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Abstract Debris flows are a prevalent and destructive mass-
wasting type in many mountainous regions throughout the world,
yet the recent identification of a debris flow topographic signature
has not been incorporated into landslide inventories. We have
detected this signature in a digital elevation model of the moun-
tainous Oconaluftee River basin of the southern Appalachians,
USA, where we have conducted mass-wasting inventories. We
evaluate the applicability of this topographic signature in debris
flow mapping efforts using inventories created by semiautomated
classification of topographic derivative and vegetation index maps.
Debris flow detection was increased by 12% when the inventory
was limited to the portion of the landscape that exhibits the debris
flow topographic signature. The extent of drainages with this
topographic signature, which have areas of 6 to 35km?, is corrob-
orated by analyses of channel form, knickpoint and bedrock dis-
tributions, and hypsometry. This mass-wasting inventory
technique provides a more focused approach to statistically char-
acterize the land surface, which resulted in increased inventory
proficiency across a landscape with an extensive and relatively
well-documented debris flow history.

Keywords Landslide - Southern Appalachians - Disaster
management - Supervised classification - Landscape
evolution - Knickpoint

Introduction

Debris flows can be the primary agent of stream incision, exceed-
ing the efficiency of exclusively fluvial incision processes in valleys
with steep slopes and moderate-sized drainages (Hovius et al.
1998; Stock and Dietrich 2003). Debris flows, following the widely
used classification system of Cruden and Varnes (1996), are a
shallow type of gravitationally-driven mass-wasting, composed of
water, rock, soil, and vegetation and triggered by intense and/or
frequent precipitation. The hillslope fails on a plane between
regolith and bedrock or between heterogeneous layers of soil
(Southworth et al. 2005). The mass then flow downslope for dis-
tances of up to several kilometers in locations where the hillside
slope, channel length, and junction angles permit rapid transpor-
tation (Cruden and Varnes 1996). This process can leave a distinct
signature in the longitudinal profile of stream channels that in-
dicates the extent of debris flow activity and may reflect phases in
the topographic evolution of the landscape (e.g., Howard 1994;
Tucker and Slingerland 1997; Pazzaglia et al. 1998; Crosby and
Whipple 2006).

Mass-wasting inventories are an important component of
hazard modeling (Brardinoni et al. 2003; Malamud et al. 2004;
Carrara and Pike 2008). Slope instability models, such as the
widely used Shallow Landsliding Stability Model (Dietrich at al.
1992) and Stability Index Mapping (Pack et al. 1998), use invento-
ries to evaluate model results or calibrate parameters (e.g.,Wooten
et al. 2008). The model products are used to guide land-use
planning to reduce and mitigate the disastrous impacts of future

Published online: 11 April 2013

mass-wasting events on the built environment. Unlike the models,
the goal of an inventory is to delineate and/or characterize mass-
wasting occurrences in a given area. Mass-wasting inventories
have also been used in analyses of landscape evolution (Stock
and Dietrich 2003; Korup et al. 2010; Gallen et al. 2011). However,
relating topographic forms to landscape evolution processes such
as debris flows is rarely carried out during a mass-wasting inven-
tory. This paper presents a mass-wasting inventorying technique
that is applied to drainages that have the topographic signature of
debris flows.

Many published mass-wasting inventories commonly involve
the following steps: (1) an area with a history of mass-wasting
activity is selected, (2) a technique for identifying and delineating
mass-wasting is applied to the area, (3) known false positives, such
as roads, are removed, and (4) the performance of the inventory is
evaluated against other verification techniques, such as field-based
corroboration (e.g., Wegmann 2006). In Step 2, homogeneous land
segments are classified into mass-wasting and non-mass-wasting
classes by locating areas with the hypothesized or empirically
determined properties of the two classes. Class properties are
based upon the statistical characterization of topographic, spec-
tral, and/or contextual datasets contained within land segments.

We hypothesize that demarcating inventory areas arbitrarily,
such as by catchment or political boundaries, results in non-
optimal statistical characterization of the two classes. A more
focused characterization may be achieved by limiting the invento-
ry to only areas with the topographic signature of debris flows. We
utilize a southern Appalachian field site to test a technique that
limits mass-wasting inventories to areas that have the topographic
signature of debris flows, which are the most prevalent and de-
structive mass-wasting type in the region (Witt 2005; Wooten et al.
2008). Furthermore, 92 % of the study location has been managed
as part of the Great Smoky Mountains National Park since 1932.
Limited human activity, a well understood geologic history, and a
region dominated by debris flow mass-wasting are the prerequi-
sites to test this inventory technique.

Background of mass-wasting inventory methods
Until recently, interpretation of aerial photographs has been the
standard method to create inventories. New techniques that are
quantitative, more robust, and less subjective than air photo in-
terpretation are now made possible by the increased availability of
digital elevation models (DEMs), geographical information systems
(GIS), and photograph processing software (Carrara and Pike 2008).
These techniques can rapidly analyze spectral, geologic, and hydro-
logic maps to create regional mass-wasting inventories and assess-
ments (e.g., Eeckhaut et al. 2011; Neuhduser et al. 2012).
Semiautomated, supervised classification techniques have suc-
cessfully produced inventories of mass-wasting candidates (Barlow
et al. 2006; Borghuis et al. 2007; Moine et al. 2009; Martha et al. 2010).
The inventory area is divided into training and evaluation areas. The

Landslides |



| Original Paper

statistical properties of inputs in mass-wasting and non-mass-
wasting classes are computed in the training area, which guide
classification in the evaluation area. Evaluation effectiveness is often
recorded as the percent of correctly identified mass failures com-
pared to a field survey or air photo interpretation inventory; for
example 60 % of debris flows (Barlow et al. 2006), 39 (Borguis et al.
2007), 26 (Moine et al. 2009), 69 (Martha et al. 2010), and 40 % of
landslides (Neuh&user et al. 2012). However, mass-wasting visibility,
classification inputs, and the evaluation metric source differ by
inventory thus, the evaluation usefulness reported as a percent are
not fully comparable between studies.

Inventories can differ by inputs and the segmentation method
used to delineate homogenous objects. Recent efforts commonly rely
upon satellite imagery instead of the aerial imagery used in air photo
interpretation (Nichol and Wong 2005; Barlow et al. 2006; Borguis et
al. 2007; Martha et al. 2010). Normalized difference vegetation index
maps created from imagery are used to infer areas with sparse or no
vegetation, a potential indicator of mass-wasting scars (Barlow et al.
2006; Martha et al. 2010). This vegetation index ranges from —1to 1
and values above 0.2 typically indicate vegetation present. Slope,
aspect, hillslope curvature (Barlow et al. 2006; Van Den Eeckhaut
et al. 2007), and water flow parameters (Martha et al. 2010) are
derived from DEMs to determine the characteristic form of
mass-wasting types.

Image segmentation by the spectral values of individual
pixels is ineffectual when not combined with additional pa-
rameters (Barlow et al. 2006). Image segmentation using ob-
ject-oriented analysis can be successful, since it incorporates
not just individual pixel values but properties of data in
adjacent areas (e.g., Martha et al. 2010). Image objects are
still, in part, delineated by homogeneity of adjacent pixel
spectral values, but other information, such as the objects’
shape, texture, and size also determine the final segmentation.
Object-oriented analysis incorporates the morphometrics of
objects pertinent to debris flows, such as their total area
(Barlow et al. 2006) and stream order (Martha et al. 2010),
which may improve the subsequent classification of debris
flow candidates by limiting false positives.

Geologic and geomorphic setting

Debris flow inventories were developed for five catchments (C1 to
Cs) totaling 269 km® in the southern Appalachians of western
North Carolina (Fig. 1). The Appalachian Mountains were assem-
bled by a series of convergent tectonic collisions approximately
1,200 to 260 million years ago with minor uplift during the
Mesozoic and Cenozoic (Hatcher 1978; Gallen et al. 2013). The
southeastern portion of the Great Smoky Mountains—the location
of the five study catchments—is positioned on the southern limb
of the Alum Cave Synclinorium formed of numerous second-
generation, westward-trending folds and faults (Hadley and
Goldsmith 1963). Present-day topography is characterized by
rounded mountaintops, and deep valleys with steep slopes.
Elevation ranges from 579 to 1,186 m and the mean slope is 28+
9 °. Mountain denudation occurs primarily through soil creep, in
situ weathering of bedrock, river incision, and mass-wasting
(Southworth et al. 2005; Jungers et al. 2009). Glaciation has not
impacted the topographic signatures of these processes, since this
region was not glaciated in the Pleistocene (Hadley and Goldsmith
1963). The ability of the range to maintain rugged topography
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despite the cessation of major uplift was explored by Matmon et
al. (2003) who concluded that the Smoky Mountains are tending
towards a steady state, given the similar erosion rates between
ridge crests and drainage basins of 2848 mmxky™. Similar ero-
sion rates, including throughout the Oconaluftee basin (Fig. 1c),
indicate that the area is in a state of dynamic equilibrium (e.g.,
Hack 1975), such that landforms adjust in short time steps so that
erosion is consistent throughout the range over long time scales.

The five catchments are drained by the Oconaluftee River,
which flows west via the Tuckasegee River, ultimately draining
into the Gulf of Mexico via the Little Tennessee, Tennessee, Ohio,
and Mississippi Rivers. Catchment streams are mixed bedrock-
alluvial channels with pebble to boulder sediment. Streams flow
over Precambrian bedrock composed predominantly of metamor-
phosed sedimentary rocks of the Ocoee Supergroup, along with
gneiss, granodiorite, and amphibolite of the Grenville Basement
Complex (Ygb in Fig. 2; Southworth et al. 2005). Within the Ocoee
Supergroup, streams flow over rocks of the Anakeesta Formation
(Za), principally slate, metasiltstone, and phyllite. Southworth et al.
(2005) propose that the Copperhill Formation and Thunderhead
Sandstone are the same unit, characterized by massive, graded beds
of coarse-grained metasandstone interbedded with metasiltstone,
thus these units are treated as one (Zct) in this study. Longarm
Quartzite (Z1) outcrops adjacent to the Grenville Basement
Complex in basins C3 and C4. Additionally, Southworth et al.
(2005) mapped surficial deposits, including large debris fans (Qd)
composed of expansive deposits of boulder diamict, and a historical
debris flow unit (Qdf) that includes the initiation zone, track, and
often the depositional area of the boulder diamict and transported
vegetation. Debris flows begin most often atop the Anakeesta,
Copperhead, and Thunderhead bedrock units and especially in areas
where the regolith is less than a meter thick (Bogucki 1976;
Southworth et al. 2005).

Debris flows have occurred in the Smoky Mountains for at least
the last several tens of thousands of years and were especially
frequent during the late Pleistocene and early Holocene (Kochel
1990). Bedrocks foliation and dip planes of the second-generation
folds on the Alum Cave Synclinorium are especially prone to mass
failure. Thick vegetation helps to stabilize soil, saprolite, and resid-
uum on steep slopes. The shallow depth of regolith atop steeply
dipping beds encourages failure when the soil cohesion and tensile
strength of vegetation are surpassed by increases in soil pore pres-
sure and/or shear stress from a moving debris flow (Southworth et al.
2005). Increases in hydrostatic pressure in preferential flow paths
developed in the soil following intense precipitation may be an
additional cause of mass-wasting in the region (Woodruff 1971).
Mean annual precipitation in the southern Appalachians ranges
from 1 to 2.7 m with snowfall accounting for 5 % of the total
precipitation (Neary and Swift 1987). Precipitation intensities of 125
to 560 mmxday™ have resulted in debris flows in the southern
Appalachians (Witt 2005). The return period of a storm that delivers
this threshold precipitation to the region is 10 years (Hershfield 1961);
although Bogucki (1976) indicated that at least a 100-year storm was
required to cause debris flows here. Debris flow recurrence in first-
order catchments of the Smoky Mountains is estimated to be be-
tween 400 to 1,600 years (Kochel 1990). Southworth et al. (2005)
summarize the known years of rainfall events that have resulted in
debris flows in the Smoky Mountains prior to completion of their
field work: 1938, 1940, 1942, 1943, 1951, 1956, 1967, 1971, 1975, 1984, and
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Fig. 1 a The southern Appalachian Mountains are located south of the Laurentide ice sheet margin during the last glacial maximum (LGM) and include parts of North
Carolina (NC) and Tennessee (TN) (Dyke et al. 2002). b The Oconaluftee catchment in the Great Smoky Mountains National Park drains into the Tuckasegee (TUR), Little
Tennessee (LTR), and Tennessee Rivers (TR). ¢ C1 and (2 drain to the Middle Oconaluftee River (MOR). (3, C4, and C5 drain into the Raven Fork River (RF). The lower
Oconaluftee River (LOR) basin above Soco Creek (SC), RF, and LOR are not included in analyses. Points and values are the locations of '°Be basin-averaged erosion rates

in mmxyr from Matmon et al. (2003)

1993. Three known debris flows in adjacent first-order catchments
occurred in 2011 during this study.

Methods

Two debris flow inventories were conducted and evaluated: the
entirety of the five catchments—the “Catchment Inventory” and
the portion of the catchments that drain to debris flow-dominated
channels—the “A s Inventory.” The extent of the latter inventory is
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Fig. 2 Bedrock is generalized into the Grenville Basement Complex (Ygb), Anakeesta
Formation (Za), the Copperhill Formation and Thunderhead Sandstone (Zct), and the
Longarm Quartzite (ZI). Surficial deposits include debris fans (Qd) and debris flows

(Qd]f). See text for map unit descriptions. Geology mapped by Southworth et al. (2005)

the area that drains to A4 which is the transition from debris flow-
to fluvial-dominated channel processes. This point is approximated
using trends of drainage area (A) versus slope (S) in log-log space (AS
Plots). Relationships between A and S have been used to indicate the
landscape extent of dominant sediment detachment and transport
processes (Montgomery and Foufoula-Geogiou 1993; Stock and
Dietrich 2003; Tarolli and Dalla Fontana 2009). Streams in the
Oconaluftee River basin were selected for AS Plot analysis if their
drainage area is within the magnitudes ofA 4 of rivers throughout the
world analyzed by Stock and Dietrich (2003).

The two inventories were created with a supervised classifica-
tion algorithm so that debris flow identification capability can be
tested when the area is limited to drainages of A4+ The outputs of the
inventories are maps of debris flow areas that primarily include the
head and track of historical debris flows. The debris flow head, track,
and toe are considered as one unit because it is difficult and often
erroneous to attempt to distinguish these areas (Malamud et al.
2004). The percent of debris flow and non-debris flow areas in a
recent US Geological Survey map (Southworth et al. 2005) of historic
debris flows that intercept debris flow and non-debris flow classed
areas, respectively, was used for evaluation to compare the proficiency
of the two inventories.

Data

Topography, imagery, and geologic datasets were used in the
inventories and analyses. Topography was modeled with a bare-
earth lidar (light detection and ranging) point cloud collected by
the North Carolina Flood Mapping Program in April 2005 (North
Carolina Flood Mapping Program 2011). The point cloud has a
density of 0.41 points m™ in the study area and represents the
ground surface. Following Mitasova and Mitas (1993), our inter-
polation method, regularized spline with tension, was used to
construct a DEM with a 4 m horizontal resolution. Topographic
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derivatives were computed following Mitasova and Hofierka
(1993) and are introduced first with the following simplifying
notations:

0z oz 6’z 6’z 5’z
ﬂ—g7ﬁz—gfy7ﬂx—§7fvy—?}ﬂvﬁcy—% (1)
and:
p=K+f (2)

Slope angle, vy [degrees]; aspect, « [degrees]; profile curvature,
K, [m™]; and tangential curvature, K; [m™] were computed from
the DEM, also with a resolution of 4 m, as:

y =arctan /f2 +f? (3)

o= arctan]i (4)

fe

_ fufy — 2fufify +f;'yfxz
pV(p+1)

K;

_ fofy — ol + ks
pvpt+1

Ky

The DEM and topographic derivatives were created with
Geographic Resources Analysis Support System (GRASS) GIS
(GRASS Development Team 2011). A normalized difference vege-
tation index map was created from a National Aerial Photography
Program 3-band infrared color-composite photograph with a 1 m
resolution taken when trees were leafless in 1998. A bedrock and
surficial geology map of the Smoky Mountains was created by the
United States Geological Survey (USGS) prior to this study that
includes a debris flow map unit delineated using the 1998 National
Aerial Photography Program photograph (Southworth et al. 2005).
Geologic map units were drawn on base maps with a scale of
1:24,000 from a compilation of previous maps, aerial photography,
landform interpretation with topographic maps, and observations
from field traverses. The scale was reduced to 1:100,000 when the
mapped data were digitized by the USGS.

Stream selection for area-slope plot analysis

The streams that were included in AS Plot analysis were selected
based upon stream order, since drainage area magnitude is central
to the dominant channel process. Streams were selected from the
entire modeled drainage network with the DEM, using multiple
flow directions, which provides improved representation of con-
vergent and divergent flow in comparison to unidirectional
modeled flow (Quinn et al. 1991). Streams were defined as initiat-
ing at a drainage area threshold of 10™* km® Drainage pathways
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with accumulation areas near this threshold are not channelized,
but small areas were included so that the process regions throughout a
catchment could be identified. Field observations of colluvial channels
were observed in the field near drainage areas of 0.05 km?; debris flows
can initiate in colluvial channels (Wooten et al. 2008), and an average
drainage area of 0.08 km® for initiation of perennial flow in small
basins of the southern Appalachians has been determined (Rivenbark
and Jackson 2004).

Streams with an order number of 6 following the notation
of Strahler (1952) were included in the AS Plot analysis. This
order was chosen because these streams are within the range
of drainage area magnitudes where the transition from allu-
vial to debris flow-dominated channels has been observed in
other rivers (Fig. 3). There are 32 order 6 streams in the five
study catchments that are within the range of A, detected in
other rivers throughout the world (Fig. 4). Order 6 streams
were extended from the outlet of the Oconaluftee River to the
ridge for analysis. Streams with a lower order can be excluded
from analysis since they are tributaries of the higher order
streams where the transition is more likely to be found.

Delineation of the extent of channels dominated by debris flows

A and S were extracted from the DEM along selected streams at every
2 m increase in elevation and log-bin averaged with the ArcGIS (ESRI
2011) and MATLAB (MATLAB 2009) extension, Stream Profiler
(Wobus et al. 2006). Profiles were smoothed using a 10 m moving
window along the stream so that logjams, footbridges, and lidar
vertical errors minimally affected the AS Plot values.

Signatures of the dominant upstream process were identified in
AS Plots. Montgomery and Foufoula-Geogiou (1993) approximated
the regions in AS space where the following landforms that have
characteristic sediment transport processes exist: hillslope,
unchanneled valleys, debris flow-dominated channels, and alluvial
channels (Fig. 5). The interface of hillslope processes and debris flow-
dominated channels, the critical drainage area (A,), often coincides
with the transition between divergent and convergent topography
and theoretically occurs at a reversal of AS trend gradient in small
drainage areas. However, due to noise in DEMs, the signature of this
transition is typically seen as an inflection point where the AS trend
gradient becomes more negative (Tarboton 1990; Ijjasz-Vasquez and
Bras 1995). Another inflection point marks the transition from debris
tflow-dominated to alluvial channels (A ), often where reach-average
slope decreases below 0.03 to 0.10 mxm™. This typically coincides
with drainage areas of 0.1 to 1 km? dependent upon climate and
basin geology (Seidl and Dietrich 1992; Montgomery and Foufoula-
Geogiou 1993; Stock and Dietrich 2003). The debris flow-dominated
region, when it is present, is bound by A, and A 4and appears curved
in AS Plots, which is in contrast to the power law that describes
alluvial channels (Stock and Dietrich 2003).

An expression has not been determined for channels above A4
(Stock and Dietrich 2003). Below the scaling transition, Howard
(1994) and Whipple and Tucker (1999), for example, describe stream
incision into bedrock, 6z/6¢ [mxy™] by:

% = U —KA"S" )

t

where U is rock uplift rate relative to base level [mxy™], K is rock
erodibility [L'*™x y7'], A is drainage area [m®] as a proxy for
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discharge, L is total bedrock stream length [m], S is channel slope
[mXxm™], and m and n are empirical values often referred to as the
area and slope exponents, respectively. In steady-state landscapes,
where 5z/5t=0, channel slope is approximated with:

1/n

U

S=(—) amn 8
(¥) ®)
and in areas of uniform uplift and rock erodibility:

S=ka’ (9)

where k, (U/K)"" in Equation 8, is referred to as the steepness index
and 6, m/n in Equation 8, as the concavity index. In the Smoky
Mountains, we assume that localized uplift is likely nonexistent or
uniform such that it can be disregarded as required for Equation 9.
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Fig. 4 a 32 Strahler order 6 streams within the five study catchments were
analyzed in AS space for a scaling transition. b Fourth-order headwater streams
extend to the uppermost limit of defined channels and reside near the 0.05 km?
area threshold where channel heads were observed in the field

The process signatures described above were used to bound
regression limits in AS space. Power laws were used in all regressions
for comparing all AS trends, but are applicable only to alluvial
channels. A trend with low 0 at small drainage areas that transitions
to high 0 at its downstream extent is defined as the hillslope region.
The debris flow-dominated portion is defined as the AS trends where
0 increases monotonically. The profile downstream of the termina-
tion or absence of a monotonically increasing 0 is the alluvial
channel region.

AS scaling analysis can be complicated by knickpoints, which
are defined as highly convex reaches in longitudinal profile of a
channel, and can include waterfalls or cascades (Fig. 6; Stock and
Dietrich 2003; Clark et al. 2005; Foster and Kelsey 2012). Deviations
from steady-state topography, such as knickpoints, and variation in
rock erodibility introduce anomalous k; and 0 values. The evolution
of knickpoints—stationary or propagating upstream—and their
origin—autogenic or regional—introduces further spatial variability
in AS scaling. Knickpoints propagate upstream when both critical
shear stress (T.) overcomes actual shear stress (T,) on the knickpoint
lip and T, overcomes T, at the knickpoint base (Gardner 1983).
Knickpoints that degrade at their lip are further lowered, forming a
convex zone called the drawdown reach (Gardner 1983). Autogenic
knickpoints form upon resistant lithologies or due to stream power
contrasts at tributary junctions (Crosby and Whipple 2006).
Regional uplift and base level fall can also cause knickpoints to form
at the interface of equilibrated and disequilibrated landscapes (e.g.,
Clark et al. 2005; Crosby and Whipple 2006). AS scaling variations
due to regional uplift is not a consideration in the tectonically
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— |\\\\
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Fig. 5 Scaling in log-bin average drainage area versus channel slope. Breaks at
process transitions are identified. Modified by permission of American Geophysical
Union from Montgomery and Foufoula-Geogiou (1993)
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Fig. 6 a Hillslopes adjacent to knickpoints are steepened since incision is more
advanced downstream. b Projection of stream profiles illustrates stream elevation
prior to the formation of the knickpoint. ¢ Time series of knickpoint degradation,
modified from Gardner (1983). d Process regions in AS Plots can be interrupted by
knickpoints that appear as jumps in stream slope

quiescent Appalachians, but hillslope instability due to propagating
knickpoints occurs within the region (Gallen et al. 2011).

Whatever process(es) a single or set of knickpoints owe their
origin to, these features can affect identification of debris flow-
dominated channels and in part explain spatial variation in AS
scaling (Fig. 6). We therefore bounded regression limits at points of
major knickpoints, in a manner similar to Foster and Kelsey (2012),
in addition to process signature regression bounds. Knickpoints
were identified at points along the channel longitudinal profile with
a noticeable convexity, a measureable change in slope of at least 0.02
over 500 m, and normalized k; values that peak at a minimum of 70.

The extent of debris flow-dominated channels—the area that
drains to Ag—needed for this mass-wasting inventory technique
also includes the hillslope region in catchment headwaters where
debris flow initiate as landslides. To evaluate the effectiveness of
DEM detection of Ay and the extent of debris flow-dominated
channels, we compare catchment metrics to landscape evolution
state proposed by others; primarily dynamic equilibrium proposed
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by Hack (1975) and applied to the Smoky Mountains by Matmon et
al. (2003). Hypsometry, relief, and bedrock and knickpoint distribu-
tions across the five catchments were determined since these metrics
can provide insight into the evolution state of a landscape (Hack
1975; Howard 1994). Local relief was calculated as the range in
elevation in moving circular windows with a 50 m radius.

Identification of debris flows from topographic parameters

and imagery

The Catchment and A Inventories differed only by the extent of
the inventory area. The same input types and classification algo-
rithm were used to create the inventories. Texture maps were used
as classification inputs since local variations, such as shadows and
vegetation, may influence the statistical characterization of classes
(Moine et al. 2009; Martha et al. 2010). Textural features, as
defined and applied by Haralick et al. (1973), are computed as
the co-occurrence frequency of gray level pixel value pairs sepa-
rated by a given distance in a matrix of a given size. The pairs
within the moving neighborhood matrices are assigned by a dis-
placement vector between two pixels as a direction, commonly o,
45, 90, and 135 °. The texture algorithm used in GRASS GIS uses
these directions and allows for numerous textural feature types to
be calculated. The following texture maps of inputs were comput-
ed in 144 m* matrices containing 3 by 3 arrays of 4 m* cells in the
study area: (1) slope entropy, a measure of the uncertainty of a
variable, (2) profile and (3) tangential curvature entropy, and (4)
normalized difference vegetation index sum average. These textual
features were calculated as:

Entropy = — X Xp(i, j) log(p(i, j)) (10)
and:
Sum average = Zi\’i Py (i) (11)

where p(i,j) is the spatial-dependence matrix with paired input
values i and j, N is the number of distinct gray levels in the matrix,
and x and y are the number of columns and rows in the matrix,
respectively (Haralick et al. 1973). Texture maps were equally
weighted and scaled from o to 255 for classification. This scale
was necessary, as the GRASS GIS texture, segmentation, and clas-
sification algorithms are designed for 8-bit imagery input.

The texture maps were used to classify the two inventory areas
into “debris flow” and “non-debris flow” candidate classes using a
supervised classification workflow. These classes were determined
as a probabilistic combination of subclasses in a Gaussian mixture
distribution model and segmented using a Bayesian approach,
following Bouman and Shapiro (1994). The algorithm began testing
clustering at ten subclasses for each class and iteratively reduced this
number until an optimal number of subclasses containing signatures
similar to training area classes were reached. Subclass signatures
were defined by the means and covariance matrices of the texture
map inputs during the first step of the classification workflow—the
training stage. Catchment C2, the 59.8 km* Bradley Fork catchment,
was chosen as the training area because of the abundance of debris
flow scars visible on aerial photos.

The second step, segmentation, was carried out using sequential
maximum a posteriori (SMAP) estimation, a procedure typically



Table 1 Summary statistics for catchment trunk streams

Total area Hypsometric A g Drainage A 4r Channel Stream length below Knickpoint
[km?] index area [km?] slope [mxm'] scaling transition [km] elevations [m]
a 62.7 0.45 13.1 0.09 17.2 1,044, 1,181, 1,461
Q 59.8 0.49 214 0.04 17.6 835, 975, 1,093, 1,260
a 513 0.58 353 0.03 228 917, 977, 1,085, 1,173, 1,582
4 53.7 0.49 21.2 0.03 22.1 1,042, 1,199, 1,426
() 41.8 0.47 5.86 0.05 20.0 947, 1,339

applied to multispectral image analysis (McCauley and Engel 1995). as well as to incorporate neighboring pixel values in segmentation,
SMAP was chosen for its ability to minimize large misclassified areas  thus incorporating contextual information. Lastly, debris flow

A: Longitudinal profiles B: AS Plots (trunk streams)
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Fig. 7 a Profiles of trunk channels and their 6th-order tributaries from the five study catchments. Extent of debris flow-dominated channels is highlighted in red and
bounded by A, and A4 Tributaries 1f and 5e are not shown since they are similar to Te and 5b, respectively. Subsurface bedrock from Southworth et al. (2005) and
Matmon et al. (2003). b Regressions of the curved region (dashed lines) and power law region (solid lines) of trunk channels AS values at 2 m contours (gray crosses)
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candidates were reclassed as “non-debris flow” if they did not have
the following morphometric criteria similar to debris flows in the
training area: slopes of 8 to 44 ° and a planimetric area of 0.005 to
0.5 km®. Barlow et al. (2006) used a lower limit of 0.01 km® since
smaller scars are difficult to detect with the DEM and satellite imagery
they used. However, the higher resolution of the lidar DEM and aerial
photography of this study permits a smaller minimum area. Further,
the smaller size of debris flows in this study demands a lower
minimum debris flow area in order to identify many of the flows.

The process outlined above: multiresolution contextual segmen-
tation of sites with similar topographic derivatives and normalized
difference vegetation index textures, classification of segments into
two classes, and reclassification based upon known morphometrics,
produced a map of debris flow candidates that can be evaluated
against the baseline USGS map. The percent of debris flow and
non-debris flow areas in the USGS map that intersect debris flow
and non-debris flow classed areas, respectively, was used to compare
the proficiency of the two inventories.

Results

The extent of debris flow-dominated channels was determined
with AS Plot scaling analysis. This produced a reduced area for
the A4 Inventory. Proficiency is higher in the A, inventory when
classification inputs are restricted to the drainages of debris flow-
dominated channels.

AS Plots and catchment metrics

Multiple geomorphic process regions, including debris flow-dom-
inated channels, were identified in the AS Plots of many of the
selected streams. A hillslope region is present in AS Plots of all
streams with drainage areas of 0.02 to 0.04 km?, which is near the
upstream limit of defined channels in the DEM and channel heads
observed in the field. The scaling transition between alluvial and
debris flow-dominated channels is observed in all trunk channels.
Ay ranges between slopes of 0.03 and 0.09 and drainage areas of
5.86 and 35.3 km?® which are within values observed in channels
throughout the world (Table 1; Fig. 7; Stock and Dietrich 2003). The
maximum kg, value in each trunk channel occurs near the transi-
tion that was placed at the maximum 6. The elevation of debris
flow-dominated channels is similar in catchment tributaries; al-
though not all tributaries contain a debris flow-dominated section,
such as tributaries 4c-4 h, where there was no monotonically
increasing 6. Knickpoints are most frequent around 1200 m, which
created the need for multiple regressions.

The upstream drainage area of A totals 128 km?, which is 52 %
smaller than the entire study area of 269 km* (Fig. 8). All catchments
have debris flow-dominated tributaries downstream of the A in
trunk streams, with the exception of C2. All of the USGS-mapped
debris flows and the majority of debris fan deposits are located
upstream and downstream of A5 respectively. The uppermost point
of debris fans is significant to the location of the A since the fan
deposits, primarily attributed to debris flows in the late Pleistocene
and early Holocene, show evidence of having been reworked by fluvial
action (Leigh and Webb 2006; Southworth et al. 2005). The mapped
historical debris flows in the area occur in tributary streams, though
the track sometimes extends into the trunk valley. Thus, the fans
represent the debris flow material storage site, in large volumes in
the area, but not the initiation or deposition site of recent debris flows.
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Fig. 8 The extent of debris flow-dominated channels includes the hillslope region
in small drainage areas near ridges. Debris flows and fans mapped by Southworth
et al. (2005)

The upstream drainage area of A is positively correlated with
the hypsometric index of the catchments (Table 1). The hypsometric
index is highest in C3 and decreases east and west through the other
catchments. C3 and Cs have hypsometric curves that are unlike
steady-state landscapes, due to the prevalence of high elevations above
areas locally referred to as “the Gorge” and Bunches Creek falls,
respectively (Fig. 9). Local relief is highly variable, although two types
were observed—areas with low relief and high elevation (Type 1 relief),
and areas with high relief adjacent to rivers (Type 2 relief) (Fig. 10).
Type 1 relief is most common within the drainage area of A4 Type 2
relief is most common near and below Az Many of the USGS-mapped
debris flows in C3 and C4 are within Type 2, where the debris flow
initiation zone is at the upper extent of this relief type.

Classification input maps
The spectral and topographic classifiers are compared with the
USGS debris flow map. Distinction between valleys, some ridges,

- C1

Normalized elevation

Normalized area

Fig. 9 Hypsometric curves of the five study catchments
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Fig. 10 a Relief calculated in moving windows with a 50 m radius. b Two relief types were observed: Type 1 at high elevations with low relief and Type 2 adjacent to
channels with high local relief. ¢ Many USGS-mapped debris flows are located in relief Type 2, especially in C4 and C3, shown here at the area locally referred to as “the Gorge”

and USGS debris flows is ambiguous based upon the 1998 aerial
photo (Fig. 11a) and normalized difference vegetation index map
(Fig. 11b). However, the coincidence between USGS debris flows
and low sum average values is apparent in the texture maps
created from the vegetation index map (Fig. 11c). Exposed soil
and bedrock resulting from vegetation removal by debris flows is
responsible for the low vegetation index values in the 144 m*
texture feature neighborhoods in which this input was created.
Valleys and ridges are less apparent, given the texture neighbor-
hood size that is larger than many of these landforms are wide and
possibly also due to sporadic vegetation.

The range of topographic hetero- and homogeneity was de-
termined by low and high values of entropy, respectively. The
USGS-mapped debris flows have a large range of hillside slope
magnitudes (Fig. 11d). High slope entropy, indicating areas with
similar slope magnitudes, often occurs at the lowest elevations of
the USGS debris flow maps and decreases up the flow (Fig. 1te).
Concave profile curvature in debris flow areas is concordant with

debris flow initiation in areas of convergent drainage lines (Fig. 11f).
Similar to slope entropy, the lower section of USGS-mapped debris
flows have high entropy, as do channels, and the upper sections have
low entropy (Fig. 1g). The low entropy values are likely due to
vegetation flanking the flow scar that is included in the texture
neighborhood in the more narrow upper sections of debris flows.

Classification results
Debris flows in the USGS debris flow map, Catchment Inventory,
and A4 inventory cover 16.1, 24.3, and 11.6 km?, respectively. The
USGS map contains 65 debris flows, although it is difficult to
quantify debris flow candidates in the two inventories created in
this study since the classification algorithm appears to have
clumped several flows. Debris flow candidates are concentrated
near trunk streams in the Catchment Inventory, and within low-
order catchments in the A4 Inventory (Fig. 13).

The inventories are evaluated in terms of “agreement” where
USGS-mapped debris flow and non-debris flow areas correspond

Fig. 11 a False color aerial photograph. b Normalized difference vegetation index (NDVI) calculated from aerial photograph. ¢ Texture of NDVI calculated as sum average
and scaled to 0 to 255. d Slope [degrees]. e Texture of slope calculated as entropy. f Profile curvature [m™]. g Texture of profile curvature calculated as entropy
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to inventory classes and “disagreement” where they do not inter-
sect. The terms true and false positive are not used in this evalu-
ation, since inventory results were not field verified. Agreement
calculated by the count of debris flows, where more than 25 % of
the USGS-mapped debris flow was classified “is a debris flow”, was
12 % higher in the A4 Inventory by area (Table 2).

Large tracts of disagreement are more prevalent in the
Catchment Inventory compared to the A, Inventory (Fig. 12a
and a’). The coincidence of forest type and the drainage area of
Ay is the primary cause for this (Fig. 13). The low normalized
difference vegetation index entropy of hardwood forests was more
strongly associated with the debris flow class in the Catchment
Inventory, while the A Inventory was trained to associate high
slopes with low vegetation index texture values. High vegetation
index values coincide with spruce-fir and northern hardwood
forests, which are common above 1200 m, and low values with
oak, hickory, and montane cove forests found at lower elevations
(Madden et al. 2004). Low texture values were characteristic of
both low-elevation forests and debris flows. Thus reducing the
extent of low-elevation forest in the A, Inventory permitted finer
resolution characterization of inputs for the subclass signatures to
resolve vegetation index texture variations. This is the reason why
large tracts of low vegetation index texture, such as shown in
fig. 132, were correctly classified as non-debris flow in the Ay
Inventory. Similar phenomena occurred with the other inputs;
for example, slope and curvature textures in debris flow areas
and below A, were both high. Characterization resolution for
these inputs also increased when the inventory was limited to
areas that drain to A

Small USGS-mapped debris flows were often not identified as
such in the Catchment Inventory, though the lowest section was
recognized in the A4 Inventory (Fig. 12b and b’). This is primarily
due to the high texture values common in the lower portions of
USGS-mapped debris flows.

Both inventories have high agreement for large USGS-mapped
debris flows, though it is noticeably higher in the A Inventory
(Fig. 12c and ¢’). The texture neighborhood was less influenced by
boundary conditions in these larger areas, allowing for increased
differentiation between classes.

Discussion

The role of debris flow-dominated channels in the evolution

of the Oconaluftee River

An investigation into mechanisms that control the position of A5
and thus the extent of debris flows, was motivated by the order of
magnitude range in this parameter. Bedrock erodibility can be a
first-order control upon landscape evolution, longitudinal profile
form, and knickpoint development (Stock and Montgomery 1999).

Table 2 Comparison of inventory evaluation results

Inventory Agreement by debris Agreement
flow count [%] by area [%]
Debris Non-debris
flow flow
Catchment 64 45 89
Agr 76 57 86
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Local bedrock, debris flow, and knickpoint distribution indicate
that this is the case in the Oconaluftee River basin. All catchments
are predominantly underlain by metaclastics of the Copperhill
Formation and Thunderhead Sandstone. While these units do
contain siltstone, minor amounts of slate, and high dip planes
susceptible to failure, none of the USGS-mapped debris flows are
present on this map unit in C1 and C2. Conversely, debris flows
occur almost exclusively upon these units in C3 and C4, indicating
that there is an additional control upon debris flow initiation that
varies spatially. The following paragraphs synthesize catchment
metrics and the extent of debris flow-dominated channels. This
synthesis relates channel and hillslope coupling with the mecha-
nisms that determine the position of A

The distribution of debris flows throughout the study area is
in agreement with Matmon et al. (2003), who proposed that the
southern Appalachians, and specifically, the Great Smoky
Mountains, is in a state of dynamic equilibrium where high relief
is maintained by isostatic rebound of a thick crustal root, and
erosion of landscape elements adjust such that the area is down
wasting at the same rate over long timescales. Stream incision is
most advanced below the debris flow-dominated area, as indicated
by high-relief zones adjacent to channels and concave-up longitu-
dinal profiles. The advanced lowering of channels and hillslopes in
C1 and Cs has resulted in a decreased extent of debris flow-
dominated channels. In contrast, much of C2, C3, and C4 are
debris flow-dominated catchments with less entrenched valleys
and lower overall relief upstream from Ags which corroborates
their low hypsometric integrals. Less entrenched valleys and low
relief are typically indicators of areas without debris flows, but
comparison of knickpoint and hypsometry of these catchments
with C1 and Cs indicate that these hillslopes are adjusting to
conditions similar to those in adjacent catchments through in-
creased debris flow activity.

A second mechanism is suggested by the relative positions of
knickpoints and debris flows in comparison with those in studies
by Crosby and Whipple (2006) in New Zealand and Gallen et al.
(2011) in an area approximately 6o km south of the Smoky
Mountains. In these studies, many debris flows are located close
to and below knickpoints that are more directly caused by
hillslopes adjusting to incising channels in the wake of upstream
knickpoint propagation. In the Smoky Mountains, the cause of
hillslope instability due to upstream knickpoint passage is less
clear. Knickpoints cluster at approximately 1200 m in elevation,
which coincides with the approximate locations of A4 and maxi-
mum steepness index. This implies that a locus of geomorphic
response to base level fall, or another knickpoint origin, is cen-
tered at this elevation. Knickpoints above this elevation, as well as
the lowering of the drawdown reach, will have first destabilized
hillslopes adjacent to trunk channels, then up to ridges. Base level
fall and/or propagating knickpoint are implicated by the presence
of sharp knickpoints at similar elevations in tributaries, such as
between tributaries 3a, 3b, 3d, 3e, and 3f; and 4a, 4b, 4e, and 4f
(Fig. 4).

These mechanisms acting alone cannot fully explain land-
scape evolution of the Oconaluftee River basin, although a com-
bination of these mechanisms produces a viable synthesis of the
catchment metrics and the extent of debris flow-dominated chan-
nels. Drops in base level or other initiators of propagating
knickpoints, along with lithologic differences, induce Ayf



Fig. 12 Evaluation of the Catchment (top row) and the A4 (bottom row) inventories. Each column of insets, a and a’ for example, show the same location so that
inventories can be compared. The base map is from the 1998 color-composite aerial photograph

variability. We attribute the debris flow-dominated extent in C2,
which is intermediate in area, to the outcropping of landslide-
prone slate throughout the headwaters. The reduced channel low-
ering and wider debris flow-dominated extent in C3 and Cj4 is the
product of the outcroppings of gneiss and quartzite. These resis-
tant lithologies impede headward stream (knickpoint) incision,
resulting in a greater portion of the landscape being in disequilib-
rium. Debris flows are located upstream of the lithologically
inhibited knickpoints of these catchments, in contrast to observa-
tions elsewhere. It is hypothesized here that the uppermost
knickpoint of C3 and C4 have propagated to the stream power
threshold more recently than C1 and C2. If this is true, the debris
flows that are adjacent to the trunk streams throughout the catch-
ment could be caused by local relief increases caused by propagating
knickpoints that destabilized the hillslopes. The mechanisms that
control the extent of debris flow-dominated channels remain
unclear, yet indicators in the Oconaluftee do not violate characteris-
tics of landscape evolution state and incision mechanisms proposed
by others.
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Inventories of debris flow-dominated channels

The historical debris flow prone portion of the landscape was delin-
eated as the areas that drain to A4 This landscape portion represents
not only the hillslope process region where debris flows initiate, but
also the debris flow-dominated channel region where moving flows
cause geomorphic alteration and hazard to life and property. This
signature persists in the non-glaciated southern Appalachians, thus
we exploited this during the creation of a debris flow inventory.

A higher percentage of classes were correctly identified in the
AgsInventory than the Catchment Inventory. Removal of false pos-
itives eliminated many of the areas incorrectly identified by classifi-
cation, though numerous errors of commission remained. Small
gullies adjacent to tributaries are the largest source of this type of
error. These features have similar curvature, slope, and normalized
difference vegetation index values of debris flows. Borghuis et al.
(2007) noted an analogous phenomenon when they found that the
differences between mean size and the number of landslides classi-
fied using computer and manual methods is often due to differences
in how landslides are grouped. Multiple debris flow tracks from
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Fig. 13 a Vegetation forest classes mapped by Madden et al. (2004). b Normalized difference vegetation index (NDVI) texture of the five study catchments
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adjacent valleys that intersect in the trunk valley typically comprise
one track in manual delineation. However, patches of vegetation,
false positive removal, or cell size and neighbor statistics can divide
debris flows into numerous segments. Some of these features may be
debris flows that were not identified during the USGS mapping
effort. The large size and remoteness of some areas within the
National Park, the thick forest canopy, the time since the last map-
ping effort, and the subjectivity of aerial photograph interpretation
may result in omission of debris flows. New techniques, field verifi-
cation, and improved understanding of an area’s landscape evolu-
tion may reveal previously unmapped debris flows.

To our current knowledge, we see few limitations to the appli-
cation of this technique where the debris flow topographic signature
has been detected, which has been in basins throughout the world
(Stock and Dietrich 2003). Little improvement between an Az and
Catchment Inventory may occur in some regions where topography
is homogenous throughout the area, or where the extent of debris
flow activity is found to encompass the original inventory area.
Furthermore, the technique is applicable only for debris flow mass-
wasting. As proposed by Barlow et al. (2006), a combination of
inventorying techniques may be necessary where there are multiple
mass-wasting types, due to dissimilarities in the physics of failure
and morphology among types. Numerous other mass-wasting types
were observed in Smoky Mountains, including debris slides and
block topples, which may frequently occur with debris flows in
dynamic equilibrium landscapes. This technique is also applicable
to other debris flow detection methods. A classification algorithm
was used in this investigation to quantitatively demonstrate the
proficiency of this technique. Aerial photographic interpretation
and field-based methods may also benefit by focusing on areas that
exhibit the debris flow topographic signature. In the instance of the
Ags Inventory in this investigation, more than half of the area in the
five catchments exists outside of the debris flow-dominated region.

The signature of debris flows in the resolution of single mass
failures at the scale of landscapes may be difficult to determine, given
their small size, overprinting processes, and vegetation canopy (Van
Den Eeckhaut et al. 2007). This is the case in the southern
Appalachians, due to both millions of years of debris flow activity
and complex forest canopy structure (Kochel 1990). For time scales
smaller than debris flow recurrence interval, and at spatial scales
equivalent to mass failures, the effects of debris flows on geomor-
phology and vegetation are detectable in the field and in aerial
imagery for a period of years after the debris flow occurred. At scales
outside these ranges, inventories may be incomplete, especially if
vegetation is a highly weighted criterion of remote mass-wasting
classification. Contextual inputs provide additional classifiers to
negate issues of spatial scale limits in imagery, although landscape
evolution context has often been ignored. Debris flow inventories of
non-glaciated regions can benefit from incorporating landscape
evolution scale processes into the inventory process.

Creation of inventory maps based upon known debris flows,
without understanding the controls upon their parameters, is short-
sighted. The hillslope evolution of the southern Appalachians and its
connectivity to fluvial incision remains enigmatic. Further work to
resolve the timing and mechanisms of knickpoint retreat, hillslope
response, and the coupling of these two processes can further im-
prove debris flow hazard reduction strategies. A comprehensive
analysis of landscape evolution may not always be necessary for
inventories that employ machine learning algorithms. However,
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limiting inventories to hillslopes that drain to debris flow-dominated
channels focuses inventory efforts.

Conclusions

The order of magnitude variation in the drainage area of debris flow-
dominated catchments in the Oconaluftee River basin emphasizes the
need of catchment-scale investigations to determine the extent of
debris flows. High relief and the lower bounds of debris flows mark
the margin of the landscape that exhibits the debris flow topographic
signature as predicted by the dynamic equilibrium landscape evolu-
tion state of the Smoky Mountains. Detection of debris flows in the
mass-wasting inventory of this area was higher than the inventory
conducted in the entirety of the study area. The A sInventory omitted
lower valleys where topography markedly differs from higher eleva-
tions, which narrowed the classification input ranges to values that
are representative of just the areas where debris flows occur. Many of
the errors in both inventories were systematic, for example, in the
locations of small gullies adjacent to streams and omission of debris
flow heads, thus refinements to the classification algorithm may
further improve inventory proficiency. Field verification may also
benefit evaluation of this technique, as it is likely that the USGS
map used for evaluation does not contain all historic debris flows.
The suggested refinements and application to other areas will further
assist the evaluation of this mass-wasting inventorying technique.
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