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Received 27 January 2004; revised 8 November 2004; accepted 14 December 2004; published 10 February 2005.

[1] This paper examines the effect of hyetograph shape on the potential for landsliding in
soil-mantled landscapes. An existing pore pressure response model (Iverson, 2000) is used
to study the effects of unsteady rainfall infiltration in hillslopes, and the effect of slope and
convergent topography is expressed using a steady state model of slope-parallel
subsurface flow. Slope stability is assessed using an infinite slope analysis. This theoretical
framework is coupled with simple hyetograph models and to intensity-duration-frequency
functions to determine the return period of landslide-triggering rainfall. Results also
show that hyetographs with a peak at the end of a rainfall event have a stronger
destabilizing effect than hyetographs with a constant rainfall or with a peak at the
beginning of a storm. Thus the variability of hyetograph shapes adds uncertainty to the
assessment of landsliding triggered by rainfall.
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1. Introduction

[2] The stability of hillslopes and hollows is affected by
extreme rainfalls which increase the soil water pressure and
consequently reduce the shear strength of the aggregates,
favoring the instability of the soil mantle. The triggering of
landslides by rainfall has been studied on different slopes,
bedrock substrates, soil depths and ages, and with different
vegetation [O’Loughlin and Pearce, 1976; Sidle and
Swanston, 1982; Reneau and Dietrich, 1987; Trustrum
and De Rose, 1988; Montgomery et al., 1998; Iida, 1999;
Wieczorek et al., 2000; Morrissey et al., 2001]. The
process-based assessment of whether a slope is stable or
unstable is important to landslide hazard assessment,
mapping of landslide-prone areas [Montgomery and
Dietrich, 1994; Dietrich et al., 1995; Iida, 1999], and
studies of landform evolution [e.g., Benda and Dunne,
1997a, 1997b; D’Odorico and Fagherazzi, 2003], as
well as to investigations of the dependence of landslide
frequency on soil mechanical properties, land cover, and
topography [e.g., Sidle and Swanston, 1982; Sidle, 1987;
Iida, 1999].
[3] This paper puts together an existing body of modeling

approaches and hydrological concepts in a methodology to
calculate the return period of landslide-triggering precipi-
tation. In particular, we explore (1) the relationship exist-
ing between landslide occurrence and the intensity,

duration, and frequency of precipitation (through the IDF
curves expressed as power laws [e.g., Koutsoyiannis and
Foufoula-Georgiou, 1993; Burlando and Rosso, 1996]);
(2) the relative importance of long-term (slope-parallel)
flow with respect to short-term (vertical) infiltration in the
triggering of landslides; and (3) the influence of the shape
of the storm hyetographs on the return period of landslide-
triggering precipitation.
[4] We assume that the pressure head transient observable

in the course of a rainstorm is due to the unsteady vertical flow
through the soil profile, while slope-parallel subsurface flow
is assumed to occur at a longer timescale and to determine
the prestorm wetness conditions. We therefore couple a
model of subsurface lateral (steady) flow [Montgomery
and Dietrich, 1994; Iida, 1999] with a model of transient
rainfall infiltration [Iverson, 2000] to determine the hydro-
logic conditions that cause slope failure. The return period
of these hydrologic conditions is determined through the
intensity-duration-frequency relations of extreme precipita-
tion. Moreover, simplified models of the complex temporal
structure of storm hyetographs are used here to study the
effect of hyetograph shape on slope stability.

2. Spatial and Temporal Variability of Soil Water
Pressure

[5] Rainfall infiltration in soil-mantled hillslopes is char-
acterized by different scales: the subhorizontal hillslope
scale, from the divide to the stream, is generally of the
order of hundreds of meters, whereas soil thickness is
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usually of the order of a few meters or less. Thus the slope-
parallel unsaturated flow occurs at a timescale longer than
infiltration, and its effect on water pressure variability can
be negligible at the storm timescale with respect to vertical
infiltration. However, topography-controlled subsurface
flow affects the long-term moisture patterns within the basin
and determines the pressure head, y0, attained in the inter-
storm period prior to the beginning of the storm. Thus the
pressure head of water within the soil column can be
expressed as a sum of two components [Iverson, 2000],
y = y0 + y1 (Figure 1a): y0, produced by the long-term
infiltration rate Isteady, and y1, the short-term response to
rainstorms.

2.1. Long-Term Piezometric Conditions

[6] In the case of slope-parallel subsurface flow, the long-
term piezometric response linearly increases with the verti-
cal saturated depth (Z � dz) (Figure 1a) [Iverson, 1990,
2000]:

y0 ¼ Z � dzð Þ cos2 a; ð1Þ

where dz is the depth of the water table at the beginning of
the storm (Figures 1a and 1b) and a the slope angle. The
average long-term subsurface flow in interflow periods is
thus controlled by hillslope topography. The spatial
variability of y0 can be determined by using steady
state, topography-based models [Beven and Kirkby, 1979;

Montgomery and Dietrich, 1994]. The long-term wetness
ratio, W, defined as the ratio between saturated depth, h, and
the thickness of the soil column, H (Figure 1b), can be
expressed [Montgomery and Dietrich, 1994] as

W ¼ h

H
¼ q A

b T sina
; ð2Þ

where q is the net (long-term) rainfall rate, A is the
contributing area, b is the slope width, T is the
transmissivity (T = KH, where K is the saturated hydraulic
conductivity and is assumed to be constant through the
soil profile [Montgomery and Dietrich, 1994]). Thus since
(dz/Z) = (d/H) = 1 � W (see Figure 1b), equation (1) can
be rewritten as

y0 ¼ W Z cos2 a; ð3Þ

where W depends only on the slope topography, the
hydraulic conductivity and the long-term net precipita-
tion. The topographic index A/(bsina) has been used
[Montgomery and Dietrich, 1994] as an indicator of the
geomorphic factors controlling landslide occurrence in soil-
mantled landscapes. Maps of this index can be used to
detect landslide-prone areas in a watershed.

2.2. Short-Term Pressure Head Response to
Precipitation

[7] The short-term piezometric response, y1, to intense
rainfall events of rate, Iz was determined by Iverson [2000]
through a linearized version of Richards [1931] equation.
This approach is based on the assumption that when the
soil water content is close to saturation, the hydraulic
conductivity, K, and the soil water capacity, C, can be
considered to be constant, although this is valid only for
small variations in soil saturation [Hillel, 1998]. The
solution of the linearized Richards equations with suitable
initial and boundary conditions provides the distribution of
groundwater pressure head as a function of time [Iverson,
2000]. Combining Iverson [2000] solution for y1 with (3),
the following expression is obtained for the soil water
pressure distribution:

y t*ð Þ
Z

¼
W cos2 aþ Iz

Kz

R t*ð Þ½ � 0 � t* � T*

W cos2 aþ Iz

Kz

R t*ð Þ � R t*� T*ð Þ½ � t* 	 T*
;

8><
>:

ð4Þ

where the second addendum on the right hand side of
equation (4) represents the time-dependent component of
the (normalized) soil water pressure and will be indicated as
y1*, while R is the response function [Iverson, 2000]:

R t*ð Þ ¼
ffiffiffiffiffiffiffiffiffiffi
t*=p

p
exp �1=t*ð Þ � erfc 1=

ffiffiffiffi
t*

p� �
: ð5Þ

In equations (4) and (5), t* is the nondimensional time, and
T* is the nondimensional rainfall duration:

t* ¼ t

TD
;T* ¼ T

TD
;TD ¼ Z2

D
; ð6Þ

Figure 1. (a) Steady state and transient distribution of
pressure head in the soil column. (b) Schematic of the slope.
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where T is the storm duration and D is a diffusion
coefficient, which depends on slope angle, a, saturated
hydraulic conductivity, Ksat, and water capacity at satura-
tion, C0, which, in a saturated soil, results from changes in
porosity caused by changes in pressure head [e.g., Bear,
1972]:

D ¼ 4D0

cos2 a
¼ 4

Ksat

C0 cos2 a
: ð7Þ

Iverson’s solution is based on the simplified framework of
linear diffusion; however, it has been argued that the
nonlinearities associated with the state dependence of
unsaturated hydraulic conductivity and water capacity can
play an important role in the hillslope response to
precipitation [Montgomery and Dietrich, 2002]. Macro-
porosity and preferential flow through fractured bedrocks
add further complexity to the water pressure regime within
the soil [Montgomery et al., 2002]. All these factors are not
accounted for by equation (4). A more realistic framework
should incorporate soil heterogeneities leading to prefer-
ential flow, since pore pressure can be dominated by the
effects of vertical flow in macropores (e.g., tension cracks,
decayed roots, or subsurface erosion channels) [Beven and
Germann, 1982; Sidle et al., 1995]. Small variations in soil
hydraulic properties may also influence slope instability,
causing locally elevated pore water pressures with a
destabilizing effect [Reid and Iverson, 1992; Reid, 1997].
However, given the limited availability of distributed data
on soil macropores, we simply assume that the effective
(saturated) hydraulic conductivity is increased to account
for the presence of macropores. More sophisticated models,
utilizing for example a dual porosity framework [Gerke and
van Genuchten, 1993], are of difficult application without
extensive field measurements.

3. Dependence on the Hyetograph Characteristics

3.1. Case of Uniform Hyetographs

[8] The simplest model of hyetograph is with constant
rainfall intensity throughout individual rainstorms:

I* t*ð Þ ¼ �I*H T*� t*ð Þ; ð8Þ

where �I* = �I /K (with �I being the constant rainfall rate), H
is the Heaviside’s step function (i.e., H(T* � t*) = 1, if 0 <
T* � t* < 1; H(T* � t*) = 0, otherwise). In particular, in
the study of hillslope stability it is important to refer to the
peak values of pressure head at different depths. The peak
time, tp*, is determined by solving the condition dy*/dt* =
0 using equation (4):

�I*
dR t*ð Þ

d
t* ¼ �I*r t*ð Þ ¼ 0 0 � t* � T*ð Þ

�I*
dR t*ð Þ
dt*

¼ �I* r t*ð Þ � r t*� T*ð Þð Þ ¼ 0 t* 	 T*;
ð9Þ

with

r t*ð Þ ¼ dR t*ð Þ
dt*

¼ 1

2
ffiffiffiffiffiffiffiffi
p t*

p exp � 1

t*

	 

: ð10Þ

The first of equations (9) is never satisfied because r(t*) is
always larger than zero (equation (10)). Hence pressure
reaches its peak value at a time, tp, subsequent to the end of
the rainstorm, such that r(tp*) � r(tp* � T *) = 0. This is
partly supported by field experiments showing that the
pressure head at the soil/bedrock interface never decreases
during irrigation intervals in a steep unchanneled catchment
[Torres et al., 1998] (Figure 2). Notice from equation (9)
how the peak time is independent of precipitation intensity
and return period.
[9] Equation (9) can be (numerically) solved providing

the estimation of tp*, for different values of rainfall duration,
T *, as shown in Figure 3a. It is possible to observe that tp* is
almost constant for T* < 1, while it linearly increases with
T * when T * > 1. In fact, for small durations (T * < 1), the
pressure head response tends to the instantaneous response
function, r(t), and the pressure head peak occurs after a time
interval equal to 2TD (see equation (6)). For longer rainfall
durations the pressure head peak occurs for tp* = T *, hence
at the end of the rainfall event. The pressure head y(t)
depends both on the duration, T, and on the return period,
Tr, of the extreme events. This dependence can be
expressed through the intensity-duration-frequency (IDF)
curves characterizing the regime of extreme precipitation
in the region under question. The IDF function is often
expressed as [e.g., Koutsoyiannis and Foufoula-Georgiou,
1993; Burlando and Rosso, 1996; Kottegoda and Rosso,
1997, p. 471]

IZ T ; Trð Þ ¼ a Trð ÞT�m or I* ¼ a* Trð ÞT*�m; ð11Þ

with a* being equal to a(Tr)D
m/(Kz Z

2m) and I* = Iz/K. In
equation (11) the dependence on the return period could be
expressed only through the parameters a (or a*) and m.
However, it is easy to show that m has to be independent of
Tr. In fact, for a given return period the plot on logarithmic
axes of intensity as a function of duration is a straight line
(equation (11)) with slope m. Intensity-duration plots
associated with different return periods need to have the
same slope (i.e., the same m) otherwise they would intersect
and (within a certain interval of rainfall durations) the
intensity of (extreme) precipitation would be lower with the
higher return period. Thus in equation (11) only a (or a*)
depends on Tr. The relation between the depth, Dz = T Iz,

Figure 2. Instantaneous response function.
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and the duration of (extreme) precipitation can be obtained
from equation (11), Dz = a T1-m. Because the storm depth is
an increasing function of the duration, the exponent, 1 � m,
needs to be positive (i.e., m < 1). At the same time, m needs
to be positive because Iz, decreases with T. Thus m is
expected to range between 0 and 1, and is commonly found
to be between 0.5 and 1 [Wenzel, 1982].
[10] Through the use of the IDF curves it is possible to

estimate the return period of landslide-triggering precipi-
tation. For any given value of the return period there
exists a critical rainfall duration, T+*, associated with
maximum peak values of soil water pressure. On the
other hand, rainfall events of duration T+* generate peak
values of water pressure which increase with increasing
values of the return period (Figure 3b). The return period
of the triggering precipitation is found as the return period

of rainstorms with duration T+* and peak water pressure,
ycr* (calculated with (12) for T* = T+*), that are critical to
slope stability, as shown in Figure 3b. This condition
theoretically determines the lowest return period (as well
as the intensity and duration) of rainstorms able to trigger
a landslide.
[11] Equation (11) in (4) can be used to determine the

rainfall duration, T+*, producing maximum values of soil
water pressure at the peak time, tp*. In fact, the peak
pressure, y(tp*), can be expressed as a function of T* by
calculating (4) at the peak time and expressing the depen-
dence of tp* on T * (Figure 3a):

yp* T*ð Þ ¼ W cos2 aþ a* Trð ÞT*�m

� R tp* T*ð Þ
� �

� R tp* T*ð Þ � T*
� � �

; ð12Þ

where y* = y/Z.
[12] Notice how a*(Tr)T *

�m is a decreasing function of
T *, while the term between square brackets decreases with
increasing values of T *. The value, T+* of T * maximizing
the peak pressure, yp*, can be determined by setting at zero
the first derivative of (12) with respect to T *:

� m R tp* T*ð Þ
� �

� R tp* T*ð Þ � T*
� � �

þ T* rðtp*ðT*ÞÞ
dtp*

dT*
� r tp* T*ð Þ � T*

� � dtp*
dT*

þ r tp* T*ð Þ � T*
� �	 


¼ 0: ð13Þ

Equation (13) is independent of the return period, Tr, of the
event; thus, the rainfall duration, T+*, affecting (for a given
return period) slope stability in the most severe manner
depends only on the hillslope geotechnical and hydrologic
conditions as well as on the type of relationship existing
between intensity and duration of (extreme) precipitation
(i.e., the parameter m). Once the critical rainfall duration,
T+*, has been determined through (13), equation (11) can be
utilized to calculate rainfall intensity as a function of the
return period. Equation (13) can be numerically solved for
different values of m: the results of this analysis are shown
in Figure 4a. Figure 4b shows the peak value of the
(normalized) transient pressure head, y1*/a*, as a function
of rainfall duration for different values of the parameter m:
y1*/a* is independent of the return period and has its
maximum at T* > 1.
[13] Figure 4a gives a synthetic expression of the hydrau-

lic, hydrologic and geomechanic conditions affecting the
stability of a natural slope. In fact, given the soil thickness
and the hydraulic parameters it is possible to determine the
critical rainfall duration as a function of the parameter m
of the IDF function (equation (11)). The maximum peak
value of pressure head, ymax* , is then calculated using
equation (12) with T* = T+*. The stability conditions can
be then assessed by estimating the safety factors, FS, for
different values of the return period [e.g., Terzaghi and
Peck, 1967; Iverson, 1991]:

FS ¼ tanf
tana

þ c

gsZ sina cosa
� y gw tanf
gsZ sina cosa

; ð14Þ

Figure 3. (a) Normalized peak time as a function of the
normalized rainstorm duration, which corresponds to
equation (13) (modified from Iverson [2000, Figure 6]).
(b) Plot of pressure head y1* versus normalized rainfall
duration T* for different return periods. The curve tangent
to the line y1* = y1cr* (with y1cr* being the minimum
pressure head able to trigger a landslide on that slope) gives
the critical duration and the return period, T+*, of landslide-
triggering rainfall. The data refer to the hollow W41 in
Table 2.
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with f being the angle of internal friction, a the slope angle,
c the cohesion, gs and gw the specific weight of (bulk) soil
and water, respectively. Possible applications of this
analysis include the estimation of the lowest return period
associated with the emergence of unstable conditions, as
well as the estimation of the landsliding potential. For
example, the determination of the return period of landslide-
triggering precipitation can be carried out as follows: (1) the
depth of the failure surface is assigned; (2) given the soil
morphological and hydrological characteristics, the critical
value of the pressure head, yp*, at the specified depth is
determined by solving for y equation (14) with FS = 1;
(3) the critical rainfall duration, T+*, is calculated with
(13), and as noticed before, T+* is independent of the return
period; (4) the return period of landsliding is computed
through (12), utilizing the calculated values of yp* and T *;
and (5) the value of the critical rainfall intensity is finally
calculated from (11) once the return period is known. The
procedure can be repeated at different soil depths thus
determining the return period of both shallow and deep
landslides. This is important because short and intense
events can induce elevated pore pressures and create

instability at shallow depths, whereas longer and less
intense rainfalls may affect the hillslope stability to greater
depths [Iverson, 2000]. The lowest return period will then
indicate the soil depth at which failure is more likely to
occur.

3.2. Case of Nonuniform Hyetographs

[14] In the previous section the intensity of precipitation
is assumed to be constant throughout a rainstorm. However,
the temporal structure of rainfall is more complex. It is
possible to extend this framework to the case of nonuniform
hyetographs, to assess how significant is the dependence on
the hyetograph structure. A number of theoretical hyeto-
graph models developed for other hydrologic applications
can be applied also to slope stability analyses. Models of
single-peak hyetographs [e.g., Chow et al., 1988] have been
followed by stochastic models able to represent both the
temporal variability and the randomness of precipitation
[e.g., Garcia-Guzman and Aranda-Oliver, 1993], as well as
its scaling properties [e.g., Koutsoyiannis and Foufoula-
Georgiou, 1993]. Instead of focusing on the determination
of a hyetograph model able to provide the best representa-
tion of extreme rainstorms in a specific region, hyetographs
are here modeled in a rather general manner as b functions:

I* t*ð Þ ¼ �I*b
t*

T*

	 

H T*� t*ð Þ; ð15Þ

where

b
t*

T*

	 

¼ G pð Þ

G qð Þ G p� qð Þ
t*

T*

	 
q�1

1� t*

T*

	 
p�q�1

: ð16Þ

In (15), H is the Heaviside’s step function, while �I* is the
rainstorm average intensity. �I* can be expressed as a
function of rainfall duration and return period through the
IDF function (11). More details on the mathematical
properties of the b function (equation (16)) can be found
by Benjamin and Cornell [1970, pp. 287–290]. The
hyetograph (15) has different shapes depending on the
parameters p and q (Figure 5). Thus this model is able to
represent a variety of rainstorm structures (except for
multiple-peak hyetographs) and is here used to single out
which of them is able to cause landslides more easily.
[15] The linearization [Iverson, 2000] of the Richards

[1931] equation allows us to express the piezometric
response to storm (15) using the instantaneous response
function, r(t*) (equation (10)), in conjunction with the
convolution integral

y* ¼ W cos2 aþ
Z t*

0

I* tð Þr t*� tð Þdt: ð17Þ

The dependence between the peak time of soil water
pressure, tp*, and the storm duration, T*, can be determined
by setting to zero the derivative of equation (17) with
respect to t*. The convolution integral (17) together with the
r function defined in (10) allow analysis of continuously
varying precipitation intensity, thus improving the theore-
tical formulation of Iverson [2000] in which only a
discretely varying precipitation intensity can be represented
in rainfall histograms.

Figure 4. (a) Duration of the critical precipitation as a
function of the parameter m of the intensity-duration-
frequency (IDF) curves. (b) Plot of normalized transient
pressure head y1*/a* (independent of return period) versus
normalized rainfall duration T * for different values of m.
The peak is always for T * > 1. The table in the inset shows
maximum values of y1*/a* corresponding to different values
of m (i.e., different climatic conditions).
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[16] The results of this analysis are shown in Figure 6a:
the relationship between tp* and T* is independent of the
return period and is significantly affected by the shape of
the hyetograph. In particular, the peak value of soil water
pressure occurs before the end of the event, except for the
case of rainstorms having relatively short durations. More-
over the peak time is larger when the center of mass of the
hyetograph is closer to the end of the event.
[17] The duration, T+*, of the event associated with high-

est peak values of soil water pressure has been determined
as a function of m (Figure 6b). The values of T+* are
independent of the return period and significantly vary with
the exponent m of the IDF function as well as with the
shape of the hyetograph. The effect of hyetograph shape on
the peak values of transient soil water pressure, y1*, has
been assessed by calculating the values of y1*/a* for T* =
T+* and t* = tp*(T+*). The results of this analysis are shown in
Figure 6c. It is possible to observe that the use of uniform
hyetographs leads to soil water pressures that are about 20–
25% less than in the case of a hyetograph with the same
rainfall volume, but with a peak near to the end of the storm.
This fact leads to the conclusion that the use of constant
rainfall intensity, for a given rainfall depth, underestimates
the likelihood of landslide occurrence.
[18] These results can be used to calculate the return period

of precipitation able to trigger a landslide on a slope of given
topography, soil mechanical properties, thickness, and pre-
existing moisture conditions: (1) combining equations (1),
(2), and (14), the minimum value of y1* able to trigger a
landslide can be determined from the condition FS = 1 as

y1* ¼ gs
gw

1� tan a
tan f

	 

cos2 a�W cos2 aþ c

gw Z tan f
; ð18Þ

(2) given the exponent, m, of the IDF function (calculated
from rainfall records) the critical value of y1*/a* is
determined from Figure 6c; (3) the combination of 1 and
2 gives the critical value of a*. The return period, Tr,
associated with a* is finally calculated.

4. A Case Study

[19] As an application of this framework we consider a
small area on the Appalachian Mountains (Madison County,

Virginia), southeast of Shenandoah National Park. This
region can be affected by intense rainstorms in the course
of the summer and fall months. In particular, on 27 June
1995, 330–750 mm of rain fell within a period of 16 hours;

Figure 5. Representation of the storm hyetographs by
means of b functions.

Figure 6. (a) Normalized peak time as a function of storm
duration. (b) Duration of the critical precipitation as a
function of the m parameter of the IDF curves and of the
shape of the hyetograph. (c) Maximum water pressure
excess, y1*, as a function of the m parameter and of the
shape of the hyetograph.
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this precipitation triggered more than 600 debris flows in an
area of about 130 km2 [Wieczorek et al., 2000; Morrissey et
al., 2001]. The storm was preceded by 75–170 mm of rain
in the previous five days, leading to antecedent moisture
conditions with water table close to the ground surface
[Smith et al., 1996]. Most of the landslides had thickness
of 0.5–3.0 m and occurred on slopes ranging between 17�
and 41� [Morrissey et al., 2001].
[20] Morrissey et al. [2001] applied Iverson’s [2000]

model to assess the stability of these slopes; they deter-
mined the soil geotechnical and hydrologic parameters
(Table 1) characteristic of this area in Madison County.
The soil cohesion was assumed to be low (C � 4 kPa), as
the root-soil system was found to be above the failure plane.
[21] The framework developed in this paper can be used

to analyze the stability of the hollows surveyed by

Morgan et al. [1997] in Madison County, Virginia. The
parameters will be assumed to be the same as determined
by Morrissey et al. [2001]. The analysis of the IDF curves
for this region gives m = 0.675 and a = 65.67 mm hm�1,
a = 72.44 mm hm�1, a = 80.72 mm hm�1, with return
periods of 25, 50, and 100 years, respectively. This analysis
is based on values reported in the rainfall frequency atlas of
the eastern United States (National Weather Service, http://
www.erh.noaa.gov/er/hq/Tp40s.htm). The debris flow
source areas considered in this study were surveyed by
Morgan et al. [1997] and their characteristics are reported
in Table 2. In the application of our model we locate the
failure plane at a depth corresponding to the landslide scar
depth measured in the field by Morgan et al. [1997]. The
contributing areas were calculated using 10 m  10 m
DEMs, and were used, along with the other topographic
parameters (Table 2), to calculate the preexisting conditions
expressed by the long-term wetness ratio, W (equation (2)).
W depends on the average rate, qr, of net precipitation
contributing to the long-term soil moisture conditions of the
hillslope. The estimation of qr is not an easy task: it
depends on the average rainfall rate, on the evaporation
losses due to canopy and litter interception, and on tran-
spiration losses of water that is locally uptaken by vegeta-
tion [e.g., Ridolfi et al., 2003]. The average total annual
precipitation measured in this area (Big Meadow, Virginia,
1936–1997) is 1229 mm, which corresponds to an average

Table 1. Values of the Parameters Determined by Morrissey et al.

[2001] for the Hollows in Madison County, Virginia

Parameter Value

Slope angle (a), deg 17–41
Angle of internal friction (j), deg 25
Soil cohesion (c), kPa 4.0
Soil specific weight (gs), kN m�3 11.8
Saturation hydraulic conductivity (Kz), m s�1 10�5

Hydraulic diffusivity (D0), m
2 s�1 10�3

Water table depth (d) same as Z

Table 2. Characteristics of the Landslides Considered in This Studya

ID # Elevation, m a, deg H, cm b, m A, m2 A/[bHsin(a)], 104 Tr*, years Tr**, years

W-20 588.26 34 200 11.60 1400 0.0108 546 141
W-22a 594.36 30 30 5.20 2400 0.3092 14 6
W-23 536.45 30 200 11.30 2600 0.0230 733 181
W-40 670.56 30 100 10.70 10100 0.1889 38 15
W-41 536.45 23 350 38.10 42000 0.0807 824 199
W 499.87 28 380 36.60 49100 0.0752 60 22
W-104 518.16 38 90 7.60 128600 3.0573 49 18
O-17 582.17 20 100 55.00 18000 0.0958 136 43
O-26 905.26 28 200 13.00 1300 0.0107 1482 329
O-43 490.73 28 100 6.00 25100 0.8915 31 13
O-45 472.44 27 100 12.00 26000 0.4776 31 13
O-68 743.71 35 100 5.80 2300 0.0692 152 48
O-69 783.34 36 100 7.60 3200 0.0717 154 48
O-70 624.84 30 50 5.50 9300 0.6766 25 10
M-59 573.02 30 100 6.00 6300 0.2101 31 13
M-89 481.58 30 200 6.10 2700 0.0443 405 109
M-90 451.10 31 100 7.00 1200 0.0333 208 62
M-109 472.44 31 200 14.00 6100 0.0423 364 99
M-110 396.24 32 100 10.00 2600 0.0491 177 54
M-111 374.90 29 100 20.00 3000 0.0310 215 64
M-117 396.24 32 300 5.00 19100 0.2404 1 1
M-118 396.24 28 100 6.00 41800 1.4846 31 13
M-139 438.91 31 200 12.00 2800 0.0227 626 158
M-150 679.70 29 200 13.00 2600 0.0206 933 222
M-151 621.79 30 100 7.00 800 0.0229 233 68
M-152 609.60 31 100 13.00 600 0.0090 271 77
M-169 548.64 30 60 19.50 29500 0.5041 29 12
M-171 652.27 40 90 6.10 2000 0.0568 217 64
G-11 585.22 35 50 7.01 5600 0.2787 35 14
G-12 487.68 35 100 9.76 5600 0.1001 110 36
G-14 499.87 35 100 8.84 1500 0.0296 231 68
G-24 463.30 27 200 7.62 4100 0.0593 450 119

aThe first five columns report ID numbers, elevations, slope angles, debris flow thickness, and width of debris flow source areas surveyed by Morgan et
al. [1997]. Contributing areas, A, were determined using 10 m  10 m digital elevation models (U.S. Geological Survey). The last two columns show
estimates of the return period of triggering precipitation calculated with qr = 1.5 mm/d in the case of a rectangular hyetograph (*) and of a hyetograph
modeled as a generalized beta function (equation (20)), with p = 6 and q = 4). We also note that according to our slope stability model, the hollow M117 is
unconditionally unstable so that the return period of the triggering precipitation is 1.
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daily precipitation of 3.4 mm/d. July is on average the most
rainy month, with an average precipitation of 4.2 mm/d.
Using a runoff ratio of 0.35–0.50 for these upland portions
of the watershed, qr is found to range between 1.2 and
1.7 mm/day in the case of annual averages or between
1.5 and 2.1 for the July average precipitation.
[22] The return period, Tr, of the triggering precipitation

depends on W, which, in turn, is a function of qr. An
example of this dependence is shown in Figure 7 for two
different debris flow source areas: slope W41, which is
fairly large (A = 42,000 m2) and gentle (a = 23�), and
slopeM171,which is relatively small (A= 2000m2) and steep
(a = 40�). The return period was calculated with different
parameters of the hyetograph model (equation (16)). This
analysis shows that the return period of the triggering
precipitation strongly depends on the shape of the hyeto-
graph, which represents a further source of uncertainty in
the analysis of landslide potential, in addition to soil
strength parameters, hillslope hydrological processes, and
preexisting moisture conditions. The dramatic effect of the
latters on return period estimates is also shown in Figure 7.
According to this modeling framework the hillslope (or
hollow) area would affect the long-term soil moisture
conditions (i.e., the index W), while the unsteady flow

resulting as a direct response to a rainstorm event would
depend on the local slope but not on the contributing area.
The influence of the long-term subsurface flow is stronger
for hollows having large drainage areas, in which the
convergence of slope-parallel subsurface flow can signifi-
cantly affect the stability conditions. Conversely, in small
and steep hollows the water pressure excess produced by
vertical infiltration is the main cause of slope instability,
with a dramatic influence of hyetograph shape on landslide
return period (Figure 7). The overall effect of the geomor-
phic features of hillslopes and hollows emerges from the
comparison of the results for slope W41 and M171: despite
the relatively large value of W resulting from large
contributing areas and small slope angles, the hollow
W41 (Figure 7a) has high return periods compared to the
smaller and steeper slope M171 (Figure 7b). This is due to
the effect of the slope angle on the stability conditions
(equation (15)). Overall higher values of W are associated
with lower return periods, hence with higher likelihood of
landslide occurrence, as indicated by Figure 8. W was able
to explain about 40–45% of the variability of Tr in a set of
32 hollows (Table 2) sampled from the published inventory
of debris flow source areas [Morgan et al., 1997]. These
values of the return period are reported in Table 2 for two
different hyetograph shapes.

5. Discussion and Conclusions

[23] The mechanistic modeling of landslide occurrence
requires both a geotechnical model of slope stability and a
hydrological analysis of rainfall infiltration and subsurface
flow. Several models [e.g.,Montgomery and Dietrich, 1994;
Dietrich et al., 1995] assume the existence of uniform and
steady subsurface flow in the shallow soil and express the
soil water content as a function of a topographic index,
without accounting for the dependence on rainfall duration.
Because the return period of precipitation depends both on
storm intensity and duration, this approach does not allow
for the assessment of the likelihood of rainfall sufficient to
trigger landslides. Other models account for the transient
character of rainfall infiltration [Wu and Sidle, 1995; Benda
and Dunne, 1997a; Casadei et al., 2003; Gabet and Dunne,

Figure 7. Return period of the triggering precipitation as a
function of the ‘‘net precipitation,’’ qr, for (a) hollow W41
and (b) hollow M171. The return period was calculated
using different hyetograph models: rectangular (bold line)
and equation (20) with p = 6 and q = 2 (solid line), p = 6 and
q = 3 (dashed line), and p = 6 and q = 4 (dotted line).

Figure 8. Return period of the triggering precipitation
versus the wetness ratio, W.
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2003] but lack of an explicit dependence on the character-
istics of rainfall extremes (i.e., IDF relations). The approach
by Iida [2004] accounts for this dependence within a
simplified conceptual model of unsteady subsurface flow
with no explicit representation of vertical infiltration through
the soil column. The intensity and duration of rainfalls
triggering landslides have already been studied by other
authors [Caine, 1980; Cannon and Ellen, 1985; Keefer et al.,
1987; Wieczorek, 1987; Wieczorek et al., 2000]. Their
approach consisted in reporting on a rainfall intensity plot
all the events that produced landslides in a certain geo-
graphic area. The corresponding envelope curve would
represent the critical rainfall threshold for landslides and
can be utilized for real-time landslide warning. However,
due to the lack of a process-based analysis, this method is
unable to assess the stability of a particular slope with
respect to certain storm characteristics and it does not predict
the return period of the landslide-triggering precipitation.
[24] Our process-based approach differs from these

empirical studies because it provides the return period of
the triggering precipitation. In our model the short-term
hillslope response to precipitation is analyzed through a
linearization [Iverson, 2000] of the Richards [1931]
equation. Iverson’s [2000] theoretical framework is mod-
ified as follows: (1) the long-term hydrologic conditions
are expressed as a function of hillslope geomorphic and
hydraulic features; (2) the IDF functions are introduced as
a mean to calculate the return period of landslide-triggering
precipitation; and (3) the instantaneous response function,
r(t*), is utilized in conjunction with a convolution
integral to calculate the hillslope response to nonuniform
continuous hyetographs. This approach is used to exam-
ine the effect of hyetograph shape on slope stability.
[25] The results show that (1) the duration of the most

critical rainstorm is independent of the return period but is a
function of the soil mechanical and hydraulic properties as
well as of the exponent m of the IDF function and (2) the
shape of the hyetograph affects the values of the pressure
head and, consequently, the stability conditions of the hill-
slope. For a given rainfall depth, hyetographs with a peak
near to the end of the storm produce peak pressure heads
higher than uniform hyetographs, thus decreasing the return
period of rainfall events causing landsliding. (3) The long-
term saturated subsurface flow, which determines the depth
of the water table at the beginning of the rainfall event,
influences landslide frequency more in hollows with large
contributing areas. In fact the convergence of subsurface
flow allows for relatively high long-term pressure heads,
which dominate the pressure distribution even in the course
of a rainstorm. Conversely, in small and steep hollows, the
excess in pressure head produced by rainfall infiltration
plays a major role in determining the return period of
landslides. Finally, the application of this framework to a
landslide event in Virginia shows how the duration and
frequency of landslide-triggering rainstorms strongly
depends on the shape of the storm hyetograph as well as
on the antecedent moisture conditions.
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