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ABSTRACT

Climate changes in the Pacific Northwest,
USA, may cause both retreat of alpine gla-
ciers and increases in the frequency and
magnitude of storms delivering rainfall at
high elevations absent significant snowpack,
and both of these changes may affect the
frequency and severity of destructive debris
flows initiating on the region’s composite
volcanoes. A better under standing of debris-
flow susceptibility on these volcanoes slopes
is therefore warranted. Field mapping and
remote sensing data, including air bor ne light
detection and ranging (LiDAR), wereused to
locate and characterize initiation sites of six
debris flows that occurred during an “atmo-
spheric river” event (warm wet storm) on
Mount Rainier, Washington, in November
2006, and data from prior studies identified
six more debris flows that occurred in 2001—
2005. These 12 debris flows had initiation
sources at the heads of 17 gullies distributed
over seven distinct initiation zones near the
termini of glaciers, and all debris-flow initia-
tion sites were located within areas exposed
by glacier retreat in the past century. Gully
locations were identified by their steep walls
and heads on a 1-m digital elevation model
(DEM) from LiDAR data collected in 2007—
2008. Gullies in which debris flows initiated
wer e differentiated from numerous non-initi-
ating gulliesprimarily by the greater upsope
contributing areas of the former. Initiation
mechanisms were inferred from pre- and
post-2006 gully width measurements from
aerial photos and the LiDAR DEM, respec-
tively, field observations of gully banks, and
elevation changes calculated from repeated
LiDAR, and these data indicate that debris
flows were initiated by distributed sources,
including bank mass failures, related to ero-
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sion by overland flow of water. Using gully-
head initiation sites for debris flows that
occurred during 2001-2006, a data model
was developed to explore the viability of the
method for characterization of debris-flow
initiation susceptibilities on Mount Rainier.
The initiation sites were found to occupy a
restricted part of the four-dimensional space
defined by mean and standard deviation of
simulated glacial meltwater flow, Slope angle,
and minimum distance to an area of recent
(1994-2008) glacier retreat. The model iden-
tifies the heads of most gullies, including all
sites of known debris-flow initiation, as high-
susceptibility areas, but does not appear to
differentiate between areas of varying gully-
head density or between debrisflow and
no-debris-flow gullies. The model and field
data, despite limitations, do provide insight
into debrisflow processes, as well as fea-
sible methods for mapping and assessment
of debris-flow susceptibilities on periglacial
areas of the Cascade Range.

INTRODUCTION

The rapidly moving dlurries of mud, rocks,
water, and wood known as debris flows present
hazards in mountai nous areas around the world.
The nature and severity of those hazards may be
changing as the variables affecting the process
itself, such as climate and glacier extent, and
the human interaction with that process both
change. Climate change may bring an intensi-
fication of storms, and increasing temperatures
are responsible for the retreat of apine glaciers
(Oerlemans, 1994). Expansion of human settle-
ments and other infrastructure into mountainous
areas may increase communities exposure to
potentialy destructive debris flows. In the Cas-
cade Range of the Pacific Northwest, proglacia
areas on composite volcanoes aretypically steep
and mantled with ample unconsolidated material
and aretherefore prone to debris flows (Blodgett
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et a., 1996; O’ Connor et al., 2001; Osterkamp
et a., 1986; Sobieszczyk et a., 2009; Walder
and Driedger, 1994).

There is concern among managers and
policymakers that glacier retreat, rising snow-
line elevations, and more frequent and more
intense storms are leading to greater debris-
flow hazards. On Washington's Mount Rainier
in August 2001, rapid melting of Kautz Glacier
directed meltwater into the adjacent watershed
of Van Trump Creek, incised a new channel, and
led to initiation of a series of debris flows, which
formed a new debris fan in the Nisqually River
near the main road into Mount Rainier National
Park (Vallance et a., 2002; Vallance et al.,
2003). In November 2006, an “atmospheric
river” event (Neiman et al., 2008), i.e., a storm
track carrying warm, moist air from the tropics,
produced heavy rainfall at high elevations with
little antecedent snowpack and triggered debris
flows and flooding that caused magjor damage
to infrastructure, particularly on Mount Hood
in Oregon and Mount Rainier in Washington.
In this study, we use the data from debris flows
that occurred on Mount Rainier in 2001-2006
to improve our understanding of the relevant
processes and as the basis for an attempt to map
and model debris-flow initiation susceptibilities,
a preliminary step toward quantifying hazards
on that mountain.

The destructive potential of landdlides and
debris flows has motivated previous attempts
to assess the hazards posed by these mass
movement processes. Hazards from large lahars
(debris flows originating on volcanoes) induced
by active volcanism have been mapped for
Mount Rainier based on an empirica relation-
ship between volume and inundation area (Gris-
wold and Iverson, 2008; Iverson et ., 1998), but
such mapping provideslittle information regard-
ing smaller meltwater- and storm-induced lahars.
Models based on steady-state hydrology and the
effects of pore pressures on sope stahility pro-
vide maps of relative susceptibility to shallow
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rapid landdliding and associated debris flows
(Dietrich et ., 1995; Miller and Burnett, 2007,
2008; Montgomery and Dietrich, 1994), and
models based on transient hydrology form the
basis for forecasting debris flow hazards due to
individua storms (Chleborad et al., 2008; Iver-
son, 2000), but the periglacia debris flows on
Mount Rainier appear to be largely initiated by
overland flow of water that leads to distributed
gullying and associated bank slumping rather
than by localized landslides (Copeland, 2009;
Valance et a., 2002). Despite recent observa
tions of debris flows on Mount Rainier (Vallance
et d., 2002) and other areas with debris flows
initiated by overland flow (McCoy et al., 2010),
we still lack a method for determining relative
hazards in areas prone to such events.

While field-based monitoring is leading to
greater understanding of debris flows triggered
by intenserain and overland flow (McCoy et d.,
2010), advances in remote sensing provide
opportunities for addressing the relative suscep-
tibility to overland flow-induced events at the
landscape scale. Many hazard and susceptibility
mapping effortsin the past were somewhat lim-
ited by the coarse resolution of readily available
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digita topography. Evolving technology for
airborne laser swath mapping, or light detection
and ranging (LIDAR), evolving methods for
production of high-resolution “bare-earth” digi-
tal topography, and advancing efforts to collect
these data present new opportunities for hazard
and susceptibility mapping.

In our overarching research question, we ask
whether recent glacier retreat in the Cascades
has exposed areas with relatively high suscepti-
bility to debris-flow initiation, and if so, do these
additional areas compose a large fraction of
high-susceptibility areas on the steep composite
volcanoes of the Cascades. More specificaly,
this paper explores whether data from remote
sensing and field mapping might provide abasis
for debris-flow susceptibility mapping, whichis
necessary in order to answer the larger question
regarding increased hazard and risk associated
with glacier retreat. Here, we map debris-flow
initiation sites with field- and remote sensing—
based methods, determine limits of debris-free
glacier ice and characterize topography with
remote sensing—based methods, and demon-
strate preliminary data-based modeling of areas
susceptible to debris-flow initiation.

MOUNT RAINIER IN THE
WASHINGTON CASCADES

With its summit at 4393 m, Mount Rainier
is the tallest volcano in the Cascade Range
of Washington, Oregon, and California. The
upper sopes of Mount Rainier are composed of
unconsolidated Quaternary-age volcaniclastic
and morainal material in steep edifices. The
slopes also contain numerous glaciers and
perennial bodies of snow and ice, as well
as debris-covered stagnant ice masses of
unknown spatial extent (C. Driedger, 2008,
personal commun.). Mount Rainier is drained
by five major glacier meltwater-fed braided
rivers (Fig. 1), the headwaters of which are
located within canyons, often 300900 m deep,
formed by lateral moraines from Pleistocene
glaciers below adjacent ridges (Crandell, 1971).
Stream gradients on the upper flanks of the
mountain, above tree line, are 0.13-0.15 and,
at the confluence with magjor rivers near park
boundaries, 0.019-0.078 (Crandell, 1971). Tree
line is located at elevations in the range 1600
to 2000 m; forests cover over 56% of Mount
Rainier National Park, and the magjority of the
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forestsare over 350 yr old; soilsaremainly from
colluvium and tephra and have been described
as podzalics and lithosols; wildfire is the major
disturbance at Mount Rainier followed by snow
avalanches and lahars; and humans have inhab-
ited and modified the landscape of Mount Rain-
ier National Park sincethe end of thelasticeage
(Dryden, 1968; Hemstrom and Franklin, 1982).

Mount Rainier and the entire Cascade Range
formed as a by-product of the subduction of the
Juan de Fuca plate under the North American
plate. Mount Rainier formed over highly eroded
middle Tertiary age rocks of the Ohanapecosh,
Stevens Ridge, and Fifes Peaks Formation that
were intruded by the Tatoosh pluton (Fiskeet al.,
1963). The volcano was built through progres-
sivelayersof thinlavaflows, brecciasformed by
violent steam explosions, mudflows, pyroclastic
flows, and infrequent pumice and ash eruptions
(Fiske et al., 1963). The volcano first erupted
about half a million years ago, other signifi-
cant eruptions have occurred 2500 and 1000 yr
ago, and minor steam eruptions were recorded
in the 1840s (Sisson, 1995). The interbedded
structure of composite volcanoes leads to inher-
ent instability, as materias of different com-
positions, interna frictions, and permesbilities
are juxtaposed. Hydrotherma activity further
weakens the edifice. A sector collapse 5000 yr
ago produced the Osceola Mudflow (Scott and
Vallance, 1993).

Mount Rainier Nationa Park is located only
70 km east of the Seattle-Tacoma metropolitan
area, a proximity that makes Mount Rainier one
of the most potentially deadly volcanoes in the
United States due to the potential for afuture vol-
canic eruption or initiation of alarge lahar (debris
flow initiating on a volcano). Large debris flows
may be triggered by volcanic or seismic activity,
and failure of hydrothermally altered rock (Reid
et a., 2001) resultsin aclay content sufficient to
retard dilution and drainage of the flow and cause
deposition outside of park boundaries, so that
lahar deposits from Mount Rainier cover much
of the Puget Lowlands (Hoblitt et al., 1995).
Smaller debrisflows caused by hydrologic events
do not characteristically exit the park’s bound-
aries (Valanceet ., 2003).

The Cascade Range is influenced by a mari-
time climate characterized by 2.5 m of precipi-
tation annually, making it one of the wettest
places in the United States. The climate of
Mount Rainier from October through May is
cool and dominated by precipitation, but the
modified maritime climate also resultsin warm,
dry summer months. The northeastern and east-
ern sides of the mountain receive less precipita-
tion because they are in the rain shadow of the
dominant winter storm winds from the south-
west and west (Hemstrom and Franklin, 1982).

Periglacial debris-flow susceptibility mapping

Mount Rainier holds ~25 named glaciers
(Fig. 1), which comprise the largest ice volume
of any peak in the conterminous United States,
4.4 billion m* (Driedger and Kennard, 1984).
The vast majority of glaciers have retreated
significantly since the end of the Little Ice Age
(Driedger, 1993; Nylen, 2004). Nylen (2004)
reports a loss of 18.5% of total glacier cover
from 1913 to 1971, with south- and north-
facing glaciers diminishing 26.5% and 17.5%,
respectively. A few glaciers with source areas
at or near the summit have retreated minimally,
and a minority, including the Carbon, Cowlitz,
Emmons, and Nisqualy Glaciers, advanced
during the 1970s and 1980s as a result of pre-
cipitation patterns in the 1960s (Driedger,
1993; Nylen, 2004), but even these glaciers are
currently at their historic minima since the end
of the Little Ice Age (P. Kennard, 2008, per-
sonal commun.). Short-term glacier advance
is masked by a much larger, long-term trend
in glacier retreat. Since the 1980s all glaciers
have thinned, retreated, or fragmented (Nylen,
2004). Nylen (2004) reports that winter snow-
fall at the Paradise Ranger Station meteorologi-
cal station on Mount Rainier (Fig. 1) decreased
5.1 cm-yr-t during the period 19541994, while
there were no significant trendsin summer tem-
peratures during the same period.

METHODS

Data: Initiation Sites, Glacier Recession,
and Topography

Initiation sites of debris flows occurring in
2001-2005 were identified from the air, in the
field, and from aerial photographs by previous
researchers (P. Kennard, 2008, persona com-
mun.; Vallance et ., 2002). Channelsthat were
impacted by debris flows in 2006 were identi-
fied through field reconnaissance, and all chan-
nels with suspected or identified 2006 debris
flows were inspected in the field with reference
to aerial and oblique photos. Identification of

debris-flow deposits during field inspection
relied on the presence of boulder levees and
reverse grading (Pierson, 2005; Wilford et a.,
2004). Debris-flow initiation sites were located
by examining the upstream reaches of channels
impacted by a 2006 debris flow for geomorphic
signatures of debris-flow initiation. Data uti-
lized in conjunction with field reconnaissance
included aeria photographs, satellite imagery,
and LiDAR (Table 1). The LiDAR data were
used to produce a bare-earth surface elevation
model and images of pulse return intensity with
mean relative accuracy (the internal consis-
tency of the LiDAR-derived locations) of 0.11
m, mean absolute accuracy (vertical accuracy)
of 3.7 cm, and average ground point densities
of 0.73 m2in priority drainages and 0.87 m2
in all other areas (Watershed Sciences, 2009).
All glaciers assessed in this study fall within the
LiDAR acquisition period of September 2007.
The 20062007 water year had lower than aver-
age snowfal and early snowmelt (Ellinger,
2010), so it is likely that laser returns from ice
in 2007 represent glacier ice and not remnant
snow. The LiDAR points were used to create a
digital elevation model and pulse return inten-
sity map with nominal resolutions of ~1 m.
Initiation sites were identified by field recon-
naissance as accurately as possible in steep,
unstable terrain and were mapped using a com-
bination of the 2006 National Agriculture Imag-
ery Program (NAIP) orthophoto, 2007 aerid
photos, and 2007—2008 LiDAR depending on
the snow-covered area present in images and
the chronology of debris flows in a particular
channel. The 1-m data were used for detailed
analyses around debris-flow initiation and other
candidate sites; sopes derived from elevations
and aress of ice and surface water from LiDAR
intensities were used to find gullies (steep-
walled and steep-headed channels downstream
of glacier ice and upstream of the perennia
channel network) and other streams. The 1-m
LiDAR data were aso used to caculate site
characteristics, such as channel dope, aspect,

TABLE 1. ARCHIVED DATA SETS ANALYZED VIA GEOGRAPHIC INFORMATION SYSTEM (GIS)

Resolution
Dataset Date and/or type Coverage Source
Aerial and oblique photography ~1940-2008 Various Various NPS
Glacier areas, volumes 1913, 1971, 1994 GIS vector Parkwide Nylen, 2004
Meteorological station data ~1920—present At a point Rar?gaé?(gf;ion NCDC
Roads, trails Current GIS vector Parkwide NPS
LiDAR DEM 2000 1m Tahoma Creek NPS
Satellite imagery 2001-2002 im Parkwide IKONOS
Aerial photography 2007 Im Parkwide NPS
Aerial orthophoto 2006 1m Parkwide NAIP
LiDAR DEM, intensity 2007-2008 Im Parkwide WSI

Note: IKONOS— satellite owned by GeoEye of Herndon, Virginia, USA; LIDAR—Iight detection and ranging;
DEM—digital elevation model; NPS—National Park Service; NCDC—National Climatic Data Center; NAIP—
National Agriculture Imagery Program; WSI—Watershed Sciences, Inc.
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channel geometry, distance to glaciers, glacier
area, glacier volume, glacier debris—covered
area, and the upslope contributing area, for the
upstream-most gully head potentially involved
with debris-flow initiation in each of the six
drainage basins experiencing debris flows in
2001-2006. The aforementioned channel dopes
were calculated over the first 9 m downstream
of the gully head.

Distances from initiation sites to historic
glacier margins were calculated from glacier
coverages from Nylen (2004), who synthesized
information from historic topographic maps,
aeria photographs, and field surveys to recon-
struct the glacier extents on Mount Rainier for
the years 1913, 1971, and 1994. Nylen (2004)
analyzed glacier terminus position, area, debris-
covered area, and volume. Nylen's 1913 glacier
coverage is based on field mapping by the U.S.
Geological Survey (USGS) in 1910, 1911, and
1913 (Nylen, 2004; USGS, 1955). The 1913
map was revised using aeria photogrammetry
to create the 1971 and 1994 maps. Nylen
considered only active glacier ice and not stag-
nant ice downslope of the active ice terminus.
Where continuous ice masses feed two or more
glacier lobes, Nylen divided the glaciers based
on ice flow directions derived from ice surface
contours. Changes in glacier areas may reflect
retreat or advance or smply changesin glacier
boundaries on ice surfaces due to changesinice
flow directions. Nylen (2004) calculated gla
cier volumes from radar surveys (Driedger and
Kennard, 1984) and empirical estimation meth-
ods (Bahr et d., 1997; Mennis, 1997; Mennis
and Fountain, 2001). Accuracy of the outlines
was limited by less accurate field mapping in
hazardous terrain, and errors in distinguishing
debris-covered ice from debris-covered ice-free
areas, seasona snow from snow-covered gla-
ciers, active glacier ice from stagnant glacier
ice, and glacier ice from permanent bodies of
snow or ice, both in the field and with aeria
photographs.

We created 2008 glacier outlines for this
study by editing Nylen's (2004) 1994 glacier
outlines to match glacier margins visible on
the 2006 NAIP orthophoto and 2007 LiDAR
intensity data (Copeland, 2009). This process
is also similar to how historic glacier terminus
positions were derived in Nylen'swork. Glacier
areas from the 2008 coverage are not compara-
bleto Nylen'sdata, because our omission of gla-
cier fragmentswill tend to underestimate glacier
areas, while our possibly mistaken inclusion of
snow cover at high elevations will tend to over-
estimate glacier aress.

Debris-flow initiation mechanisms were
inferred through field reconnaissance, image
interpretation, and LiDAR DEM differencing.
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For the 2006 Pyramid Creek debris flow, we
measured gully widths at 50-m intervals before
and after debrisflow initiation on the sum-
mer 2006 NAIP orthophoto and summer 2008
LiDAR from theinitiation site to the downstream
extent of the erosion zone, as snow cover per-
mitted. Snow cover in the images hindered such
measurementsinall other cases. Wea so anayzed
images of channels impacted by debris flows in
2001, 2003, and 2005 for evidence of erosion
contributing to debris-flow initiation. Multiple
datesof LiDAR dataonly exist for Tahoma Creek
below South Tahoma Glacier. In addition to the
2008 LiDAR coverage of dl of Mount Rainier
National Park, LiDAR data were acquired from
a 2-km swath around Tahoma Creek from South
Tahoma Glacier to the Nisgqually River conflu-
ence. The differences between the 2008 and 2000
DEM s show zones of erosion and deposition dur-
ing that time interval.

DEM Analysis and Data M odel of
Debris-Flow Initiation Sites

In order to anayzethe entire LIDAR DEM at
once, the original 1-m data were decimated to
produce a DEM with 10-m discretization. For
visualization, we also used decimation to pro-
duce a DEM with 38-m discretization (Fig. 1).
The decimated 10-m data were used for the data
model presented here.

Data Model

We present here an initia attempt to model
the currently identified Mount Rainier debris-
flow initiation sites and thereby predict the

relative probability of debris-flow initiation at
similar locations across the DEM when exposed
to the same conditions as are considered in the
model. This work should be viewed as a dem-
onstration of the data-modeling concept, rather
than as a fina word on the prediction of future
debris-flow initiation sites, as the choice of
variables and combinations of variables used

TABLE 2. GLACIER THICKNESSES
FROM NYLEN (2004)

Thickness
Glacier name* (m)*
Winthrop 48.86
Inter 25.32
Emmons 56.20
Fryingpan 48.39
Sarvent 28.99
Ohanapecosh 30.53
Whitman 36.20
Ingraham 53.88
Cowlitz 53.88
Paradise 25.00
Muir 20.41
Nisqually 43.26
Wilson 43.26
Van Trump 27.78
Kautz 32.68
Success 15.87
Pyramid 19.23
S. Tahoma 36.04
Tahoma 52.49
Puyallup 47.38
S. Mowich 42.82
Edmunds 30.30
Liberty Cap 33.33
N. Mowich 49.28
Flett 17.24
Russell 67.21
Carbon 67.21

*Listed in order of cardinal direction.

TEstimated from radar surveys (Driedger and
Kennard, 1984) and empirical methods (Bahr et al.,
1997; Mennis, 1997; Mennis and Fountain, 2001).

TABLE 3. VALUES OF MODEL VARIABLES AT DEBRIS-FLOW
INITIATION SITES AND ASSOCIATED GLACIERS

Distance Mean Simulated flow Ground Channel Debris
from retreat  simulated flow standard deviation slope slope flow

Glacier (m) (m3) (m3) (degrees)* (degrees)’ (yr)
Kautz® 152 0.09 0.04 38 56 2001
Van Trump 14.1 6700 1820 29
Van Trump 10.0 447 365 22 25 2003, 2005,
Van Trump 44.7 4.44 x 10* 3750 21 2006
Van Trump 90.6 8600 1120 14
S. Tahoma 326 4820 2030 25
S. Tahoma 273 67.8 33.8 30
S. Tahoma 164 1.36 3.33 33 42 2005, 2006
S. Tahoma 92.2 0.23 0.57 38
S. Tahoma 51.0 1.07 x 10°° 1.12 x10°® 30
Pyramid 76.2 2410 1660 21 39 2005, 2006
Kautz 175 1920 657 31 65 2005, 2006
Inter 84.9 2110 824 30
Inter 113 224 106 27
Inter 177 1670 545 17 43 2006
Inter 212 1260 614 20
Winthrop 36.1 5.08 16.1 2 3 2006

*Arctangent of magnitude of gradient calculated for all initiation sites from central differences in x- and

y-directions on 10-m decimated digital elevation model.

TChannel slope angle calculated over first 9 m downstream of upstream-most gully head associated with debris

flows in that drainage basin.

SAugust 2001 debris flow that initiated due to Kautz Glacier meltwater that breached divide and drained into Van

Trump Creek drainage basin.
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in the model can lead to potentialy different
results. While the model incorporates variables
hypothesized to influence the process of debris-
flow initiation, the model is based on observed
relationships among those variables and not on
a process-based formulation, as in Miller and
Burnett (2007).

We have chosen four smple variablesthat are
reasonable from a priori theoretical and empiri-
ca standpoints for this first modeling attempt:

(1) Logarithm of the minimum distance (m)
from any pixel within the 1994-2008 retreat
ZOnes.

(2) Ground dope, or the arctangent of the
magnitude of the gradient vector calculated
from centra differences in the x- and y-direc-
tions (degrees).

(3) Logarithm of the average simulated gla-
cial meltwater flow volume (m®) originating
from the retreat zones, described below.

(4) Logarithm of the standard deviation of
simulated glacial meltwater flows (m3).

This model formulation focuses on debris-
flow initiation by meltwater, but it may aso
capture initiation by runoff from rainfal on
impermeable glacier ice. This approach encap-
sulates topographic and hydrologic factors, but
it does not incorporate any materia property
variation. Distance from the retreat zones was
chosen because recently exposed areas may
have unconsolidated substrates susceptible
to headward migration of gully-head knick-
points, although the model does not explicitly
account for any variations in material proper-
ties. Ground slope was chosen because debris
flows require steep slopes. Average simulated
meltwater flow volume originating from retreat
zones was chosen because glacier meltwater
might be responsible for debris-flow initiation;
runoff from rainfall on glaciers might also be
responsible, and simulated meltwater flow vol-
ume should also identify areas more likely to
receive focused flow from supra, intra-, and
subglacial drainage networks. Standard devia-
tion of simulated meltwater flow volume was
chosen because locations with lower, but still
substantial, likelihood of meltwater flow or
rainfall runoff might be more likely to supply
unconsolidated material to debris flows when
they occur. Thevariableswere evaluated at each
point in the decimated DEM, and each point
with valid values for each of the four variables
and not covered by glacier icein 2008 (i.e., the
set of “valid” pointsor potential debris-flow ini-
tiation sites) wasincluded in the model calcula-
tions (Fig. 1).

Each of these vaid points has coordinates in
the four-dimensional space defined by the above
variables, and the model distance between any
two points in this space is the magnitude of the

Periglacial debris-flow susceptibility mapping
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Figure 2. Mount Rainier hillshade relief (A) and slope shade (B) maps with the 2001-2006
debris-flow initiation sites. For hillshade, brightness is azimuth, where white is 315°. Slope
shown isthe arctangent, in degrees, of the magnitude of the gradient vector calculated from
central differencesin the x- and y-directions on the decimated 10-m digital elevation model.
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Figure 3. Gullies and debris-flow initiation siteson Mount Rainier. (A) Slope shading from
1-m digital elevation model with greater slopes in lighter shades shows outlines of gullies
leading away from Inter Glacier at bottom. (B) Light detection and ranging intensities on
1-m grid show ice of Inter Glacier at bottom and water in gullies as black and dark gray
shades. (C) Glaciers, streams, all gully heads, and gully heads sourcing debrisflowsin 2001—
2006 on Mount Rainier. Box indicating location of large-scale views (A, B) highlighted in
green. (D) Upslope area contributing to flow for all gullies and those sourcing debris flows.

vector connecting them. For each vaid point,
then, we calculated the minimum of its model
distances from the 17 known debris-flow initia-
tion sites and normalized it by the maximum of
the minimum model distances for al points, so
that each valid point had a dimensionless mini-

mum model distance, §, in the range 0.0 to 1.0,
and the value of § at any of the debris-flow ini-
tiation sites was 0.0. The relative susceptibility,
H, isafunction of d:

Hoelo 0
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where ¢ is a dimensionless spreading factor
that determines how small 8 must be for a point
to have high debrisflow susceptibility. The
spreading factor, or even the weighting function
itself, should ideally be optimized to maximize
the inclusion of high-susceptibility areas and
minimize the inclusion of low-susceptibility
areas (e.g., Miller and Burnett, 2007), but we do
not implement any such optimization here, and
we have chosen an essentialy arbitrary value,
6 =+/2/10 (62 = 1/50). The relative susceptibil-
ity, H, isameasure of the similarity of apoint's
locale (in all four variables) to that of a known
debris-flow initiation site.

Glacial Meltwater Flow Simulation

The above data model requires some measure
of the mean and standard deviation of melt-
water flows originating from the glacier reces-
sion areas. We used a branching meltwater flow
dgorithm that allows meltwater flow to both
nearest and next-nearest neighbors and thereby
favors simplicity by avoiding the necessity of
pit-filling or cascade agorithms (Braun and
Sambridge, 1997; Tucker et al., 2001):

(1) Cresate a drainage network for the entire
DEM with the criteria that water at a grid node
can flow to any nearest or next-nearest downhill
neighbor, that is, water at node (i, j) may flow to
nodes(m,n),me [i—2,i+2),ne [j—-2,j+2],
(m, n) = @, ).

(2) Identify discrete meltwater flow sources,
as described below.

(3) Identify the set of points downstream of
each source with the drainage network and a
recursive descent algorithm.

(4) Sort the set of downstream pointsin order
of decreasing elevation.

(5) Calculate the meltwater flows within the
set from top to bottom. Source points are set
to a specific value (described below). All other
points are evaluated in sequence, summing the
flows from each upstream point. Meltwater
flows from point i to point j are calculated as:

Q-go @

where k ranges over al downs ope nearest and
next-nearest neighbors of point i, and §; is
downhill-positive slope between pointsi and j:

_4~7
Sj |X| _ le 1]
where x is the two-dimensional location of
pointi.

(6) Sum the meltwater flowsat al pointsfrom
all sources.

With the above procedure, 25 simulations
were performed. In each simulation, 1000
meltwater flow sources were chosen at random

©)
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Figure 4. Histograms of vari-
ables used in data model for
valid points (i.e, those with
valid values for all four model
variables; Fig. 1) with values at
2001-2006 debris-flow initia-
tion sites highlighted.

0]

points within the entire melt zone, and volumes
for each source were assigned from the volume
of ice at that pixel as caculated from Nylen's
(2004) glacier thicknesses (Table 2). This vaue
was then multiplied by the grid-cell size and
adjusted for the oblique surface area of each cell
by dividing by the z-component of the surface
normal at each point to yield pixel volumes in
cubic meters. Note that the resulting volumes
are not intended to represent actual volumes but
rather the relative meltwater flows from each
glacier according to its recession.

RESULTS
Debris-Flow Initiation Sites

Twelve debris flows had initiation sources at
the heads of 17 gullies distributed over seven
distinct initiation zones near the termini of gla-
ciersin six drainages in 2001, 2003, 2005, and
2006 (P. Kennard, 2008, personal commun.;

Periglacial debris-flow susceptibility mapping

Number of map pixels
Values at debris-flow
initiation sites (2001-06)
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Vallanceet a., 2002), and field work to map the
debris-flow initiation sites was conducted dur-
ing the summer of 2008 (Table 3). All debris
flows were triggered by rainstorms, with the
exception of adebris flow on August 14, 2001,
from Kautz Glacier that flowed into Van Trump
Creek (Vallance et d., 2002). On October 20,
2003, with 0.3-cm snow-water equivaent
(SWE) at the Paradise Ranger Station, 7.1 cm
of rain in 24 h (71 mm/day) again produced a
debrisflow inVan Trump Creek. On September
29, 2005, with 0.0cm SWE at Paradise, 16.0cm
of rain fell in 48 h (80 mm/day) and resulted in
four debris flows, including one in Van Trump
Creek. With 0.0 cm SWE at Paradise, the storm
of November 5-7, 2006, delivered 41.7 cm in
48 h (209 mm/day) and triggered debris flows
in six drainage basins. Four of these basins, al
on the south side of the mountain, had debris
flowsin 2005. All of the debris flows occurring
in 2001-2006 initiated in 17 gullies above tree
line in steep, unconsolidated Quaternary-age
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volcanic and morainal material downstream of
glacier ice or permanent bodies of snow and ice
(Figs. 1 and 2). Gullies are fed and presumably
maintained by glacier meltwater or snowmelt
and appear to predate the first recorded debris-
flow initiation. Gullies that sourced debris
flows in 2006 were identified on images from
1989, the date of the oldest available park-wide
aerial photos. For some debrisflow tracks,
multiple tributaries converge upstream of the
last observed evidence of a debris flow, and al
tributaries show evidence of erosion, possibly
dueto debris-flow initiation or from normal flu-
vial processes. |n these cases, asingleinitiation
site cannot be determined. It is possible that all
or only some of the meltwater channels that
converge to form the main channel could have
contributed to debris-flow initiation.

The steep sopes of Mount Rainier also con-
tain numerous gullies that have not previously
been associated with debris-flow initiation. We
identified al gully walls as pairs of linear steep-
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sloped and approximately parallel features
downslope of glaciers or snowfieldsand upslope
of the mapped stream network. Gullies have
arcuate steep-doped features, or headwalls, and
both gully sides and headwalls are visible on
dopemaps (Fig. 3A). They aretypically located
below glacier ice or permanent snow that isvis-
ible on LiDAR intensity images or at stagnant,
debris-covered glacier ice that is not visible on
LiDAR intensity images but has been described
by previous researchers (P. Kennard, 2008, per-
sonal commun.; Walder and Driedger, 1994).
On LiDAR intensity images, gullies may appesar
dark due to the presence of glacier meltwater,
as does debris-free glacial ice (Fig. 3B). Points
indicating the head of each gully were placed
immediately downslope of the gully headwall
or where the steep gully walls converged (Figs.
3A and 3B).

Many gullies were located, but only a few
initiated debris flows (Fig. 3C). Gullies with
and without a recorded history of debris-flow
initiation had similar widths, depths, gully wall
slopes, and channel gradients, but elevations
and upslope contributing areas are statistically
different for debris-flow—producing gullies and
gullies without debris flows. Debris-flow—pro-
ducing gullies have greater elevations (median
of 2182 m with debris flows versus 1805 m
without) and greater contributing areas (median
of 0.184 knm? versus 0.012 km?; Fig. 3D).

One of the six debris flows in 2006 initi-
ated near aproglacial accumulation of water in
the headwaters of the West Fork White River
west of Winthrop Glacier, at an elevation not
accessible during summer fieldwork due to
extensive snow cover. Field identification of
the West Fork of the White River debris-flow
channel led to identification of the initiation
site near a lake adjacent to a fragment of Win-
throp Glacier, and the slope at this initiation
site is much less than at all other initiation
sites (Table 3; Fig. 4). The 2006 West Fork
White River debris flow may have initiated
as the result of a perturbation of this pool of
water. The possibility of a glacier or glacier
lake outburst flood contributing to debris-flow
initiation cannot be confirmed or disregarded,
because available images are not of a sufficient
temporal resolution to reveal changes in vol-
ume of the proglacial lake. The lake terminates
at two gullies that connect to the lateral margin
of Winthrop Glacier.

Based on image analysis and field surveys,
all recent (since 2001) debris-flow initiation
sites on Mount Rainier are located in gullies
headed by glaciers, ice bodies, or permanent
snowfields. Therefore, all debris-flow initiation
sites are located within the extent of the histori-
cal glacier coverage and within the zone of the
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Figure 5. Difference between
digital elevation modelsderived
from light detection and rang-
ing data collected in 2008 and
2000 from a 2-km swath around
Tahoma Creek from thetermini
of Tahoma and South Tahoma
Glaciers downstream to the
Westside Road. Glaciers in
2008, streams, trails, and roads
are shown for reference.

most recent period of glacier retreat for a par-
ticular glacier. Debris-flow initiation sites asso-
ciated with small glaciersthat haveretreated and
fragmented, such as Pyramid and Van Trump
Glaciers, are located within the 1913 extent of
glacier coverage (Nylen, 2004). Debris-flow
initiation sites associated with large glaciers
that have retreated, but remained predominantly
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single, massive bodies of ice, such as South
Tahoma, Kautz, and Winthrop Glaciers, are
located within the 1971 extent of glacier cover-
age (Nylen, 2004). Lastly, adebrisflow initiated
at amedium size glacier that has retreated mini-
mally, Inter Glacier, where initiation sites are
located within the 1994 extent of glacier cover-
age (Nylen, 2004).

Win throp

Figure6 (on thisand following two pages). (A) Aver age meltwater flow for 25 simulationsand
2001-2006 debris-flow initiation sites. Meltwater flow volume is normalized by maximum
volume on a logarithmic color scale, from 1.0 (red) to 102 (blue). Dashed-line rectangle

shows location of detail (B).
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Figure 6 (continued). (B) Detail of an example meltwater flow simulation with locations of
meltwater sources shown (“X").

Distance from the head of the gully that con-
tributed to debris-flow initiation to the 2008 gla-
cier or glacier remnant is zero for al initiation
sites except those of South Tahoma, Kautz, and
Winthrop Glaciers. The gullies that contribute
to debris flows in Tahoma Creek are located
on stagnant ice, over 100 m from the active
terminus of South Tahoma Glacier, deposited
by glacier retreat past a series of bedrock steps
(C. Driedger, 2008, persona commun.). The
large, debris-covered, stagnant ice terminus of
Kautz Glacier (Nylen, 2004) is nearly 500 m

downslope of the active glacier terminus and
isincised by a channel that drains glacier melt-
water and may have contributed to the 2006
debris flow in Kautz Creek. The debrisflow that
occurred in 2006 in the West Fork of the White
River initiated below a fragment of the 1913
extent of Winthrop Glacier. The gully is sepa
rated from the fragment of Winthrop Glacier by
aproglacial lake ~200 min length.

Debris flows are only located in areas
exposed by glacier retreat in the past century.
The three glacier termini that have retrested the
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farthest during the period 1913-1994 are those
of South Tahoma, Nisqudly, and Kautz Gla-
ciers, with 2677, 2131, and 1589 m retreat along
the midline of the glacier termini, respectively
(Nylen, 2004). These glaciers have been associ-
ated with more debris flows during the period
19262006 than any other glaciers on Mount
Rainier, or 28, eight, and six debris flows,
respectively (including two, zero, and three,
respectively, in 2001-2006; Table 3; Walder and
Driedger, 1994). South-facing glaciers, such as
South Tahoma, Nisgually, and Kautz, have been
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Figure6 (continued). (C) Standard deviation of simulated meltwater flow for 25 simulations,
from zero (blue) to twice the mean simulated flow (red).

associated with debris flows more often than
north-facing glaciers since 1926, and the aver-
age retreat of south-facing glaciers from 1913
to 2004 was 1755 m, compared to 530 m for
north-facing glaciers (Nylen, 2004). Yet, it is
important to note that since 1980, the termini
of al glaciers on Mount Rainier have retreated,
with the exception of Emmons, Winthrop, and
Cowlitz Glaciers (Nylen, 2004). The termini
of the mgjority of Mount Rainier glaciers have
retreated during the period 1913-1994, and few
glaciers have experienced debris flows. Glacier
terminus position change, or cumulative retreat
and advance, from 1913 to 1994 using datafrom
Nylen (2004) for glaciers associated with debris
flows and glaciers not associated with debris
flows during the same period is not significantly
different (Welch Two Sample t-test: t-statistic =
-1.32, df = 3.65, p-value = 0.264).

Debris flows that initiated in 2006 are pre-
dominantly associated with small glaciers or
glacier fragments less than 2.3 km? in size. The
difference between the 2008 glacier areafor gla-
ciers associated with debris flows during the
period 1994-2008 and glaciers not associated
with debris flows during the same period is sig-
nificant (Welch Two Sample t-test: t-statistic =
—3.57, df =19.7, p-value = 0.002). The average

10

size of a glacier associated with a 2006 debris
flow is 1.1 km?, whilethe average size of dl gla-
cierson Mount Rainier is 3.8 km?.

All initiation sites from 2006 are located at
elevations greater than 1937 m. From records
dating back to 1926, we see that debris flows
initiated predominantly at glaciers with termini
located at lower elevations, such as those of
South Tahoma, Kautz, and Nisqually Glaciers
(Copeland, 2009; Walder and Driedger, 1994).
Debris flows that occurred in 2001, 2003, 2005,
and 2006 occurred at higher-elevation glacier
termini such as Pyramid and Van Trump Gla
ciers, aswell as fragments of glaciers located at
high elevation, such as Winthrop Glacier (Figs.
land2).

All debris flows, with the exception of the
2006 debris flow from Winthrop Glacier, initi-
ated from gullies with channel slopes >25° and
ground slopes >14° (Table 3). Average gradi-
ent for a 100-m radius circle surrounding each
debris-flow initiation site is 32°. The average
debris-flow channel gradient at initiation for
the first ~9 m of the longitudina profile of the
debris-flow track is39°. Both types of calculated
gradients are important for debris-flow initia-
tion because channel gradient will aid sediment
mobilization and the steepness of surrounding
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terrain will aid overland flow concentration.
Nearly all proglacial areas exposed by recent
retreat contain slopes sufficient for debris-flow
initiation.

Field reconnaissance revealed evidence of
mobilization of sediment in rills and gullies
associated with debris flows. On the images, all
debris-flow channels were traced to meltwater
gullies with crenulated walls, possibly indica-
tive of discrete mass wasting or slumping into
the stream channel in association with localized
overland flow or in-channel entrainment of sedi-
ment. Following the 2006 debris flow in Pyra
mid Creek, the average and median changesin
gully width were 0.7 m and 0.0 m, respectively.
Although other events after the November 2006
storm and prior to 2008 may have eroded gully
walls, the extraordinary magnitude of the 2006
event impliesthat changesin gully width can be
attributed to debris-flow activity in 2006 with
reasonabl e certainty. Image analysis of channels
impacted by debris flows in 2001, 2003, and
2005 aso suggests that lumping from steep-
sided gully walls facilitated debris-flow initia-
tion. Differencing of the 2000 and 2008 LiDAR
DEMs for Tahoma Creek shows that erosion
was distributed over a 500-m-wide proglacial
area and stagnant ice zone described by Walder
and Driedger (1994) downslope of the termi-
nus of South Tahoma Glacier, where glacier
retrest over the period appears negligible (Figs.
1 and 5). This swath of erosion converges to a
single channel 700 m downslope of the termi-
nus; below this channel head, deposition pre-
dominates for nearly 200 m; next, erosion is
concentrated in adiscrete channel for more than
250 m; the erosional zone then appearsto cover a
50-150-m-wide valey floor for the next 1300 my;
erosion is then apparently limited to the val-
ley margins, whereas deposition occurs aong
the valley center. Differences indicative of ero-
sion near the terminus of Tahoma Glacier appear
largely coincident with areas of glacier retreat in
1994-2008, and differencesin areas at the head
of the proglacia streams, where gullying might
be expected, indicate negligible erosion. The
DEM differencing evidence is consistent with
debris-flow initiation over a widely distributed
network of rills and gullies, although bulking
by erosion of the bed and banks apparently con-
tributed significant volume downstream of the
initiation zone (Fig. 5).

Debris-Flow Susceptibility

Slopes are shown in Figure 2B. Average Sm-
ulated meltwater flows are shown in Figure 6A,
and the results of an example meltwater flow
simulation are shown in Figure 6B. Standard
deviations of simulated meltwater flows are
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shown in Figure 6C. Statistics of the distribu-
tions of distance from the nearest retreat zone,
average simulated meltwater flow, standard
deviation of simulated meltwater flow, and slope
for 1,422,607 valid tuples (i.e.,, points down-
stream of glaciers) areshown in Table4. Thefull
distributions of the model variables and the val-
ues at the debris-flow initiation sites show that
the latter generaly cluster within limited ranges
of each parameter (Fig. 4) and form a distinct
cluster in the four-dimensional space defined
by the model variables (Fig. 7). Identification
of susceptible areas in terms of their proxim-
ity to these points in the four-dimensional data
space with Equation (1) unsurprisingly high-
lights the areas adjacent to and downstream of
glacier termini (Fig. 8). Given the formulation
of the model, al sites of known debris-flow
initiation are of course identified as high-sus-
ceptibility areas, as are the heads of most gul-
lies (Fig. 3). With respect to gullies, the model
does not appear able to distinguish particularly
well between gullies that initiated debris flows
and gullies that did not, nor does the model dis-
tinguish between areas with greater and lesser
gully head concentrations.

The locations of theinitiation sites within the
chosen parameter space do clearly identify one
outlier among them: The initiation site of the
West Fork White River debris flow near Win-
throp Glacier has a much lower sope than all
other initiation sites. This difference suggests an
initiation mechanism different than that of the
other debris flows.

DISCUSSION

In the effort to quantitatively determine the
hazards represented by debris flows and their
associated risks where human life and prop-
erty are at stake, it is necessary to first make
a quantitative, spatially distributed determina
tion of relative susceptibilities to debris-flow
initiation, erosion, and deposition, of which we
address only the susceptibility toinitiation here.
Subsequent studies can then determine likely
extents of erosion and deposition; potentials
of storms of different intensities and durations
to cause debris-flow initiation in susceptible
areas; probabilities of such storms striking sus-
ceptible areaswhen conditions (e.g., antecedent
snowfall, rainfall, and vegetation) favor debris-
flow initiation; and probabilities of debrisflows
destroying human life and infrastructure. The
ideal goal of debris-flow susceptibility mapping
is to include all areas that actually represent
greater susceptibility within the area mapped
as high susceptibility and for the mapped high-
susceptibility area to include no areas actually
associated with low susceptibility. For Mount

Periglacial debris-flow susceptibility mapping

TABLE 4. DISTRIBUTION STATISTICS FOR VARIABLES USED IN DATA MODEL

Variable Minimum Maximum Mean Standard deviation
Distance from retreat (m) 10.0 1.58 x 10* 2.0 x 10° 3.04 x 10°
Mean simulated flow (m?) 0.0 2.64 x 10° 870.0 6.01 x 10°
Simulated flow standard deviation (m?) 0.0 3.29 x 10* 193.0 911.00
Slope (degrees) 0.0 85.30 219 15.40

Note: N = 1,422,607.

Rainier, where recent debris flows have all
initiated in areas uncovered by glacia reces-
sion within the past century or even, in many
cases, within the past 20 yr, we would also
like to know whether the uncovering of those
areas has significantly increased the probabil-
ity of debris-flow initiation on the mountain.
The modeling approach presented here has the
potential to address both of these issues, but the
current formulation of the data model is fun-
damentally unable to answer the latter ques-
tion and appears to fall short of the ideal with
respect to the former goa as well. The current

model does, however, illustrate the potential
power of the data-modeling method and, with
our detailed investigations of initiation zones,
improve our understanding of the mechanisms
involved in debris-flow initiation.

A data model idedly identifies areas that
are most similar to known sites based on their
most important characteristics. In this study,
we wanted to choose those characteristics that
made the sites most prone to debris-flow ini-
tiation. While data modeling specifically avoids
formulation of a physics-based process model,
the method requires accurate determination of

Figure 7. Values of variables used in data model (distance from melt, mean simulated
meltwater flow, meltwater flow standard deviation, and ground slope) at valid points (i.e.,
those with valid values for all four model variables; Fig. 1) and 2001-2006 debris-flow

initiation sites.
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the variables required by such a process model.
Our results suggest that the current model does
not employ the correct set of variables. While
the model does appear to correctly identify
high-susceptibility areas, it also appears to mis-
represent lower-susceptibility areas: non-debris-
flow gullies are not well differentiated from
debris-flow gullies, and areas of lower gully
density are not well differentiated from areas of
higher density (Figs. 3 and 8).

Despite any shortcomings, the current model
and field data provide insight into relevant
processes and suggest a way forward. Field
observations and mapping indicate that debris
flows begin as overland water flows, typically
from glacier margins, that entrain sediment from
beds and walls of gullies and perhaps even from
updoperrills (Figs. 3 and 5). For the model, we
modeled meltwater flows as though they were
emanating from locations of glacier retreat, but it
seems more likely that the actual overland water
flows associated with debris-flow initiation are
sourced by rainfall on, or melt from, the entire
upsope glacier area, aswell as other impervious
surfaces such as bedrock. Thisconclusioniscon-
sistent with two results: (1) as noted above, the
model implies similar debris-flow susceptibility
in areas with and without gullies and for gullies
with and without debris flows; (2) we found that
gullies with debris flows have greater upsope
contributing areas than gullies without debris
flows (Fig. 3). The latter fact indicates that the
gulliesthemselves are maintained by fluvia pro-
cesses, whereas erosion within, or erosive expan-
sion of, the gully network leads to the initiation
of debris flows. Whether the gullies are origi-
nally formed by fluvia or debris-flow processes
remains an open question.

Whereas debris flows initiating from shallow
rapid landslides typically require slopes greater
than 20° (40° is typica of landdide sopes in
the Oregon Coast Range; Robison et al., 1999),
debrisflow initiation sites on Mount Rainier
had slopes ranging from 2°, for a gully origi-
nating at a proglacial lake below a fragment of
Winthrop Glacier, to 38°, according to measure-
ments from the decimated 10-m DEM. Note
that gully slopes measured from the 1-m DEM
averaged 39° and covered the range 3° to 65°
(Table 3). This range of slopes indicates that,
while debris flows generally favor steep slopes,
other factors, such as overland water flow, are
more determinate of the likelihood of debris-
flow initiation at apoint. The measured changes
in elevation downstream of South Tahoma Gla
cier and gully widths at all initiation sites sup-
port the inferences that the mapped debris flows
are initiated by combinations of bed and bank
erosion and bank failure during high overland
flow events, and these debris-flow sources are
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Figure 8 (on this and following page). Debris-flow susceptibility map based on data model,
where colorson ascale of 0-1 (blue—red) show values of weighted susceptibility, H, of Equa-
tion (1) at valid points (i.e., those with valid values for all four model variables; Fig. 1) on
Mount Rainier: (A) plan view with grayscale indicating elevation and transparent masking
of 2008 glacier ice; (B) oblique view from the south-southwest (viewpoint altitude = 40°,
view direction azimuth = 20°) with meshed topography where non-valid points are white
within the extent of 2008 glacier iceand gray elsewhere. All oblique views are shown without
vertical exaggeration. Small text in upper left corner of (B) can beignored.

distributed over wide aress rather than concen-
trated within discrete landslides.

An improved data model would likely result
from a different set of variables. Slope appears
somewhat diagnostic and should therefore
remain in the model. Water discharge appearsto
play alarge role and should appear in the model
in some form, as either total upslope contribut-
ing area or impervious or ice-covered upslope
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contributing area. Some measure of the gullies
themselves would likely enhance the model.
Even if gully dimensions are not determinate,
and presence of gullies is not sufficient for
debris-flow initiation, they do appear to be nec-
essary. The decimated 10-m DEM is unlikely
to capture gully features because the gullies are
typicaly ~10 m wide (Fig. 3). Gullies might be
included by calculating topographic curvature
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Figure 8 (continued). Debris-flow susceptibility map based on data model, where colors on
a scale of 0-1 (blue—red) show values of weighted susceptibility, H, of Equation (1) at valid
points (i.e., those with valid values for all four model variables; Fig. 1) on Mount Rainier:
(C) closer oblique view from the south-southwest (altitude 20°, azimuth 20°); (D) closer
oblique view from the north-northeast (altitude 20°, azimuth —160°). All oblique views are

shown without vertical exagger ation.

(V?2). This and other variables should aso be
calculated on the 1-m DEM, and calculation of
contributing areashould employ routing through
closed depressions (Tucker et a., 2001). Given
that al mapped debris flows initiated close to
glacier margins in areas recently uncovered by
glacier retreat, some measure of glacier proxim-
ity might be appropriate. Rather than minimum
distance to an area of recent glacier retrest,
minimum upslope distanceto an existing glacier
might be more appropriate.

The current method does not allow optimiza-
tion to maximize correct identification of high-
susceptibility sites and to minimize incorrect
identification of low-susceptibility sites. For the
current type of formulation using distance in the
four-dimensional model space to points repre-
senting known debris-flow initiation sites, we
wouldideally create amodel with asubset of the
mapped initiation sites and verify or optimize it
with the remaining subset. Such a partitioning
of the data would alow evaluation of the ratio
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of the incremental fraction of points correctly
identified among the data used for optimization
to the incremental fraction of area identified as
susceptible as afunction of, say, athreshold dis-
tance from the dataused in model creationinthe
four-parameter space (e.g., Miller and Burnett,
2007). Or, perhaps the ground-based data could
be used to create isosurfaces of site concentra-
tion in the parameter space, or distance could
be calculated from the geometric center of the
known initiation sites rather than the minimum
distance to asingle site in the parameter space.

CONCLUSIONS

Debris flows on Mount Rainier during the
period 2001-2006 began when and where
unusual amounts of overland flow of water led
to distributed erosion associated with a pro-
glacia gully network. An event in 2001 was
triggered by redirection of summer meltwater,
but most events, occurring in 2003, 2005, and
2006, were triggered by intense rainfall at high
elevations with little or no antecedent snow
cover. The debris flows originated at 17 differ-
ent gully heads on predominantly steep topog-
raphy in close proximity to, and historically
exposed by, retreating glaciers. The locations
of these gully heads were determined from field
mapping and a high-resolution DEM (with 1-m
grid cells) derived from airborne laser atimetry
(LiDAR) collected in 2007 and 2008. Gully
locations were confirmed by low intensities of
infrared laser returns from gully bottoms, where
low return intensities are consistent with the
presence of water on the surface. We identified
many gullies not associated with debris flows,
and these are distinguished from debris-flow
gullies by the greater upslope contributing area
of the latter (Fig. 3). The DEM, laser intensity
map, and orthophotos (from 2006) were used
to revise glacier outlines previousy mapped
for 1994 and show that the total area of Mount
Rainier's glaciers has decreased since that time.
The debris flows were effectively initiated by
overland flow of water, where that flow led to
widely distributed erosion of beds and banks of
gullies. We cannot determine the relative contri-
butions of progressive scour and mass failure,
and scalloped gully walls offer direct evidence
of only the latter mechanism.

As a demonstration of the method, we devel-
oped a data model in which the values of four
variables, topographic slope, mean and standard
deviation of simulated meltwater flow from
areas of glacier retreat, and minimum distance
from areas of glacier retreat, were calculated
at al points downstream of the glaciers, and
relative debris-flow initiation susceptibility
was calculated as a decreasing function of the

13



Geosphere, published online on 6 March 2012 as doi:10.1130/GES00713.1

minimum distance between each point and
known sites of debris-flow initiation in the four-
dimensiona model space. This data modeling
method may prove useful in arevised form, but
the current model does not appear to distinguish
between debris-flow and non-debris-flow gul-
lies or between aress of varying areal density
of gullies. Although debris flows initiated in
areas uncovered by glacier recession, we can-
not determine whether such areas have greater
susceptibility due to material properties (e.g.,
fresh unconsolidated debris) or overland flow
hydraulics associated with glacial outflow.
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