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Abstract. A model for the topographic influence on shallow landslide initiation is 
developed by coupling digital terrain data with near-surface through flow and slope 
stability models. The hydrologic model TOPOG (O'Loughlin, 1986) predicts the degree 
of soil saturation in response to a steady state rainfall for topographic elements defined 
by the intersection of contours and flow tube boundaries. The slope stability 
component uses this relative soil saturation to analyze the stability of each topographic 
element for the case of cohesionless soils of spatially constant thickness and saturated 
conductivity. The steady state rainfall predicted to cause instability in each topographic 
element provides a measure of the relative potential for shallow landsliding. The spatial 
distribution of critical rainfall values is compared with landslide locations mapped from 
aerial photographs and in the field for three study basins where high-resolution digital 
elevation data are available: Tennessee Valley in Marin County, California; Mettman 
Ridge in the Oregon Coast Range; and Split Creek on the Olympic Peninsula, 
Washington. Model predictions in each of these areas are consistent with spatial 
patterns of observed landslide scars, although hydrologic complexities not accounted 
for in the model (e.g., spatial variability of soil properties and bedrock flow) control 
specific sites and timing of debris flow initiation within areas of similar topographic 
control. 

Introduction 

The spatial and temporal distribution of shallow landslid- 
ing are important controls on landscape evolution and a 
major component of both natural and management-related 

disturbance regimes in mountain drainage basins [e.g., Hack 
and Goodlet, 1960; Dietrich and Dunne, 1978; Tsukamoto et 
al., 1982; Okunishi and Iida, 1983; Dietrich et al., 1986; 
Benda and Dunne, 1987; Crozier et al., 1990]. The sudden 

failure and high speed of shallow landslides that mobilize as 
debris flows make them particularly destructive to down- 
stream resources, property, and lives [e.g., Smith and Hart, 
1982; Ellen and Wieczorek, 1988; Brabb and Harrod, 1989]. 
Debris flows may also scour steep channels to bedrock and 
accelerate sediment delivery to downstream, lower-gradient 
channels. Increasing pressure to use upland landscapes and 
concurrently to minimize downstream impacts necessitates 

development of objective methods for assessing the distri- 
bution of potential debris flow source areas and run out 
paths. 

Debris flows typically occur during intense storms or 
periods of extended rainfall [e.g., Caine, 1980], reflecting the 
effect of elevated soil moisture on soil strength. Topography 
influences shallow landslide initiation through both concen- 
tration of subsurface flow and the effect of gradient on slope 
stability. Other factors that also influence the spatial and 
temporal distribution of shallow landsliding include soil 
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thickness, conductivity, and strength properties; rainfall 

intensity and duration; subsurface flow orientation; bedrock 

fracture flow; and root strength. While these factors are 

important controls, their spatial distribution are difficult to 
determine. On the other hand, most studies report that 

shallow landslides only become important above a threshold 

hillslope gradient and that these landslides most commonly 

originate in areas of topographic convergence [e.g., Camp- 
bell, 1975; Reneau and Dietrich, 1987a; Ellen et al., 1988]. 

In this paper, we present a quantitative model for assess- 

ing the topographic influence on shallow landsliding. Models 

for the generation of soil saturation and slope instability are 

combined with digital terrain data to predict the steady state 
rainfall necessary for slope failure throughout a catchment. 

Our primary assumption here is that while local properties 
surely affect the timing, size, and behavior of a shallow 

landslide, the dominant control on where they occur is the 

local surface topography, as it in turn defines local slope and 

shallow subsurface flow convergence. The relative simplic- 
ity of the model is attractive for the typical case where little 

is known about the spatial variability of the other important 
factors that affect slope stability. The coupled model delin- 
eates areas of the landscape with similar topographic control 
on shallow landslide initiation. 

Previous Work 

There are many approaches to assessing landslide haz- 
ards. The most widely used techniques include (1) field 

inspection using a check list to identify sites susceptible to 
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landsliding [e.g., Neely and Rice, 1990]; (2) projection of 
future patterns of instability from analysis of landslide in- 
ventories [e.g., Wright et al., 1974; DeGraff, 1985; Degraff 
and Canuti, 1988]; (3) multivariate analysis of factors char- 
acterizing observed sites of slope instability [e.g., Neuland, 
1976, 1980; Carrara et al., 1977; Carrara, 1983; Roth, 1982; 

Pike, 1988; Mark, 1992]; (4) stability ranking based on 
criteria such as slope, lithology, land form, or geologic 
structure [e.g., Brabb et al., 1972; Campbell, 1975; Holling- 
sworth and Kovacs, 1981; Fowler, 1984; Reneau and Diet- 

rich, 1987b; Smith, 1988; Seely and West, 1990; Montgomery 
et al., 1991]; and (5) failure probability analysis based on 
slope stability models with stochastic hydrologic simulations 
[e.g., Burroughs, 1984; Burroughs et al., 1985; Dunne, 1991; 
Hammond et al., 1992; Sidle, 1992]. Each of these ap- 
proaches is valuable for certain applications. None, how- 
ever, takes full advantage of the fact that debris flow source 

areas are, in general, strongly controlled by surface topog- 
raphy through shallow subsurface flow convergence, in- 
creased soil saturation, and shear strength reduction. This 
topographic influence on near-surface hydrologic response, 
and thus debris flow generation, can be modeled using digital 
elevation data. 

Two approaches have been proposed recently that use 
digital terrain data to represent spatial distributions of slope 
instability. One involves generating topographic attributes 
from digital elevation data (e.g., slope) which can be com- 
bined with other characteristics such as vegetation, or lithol- 
ogy, in a geographical information system (GIS) to identify 
hazardous areas based on observed correlations between 

landsliding and these attributes [Carrera et al., 1991]. While 
this approach may provide an effective method for identify- 
ing areas in which debris flows are an important process, it 
tends to classify relatively large areas into stability types, 
rather than resolve fine-scale patterns of instability that 
would be particularly valuable for hazard assessment or land 

management. Moreover, such models tend to be site specific 
because of the empirical basis of GIS-based multivariate 
analysis. 

The other approach is to use digital elevation data to make 
more process-based predictions of site instability. Okimura 
and colleagues [Okimura and Ichikawa, 1985; Okimura and 
Nakagawa, 1988] used a grid-based digital elevation model 
in a finite difference model of shallow subsurface flow under 

steady rainfall. Predicted pore pressure values were used to 

calculate the stability of individual grid cells using a form of 
the infinite slope model. Most of the scars in a small (0.1 
km 2) study catchment were correctly identified by their 
model, although many more cells were predicted to be 
unstable than were actually observed. 

Here we build upon this approach and our previous work 
[Dietrich et al., 1992, 1993] to explore the utility of a 
process-based slope stability model to predict the location of 
shallow landslides in three catchments in the coastal moun- 

tains of the western United States. We combine a contour- 

based steady state hydrologic model with a simple slope 
stability model and reduce this coupled model to its most 
essential components. The steady state assumption allows 
isolation of the topographic influence on debris flow initia- 

tion and thus development of a process-based relative haz- 
ard map. The simplicity of our model is consistent with the 

lack of detailed knowledge one can expect to acquire about 
the spatial variability of soil thickness, strength, and hydro- 

z 

Figure 1. Topographic elements used in the program TO- 
POG [O'Loughlin, 1986] are defined by the intersections of 
contours (gray lines) and flow tube boundaries (black lines). 
The upslope contributing area a (shaded) is the cumulative 
drainage area of all topographic elements draining into an 
element. Definitions of other parameters used in the analysis 
are illustrated in the bottom part of the figure. 

logic properties. We have also added a debris flow routing 
and deposition algorithm that enhances the usefulness of our 

model in linking hillslope instability with downslope conse- 
quences. 

Model 

In our application the hydrologic model, TOPOG 
[O'Loughlin, 1986], uses a steady state rainfall and maps the 
spatial pattern of equilibrium soil saturation based on anal- 

ysis of upslope contributing areas, soil transmissivity, and 
local slope (Figure 1). The model divides a catchment into 

topographic elements defined by the intersection of contours 

and flow tube boundaries orthogonal to contours. The net 
rainfall (precipitation less evapotranspiration and deep 
drainage into bedrock) becomes shallow subsurface flow. 

which is routed down flow tubes, allowing calculation of the 
local flux through each topographic element. The hydrologic 
model thus reduces to a calculation of wetness W, which is 

the ratio of local flux at a given steady state rainfall to that at 
soil profile saturation: 

W = qa/bT sin 0 I l) 

in which q is the net rainfall rate, a is the contributing are• 
draining across b the contour length of the lower bound to 
each element, T is soil transmissivity when saturated, and 0 
is the local slope (in degrees) of the ground surface {Figure 
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1). When wetness exceeds 1.0, the ground experiences •.0 
saturation overland flow. If we assume that the saturated 
conductivity does not vary with depth beneath the surface, 
then we can write T -- Kz cos 0 and (1) can be simplified for 
the case where W <- 1.0 to 

• 0.5 

W = K sin Oh cos O/K sin O z cos 0 = h/z (2) 

where K is the saturated conductivity of the soil, h is the 
thickness of saturated soil, and z is the total soil thickness 

[Dietrich et al., 1993]. This simplification allows us to write 
the infinite slope stability model for cohesionless soils (with 
a wet bulk density of Ps relative to the bulk density of water 

Pw) and slope-parallel seepage as either 

tan 0 = [1- W(pw/ps)] tan •b (3a) •0 

or 

W= (ps/Pw)[1 - (tan O/tan qb)]. (3b) 

In (3a), wetness would be calculated from (1) and if W > 
1.0, then W is set equal to 1.0, as the remaining water runs 
off as overland flow. Substitution of (1) into (3b) allows this 

failure criterion to be expressed in terms of drainage area per 
unit contour length. Thus topographic elements, where 

a/b-> (T/q) sin 0 (ps/p•,)[1- (tan O/tan •b)] (4) 

are predicted to be unstable. In this form, the topographic 

variables (a/b, sin 0, and tan 0), hydrologic variables (T, q), 

and soil variables (tan •b and Ps) are clearly defined. Our 
model does not explicitly state that soil depth is spatially 

constant, but the assumptions of a constant transmissivity 

and that saturated conductivity does not vary with soil depth 

are most easily accomplished if this is the case. In essence, 

our model holds all soil properties constant in space and then 

defines the topographic control on the location of shallow 
landsliding. 

We define four stability classes that describe the elements 

within a catchment for a particular simulation: uncondition- 
ally unstable, unstable, stable, and unconditionally stable. 

Unconditionally unstable elements are those predicted to be 
unstable even when dry. Unstable elements are those pre- 
dicted to fail according to (4). Stable elements have insuffi- 
cient catchment area (and hence wetness) to fail. Uncondi- 
tionally stable elements are those predicted to be stable even 
when saturated. 

These stability categories can be defined on a plot of either 
wetness, or drainage area per unit contour length versus 
slope (Figure 2). As mentioned above, wetness cannot 
exceed 1.0 in this model (equation (3a)). Hence the range of 
values is from 0.0 to 1.0. Equation (3b) shows that the 
threshold of instability is defined by a linear relationship 
between wetness and ground slope (tan 0). Ground is uncon- 
ditionally stable when tan 0 -< tan 4) [1 - (Pw/P•,)]. Uncon- 
ditionally unstable ground occurs where tan 0 > tan 
Consequently, these slopes should tend to consist of ex- 
posed bedrock. The stability of each topographic element 
may be shown by plotting its position on Figure 2a relative to 
these boundaries. 

Different ratios of soil transmissivity to the rainfall rate 
(T/q) alter the wetness value for each element. For a given 
soil transmissivity, a series of simulations with a range of 
steady state rainfall intensities illustrates the effect of storms 
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Figure 2. Definition of stability fields on plots of (a) wet- 
ness versus slope (tan 0) and (b) contributing area per unit 
contour length versus slope (tan 0). Dashed line represents 
threshold of ground saturation. 

of different intensities. For potentially unstable elements, 

wetness will increase with increasing q until the stability 
threshold is crossed. Once this threshold is crossed, an 

element will remain unstable at greater rainfall rates. Thus 

we may determine the minimum steady state rainfall pre- 

dicted to cause instability, here called critical rainfall (qcr), 
in each element by rearranging (4): 

qcr = [r sin O(ps/p•.)/(a/b)][1 - (tan O/tan 4))]. (5) 

Topographic elements with equal critical rainfall are inter- 

preted to have equal topographic control on shallow land- 

slide initiation. Thus the spatial distribution of critical rain- 

fall values expresses the potential for shallow landslide 
initiation. 

Study Areas 

Study areas (Figure 3) were selected on the basis of the 

availability of high-resolution digital elevation data in debris- 
flow-prone terrain. Previous field work in these areas allows 

estimation of both the soil and hydrologic parameters re- 
quired by the model, albeit with considerable uncertainty 
about the spatial average. Although the spatial variability of 
each of these parameters could be included in model simu- 

lations, they are treated as spatially uniform because more 

detailed information on soil properties is unavailable. 
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Figure 3. Location map for Tennessee Valley, Mettman 
Ridge, and Split Creek study areas. 

Marin County, California 

The Marin County catchment occupies 1.2 km 2 in the 
Tennessee Valley area of the Marin Headlands just north of 
San Francisco, California. The area has broad convex hill- 

tops and alluvium-filled major valleys. The catchment is 

underlain by stacked thrust sheets composed of Cretaceous 
greenstone, greywacke, and chert of the Franciscan Com- 

plex [Warhaftig, 1984]. Vegetation is composed of coastal 
scrub and grasslands communities. The area has a Mediter- 

ranean climate with a mean annual rainfall of about 760 mm. 

Burrowing activity is the dominant sediment transport pro- 
cesses on convex hillslopes and ridgetops [Lehre, 1982; 
Black and Montgomery, 1991]; landsliding is an important 
sediment transport process on steeper side slopes and in 
topographic hollows, and overland flow and seepage erosion 
dominate on lower-gradient slopes [Montgomery and Diet- 
rich, 1988, 1989; Dietrich et al., 1993]. Further description of 
geomorphic processes in this catchment is presented else- 
where [Montgomery, 1991]. 

Aerial photography and field inspection identified 43 scars 
(Figure 4). Earlier analyses reported 39 scars [Dietrich et al., 
1992, 1993], but four more have since been identified. Based 

on vegetation regeneration in the scars, we interpret that 
most of the landslides occurred during or since storms in 
1974 that caused debris flows in Marin County [Lehre, 1982]. 
The maximum scar size is roughly 10 m wide by 20 m long 
and 1 m deep, similar to the findings of Reneau and Dietrich 
[1987a] in a nearby area. Most of the shallow landslides 
involved colluvial soils and some scoured to bedrock. Al- 

most all scars were located in steep portions of the catch- 
ment, typically either at channel heads or on side slopes. 

Dietrich et al. [1992, 1993] generated high-resolution dig- 
ital elevation data for this catchment from low-altitude, 
stereo aerial photographs. They also used the program 
TOPOG to map topographic attributes associated with 
threshold process theories and thereby divided the catch- 

ment into areas dominated by diffusive sediment transport, 
overland flow, nonerosive overland flow, and landsliding. 
We use the same digital elevation data set contoured at a 5-m 

interval in our analysis of this catchment. Unlike their Work, 
we plot potential instability as a function of T/q. We also use 
a smaller flow net in TOPOG, which reduces the extent of 
predicted instability. 

Field work in this and neighboring areas provides the basis 
for estimating values for the soil thickness, conductivity, and 
bulk density. Soil thickness varies from 0.1 to 0.5 m on 
topographic noses to depths of up to 4.0 m in topographic 
hollows [Wilson and Dietrich, 1987; Montgomery, 1991]. 
The saturated conductivity of the soil varies from 10 -3 rn/s 
at soil depths less than 1 m to 10 -lø m/s for soil depths 
between 3 and 4 m [Montgomery, 1991]. The transmissivity 
of the soil profile is dominated by near-surface soils due to 
this dramatic decrease in conductivity with increasing s0il 
depth. Based on these and other data, Dietrich et al. [1992] 
estimate the transmissivity of saturated soil profiles in this 
catchment to be 17 m2/d, saturated bulk density to be 2000 
kg/m 3, and the friction angle to be about 40 ø. We assume that 
these values represent the natural heterogeneity within this 
catchment. 

Mettman Ridge, Oregon 

The Oregon study site consists of a 0.3 km 2 drainage basin 
along Mettman Ridge in the Coast Range just north of Coos 
Bay, Oregon. As is typical in the Oregon Coast Range, the 
area is highly dissected and characterized by narrow ridge. 
tops and steep slopes. Bedrock consists of gently dipping 
Eocene sandstone [Beaulieu and Hughes, 1975]. The study 
area was recently clear cut and replanted with Douglas fir, 
has a maritime climate, and receives approximately 1500 mm 
of precipitation annually. Shallow debris flows periodically 
deliver the colluvial soils to the downslope channel system. 
Further descriptions of the geomorphic processes active in 
this and adjacent catchments are given elsewhere [Anderson 
et al., 1990; Montgomery et al., 1990; Torres et al., 1990; 
Montgomery, 1991]. 

Nineteen shallow landslides occurred in the Mettman 

Ridge catchment between forest clearance in 1987 and the 

summer of 1992 (Figure 4b). Six shallow landslides located 

immediately below a logging road were associated with 
drainage concentration and/or fill berm failures. The other 

debris flows occurred within clear cuts and had typical 

dimensions of 5 m by 10 m with a depth of about 1.5 m. Six 
of these debris flows occurred in hollows at the heads of 

first-order channels. Three of the remaining seven occurred 
in subtle hollows not depicted on the topographic map; four 
occurred on steep slopes next to channels. Much of the 
coatset debris was deposited within the study catchmcnt, 

with most coming to rest at tributary junctions. Storms 
observed to cause shallow landslides in this catchment had 

annual or biennial 24-hour rainfall intensities of 50-75 mm/d. 

Contemporary sediment transport rates from landsliding 
greatly exceed long-term rates calculated from the basal age 

of colluvial deposits in topographic hollows, indicating a 
significant postlogging increase in sediment transport by 
debris flows [Montgomery, 1991]. 

Digital elevation data were generated from a 1:4800 scale 
topographic map of the catchment constructed from low- 
altitude aerial photographs obtained prior to clear cutting. 
During field work, several significant discrepancies were 
noted between the actual landform and that portrayed on the 
base map; nonetheless, it is the best available map of the 
catchment. The vectorized data were gridtied and then 
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Figure 4a. Topographic map of the Tennessee Valley study catchment showing distribution of land- 
slides, channels, and debris flow deposits. Landslide symbols are shown larger than scars are in the field 
because of uncertainty associated with field mapping. In Tennessee Valley, deposits in major valleys are 
composed of interstratified alluvial and debris flow deposits. 

contoured at the interval of the original base map using the 
program TOPOG, resulting in digital contours that are es- 

sentially identical to the original contours. Analysis was 
conducted using a map with a 5-m contour interval cor•.- 
structed from this data set. 

Field work in these catchments and similar areas of the 

Oregon Coast Range provides constraints on the soil bulk 
densit5 and transmissivity. The colluvial soil in the study 
area is a silty sand that ranges in thickness from roughly 0. I 
to 0.5 m on topographic noses to greater than 2 m in 
topographic hollows [Montgomeo', 1991]. Bedrock crops 
out in man> areas where the slope exceeds 45 ø. Saturated 
h•draulic conductivity of the colluvial soil declines from 

about 10 -3 m/s at the ground surface to about 10 -4 m/s at a 
depth of 2 m [Montgome•T, 1991]. Based on these data, we 

estimate that an appropriate transmissivity for use in this 

catchment is 65 m2/d. Saturated soil bulk density is about 
1600 kg/m 3 (R. Torres et al., manuscript in preparation, 
1993). Reported values of the angle of internal friction for 

soils developed on sandstones in the Oregon Coast Range 
vary from about 35 ø to 44 ø [Yee and Harr, 1977; Schroeder 

and Alto, 1983; Burroughs et al., 1985], with substantially 
lower values for saturated soils due to disaggregation upon 
wetting [Yee and Harr, 1977]. Root strength of both conif- 
erous and understory vegetation provides significant appar- 
ent cohesion to the soil. Inclusion of the apparent cohesion 
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Figure 4b. Same as Figure 4a except for Mettman Ridge study catchment. 

due to root strength requires local data on soil depth. 

Although we recognize that the strength effect of cohesion 

cannot be fully accounted for by increasing the friction 

angle, we have no other option in this simple model. Here we 

adopted a friction angle of 45 ø, increasing the soil strength as 

much as 1.4 times the actual frictional strength. 

Split Creek, Washington 

The Olympic Peninsula study area encompasses the west 

fork of Split Creek, a 0.6 km 2 basin on the north flank of 
Huelsdonk Ridge on the South Fork of the Hoh River. The 

area is characterized by steep, unglaciated tributaries that 

drain into wide, glaciated valleys filled with outwash and 

Holocene alluvial sediments. Huelsdonk Ridge is underlain 

by steeply dipping, folded and faulted Oligocene to upper 

Eocene sandstone [Tabor and Cady, 1978]. The area re- 

ceives from 4000 to 5000 mm/yr of rainfall annually and was 

covered by a primarily western red cedar forest prior to clear 
cutting of the basin in the 1980s. 

Colluvial soils developed on sandstones in this area are 

silty sands with a saturated bulk density of about 1800 kg/rn 3 
[Schroeder and Alto, 1983]. Soil thickness averages about 1 
m [Schlichte, 1991], although soils are shallower on topo- 

graphic noses and thicker in hollows. Schroeder and Alto 
[1983] reported a friction angle of 36 ø for a recompacted 
sample from colluvial soils developed on sandstone in this 
part of the Olympic Peninsula. Again, we adopt a friction 
angle of 45 ø to compensate for the effective cohesion provided 
by root strength of the second growth forest and understory. 
No data are available on the hydraulic conductivity of the 
colluvial soils in this area, but based on experience in similar 
soils in the Oregon Coast Range, we estimate a transmissivit,• 
of about 65 m2/d for this catchment. 

Digital elevation data were generated from color aerial 
photographs using a stereo-digitizer. The ground surface 
sampled at an average spacing of 5 m and contoured at a 5-m 
interval (Figure 4c). Landslides visible on color aerial ph0- 



MONTGOMERY AND DIETRICH: MODEL FOR TOPOGRAPHIC CONTROL 1159 

N 

2OO m 
I , ! 

Contour interval = 5m 

Figure 4c. Same as Figure 4a except for Split Creek study catchment. 

tographs flown in 1990 were mapped onto this base map. 
Landslide frequency in surrounding areas increased by 600- 
700% in the decade following forest clearance [Schlichte, 
1991]. In the west fork of Split Creek, nine shallow debris 
flows were mapped. Five of the failures occurred at the head 
of first-order channels, one occurred at the base of a hillslope 
along a channel, and three occurred on steep side slopes. 

Simulations 

The model may be run in several different lbrmats. Ele- 
ment stability may be simulated for a steady state rainfall 
intensity, or alternatively, the critical rainfall necessary to 
cause instability may be determined for each topographic 

element. The former approach illustrates model perfor- 
mance, but the latter approach is most useful for hazard 
assessment. 

A series of simulations for the Mettman Ridge catchment 
illustrates the effect of increasing q on predicted instability. 
At a rainfall intensity of 20 mm/d, most topographic elements 
lie within the stable field on a plot of wetness versus slope 
(Figure 5a). With increasing rainfall (Figures 5b and 5c), the 
wetness value for each topographic element increases, and 
progressively more of the catchment plots as either unstable 
or not steep enough to fail. Every element where [1 - 
(p.,/p•)] tan 4> < tan 0 < tan qb is potentially unstable with a 
sufficiently high rainfall rate. 

The map distribution of predicted instability provides a 
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Figure 5. Plots of wetness versus slope for topographic 
elements in Mettman Ridge study catchment (T = 65 m2/d, 
tan 4' - 45 ø, and p• = 1600 kg/m 3) for (a) q - 20 mm/d; (b) 
q - 100 mm/d; and (c) q - 200 mm/d. 

spatial context within which to interpret these simulations, 

as well as constraints on reasonable values of q. At 20 mm/d 

rainfall, most of the catchment is stable (Plate la), except for 

areas of unconditional instability that coincide with the 

observed pattern of local bedrock outcrops. These zones are 

areas where slopes are too steep to allow the accumulation 

of significant soil. They are unlikely to generate shallow 

landslides. Increasing the rainfall rate to 100 mm/d (Plate 

1 b), zones of predicted instability spread to steep, low-order 

channels, topographic hollows, and base of steep side 

slopes. Further increasing the simulated rainfall to 200 mm/d 

(Plate lc) expands the zones of predicted instability away 

from channels, toward drainage divides, and into topograph- 

ically divergent hillslopes where debris flow initiation is rare. 

Relative Failure Potential 

The map pattern of the critical rainfall predicted by (5} 
provides a prediction of relative potential for shallow land- 

slide initiation. Elements with lower q cr are interpreted as 

more susceptible to shallow landsliding. Conversely, ele- 
ments with higher q cr are interpreted as more stable, as a 

less frequent rainfall event would be required to cause 

instability. While the absolute value of q cr for any topo- 
graphic element depends on the values of p.•, tan ,;b, and L 
the topographic parameters (a/b, tan 0) control the relative 

patterns of predicted q cr values if the soil properties are 

spatially constant. 

The three study catchments differ in the extent of the zone 

of potential instability (Plate 2). The Marin County study site 
has predominantly gentle slopes compared to the assumed 

friction angle, and only a third of the catchment area is 

potentially subject to shallow landsliding, even in response 
to extreme hydrologic events. In contrast, the Mettman 

Ridge and Split Creek catchments are much steeper and 

most of these catchments are potentially unstable. 

Comparison of observed landslide locations with model 

predictions provides a test of model performance (,Plate 2). 

Although it is difficult to precisely compare field observa- 

tions and model predictions because the uncertainty associ- 

ated with field mapping is of the order of the size of the 

topographic elements used in these simulations, we mapped 

observed landslides onto a map of predicted critical rainfall 

(Plate 2). Landslide scars are mapped larger than they are in 

the field because of this uncertainty, and most occup.• 

several topographic elements. Thus the lowest q cr value for 
the elements overlain by a mapped landslide was considered 
to reflect the value for the landslide. 

A simple test of model performance is to compare the 

proportion of landslides with different critical rainfall •alues 
to the percent of the catchment area with similar values 
(Table 1). Better model performance would be reflected in a 
disproportionate occurrence of landslides in sites predicted 
to have a lower critical rainfall. In each of the study areas. 

proportionally more landslide scars occupy areas predicted 
to be least stable (qcr ( 50 mrn/d). 

Two thirds of the Tennessee Valley catchment is not steep 

enough to fail according to the criterion of (4) (Table 1). 0nl.• 
the steeper slopes along valley margins and at the head of 
hollows are modeled as susceptible to shallow landsliding 
These areas define the general areas in which landslide sca,s 
were observed. Furthermore, many low-order channels in 
these steeper parts of the catchment occupy elements pre- 
dicted to be least stable, and a number of channel head•, 
occur in elements in the least stable category. Progressiveh 
fewer landslides are located in areas with greater criticd 
rainfall values (Table 2). 

Most of the Met(man Ridge catchment is predicted to be 
unstable at some rainfall rate (Table 1). The pattern of 
predicted instability, however, changes systematically •ith 
increasing rainfall. Steep areas predicted to be uncondition- 
ally unstable generally correspond to areas with bedrock 
exposed at the ground surface (Plate 2b). These area, 
represent sites of chronic instability where significant mate- 
rial does not accumulate. As rainfall increases to 100 turn.d, 

zones of predicted instability extend to low-order channel' 
and hollows and onto the base of some steeper hillside• 
Most of the low-order channels in this area lack significant 



MONTGOMERY AND DIETRICH: MODEL FOR TOPOGRAPHIC CONTROL 1161 

stable 
unconditionally stable 
unstable 

unconditionally unstable 

N I 
100 rn 

Contour interval - 5m 

Plate la. Map of predicted stability for the Mettman Ridge study catchment (tan • = 45 ø, T = 65 me/d, 
and Ps = 1600 km/m 3) for q = 20 mm/d. 

colluvial valley fill, and most shallow landslide scars occur in 
hollows and low-order channels (Figure 4b). Field inspection 
indicates that each of the three scars mapped as occurring on 
topographic noses occurs in a subtle hollow not reflected on 

the topographic map. Hence our model cannot detect their 
instability. At rainfall rates between 100 and 200 rnm/d, areas 
of predicted instability expand farther into hillslopes and up 
to the heads of valleys until they virtually enclose the valley 
network. Topographically divergent ridgelines and hillslopes 
betbeen valleys are unstable only at steady state rainfall in 
excess of 200 mm/d. Roughly half of the observed landslides 
occurred in areas predicted to be least stable (Table 2). 

Almost the entire Split Creek catchment also is predicted 
to be unstable at some rainfall intensity (Table 1). Again, 
steep, low-order channels and the lower end of topographic 
hollows are predicted to be most susceptible to failure (Plate 

2c). At greater rainfall intensities, zones of predicted insta- 
bility expand farther up hollows and onto the base of 

surrounding slopes, eventually extending into topographi- 
cally divergent hillslopes. All of the observed landslide scars 

occur in topographic hollows or on steep side slopes in areas 
predicted to be least stable (Table 2). 

In each of these catchments, landslides occurred with 

disproportionate frequency in areas predicted to be least 

stable (Table 2). This comparison of predicted patterns of 
relative stability and observed patterns of shallow landslid- 

ing indicates that q cr provides a reasonable proxy for failure 

potential. Furthermore, there are similarities in the pattern 

of q cr between the catchments. In general, steep convergent 
areas, such as low-order channels and hollows, are most 

susceptible to failure. Steep side slopes and smaller or 

lower-gradient hollows are next, and divergent hillslopes are 
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least susceptible to failure. This pattern corresponds well 

with results of other field surveys, which indicate that the 

majority of debris flows originate in topographic hollows but 

that a significant percentage also originate on steep side 

slopes and channel margins [e.g., Okimura and Ichikawa, 
1985; Reneau and Dietrich, 1987a; Ellen et al., 1988]. 

Shallow landsliding from divergent ridgetops and topo- 

graphic noses is rare. 

In each of the study areas, many more areas are predicted 
to be unstable than are observed to have failed in the field. 

Five years of observations in the Mettman Ridge catchment 

indicate that small, shallow debris flow scars rapidly heal 

and are difficult to detect after as few as 3 years. Our field 

and aerial photo mapping only captures the most recent 

failures, and many of the areas predicted to be unstable may 

have failed at some time in the past. Although it als0 is 
possible that the model overrepresents areas potentially 
subject to shallow landsliding, slope morphology in zones of 
predicted failure suggests that they represent areas in which, 
landsliding dominates sediment transport and slope evolu- 
tion. The majority of slopes predicted to be unstable are 
neither convex nor concave but rather are planar in profile. 
a shape consistent with long-term erosion by landsliding. 
Consequently, we judge that zones of predicted instabilin 
generally represent areas in which landsliding is a major 
sediment transport process over long timescales. 

Constraints on the Hydrologic Parameters (T/q) 

Observed areas of soil saturation effectively constrain 
reasonable values of the hydrologic parameters (T/q)and 
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thus provide an upper limit to the critical rainfall. In each of 
the study catchments, overland flow only rarely, if ever, 
occurs on topographically divergent hillslopes. Conse- 

quently, a reasonable limit to the steady state rainfall for use 
in slope stability simulations is provided by the rainfall in 
excess of which saturated zones expand into divergent 
portions of the landscape. 

The steady state rainfall necessary to saturate a topo- 
graphic element q s is given by 

qs = (bT/a) sin 0. (6) 

This criterion also may be expressed interms of the ratio T/q 

T/q = a/b sin 0. (7) 

For the Tennessee Valley catchment, the rainfall rate above 

which saturation spreads into divergent elements is about 50 

mm/d (T/q = 350 m), whereas for the Mettman Ridge and 

Split Creek catchments it is about 200 mm/d (T/q = 325 m) 

(Figure 6). These values of the critical rainfall may be used 

as limits for the steady state rainfall used to predict zones of 

potential instability. The majority of observed landslides in 

the study areas are within zones of predicted instability so 
determined. 

In the Tennessee Valley catchment, 33 of the 43 debris 

flow scars (78%) identified in the study area include elements 

predicted to be unstable using the hydrologic constraint for 

saturation of divergent topography (q <: 50 mm/d). For the 
Mettman Ridge catchment, 16 out of 19 debris flow scars 
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Plate 2a. Map showing steady state rainfall intensity [mm/day] necessary for slope instability in each 
topographic element for Tennessee Valley (tan •b = 40 ø, T = 17 m-/d, Ps = 2000 kg/m3). 

(84%) include locations predicted to be unstable (q -< 200 
mm/d). Two of the other three landslide scars were associ- 

ated with road drainage concentration. The final unexplained 

debris flow scar is located at the downslope end of a hollow 

not portrayed on the topographic basemap used to create the 

digital elevation data. In the Split Creek catchment, all of the 

observed scars are in locations that include elements pre- 

dicted to be least stable (Table 2). These examples illustrate 
that observed debris flow scars generally occur in locations 

predicted by the model to be susceptible to debris flow 

initiation, indicating that this approach provides a simple 
assessment of relative debris flow initiation hazard. 

It is curious, however, that the limiting value of the 

hydrologic parameter T/q is similar for each of the study 
areas. While we are not certain of the significance of this 

observation, it reflects the similar size of the convex, diffu- 

sion-dominated portions of the hillslopes in these areas. 
Acquisition of high-resolution digital elevation data fr0rr 
additional areas will allow further exploration of this obser- 
vation. 

Debris Flow Routing 

Mobilization of shallow landslides into debris flox, s re- 

flects soil properties [e.g., Ellen and Fleming, 1987] that 
cannot be predicted directly from digital elevation rnodel•. 
However, such models can be used to predict potential run 
out paths in debris-flow-prone areas. There are many ap- 
proaches to delineating down slope areas potentially im- 
pacted by debris flows [e.g., Ikeya, 1981; Takahashi, 1981; 
Benda and Cundy, 1990; Ellen et al., 1993]. Here we appb' 
simple algorithm for delineating areas subject to different 
styles of debris flow impact. 



MONTGOMERY AND DIETRICH: MODEL FOR TOPOGRAPHIC CONTROL 1165 

critical rainfall (mm/day) 

E• uncond. stable 
> 200 

100 - 200 

50 - 100 

O- 50 

uncond. unstable 

N I 
100 rn 

Contour interval = 5m 

Plate 2b. Same as Plate 2a except for Mettman Ridge (,tan •b = 45 ø, T = 65 m2/d, Ps = 1600 kg/m3). - 

Relative debris flow hazards differ for initiation, transport, 

and deposition areas. The flow tube architecture of TOPOG 
hcilitates determination of debris flow paths and allows 
gross characterization of debris flow behavior along these 

paths. For a given simulation, elements that are unstable 
according to (4) define potential sites of debris flow initia- 
tion. Potential debris flow paths are traced down flow tubes 
until a depositional criterion is exceeded. In reality, a debris 
flow will be deposited when it thins or flows onto a slope 
gentle enough that the forces driving continued motion are 
less than the yield strength of the flowing material. This often 
occurs on slopes between roughly 3 ø and 6 ø [e.g., Campbell, 
1975- lkeya, 1981' Takehashi et al., 1981' Benda and Cltndy, 
1990], but incorporation of large woody debris into the snout 
of a moving debris flow, or momentum extraction associated 
x•ith high-angle tributary junctions, may force deposition on 

steeper slopes. Here we define a zone of likely debris flow 
deposition as the first set of consecutive topographic ele- 
ments within a prescribed slope range down a flow tube from 
an element predicted to be unstable. Transport zones are 
delineated as the topographic elements along the flow tube 
between initiation and deposition points. 

For the Tennessee Valley study area, this algorithm pre- 

dicts that the steep channels in the basin headwaters trans- 

port debris flows, while the lower-gradient channels in the 
major valleys are within depositional zones (Plate 3). These 
patterns correlate well with the observed distribution of 
bedrock channels and Holocene valley fills composed of 

interstratified debris flow and alluvial deposits {Figure 4a). 

Channels in the Mettman Ridge and Split Creek study areas 

are too steep to allow deposition according to the criteria 
given above. However, a number of debris flow deposits are 
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Same as Plate 2a except for Split Creek (tan •b = 45 ø, T = 65 m2/d, Ps = 1800 kg/m3). 

located at channel confluences or behind log jams. Such 

deposits are subject to scour by subsequent debris flows, and 

we have found what appear to be multiple debris flow 

deposits in low-gradient reaches at the mouth of the creeks 

draining both the Mettman Ridge and Split Creek study 
areas. 

This approach provides a preliminary method for predict- 

ing potential debris flow runout paths. More complex algo- 

rithms are desirable to represent potential zones of deposi- 

tion at tributary confluences and to account for the effect of 

large woody debris. The approach presented here provides a 

simple method for characterizing areas potentially subject to 

different styles of debris flow impacts. 

Discussion 

This model is intended to be simple; it delineates th0s, 
areas most prone to shallow landsliding due to surface 
topographic effects on hydrologic response. This is most 
appropriate for modeling topographically controlled shal10• 
landsliding common in steep highly dissected, soil-mantled 
topography. Although the assumptions incorporated in the 
model, especially the steady state hydrologic model, pre- 
clude its use as a tool to predict the frequency of landslide 
initiation, the model does assess relative stability as ex- 

pressed by the critical steady state rainfall. Our steady state 
hydrologic model requires the assumption that the predicted 
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Table 1. Percent of Catchment Area in Each 

Critical Rainfall Range 

104 

Critical Rainfall, mrn/d TV MR sc 

Unconditionally unstable 1 13 9 
0-50 8 10 8 
50-100 9 7 10 
100-200 10 13 19 
>200 5 42 44 
Unconditionally stable 67 16 10 

m 0 • 

TV, Tennessee Valley; MR, Mettman Ridge; SC, Split 
Creek. 

spatial pattern of pore pressures mimics that which occurs 
during an unsteady, landslide-producing rainfall event. This 

may not be so. Assumptions regarding the spatial uniformity 
of strength and hydrologic properties are convenient but not 

necessary. Should such data as the spatial variation in 

transmissivity and frictional strength be available, they can 
be incorporated into model simulations. 

The specific pattern of landsliding observed in a catchment 

reflects the influence of many factors not included in the 

model. Variations in soil strength and transmissivity impart 
a stochastic component to shallow landslide initiation. While 
these properties could be assigned to each topographic 
element by randomly sampling from a distribution of poten- 
tial values, we feel that a Monte Carlo approach to predicting 
the spatial distribution of soil properties only serves to 

obscure the topographic influence on slope instability and 
give a false sense of relative stability. Soil thickness may 
exhibit both stochastic local variability and systematic dif- 
ferences associated with topographic position. Unfortu- 
nately, detailed information on soil thickness is only rarely 
available. The seepage force necessary to destabilize a slope 
depends on the flow orientation [Iverson and Major, 1986], 
and field studies in both the Tennessee Valley and Mettman 
Ridge study areas indicate that the hydrologic characteristics 

of the near-surface bedrock strongly influence the piezomet- 
ric response in the overlying colluvium [Wilson and Dietrich, 
1987; Montgomery et al., 1990; Montgome.rv, 1991]. Al- 
though this influences slope stability, it is difficult to include 
in a model without detailed knowledge of bedrock fracture 
patterns. The effective cohesion provided by root strength 
x•hich has not been explicitly included also is spatially 

Table 2. Percent of Landslides in Each Critical 

Rainfall Range 

103 

102 

10' 

Critical Rainfall, mm/d TV MR SC 

Unconditionally unstable 0 0 
0--50 81 47 
50-100 15 26 
100-200 2 11' 
>200 2 16' 

Unconditionally stable 2 0 

lOO 

TV, Tennessee Valley; RM, Mettman Ridge; SC, Split 
Creek 

*These landslides either were associated with road drain- 

age concentration or were in subtle topographic hollows not 
resolved in the digital topography. 

i 

ø ' 'T/o, = 3250 m i 

o i • o 

o • o 

o o •o c * • 9 ø0 . 

0.1 1.0 
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Figure 6. Plots of contributing area per unit contour length 
versus slope (,tan 0) for convergent (circles) and divergent 
(crosses) topographic elements in the (a) Tennessee Valley, 
(b) Mettman Ridge, and (c) Split Creek study catchments 
showing the effect of varying T/q on the topographic thresh- 
olds for soil saturation and slope stability (solid lines). 
Dashed lines indicate limits of the slope stability model. 
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Plate 3. Map of Tennessee Valley study catchment showing predicted of stability and sites of debris flow 
initiation, transport, and deposition (q = 50 mm/d; tan •b = 40 ø, T = 17 m2/d, and Ps = 2000 kg/m3). 

variable and difficult to estimate. Where detailed local infor- 

mation about the landscape and its soils are unavailable and, 

in practice, too costly to quantify, we propose that this 

simple model of the topographic control on landslide initia- 

tion and debris flow run out is useful. In essence, we propose 
that even though specific sites of landsliding are largely 

unpredictable, relative slope stability can be roughly delin- 
eated. 

Several additional qualifications apply to the application of 

digital terrain models to geomorphic processes. These con- 
cern the quality of the data, the relevance of the model to 

specific field applications, and the methods employed to 

evaluate, constrain, or calibrate the model. In general, 

simulations based on digital terrain models are only as 

accurate as the digital elevation data upon which they are 

based. Unfortunately, many digital terrain models onl.• 
generally resemble the landscapes from which they are 
derived. The accuracy and resolution of the topography are 
especially important in the steep, finely dissected terrain 
where debris flows are an important process. Low-resolution 
data bias modeled slopes toward lower gradients [Zhang and 
Montgomery, 1994] and thus may influence predicted zones 
of instability. Acquisition of high-quality, high-resolution 
digital elevation data is important to allow resolution of 
potential debris flow source areas. Without high-qualib 
topographic data, physically based models may yield inac- 
curate and misleading results. 

Estimation of appropriate values for soil and hydrologic 
parameters requires the experience of a geomorphologist 
familiar with landslide and runoff generation processes 
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within the catchment of interest. Experience or field mea- 
surements are needed to estimate spatially averaged values 
for Ps, tan c), and T. Some judgement is required to 
determine an upper limit to the steady state rainfall used to 
define zones of potential instability. In the end, process- 
based models for assessment of debris flow hazards are only 
as valid as the information used to parameterize them. 
Nonetheless, we feel it is a step forward to have a process- 
based model that appears to have wide applications and 
which is based on only a few parameters with a finite range 

and a physical meaning such that field data can be collected 
to estimate their value. Moreover, the present model can be 
made more realistic by adding estimates of spatial variation 

of soil depth, strength (including cohesion), and transmissiv- 
ity and by using a dynamic rather than steady state rainfall. 
It is an open question whether the introduction of poorly 
constrained and spatially variable parameters that this will 

require will substantially improve predictions of relative 
slope stability. 

This model also has implications for long-term landform 

development in steep, soil-mantled terrain. In particular, our 
analyses indicate that the topographic control on shallow 
landsliding initiation may be similar for hollows and the 
lower portions of steep valley wails. This finding is consis- 
tent with the hypothesis that an erosional threshold defined 
in terms of drainage area and slope controls the limit to 

landscape dissection and thus valley development [Mont- 
gomery and Dietrich, 1992]. 

Conclusions 

The model described above provides a method for assess- 
ing the relative potential for shallow landslide initiation in 
steep, soil-mantled terrain underlain by low-permeability 
material. Field observations and landform provide con- 

straints on hydrologic parameters, and estimates of the soil 
conductivity, thickness, bulk density, and friction angle may 

be constrained by field observations or measurements. In 
essence, the model then quantifies the topographic influence 
on shallow slope stability. Portions of the landscape pre- 
dicted to be least stable 0ow-order channels, hollows, and 

steep side slopes) correspond to locations where debris flows 
typically initiate (see review by Montgomery et al. [1991]). 
Temporally variable rainfall may be accommodated in future 
versions of the model but may not be required for relative 
hazard assessments. Our analysis indicates that coupled 
hydrologic, slope stability, and digital terrain models provide 
a powerful tool for assessment of debris flow hazards. 

Locations of observed landslide scars support the inter- 
pretation that elements with the lowest q cr needed to cause 
failure are most unstable. However, a practical consider- 
ation in using this model is whether elements requiring very 
high rainfall to become unstable should still be considered 

hazardous. We believe this question can only be answered in 
the context of the problem. Even a site that takes an extreme 
rainfall to mobilize as a landslide constitutes a significant 

hazard if it lies upslope of either an inhabited structure, such 
as a private home, or a critical resource, such an the habitat 
for threatened and endangered species. While our model 
appears to be of general use in delineating the relative 
potential for shallow landsliding, the practical application to 
land use decisions still needs evaluation and requires judge- 
ment or values external to the model framework. 
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