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ABSTRACT: In the steep, rugged terrain of the Oregon Coast Ranges (USA), heavy precipitation often
triggers numerous shallow landslides. While it is well documented that wet antecedent soil-moisture con-
ditions, intense or sustained rainfall, and steep, convergent topography provide the necessary conditions
for slope failure, it is difficult to predict exactly when and where landslides will occur. The long-term
objective of this study is to improve quantitative characterization of the hydrologic conditions leading
to weather-induced landslides in the Oregon Coast Range. The work presented here uses a distributed
numerical model of 3D variably saturated subsurface flow, coupled with the infinite-slope stability model
to evaluate the effect of topography and soil conditions on landslide potential under variable rainfall
conditions. The modeling relies on observations from a well-characterized zero-order basin in the Elliott

State Forest for model parameterization and performance evaluation.

1 INTRODUCTION

In mountainous terrain, heavy precipitation on
already wet hillslopes can result in shallow land-
slides, which pose a major threat to life and prop-
erty. Topographic index models can provide broad
insights into the spatial distribution of steep, con-
vergent slopes that are most susceptible to such
weather-induced landslides (e.g. Dietrich et al.
1995). Additionally, empirical rainfall thresholds
gleaned from landslide inventories can be com-
bined with precipitation forecasts to provide some
region-specific warning for times of increased
landslide potential (Baum & Godt, 2010). How-
ever, it remains difficult to simultaneously predict
when and where individual weather-induced land-
slides will occur, due in part to the complexity of
subsurface hydrologic-response processes in the
heterogeneous near-surface.

It is widely understood that topography, soil
thickness and hydraulic properties, rainfall inten-
sity and duration, vegetation characteristics, and
antecedent moisture conditions all have a combined
influence on near-surface hydrologic response.
When infiltration and lateral flow accumulation
exceeds drainage, decreased suction stress and/
or pore-pressure can subsequently trigger slope
failures. These variable influences on hydrologic
response and slope stability present a challenge to
quantifying the controls on weather-induced land-
slide initiation at individual locations. It is also
difficult to establish a-priori which measurements

are most important for developing predictive tools
(e.g. landslide warning systems) for a given region.
One promising approach to addressing these
knowledge gaps is physically based modeling. With
this approach, numerical solutions to the physi-
cal equations governing subsurface water flow
approximate the spatially and temporally variable
evolution of pore-pressure responses to rainfall,
which in turn can be coupled with a limit equilib-
rium approach to estimate the factor of safety or
likelihood of slope failure for a region of interest
(e.g. Baum et al. 2002).

The primary challenge with applying any dis-
tributed hydrologic model for slope stability assess-
ments is the difficulty in obtaining adequate data
for model parameterization and performance evalu-
ation (Loague et al. 2006). Knowledge of the spatial
variations in hydraulic properties in the subsurface
is required to parameterize physically based mod-
els, and distributed hydrologic response monitor-
ing is also needed to evaluate model performance.
Additionally, complete representation of variably
saturated subsurface fluid flow in Three Dimensions
(3D) is computationally expensive. As a result, many
physically based hydrologic models applied to slope
stability assessments over broad areas necessarily
employ major assumptions to simplify heterogene-
ity, reduce dimensionality, and/or use approxima-
tions of non-linear unsaturated zone flow processes.
Despite these challenges, a few previous studies have
used comprehensive hydrologic models of fully 3D
variably saturated subsurface flow, coupled with a
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slope stability model to assess rainfall-induced land-
slide potential (e.g. Mirus et al. 2007; Simoni et al.
2008; BeVille et al. 2010; Ebel et al. 2010). However,
as a result of the aforementioned challenges with
data availability and computational burdens, insights
from such simulation-based efforts are often limited
to the nuances of an individual site and/or only for
the short period of time when monitoring data are
available.

In this study, we present preliminary results of
our research to improve quantitative characteriza-
tion of the physical controls on shallow landslides
in the Pacific Northwest region of the continental
USA. The long-term objective of this effort is to
use concept-development simulations with a com-
prehensive physically based hydrologic model (e.g.
Loague et al. 2006; Mirus & Loague, 2013) to evalu-
ate the controls on landslide initiation over a range
of physically realistic environmental conditions. In
this paper, we focus on the initial steps of param-
eterization and evaluation of a comprehensive
physically based model for the Knife Ridge basin
in the Elliott State Forest, situated in the Oregon
Coast Range, USA. Establishing a realistic model
of this well-characterized monitoring site will pro-
vide the foundation for subsequent exploration of
the combined influence of rainfall, soils, anteced-
ent conditions, and vegetation on slope stability.

2 PHYSIOGRAPHIC SETTING

2.1 Oregon Coast Range

The Oregon Coast Range (OCR) trends north-
south along the western part of the state of Oregon,
USA (Fig. 1). The climate is strongly influenced by
the Pacific Ocean with a rainy season that extends
from October to May and a drier season from June
through September. In the rugged, forested terrain
of the OCR diffusive-type sediment transport proc-
esses (i.e. rainsplash, tree throw, and bioturbation)
move detached sediment from the largely convex
and planar hillslopes into concave hollows (Roering
et al. 1999). This diffusive-type transport of sedi-
ment results in a spatially variable distribution of
colluvium (or soil mantle) that is thinnest along ridge
lines and becomes progressively thicker downslope.
Since rainfall readily infiltrates into these highly per-
meable hillslopes, the erosion and transport of sedi-
ment by overland flow on hillslopes is not common
in the OCR. Instead, subsurface stormflow moves
laterally, converging in unchanneled hollows, where
the locally accumulated sediment is periodically
evacuated by discrete slope failures (i.e. landslides).
The steep hillslopes and heavy wet-season pre-
cipitation in the OCR make it highly prone to the
hydrologic conditions that trigger such shallow

slope failures and thus the OCR provides an ideal
natural setting to study weather-induced landslides.
Additionally, slope instability is further promoted by
human activities such as timber harvesting (Swanson
& Dyrness, 1975; Schmidt et al. 2001; Roering et al.
2003) and road construction (Swanson & Dyrness,
1975; Mirus et al. 2007). Thus, it is also important
to understand the potential differences in landslide
triggering between natural and disturbed basins.

Although topography, geology, soil properties,
and anthropogenic disturbances predispose certain
locations to landslides, it is the periods of high-inten-
sity and/or long-duration rainfall that exert the dom-
inant control on the timing of landslide initiation in
the OCR. For example, major storms in February
and November of 1996 with mean rainfall intensities
of 4.9 mm/hr (71 hr duration) and 3.4 mm/hr (39 hr
duration), respectively, initiated numerous landslides
across the region (Robison et al. 1999; Montgomery
et al. 2009; Coe et al. 2011). Thus, characterizing
hydrologic-response dynamics under such extreme
rainfall conditions is a research priority.

2.2 Elliott State Forest

The Elliott State Forest covers 376 km? in the OCR
(Fig. 1). The annual precipitation ranges from
1,500 mm at lower elevations up to 3,000 mm at
higher elevations (Andrus et al. 2003). In 2009, the
U.S. Geological Survey (USGS) began installation
of systems to monitor precipitation and shallow
hillslope hydrologic conditions in several land-
slide-prone basins within the Elliott State Forest.
The primary objective of this monitoring was to
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improve empirical understanding of how anteced-
ent soil-moisture conditions and rainfall intensity
and duration relate to landslide initiation. A sec-
ondary objective was to provide continuous obser-
vations to test regional and site-specific hydrologic
and slope-stability models.

2.2.1  Knife ridge monitoring site

One of the USGS monitoring sites is located below
Knife Ridge in a southwest-facing zero-order
basin (see Smith et al. 2014). The drainage area of
the basin is about 18,000 m?, but only the poten-
tial landslide source area in the upper 4,350 m? is
instrumented with monitoring equipment (Fig. 2).
This unchanneled basin was selected because it had
been recently logged, the hillslopes are quite steep
(greater than 30°), and the site is also accessible
by a forest road at the upper drainage divide. The
basin and surrounding area was clear-cut logged in
2005 and then replanted with Douglas fir (Pseudot-
suga menzeisii) shortly thereafter. Although Knife
Ridge was believed to be highly prone to failure,
the site has not yet been subject to any landslides
since logging took place.

The site characterization and monitoring data are
well suited to the parameterization and evaluation of
a comprehensive physically based hydrologic model.
The basin was surveyed with a total station in April
2009. The surveyed point density was sufficient to
produce a topographic map with a 1-m contour
interval. Eight soil pits were excavated to assess the
stratigraphy within the colluvium and to collect sam-
ples for grain-size and laboratory analyses of hydrau-
lic and geotechnical properties. The instrumentation

Explanation
lo = LOCATION OF PIEZOMETER
@ = LOCATION OF INCLINOMETER
@ = LOCATION OF SOIL PIT

= LOCATION OF RAIN GAGE

= UNLABELED SURVEY POINT
'CONTOUR INTERVAL =1 m

NORTHING, UTM, ZONE 10, METERS

420460 424TO 42440 424490 424500 44510 424520 424530 424540 424650
EASTING, UTM, ZONE 10, METERS

Figure 2. Topography and instrument locations at the
Knife Ridge Monitoring Site (from Smith et al. 2014).

includes three inclinometers, two tipping-bucket rain
gages, four shallow piezometers, and eight sets of
nested volumetric water content and pore-pressure
sensors (Fig. 2). The nested water-content and pres-
sure sensors were installed at three different depths
within each of the eight soil pits to constrain verti-
cal fluxes. For the simulations presented here, we use
the precipitation and hydrologic-response data from
October 2009 to October 2012.

3 METHODOLOGY

3.1 Integrated hydrology model

The physically based Integrated Hydrology Model
(InHM) was designed to simulate 3D variably sat-
urated flow and solute transport in porous media
and macropores, fully coupled with 2D flow and
transport over the land surface (VanderKwaak,
1999). InHM has been successfully employed for
catchment scale, event-based rainfall-runoff simu-
lation (VanderKwaak & Loague, 2001; Ebel et al.
2007; Mirus and Loague, 2013), long-term, con-
tinuous hydrologic-response simulations (Heppner
et al. 2007; Ebel et al. 2008; Mirus et al. 2011a;
Mirus 2015), and slope stability assessments
(Mirus et al. 2007; BeVille et al. 2010; Ebel et al.
2010). The depth-integrated shallow water equa-
tions, advection-dispersion equation, and the sur-
face/subsurface coupling scheme in InHM were
not applied in this study and thus are described
elsewhere (VanderKwaak and Loague, 2001).
InHM estimates ¢ = subsurface flow [m s™'] as:

;/:—krw&%A(W+ Z) (1
Ay

where k,, = relative permeability [-]; p, = density
of water [kg m~]; g = gravitational acceleration [m
s?]; i, = dynamic viscosity of water [kg m™ s7'];
k = intrinsic permeability vector [m?]; y is the
pressure head [m]; and z is the elevation [m]. The
relationship between intrinsic permeability and
K, = saturated hydraulic conductivity [m s™'] is:

K, = k8 )
Hy

The relationship between pressure head and
p = pore-water pressure [kg m™' s72] is:

p=p8Y (3)
InHM solves the physical equations for fluid flow

(e.g. Equ. 1) using the finite element method with
adaptive time steps. The finite element mesh we devel-
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oped for Knife Ridge consists of 2,051 surface and
135,366 subsurface nodes (Fig. 3). Horizontal nodal
spacing ranges from 1 m in the hollow to 2 m along
the drainage divides; vertical spacing ranges from
0.02 m in the near surface to 2 m at depth (Fig. 3).

3.2 Soil hydraulic properties

Based on the detailed site characterization of the
colluvium (Smith et al. 2014) we parameterized
three hydrostratigraphic units (Fig. 4). From the
land surface down, these uniform, homogeneous,
isotropic units include: (1) organic-rich layer of
sandy litter and duff, (2) cobble-rich sandy col-
luvium, and (3) weathered sandstone. For each
of these three hydrostratigraphic units, InHM
requires the user to define b = thickness [m], as
well as parameter values for K, 6, = porosity [m?
m~], 6, = residual water content [m* m~], and van
Genuchten (1980) parameters o [m™'] and n [-]
to defining soil-water retention and unsaturated
hydraulic conductivity relations.

The hydraulic parameter values are physically
constrained by the results from previous labora-
tory analyses of core samples using the TRIM
method (Wayllace & Lu, 2012) and inverse mod-
eling of the 2009-2012 in-situ monitoring data.
However, a detailed comparison of these two-
parameter estimation methods at Knife Ridge
has revealed notable differences, as well as con-
siderable spatial variability and hysteretic wet-
ting and drying properties (Brian Ebel, written
communication). Similarly, results from ponded
infiltration experiments and mini-disk infiltrom-
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Figure 3. Finite element mesh and the location of
nested simulated observation nodes at Soil Pit #5 (SPS5).
Note: the X-direction is Northing and the Y-direction is
Easting (see Fig. 2).
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Figure 4. Example soil pit used to define the hydros-
tratigraphic units applied in the InHM simulations and
location of water-content sensors used to evaluate model
performance (SP2 from Smith et al. 2014).

eter tests, which we conducted at Knife Ridge
in July 2015, suggest that estimates of K at the
soil surface can vary over an order of magni-
tude depending on the measurement technique.
We attribute these variations to the influence
of near-surface macropores and heterogeneous
soil structures we observed there, which should
be taken into account when parameterizing the
soil hydraulic properties (Mirus, 2015). Regard-
less, we used these laboratory and in-situ analyses
(Brian Ebel, written communication) combined
with our recent field measurements to constrain
effective hydraulic properties for the hydrostrati-
graphic units (Table 1). Additionally, although
InHM was modified to consider the impact of
hysteresis (Ebel et al. 2010), at this stage in the
model parameterization and validation, we use
non-hysteretic water retention curves and fol-
low the recommendation of Ebel et al. (2010) by
using in-situ wetting measurements for constrain-
ing o and n.

3.3 Boundary conditions

The lateral and upper drainage divides (Fig. 3) are
no flow boundaries. The basal boundary condition
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Table 1. Parameterization of the hydrostratigraphic
model units for Knife Ridge.

b K, CR 0, o n
Unit (m) (ms?) (Mm?) (m’m>) (m') (-)
Sandy duff 0.2 3.0x10*0.38 0.14 76 1.3
Cobbly Sand 1.8 1.0 x 10 0.32 0.15 9.6 1.7
Sandstone  18.0 1.2x 10 0.25 0.01 43 12

allows free drainage at a unity vertical hydraulic
gradient. The downgradient boundary condition
allows lateral drainage at rates proportional to the
local hydraulic gradient, which is calculated across
this subsurface boundary based on a user-de-
fined hydraulic head at a point outside the model
domain (see Heppner et al. 2007). We defined this
local head using a constant pressure head value of
1.0 at the point where a perennial channel emerges
at the basin outlet. For the time-variable applied
flux boundary conditions across the land surface,
we employed local and site-specific climatic forcing
data, as described below.

3.4  Climatic forcing data

The precipitation forcing data consist of hourly
rainfall intensities aggregated from tipping-bucket
rain gages. However, no site-specific data were col-
lected at Knife Ridge to constrain the temporal
variability in evapotranspiration (ET). Instead, we
used monthly averages from evaporation pan data
at the nearby Fern Ridge Dam (Western Regional
Climate Center, http://www.wrcc.dri.edu), which we
take as representative of the monthly potential ET.
We disaggregated those monthly totals into hourly
rates during daylight hours, which InHM takes as
a potential sink term across the land surface. Field
observations from soil pit excavations at Knife
Ridge (Smith et al. 2014) suggest that roots are
most common in the upper portions of the sandy
colluvium profile, so we assume an effective rooting
depth of 1.2 m. InHM uses the potential ET time-
series and available soil moisture within this speci-
fied rooting-depth to calculate actual ET fluxes in
the simulations.

3.5 Initial conditions

We followed the warm-up simulation proto-
col used in previous applications of InHM (e.g.
Mirus et al. 2011b) to establish internally valid
initial conditions. Our warm-up protocol for
Knife Ridge consisted of a 600-day simulation
in which the basin was drained from near-satura-
tion (i.e. initial total head values set equal to 99%

of the elevation head throughout the domain).
During the 600 days of drainage a continuous
low-intensity rainfall (1.0 x 10~ m s™') was applied
from days 1 through 120, whereas no rainfall or
ET was applied from days 121 through 600. At
the conclusion of this warm-up simulation, the
steady-state water-table elevation and simulated
soil water contents were in close agreement with
the observations at the end of the dry season
in both the piezometers (i.e. greater than 3.0 m
below the land surface) and volumetric water con-
tent sensors (i.e. approximately 0.20, which is very
close to the colluvium 6, values).

3.6 Infinite slope model

Although it has been demonstrated that landslides
can occur under unsaturated conditions (Godt
et al. 2009) due to a reduction in suction stress
(e.g. Lu et al. 2010), our initial efforts here use the
infinite slope model assuming that saturated con-
ditions are necessary to elevate pore pressures and
initiate failure. Assuming a continuous phase of
pore-air pressure, equal to atmospheric pressure,
the infinite slope model, as employed here, esti-
mates the Factor of Safety (FS) as:

s (C"+AC)+ (}/,z,,:coszﬂ— pS)tanw’
}/’:U:ﬂsinﬁ

4)

where C' = effective soil cohesion [kg m™ s7?;
AC = root cohesion [kg m™ s7]; % = total unit
weight of the soil [kg m™ s7?]; z,_ = unsaturated
soil thickness [m]; = slope angle [°]; ¢=angle of
internal friction [°]; S = saturation [m® m~], and
S is the 0 = soil water content divided by poros-
ity, 6. The value of fis taken as the local slope
at the point of interest and temporally variable
values of @ are simulated by InHM. The param-
eter values we used for the remaining geotech-
nical properties are summarized in Table 2. For
the analysis presented here, we assume the poten-
tial failure plane for shallow landslides at Knife
Ridge would occur at the interface between the
colluvium and the underlying weathered sand-
stone bedrock, and focus on calculating the time-
series of FS at the location of SP5 in the basin
axis (Fig. 2).

Table 2. Soil geotechnical properties used in the infinite
slope model (from Ebel et al. 2010).

Parameter C'(kPa) AC(kPa) y(kNm?) ¢'(°

0.9 0.1 15.7 40
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4 RESULTS AND DISCUSSION

InHM-simulated output includes distributed pres-
sure heads and volumetric water contents at all
135,366 nodes in the finite element mesh (Fig. 3) for
every time step during the 3-year simulation period.
It is impractical to show a comprehensive summary
of all this model output here, so we focus on a selec-
tion of the output in two formats: (1) comparison
of continuous time-series of observed and simu-
lated hydrologic response at discrete locations, and
(2) snapshots of distributed state variables through-
out the model domain at discrete times. The time-
series include soil water content (Fig. 5) and pore
pressures (Fig. 6) at multiple depths within SP5,
which is located in the convergent hollow, where
landslide initiation would be most likely. The snap-
shots include the distribution of pore-pressures
across the base of the colluvium above the weath-
ered sandstone bedrock (Fig. 7) and a cross-section
through the hollow axis showing saturation in the
subsurface (Fig. 8), on March 2, 2010, which cor-
responds to the time when peak pore pressure was
recorded in the deepest tensiometer in the basin,
when landslide initiation would be most likely.

4.1  Observed vs. simulated hydrologic response

Comparison of the observed and InHM-simulated
time-series of volumetric water contents (Fig. 5)
and pore pressures (Fig. 6) reveals that the model
captures the dynamics in the near-surface (20,
50, 59, and 129 cm), but tends to over-predict
the response at greater depths (160 and 271 cm).
This may be due largely to inadequate represen-
tation of the geometry of the interface between
the colluvium and underlying weathered bedrock.
Small bedrock depressions can control thresholds
for lateral subsurface stormflow (e.g. Tromp-van
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Figure 5. Rainfall hyetograph and observed and InHM-
simulated time-series of volumetric water contents at SP5
during October 1, 2009 through August 5, 2010.

Meerveld & McDonnell, 2006), which can contrib-
ute to pore-pressure response. However, since the
hydrostratigraphic units in in our current InHM
simulations for Knife Ridge are uniform, the bed-
rock topography is defined by the surface topog-
raphy. This uniform thickness of the colluvium
(i.e. sandy duff and cobbly sand units in Table 1) is
based on the limited depth measurements reported
by Smith et al. (2014), whereas geophysical surveys
at Knife Ridge suggest that there may be some sig-

30
25f

Simulated

83
S

O
Rainfall (mm/h)

Observed

59 cm — 60 cm
=129 cm

—131cm

(LY

Pore pressure (kPa)

o

-15 - T T T T
10/1/2009  12/2/2009  2/4/2010  4/3/2010  6/4/2010

1
8/5/2010
Figure 6. Rainfall hyetograph and observed and InHM-

simulated time-series of pore pressures at SP5 during
October 1, 2009 through August 5, 2010.
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Figure 7. Snapshot of InHM simulated pore-pressure
distributions on March 2, 2010 at 9:00 am, at the interface
between the colluvium and the weathered bedrock, 2.0 m,
below land surface. Contour lines show surface (and
bedrock) topography with 2.0 m intervals. The white line
(A-A’) shows the position of the cross-section (Fig. 8).
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nificant bedrock depressions (Morse et al. 2012).
We plan to refine the InHM simulations to account
for this more complex bedrock topography and the
variations in colluvium thickness, from thinnest
along ridgelines to thickest in the hollow axis. We
anticipate that these changes will improve model
performance at depth.

The depth-dependent model performance issues
may also be indicative of the contrast between the
detailed characterization of the colluvium with
analysis of laboratory and in-situ data (Brian
Ebel, written communication), and the relative
lack of site-specific data to characterize the weath-
ered bedrock. However, since it was not feasible to
install any of the instruments into the weathered
bedrock itself, it may be challenging to improve
parameterization and evaluate model performance
at depths below the base of the colluvium.

Given our simplified representation of the
stratigraphy, the lack of data on the sandstone
bedrock at Knife Ridge, and our crude approxima-
tion of the potential ET, the minor problems with
model performance are not surprising. Previously,
performance evaluations of InHM have empha-
sized quantitative comparisons between simulated
and observed surface discharge hydrographs at
catchment outlets (Heppner et al. 2007, Mirus
et al. 2007). However, as noted by Loague et al.
(2006), evaluating this form of integrated catch-
ment response does not guarantee that the model
is performing well for the right reasons or captur-
ing the distributed response accurately. Since the
monitoring at Knife Ridge includes only subsur-
face hydrologic response data it is possible to evalu-
ate the distributed response, but not the integrated
response and overall mass balance. As such, it is
not possible to compare how well InHM performs
at Knife Ridge relative to previous applications.
One similar location where InHM simulations were
rigorously evaluated with both surface and subsur-
face data was for the nearby CB1 catchment (Ebel
et al. 2007, 2008), also located in the OCR. The
monitoring efforts at CB1 focused on three arti-
ficial sprinkling experiments, but the continuous
hydrologic monitoring records included numerous
gaps in the data. Whereas the CB1 catchment expe-
rienced a catastrophic landslide during the winter
of 1996, leading to the termination of monitoring
efforts (Montgomery et al. 2009), the continuous
and ongoing monitoring efforts at Knife Ridge
provide a unique opportunity to further improve
and evaluate model performance and test hypoth-
eses related to the controls on shallow landslides.

4.2 Distributed response and slope stability

Despite some problems with model performance,
it is instructive to examine how InHM can provide

insights into the potential factors leading to weath-
er-induced landslide initiation. The snapshot of the
spatial distribution of simulated pore-pressures at
the base of the colluvium during the peak observed
response (Fig. 7) illustrates the build-up of excess
pore pressures along the axis of the concave hollow
(Fig. 8) in response to the lateral subsurface flow
convergence from the surrounding planar and con-
vex hillslopes. Similarly, the snapshot of the cross
section along the catchment axis showing subsur-
face saturation illustrates how downslope flow accu-
mulation above the bedrock can explain potential
drainage area thresholds for landslide initiation.
Figure 9 shows a time series of the F'S (Equ. 4)
calculated with the InHM simulated output from
the node located 2.0 m below the land surface at

Saturation (-)

0.55 0.65 0.75 0.85 0.95

Figure 8.
saturation on March 2, 2010 at 9:00 am, for a 2D cross
section along the hollow axis (see Fig. 7).

Snapshot of InHM simulated subsurface
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Figure 9. Simulated Factor of Safety (FS) at the base of
the colluvium in SP5 (Figs. 7 and 8).
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SP5 (Figs. 7 and 8). While the basin did not fail
during the simulation period and the FS estimates
suggest the slope is largely stable throughout the
wet season, the

FS values dip below unity for a brief period in
April 2010. This may be a result of over-predic-
tions of pore pressures at depth simulated by the
model for the reasons discussed previously. The
overestimates of the failure potential could also
be due to imprecise estimates of the geotechnical
parameters (Table 2), which were based on meas-
urements from a similar site in the OCR (Ebel
et al. 2010). Completing laboratory analyses of the
samples we collected at Knife Ridge to obtain site
specific parameters could improve the accuracy of
the slope stability estimates.

5 CONCLUSIONS

In this paper we examine the utility of InHM, a
physically based model, for addressing knowledge
gaps related to the hydrologic controls on weather-
induced landslides. We present preliminary steps
towards using InHM to examine the influence
of soil hydraulic properties, topographic conver-
gence, and dynamic climatic forcing on hydrologic
response and slope stability. We successfully apply
InHM for the steep, unchannelled Knife Ridge
basin in the Oregon Coast Range, USA, where
the USGS has conducted long-term monitoring
efforts and collected sufficient data to parameter-
ize and evaluate the model. We demonstrate that
the InHM simulation results for Knife Ridge com-
pare reasonably well to volumetric water content
and pore-pressure time-series within the near sur-
face, which were measured continuously between
2009 and 2012 at multiple depths throughout the
basin. We also identify several areas where model
performance could be improved. For example,
more realistic representation of the bedrock topog-
raphy and geometry of hydrostratigraphic units
should lead to better model performance at greater
depths within the colluvium. Having established
that InHM is capable of approximating the hydro-
logic response to rainfall at Knife Ridge, we also
demonstrate its utility for developing distributed
and continuous assessments of slope stability.
Previous applications of InHM included con-
cept-development simulations to quantify thresh-
olds for runoff-generation and sediment transport
over a broad range of environmental and climatic
conditions (Mirus & Loague 2013). The parameter-
ization of the current simulations for Knife Ridge
(Tables 1 and 2) provide a useful starting point for
generating similar concept-development simula-
tions with InHM focused on identifying more gen-

eral relations between soil-hydraulic properties and
rainfall thresholds for landslide initiation.
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