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Abstract

Landslide hazard assessment at local and regional scales contributes to mitigation of
landslides in developing and densely populated areas by providing information for (1)
land development and redevelopment plans and regulations, (2) emergency preparedness
plans, and (3) economic analysis to (a) set priorities for engineered mitigation projects and
(b) define areas of similar levels of hazard for insurance purposes. US Geological Survey
(USGS) research on landslide hazard assessment has explored a range of methods that can
be used to estimate temporal and spatial landslide potential and probability for various
scales and purposes. Cases taken primarily from our work in the U.S. Pacific Northwest
illustrate and compare a sampling of methods, approaches, and progress. For example,
landform mapping using high-resolution topographic data resulted in identification of about
four times more landslides in Seattle, Washington, than previous efforts using aerial
photography. Susceptibility classes based on the landforms captured 93 % of all historical
landslides (all types) throughout the city. A deterministic model for rainfall infiltration and
shallow landslide initiation, TRIGRS, was able to identify locations of 92 % of historical
shallow landslides in southwest Seattle. The potentially unstable areas identified by
TRIGRS occupied only 26 % of the slope areas steeper than 20°. Addition of an unsaturated
infiltration model to TRIGRS expands the applicability of the model to areas of highly
permeable soils. Replacement of the single cell, 1D factor of safety with a simple 3D
method of columns improves accuracy of factor of safety predictions for both saturated and
unsaturated infiltration models. A 3D deterministic model for large, deep landslides,
SCOOPS, combined with a three-dimensional model for groundwater flow, successfully
predicted instability in steep areas of permeable outwash sand and topographic reentrants.
These locations are consistent with locations of large, deep, historically active landslides.
For an area in Seattle, a composite of the three maps illustrates how maps produced by
different approaches might be combined to assess overall landslide potential. Examples
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from Oregon, USA, illustrate how landform mapping and deterministic analysis for shallow
landslide potential have been adapted into standardized methods for efficiently producing
detailed landslide inventory and shallow landslide susceptibility maps that have consistent

content and format statewide.
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Introduction

Landslides cause untold human misery, with annual
fatalities estimated in the thousands worldwide (Kirschbaum
et al. 2010; Petley 2012) and annual losses estimated in the
billions of dollars (Dai et al. 2002). Efforts to estimate the
probability of landslides have resulted in gradual
improvements in methods and results over the last five
decades. Several authors have published overviews of the
state of the art of landslide hazard zonation and related
topics at various times (Varnes 1984; Soeters and van
Westen 1996; Aleotti and Chowdury 1999; Guzzetti et al.
1999; Dai et al. 2002; van Westen et al. 2006). This paper
illustrates our progress on regional landslide hazard assess-
ment during the last decade with selected case studies from
work in the U.S Pacific Northwest. We conclude by
discussing some of the outstanding issues for ongoing and
future research.

Background

Much of the recent progress in landslide hazard assessment
has been made possible by recent advancements in technol-
ogy and availability of digital data. Progress also has resulted
from application of scientific advancements in earth science
and other fields to landslide problems. After a brief review of
the history of landslide hazard assessment, along with a
survey of techniques described in the literature, we highlight
a few examples of recent progress and developments in
regional landslide hazard assessment in the USA. The
examples help to illustrate (1) the contributions of recent
technological advancements to improved topographic data,
(2) the contribution of improved models to analytical results,
(3) progress in methods for evaluating or validating model
results, and (4) the contribution of standardized methods to
rapid production and distribution of landslide maps. This
includes mapping in rapid response mode—post-disaster
assessments for major landslide events.

Landslide hazard assessment aims to answer questions
about where and when landslides will occur, how often they

will happen, how large they will be, and how fast and far
they will travel. In general, the goal is to assess the (numeri-
cal) probability of landslide occurrence or impact (Dai et al.
2002). Regional hazard assessments commonly focus on the
questions of location and timing (where and when) with
secondary emphasis on frequency (how often), size (how
large), and travel distance or inundation area (how far).

The term “regional” has been associated with map scales
ranging from 1:100,000-1:500,000 (Soeters and van
Westen 1996). For purposes of this paper, we include
methods that could be applied at medium scales
(1:25,000-100,000) as well, because recent advancements
in computer hardware, Geographic Information Systems
(GIS), and digital spatial data have made it possible to
apply more detailed analysis over larger areas, somewhat
reducing the distinction between regional- and medium-
scale assessments. Thus, for purposes in this paper,
regional refers to methods of landslide hazard assessment
that can be applied to areas ranging from tens to thousands
of square kilometers.

History

Mapping of landslides and landslide-susceptible areas has
been performed since the 1930s or earlier (Varnes 1981).
Early efforts were generally local and sporadic. Concerted
efforts, mainly by government organizations in various parts
of the world, to delineate and zone or rank hazardous areas
began to accelerate in the late 1960s. Examples of computer-
assisted assessments of landslide hazard began to appear in
the early 1970s (Varnes 1984). Most regional landslide
hazard assessments published before 1980 were map-based
assessments of landslide susceptibility that relied on either
cartographic analysis of geology and terrain features or
numerical rating of contributing factors (Varnes 1984).
Landslide susceptibility usually refers to an assessment of
the long-term, qualitative (or relative) probability of
landslides, whereas landslide hazard usually refers to a
quantitative estimate of probability of landslide occurrence
or impact (Soeters and van Westen 1996; Dai et al. 2002).
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These studies relied heavily on expert judgment and some
combination of field studies and air photo interpretation. For
example, in the USA, federal and state agencies developed
relative-slope-stability maps at various scales in the 1970s
for several major urban areas (Brabb et al. 1972; Miller
1973; Artim 1976). These maps were based on simplified
geologic data and topographic slope, generally at scales of
1:30,000-1:125,000, and lacked the currently desired level
of detail for managing land use by cities and counties.

By the mid-1990s, improvements in computer hardware
and software as well as improvements in satellite remote
sensing enabled a number of advancements. GIS methods
had advanced to the point that they could be used profitably
in analysis of landslide susceptibility and hazard. Concur-
rently, four distinct, and now commonly recognized
approaches for landslide hazard assessment developed: land-
slide inventory-based probabilistic, statistical, deterministic,
and heuristic (Soeters and van Westen 1996). For example,
an innovative debris-flow hazard assessment took advantage
of GIS technology and statistical methods to calculate
debris-flow probability including runout zones (Ellen et al.
1993). Numerous examples of weight of evidence (Harp and
Noble 1993; Suzen and Doyuran 2003; van Westen et al.
2003), bivariate (Brabb et al. 1972) and multivariate statisti-
cal models (Carrara 1983; Carrara et al. 1991, 1999; Chung
et al. 1995) applied to landslide hazard assessment appeared.
Satellite remote sensing improved both in terms of spatial
resolution and spectral resolution to the point that it could be
used to delineate the extent of landslides induced by major
regional storms or major earthquakes (Soeters and van
Westen 1996). Nevertheless, vertical aerial photography
remained the preferred type of imagery for mapping
landslides to develop landslide inventories. A number of
GIS-based deterministic models (Montgomery and Dietrich
1994; Wu and Sidle 1995; van Westen and Terlien 1996;
Borga et al. 1998; Pack et al. 1998) also emerged in the
literature. Methods of using landslide inventories to check
accuracy of landslide susceptibility and hazard assessments
also began to be devised (Carrara et al. 1991; Montgomery
et al. 1998). The terms landslide hazard and landslide sus-
ceptibility were commonly used interchangeably and despite
the technical advances, most maps published by the mid
1990s depicted landslide susceptibility, rather than hazard
(Soeters and van Westen 1996).

Steadily increasing numbers of regional- and medium-
scale landslide hazard assessments have appeared in the
literature since the mid-1990s. Further advancements in
science and technology have paved the way for progress in
regional landslide hazard assessment in recent years. These
advancements include improvements in satellite (InSAR,
high-resolution optical) imagery and airborne remote

sensing (primarily the airborne laser scanning technology
known as Light Detection and Ranging, LiDAR) (Schulz
2004, 2007; Burns and Madin 2009; Roering et al. 2009),
as well as platforms for obtaining and visualizing the imag-
ery, such as Google Earth. New methods and existing
methods from other fields were applied, such as, artificial
neural networks (ANN) (Lee et al. 2003; Lu and Rosenbaum
2003; Falaschi et al. 2009), and logistic regression and other
new statistical models (Dai and Lee 2003; Ohlmacher and
Davis 2003; Van den Eeckhaut et al. 2006; Felicisimo et al.
2013). Along with these changes have come improvements
in methods for validating landslide hazard maps (Chung and
Fabbri 2003; Van Den Eeckhaut et al. 2006). Coe et al.
(2004a) introduced a method for estimating landslide proba-
bility based on historical records. New deterministic models
have emerged for assessing large deep landslides (Miller
1995; Reid et al. 2000, 2001, 2010; Franciss 2004; Xie
et al. 2004; Brien and Reid 2007, 2008) and shallow rainfall
induced landslides (Crosta and Frattini 2003; Savage et al.
2003; Frattini et al. 2004; van Beek and van Asch 2004;
Baum et al. 2008, 2010, 2012; Salciarini et al. 2008; Simoni
et al. 2008). Technology advances have also made possible
more rapid assessments for areas where few data exist (Coe
et al. 2004b; Harp et al. 2009). New types of assessments
have also been developed, including event—based seismic
landslide hazard assessments (Jibson et al. 2000), and post-
fire probabilistic debris-flow hazard assessments (Cannon
et al. 2010). Models of ground motion are beginning to be
applied to analysis of seismic landslides (Harp et al. 2012).
Tools originally developed for assessing hazards from vol-
canic debris flows (Schilling 1998) have been adapted to
mapping potential inundation areas for smaller debris flows
and rock avalanches (Berti and Simoni 2007; Griswold and
Iverson 2008; Magirl et al. 2010).

Throughout the 1990s and before, the main audience for
landslide hazard assessments was primarily land-use
planners and engineers. Hazard assessments were used so
that high-density residential and commercial development
or redevelopment of areas with high potential for
landslides could be avoided or regulated. More recently,
municipal governments and other users have recognized
the value of landslide susceptibility and landslide hazard
assessments in emergency preparedness planning, land-
slide early warning, and setting priorities for engineered
mitigation of landslide prone-areas (Coe et al. 2004a).
Knowing where landslides are likely to occur frequently
helps in selecting evacuation routes, placing equipment in
preparation for removing debris after a storm, and
targeting warnings of potential landslides. Some recent
efforts have focused on developing hazard maps for insur-
ance purposes (Godt et al. 2012).
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Examples of Progress in Regional Hazard
Assessment

As too many examples of recent progress in regional land-
slide hazard assessment exist in the literature to be cited
here, we highlight USGS research that utilized improved
spatial data and technology. The improvements in technol-
ogy have allowed us to develop applications of new statisti-
cal methods to landslide susceptibility mapping, improved
physically based models, improved methods of evaluation,
and standardization of procedures for conducting
assessments over large areas or in rapid response mode. In
the following sections, we present case studies from our
work in the Pacific Northwest of the USA that illustrate
progress in some of these areas. Specifically, we present
examples of advancements derived from improved spatial
data and visualization methods (Schulz 2007), improved
deterministic models (Brien and Reid 2007, 2008; Godt
et al. 2008a, b; Baum et al. 2010, 2012), improved methods
of evaluation (Chung and Fabbri 2003; Van den Eeckhaut
et al. 2006), composite hazard assessments, and
standardization of methods for rapid assessments (Burns
and Madin 2009; Burns et al. 2012).

Seattle Case Study

Baum et al. (2005) described in considerable detail the then
ongoing USGS regional assessment of landslide hazard for
Seattle, Washington, USA (Fig. 1). In the sections that
follow, we highlight some further advancements from that
work and combine some of the assessments to illustrate the
concept of a composite assessment of landslide potential.
Using a common field area, we demonstrate a geomorphic
approach based on high-resolution topography and two
deterministic methods for separately assessing shallow and
deep landslides. The composite integrates results from the
three different models to give an overview of the combined
potential for all types of landslides that commonly occur in
the area.

Geomorphic Assessment of Landslides with LiDAR

The advent of high-resolution remotely sensed topographic
data has revolutionized mapping of landslides and landslide
features for inventory and susceptibility purposes. As part of
our assessment of landslide hazard for the Seattle area,
Schulz (2004, 2007) developed and tested a methodology
for mapping landslide features using LiDAR data over the
entire city of Seattle (217 kmz). These studies used a
LiDAR-derived DEM with 1.8 m resolution, and a raw
point density of ground returns of about 1 per m?, with
vertical errors of about 30 cm, except in densely vegetated
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Fig. 1 Map showing Seattle, WA, USA study area
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Fig. 2 Map showing landslide-derived landforms identified by Schulz
(2004, 2007) using LiDAR imagery for the area shown in Fig. 1

areas, where vertical errors were locally as much as 5 m
(Haneberg 2008).

Schulz (2004, 2007) used LiDAR-derived imagery to
map landforms in Seattle created mainly by landslide activ-
ity. The landforms identified were: (1) landslide deposits, (2)
head scarps, and (3) denuded slopes (Fig. 2). These
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landforms in all cases truncate the glacially sculpted upland
surface. Denuded slopes were defined as slopes that formed
by erosion and mass wasting following deglaciation, but
which lacked discernible deposits of individual landslides.
Denuded slopes, therefore, were mapped where the glacial
upland surface is truncated, but where landslides could not
be identified. Field observations indicate that denuded slope
areas probably lack discernible landslides because many
Seattle landslides are too small and thin to be resolved by
LiDAR and their deposits have often been removed or
modified by erosion, other mass wasting, and human
activity.

Using a GIS, landform mapping was performed with
LiDAR-derived imagery including shaded relief, slope, and
topographic contour maps, as well as almost 400 topo-
graphic profiles. These maps and profiles were visually
evaluated for topographic characteristics indicative of
landslides, such as scarps, hummocky topography, convex
and concave slope areas, midslope terraces, and offset
drainages. Maps were evaluated at scales ranging from
1:30,000 to 1:2,000; mapping was generally performed at
1:5,000. Mapped landforms were evaluated in the field and
the maps were revised based on field observations, although
very little revision was necessary.

The total number of landslides mapped using LiDAR was
about four times that of previously published maps produced
using aerial photographs, and the LIDAR-mapped landslides
included all shallow and deep landslides depicted in those
maps. In addition, 93 % of historical landslides recorded in
the Seattle landslide database (Laprade et al. 2000) are
within the boundaries of the LiDAR-mapped landslides.
Landslides were consistently identified using the LiDAR
imagery if they had landslide-related topographic features
that were at least 30 m long and local relief of a few meters.
Wait’s map (2001) was most applicable for comparison to
results of the LiDAR study (Schulz 2004, 2007) and used
1:2,000-1:2,500-scale black-and-white, color, and color-
infrared aerial photographs taken during March 1974, June
1986 and 1991, and September 1995 and 1997. Evaluation of
Wait’s map (2001), which identified the most landslides of
previous efforts, indicated that aerial photographs were
instrumental for identifying recent individual landslides;
therefore, aerial photographs appear to be more effective
than LiDAR in the Seattle area for discerning boundaries
of recently active landslides within landslide complexes.
The resolution of the LiDAR data (1.8 m) appeared to be
inadequate to resolve many landslide boundaries within
landslide complexes. However, LiDAR was much more
effective for identifying presumably older landslides and
the boundaries of complexes in which recently active
landslides occurred (Schulz 2004).

Schulz (2007) found that historical landslides were
concentrated  within the mapped landslide-derived

landforms, and appeared to generally be located on the
steepest parts of slopes. The mapped landforms (landslides,
head scarps, and denuded slopes) were created by the tem-
porally integrated influence of many individual landslide
events. The landslide, head scarp, and denuded slope
landforms cover 4.6 %, 1.2 %, and 9.5 % of Seattle’s land
area, respectively. The spatial distribution of mapped
landforms and 1,308 historical landslides within the Seattle
city limits show that historical landslide activity has been
concentrated on the mapped landforms, but most of the
landslide activity that created the landforms was prehistoric.
Thus, the spatial densities of historical landslides within the
mapped landforms (122/km? head scarps; 42.8/km?
landslides; 23.7/km2, denuded slopes), were essentially
equivalent to the relative susceptibilities of the landforms
to historical and presumably future landsliding. The
susceptibilities are relative in that they are only meaningful
when compared between landforms or landslides with dif-
ferent characteristics in Seattle.

As with many other landslide inventories, the Seattle
landslide inventories constructed using LiDAR, aerial pho-
tography, and other means omit many areas prone to
landsliding because they exclude excavated landslide scars.
Denuded slopes appear to primarily consist of coalescing
landslide scars and disrupted, thin landslide deposits. Over
37 % of historical landslides in Seattle occur on LiDAR-
mapped denuded slopes, (23 % on head scarps and 33 % on
landslides) thus denuded slopes should be considered in
regional evaluations of landslide susceptibility even though
they have the lowest susceptibility of the three landforms.

By comparing landforms and historical landslide
locations with geologic mapping, Schulz (2007) identified
no strong relations between stratigraphy and landslide occur-
rence, regardless of type; however, landslide characteristics
and slope morphology appeared to be related to stratigraphic
conditions. Human activity was a contributing factor in
about 80 % of historical Seattle landslides (Laprade et al.
2000). The distribution of mapped landforms and human-
caused landslides suggests the probable characteristics of
future human-caused landslides on each of the landforms.
The distribution of mapped landforms and historical
landslides indicates that erosion of slope-toes by surface
water has been a necessary condition for causing Seattle
landslides. Through construction of seawalls and related
structures, human activity has largely arrested this erosion,
which implies that landslide activity will decrease with time
as hillsides naturally stabilize. However, landslide activity in
Seattle is likely to continue for the foreseeable future.

Assessment of Shallow Landslides Using a
Physically Based Model

Godt et al. (2008a) described the results from an application
of a distributed, transient infiltration—slope-stability model
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for an 18 km? area of southwestern Seattle. They used the
USGS model TRIGRS: Transient Rainfall Infiltration and
Grid-based Regional Slope-stability analysis (Savage et al.
2003; Baum et al. 2008, 2010) that combines an infinite
slope-stability calculation with an analytic, one-dimensional
solution for pore-pressure diffusion in a soil layer of finite
depth in response to time-varying rainfall. The transient
solution for pore-pressure response can be superposed on
any steady-state groundwater-flow field that is consistent
with model assumptions. Applied over digital topography,
the model computes a factor of safety, F, for each grid cell at
any time during a rainstorm. Input variables may vary from
cell to cell, and the rainfall rate can vary in both space and
time. For Seattle, topographic slope derived from a LiDAR-
based 3-m digital elevation model (resampled from the 1.8-
m data) (DEM) and hourly rainfall intensities were used as
model inputs. Maps of soil and water-table depths derived
from geotechnical borings and a model for observed, sys-
tematic variation of colluvium and groundwater depth in
relation to specific landforms and the seepage face of the
regional aquifer (Schulz et al. 2008) constrained initial and
boundary conditions for the model. Material strength and
hydraulic properties used in the model were determined
from field and laboratory measurements (Godt and
McKenna 2008), and a tension-saturated initial condition
was assumed. Because the equations of groundwater flow
are explicitly solved with respect to time, the results from
TRIGRS simulations can be portrayed quantitatively to
assess the potential landslide hazard based on changing
rainfall conditions.

Factor of safety results (Fig. 3) were evaluated by com-
paring the locations of 212 historical shallow landslides (a
subset of the historical landslide database used by Schulz
2007) with the area mapped as having a factor of safety less
than 1.2. An effective landslide hazard map maximizes the
number of historical landslide locations included in a hazard
class while minimizing the total area mapped in that class
(Chung and Fabbri 2003). In a comparison of shallow land-
slide locations with the results of the hazard map, Godt et al.
(2008a) determined that the most susceptible class (F < 1.0)
includes only 8.4 % of the area steeper than 20° and contains
26 % of the historical landslides. A cutoff of 20° was
selected because nearly all historical shallow landslides
have occurred on slopes steeper than 20°. For the entire
study area, the TRIGRS map captures almost 92 % of the
historical landslides but only identifies 26 % of the area with
slope angles greater than 20° as potentially unstable during
realistic rainfall conditions for Seattle. Effectiveness ratios,
defined as the ratio of the percentage of historical landslides
to the percentage of the mapped area in each class, range
from 3.0 to 7.5, indicating that each class has discriminatory
power (Chung and Fabbri 2003). To capture the same
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Fig. 3 Map showing part of Godt et al.’s (2008a) factor of safety
results for southwest Seattle, computed using the TRIGRS model.
Black points indicate locations of historical landslides (center of head
scarp, Coe et al. 2004a). The predicted factor of safety is at the end of a
simulation of a 28-h rainfall event (17-18 January 1986) that induced
many shallow landslides. This simulation used the saturated, finite-
depth infiltration solution (Savage et al. 2003; Baum et al. 2008,
2010) and is based on Fig. 14 of Godt et al. (2008a). Geologic contacts
are shown as gray lines. Interpretations of geologic unit symbols are
Qb—beach deposits, Qvt—Vashon till, Qva—advance outwash
deposits of the Vashon Drift, Qvlc—Lawton Clay Member of the
Vashon Drift, Qob—Olympia beds (interbedded sand, clayey silt and
silty clay)

percentage of historical landslides (92 %) using only topo-
graphic slope would require all areas with slope angles
greater than 20° to be considered susceptible. Thus, the
main discriminatory power of the model, as applied in
southwestern Seattle, is its ability to exclude nonsusceptible
steep (>20°) hillslope areas from the susceptible classes.
This is the result of both the spatially variable input (collu-
vium thickness and initial water-table depth) and the
modeling approach.

Recent advancements with the TRIGRS model include an
unsaturated infiltration module (Savage et al. 2004; Baum
et al. 2008, 2010), a module for analyzing 3D slope stability
(Baum et al. 2012), and progress on methods for specifying
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model parameters using sensitivity analyses (Gioia et al.
2013) and using a probabilistic framework (Raia et al.
2013). Figure 4 compares results for the Mukilteo study
area north of Seattle using the original 1D saturated infiltra-
tion model, the 1D unsaturated infiltration module, and the
saturated and unsaturated infiltration models combined with
a simple method of columns for 3D slope stability. Landslide
polygons depicted in Fig. 4 include the source area and
deposit of each shallow landslide that occurred during the
winter of 1996-1997 and provide a more complete indica-
tion of unstable areas for comparing model results than the
landslide points available for southwest Seattle (Fig. 3).
Analysis using the Receiver Operating Characteristics
(ROC) analysis (Swets 1988; Fawcett 2006), which recently
has become widely used (Van den Eeckhaut et al. 2006;
Falaschi et al. 2009), indicates lower false positive rates
achieved by the 1D unsaturated model compared to the 1D
saturated, and improvements of the simple 3D analysis com-
pared to the 1D infinite-slope analysis (greater true positive
rate with slight or no reduction in false positive rate). In the
case shown, the 3D saturated model predicts a greater frac-
tion of the historical landslides than the unsaturated model,
at the expense of higher rate of false positives.

Assessment of Large Landslides with the 3D
Slope-Stability Model, SCOOPS

In Seattle, deep-seated landslides on bluffs along Puget
Sound have historically caused extensive damage to land
and structures. These large landslides are controlled by
three-dimensional (3D) variations in material strength and
pore-water pressures. The 3D effects of groundwater, geol-
ogy, and landslide geometry greatly complicate analysis of
large, deep landslides when compared to small, shallow
slides. Although the infinite slope analysis has been applied
successfully to shallow landslides, especially where the
landslides are close to the size of the DEM grid cells, infinite
slope analysis is generally inadequate for large deep
landslides. USGS researchers have developed a computer
program, SCOOPS (Reid et al. 2000), to assess the slope
stability of a digital landscape, as represented by a DEM.
SCOOPS has been used to assess the relative stability of
volcanic edifices (Reid et al. 2000, 2001, 2010) as well as
other settings where large landslides might occur (Brien and
Reid 2007, 2008). SCOOPS calculates slope stability by
extending conventional two-dimensional (2D) limit-
equilibrium analysis to three dimensions (3D) using a
method of columns. SCOOPS systematically searches a
digital landscape and computes the stability of millions of
potential landslides encompassing a wide range of depths
and volumes that potentially affect different parts of the
DEM, thereby allowing determination of the minimum fac-
tor of safety at each DEM cell.

Brien and Reid (2007, 2008) assessed the slope stability
of part of southwestern Seattle using SCOOPS coupled with
a 3D groundwater flow model (MODFLOW-2000,
Harbaugh et al. 2000). The availability of high- (3-m-)
resolution digital topography, detailed geologic mapping
(1: 12,000 scale, Troost et al. 2005), and a compilation of
subsurface exploration logs were used to build 3D models of
geology, groundwater, and slope stability. In order to assess
the relative stability of coastal bluffs for potential large
deep-seated landslides, digital topography (represented by
a DEM) was combined with 3D interpretations of geologic
mapping and published strength values for the geologic
units. The 3D geologic model (Fig. 5) consists of four layers
derived from the mapped geologic units. The influence of 3D
pore pressures was incorporated based on the results of a 3D
groundwater flow model using MODFLOW-2000,
calibrated with measured groundwater levels.

The geology of the Seattle area consists of a layer of
permeable glacial outwash sand overlying less permeable
glacial lacustrine silty clay (Troost et al. 2005).
Incorporation of these layers as hydrogeologic units in a
3D groundwater model reproduced an elevated water table
above the less permeable units. This water table produces
elevated pore pressures in the uppermost hydrogeologic unit,
hence a destabilizing factor. The simulated 3D pore-pressure
distribution from average rainy season and extreme rainy
season recharge scenarios were then used to quantify the
stability of the coastal bluffs in SCOOPS. Figure 6 shows
factor of safety results for three potential scenarios: (a)
moderately large potential landslides (3,000-30,000 m®)
with average rainy season recharge, (b) moderately
large potential landslides with extreme rainy season
recharge, and (c) very large potential landslides
(30,000-300,000 m> ) with extreme rainy season recharge.
The analyses indicate that the least stable areas (low values
of F, Fig. 6) are steep portions of the uppermost geologic
unit, a permeable sand (Qva, see Fig. 5). The elevated pore
pressures in this geologic unit produce a destabilizing factor
and low factors of safety compared to steep areas in other
geologic units. This result is consistent with historical
observations of the location of deep-seated landslides.
Regions predicted to be least stable include the areas in or
adjacent to three mapped historically active deep-seated
landslides. Groundwater flow also converges in coastal
reentrants, resulting in elevated pore pressures and destabi-
lization of slopes in reentrant regions. As expected, areas of
low factor of safety expand with extreme rainy season
conditions. Factor of safety greatly decreases in the topo-
graphic re-entrants where groundwater flow is concentrated
due to topographic convergence. The results of the 3D
analyses differ significantly from a slope map or results
from one-dimensional (1D) analyses of shallow landslide
potential (Fig. 3).
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Fig. 4 Maps and diagrams showing factor of safety computed using
the TRIGRS model for the Mukilteo study area, about 15 km north of
Seattle. (a) Location and outlines (scarp and deposit) of 1996-1997
shallow landslides. Rectangle indicates area shown in (b—e). Factor of
safety results for (b) saturated infiltration and 1D infinite-slope analysis
(Godt et al. 2008b), (c¢) unsaturated infiltration and 1D infinite-slope

Composite Landslide Assessment

One of the advantages of using different approaches to
assess landslide hazard is the ability to make a composite
map showing all hazardous areas identified by the different
approaches. A composite or ensemble map can reduce the
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analysis (Baum et al. 2010), (d) saturated infiltration and simplified 3D
limit-equilibrium slope stability analysis, (e) unsaturated infiltration
and simplified 3D limit-equilibrium slope stability analysis (Baum
et al. 2012) are (f) compared for performance using a Receiver-
Operating Characteristics (ROC) plot. A perfect prediction would plot
at the upper left corner of the ROC plot

uncertainty about where landslides might happen by com-
bining the results of different analyses that address the
potential for specific types of landslides. Some technical
challenges exist in combining the results of different
mapping approaches to create a defensible composite (i.e.,
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a map created using an objective, reproducible, and quanti-
tatively rigorous method). To combine the two factor of
safety maps, (Figs. 3 and 6), which have continuous values,
with the geomorphologically based map of landslide-derived
landforms, (Fig. 2), we arbitrarily assigned factor of safety

Elliott
Bay

Fig. 5 Perspective view, looking south, of the topography in the
southwestern Seattle study area (Fig. 1) with an example of a potential
failure removed. The view shows the 3D geologic model, and one layer
of a small section of a coarse-resolution search grid used in SCOOPS.
Geology is a 3D interpretation (Brien and Reid 2007, 2008) of the
geologic map by Troost et al. (2005). Topography is from the City of
Seattle 3-m DEM (2000, written commun.) (after Brien and Reid 2008,
Fig. 5). Interpretations of geologic unit symbols are Qb—beach
deposits, Qvt—Vashon till, Qva—advance outwash deposits of the
Vashon Drift, Qvlc—Lawton Clay Member of the Vashon Drift,
Qob—Olympia beds (interbedded sand, clayey silt and silty clay)

12T 240W

values to each landform type (head scarps, 0.99; landslide
deposits, 1.099; and denuded slopes, 1.199) based on rela-
tive density of historical landslides in each. We then
assigned the lowest factor of safety (corresponding to the
highest susceptibility) among the three input maps to the
composite map.

Figure 7 shows a composite map that combines the areas
identified by the geomorphological approach (Schulz 2007),
the analysis for shallow landslide potential (Godt et al.
2008a), and the analysis for deep landslide potential (Brien
and Reid 2008). This map displays the highest susceptibility
level identified at each grid cell by the component maps to
show the “worst” case. Whereas the map includes many
areas that would be included on a slope map, it also includes
some susceptible areas of low slope and areas of medium
landslide susceptibility are quite different than would be
predicted based on slope alone. Such a map can be used as
an initial screening tool to identify areas that have high,
moderate, or low composite landslide potential, without
being specific about the particular landslide type. This
assumes that the high, moderate, and low potential areas
on the three component maps are equivalent. Equivalent
classes might be established, for example, by setting the
boundaries for high, medium, and low on the factor of safety
maps equal to densities of corresponding landslide types on
the landform map.
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Fig. 6 Map images showing factor of safety (F), computed using the
slope-stability model SCOOPS, for 3D critical surfaces with associated
volumes between 3,000 and 300,000 m>. A critical surface is the
potential failure with the lowest F at each digital elevation model
cell. F is indicated by color. Results are shown for (a) moderately
large potential landslides (3,000—-30,000 m®) with average rainy season
recharge, and (b) moderately large potential landslides with extreme

~
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rainy season recharge, and (c) very large potential landslides
(30,000-300,000 m*) with extreme rainy season recharge. Geologic
contacts are shown as gray lines. Interpretations of geologic unit
symbols are Qb—beach deposits, Qvt—Vashon till, Qva—advance
outwash deposits of the Vashon Drift, Qvlc—Lawton Clay Member
of the Vashon Drift, Qob—Olympia beds (interbedded sand, clayey silt
and silty clay) [modified from Brien and Reid (2008), Fig. 8]
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Fig. 7 Composite landslide susceptibility map showing worst suscep-
tibility class (high, medium, low) for each pixel based on results shown
in Figs. 2, 3, and 6b. Geologic contacts are shown as gray lines.
Interpretations of geologic unit symbols are Qb—beach deposits,
Qvt—Vashon till, Qva—advance outwash deposits of the Vashon
Drift, Qvlc—Lawton Clay Member of the Vashon Drift, Qob—
Olympia beds (interbedded sand, clayey silt and silty clay)

Relating the landforms and the factor of safety to histori-
cal landslide density might allow a more rigorous assign-
ment of factor of safety to the landforms. We did not attempt
this for the map shown in Fig. 7, due to the different extent of
areas considered in each analysis. Taking this idea a step
further, the landslide density could be used to estimate
landslide probability by adding a temporal frequency
corresponding to computed values of factor of safety for
shallow (Fig. 3) and deep landslides (Fig. 6) respectively
and within each landform type (Fig. 2). A composite map
depicting maximum landslide probability drawn from the
three analyses (shallow landslides, deep landslides, and
landslide landforms) would present a somewhat different
picture than Fig. 7, because it would explicitly consider the
lower frequency of large, deep landslides. In other words,
the weight given to each of the three maps in defining the
composite would be different.

Standardized Methods and Rapid Assessments

Improvements in technology for remote sensing, increas-
ingly rapid dissemination of remotely sensed spatial data,
and GIS have made it possible to standardize methods for
rapidly conducting regional landslide hazard assessments.
For example, Cannon et al. (2010) developed tools for
assessing the potential for debris flows in previously burned
areas. These assessments can be completed in a matter of
days after containment of a wildfire. Similarly, Harp et al.
(2009) devised methods for rapidly assessing potential for
future precipitation-induced landslides after a major storm.
Their method makes use of a landslide inventory for a single
event (i.e., the major storm) to calibrate a factor of safety
model; this has been accomplished even in developing areas
(Honduras, Micronesia) where few or no geotechnical data
are available. In 2005, the Oregon Department of Geology
and Mineral Industries (DOGAMI) began a collaborative
landslide research program with the USGS Landslide
Hazards Program to identify and understand landslide
hazards in Oregon, USA. A major result of this collaboration
has been development of standard procedures (protocols) for
landslide mapping and susceptibility analysis. These
procedures made it possible to map large areas in Oregon
uniformly.

Oregon Landslide Mapping Protocol

Landslides are one of the most widespread, frequent, and
damaging natural hazards in the state of Oregon (Burns and
Madin 2009). To create a consistent landslide inventory for
Oregon as a starting point for assessing landslide hazard,
DOGAMI developed a protocol for mapping recent and
prehistoric landslides using LiDAR imagery (Burns and
Madin 2009). Encouraged by the findings of Schulz (2004,
2007), a pilot project area was selected in western Oregon to
compare remote sensing data/images for effectiveness
(Burns 2007). Data considered in the study included 30-m
SRTM, 10-m USGS DEM, 7-m City of Portland DEM, 1-m
LiDAR DEM, and stereo color aerial photography. Two key
findings from this pilot study were: the use of 1-m LiDAR
data (1) resulted in identification of 3—200 times the number
of landslides found with the other data sets, consistent with
findings in Seattle (Schulz 2004, 2007), and (2) greatly
improved the accuracy of the spatial extent of the landslides
thus identified. Consequently, LiDAR-derived digital eleva-
tion models were selected as the base from which to create
the landslide inventories throughout Oregon. The inventory
includes all landslides, distinguished by type and recency,
that can be identified using the LiDAR imagery, as well as
any landslides known from previous inventories. Creating
the protocol and its associated map template and
geodatabase has somewhat streamlined mapping and publi-
cation of landslide inventory data. Following a standard
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Fig. 8 Block diagrams and map views showing the four kinds of landslide features that are routinely identified and mapped using the Oregon

landslide mapping protocol [after Burns and Madin (2009), Fig. 12]

procedure reduces time required to map the landslides and
record the attributes by eliminating the need for the mapper
to experiment with visualization techniques or decide what
attributes to map. Nevertheless, successful adaptation of the
protocol requires a mapper with a reasonable level of exper-
tise on the topic and time to represent all the features. Using
the map template and referencing the protocol (Burns and
Madin 2009) similarly simplifies the effort needed to prepare
the map for publication.

The inventory mapping protocol prescribes procedures
for base data acquisition and visualization, mapping land-
slide features and recording attributes in GIS, field checking,
a map template for displaying results, and outlines
limitations and recommended use of the landslide inventory
data produced by the process (Burns and Madin 2009). The
method relies on use of several types of base data: a 1-m
DEM derived from LiDAR data with point density averag-
ing 1 m~? or better, a slope map derived from LiDAR data,
orthorectified aerial photo of similar age to the LiDAR data,
previous landslide inventories or other data on landslides
within the proposed mapping area, and a geologic map.
Through trial and error, Burns and Madin (2009) determined
optimal procedures for visualizing the data to accurately
identify landslides and map landslide features, such as,
head scarps and internal scarps (Fig. 8). These features are
useful in assessing confidence of landslide identification,
and scarp height is useful in estimating minimum landslide

depth. They also developed a geodatabase template for
acquiring landslide attribute data, including classification,
dimensions and other quantitative data, confidence of inter-
pretation, and geologic unit. Thus, the protocol includes not
only recommended procedures for mapping landslides using
LiDAR data, but also specific guidance on setting up the GIS
geodatabase necessary for mapping and recording tabular
data about each landslide. The final product is a map and
database of landslide deposits and features at a scale of
1:8,000, tiled by quarters of USGS 7.5-min quadrangles
(Fig. 9).

Oregon Shallow Landslide Susceptibility Protocol

In addition to the landslide inventory mapping protocol,
DOGAMI developed a standardized procedure for develop-
ing shallow-landslide susceptibility maps. The shallow-
landslide susceptibility map protocol combines an inventory
of existing landslides, as described previously (Burns and
Madin 2009) with hazard zones derived from a Factor of
Safety map and buffers (Burns et al. 2012). This protocol
also includes a map template for producing a standardized
shallow-landslide susceptibility map at a scale of 1:8,000.
For purposes of this protocol, DOGAMI defined 4.6 m as the
depth boundary between shallow and deep landslides. Like
the protocol for mapping landslides described in previous
paragraphs, the protocol includes not only recommended
procedures for mapping susceptibility to shallow landslides
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Fig. 9 Image showing a segment of a landslide inventory map using
Oregon’s landslide mapping protocol [modified from Burns and Madin
(2009), Fig. 24]. Color and symbol designations follow: active or
historical landslides, red; prehistoric landslides, yellow; head scarps,
gold; shallow, solid color; deep, stippled; RS-R rock slide-rotational,
RS-T rock slide-translational, EFL earth flow, ES-R earth slide-
rotational, ES-T earth slide translational, DF debris flow

using LiDAR data, but also specific guidance on setting up
the GIS geodatabase necessary for doing the analysis.

The protocol includes several steps. First, all shallow-
seated landslide deposit polygons (except channelized
debris-flow deposits, i.e., fans) and their head-scarp
polygons are queried from the inventory database (described
above) and converted to a raster map with the polygons
assigned to the high-susceptibility zone. The backbone of
the procedure is the factor of safety computation. As with
most other shallow-landslide susceptibility analyses, the
factor of safety is computed using a 1D, cell-by-cell
infinite-slope analysis (Montgomery and Dietrich 1994;
Pack et al. 1998). Specifically, the factor of safety is
computed using the same formula as Harp et al. (2006,
2008). Burns et al. (2012) provide suggested values of geo-
technical parameters for geologic units common throughout

% Table 1 Summary of factors contributing to the final shallow-

landslide susceptibility map

Susceptibility zones

Contributing factors High Medium Low

Factor of safety (F) <1.25 1.25-1.5 >1.5

Landslide deposits and Included - -

head scarps

Buffers 2H:1V head 2H:1V -
scarps F<15

western Oregon. To simplify the GIS analysis, the factor of
safety is computed in a spreadsheet to determine threshold
slope values based on engineering practice as described by

y Burns et al. (2012) for high (F < 1.25), medium (1.25 < F
! < 1.5),andlow susceptibility (F > 1.5) categories (Table 1).

Once the factor of safety categories have been applied to the
LiDAR-derived slope map, the factor of safety map is fil-

- tered (or “clipped”) to remove low factor of safety artifacts

of low retaining walls and other fine-scale topographic
features. Filtering is accomplished using local relief of less
than 1.2 m within 4.6 m horizontally of each grid cell.
Clipping areas out of the factor of safety map that have
low values of local relief removes (1) flat areas, (2) areas
with continuous but gentle slopes, or (3) areas with steep
slopes but low relief, such as, a near-vertical step. Case 1 has
no net effect on the map; case 2 limits the amount of relief,
and case 3 is the objective of filtering. Using 1.2 m of local
relief over 4.6 m limits the filtering in areas of continuous
slope (case 2) to slopes less than 15°. Buffers are then

: applied to account for potential instability in the (1) areas

directly upslope from landslide scarps and (2) areas of low or
moderate factor of safety (F < 1.5, Table 1, Fig. 10). The
head scarp buffer is a 9.2-m-wide (twice the 4.6-m maxi-
mum depth) buffer applied to the upslope side of all the
shallow landslide head-scarp polygons. A similar 9.2-m-
wide buffer is also applied along the upslope edge of all
areas having F < 1.5 (Table 1, Fig. 10). The final suscepti-
bility map is a composite of the areas of shallow landslide
deposits and scarps, the filtered factor of safety zone map,
and the buffers (Table 1). A map publication template,
similar to the one used for the inventory map, provides for
expeditious dissemination of the finished map.

Discussion and Conclusion

Since the early days of landslide hazard assessment, one of
the major issues has been and continues to be data uncer-
tainty. Hazard and susceptibility maps can commonly
identify a major fraction of the area subject to landslides,
but a remaining smaller fraction remains very difficult to
identify (van Westen et al. 2006). This results in large part
from the difficulty in quantifying subsurface factors such
as groundwater flow patterns, the spatial distributions of
colluvium thickness, physical properties, discontinuities
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Fig. 10 Sample maps illustrating head-scarp and Factor of Safety, F,
buffer components (Table 1) of Oregon’s shallow landslide suscepti-
bility protocol. (a) Landslide inventory (landslide deposits shown as
yellow polygons and head scarps shown as red polygons) displaying the

and other properties of the subsurface that affect slope
stability. Surrogates for these factors, such as geological
or soils map units, vegetation type, and others too numer-
ous to list, that are commonly used in statistically based
regional assessments are likewise subject to uncertainty
due to transitional or obscure contacts, with unknown
subsurface geometry, and sometimes subtle or subjective
differences between map units. Effects of land use and
land-use changes, as well as temporal climate variability,
likewise introduce uncertainty into hazard assessments. As
a result of these sources of uncertainty, probabilistic
frameworks are commonly needed to couch the results of
hazard assessments. Regardless of expected advances in
probabilistic analysis, which will surely help, major future
progress in landslide hazard assessment will in large mea-
sure depend on progress in reducing data uncertainty.

[ F Between1.5-1.25

BlrF <125

[ High Susceptibility
Moderate Susceptibility
[ | Low Susceptibility

Top of Bank

[ ee— T

0 437.5 875
e Meters
0 130 260

top of head scarps above the top of the locally steep slope (riverbank)
area. (b) F zone map filtered to remove artifacts from low-relief
features. (c) Filtered F zone map with head scarp and F buffers added
[modified from Burns et al. (2012), Fig. 21]

Despite the difficulties imposed by data uncertainty,
technological advancements have enabled significant
progress. High-resolution topographic data, particularly
when used in combination with high-resolution optical
imagery, can contribute to greatly improved mapping and
identification of landslide deposits and features as
demonstrated by recent work (Schulz 2004, 2007; Burns
2007; Burns and Madin 2009; Roering et al. 2009). This
is encouraging because high-quality landslide inventories
are the backbone of regional and medium-scale landslide
hazard assessments (Harp et al. 2011) and besides topog-
raphy and optical imagery, few other data that are needed
to specify landslide susceptibility or slope stability model
parameters exist in many areas of the world.

Improvements to deterministic models, such as those
demonstrated here, are contributing to progress in
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regional landslide hazard assessment by making better
use of those data that are available and making better
estimates of potential landslide volume (Brien and Reid
2007, 2008). As GIS-based models of slope stability
continue to improve and become integrated with models
for debris flow and debris avalanche runout (Schilling
1998; Griswold and Iverson 2008), they can contribute
to better estimates of downslope areas potentially
impacted by landslides. Recent and ongoing research to
improve models for predicting or mapping soil or collu-
vial depth is also expected to contribute to more accurate
assessments of shallow landslide hazard (Dietrich et al.
1995; Roering 2008; Schulz et al. 2008; Pelletier and
Rasmussen 2009; Catani et al. 2010; Ho et al. 2012).
Ongoing work in model parameterization using sensitiv-
ity and probabilistic approaches combined with analysis
of one or more historical landslide events is showing
promise as a way to calibrate deterministic models
(Gioia et al. 2013; Raia et al. 2013). These developments
can make deterministic models useful in a wider range of
settings, because even in many highly developed
countries, few relevant data are available for most areas
and spatial distribution of important factors is rarely
known in sufficient detail.

Data and model uncertainty will always exist even as
models improve and technological advancements make it
possible to reduce uncertainty in certain types of spatial
data. Nevertheless, if the current momentum of techno-
logical advancement and landslide hazard research
continues unabated throughout the next decade, we can
look forward to considerable progress in understanding
and modeling where, when, and how often landslides are
likely to occur. We can also expect advances in predicting
their volumes and extents and being able to apply that
knowledge to regional assessments of landslide hazard.
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