington State (WA), USA, using a high-resolution Digital Elevation
Model (DEM) time series that spans the years 1947-2015.

2. Study area

Mount Baker (indigenous name, Koma Kulshan) is an active,
andesitic stratovolcano in the Cascade Volcanic Arc with a summit
elevation of 3286 m (Wood and Kienle, 1990). Among the proglacial
catchments we studied, Deming, Thunder, Coleman, Roosevelt, and
Mazama Glacier valleys on Mount Baker feed into the undammed North
and Middle Forks of the Nooksack River, which flows west and empties
into the Bellingham Bay (Fig. 1). The remaining watersheds feed into the
man-made Baker Lake and Lake Shannon reservoirs to the southeast,
both part of the Skagit River watershed. The Nooksack River has a his-
tory of managed dredging operations and, by some estimates, carries the
largest specific sediment yield (SSY) of major Puget Sound rivers
(Anderson et al., 2019). Recent flooding of the Nooksack in November
2021 cost approximately $50 million in Washington State alone (Asso-
ciated press, 2021). During this event, the Nooksack River overtopped
its banks in Everson, WA, and flowed into the Sumas River, across the
international border to Abbotsford, British Columbia. Economic costs
associated with this flooding in British Columbia exceeded $1 billion
(Dalton, 2021). Recent studies in the Nooksack River have linked pro-
glacial erosion with downstream aggradation (Anderson and Konrad,
2019).

Mount Baker is the second most glacierized volcano in Washington
state after Mount Rainier, with approximately 38.6 km? of area covered
by glaciers (Pelto and Brown, 2012). Mount Baker's glaciers have
generally been retreating since the end of the LIA (Dick, 2013). Large
lateral moraines identify glacier extent during their LIA maxima (Fig. 1).
In response to regional climate forcing, glaciers rapidly retreated be-
tween 1930 and 1945, advanced between 1945 and 1980, and most
have been retreating since 1980 (Harper, 1993; Dick, 2013). Frans et al.
(2018) estimate that glaciers on Mount Baker, relative to their 1960
extents, will decrease in area between 50 and 100 % by 2100.

Mount Baker and much of the surrounding area was covered by an
ice sheet during the Fraser Glaciation (34-11.6 ka). The volcano has
experienced multiple eruptive periods since, one as recently as the mid-
1800s (Scott et al., 2020). The surface lithology of Mount Baker is
composed primarily of Holocene-Pleistocene and Quaternary (igneous)
andesite flows, Cretaceous-Jurassic marine sedimentary bedrock, and
Pleistocene glacial till and drift (Fig. S3, S4) (Tabor et al., 2003). Modern
observations on Mount Baker have identified debris flows as an impor-
tant sediment transport mechanism (Fuller, 1980; Tucker et al., 2014). A
10 million m® debris flow in June 1927 originated near the Deming
Glacier terminus, and two events of similar size that occurred between
1860 and 1890 originated near the Rainbow Glacier (Table S7) (Fuller,
1980; Tucker et al., 2014; Scott et al., 2020). More recently, two
approximately 100,000 m> debris flows originated from the Deming
Glacier basin in May and June of 2013 (Tucker et al., 2014). Field ob-
servations indicated that the deposits from these events mostly eroded
within three weeks, suggesting that similarly sized debris flows may
erode beyond recognition within a few years (Tucker et al., 2014).

3. Methods

To address our research questions, we produced a DEM time series
with coverage over Mount Baker and measured glacier changes, local
erosion, watershed sediment yield, and terrain characteristics in ten
distinct watersheds. We then produced a sediment budget for the
Nooksack River using our measurements and measurements from the
literature.
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Fig. 1. Context map for Mount Baker glaciers and watersheds overlaid on a hillshade generated from a 2015 US Geological Survey lidar DEM. The Little Ice Age (LIA)
glacial maxima are from Roe and O'Neal (2009), except for Mazama Glacier, which is inferred from topography. Other LIA extents are not presented in the literature
and are not identifiable from topography. Glacier extent, modified from the Randolph Glacier Inventory (RGI) (RGI Consortium, 2017), is shown for all named
glaciers in 1947, 1979 and 2015; for Rainbow Glacier, the 1977 glacier boundary is shown instead of 1979. For unnamed glaciers and perennial snowfields, the
unmodified RGI outlines are shown. Fluvial and hillslope domains are manually delineated. HUC10 watershed boundaries are from the NHDPlus database. The inset
figure shows the location of Mount Baker (star) and the Nooksack River watershed and its three forks within the Puget Sound region of Washington State.

3.1. Preparing DEMs, orthomosaics, and DEMs of difference

3.1.1. Historical aerial photographs

We downloaded scanned historical aerial photographs taken in 1947
from the US Geological Survey (USGS) Aerial Photo Single Frame
dataset (Earth Resources Observation and Science (EROS) Center, 2017)
available from the USGS EarthExplorer data portal (EE). The 1947
photographs were collected in an overlapping grid pattern from an

altitude of approximately 6000 m, providing complete coverage of
Mount Baker with an average ground sample distance of one meter. We
also downloaded all available scanned photographs acquired between
1970 and 1992 over Mount Baker as part of the USGS North American
Glacier Aerial Photography (NAGAP) program (Post et al., 1971; Post,
1995), from the NSF Arctic Data Center (Nolan et al., 2017). These
images were captured from variable altitudes and have an average
ground sample distance of 30 cm. The NAGAP imagery was generally
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collected along single flight lines oriented parallel to glacier centerlines,
with coverage over the lower glacier and forefield. All historical pho-
tographs were captured between August and October, when seasonal
snowpack was minimal or nonexistent.

3.1.2. Historical structure from motion (HSfM)

We followed the processing methodology outlined by Knuth et al.
(2023) to derive DEMs and orthomosaics from the scanned historical
aerial photographs. Scanned images were downloaded and standardized
using the Historical Image Preprocessing (HIPP) software package
(Knuth et al., 2021a). We then generated 2-meter DEMs using the His-
torical Structure from Motion (HSfM) software package (Knuth et al.,
2021b). HSfM generates self-consistent and accurately geolocated DEMs
and orthomosaics using a reference DEM and a robust, multi-stage DEM
co-registration process, without manually derived ground control
(Knuth et al., 2023). For the reference DEM, we used a 1-meter Digital
Surface Model (DSM) derived from an airborne laser scanning survey
completed between August and September 2015. This data was obtained
from the Washington Department of Natural Resources (WADNR) lidar
portal. We approximate the lidar collection date as September 1, 2015,
throughout this study. Fig. 2 shows the nine DEMs generated using HSfM
in this study, the 2015 lidar DEM, and which DEMs are used for mea-
surements in each watershed (Section 3.3).

3.1.3. Orthomosaic time series

In addition to DEMs, HSfM produces orthomosaics for each single-
date collection of aerial photographs. We augmented the historical
orthomosaic record with an aerial orthomosaic collected on September
28, 2015, as part of the National Agriculture Imagery Program (NAIP,
retrieved from EE).
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3.1.4. DEM of difference time series

We map long-term, 68-year, geomorphic change across ten water-
sheds (referred to by the name of their glaciers, Fig. 1) by differencing
the 1947 and 2015 DEMs to create a DEM of Difference (DoD) (Fig. 2).
The DoD revealed that most geomorphic activity occurred within the
Mazama, Rainbow, Deming, and Coleman proglacial zones during this
period (Fig. S10). We created additional DoDs, one for each consecutive
pair of DEMs (Fig. 2B), and performed further analysis on these four
“high-erosion watersheds.”

To create DoDs, we first resampled the 2015 lidar DSM, originally in
a 1-meter grid, to a 2-meter grid. We then resampled all historical DEMs
to match the 2-meter grid of the lidar DSM and subtracted the 2015 DEM
from each historical DEM. A 2-meter grid offers a good compromise
between detail and artifact mitigation. All resampling was performed
using cubic interpolation. We performed two post-processing steps to
improve DoD data quality. First, we removed outlier pixels with absolute
elevation change values >50 m, the magnitude of the largest observed
geomorphic change between 1947 and 2015. Elevation change signals
larger than 50 m were caused by artifacts (e.g., scratches on the aerial
photograph film). We found that measurements of volumetric change
were not sensitive to this threshold when varied above +50 m. Second,
we interpolated across data gaps in the DoDs by applying a linear
interpolation algorithm with a maximum lateral search distance of 50 m
(Xdem Contributors, 2021), which is sufficient to fill all data gaps in the
study areas. All DoDs used in this study are listed in Table 1.

3.2. Basin and measurement area definition

3.2.1. Watershed boundaries
For each of the ten watersheds (Fig. 1), we manually identified
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Fig. 2. (A) Gallery of colorized shaded relief maps for DEMs used in this study, showing spatial coverage for each available year. (B) Visualization of DEM temporal
coverage for individual valleys and all of Mount Baker, with colors representing data source.
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Table 1
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Error statistics for all DEMs of Difference (DoDs) used in this study. Mean, RMSE, Range, Sill, and 90 % CI Lower/Upper bounds refer to the statistics calculated for all

stable ground in each DoD (Section 3.4).

Name Start Date End Date Interval (years) Mean (m) RMSE (m) Range (m) Sill (m) 90 % CI 90 % CI
Lower Bound (m) Upper Bound (m)

Coleman 9/14/47 9/29/70 23 1.03 2.83 13.42 6.18 -3.31 5.37
Coleman 9/29/70 10/6/79 9 —0.67 1.36 9.62 1.14 —2.62 1.29
Coleman 10/6/79 8/21/87 8 -1.03 2.08 18.93 2.3 —4.01 1.95
Coleman 8/21/87 9/5/90 3 1.5 2.54 18.43 1.45 -1.88 4.87
Coleman 9/5/90 9/1/15 25 —0.22 1.11 48.12 1.37 —2.01 1.57
Coleman 9/14/47 9/1/15 68 0.47 1.95 26.25 2.14 —2.64 3.59
Rainbow 9/14/47 9/29/70 23 -0.57 1.89 8.9 2.74 -3.54 2.4
Rainbow 9/29/70 8/10/74 4 —0.33 0.92 15.91 0.69 -1.74 1.09
Rainbow 8/10/74 9/27/77 3 0.11 0.66 15.74 0.41 —0.96 1.18
Rainbow 9/27/77 9/9/91 14 0.06 0.6 8.66 0.34 —0.92 1.04
Rainbow 9/9/91 9/1/15 24 —-0.07 0.48 6.86 0.23 -0.86 0.72
Rainbow 9/14/47 9/1/15 68 -0.78 2.02 7.92 3.12 -3.85 2.28
Mazama 9/14/47 9/29/70 23 1.12 2.48 29.72 4.21 —2.52 4.76
Mazama 9/29/70 10/6/79 9 0.09 0.76 22.56 0.45 -1.14 1.32
Mazama 10/6/79 9/18/92 13 —0.31 1.28 65.27 1.26 -2.35 1.72
Mazama 9/18/92 9/1/15 23 0.14 1.36 101.91 1.47 —2.08 2.36
Mazama 9/14/47 9/1/15 68 0.85 2.65 38.17 5.91 -3.28 4.98
Deming 9/14/47 9/29/70 23 —-0.45 1.32 15.02 1.53 -2.49 1.59
Deming 9/29/70 10/6/79 9 0.54 0.91 2.39 0.14 —0.65 1.74
Deming 10/6/79 9/9/91 12 —0.03 0.71 23.07 0.43 —-1.21 1.14
Deming 9/9/91 9/1/15 24 -0.18 0.76 26.18 0.47 -1.4 1.03
Deming 9/14/47 9/1/15 68 0.7 1.34 26.24 1.24 -1.18 2.57
Whole mountain 9/14/47 9/1/15 68 0.49 2.25 68.55 3.79 -3.11 4.1

watershed outlet points where stream channels cross the downstream
extent of the 1947 DEM coverage (Fig. 2A). We automatically delineated
watershed boundaries upstream of the outlet points with D8 flow di-
rection and flow accumulation algorithms implemented in the Stream-
Stats web tool (Fig. 1) (U.S. Geological Survey, 2019). The watershed
containing both Coleman and Roosevelt Glaciers is hereinafter referred
to as the Coleman watershed.

3.2.2. Glacier polygons

We delineated glacier outlines throughout our study time period by
modifying polygons from the Randolph Glacier Inventory (RGI Con-
sortium, 2017). For each of the 11 studied glaciers (Fig. 1) and for each
DEM timestamp with coverage over that glacier (Fig. 2), we manually
modified the original RGI polygon to outline the glacier extent apparent
in the DEM and orthomosaic. DoDs aided identification of glacier
boundaries where debris-cover rendered the glacier extent difficult to
identify with imagery. Glacier boundaries are easily identified in DoDs,
which show large, widespread elevation change where glaciers
advanced or retreated.

3.2.3. Delineation of measurement areas for change detection

To measure volumetric change, we manually delineated bare ground
areas with repeated DEM coverage in ten watersheds (Fig. 2). Bare
ground area is defined as areas that are unvegetated through the entire
study period or areas that were bare in 1947, eroded, and then grew
vegetation. Our DEM time series has different extent and coverage in
each year due to the inconsistent coverage of the historical photographs
used for SfM reconstruction (Fig. 2A). Thus, we exclude many areas
where we cannot quantify changes with multiple DoDs from measure-
ment. Areas with snow cover during any date in our DEM time series are
also excluded.

To track the movement of sediment from hillslopes to stream chan-
nels, we split the delineated bare ground area into a hillslope and a
fluvial domain (Figs. 1 and 2). We visually examined orthomosaics and a
slope raster (Section 3.5) to manually outline each watershed's primary
stream channel, extending from the 2015 glacier terminus to the
watershed outlet point (Fig. 1). Fluvial domains map the stream channel
from bank to bank, with banks identified by sudden increases in slope or
a vegetation boundary. Hillslope domains include all bare ground areas
that are not within the fluvial domains.

To examine eroded sediment source areas, we manually delineated
erosion sites in the four high-erosion watersheds (Section 3.1.4). Each
erosion polygon outlines an area with negative land surface change that
appears to be due to a single erosion event (e.g., a landslide scar) or
repeated erosion events that deepen an eroded area (e.g., a gully). The
erosion polygons delineate all areas within the bare ground area that
eroded during our measurement time period, while the bare ground area
includes eroded land, land on which deposition occurred, and stable
land.

We acknowledge that identifying debris-covered ice in historical
orthomosaics is challenging. It is possible to mistake the melt out of
“dead ice,” which we define as ice buried beneath debris and dis-
contiguous from a nearby glacier, for erosion. We excluded from mea-
surement any areas where the intermixing of sediment signals with
surface lowering due to ablation of ice was judged to be likely.

3.3. Measuring volumetric change and sediment yield

For the ten watersheds, we measured long-term net volumetric
change within the bare ground area (the combined hillslope and fluvial
domains) using the 1947-2015 DoD (Fig. 2B, S10). In the four high-
erosion watersheds, we measured net and gross positive and negative
volumetric changes separately in the hillslope and fluvial domains using
the time series of DoDs available in each watershed (Fig. 2B).

We calculated net volumetric change as the sum of all DoD pixels in a
given area multiplied by pixel area (2-m x 2-m, Section 3.1.4) and gross
positive/negative change as the sum of all positive/negative DoD pixels
in a given area multiplied by pixel area. For gross change measurements,
DoD values are thresholded at the 90 % confidence level (Section 3.4)
(Anderson, 2019; Anderson and Shean, 2022). When making all mea-
surements, we excluded glacier change signals by removing pixels
within the glacier outlines associated with the beginning and end dates
of the DoD (Section 3.1.4).

The measurements of net volumetric change in ten watersheds pro-
vide estimates of net sediment export (Carrivick and Tweed, 2021). For
comparison with other studies, we convert net volumetric change (AV)
to sediment yield (SY) in units of metric tons. To calculate SY, we first
converted (AV) from a bulk volume to a rock volume with an estimate of
morainic porosity, n = 0.35 (Humlum, 2000; Burki et al., 2010), because
most observed erosion occurred on moraines. We then convert to SY in
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units of mass using the approximate density of andesite, prock = 2600 kg/
m3 (Klein and Johnson, 1983, Werner et al., 2009),

SY = —AV(1—n)p,,. @

While the surface lithology of Mount Baker is heterogeneous, we use
a single andesite density value for all measurements, because the vol-
cano is an andesitic cone (Scott et al., 2020), andesite flows are the
primary surface lithology in our measurement areas (Fig. S3), and we
lack information about the lithological composition of moraines. Note
that SY is proportional to negative AV (Eq. (1)) because negative net
volumetric change indicates erosion without compensating deposition,
and therefore export of material from the measured area.

Our volume change and sediment yield measurements account for
storage changes in a limited subset of bare ground areas in each
watershed. We cannot quantify storage changes within the entire
watershed due to glacier and vegetation cover and the limited spatial
coverage of various DEMs in our time series (Fig. 2). We also cannot
quantify supra- or subglacial sediment change.. Because of these limi-
tations, we cannot completely close the watershed sediment mass bal-
ance and in some watersheds, we measure positive net volumetric
change which results in negative sediment yield (Eq. (1)). Negative
sediment yield measurements in our study do not indicate an erroneous
result—we still assume that watershed boundaries act as zero-flux
boundaries for sediment—they simply indicate that we could not mea-
sure all the sediment changes occurring across the watershed due to the
data limitations discussed above. In watersheds with positive sediment
yield, our measurements likely represent minimum estimates of the total
sediment flux passing the watershed outlets.

We use a relative sediment balance index (RSI), the ratio between net
volumetric change (AV) and gross negative volumetric change (ie., gross
erosion, AV~, where AV~ < 0),

RSI = AV/AV~, (2

as a way to measure how sediment export from a watershed compares to
erosion within the watershed. RSI is similar to the sediment delivery
ratio, a common index used in engineering calculations, except that
sediment delivery ratio generally uses sediment yield measurements at a
watershed outlet, which are always positive, while in our measure-
ments, sediment yield can be negative. AV~ is always negative, thus RSI
is positive when there is net sediment export from a watershed (AV < 0)
and negative when there is net deposition within a watershed (AV > 0)
(Eq. (1)).

3.4. Uncertainty estimation

Using the DoDs (Section 3.1.4), we measured volume changes (Sec-
tion 3.3) within delineated areas (Section 3.2). To estimate the uncer-
tainty associated with these measurements, we use an error model for
volumetric uncertainty, 6y, that incorporates the random errors, sys-
tematic errors, and spatially correlated errors present in the DoD,

3

where n is the number of pixels in a measurement, L is the DoD reso-
lution (2 m), and 65 and o,y are the root mean square and mean,
respectively, of DoD values over stable ground (Anderson, 2019). q; and
62 are the range and sill, respectively, of a spherical semivariogram
model with no nugget (Rolstad et al., 2009) fitted to an empirical
semivariogram of DoD values over stable ground.

For the calculation of the parameters above, we identified areas of
stable ground within the DoDs where true elevation change is zero. We
examined orthomosaics and NAIP imagery to manually outline stable
ground areas where the land surface had not changed over our 68 year
period (e.g., rock outcrops, boulder fields) (Fig. S1). No effort was made
to exclude areas of measurement (Section 3.2.3) from the stable ground
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areas (Anderson and Shean, 2022).
The uncertainty parameters calculated for each DoD are presented in
Table 1.

3.5. Explanatory terrain characteristics

To examine the terrain characteristics of measured areas on Mount
Baker, we generated slope and drainage area rasters from a 2015 lidar
Digital Terrain Model (DTM) from WADNR, downsampled to 10-meter
resolution. We downsampled to a relatively coarse resolution to
remove small-scale roughness features present in the original 1-meter
product and calculate slopes representative of hillslope processes. The
slope raster was generated using the Horn (1981) algorithm imple-
mented in the xXDEM software package (Xdem Contributors, 2021). The
drainage area raster was generated using D8 flow direction and flow
accumulation algorithms implemented in the Pysheds software package
(Bartos et al., 2022), the raster contains a total upslope area value for
each pixel. For the subset of pixels within the ten fluvial and hillslope
domains, we plotted the distribution of drainage area and slope values.
For each erosion polygon, we calculated and plotted the mean slope and
maximum drainage area of all pixels. Maximum drainage area repre-
sents the magnitude of streamflow that occurs over a given area (Fig. 3).

Nearly 73 % of the study domain have slopes >19°, which is the
slope angle identified by Legg et al. (2014) for gully heads on Mt. Rainer,
WA, and an approximate low limit for the initiation of saturated land-
slides in the Cascades Range, WA (Strauch et al., 2018). 32 % have mean
slopes >34°, a threshold for fluvial bed failure (Takahashi, 1978;
Prancevic et al., 2014).

To explore connections between measured sediment yield and
terrain characteristics at the watershed scale, we calculated drainage
area, A; channel slope, S;; hillslope domain slope, Sp; glacial retreat area,
AAg; and non-igneous fraction, Fy;, for each watershed. A is the area of
the delineated watershed (Fig. 1). S, is the slope of the primary stream
channel (the fluvial domain), calculated as the difference between the
elevation at the watershed outlet point and the elevation where the
stream channel meets the maximum glacier terminus, divided by the
length of the channel between the two points. Sy, is the mean slope raster
value in the hillslope domain. AA, is the change in area of the glacier
(Section 3.2.3) between 1977/1979 and 2015, a period of glacier retreat
(Fig. 1). Recent studies have identified lithology as a contributing factor
to inter-watershed sediment yield variability (Carrivick and Tweed,
2021). As the two most common surface lithologies in our measured
bareground areas are andesite flows (igneous) and Pleistocene glacial till
and we expect loose surface material to erode more easily than igneous
rock, we broadly characterized the surface lithology of each basin with
Fpi, the fraction of bare ground area underlain by a non-igneous surface
lithology. Fp; characterizes the initial geological conditions unique to
each watershed, which exist as a result of the recent volcanic and glacial
history of Mount Baker (Section 2). We extracted surface lithologies
from a digitized surface geology map (Tabor et al., 2003).

For each of the five explanatory variables, we calculate the coeffi-
cient of determination (R?) for both the mean annual sediment yield and
mean annual specific sediment yield (SSY) calculated using the
1947-2015 DoD (Section 3.1.4). SSY is calculated by dividing sediment
yield by watershed drainage area, A.

3.6. Watershed sediment yield equations

Relationships developed for long-term channel incision or sediment
flux at a channel reach or local grid cell scales are often referred to as
geomorphic transport laws (GTLs) and are commonly used in landscape
evolution models (e.g., Dietrich et al., 2003). GTLs can relate both local,
supply-limited erosion, or global, transport-limited sediment flux to
local variables, such as upslope drainage area, local slope, topographic
curvature, erodibility, and substrate size (Istanbulluoglu, 2009). Similar
empirical relationships have also been used to relate watershed-scale
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erosion to channel slope, relief, and precipitation (Ahnert, 1970;
Montgomery and Brandon, 2002; Henck et al., 2011; Portenga and
Bierman, 2011).

In this study, we developed nonlinear (power law) empirical equa-
tions for watershed-scale sediment yield inspired by GTLs but imple-
mented using spatially averaged topographic and environmental
variables (Section 3.5). We considered the relationships between the
terrain characteristics A, S, and Sy, and the measured absolute sediment
yield of ten glacierized basins, and calculated the Nash-Sutcliffe model
efficiency coefficient (NSE) of optimized power law models of the form

0, = kA" 4

where Q; is mean annual sediment yield (ton/yr) calculated from the net
volumetric change measured in the combined hillslope and fluvial do-
mains and where A may be replaced by S, or Si. Power law models are
not created for the variables A; and F,; because we do not expect Qs to
approach zero as Ay and Fy; approach zero (as we do with A, S, and Sp).
Our results indicated that A and Sy, are positively correlated with Qs,
which led us to test a multi-variable power law consistent with the
literature,

O, = kA"S}, )

(Dietrich et al., 2013). k is an erodibility parameter and m and n are
power law parameters. This model hypothesizes that a basin's sediment
yield is controlled by hillslope gradient and flow at the outlet, with
drainage area used as a proxy for the latter. We optimized model pa-
rameters for our measurements using non-linear least squares regression
(scipy.optimize.curve_fit, Virtanen et al., 2020). We excluded water-
sheds with negative sediment yields (net deposition) from the model
fitting process.

3.7. Nooksack River sediment budget

To test the hypothesis that glacierized volcanos shed sediments that
fill riverbeds downstream, we developed three distinct sediment budgets
for the North Fork (NF), Middle Fork (MF), and main stem Nooksack
Rivers (combined NF and MF). Four glacierized basins on Mount Baker
measured in this study feed into the NF and MF (Fig. 4). The sediment
budgets account for our measurements of proglacial basin sediment
yield (Section 3.3), DoD-based measurements of stream bank terrace

erosion (Scott and Collins, 2021), and measurements of suspended
sediment load (Anderson et al., 2019).

Anderson et al. (2019) presented measurements of average sus-
pended sediment load at four gages in the main stem Nooksack River
and its three forks (Fig. 4) for water years 2014-2016. Measurements
taken at the main stem Nooksack River gage include sediments sourced
from the South Fork, which does not have headwaters on Mount Baker
(Fig. 4). To address our lack of measurements in the South Fork's
headwaters and allow us to compile a sediment budget for the main
stem, we subtracted suspended load measurements made at the South
Fork gage from those made at the main stem gage. We assumed that the
resulting suspended load is the load contributed by the MF and NF. We
used a compilation of observed bedload and suspended load rates
(Turowski et al., 2010) to estimate a range of total loads expected from
the Anderson et al. (2019) suspended load measurements. Scott and
Collins (2021) measured volumetric bluff and terrace erosion occurring
along the riverbanks of the Nooksack River and its forks (Fig. 4) between
2005 and 2017. We converted these volumetric measurements to mass
using the density estimate provided in their study, 2 metric tons/m°>. The
data from Anderson et al. (2019), Turowski et al. (2010) and Scott and
Collins (2021) used in this study are compiled in Table S5.

The upper NF budget includes sediment yield measurements from
Mazama basin; it includes no bluff/terrace erosion measurements as
there are no such sites upstream of the upper NF gage (Fig. 4). Coleman
basin is not included in the upper NF sediment budget because the upper
NF stream gage is upstream of where the Coleman basin drainage enters
the NF (Fig. 4) (Anderson et al., 2019). The MF budget includes sediment
yield measurements from Deming and Thunder basins; no bluff/terrace
erosion sites are reported in the MF watershed (Fig. 4). The main stem
budget includes sediment yield measurements from Mazama, Coleman,
Deming, and Thunder basins and a number of bluff/terrace erosion sites
along the main stem and in the North Fork watershed (Fig. 4).

4. Results
4.1. Intra-watershed measurements
4.1.1. Elevation change maps

In this section we highlight glacier changes and geomorphic pro-
cesses, in relation to relict LIA landscape features, in two basins, Deming
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boundaries are from the NHDPlus database. Terrace erosion sites are those measured in Scott and Collins (2021). Stream gages shown are the gages used in our

Nooksack River sediment budget, measured in Anderson et al. (2019).

and Rainbow. Results for the other two high erosion basins are included
in the Supplementary Materials (Figs. S5 and S6).

In the Rainbow proglacial basin, we observe glacier advance be-
tween 1947 and 1977 and retreat beginning sometime thereafter,
consistent with the literature (Dick, 2013). Most geomorphic change
occurred along the LIA lateral moraines. A number of gullies incised into
the southern (north facing) LIA moraine beneath fluctuating glaciers and
incision occurred, in some gullies, during multiple, discrete measure-
ment periods (Fig. 5A and C). A large landslide occurred on the southern
moraine between 1947 and 1970 (Transect 1 in Fig. 5A, B) and its de-
posit is visible on the valley floor (Fig. 5A I). On the northern (south
facing) moraine, a rotational slump, which has been active since before
1947 (Fuller, 1980), moved during all periods of measurement and
protrudes into the valley floor (Fig. 5A II). Some scour of the stream
channel is visible downstream of the landslide deposit and upstream of
the LIA glacial maximum boundary (Fig. 5A III). Apart from the land-
slide deposit (Fig. 5A I), we observed minimal depositional signals apart
from two small debris cones downslope of eroded gullies (Fig. 5A V and
VI). Within the 19th century debris flow deposit, small elevation
changes appear associated with redistribution of sediments by the
stream channel (Fig. 5A IV).

In the Deming proglacial basin, we observe similar glacier behavior
and a similar distribution of erosion signals, with most erosion occurring
near the crest of the LIA moraines. Compared to Rainbow basin, more

erosion occurred along the margins of the fluctuating glacier. Towards
the downstream end of the valley, the LIA moraine laterally retreated
>20 m and became steeper between 1947 and 2015 (Transect 2 in
Fig. 6A and C). Gully erosion (Fig. 6 I), land sliding (Fig. 6A, the June 6,
2013 debris flow source area), and stream channel scour (Transect 1 in
Fig. 6A and B) are evident in Deming basin. We identified source areas
associated with May 31 and June 6, 2013, debris flow events (Tucker
et al., 2014) and measured, using erosion polygons (Fig. 6A), —70,000
m® and — 92,000 m® of volumetric change for these events, respectively.
These measurements are consistent with the Tucker et al. (2014) esti-
mate of 100,000 m® for the May 31 event. In the stream channel, incision
or scour occurs both close to the fluctuating glacier boundary (Transect
1 in Fig. 6A and B) and approximately 1.5 km downstream, within the
1927 debris flow deposit (Fig. 6A II). We observed limited deposition in
Deming basin; some positive elevation change occurred in the stream
channel and at the foot of the eroding moraine (Transect 2 in Fig. 6A and
Q).

In the other two high-erosion watersheds (Coleman and Mazama),
we observed similar erosion patterns, with most erosion occurring on
steep LIA moraine sidewalls (Figs. S5 and S6). These measurements also
demonstrated limited deposition and minor changes to the primary
stream channels during the 68-year period.
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4.1.2. Volumetric change time series

To explore how geomorphic change rates vary in time and to char-
acterize the sediment connectivity of proglacial basins, we measured
change on hillslopes and in stream channels using our DEM time series
(Fig. 2). We present time series of gross erosion, gross deposition, and
cumulative net volumetric change in four basins alongside a climate
index time series adapted from the literature (Fig. 7) (Anderson and
Konrad, 2019).

In all four high erosion basins, change measured prior to 1970
contributed the majority of cumulative net volumetric change
(Fig. 7I-L) and gross hillslope and fluvial erosion were generally greatest
during the same period (Fig. 7A-H). Hillslope erosion rates were
generally lower between 1970 and 1990 in all valleys; hillslope erosion
rates in Deming and Mazama basins increased after 1990 (Fig. 7E-H).
Fluvial erosion rates were elevated before 1970 and after 1990 in
Coleman, Deming, and Rainbow basins (Fig. 7A-D). Rates of volumetric
change in the hillslope domains were generally an order of magnitude
larger than in the fluvial domains and hillslope erosion signals were
generally larger than hillslope deposition signals (Fig. 7A-H).

Variations in erosion rates can be related to climate. The annual
Pacific decadal oscillation (PDO) index, an index based on temperature
and precipitation anomalies, demonstrates colder-wetter periods be-
tween approximately 1940-1970 and the late 1990s-2015, and a hotter-
drier climate otherwise (Fig. 7M) (Anderson and Konrad, 2019). Colder-

wetter periods approximately align with increased hillslope and fluvial
gross erosion rates in Deming, Mazama, and Rainbow basins (Fig. 7B-D,
F-H) and increased cumulative net volumetric change in all basins
(Fig. 7I-L).

4.2. Inter-watershed measurements

In this section, we compare the absolute and normalized annual
sediment yields and terrain characteristics of ten proglacial basins
(Table S6) and show geomorphic transport equations fitted to our data.
Absolute annual sediment yields vary widely across Mount Baker with a
maximum yield of 89 + 8.6 kt/year in Deming basin and yields in
Boulder and Thunder basins indistinguishable from zero (Fig. 8A).

SSYs were more consistent across the ten basins, Easton basin yielded
4.7 kt/km?/yr and Deming basin 7.6 kt/km?/yr, the average of non-
negative SSY measurements is 4.6 kt/km?/yr (Fig. 8B, Table $6). Our
measurements in units of meters per year indicate denudation rates of
approximately 3 mm/yr in the six basins with yields distinguishable
from zero. Two basins, Squak and Talum, experienced net deposition, up
to 21 =+ 11 kt/year. We interpret negative sediment yield measurements
as indication that moraine formation and/or other glaciogenic sediment
deposition exceeded erosion. It is also possible that material from
outside our measurement areas but within the watershed was trans-
ported into the measurement area or that vegetation growth that could
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not be excluded from measurement contributed positive elevation
change signals.

Fig. 9 shows the relationships between measured absolute and SSY
rates and explanatory variables for topographic characteristics, glacial
retreat, and lithology.

Absolute sediment yield is positively correlated with drainage area,
hillslope domain slope, and nonigneous fraction (R? of 0.82, 0.52, and
0.54, respectively) and negatively correlated with channel slope (R? of
0.67). Glacial retreat area (area of land surface exposed by glacial retreat
between 1977/79-2015) does not predict sediment yield well. Drainage
area predicts absolute sediment yield better than SSY (R? of 0.82 vs 0.44,
Fig. 9A and F). Nonigneous fraction predicts SSY better than absolute
sediment yield (R? of 0.82 vs 0.54, Fig. 9J and E). Channel slope and
hillslope domain slope predict absolute and SSY with similar skill
(Fig. 9B, C, G, H). Although Squak and Talum basins were not included
in the model fitting process, the two net depositional basins continue
most of the linear trends exhibited by the other eight basins. The two net
depositional basins have the smallest drainage area of all study basins
(Fig. 9B), the steepest channel slopes (Fig. 9C), relatively low hillslope
domain slopes (Fig. 9D) and the greatest proportions of underlying
igneous lithology (Fig. 9F).

The distribution of nonigneous fraction measurements indicate that
the ten basins can be categorized into two groups, those underlain by
>68 % igneous rocks (Fy; < 0.32), which are Holocene-Pleistocene and
Quaternary andesite flows and Cretaceous gabbro; and those underlain
by <30 % igneous rocks (Fp; > 0.7), with Cretacious-Jurassic marine
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sedimentary rocks, Holocene-Pleistocene talus deposits, and Pleistocene
glacial till and drift the primary surface lithologies (Fig. 9F, S3, S4,
Table S6) (Tabor et al., 2003). The four basins with igneous-dominant
lithologies all have either negative sediment yields or sediment yields
indistinguishable from zero within uncertainty (Fig. 9F). To examine
climate-related drivers to a first order, we compared 800-meter gridded
average annual precipitation (1981-2010) reanalysis data (PRISM
Climate Group, 2014) across basins and found that precipitation rates
did not correlate with sediment yields. We did not examine additional
climate-drivers.

The power law model incorporating both drainage area and hillslope
domain slope (Eq. (5)) predicts observed sediment yield well (NSE =
0.86, Fig. 10), but only slightly improves upon the predictive power of
drainage area alone (NSE = 0.82, Fig. 9A). Including other variables in
multivariate power laws did not offer further improvement.

4.3. Nooksack River sediment budget

Mean annual sediment budgets for the upper NF, MF, and main stem
Nooksack Rivers are presented in Table 2.

Considering the full range of estimated total loads, proglacial sedi-
ments measured in our study may account for as little as 11 % (upper NF
gage) or as much as 59 % (MF gage) of total load estimated from in-situ
riverine measurements (Table 2). The main stem sediment budget pro-
vides a more complete comparison as it includes measurements from a
number of NF terrace and bluff erosion sites upstream of the main stem
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gage but downstream of the upper NF gage (Fig. 4). Our main stem
sediment budget indicates that proglacial erosion may account for
18-32 % and bluff and terrace erosion 8-13 % of riverine total load
(Table 2).

5. Discussion

Our intra-watershed observations are used to infer sediment con-
nectivity, dominant sources of erosion, and the efficiency with which
watersheds deliver sediments downstream in relation to climate
variability.

5.1. Intra-watershed spatial variability

Within the four high erosion basins on Mt. Baker, we observed that
most erosion occurred on LIA moraines and that gully headward erosion
allows sediment transport across moraine crests, which may otherwise
disrupt sediment connectivity (e.g., Transect 2 in Figs. 5A, 6A I) (Man-
cini and Lane, 2020). In Deming basin, we observed some steepening of
moraines over time (Fig. 6C), similar to the study site of Curry et al.
(2009) where the dip of mica-schist clasts allows high-angle slope sta-
bility. Local lithology, in part controlled by glacial deposition, may
create variation in how erosion processes proceed.

We found that while erosion occurred throughout the proglacial
zone, it is concentrated near recently retreated glacier boundaries. In
Rainbow basin, large erosion signals exist no further downstream than
the 1977 glacier boundary (Fig. 5A) and in Deming basin, a higher
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density of erosion signals surrounds the fluctuating glacier boundaries
(Fig. 6A). In a similar stratovolcano site (Mount Rainer, WA), Legg et al.
(2014) predict that debris-flow frequency will increase with continued
glacial retreat due to positive slope-elevation relationships on glaci-
erized stratovolcanoes (i.e., glacial retreat exposes more steep slopes). In
Deming and Rainbow basins, recent deglaciation does not appear to
have exposed steeper parts of the landscape and nearly all measured
erosion sites are well above a debris-flow initiation threshold slope of
34° (Fig. 3A) (Takahashi, 1978; Prancevic et al., 2014). Deglaciation
appears to have still initiated mass failure and debris flow, perhaps via
debuttressing of over-steepened landforms, as is suspected for the source
area of the May 31, 2013, debris flow (Fig. 6A) (e.g., Cody et al., 2020).

One notable result of our intra-watershed measurements is the
apparent effectiveness, over decadal timescales, with which proglacial
basins export sediment. Of the 18 measurements of net volumetric
change made in four basins, 11 had net erosion (Fig. 7). Nine of those
measurements had RSI values >0.5 (Fig. 11, Eq. (2)).

The mean RSI of the 11 net erosion measurements is 0.73 and the
median 0.79. These high RSI values indicate that most sediment
movement within the four high erosion catchments lead to a net export.

5.2. Intra-watershed temporal variability

While we expect decadal climate fluctuations (Fig. 7M) to influence
erosion rates by modifying rainfall patterns and the resulting shear
stresses exerted on the land surface, identifying these influences in our
measurements is challenging due to the coarse temporal resolution of
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Fig. 9. Relationships between terrain characteristics and mean annual sediment yields (Panels A-E) or mean annual specific sediment yields (Panels F-J) calculated
for the 1947-2015 period in basins on Mount Baker (Fig. 8). Uncertainty for each sediment yield measurement (Table S6) is represented by vertical bars. Lines show
the linear (light grey) and power (dark grey) model fits. Open circles represent net depositional valleys, which are not included in the model fits. Three fitted power
law equations are shown in Panels A-C. Nash-Sutcliffe model efficiency (NSE) values are reported for fitted power law models, R? values are reported for all

relationships.

our DEM dataset (Fig. 2). Even so, our measurements suggest a link
between climate and proglacial erosion rates. The 1947-2015 period
lasts one full oscillation of the PDO and high erosion rates prior to 1970
and after 1990 align with climatologically cold-wet periods (Fig. 7). The
highest RSI values were measured prior to 1970 and after 1990, and all
net depositional (RSI < 0) measurement periods overlap the 1975-2000
period of hot-dry climate, indicating that erosion and sediment export
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rates increase with colder, wetter weather (Fig. 11). These observations
are consistent with other studies of glacierized stratovolcano erosion in
the same region. Sediment core measurements in Alder Lake, which
traps sediment delivered from Mount Rainier, indicate elevated sedi-
ment delivery rates between 1945 and 1955, lower rates 1955-1985,
and increased rates thereafter (Czuba et al., 2012). All of these findings
suggest periodicity in sediment export, with periods of sediment
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Fig. 10. Measured sediment yield versus the predicted sediment yield for the
area and hillside slope model (Eq. (5)). The fitted power-law equation is shown
in the figure.

accumulation during hot-dry climate and transport during cold-wet
climate. During the hot-dry period, hillslope erosion by mass wasting
and gully erosion continued at a reduced rate, while fluvial transport
(gross fluvial erosion) was reduced almost entirely (Fig. 7).

In addition to climate variations, the relatively high erosion rates
between 1947 and 1970 and 1990-2015 may be partly attributable to
preceding glacier retreat. Deglaciation between 1930 and 1945 exposed
uptol km? (Dick, 2013) and between 1979 and 2015 up to 0.8 km? of
land surface in individual valleys (this study; Table S1). In some cases,
we are confident that glacier retreat instigated erosion (the May 31,
2013, debris flow, Section 5.1). However, we also observed that some
areas that lost ice cover before 1947 eroded throughout our measure-
ment period (e.g., the June 6, 2013, debris flow source area in Fig. 6a,

Table 2
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gullies on the moraine south of Rainbow glacier in Fig. 5A). These ob-
servations together suggest that changes in sediment yield are linked to
climate oscillations through two pathways-via climate's effect on glacier
advance/retreat and via climate's effect on precipitation patterns.

Our 68-year record of landscape change begins approximately a
century after the end of the LIA (Harper, 1993; Dick, 2013), when
erosion rates should be relatively high and decay thereafter, as unstable
landforms are broken down (Carrivick and Heckmann, 2017). However,
as the model of Antoniazza and Lane (2021) suggests, sediment output
from deglaciating systems can follow a more complex pattern, involving
relict effects of multiple readvance and retreat periods. For net sediment
exporting basins, erosion rates we calculated are in the 0.2-4 mm/y
range with an average of ~3 mm/yr. The long-term average erosion
rates of the Cascade Mountains, where Mount Baker is located, range
between 0.02 and 0.5 mm/y over roughly the last several million years

é 1.0+ A Measurement
- o Period
@ - O 1947-70
S 0.0- : 1970's
= ) 1980's
- 2 -0.5- 1990-2015
o g 10 Valley Name
5 Coleman
8 -1.5- Deming
o Mazama
> _ -
£ 2.0 Rainbow
g -2.5 T '

50 0 50 100
Net Volumetric Change (10° m3/yr)

Fig. 11. Relative sediment balance index (RSI) and net volumetric change
calculated for each measurement in the four high erosion valleys (Fig. 7). RSI is
the ratio of net volumetric change to gross erosion (including measurements in
both the hillslope and fluvial domains) (Eq. (2)). The measurement period
corresponds to the time periods shown in Fig. 7; 1990-2015 includes the
measurements beginning in 1991 (Rainbow and Deming) and 1992 (Mazama).

Sediment budget for the upper North Fork, Middle Fork, and main stem Nooksack Rivers including our measurements of proglacial basin sediment yield (Section 3.3),
DoD-based measurements of stream bank terrace erosion (Scott and Collins, 2021), and measurements of suspended sediment load (Anderson et al., 2019). Suspended
sediment load measurements in each fork are used to infer a range of total load measurements using the results of Turowski et al. (2010). We calculate the percentage of
the estimated total load flux that can be attributed to proglacial erosion using measurements from this study, and bluff/terrace erosion using reanalysis of mea-
surements from Scott and Collins. We calculate specific sediment yields for both the suspended and total loads by dividing estimates of suspended and total load by the
watershed areas presented in the table. Original measurements from Anderson et al., Turowski et al., and Scott and Collins (2021) are provided in Table S5.

Measurement type: Riverine suspended

sediment load

Riverine total load

Bluff/terrace erosion Proglacial erosion

Source: Anderson et al., 2019
et al.,, 2010
Measurement time period: 2014-2016"
Units: Kilotons/year
(kilotons/km?/year)
Upper North Fork Nooksack (272 240 250-530
km?) (0.882) (0.92-1.9)
Middle Fork Nooksack 170 180-430
(192 km?) (0.885) (0.94-2.2)
Main stem (combined North and 540 570-980
Middle Forks)® (0.453) (0.48-0.82)
(1191 km?)

Anderson et al., 2019 & Turowski

Scott and Collins, 2021 This study

2005-20172 1990-2015; 1947-2015°
Kilotons/ Percent of total Kilotons/ Percent of total
year load* year load*
0 0 58 17 %
(11-23 %)
0 0 106 41 %
(25-59 %)
74 10 % 180 26 %
(8-13 %) (18-32 %)

1. Anderson et al. (2019) presents averaged suspended sediment load measurements for the water years 2014-2016.

2. Bluff measurements are taken from three lidar DEMs of Difference (DoD) with date ranges 2005-2015, 2005-2017, and 2006-2017.

3. Rates for each fork are computed using the most recent DoD time interval for each basin. North Fork (Mazama basin) is 1992-2015, Middle Fork (Deming and
Thunder basins) combines measurements 1991-2015 for Deming and 1947-2015 for Thunder.

4. Ranges presented represent calculations using the range of total loads inferred from Turowski et al. (2010). Single values represent the average of the range.

5. Main Stem (combined North and Middle fork) suspended load estimates are calculated from Anderson et al. (2019), using the main stem measurements minus
contributions from the South Fork. Main stem drainage area excludes the drainage area of the South Fork.
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(Reiners et al., 2002, 2003). On average, about four times higher erosion
rates were found over the last millennia (0.08-0.57 mm/y) in the Cas-
cades, in positive correlation with precipitation and elevation, but
excluding any volcanic topography (Moon et al., 2011). These higher
rates in the last millennia are consistent with findings in the Late Ho-
locene and the LIA glacier advance periods (2.5 k BP-1850) in most
deglaciating rivers (e.g., Elverhgi et al., 1998; Hasholt et al., 2000;
Koppes and Hallet, 2006; Antoniazza and Lane, 2021). Erosion rates in
volcanically disturbed rivers also far exceed erosion rates of surrounding
rivers, in particular following eruptions, for similar drainage area scales
as our study basins (Koppes and Montgomery, 2009). Based on this
evidence, the decadal erosion rates we found are on par with other
similar proglacial basins, and do not show any strong indication of
paraglacial decline (Antoniazza and Lane, 2021). Given future acceler-
ated glacier retreat (Frans et al., 2018) and existing steep relict topog-
raphy (Fig. 3) we anticipate that high erosion rates will likely sustain in
the region with anthropogenic climate change.

5.3. Inter-watershed erosion rates

5.3.1. Specific sediment yields

Excluding net depositional basins, our measurements of SSY, which
range from 650 to 7600 and average 4600 ton/km?/yr (Fig. 8), are
consistent with decadal measurements from Alaska (4000 ton/kmz/yr),
the European Alps (100-7000 ton/km?/yr), and the Himalayas
(100-10,000 ton/kmz/yr) (Carrivick and Tweed, 2021).

Our measurements demonstrate a decrease in SSY with increasing
basin size (between 10 and 1000 km?) (e.g., Hinderer et al., 2013). We
estimated 4600 ton/km?/yr in glacierized headwater basins (average
area 10 km?, Fig. 8), ~920-2200 ton/km?/yr in river valleys down-
stream (basin area ~200 km?2, upper NF and MF gages, Fig. 4); and
~500-800 ton/km?/yr in the main stem Nooksack River, downstream of
where the NF and MF join and enter lowland plains (basin area 1000
km?, main stem gage Fig. 4, Table 2).

In the upper Nisqually River (590 kmz), which drains Mount Rainier,
estimated total SSY from bathymetric surveys was 1209 ton/km?/yr and
estimates for an adjacent forested catchment were 77 ton/km?/yr
(Czuba et al., 2012; Anderson et al., 2019). Czuba et al. concluded that
the SSY of basins draining glacierized stratovolcanos can be an order of
magnitude larger than that of basins draining forested uplands. Our
measurements agree in that the SSYs of the Nooksack River's glacierized,
stratovolcano headwaters exceed the SSY measurements in the same
system downstream, measurements that incorporate contributions by
both glacierized and forested headwaters.

Compilations of regional SSY data from glacierized and glaciated
(formerly ice- or glacier-covered) basins in British Columbia show a
decrease in SSY with drainage area in basins <10 km? and > 30,000
kmz, and increase for basins at intermediate sizes (Slaymaker, 2018).
Weak negative SSY-drainage dependence was reported from European
Alps (Hinderer et al., 2013) and Norway (Bogen, 1996) and no apparent
relation was identified in a compilation of a global dataset (Carrivick
and Tweed, 2021). A negative trend in our data provides evidence to
elevated erosion rates in upland proglacial areas, generally consistent
with the model of Slaymaker (2018), albeit with decreasing SSYs over a
different drainage area range than reported in the literature (see Fig. 9
and 13 in Slaymaker, 2018).

The aforementioned studies that explore SSY-drainage area relations
used data with varying temporal resolution from different basins and
regions, spanning different climates, lithologies, and valley morphol-
ogies (sediment stores) to find relationships between SSY and drainage
area. Our measurements provide a unique study of nested basins, and
address a dearth of SSY estimates in North America (Carrivick and
Tweed, 2021), but they do have some limitations. Our reconstruction of
SSYs in the NF and MF of the Nooksack (Fig. 4, Table 2) are only based
on two years of data and the differences between SSY values at pro-
glacial watersheds and the downstream gages may be within the natural
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variability of inter-annual sediment loads. Additionally, our DEM-based
SSY measurements in proglacial basins assume that net volumetric
change within a basin is directly related to net export from that basin.
The presence of vegetation in some depositional areas in our study sites
(e.g., downslope of Transect 2 in Fig. 6A) limits our ability to measure
deposition such that we may overestimate sediment yields. Conversely,
the limited extent of our DEM timeseries and measurements (Figs. 1, 2),
along with our inability to account for subglacial sediment sources, may
lead to underestimation. In two watersheds, our DEM-based sediment
yield measurements are negative, which is either the result of extensive
glaciogenic sedimentation or our imperfect measurement methodology
(Section 4.2). Further data are needed for more conclusive findings. We
call for more systematic nested watershed analysis in river basins using a
combination of modern and traditional measurement methods.

5.3.2. Lithology and terrain characteristics

In addition to allowing for comparison with global estimates, our
measurements of proglacial sediment yield allow us to examine what
factors control variability across ten watersheds on Mount Baker. The
primary control appears to be lithology. Two of the three low-yielding
basins (Boulder and Thunder) as well as the two net depositional ba-
sins (Squak and Talum) are underlain primarily by (igneous) andesite
flows and non-igneous fraction is the strongest predictor of SSY (R? of
0.82, Fig. 9J, S4). Drainage area also seems to be a primary control, at
least on non-normalized sediment yield (R? of 0.82, Fig. 9A). We
examined relationships between predictive variables (Fig. 9) and found
that nonigneous fraction positively predicts drainage area and hillslope
domain slope and negatively predicts channel slope (Fig. 12).

Qualitatively, we observed that high-yielding basins (Coleman,
Deming, Mazama, Rainbow, Park) have relatively narrow, confined
proglacial zones with steep valley walls and long glacial “tongues” that
feed into U-shaped valleys with low-gradient valley floors. These basins
are spread around Mount Baker from the southwest side (Deming)
clockwise to the northwest side (Rainbow and Park). Low-yielding ba-
sins (Talum, Squak, Easton, Thunder) have less confined proglacial
zones with more planar topography, steeper channels (Fig. 9B and H),
and are mostly on the southeast side of Mount Baker (Fig. 1). The ability
of surface lithology to predict sediment yield (Fig. 9) and topographic
characteristics (Fig. 12) and the distinct topographies of high and low
yielding basins (U-shaped vs broad-planar) together suggest that li-
thology and valley topography are linked through Mount Baker's Pleis-
tocene to Holocene glacial and volcanic history (Section 2). Surface
lithology may predict sediment yield well only in part because of how
erodibility varies with lithology (Section 3.5). These interrelated factors
may be difficult to incorporate into future modeling efforts. Notably,
Easton is an outlier in the sediment yield - nonigneous fraction rela-
tionship (Fig. 9E) but not when sediment yield is normalized (Fig. 9J),
emphasizing the importance of examining normalized sediment yields
as the result of land surface characteristics.

Despite strong lithological controls, including non-igneous fraction
in multivariate power law models did not offer improved predictive
ability. Our model incorporating drainage area and hillslope domain, Qs
= 2516A1**s0-68 (NSE = 0.86,n = 8; Fig. 10), showed the most promise.
This model implies that flow of water over the landscape, using drainage
area as proxy for streamflow, and hillslope gradient are the dominant
controls on a granular transport process, which we broadly consider as
debris flow (Istanbulluoglu et al., 2003; Legg et al., 2014). While the
various equations we tested facilitate our understanding of the erosive
behavior of proglacial watersheds, these simple formulations are based
on a small sample size (n = 8) and as such are not yet capable of
modeling future changes in glacierized landscapes.

5.4. Evidence for debris flows as a primary process

While geomorphic transport laws generally rely on channel slope
(not hillslope gradient) as proxies for critical shear stress and stream
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Fig. 12. Variable interactions between terrain characteristics for ten basins on Mount Baker.

power, we found a negative correlation between sediment yield and
channel slope (R? = 0.67, Fig. 9B) and positive correlation between yield
and hillslope slope (R? = 0.52, Fig. 9C). We interpret this as indication
that debris flows sourced from hillslopes are the primary erosion
mechanism and low-angle stream channels in high-yielding basins do
not limit export of material. High RSI values (Fig. 11, Section 5.1) and
gross erosion measurements that greatly exceed gross hillslope and
stream channel deposition measurements (Fig. 7) also support this hy-
pothesis, as debris flows probably have momentum to effectively deliver
sediment past the watershed outlet and leave few depositional signals
(Section 5.1). While we do observe some deposition on hillslopes (e.g.,
debris cones shown in Fig. 5A V and VI), depositional landforms appear
few and far between.

Our estimate of 162,000 m® of erosion for the two confirmed 2013
debris flow events in Deming basin (Section 4.1.1) accounts for
approximately 12 % of the gross hillslope erosion measured during the
1991-2015 period (57,880 + 2750 m3/yr, Fig. 7 & Table S2). Tucker
et al. (2014) observed that deposits from the 2013 events partially
eroded within weeks. We observed that the source area of the May 31
event is adjacent to and across the valley from similarly sized erosion
scars (Fig. 6A).

These observations suggest that debris flows account for a substantial
portion of sediment exported from proglacial basins and are the primary
erosion process in the proglacial zones of Mount Baker. While debris
flow events measured using data in this study are small relative to some
events on Mount Baker recorded in the literature, such as the 10 million
m?3 1927 debris flow (Section 2, Table S7), evidence of larger debris
flows further corroborates our conclusions.

5.5. The role of proglacial sediments at the river basin scale

Our sediment budgets suggest that proglacial sediments make up a
notable portion of riverine sediments in the Nooksack River, ranging
from 11 to 59 % of total load in the upper NF and MF and 18-32 % in the
main stem Nooksack River (Table 2). Contributions by proglacial basins
exceed contributions by stream terrace and bluff erosion in the main
stem, with 8-13 % of riverine sediments accounted for by terrace and
bluff erosion (Table 2). Assuming the upper estimates of the two sedi-
ment sources in our budget, terrace/bluff and proglacial erosion
contribute a combined 45 % of annualized sediment load in the main
stem Nooksack River (Table 2), leaving 55 % of riverine sediment un-
accounted for. Our estimate of proglacial sediment contributions in the
main stem, 180,000 tons/yr (Table 2) accounts for a notable 18 % of the
total load rate measured in the Nooksack River near its outlet at Bel-
lingham Bay, 990,000 tons/yr (Ferndale gage, Anderson et al., 2019).
The four proglacial basins have a combined area of 46 km? (Table S6)
and the gage near Bellingham Bay an upstream area of 2036 km?2. Our
sediment budgets lend support to the notion that proglacial sediments
are important for the entire Nooksack River system and that variations
in proglacial sediment yield are likely to modify aggradation rates
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downstream (Anderson and Konrad, 2019).
6. Conclusions

In ten watersheds on a glacierized stratovolcano in western Wash-
ington, we measured erosion processes, their contributions to sediment
yields, and how erosion rates varied in space and time between 1947 and
2015.

e Most erosion originated from slopes, far exceeding debris-flow and
landslide initiation slope thresholds. We observed extensive erosion
of hillslopes and limited deposition and found that rates of stream
channel erosion and deposition are an order of magnitude less than
rates of change on hillslopes. We conclude that debris flows are a
primary mechanism of sediment export in proglacial basins on
Mount Baker.
Our measurements of gross and net volumetric change in four basins,
using DoDs measuring elevation change signals over 4 to 25 years,
suggest that erosion rates follow the Pacific Decadal Oscillation
(PDO) climate cycles, with colder-wetter periods responsible for
greater proglacial erosion.
e Decadal erosion rates in the 0.2-4 mm/yr range found in this study
are severalfold greater than millennial rates. While consistent with
higher sediment load expectations from stratovolcanoes, our finding
may suggest that Mount Baker is in the early (high-erosion) phase of
system transition from LIA glacierization to fluvial topography.
Specific sediment yields (SSYs) in six basins (average 4600 ton/km?/
yr) are generally consistent with global measurements in glacierized
catchments. In comparing with estimates of SSY downstream of the
glacierized catchments, we found that SSY decreased with basin
area, despite the presence of glacial sediments in river valleys that
undergo secondary remobilization.

Terrain characteristics explain some variability in proglacial basin

sediment yields, with drainage area (r? = 0.82), hillslope angle (r* =

0.52), and nonigneous surface lithology fraction (r?> = 0.54) posi-

tively correlated; and channel slope (r? = 0.67) negatively correlated

with annualized sediment yield.

Differences in topography between high and low yielding basins and

interactions between the predictive variables indicate that volcanic

and Pleistocene glacial history and the resulting spatial distribution
of rock type are important in controlling inter-basin variability in
erosion rates.

e An empirical power-law model for sediment yield incorporating
drainage area and hillslope gradient of the form Q; = 2516 A*#45%-5
performs well (NSE = 0.86), as does a power law model incorpo-
rating only drainage area, Q = 718 A8 (NSE = 0.82).

e Our estimates of contributions to riverine total load by glacierized
headwater basins range from 11 to 59 % in the North and Middle
forks and 18 to 32 % in the main stem Nooksack River, underscoring
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the potential for proglacial sediments to influence bed aggradation
downstream.
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