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Summary

This study uses physically based models of evapotranspiration, groundwater flow, and slope stability to
evaluate the relative importance of different environmental factors affecting activity of the Hazel land-
slide. We find:

Clearcut logging increases recharge of groundwater flowing to the landslide. The time-averaged in-
crease in recharge lies somewhere between 17% to 51% of the mean annual precipitation, and is most likely near
the upper end of this range. This increase results primarily from a reduction in winter interception and the loss of
winter transpiration.

Increased groundwater flow to the landslide reduces stability over some areas of the landslide. Ris-
ing watertables affect the landslide in a spatially variable fashion: some areas are not affected at all, others ex-
perience a large reduction in stability. The rise of the mean annual watertable caused by clearcut logging of the
groundwater recharge area of the landslide results in reductions of the calculated mean annual factor of safety
from zero to over 30%, depending on where one looks. Larger increases in recharge affect larger proportions of
the landslide.

Clearcut logging in the groundwater recharge area of the landslide increases the proportion of time
the landslide spends in a potentially unstable state. Stability of the landslide varies over time in response
to changing groundwater levels. A persistent increase in recharge leads to a persistent reduction in stability. Over
the 60-year climate record, a simulation for forested conditions results in a condition of failure 3% of the time
(for the slope transect examined, failure involves slow movement of a flow-like slump). An increase in time-
averaged recharge of 17% (the smallest estimated change between forested and clearcut conditions) resulted in a
condition of failure 26% of the time.

Groundwater levels respond to annual levels of precipitation. A series of dry years may draw aquifer stor-
age down to an extent that several years of average to above average precipitation are required to bring the wa-
tertable back up to average levels. Likewise, groundwater levels may remain elevated for a year or more follow-
ing a series of wet years.

Incision of channels draining the landslide can also reduce stability. The reduction in the calculated fac-
tor of safety varies in value over the landslide from zero to a maximum of about 15%. Increased groundwater
flow to the landslide will increase base flow through these channels, potentially increasing the mean annual flux
of sediment carried by these channels to the Stillaguamish.

Bank erosion of the landslide toe reduces landslide stability. The reduction in the calculated factor of
safety varies in value over the landslide from zero to a maximum of near 75% at points near the toe. Bank ero-
sion at the toe can destabilize the landslide over its entire length.

Each of these processes affects different parts of the landslide, with some overlap. Historic landslide activ-
ity correlates well with areas predicted to be sensitive to one or more of these processes. Slumps at the toe are
predicted to occur primarily in response to bank erosion; movement over the body of the landslide is predicted to
occur in response to all three processes. Headward expansion of the landslide towards Headache Creek occurs in
response to both bank erosion of the toe and incision of channels draining the landslide.

Clearcut logging outside of the groundwater recharge area can affect landslide stability, but the effect is
minor. The shape and extent of the groundwater recharge area is influenced by spatial variations in recharge, but a
worse-case scenario indicates low potential for destabilization of the landslide.

The results of this study indicate that movement of the Hazel landslide occurs in response to natural proc-
esses: landsliding will continue even in the absence of landuse. The results also indicate that clearcut log-
ging in the groundwater recharge area of the landslide will accelerate landslide activity and increase the
flux of sediment into the Stillaguamish River. As with any scientific inquiry, we cannot unambiguously
prove these conclusions; we can only disprove them. Empirical correlations between the location and tim-
ing of clearcut harvests and landslide activity support (in that they do not disprove) these results. In this
study we do not examine harvest techniques other than clearcutting.
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Environmental Factors Affecting the Hazel Landslide
Level 2 Watershed Analysis, Hazel WAU

Dan Miller and Joan Sias

Introduction

This study seeks to identify and quantify the relative importance of environmental factors affecting a large
landslide near Steelhead Haven along the North Fork of the Stillaguamish River (near river-mile 20), commonly
known as the Hazel landslide. These results augment those of the Level 1 watershed analysis for the Hazel
WAU (DNR, in prep). This work was funded by a contract from the Department of Ecology (contract #
(C9600040), administered by the Tulalip Tribes of Washington State, with information provided by Jeft Grizzel
at the Northwest Regional office of the Department of Natural Resources (DNR) and digital topographic data
provided by the DNR office in Olympia. Paul Kennard and Lee Benda provided pre-1991 aerial photographs.

The Hazel landslide is classified as a “large, persistent, deep-seated”” landslide for purposes of watershed
analysis (Washington Forest Practices Board, 1995) and has a documented history of movement extending from
at least the early 1950s (Shannon and Associates, 1952; Benda et al., 1988). Material mobilized by deep-seated
landslides can compose a significant portion of the sediment flux into a channel system (e.g., Collins et al.,
1994), yet the environmental factors controlling such landslides are not well characterized. Several studies have
cited apparent correlations between the timing of nearby timber harvest and landslide activity for this (Benda et
al., 1988) and nearby (Benda and Collins, 1992; Kennard and Pess, 1994) sites with time lags of 5 to 20 years
between timber removal and landslide movement, suggesting that increases in groundwater recharge following
timber harvest (e.g., Wolff et al., 1989) can, at least in some cases, increase landslide activity. Such
observations, although implicating timber removal, are not easily rendered into prescriptions for management at
these or other sites. Likewise, other factors affecting landslide activity may also be involved, confounding any
conclusions relating timber harvest and landsliding. For example, Benda et al. (1988) and DNR (in prep) note
bank erosion at the toe of this and other landslides as a factor contributing to landslide initiation and continuing
instability.

This study applies newly developed computational tools to assess environmental controls on deep-seated
landsliding within the context of Washington State watershed analysis. It differs from previous studies in that,
in addition to empirical observations, we characterize landslide behavior using physically based numerical
models of evapotranspiration, groundwater flow, and landslide movement. These models utilize regional
weather data, topography of the site, and subsurface stratigraphy estimated from field mapping of surface
contacts to calculate estimates of the following quantities:

e atime series of groundwater recharge based on the given climate and site vegetation;
o the associated groundwater flow field; and

o slope stability, determined as a factor of safety, for all points over the area of interest (at the resolution of the
topographic data).

With these calculated quantities we estimate spatial and temporal variations of landslide stability and the
relative role of different controlling factors. Specifically, we estimate the potential impact of timber harvesting
within the groundwater recharge area and examine the relative importance of pore-pressure changes associated
with changes in recharge, incision of channels draining the body of the landslide, and erosion of the landslide
toe by the Stillaguamish River. This allows us to address three questions posed by the Level 1 analysis team:
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1) What is the relative importance of bank erosion into the toe of the slope verses increases in groundwater flux
to the slope for initiating and or accelerating movement of the landslide?

2) What is the groundwater recharge area of the landslide?

3) How does evapotranspiration vary spatially? That is, will timber harvest from thin soils mantling steep
bedrock slopes within the groundwater recharge area of a landslide have a different effect than harvest from
deep soils on low-gradient slopes?

The first two questions are addressed directly; the third is examined in light of model results. In seeking answers
to such questions, the methods described here allow us to use available information to a much greater extent
than do empirical observations alone.

This report is divided into three sections. The Hazel site is described in this introduction. The second section,
written by Joan Sias, describes the method she has developed to calculate a time series of at-a-point
groundwater recharge using regional climatic data and site-specific vegetation. The third section, written by
Dan Miller, describes the groundwater and slope stability models used for landslide assessment.

The Hazel Landslide

The Hazel landslide sits at the southeast end of the Whitman Bench (Figure 1.1), a large terrace remnant of the
glacially-associated valley-filling deposits (lacustrine clays underlying glacial-fluvial outwash) typical of river
valleys draining west from the Cascade crest to Puget Sound (Booth, 1989; Tabor et al., 1988). Post-glacial
fluvial incision into these deposits has created conditions conducive to mass wasting. Morphology indicative of
large, deep-seated landsliding is common throughout this region and, although most landslide deposits appear to
be currently stable, several recently and currently active deep-seated landslides indicate the continuing potential
for reactivation of old and initiation of new landslides in this material (e.g., Thorsen, 1989). Several large, post-
glacial slump blocks scallop the margins of the Whitman Bench. As shown in Figure 1.2, the Hazel landslide is
itself contained within one of these blocks and topography indicative of adjacent slumps occurs to the west and
to the north. Indeed, Headache Creek basin appears to have been created by movement of a large slump east
towards Rollins Creek.

These slumps probably occurred as the Stillaguamish and its tributaries incised the glacial deposits. The
topographic relief created by incision provided the gravitational potential to drive large slumps downslope. That
potential still exists. When and where landslides occur is thus controlled by continuing alterations to slope
geometry, as when bank erosion cuts into a slope toe, and by variations in pore pressures. Pore pressures vary
with changes in groundwater. An increase in groundwater flow to a slope is generally associated with decreased
slope stability and increased potential for landsliding (see e.g., Freeze and Cherry, 1979). Landslide occurrence
may be closely associated with regional and local patterns of groundwater flow and with changes in those
patterns over time.

Groundwater flow to the Hazel landslide is controlled by local topography and stratigraphy. The source of
groundwater is infiltration of rainfall and snowmelt from the surface. The movement of groundwater is driven
by variations in head, i.c., by spatial variation of the watertable (in unconfined aquifers) or the potentiometric
surface (in confined aquifers). In essence, groundwater flows “downhill” from areas of high head to areas of
low head. The rate of flow is controlled by the hydraulic conductivity of the subsurface material. In general,
recharge increases head (raises the watertable in an unconfined aquifer) so that groundwater flows from areas of
recharge towards areas of discharge, which are typically seeps on slopes where an aquifer intersects the ground
surface. (It is flow of groundwater, and its seepage to the surface into channels, that maintains summer baseflow
in streams. In unconfined (watertable) aquifers, streams and ponds are points where the watertable intersects the
ground surface.)
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Figure 1.1. Shaded relief image of U.S.G.S. Oso and Mt. Higgins 7%-minute topographic quadrangles illustrating regional
topography for the Hazel landslide. The groundwater model boundary is shown for reference in Section 2 of this report.

As seen in Figure 1.1, there is a large upslope area potentially contributing groundwater recharge to the
Whitman Bench, extending all the way up the side of Mt. Higgins and into the headwaters of Deer Creek. The
Hazel landslide may, however, be isolated from this pattern of regional groundwater flow by Rollins Creek (see
also Figure 1.2), which defines the eastern edge of the Whitman Bench and veers slightly westward north of the
landslide, so that the southeastern edge of the Whitman Bench forms a roughly triangular promontory at the
margin of the Stillaguamish floodplain, with the Hazel landslide at its tip. Seepage observed along this length of
Rollins Creek, even at the end of the summer dry season, indicates it is an effluent channel with groundwater
flowing towards it from both the Mt. Higgins and Whitman Bench sides. Thus we infer that groundwater
flowing towards the Hazel landslide comes entirely from recharge on the Whitman Bench. (We have no
rigorous test of this inference; any well water levels from the Whitman Bench would prove very useful in this
regard.)

The locations of surface seeps along the margins of the Whitman Bench allow us thus to infer a relatively
simple groundwater flow system for the Hazel landslide, as illustrated in 1.3. The outwash sands create a
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permeable unconfined aquifer overlying the lacustrine clays, which because of their much lower permeability
relative to the sands serve as an underlying aquiclude. Groundwater flows through the sands above the clay
contact towards surface seeps along slopes draining to the Stillaguamish. Groundwater levels are determined by
the permeability of the sand and the rate of recharge. Increasing recharge causes groundwater levels to rise, thus
increasing the head gradient (watertable slope) towards the surface seeps, which causes the rate of groundwater
flow to increase. Groundwater levels respond directly to variations in recharge. This response, however, is
modulated by the rate at which groundwater flows to and through the aquifer (i.e., by the permeability of the
sands). A transient increase in recharge may cause watertable levels to rise fairly quickly, over the course of
several weeks to months. It may then take some time, several months to years, for this additional water to flow
through the system to the areas of discharge — the surface seeps.

Variations in recharge correspond to variations in precipitation and evapotranspiration. Averaged over several
years, recharge is equal to precipitation minus evapotranspiration. Over shorter terms, pore spaces in the soil
serve as temporary stores of moisture. A well-drained soil (soil above the watertable) will hold a certain volume
of the water draining through it because of surface tension of the water coating soil grains. This water is
available to plant roots. Thus soil water is replenished during periods of rainfall and depleted by plant
transpiration between rainstorms. As rains resume in the fall, the soil moisture must be replenished before
recharge to groundwater occurs. The volume of water to be replenished is a function of soil characteristics and
the rooting depth of plants.

The volume of water evaporated and transpired is a function of local climate and of vegetation characteristics.
Evapotranspiration is found to be greater over forests than over clearcuts(see e.g., Wolff et al., 1989). Thus,
vegetation in the recharge area of this aquifer will influence watertable levels and, to the extent that
groundwater controls slope stability, will influence landslide activity. We examine these effects in sections two
and three of this report, but first we examine the history of activity and harvest for the Hazel landslide.

A. Geologic Interpretation

Slump Block

Outwash Sand

Stillaguamish

Lacustrine Clay River

B. Inferred Groundwater Model
Precipitation

y

Evaporation
JjﬂTranspiration Zone of active
landslidin
Ground Surface }%9{
" Rooting Zone
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WatervTabIe Recharge Groundwate\FIow \ Seepage
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Saturated Flood Plain
N / Alluvium
@J
v

Figure 1. 3. A conceptual model of groundwater flow to the Hazel landslide.
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Historic Landslide Activity

The following chronology is based in part on preceding reports (Shannon and Associates, 1952; Thorsen, 1969;
Benda et al., 1988; Wolff, 1988; DNR, in prep.) and in part on the tracings by Curtis (1988) and photographs
shown in Figure 1.4. DNR (in prep) note in the Level 1 mass wasting analysis that 1937 photographs (archived
with the Snohomish County Public Works Department) show the river making a tight bend at river mile 20 and
that the Hazel landslide was active. Benda et al., (1988) estimate the landslide had encompassed about 10 acres
by 1942, although the tracings made by Curtis (1988) indicate the landslide was relatively inactive at that time.
The first detailed study of the landslide is that of Shannon and Associates (1952), prompted because of concerns
about turbidity. They note:

“As a direct result of this slide condition, the turbidity of the North Fork Stillaguamish River below
the slide area has increased considerably over the past twenty years. The increase in turbidity is due to
two actions: (a) the erosion by the river of the clay exposed along its north bank and (b) the erosion of
the clay by small spring fed streams within the slide area.”

At the time of their report, the active landslide had already extended about 1000 feet from the river’s edge,
delineated by a distinct scarp reaching 70 feet high in places (visible in the 1955 photographs) and coming
within about 150 feet of Headache Creek. They describe the landslide in terms of large blocks that had moved
downslope, carrying their forest cover intact. They also report that in December of 1951, a mud flow originating
from one of the channels draining the slide partially dammed the Stillaguamish River.

The 1965 photograph indicates great activity within the landslide. A large portion of the slide mass is without
vegetation and the headscarp is clearly visible. Note also the recent harvest of the Headache Creek Basin,
which, based on a forest-type map for the site (Newman, 1982), was done in 1960. Also visible in the
photograph is a rock revetment, constructed in 1962 (Thorsen, 1969), lining the eastern portion of the slide
along the river’s edge. In January of 1967 a large volume of material was shed from the slide, burying the
revetment and forcing the river to a new channel several hundreds of feet to the south. The change in river
course is clearly visible between the 1965 and 1970 photographs. This event involved a slip surface
considerably above river level, with movement occurring as mud flows and translational slumps (Thorsen,
1969).

Debris from the 1967 event then served as a primary source of landslide-derived sediment over the next two
decades. The 1978, 1984, and 1987 photographs show the channel gradually eroding through this deposit back
toward the pre-1967 channel course. This debris also served to protect the base of the landslide from further
bank erosion by the Stillaguamish River over that time. By 1978 the landslide is largely revegetated, but
exposed scarps throughout this time indicate persistent smaller-scale movements.

On Thanksgiving Day of 1988 another failure from within the landslide again forced the river south from its
former channel, indicating that the river had once again impinged upon the base of the landslide. Wolff (1988)
reports river-bank sloughing, a “high (50+ feet), near-vertical riverbank™ downstream of the Thanksgiving Day
failure, and “new tension cracks and mini-terraces” appearing over much of the 1967 scar. These observations
suggest that toe cutting by the river had reinitiated movement within the main body of the slide mass. The 1991
photograph, following a very wet winter with high flood flows, shows activity concentrated along the western,
downstream edge of the landslide. Large chunks of an ancient slump block have failed, probably moving
initially as slumps and evolving into mud flows. Debris from these failures has again forced the river to a new
course. Note that harvest has occurred upslope of this area on Whitman Bench.
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Figure 1. 4a. Historical activity on the Hazel slide. Tracings are from Curtis, 1988. Note harvest of the Headache Creek
basin visible in the 1965 photograph. A large event in 1967, the scarp of which is seen clearly in the 1970 photograph,
dramatically altered landslide topography and pushed the channel of the Stillaguamish southward. Debris from this event
protected the landslide toe from bank erosion and was gradually eroded away over the course of the next 15 years.

By 1995 (because we have no photographs newer than 1991, the following remarks are based on field
observations), following another very wet winter, the river was again impinging on the base of landslide slopes.
Bank erosion was occurring along the entire length of the landslide toe, although upslope activity was
concentrated in the zone of slumping visible in the 1991 photograph. The 1962 revetment had been almost
completely exhumed and may act to protect the eastern portion of the slide from further toe erosion. Over the
winter of 1996 slumping continued to eat headward into the ancient slump block on the western, downstream
portion of the landslide. A large “blowout” also occurred along one of the channels draining the central portion
of the landslide. It appears to involve a series of headward-eating slumps into the channel, although it is
impossible to tell whether it was initiated by erosion of the channel or by slumping along the Stillaguamish.
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Figure 1.4b. Historical activity on the Hazel landslide. The landslide was relatively quiescent through the 1980s, with a
few upslope zones of persistent activity. Activity along the toe resumed in 1988. We don’t know if the harvest visible on
the Whitman Bench in the 1991 photograph preceded or post dated the activity along the toe.

Tension cracks both up- and down-slope of headscarps lining the landslide continue to form and expand within
the same zones of activity evident in the 1978, 1984, and 1987 photographs.

These observations yield two important points: 1) landslides that dump large volumes of material directly into
the Stillaguamish River, such as those of 1967, 1988, and again during the 1990s, occur only when the river is
impinging directly on the landslide toe, and 2) timber harvest in potential recharge areas preceded the 1967 and
1990 landslide activity. Whether these correlations are purely coincidental or represent true relations of cause
and effect is debatable. We attempt to clarify the relationships in the remaining sections of this report.
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Simulation of groundwater recharge at Hazel
in relation to vegetation cover

Joan Sias

Logging has been identified as a possible factor in increased landslide activity at Hazel, due to
the physical relationships between vegetation cover, evapotranspiration, and groundwater pore
pressures. Groundwater pore pressures depend on aquifer characteristics and patterns of
recharge over time and space. Recharge, in turn, is equal to gross precipitation less
evapotranspiration, less overland flow. Evapotranspiration is the sum of direct evaporation from
a wet surface (e.g. vegetation, litter, bare soil) and transpiration by a dry canopy. Tall vegetation
and short vegetation have different physical and biological characteristics that can lead to
substantially different rates of evapotranspiration and, therefore, recharge. For well-drained
locations, recharge can be equated with water yield (overland flow is zero); these two terms will
be used interchangeably hereafter.

The purpose of the work described in this paper was to estimate the change in groundwater
recharge for well-drained sites on the drainage area to the Hazel landslide, before and soon after
clearcutting of a stand of evergreen trees. Empirical paired-catchment studies provide some
indication of the magnitude of change in recharge that could be expected at Hazel. Hazel has a
mean annual rainfall estimated to be between 1500 to 2000 mm (Wolff et al., 1989). Above a
mean annual precipitation of 1200 mm, the change in water yield is about 45 mm +/- 20 mm
when 10 percent of a humid forested basins basin area is clearcut (Bosch and Hewlett, 1982).
The large uncertainty in this statistic points to the importance of site-specific factors, as noted
also by Stednick (1996) and Wolff ef al. (1989).

Wolff et al. (1989) identified the major issues pertaining to the hydrological effect of a proposed
selective partial cut within the drainage basin to the Hazel landslide. In this report we evaluate
the effect of clearcut logging at Hazel. We attempt to account for the site-specific factor of local
climate. Other site specific factors are treated as model parameters estimated on the basis of a
literature survey. Because the valuable timber is mainly situated on well-drained soils at Hazel,
the estimation of recharge for a forested and deforested scenario is cast as a problem of
estimation of evapotranspiration. The desire to perform a transient analysis in particular
necessitated that evapotranspiration be estimated by a time series simulation. For this purpose
we selected the physically based Penman-Monteith equation (Monteith, 1965).

The Penman-Monteith equation was selected because of its strong physical basis. Since itis a
physical model rather than a regression model, in theory the parameters can be determined
directly, prior to application of the model. To the extent that parameters are accurately
determined, the model should be able to accurately predict evapotranspiration at a site. A great
deal of experience with the Penman-Monteith equation shows that this equation does indeed
accurately predict evapotranspiration from wet and dry canopies if the parameters are well
determined (see e.g., McNaughton and Black, 1973; Kelliher, ef al., 1986; Rutter et al., 1971).
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Overview of Approach and Major results

The model was used to simulate soil moisture content, transpiration, and interception loss at a
point for two scenarios:

1. forest, well-drained
2. clearcut, well-drained with newly established deciduous vegetation cover

We have no actual measurements at Hazel from which we can estimate vegetation parameters
directly. Therefore, for each of the two vegetation covers, we estimated on the basis of
published reports a probable range of values for each vegetation parameter required in the
model. We formed three recharge cases - high, low, and intermediate - for each vegetation
scenario by setting parameters to their lower bound, intermediate, and upper bound values. For
each case, the vegetation was treated as having constant attributes (either forested or clearcut)
over the period of simulation. Climate was assumed invariant with changes in vegetation.
Evapotranspiration (and by difference, recharge) was simulated for each case.

Uncertainty in the values to assign to the vegetation parameters in the model translate to
uncertainty in the calculated recharge. The simulation results for these scenarios constrain the
range for forest and clearcut recharge rates for a well-drained patch of land at the Hazel
landslide.

Meteorological forcing data at Hazel were inferred from long-term climate observations at
Darrington, WA, the nearest location for which a lengthy meteorological record was available.
Examination of average water balance components over the 61-year simulation period (1935-
1994) shows the following:

e The uncertainty range for average annual recharge is small for the clearcut (about 1200 to
1400 mm), but is large for the forest (about 500 to 900 mm).

e The uncertainty in forest evapotranspiration is largely due to differences in the magnitude of
winter evapotranspiration losses. Summer evapotranspiration loss changes relatively little
among the high, medium, and low recharge cases.

e The change in average annual recharge after clearcutting could be as low as about 300 mm or
as large as about 900 mm.

e The most conservative estimate for forest evapotranspiration is probably overly conservative,
and the corresponding recharge estimate somewhat high. It is likely that forest average
annual recharge is closer to 500 mm than 900 mm. Likewise, the lower estimate of 300 mm
for average annual change in recharge due to clearcutting is probably overly conservative.

In concluding this report, we identify the kinds of data and further analysis that could enable this
uncertainty range to be greatly reduced.
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Model description

The evapotranspiration model simulates interception loss, soil moisture status, stomatal
resistance, and transpiration for a forest and clearcut, assuming well-drained soil. For well-
drained soils recharge is simply the difference between gross precipitation and simulated
evapotranspiration; there are no inputs or losses due to overland or lateral subsurface flow. The
model operates on a six-hour time step, since a longer time step would be inappropriate for the
Penman-Monteith calculation (McNaughton and Black, 1973).

The site conditions are such that it was considered unnecessary to model the following: direct
runoff due to saturation and infiltration excess overland flow, snow accumulation and melt,
direct evaporation from other than the vegetation canopy, and time-dependent redistribution of
moisture within the root zone. We assumed that additions to groundwater occurred with no
attenuation of moisture draining from the root zone, but we do recognize that this could have an
important effect in a transient analysis.

We do not simulate evapotranspiration losses on the landslide itself, where the groundwater table
intersects the surface and seepage is occurring. In general, vegetation-mediated
evapotranspiration loss on the exposed lacustrine deposits will have a different hydrologic effect
than evapotranspiration loss mediated by coniferous trees rooted in well-drained soil above the
active landslide. Some portions of the landslide support stands of alder whose roots have access
to the groundwater. Over the summer growing season, these stands of alder may actually have a
net effect of discharging the reservoir. In the groundwater simulations, we treat the exposed
lacustrine deposits on the landslide as non-vegetated. If we were to include this vegetation, it is
conceivable that there could be an effect on average end-of-summer season groundwater level
over a larger portion of the drainage area.

We use a model similar to that described by Kelliher ef al. (1986). These authors applied the
Penman-Monteith equation with a modified Rutter interception model (Rutter ez al., 1971) and a
soil moisture accounting scheme to a two-layered representation of a 31-year old thinned
Douglas fir stand on Eastern Vancouver Island. The authors use regression equations to estimate
stomatal resistance as a function of vapor pressure deficit and soil moisture tension. With this
model Kelliher et al. (1986) found good agreement between the simulated and measured
growing season evapotranspiration. We depart in certain ways, mainly in that we assume a
single-layered closed canopy (Whitehead and Kelliher, 1991). The model parameters are listed
in Table I. The model is described in some detail in Appendix I, as is the estimation of these
parameters.

The model parameter limits for the forested case were estimated mainly on the basis of summer
season measurements made on Douglas fir stands in Eastern Vancouver Island (i.e. stomatal
resistance function), and in the rainfall-dominated lower elevation Oregon Cascades. We
assume that the parameters for a Douglas fir stand would be similar enough to other species
occurring at Hazel, relative to model sensitivity to these parameters, to warrant neglect of
possible species differences. The clearcut parameters were estimated from data or
generalizations about short herbaceous vegetation.
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Table I. A: Model parameters

I, aerodynamic resistance

re-min minimum stomatal resistance

LAI leaf area index

FTHRU fraction throughfall plus stemflow

RZ-max maximum root zone storage (storage at field capacity)

Table I. B: Upper and lower parameter bounds, intermediate value

Evergreen Forest Clearcut
Parameter Units lower middle upper lower upper
L slem 0.1 0.07 0.04 03 12
I-min slem 25 25 25 20 L5
LAI m’/ny’ 5 7 10 0.75 1.50
FTHRU dimensionless 0.8 0.70 0.65 0.90 0.80
RZ-max mm 200 250 300 100 150

Meteorological data

The hydrologic model requires the following meteorological variables at a six-hourly time step:
precipitation, air temperature, net radiation, and vapor pressure deficit. As we have no
measurements of these variables at Hazel, they must be inferred from data at nearby climate
stations. The nearest long term climate station is at Darrington, WA, 11 miles to the east of
Hazel. The available electronic data coverage for this National Weather Service cooperator
station is for the period October 1931 to September 1994. This meteorological data set consists
of 24-hour precipitation totals and daily minimum and maximum air temperature. Daily
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precipitation and temperature extremes are estimated for Hazel directly from these observations
at Darrington. Six-hourly air temperature, net radiation and vapor pressure deficit are inferred
using the algorithms described in Appendix II.

In orographic settings, precipitation for individual storms and on an annual basis can vary
strongly over space. The average annual precipitation at Darrington (1931-1993) is 89.5 inches.
Wolff et al. (1989) estimate that average annual precipitation at Hazel is between 60 to 80
inches. We assume that the 24-hour precipitation amounts at Hazel are equal to precipitation at
Darrington times the factor 7/9.

Temperature variation over space is more predictable than precipitation; it is common to assume
that at constant elevation, temperature is conserved over horizontal distances of tens of
kilometers. The weather station at Darrington (500 ft above sea level) is situated at
approximately the median elevation for Hazel. Therefore it was unnecessary to make any
adjustment to the Darrington air temperature data for elevation differences between the two sites.
It is common to assume that air temperature varies with elevation at the rate of about 0.1 °C per
500 ft (Linsley et al., 1975). The elevation range at Hazel (300 to 800 ft above sea level) is
small enough that the variation of temperature with elevation can be ignored.

We did not attempt to simulate snow accumulation and ablation. All precipitation is assumed to
occur as rainfall. It is highly likely that snowfall does occur at Hazel; however snow cover is
short-lived at this low elevation. The mischaracterization of the physical form of precipitation
could have some effect on the transient groundwater simulation. The simulated average annual
water balance would not be significantly affected by the inclusion of a snowmelt model, and
therefore the steady-state groundwater simulations are not sensitive to this omission.

The physical setting of the climate station is relevant to the interpretation of the model results
(see Discussion). The climate data at Darrington is collected in a park-like setting within the
town of Darrington. The forest edge is within 1 to 2 miles in each compass direction except to
the west. To the west, forest cover is patchy. Wind speed is measured in summer only; a typical
summer’s day wind speed is 3 m/s. The predominant wind direction is up-valley, into the
Cascades (out of the south). At Hazel the upwind terrain is also patchy, and fetch is limited.

Appendix II describes the methods used to infer 6-hourly precipitation, air temperature, vapor
pressure deficit, net radiation. The ambient atmospheric conditions could depend on vegetation
cover. However, it is not feasible to model vegetation-atmosphere interactions, and therefore it
was assumed that precipitation, air temperature, and therefore vapor pressure deficit are the same
over both vegetation endpoints.

Results

A. Average annual water balance.

Annual water balance components were calculated for each simulation on an October-September
water year basis. The simulation period, October 1931 to September 1994, corresponds to the

length of the available meteorological data for Darrington. The appropriate soil moisture value at
the start of the simulation is unknown. It was necessary to assume an initial value. To avoid any
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influence of assumed initial soil moisture condition on model output, we disregarded results
from the first three years of the simulation (water years 1932-1934).

The simulated water balance components for the 60 year period 1935 to 1994 are shown in
Figure 1. Mean annual precipitation over this period is 1685 mm. We use ‘low’ and ‘high’
recharge cases to represent the results obtained for all parameters set to their ‘upper’ bound and
‘lower’ bound, respectively, where “‘upper’ and ‘lower’ is defined in reference to
evapotranspiration. The upper parameter bound, for example, is the limit which corresponds to
high evapotranspiration and low recharge. Most parameters are defined such that the lower
bound is numerically smaller than the upper bound. An exception to this is FTHRU.

The results in Figure 1 are summarized as follows:

1. Forest average annual evapotranspiration ranges from 763 to 1174 mm. The corresponding
recharge values are 923 and 512 mm, respectively.

2. Forest annual interception losses exceed summer transpiration losses for the forest, but are

—FEverareen Forest —Clearcut__
Recharge

Case: Hiagh Med Low Hiagh Low

Summed components as percent of
average annual precipitation

100 T
90 T
[JRecharae
512
80 T 708 [ Intercention -winter
701 923 M Interception -summer
1204\ [J Transpiration - winter
60 T 419 1375
B Transpiration - summer

50 T 333

1 133
40 238
307 W4l 264 —

211 87

1 [ 160 50

20 74
50
107 J2o1 >
186
0

Figure 1. Simulated water balance components for forest and clearcut scenarios. The sum of the water balance
components is equal to 100 percent of average annual evapotranspiration (1686 mm). The magnitude of each
component (average annual depth in mm per year) is given in the highlighted boxes.
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minimal for the clearcut. The remaining component of annual evapotranspiration is winter
transpiration loss. This accounts for about 15% of forest annual evapotranspiration.

3. Clearcut evapotranspiration is not zero, because we assumed rapid revegetation with a short
deciduous cover. Compared to the forest, the clearcut evapotranspiration seems to be quite
predictable. The uncertainty range for clearcut evapotranspiration is 310 to 481 mm/yr.
Average recharge ranges from 1204 to 1375 mm for the clearcut scenarios.

Table II lists the average annual recharge for each scenario. The difference between the forest
low recharge case and the clearcut high recharge case forms the conservative estimate for change
in recharge due to clearcutting. The medium and low estimates for change in recharge are
formed similarly.

Table II. Recharge scenarios: change in recharge due to clearcutting

Scenario Recharge (mm)
LOW MED. HIGH
CLEARCUT
1204 1343 1375
HIGH MED. LOW
FOREST
923 708 512
DIFFERENCE:

CHANGE IN RECHARGE DUE TO
CLEARCUTTING: 281 665 863
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B. Time series of soil moisture

In Figure 2 we show a partial time series of simulated recharge and soil moisture for the forest
and clearcut medium recharge cases. Soil moisture here means that accessible to plant roots.
Moisture in the root zone is depleted by transpiration and replenished by throughfall. Recharge
can only occur when soil moisture content has reach the maximum attainable value (RZ-max in
Table I.). RZ-max was assumed to be 250 mm for the forest and 125 mm for the clearcut for the
two simulations shown. Note the shift of +125 mm for the clearcut soil moisture time series (see
legend to Figure 2). Compared to the forest simulation, soil moisture for the clearcut less often
falls below RZ-max (125 mm, but shown as 250 mm on the axis). These patterns of soil
moisture lead to higher recharge in the clearcut throughout most of the year, and earlier timing of
the first large recharge event in the fall. During the wettest periods, the five-day recharge peaks
are higher for the clearcut. This is mainly because of lower interception loss in the clearcut.

C. Sensitivity analysis

In order to understand which parameters explain the large range in forest evapotranspiration, a
simple sensitivity analysis was performed. Figure 3 shows, for the forested simulation, the effect
of independently changing parameters from the intermediate value to either the lower bound or

200 700
150 & Solid Lines: Forest T £
Recharge Dotted Lines: Clearcut + 600 é
il
100 + c
E £
E 50+ o
- ; o
© S [
- 0 A —
8 + 400 %
(] —
(= -50 + T [e)
S Soil Moisture + 300 E
o -100 + S
g [P ! ®
gﬁ -150 + .. : 200 %
T ] S
'g 0 100 %

i

-250 | I >
7
-300 1 1 | | 1 0 g
35.50 36.00 36.50 37.00 37.50 38.00 38.50 i

Decimal Year (calendar year basis)

Figure 2. Time series of recharge and soil moisture for the forest and clearcut scenarios (medium recharge
cases). Moisture capacity is 250 mm and 125 mm for the forest and clearcut, respectively. For convenience both
are shown as at field capacity at 250 mm on the axis. Forest soil moisture can vary between 0 and 250 mm; as
shown, clearcut soil moisture can vary between 125 and 250 mm.
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Figure 3. Forest evapotranspiration is increased or decreased from 978 mm when one parameter is changed
from its intermediate to its upper or lower bound, with all other parameters at the intermediate value. 987 mm is
the result for the intermediate recharge case. Parameters are defined in Table 1.

the upper bound, while holding all other parameters at the intermediate value. Minimum stomatal
resistance is not shown, since it was held constant for each vegetation cover. The ranges shown
for FTHRU and LAI, the most sensitive parameters, amount to 37 percent of the difference in
average annual evapotranspiration between the high and low recharge cases. Because FTHRU
and LAI affect the water balance in different ways, their effects are additive: Changing both
parameters accounts for about 70 percent of the difference in the two limits.

Figure 4 shows the variation in the components of evapotranspiration for different values of
throughfall fraction (FTHRU) and leaf area index (LAI). Direct evaporation increases by 650
mm as throughfall fraction goes from 0.8 to 0.0, and total evapotranspiration by 450 mm. Over
the range we considered appropriate to a closed evergreen canopy at Hazel, 0.8 to 0.65, the
interception rate almost doubles from 316 to 600 mm/yr, whereas total evapotranspiration
increases by about 150 mm. The smaller change in evapotranspiration is due to a partially
compensating change in transpiration loss. Transpiration loss increases as interception fraction
decreases because, on average, less moisture remains on the canopy upon cessation of rainfall.
Consequently, the canopy dries a little faster after storms, and the interval for transpiration is
slightly longer. Direct evaporation does not go to 100% of storm precipitation at a throughfall
fraction of zero. This is because, as described in Appendix I, the canopy interception model
allows for drainage (additional throughfall) from the canopy when the rainfall rate exceeds the
evaporation rate, as frequently happens in the winter.
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Figure 4. Change in water balance components with change in FTHRU (throughfall fraction) for the forest
scenario, medium recharge case.

The relationships shown in Figure 4 are not sensitive to the canopy storage capacity. This is
because for this climate (low intensity, long duration storms), most direct evaporation occurs
during storms, whereas canopy storage capacity only affects the amount of direct evaporation
that occurs from a drying canopy affer rainfall ceases

Values for FTHRU as low as 0.4 could be reasonable for mature Douglas fir forest (> 70 years
old), but then only under poor growing conditions (Giles et al., 1985) and strong advection.
Lower values, corresponding to canopy gap fraction plus stemflow, might be a reasonable
assumption where rainfall occurs mainly as snow (e.g., Wigmosta et al., 1994), or when the
model includes an explicit drainage term (e.g., Rutter et al., 1971).

Discussion

As simulated, clearcut evapotranspiration is likely to be only slightly less than summer
evapotranspiration for the forest. The difference in forest and clearcut evapotranspiration seems
to be due mainly to differences in winter fluxes for the forested case.

The approach of estimating parameters from literature data leads to a large uncertainty in the
simulation results for the forest. Most of the variability in the forest evapotranspiration results is
due to the parameters LAl and FTHRU (Figure 3). LAI determines the transpiration surface area
and the interception store capacity. We found that most of the interception loss is occurring
during storms, and that interception loss is therefore quite insensitive to the interception store
capacity. LAI then is important mainly for summer and winter transpiration loss. FTHRU is
important mainly for winter evaporation loss.
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In retrospect, we were probably overly conservative in choosing 5.0 for the lower bound value
for LAIL. The upper bound value is well-supported as a typical value for old growth forest. If
this is taken into consideration, then throughfall fraction is a stronger determinant of the annual
water balance than is LAI. Effort to reduce the uncertainty range then should focus first on
FTHRU. We note that LAI could be estimated quite easily, to more or less accuracy, by
application of regression equations developed for Oregon stands (e.g. Gholz, 1982). These
regressions equations relate LAI to tree species and diameter-at-breast-height. Field estimation
of throughfall fraction is more expensive and time consuming, since storms of various
magnitudes should be sampled.

The winter transpiration losses - more than 50 percent of summer losses - seem quite high, but
we have not found any published values for winter transpiration rates that might be relevant to
Hazel. Winter transpiration losses range from about 10 percent (169 mm) to 18 percent (264
mm) of annual precipitation for the three forest scenarios. The mild climate at the low elevation
of Hazel, however, may well support substantial winter transpiration. Reed and Waring (1974)
have noted that Douglas firs (and therefore presumably other species as well) can continue to
transpire until air temperature falls below 2 °C. This threshold happens to correspond to the
average monthly air temperature at Darrington in January. It is known also that significant
carbon fixation can occur during the dormant season if daytime temperatures are mild enough
(Emmingham and Waring, 1977), and therefore transpiration must also be occurring.

Most likely the model oversimplifies the factors affecting winter transpiration rates, and is
overestimating winter rates by some unknown amount. For example, Emmingham and Waring
(1977) found that carbon fixation was reduced following cold nights. It could be that stomata
are also similarly sensitive.

A remaining question is whether the meteorological data collected at Darrington is representative
of conditions over the forest at Hazel. One problem is that we are using data collected over a
clearing to estimate fluxes over a forest. Pearce et al. (1980a) found that this procedure led to a
30 percent overestimate of forest evapotranspiration for a stand in New Zealand. This may not
be such a major issue at Hazel. The upwind geography at Hazel would seem to be sufficiently
short (less than several kilometers), so that conditions over an upwind clearing (or at Darrington)
may not diverge tremendously from those over the forest at Hazel.

A related concern is whether the during-storm vapor pressure deficit is accurately estimated.
Rutter et al. (1977) found that over a forest, potential evaporation during rainy hours was about
half that during non-rainy hours. Presumably this is due to negative feedback of during-storm
canopy evaporation onto vapor pressure deficit (McNaughton and Jarvis, 1983). The algorithm
we used to estimate vapor pressure deficit (Appendix II) does not directly deal with negative
feedback, it does not differentiate rain/non-rain periods and it has been validated only in
summer.

The recharge cases for each cover were formed by setting all parameters to their upper or their
lower or their intermediate value (Table I). To form the limiting cases in this way is reasonable.
A canopy of high leaf area index will tend to intercept more rainfall than a canopy of low leaf
area index, and will tend to be taller also. Thus the high leaf area index canopy will tend to have
a lower value for the parameter FTHRU; it will also tend to be a rougher surface by virtue of its
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greater height, and therefore will have a higher aerodynamic resistance. Summer transpiration
varies relatively little for the clearcut and forest scenarios.

Unfortunately, we have not identified any appropriate rainfall-runoff data in the Cascade
foothills area of Puget Sound against which to compare the forest evapotranspiration estimates
for Hazel. However, the following observations support certain aspects of the model results:

1. Using a weighing lysimeter, Fritschen et al. (1977) measured summer/fall evapotranspiration
for a single Douglas fir tree in the Cedar River watershed, in westernWashington, over three
years to be about 500 mm. The elevation at this site was 702 feet. The results were 465 mm
for April-Dec., 1972, 357 mm for June-Nov., 1973, and 517 mm for April-Oct., 1974. The
simulated summer evapotranspiration (April-September) for the three forest scenarios range
from 365 to 492 mm. The simulated values would be somewhat higher if early fall
evapotranspiration were included in the totals. Nevertheless, the simulated and reported
values seem to compare reasonably well.

2. There is little data from which to validate winter interception and transpiration losses.
Measurements of transpiration have rarely been made in winter, and winter
evapotranspiration losses in the PNW are most likely elevation dependent. Therefore the
interception loss we estimate at Hazel should only be compared to data for a site with similar
vegetation and climate. We are aware of only one empirical estimate that might be
comparable to findings at Hazel: Pearce et al. (1980b) measured an annual interception loss
of 560 mm for a coastal northwestern New Zealand mixed evergreen forest. Mean annual
precipitation over the study period was 2075 mm. The study area was located at a similar, but
southerly, latitude as Hazel. This result shows that high interception losses do occur in
forested areas with high rainfall and moderate climate.

3. Table III lists all paired watershed studies which have been conducted in the Pacific
Northwest, and for which the percent area cleared in one year was close to 100 percent
(Stednick, 1996). All four studies listed were conducted in Oregon. The forest types
represented include Douglas fir and Douglas fir-hemlock forests. The range of estimates of
forest evapotranspiration for the three recharge scenarios (763, 978, and 1174 mm) look
reasonable compared to the values shown in Table III. (We discuss above the issue that the
lower bound value for forest LAI is probably too low, and that 763 mm is an overly
conservative estimate for forest evapotranspiration)

4. The data in Table III seem to confirm the several hundred millimeters of evapotranspiration
predicted for the clearcut. For a paired watershed study, water yield increase is equal to the
difference between forest and clearcut evapotranspiration. For four out of five studies, water
yield increase is less than average annual evapotranspiration by about 200 to 500 millimeters.
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Table III. Summary of Paired Watershed Studies in Oregon *

Area Elev. Area cut® Soils Mean Annual Mean Water Yield
(ha) (m) (%) Precipitation (mm) Annual ET Increase (mm)
(mm)*
70¢ 312 82 Loam 2480 595 615
96 ¢ 700 100 Volcanic 2390 1010 462
13°f 900 100 Volcanic 2150 860 425
508 900 100 Gravel loam 1230 600 360
9h 900 100 Volcanic 2330 680 460

* A selective summary of data compiled by Stednick (1996)
® The clearcuts were all completed within one year to the level indicated

¢ Annual evapotranspiration (ET) was obtained by subtracting mean annual streamflow from mean annual
precipitation for each basin

4 Needle Branch, OR; Harris (1973,1977), Harr(1976)

¢ H.J. Andrews, OR, Watershed #1; Rothacher (1970)

"H.J. Andrews, OR, Watershed #6; Harr (1976), Harr et al. (1979, 1982)
£ Coyote Creek, OR, Watershed #3; Harr (1976), Harr et al. (1979)
"H.J. Andrews, OR, Watershed #10; Harr (1976), Harr et al. (1979)

Conclusions

The major findings are as follows.

1. The change in recharge due to clearcutting is estimated to be, most conservatively, on the
order of 300 mm. This estimate is based on an overly conservative assumption about leaf
area index. We think the change in recharge is more likely to be in the range of 600 to
850 mm.

2. Summer evapotranspiration for the forest and annual evapotranspiration for the clearcut is
known relatively well compared to winter evapotranspiration for the forest, in so far as the
recharge cases give fairly similar results for these fluxes.

3. Winter evapotranspiration losses are probably as large or larger than the summer
evapotranspiration losses for the forest, with interception loss most likely being the dominant
component.

4. Site-specific determination of leaf area index and particularly storm throughfall fraction
would help to reduce the uncertainty range considerably. More information about factors
affecting or probable rates of winter transpiration rates are needed.
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Impacts of Harvest on Steep Slopes with Thin Soils Versus Low-gradient Slopes with Thick Soils

The following question was posed for this project: Will timber harvest from thin soils mantling
steep bedrock slopes have a different impact than timber harvest from deep (glacially derived)
soils on low-gradient slopes? The results of the simulation described in this paper help us to give
a more informed answer. In answering this question, it is helpful to distinguish components of
the water budget: summer transpiration, winter transpiration, and interception loss. The factors
that determine whether site differences will occur are somewhat different for each of these three
water budget components.

Both sites described are well-drained. For well-drained locations, the maximum possible
evapotranspiration that can occur in summer is limited to the sum of plant available water
capacity, summer season precipitation, and upward movement of moisture from below the root
zone, due to capillary action. The latter quantity will usually be small, particularly for sandy
soil. If shallow soil restricts rooting depth at one site, then this will limit growing season
evapotranspiration at that site as compared to the other site. Assuming no difference in leaf area
index and summer precipitation, summer evapotranspiration loss for the two site conditions will
differ mainly on the basis of differences in plant available water capacity of the soil. This
statement is valid because (1) soil moisture will almost certainly be at its maximum value every
spring, regardless of site condition, and (2) because summer potential evapotranspiration is large
compared to summer rainfall amount.

In winter, soil moisture can be assumed to be non-limiting to transpiration at both sites. Winter
transpiration losses therefore will be sensitive to differences in leaf area index and
meteorological conditions at the two sites, but not to soil moisture status. Annual interception
loss is sensitive to differences in leaf area index, to potential evaporation, and to rainfall amount.
Therefore, apart from differences in meteorological conditions and leaf area index that might
exist, we expect that winter evapotranspiration at the two sites will not differ, and that any
difference in annual evapotranspiration will arise over the summer, i.e. we expect annual
evapotranspiration at the two sites to have a difference roughly equal to the difference in plant
available water capacity.

Sensitivity analysis showed that at Hazel annual evapotranspiration for the forest was relatively
insensitive to plant available water capacity over the range of 200 mm to 300 mm (RZ-max in
Figure 3). This is because a 100 mm difference in capacity is small compared to the estimated
magnitude of annual evapotranspiration, a large portion of which is due to interception loss.
Notwithstanding any difference in annual evapotranspiration, the drainage path for water needs
to be considered as well, in order to assess the effects of timber harvest for the two different site
conditions.

Thinning

Wolff et al. (1989) pointed out that summer transpiration rates are similar for thinned stands and
unthinned stands, provided that an understory is associated with the thinned stand (Black et al.,
1980). We did not simulate a thinned forest; however the results of the present work afford
some additional insight in this issue. In particular, results of the work described herein suggest
that the issue of interception loss must also be addressed when estimating the potential effect of
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thinning on the annual water balance. It is likely that interception loss would be changed after
thinning. Substantially lowered leaf area index should lead to an increase in the proportion of
rainfall that passes through the canopy to be intercepted by understory or to reach the ground
(Giles et al., 1985). On the other hand, thinning may lead to better ventilation of the overstory.
These effects may diminish over time as the stand recovers from thinning. To conclude that
thinning has no effect on recharge or water yield is probably correct only if annual interception
loss is small compared to annual transpiration, which, as we have seen, is probably not the case
at Hazel. (It would be possible to simulate a thinned forest with the present model. The only
parameter change would be to reduce leaf area index for the forested case to an appropriate
value.)

Recommendations

The simulation results show that any effort to reduce the uncertainty range for recharge should
focus on better characterization of the forest parameters. In particular,

1. Estimate winter interception losses with a regression equation (e.g. interception loss as a
linear function of daily precipitation total), such as described by Giles et al. (1985).
Regression equations have been found to predict most of the variability in interception loss,
and their use avoids all of the difficulties and uncertainties that come with application of the
Penman-Monteith equation to interception. Parameters should be determined empirically, at
Hazel.

2. Estimate leaf area index on the basis of species-specific allometric equations, such as given
by Gholz (1982). The only data required is a representative sample of tree diameter-at-breast
height. This is a simple calculation.

Our results show that for Hazel, and likely for other lowland basins in the area, winter
evapotranspiration may well be substantial and may account for a major portion of the annual
water budget. This result may have important implications for the relation between landsliding
potential and forest management in low-elevation basins in northwestern Washington.
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Appendix I. Model description, parameter estimation

Interception loss. Interception loss was modeled by Kelliher ez al. (1986) with the following
equation:

change in canopy store = (1 - FTHRU) * (above-canopy precip.) - Sr * PEV

where FTHRU is a canopy parameter, Sr represents the amount of water on the canopy relative
to capacity, and PEV is potential evaporation, calculated with the Penman-Monteith equation by
setting stomatal resistance to zero. Excess storage results in drainage (Sr cannot exceed 1.0).
Because of drainage, the simulated ratio of throughfall to precipitation in a given storm can
exceed FTHRU.

The major difficulty in applying the interception model was found to be the estimation of the
throughfall fraction FTHRU. In applying this equation to the drier climate of East Vancouver
Island, Kelliher et al. (1986) found that an appropriate summer-season value for FTHRU to be
0.60 for a Douglas fir stand having a leaf area index of 6.0. Giles ef al. (1985) found
interception loss to be linearly related to LAI. Their data suggests that an appropriate value for
FTHRU for LAI of 5.0 and 10.0 would be 0.8 and 0.4 for the East Vancouver stands. In the
more humid climate at Hazel, we might expect the throughfall parameter to have a somewhat
higher value at the same leaf area index.

Interception estimates for Oregon west slope Cascades is perhaps more applicable to Hazel than
the East Vancouver Island data. Two different reports for rainfall-dominated forested locations
in the H.J. Andrews Experimental Forest, Oregon, give large differences in interception loss
within a relatively small area. Troendle and Leaf (1980) calibrated a hydrologic model to 1974
rainfall-runoff data of Watershed 2 (60 ha, elevation range 400 to 1100 m), and found that
interception accounted for ‘most’ of the annual evapotranspiration loss of 47 inches at this site.
Rothacher (1963) measured throughfall and gross precipitation for one year (water year 1960) in
an old-growth Douglas fir plot at 1600 m (average annual precipitation 92 inches). He found
that throughfall was about 80% of rainfall in winter and summer (76% in summer, 86% in
winter).

The results of Troendle and Leaf (1980) imply a value for FTHRU at the H.J. Andrews site of
not more than 0.50. The results of Rothacher imply a value of 0.80. For the high PET case (LAI

of 10.0) we chose a value of 0.65 as a compromise between these two values. For the low PET
case (LAI of 5.0), we chose a value of 0.80.

Canopy interception store capacity is calculated on the basis of leaf area index (LAI).
Estimation of LAI is described below. In summer canopy interception store capacity is assumed
to be 0.1 * LAI (Wigmosta et al., 1994). We assume a somewhat lower value in winter for the
evergreen cover. A small non-zero value for the deciduous cover in winter allows for the
possibility of interception by exposed twigs, etc.

Aerodynamic resistance. We assume aerodynamic resistance is constant for a given vegetation
cover. We recognize that for interception loss, aerodynamic resistance is a sensitive variable
(McNaughton and Jarvis, 1983). A sensitivity analysis was performed to determine reasonable
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maximum and minimum values for tall (20 - 40 m) and short (0.1 to 1.0 m) canopies. A range of
winds speeds were considered, inclusive of the typical summer’s day wind speed at the
Darrington climate station (3 m/s at an instrument height of 2 m). For this analysis we assumed
a logarithmic wind speed profile, stable conditions, and similarity of the roughness lengths for
momentum, heat, and moisture (see Rowntree, 1991). The upper and lower parameter bounds
determined in this manner are given in Table 1. The parameter ranges assumed for the two covers
are consistent with reported values and ranges for forest (McNaughton and Black, 1973; Gash
and Stewart, 1975; Rowntree, 1991) and clearcut (Adams et al., 1991; Rowntree, 1991).

Various sources indicate that for a wide variety of vegetation covers, hourly transpiration rates
do not exceed about 0.40 mm/hr. We found that the simulated 6 hour transpiration rates rarely if
ever exceeded this threshold.

Soil moisture accounting. As for soil moisture accounting, we take a simpler approach than
Kelliher et al. (1986). We consider soils at Hazel to be either well-drained or poorly-drained.
We assume that the clearcut would occur at a well-drained site. The unconsolidated sands that
occur at Hazel would be sufficiently rapidly draining as to warrant a very simple representation
of soil moisture (Linsley et al., 1975). Change in storage is simply equal to throughfall less
transpiration. Excess storage (additions of throughfall that would cause soil moisture in the root
zone to exceed capacity) is discharged to groundwater. The stomatal resistance function ensures
that the transpiration demand tends to zero as the root zone becomes desiccated. The plant
available water capacity in the root zone is equated with

rooting depth*(field capacity - permanent wilting point).

Storck et al. (1996) evaluated digitized state and federal soils maps for the Snoqualmie River
basin, WA. Assuming a rooting depth of 1.5 m for overstory, their analysis suggests values of
195 mm and 420 mm as the plant available water capacity, for glacial deposits and organic soils,
respectively. We assume 250 mm as a typical value for this model parameter, with slightly
higher and lower values as the upper and lower bounds. For the clearcut, we assume plant-
available water capacity to be half that for the overstory, as short vegetation typically has a
shallower rooting habit than tall vegetation.

Leaf area index (LAI). For the most part, LAI is the only parameter for which species
differences (for similar basal area index) are likely to have a significant effect on simulated
transpiration. In general, LAI varies with species, basal area index, climate, and site quality
(Zobel et al., 1976; Gholz, 1982; Giles et al., 1985). Site quality refers mainly to factors
affecting resource availability (nutrients, water, solar radiation). A typical range for all-sided
LAI in a mature low elevation western Cascade Douglas fir stand (i.e. in the so-called Douglas
fir zone), with good site quality, seems to be 17 to 24 in Oregon (Zobel et al., 1976; Gholz,
1982). Values twice this were found for mixed stands at somewhat higher elevation (i.e. in the
Western Hemlock zone), apparently due to better soil moisture availability at the end of the
growing season. Assuming applicability to Hazel, and using 1:2.3 as the ratio of one-sided to
all-sided LAI, the data for Oregon suggests 10 as a reasonable value for the upper bound value
for this parameter. We assume 7 as a typical value, and 5 as a lower bound value.

Stomatal resistance. Tan et al. (1978) found that the only environmental stresses affecting
stomatal resistance in summer time for a Douglas Fir stand on Eastern Vancouver Island were
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vapor pressure deficit and soil moisture tension. In particular, the sensitivity to vapor pressure
deficit increased as soil moisture tension increased. Furthermore, they showed that variation in
stomatal resistance was not affected by thinning (and presence of a rich salal understory), and
was mainly accounted for by variations in soil moisture tension and vapor pressure deficit.
There is no reason to expect that similar experiments at Hazel would yield very different
patterns, for Douglas fir and other naturally abundant conifer species.

Regression equations expressing the stomatal resistance behavior were provided by Tan et al.
(1978), and these were used by Kelliher et al. (1986). Rather than using these equations we
devised a simple function (F1) of vapor pressure deficit and plant available water (the depth of
extractable water in the root zone at any particular time) that emulates the behavior of those
equations. The function is applied in the form of a multiplicative model of stomatal resistance
(Shuttleworth, 1991), having a parameter rsmin (minimum stomatal resistance for a canopy with
leaf area index of one):

canopy resistance = rsmin / F1 / LAI

where F1 varies between 0 and 1, and has value 1 when vapor pressure deficit and soil moisture
stress are weak. The advantage of this approach is that it allows us to explore sensitivity to
minimum stomatal resistance independently of soil moisture and vapor pressure deficit stress,
and to calibrate the function to the study site (see Discussion). We assume the clearcut
vegetation to behave similarly to salal.

Winter application. In order to apply this model to winter conditions, we make the following
assumptions: (1) Among all the parameters only LAI (and canopy interception store) is
seasonably variable. In winter, we assume LAI for clearcut goes to zero and that LAI for the
coniferous forest decrease slightly. (2) Stomatal resistance goes to infinity when 6-hour average
temperature is -2 °C (Waring et al., 1978) and when 6-hour average insolation falls below 70
W/m” (Running, et al., 1987).

Parameter values - clearcut

Deciduous forests and particularly short vegetation exhibits less stomatal control and less
conservative water use than evergreen forests. Thus the clearcut is assigned a lower LAI (and
canopy interception store) than the low PET case for forest, but is assigned somewhat lower
minimum stomatal resistance, following data given by Adams et al. (1991) for a grass-covered
forest clearcut. Because of lower leaf area index, the clearcut is assigned a higher throughfall
fraction FTHRU.
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Appendix II. Estimation of meteorological forcing data at Hazel

We describe briefly in this section the estimation of six-hourly forcing data. Required forcing
data includes precipitation, air temperature, and dew point temperature. These variables were
simulated from historic daily precipitation and daily minimum and maximum air temperatures
(Tmin, Tmax, respectively) recorded at Darrington over the period 1931 to 1994. As discussed
in the main report, the air temperature at Hazel was assumed to be the same as at Darrington.
Precipitation amounts at Hazel were assumed to be 7/9 of the amount observed at Darrington.
Wind speed data is not available; therefore aerodynamic resistance is treated as a model
parameter (see Appendix I).

Air temperature (Ta) was estimated by assuming a sinusoidal diurnal pattern, with Tmin
occurring early morning and Tmax occurring in early afternoon. Following Running et al.
(1987), vapor pressure deficit is calculated, most days, as the difference in saturation vapor
pressure at the 6-hourly air temperature and saturation vapor pressure at the most recently
observed Tmin (precipitation occurrence is also taken into consideration). Net radiation was
estimated on the basis of latitude, Julian day, air temperature, dew point, and cloudiness, using
the algorithm of Bristow and Campbell (1984). In calculating insolation, we assumed a
horizontal surface, with no topographic shading, and albedos of 0.12 and 0.18 for forest and
clearcut, respectively (Running ef al., 1987).

Storms were considered to be 18 hours in duration throughout the year and of uniform intensity
during the duration of the storm. On rainy days, the period 6 p.m. to midnight was assumed to be
always rain-free. We found little difference in results for a 24-hour storm duration assumption.
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Stability Assessment of the Hazel Landslide
Dan Miller

This analysis uses quantitative models of the physical processes acting on the Hazel landslide to better elucidate
the factors controlling landslide behavior. These models use existing or easily obtained site-specific informa-
tion. We have adapted existing models and developed new ones for this purpose. A geographical information
system (GIS) is used to store and organize the information, to provide data to the numerical models, and to dis-
play model results.

The behavior of the landslide, the characteristics of the material in which it occurs, and the nature of the mass
wasting processes have been described in Section 1 of this report and in previous reports and memoranda
(Shannon and Associates, 1952; Thorsen, 1969; Wolff, 1988; Benda et al., 1988; DNR, in prep). These investi-
gations identified two factors controlling behavior of the landslide over time:

1) Erosion of material from the toe by the Stillaguamish River, and
2) Variations in groundwater flux to the landslide.

Land use in the vicinity of the landslide has been discussed as a factor potentially affecting landslide behavior
because of the reduction in evapotranspiration and consequent potential increase in groundwater recharge asso-
ciated with timber harvest (e.g., Wolff, 1988; Benda et al., 1988). Hence, three types of models are used to
characterize processes controlling landslide behavior: an evapotranspiration model, a groundwater model, and a
model of deep-seated mass wasting. Given the range of complexity to be found in such models currently avail-
able, those used are relatively simple. Simple models are chosen for two reasons: computational efficiency and
minimal data requirements. The groundwater and mass-wasting models are described separately below; the
evapotranspiration model was described in Section 2.

The Groundwater Model

A finite-element groundwater model written by and available from the U.S. Geological Survey was used for
this work. This model, MODFE, was chosen because the source code is freely available (Torak, 1993a; also
over the internet at http://h20.usgs.gov/software), it is well documented (Cooley, 1992; Torak, 1993b), and it
has a history of use (Buxton and Modica, 1992; Czarnecki and Waddell, 1984; Iverson and Reid, 1992; Reid
and Iverson, 1992; Torak et al., 1992). MODEFE is a two-dimensional finite-element model using linear, triangu-
lar elements. It can simulate both steady-state and transient groundwater flow in unconfined aquifers and can
accommodate seepage at the ground surface. However, certain modifications were required for this problem.
The program was modified to simulate flow through a multilayered unconfined aquifer (here the coarse, perme-
able outwash deposits overlying fine, low-permeability lacustrine silts) and to recognize a seepage face. Data
for each node of the finite-element mesh were taken from GIS data files. The GIS used is IDRISI: an inexpen-
sive, PC-based set of programs available from Clark University. Pre- and post-processors (computer programs)
were written to transfer data between the GIS and the groundwater model.

Data Requirements: Site Characterization

As described in Section 1, groundwater flow to the Hazel landslide occurs primarily within an aquifer formed
by the glacial outwash deposits composing the terrace remnant known as the Whitman Bench (Figure 1.2).
Seepage observed emanating from slopes adjacent to Rollins Creek and from slopes defining the south-east
edge of the Whitman Bench indicate that groundwater flow to the landslide originates from recharge confined
to an area bounded to the east and north by Rollins Creek and to the south by the Stillaguamish River. The po-
tential westward extent of the regional flow field affecting groundwater movement toward the Hazel landslide is
unknown. As discussed in Section 1, we infer that the westward watertable divide occurs somewhere within the
Whitman Bench. To insure that the divide is included within the boundary of the finite-element mesh, the
westward boundary of the mesh was placed well away from the area of interest, as shown in Figures 1.1 and
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1.2. Subsequent model runs indicate that the mesh boundary is sufficiently far from the calculated recharge area
to the landslide to have no effect on model results.

A simplified representation of the aquifer is used in the model to simulate groundwater flow. The aquifer is
viewed as an isotropic, homogeneous deposit of sand of varying thickness, underlain by an isotropic, homoge-
neous, fine-grained deposit of clay. The contact between these two deposits is considered continuous and
distinct and occurs at an elevation that may vary from point to point. The aquifer is characterized in terms of
transmissivity, a measure of the potential horizontal flux of groundwater below a point on the ground surface,
and specific yield, a measure of the change in volume of water stored within the aquifer caused by a unit change
in watertable elevation. Transmissivity is calculated by multiplying the saturated thickness of the sand layer,
determined as the difference between the water table and sand/clay contact elevations, by the saturated hydrau-
lic conductivity of the sand. Groundwater flow is allowed within the clay layer, although at a much smaller rate.
The data required to characterize the aquifer are elevations of the ground surface, elevations of the sand/clay
contact, and the saturated hydraulic conductivity and specific yield of the sand and clay.

Elevations are represented by a uniform, square grid of points in the GIS. The primary source for surface eleva-
tions is a 1:4800-scale topographic map made from 1978 aerial photography. Contour lines from a portion of
this map were digitized and provided by DNR. Elevations for areas not included were obtained from 30-meter
digital elevation models (DEM) for the Oso and Mount Higgins 7'%-minute quadrangles available from the
USGS. Data from these two sources were merged and splined to a uniform 10-meter grid. Each square grid cell
comprised two triangular elements of the finite-element mesh.

Elevations of the sand/clay contact are somewhat harder to determine than those of the ground surface. The de-
positional setting (a proglacial lake followed by a broad outwash plain) suggests that the original surface was
relatively flat. Subsequent fluvial and glacial processes have disrupted this surface and left multiple channel and
shallow lake deposits within the stratigraphy so that a single, well-defined contact is not found at all points. The
resulting vertical heterogeneity is not really a problem, since the model works in terms of horizontal transmis-
sivity. Localized deposits of low permeability result in perched groundwater that are not accounted for in the
model, but these zones probably have little influence on regional patterns of groundwater flow. (Nevertheless,
perched groundwater may be locally important to slope stability.) Additionally, the original contact surface may
have been tilted by regional tectonic uplift. Indeed, the surface of the Whitman Bench tilts slightly to the north
(DNR, in prep). Having few measurements of actual contact elevations, however, we approximate the undis-
turbed contact as horizontal.

The original stratigraphy has been subsequently disrupted by mass wasting. The margins of the Whitman Bench
have a scalloped morphology indicative of large-scale slumping. As discussed in Section 1, the Hazel landslide
occurs on one of these large slump blocks and topography indicative of adjacent slumps occurs to the north
(Headache Creek basin) and to the west (Figure 1.2). These slumps apparently carried the former stratigraphy at
least partially intact as they moved, since outwash deposits still largely cover the surface of the slump blocks (as
illustrated with the sketch in Figure 1.3). The elevation of the sand/clay contact varies between slump blocks.
These elevations were estimated from locations of surface exposures of the contact mapped during site visits
and from the four borehole logs reported in the Shannon report (Shannon and Associates, 1952). Movement of
these slumps most likely involved some rotation, but lacking further subsurface information, the contact is as-
sumed to be horizontal within a slump block. Based on surface topography and field mapping, four separate
slump blocks were delineated. The inferred contact elevations used in the groundwater model are shown in Fig-
ure 3.1.

Values for saturated hydraulic conductivity and specific yield complete characterization of the aquifer. These
values are constrained within the range of values reported for similar materials (e.g., Koloski et al., 1989) and
were adjusted until the model simulation produced a spatial pattern of surface saturation and seepage similar to
that observed in the field. The values used are reported in Table 1.
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Meters

500

Figure 3.1. Elevations in meters (feet) assigned to the sand/clay contact. The
220-meter surface is in-place; lower elevations occur on down-dropped
slump blocks (Figure 1.2). Clay is exposed at the surface in uncolored areas

within the groundwater model boundary.

Simulated Recharge

The variable driving groundwater
flow is recharge. The evapotranspi-
ration model produces a 60-year
time series (the duration of the pre-
cipitation record) of daily recharge
estimated for the Hazel site for a
given vegetation cover. For the
analyses presented here, recharge
was held uniform over the entire
surface area of the groundwater
model with changes occurring only
in time. The mean annual recharge
value is used for a steady-state
analysis. The calculated water table
elevations represent the flow field
that occur in the model for a re-
charge that is constant year round.
The steady-state solution is then
used as the starting point for tran-
sient analyses, which use the simu-
lated time series of daily recharge.

Steady-state recharge simulations
were performed for both forested
and clearcut conditions. As ex-
plained in Section 1, a variety of
simulations were performed to de-
termine the range of uncertainty in
recharge associated with the poten-
tial range of model parameter values.

We ran groundwater simulations using the full range of potential recharge values to examine both the least- and

most-stable cases.

Calculated Quantities

The model calculates the elevation of the water table for all nodes of the finite-element mesh. These values are
fed back to the GIS to generate a watertable surface. A steady-state analysis produces a single surface corre-
sponding to continuous recharge constant over time; a transient analysis produces a water table surface for each

time step and illustrates aquifer response to a
time series of recharge events. (MODFE was
modified for this analysis to automatically
adjust time steps to maintain numerical stabil-
ity: time steps ranged from an imposed
maximum of 2.4 hours to less than a minute,
depending on the rate of change of daily re-
charge.) The watertable surface is used to
calculate the pore-pressure distribution used
by the stability model described below and to
determine groundwater flow directions, from
which the recharge area to specific points can
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Table 1. Material Properties | Outwash Sands ~ Lacustrine Clays
Saturated Conductivity 0.36 m/hr 0.00036 m/hr
Specific Yield 0.25 0.1
Bulk Density (dry) 1870 kg/m’ 2020 kg/m’
Bulk Density (saturated) 2120 kg/m’ 2120 kg/m®
Angle of Internal Friction 38° 23°
Cohesion S5kPa 14 kPa
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Figure 3.2 Calculated groundwater recharge area to the Hazel landslide.
Different colored polygons delineate distinct zones of groundwater flow,
with recharge occurring in upslope areas and discharge in downslope areas.
Together these polygons bound the entire recharge area to the slide.

be delineated, as shown for the Ha-
zel landslide in Figure 3.2 (using the
steady-state, fully forested simula-
tion). Hence, this type of model of-
fers an estimate of the recharge area
to a landslide, the second of the three
questions posed by the Level 1
analysis team. Although not used in
this analysis, groundwater flux can
also be calculated, from which the
volumetric flow of surface seepage
can be estimated.

The Groundwater Recharge Area

As discussed by Freeze and Cherry
(1979), the watertable forms a sub-
dued replica of surface topography.
As shown in Figure 3.2, in areas of
low topographic relief and variable
subsurface stratigraphy, groundwater
drainage divides do not necessarily
correspond to surface drainage di-
vides. The recharge area to the Hazel
slide extends farther northwest into
Whitman Bench and north into
Headache Creek basin than the sur-
face divides would indicate. (Never-
theless, Benda et al., 1988, estimated
a groundwater recharge area quite
similar to that found in this analysis,

although not extending as far into Whitman Bench). The recharge area estimated here is obtained with an objec-
tive and repeatable model, but is based on limited field data. A true test of this prediction requires measure-

ments of watertable elevations.

The size of the calculated recharge area varied little with changes in recharge. This result was obtained, how-
ever, under conditions of spatially uniform recharge. The recharge area may expand and contract in response to
spatial variations in recharge. For example, clearcutting of Whitman Bench to the west would cause a localized
increase in underlying watertable elevations, potentially causing the recharge area to the Hazel slide to expand
westward. Likewise, clearcutting of Headache Creek basin may cause northward expansion of the orange-
colored zone in Figure 3.2. Such scenarios were not examined in this project, but could be addressed with the

tools available.

The groundwater model also allows us to separate recharge areas to different parts of the landslide, as shown by
the different polygons in Figure 3.2. This ability proves useful for evaluating observed correlations between

upslope harvest and landslide activity.

M2 Environmental Services
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The Stability Model

Slope stability is characterized in terms of the potential for downslope movement of material. Gravity acts to
move material downslope; movement is resisted by the material shear strength. The ratio of forces acting to
move material to those acting to hold it in place define a factor of safety. Larger factors of safety indicate more
stable slopes. We calculate factors of safety along linear slope transects using Bishop’s simplified method of
slices (Bishop, 1955), in which movement is assumed to occur along a well-defined slip surface. Data for a
given transect are obtained from GIS grid files specifying elevation of the ground surface, the sand/clay contact,
and the calculated water table, as shown in Figure 3.3. Material properties for the outwash and underlying clay
are constrained within the range of values reported for these and similar materials (Shannon and Associates,
1952; Palladino and Peck, 1972; Koloski et al., 1989) and were back calculated for several slopes on the land-
slide. Values used are reported in Table 1. The minimum factor of safety is calculated for each point along the
transect, as illustrated in Figure 3.3. This procedure is repeated for many transects (2000 for the examples here),
so that each cell is traversed by multiple transects. Each cell is assigned the factor of safety of the least stable
transect that intersects it. These methods are more fully elaborated in Miller (1995). The resulting spatial pattern
of slope stability is a function of surface topography, subsurface stratigraphy, the pore-pressure distribution, and
material bulk density and shear strength.

Spatial Patterns of Slope Stability

Figure 3.4 shows the factors of safety calculated for the Hazel landslide for steady-state mean-annual recharge
under forested conditions. Here we use the factor of safety as a measure of relative stability: lower values indi-
cate less stable slopes. We predict large variation in stability over the area of the landslide; a prediction that will
be tested against observations of landslide behavior subsequent to the 1978 photography (on which the topog-
raphy is based). The results displayed represent the influence of the topography, the calculated pore pressures,
and the inferred subsurface geometry represented in the model.

These are not the only factors affecting landslide behavior, however. Spatial variation of the geotechnical prop-
erties of the clay and sand, temporal variation of pore pressures, and changes of topography that occur as por-
tions of the landslide move may all be of equal importance in determining slope stability. These last two, tem-
poral changes in pore pressures and topography, are examined to a limited extent below. The first, however,

~

(
Elevation (m)

2007 A
Ground Surface
1501
Sand/Clay Contact
1001
501 Water Table
Slip Surface
o 100 200 300 400 500 600
Factor of Safety
1.67
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1.2T
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0.8, 100 200 300 400 500 600

Horizontal Distance (m)

Contour Interval 20 Feet
Topography from 1978 Photography

Figure 3.3. Slope transects. Cross sections for any transect are interpolated from GIS grid files. Cross-sectional data
are used to calculate a profile of the minimum factor of safety along the transect. Thousands of transects are examined
to produce a stability map.
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Figure 3.4. Factor-of-safety map calculated for the Hazel landslide. We use such calculations, not as a meas-
ure of absolute stability, but as a means of inferring relative stability. Indeed, as discussed in the text, factor of
safety values are overestimated in disturbed areas and under estimated in undisturbed areas. Hence the low
factors of safety predicted for apparently stable slopes to the west of the landslide. Note also that comparison
of these results should be made only to post 1978 activity, since the topography used in the model is based on
1978 aerial photography. Heavy brown lines indicate approximate locations of landslide activity seen in the
1991 photographs (Figure 1.4).

presents a dilemma. In addition to the intrinsic heterogeneity of the outwash and lacustrine deposits, there is also
a large difference between the strength of intact and disturbed material. Examining a similar deposit, Palladino
and Peck (1972) report a peak strength represented by a cohesion of 0.65 ton/ft* and a friction angle of 35° for
intact clay, compared to a residual strength represented by a cohesion of zero and a friction angle of from 13.5°
to 17.5° for disturbed clay. Similar reductions are expected for the lacustrine clays at Hazel, yet we apply a sin-
gle set of parameter values uniformly, using the same value for both intact and disturbed material. We have no
other practical choice: even meticulous field mapping cannot resolve the three-dimensional boundaries between
disturbed and in-place material. Hence, we invariably overestimate stability for disturbed deposits and underes-
timate stability for undisturbed deposits. The values used, obtained by back-calculations on both failed and un-
failed slopes, are a compromise, and fall between the peak and residual values reported by Palladino and Peck
(1972).

Unresolved spatial heterogeneity is a confounding factor that may render predicted factor-of-safety values less
reliable than desired. Fortunately, we can skirt this problem to some extent by examining the predicted change
in the factor of safety that occurs in response to environmental perturbations, rather than the actual factor-of-
safety values themselves. The proportional decrease in stability caused by an increase in recharge, for example,
or cutting of the slope toe, primarily reflects the effect of the change, with less dependence on the geotechnical
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i property values assigned to the material. This is
Elevation (m) illustrated in Figure 3.5, which shows the
28 minimum factor of safety calculated for a slope
504 entirely in the clay. The change in the calcu-
401 Material removed lated factor of safety caused by cutting of the
3071 from toe slope toe varies over a large range depending
201 on the angle of internal friction assigned to the
18 1 : : . . clay. The proportional change, however,
0 50 100 150 200 changes little with changing friction angle.
Horizontal Distance (m) Hence we use the proportional change, calcu-
lated as
147
121 gl S92 s = Fs,) ()
o1 Factor of St Fs,
ot} f Safety - Toe Cut
0.6-% (Where Fs, and Fis, are the factors Qf safety
0.4 prior and subsequent to a perturbation, respec-
021 tively), as an indicator of landslide response
0-010 1=5 2=0 2=5 3:0 ?:5 4‘0 that is les§ sensitive t.o errors in the assigned
Angle of Intermal Friction (degrees) geotechnical properties than the factor of safety
values themselves.
Figure 3.5. Slope sensitivity. The calculated factor of safety is The change of stability in response to an envi-
strongly dependent on the geotechnical properties assigned to ronmental perturbation serves also as a gage of
the slope. The magnitude of the response to a change in topog- landslide sensitivity: we can evaluate the mag-

raphy or pore pressures is much less sensitive to the assigned
geotechnical properties, however, and serves as a robust gage of
landslide sensitivity.

nitude and spatial distribution of effects result-
ing from a change in any model variable.
Hence, calculations of sensitivity, using Equa-
tion (1), allow us to compare the potential im-
pacts of increasing recharge associated with timber harvest to those of river erosion of the toe, a primary goal of
this work.

Sensitivity to Changes in Recharge

A portion of water falling as precipitation is returned to the atmosphere by evapotranspiration; a portion flows
overland to stream channels, either exfiltrating as shallow subsurface return flow or falling directly on saturated
or impermeable areas; and the remainder infiltrates to recharge groundwater in underlying aquifers. The depth
of precipitation varies greatly from year to year; recharge to groundwater likewise varies. Vegetation, trees in
particular, greatly influence processes of evapotranspiration. The effect of logging on the partitioning of water
between these three flow paths is overprinted on seasonal and annual variability. We address temporal variabil-
ity later; here we evaluate the magnitude and spatial distribution of landslide response to vegetation-related
changes in groundwater recharge.

We use steady-state analyses, one at the simulated mean recharge rate for forested conditions and one for clear-
cut conditions. We calculate factors of safety for each case and then evaluate the change in stability with Equa-
tion (1). Because of uncertainty in the change in recharge between forested and clearcut conditions, this exercise
is performed for two cases: 1) for that giving the least change in recharge (the highest estimated recharge under
forested conditions verses the smallest estimated recharge under clearcut conditions), and 2) the greatest change
(the lowest estimated recharge under forested conditions verses the greatest estimated recharge under clearcut
conditions). Results are shown in Figures 3.6a and b.
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Sensitivity to increased recharge and associated pore-pressure changes.
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Figure 3.6a. Sensitivity to changes in recharge caused by clearcutting, minimum estimated change. Grid cells predicted to
be stable, defined as a factor of safety of 1.3 or greater in the least stable case, are left uncolored. Heavy brown lines indi-
cate approximate locations of landslide activity seen in the 1991 photographs (Figure 1.4).

High sensitivity to increases in recharge does not necessarily indicate that the landslide will be affected: a very
stable, but sensitive slope, will be stable in either case. Thus grid cells predicted to be stable, as defined by a
factor of safety of 1.3 or greater in the least stable case (Fs, in Equation 1), are excluded from these maps.

The resulting maps of sensitivity indicate that certain portions of the landslide will probably respond to changes
in recharge differently than others: many areas are unaffected, while others experience a substantial decrease in
stability. The pattern revealed is a consequence of 1) the convergence and divergence of groundwater flow,
which causes spatial variability in the pore-pressure change between forested and clearcut conditions in the re-
charge area, and 2) variability of the surface and subsurface geometry, which causes a unique response from
each slope to a change in pore pressures.

For this analysis we used spatially uniform recharge values, yet the spatial distribution of vegetation type (e.g.,
species, stand age) and soil parameters will produce spatial variations in evapotranspiration and corresponding
recharge rates. One can, however, use these results to estimate spatial correlations between areas of recharge
and landslide response. Compare the pattern of sensitivity shown in Figures 3.6 to the recharge zones delineated
for different portions of the landslide in Figure 3.2. Different parts of the landslide respond to separate recharge
zones, hence a change in vegetation through a portion of the recharge area, a harvest unit, for example, will
likely affect only a certain portion of the landslide.
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Sensitivity to increased recharge and associated pore-pressure changes.
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Figure 3.6b. Sensitivity to changes in recharge caused by clearcutting, greatest estimated change. Grid cells predicted to
be stable, defined as a factor of safety of 1.3 or greater in the least stable case, are left uncolored. Heavy brown lines indi-
cate approximate locations of landslide activity seen in the 1991 photographs (Figure 1.4).

Sensitivity to Cutting of the Slope Toe

Large, active landslides eating into the remaining glacial deposits, such as that at Hazel, invariably occur along
the outside of bends where the river impinges on the margin of the terrace (DNR, in prep). This observation
indicates that the river dictates where such landslides occur. Erosion of the terrace toe creates relief and slope
gradients conducive to mass wasting and serves both to initiate and prolong landslide activity. Yet, once these
conditions are created, the landslide likely responds both to further erosion at the toe and to pore-pressure
changes caused by changing patterns of recharge. Our goal here is to delineate these responses: to separate ef-
fects of toe cutting from those of variable recharge and compare the relative influence of each. If the landslide
responds primarily to what happens at the toe, with pore-pressure changes being of secondary importance, then
changes in recharge have less impact than changes in the erosive potential of the river. Separating these effects
allows land management and mitigation efforts to focus on the factors of greatest consequence.

To evaluate the effects of bank erosion at the toe, we simply “removed” material from the model and moved the
river edge to its approximate 1984 location. We then recalculated the factors of safety for this modified topog-
raphy and used Equation (1) as a measure of the change. Results are shown in Figure 3.7. Again, the response is
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spatially variable. The pattern seen is a function of surface and subsurface geometry: different slopes respond
differently.

Spatial variability in the responses to increased recharge and to bank erosion at the toe hinders direct compari-
son of the two factors. Each tends to affect different portions of the landslide. Yet the scale in Figure 3.7, show-
ing a maximum change on the order of 75%, indicates the potential for a greater reduction in stability associated
with toe cutting than found for increased recharge, for which the maximum reduction was in the range of 30%.
Bank erosion produced such large changes only at the slope toes, however; upslope response is actually greater
in response to increased recharge.

Of some importance is the result that cutting of the toe might destabilize slopes throughout a large portion of
their length, particularly over the eastern portion of the landslide. We find a reduction in stability predicted for
potential slump blocks extending all the way to Headache Creek. Headward advance and capture of Headache
Creek were concerns voiced in both the Shannon report of 1952 and the Benda et al. report of 1988. Although
the active scarp has advanced little since the 1967 event, tension cracks and steps indicative of Hazel-ward
slumping are found along the ridge crest separating Hazel from the Headache Creek basin. Such areas of incipi-
ent slumping observed in the field are shown in Figure 3.7. The southeast-most area is also contained in an area
of sensitivity to recharge indicated in Figures 3.6; the northern-most area is not. Interpretation of these features
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Figure 3.7. Sensitivity to cutting of the landslide toe by the Stillaguamish River. The heavy line shows the limit of bank
cutting imposed for the calculation. Again, grid cells having a factor of safety of 1.3 or greater in the least stable case
are left uncolored. Heavy brown lines indicate approximate locations of landslide activity seen in the 1991 photographs

(Figure 1.4).
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is not entirely straightforward, however, because
field observations indicate another potential cause
of piecemeal slumping within the landslide, inci-
sion of channels draining the body of the landslide.

Sensitivity to Channels Incised Over the Body of
the Landslide

Several small streams drain the body of the land-
slide. Their channels are lined, in places, by adja-
cent slumps and persistent mud flows. Evidence of
channel incision (noted also by Shannon and Asso-
ciates, 1952) and bank cutting suggests that these
mass-wasting features are initiated and frequently
reactivated by fluvial erosion of the channels.
Small-scale slumping into these channels appears
to occur throughout the winter months, with fluvial
Figure 3.8. Channels draining the body of the landslide as de- ﬂ“Shng of the fine-grained -debrls mnto t.he Stilla-
lineated from the DEM. guamish year round. Over time these minor topog-
raphic readjustments and the continual removal of
material may act to destabilize larger portions of the landslide, thus activating larger slumps. We evaluate the

effects of this process on landslide stability below.
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Figure 3.9. Sensitivity to incision of channels draining the body of the landslide. Grid cells having a factor of safety of 1.3 or
greater in the least stable case are left uncolored. Heavy brown lines indicate approximate locations of landslide activity in 1991.
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We use the 10-meter DEM to delineate channels on the landslide as shown in Figure 3.8. Channel-head loca-
tions are estimated from their current locations. We then digitally incise every channel one meter and recalcu-
late factors of safety over the landslide. (Watertables would be unaffected by this incision, since these areas of
the landslide are areas of groundwater discharge and are saturated to the surface year round). The effects of this
incision are displayed, via Equation (1), in Figure 3.9. The reduction in stability is spatially variable and of the
same magnitude as that found both for increasing recharge and, in upslope areas, for bank cutting by the Stilla-
guamish. Notably, both areas of incipient slumping shown in Figure 3.8 are included in zones affected by chan-
nel incision indicated in Figure 3.9.

Discussion
Two questions were posed for this portion of the analysis:
1) What is the groundwater recharge area to the landslide?

2) What is the relative importance of bank erosion into the toe of the slope verses increases in groundwater flux
to the slope for initiating and or accelerating movement of the landslide?

With existing information, we used simulation models to address both. The answer to the first is straightfor-
ward: the model clearly delineates a recharge area. The answer to the second must be inferred from calculations
of sensitivity. We predict that bank erosion is the predominant factor at the base of the slope, but that both proc-
esses act over the body of the landslide. We find, however, that each process affects different portions of the
landslide. We’ve also highlighted a third, perhaps equally important process: fluvial erosion of material from
channels draining the landslide. These results are functions of the data and model we used. We’ve gathered little
new information for this project; we’ve simply capitalized on our understanding of the processes involved to
infer answers consistent with the information we have. Results must be interpreted in light of the limitations of
these data, acknowledging that, without new information, that may be the best we can do.

Inference and simplification is inherent in construction of any model. We can take steps to limit the influence of
uncertainty, as we’ve done in examining the sensitivity of our calculations to change (using Equation (1)),
rather than direct measures of stability (the factors of safety). Unfortunately, an estimate of sensitivity may not
translate directly into an answer to question 2. A highly sensitive slope may still not fail if its inherent stability is
high; conversely, a slope of low sensitivity may fail if its inherent stability is low. We must interpret measures
of sensitivity in light of actual slope stability (as we’ve tried to do in part by imposing an upper limit to the fac-
tor of safety for grid cells included in the calculation of sensitivity). We can use the calculated stability as
shown in Figure 3.4, but the problems with unresolved spatial heterogeneity can leave those predictions unreli-
able. In the end, we must base our confidence in model results on their ability to explain observed landslide be-
havior. To do that, we must also factor in time, since landslide response depends not only on its sensitivity to
particular changes, but also on the timing and persistence of those changes.

Temporal Patterns of Slope Stability

Having used steady-state analyses and the topography from a particular date in 1978, we have essentially exam-
ined one point in time. Yet we know that landslide response varies as conditions change. The spatial patterns of
sensitivity explored above implicitly include a temporal component, since the perturbations we’ve examined
involve a change over time, either a change in pore pressures or a change of landslide topography. Here we ex-
amine the role of changing pore pressures directly, using the simulated time series of recharge and transient
groundwater analyses.

The aquifer is continuously depleted as groundwater is discharged at surface seeps and drained overland in
stream channels; it is recharged by water infiltrating the soil during periods of precipitation. Thus the volume of
water stored in the aquifer fluctuates continuously with corresponding fluctuations in groundwater flow and
pore pressures. These fluctions are simulated with a transient groundwater analysis and are shown for a single
year in Figure 3.10. (This analysis differs from others discussed in this report in that groundwater flow was
simulated
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only along a single transect, which was placed
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1407 oy along a flow path within the recharge area as de-

1207 termined with the steady-state analysis. Compari-
1007 son with a short-term simulation using the entire
28 model indicated no substantial discrepancies.) Stor-
401 age increases during periods of precipitation and
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Factor of Safety an important point: slope response in any year is

conditioned by aquifer storage, which may depend
on antecedent precipitation extending several years
back. Model results suggest that a series of margin-
ally wet years may raise water table levels and de-
| stabilize slopes, greatly exacerbating the effects of
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o e subsequent wet year. Likewise, the effects of a
change in vegetation within the recharge area may
take several years to be manifest at the landslide
itself. The length of this “memory” is a function of
the specific yield and saturated conductivity values
assigned to the aquifer and may be longer or
shorter than indicated here. It is also a function of aquifer geometry: the greater the distance water must flow,
and the larger the proportion of area receiving recharge relative to that discharging water to the surface, the
longer the response time of the aquifer. Hence the length of aquifer “memory” will vary over the body of the
landslide relative to the shape and size of the recharge area to each particular zone.
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Figure 3.10. Precipitation, aquifer storage, and stability of
one transect over the course of a single year. Note that the
volume of water in storage is greater at the end of the period
than at the start.

We’ve plotted factor-of-safety time series for both forested and clearcut simulations. The transect chosen is sen-
sitive to changes in pore pressures and shows a decrease in stability for clearcut conditions, relative to fully for-
ested. The change is quite small, a decrease in the factor of safety of only about 1%, but it is instructive to ex-
amine the consequences of this change over time. Suppose for a moment that the absolute value of the predicted
factor of safety is accurate. Then every time it dips below a value of one, the slope fails. This transect traverses a
slope showing evidence of persistent movement on a series of poorly defined slumps that evolve, in places, into
mud flows. Failure, in this case, entails a balance of forces that allows slowdownslope movement of this debris.
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Figure 3.11. 60-year time series.
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There is no fail-proof test of these methods. The results
presented are based on limited data and simple models.
We’ve tailored the realism of the models to the data we
have (vastly more complex models could certainly be
used, with more data) and better answers may be found with additional effort. In any case, the confidence we
place in a model or set of analysis methods ultimately depends on how useful we find them for explaining and
anticipating landslide behavior.

Figure 3.12. Cumulative frequency distribution of simu-
lated stability for a single slope.

Landslide history was described in Section 1. The photographs and tracings shown in Figure 1.4 illustrate land-
slide activity over the last 50 years. The major events are indicated along the time line of Figure 3.11. Calcula-
tions were made with 1978 topography, so some interpretation is required in applying these predictions to the
landslide over time. The 1967 event dramatically altered the surface geometry of the landslide and calculated
stability and sensitivity will not apply prior to that time. Areas of activity indicated in the post 1970 photographs
and prior to 1990 fall within areas indicated to be sensitive both to increases in recharge and to incision of chan-
nels draining the body of the landslide. The major activity since 1990 has occurred in areas primarily sensitive
to cutting of the toe.

Effects of Toe Cutting

Landslide history clearly indicates great dependence on conditions at its base along the Stillaguamish River.
Big, river-moving events have occurred only when the channel impinges on the toe. No large events took place
during the rather wet years of the early and mid seventies (see Figure 3.11) when the toe was protected by de-
bris from the 1967 event. It was not until 1988, when that debris was eroded away and the river again had ac-
cess to the toe of the landslide, that large-scale slumping reoccurred. Even during times of apparent quiescence,
however, activity persists upslope, as shown by the persistent appearance of exposed headscarps and unvege-
tated areas in the 1978, 1984, and 1988 photographs. These observations correlate well with predictions of
landslide sensitivity. The calculated effects of toe erosion are twice as great as those of increased recharge or
channel incision and the zones of observed activity match well with those predicted to be sensitive to toe cut-
ting.

Effects of Harvest

Of equal importance, but less amenable to interpretation, are apparent correlations between harvest in the
groundwater recharge area and movement of the landslide. Benda et al. (1988) noted (1) the increase of land-
slide activity in the early 1950s following harvest on Whitman Bench in 1940 and (2) the increase of landslide
activity in the mid 1960s following harvest of the Headache Creek Basin in 1960. We now add (3) slumping in
the western portion of the landslide shown in the 1991 photograph following timber harvest within the ground-
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water recharge area on Whitman Bench sometime between 1987 and 1991. We must examine these correlations
in relationship to the pattern of annual precipitation and conditions at the landslide toe. In all three cases, the
Stillaguamish was actively eroding the landslide toe. The first and third (1950s and 1990s) occurred during pe-
riods of unusually high annual precipitation (Figure 3.11). The second period of activity (1960s), however, oc-
curred during a period of relatively average precipitation. These factors confound easy interpretation.

The simulated time series in Figure 3.11 show that the aquifer may take several years to respond to changes in
recharge. As we discussed, the length of this time lag is a function of both aquifer properties and of aquifer ge-
ometry and may vary for different portions of the landslide. Hence, we can expect some years delay between
the occurrence of harvest and any recharge-related effects of harvesting. We must also examine the impact of a
harvest-related change in recharge relative to effects of annual variation in precipitation. We can use Figure 3.11
for this purpose as well. Under forested conditions we predict a variable state of stability as shown by the blue
factor-of-safety line. Harvesting of the recharge area causes stability to shift, over the course of several years, to
the red line. As the forest regrows, the time-series of stability gradually shifts, over the course of decades, back
to the blue line. Although the change is minor, a small reduction in slope stability may increase the probability
of failure over time and, as shown in Figure 3.12, can increase the frequency and total time for displacement of
slow-moving slumps and mud flows.

We can also compare the location of harvest to the subsequent locus of activity on the landslide. Harvest of
Headache Creek basin, as occurred around 1960, should primarily affect the east-central portion of the landslide
(the orange zone in Figure 3.2), correlating with the location of the large 1967 event. Harvest of the Whitman
Bench, as occurred in the late 1980s, should primarily affect slopes through the west and west-central portions
of the landslide (yellow and purple zones in figure 3.2), correlating with activity in the 1990s. Based on model
results we anticipate both temporal and spatial correlation of harvest and accelerated landslide activity, as ob-
served.

Recharge on Steep, Bedrock Slopes with Thin Soils verses Low-Gradient Slopes with Thick Soils

This is the third question posed by the Level 1 analysis team. Since field observations indicated that groundwa-
ter recharge to the Hazel slide did not extend beyond Whitman Bench, this issue was not addressed directly
with the numerical analysis. The flow of water over steep, bedrock slopes with thin soils involves a mechanism
not included in the models presented here: shallow subsurface flow. For well-drained sites, differences in
evapotranspiration between two such sites may be minor, as discussed in Section 2. However, the flow paths of
water infiltrating the soil may be quite different. At a low-gradient site with deep soils, water may percolate di-
rectly to groundwater. On steep, bedrock slopes the permeability contrast between soil and bedrock, and the
steep gradient of this contact, will tend to keep water above the contact, causing saturated flow within the soil.
Where the level of saturation intersects the surface, water exfiltrates and flows overland to channels as subsur-
face return flow. There is less opportunity for infiltration to deep groundwater, so it is likely that recharge from
such sites will be minimal. In reference to recharge in bedrock areas upslope of Whitman Bench, however, note
the extensive low-gradient areas at the top of the slope (Figure 1.1). These areas compose the headwaters of
Rollins and Deer Creeks, and offer ample opportunity for infiltration into the bedrock.

Summary

These results indicate that toe erosion is the primary factor initiating the spectacular, river-moving events that
everyone notices. (One caveat: the large event of 1967 altered landslide topography to an extent that these re-
sults, based on 1978 topography, may not apply for periods prior to 1967. The groundwater flow field and re-
charge area would not be greatly influence by this change, but calculated stability and sensitivity may be greatly
influenced. It may be that the landslide prior to 1967 was much more sensitive to changes in recharge, and that
the 1967 event occurred in response to harvest of the Headache Creek basin.) Harvest activity in the recharge
area can reduce stability of these same slopes and the model predicts the type of temporal and spatial correla-
tions observed between harvesting and accelerated landslide activity. However, the magnitude of effects of har-
vest on slope stability are less than those associated with bank erosion. We surmise that harvest-related reduc-
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tions in stability can affect the timing and increase the size of any single failure, but that such failures would still
occur in the absence of harvest solely in response to erosion of the toe.

Headward expansion of the landslide is indicated to occur in response to all three factors: erosion of the toe,
increases of pore pressure, and incision of channels draining the body of the landslide. Each factor, however,
affects certain portions of the landslide. In particular, expansion towards Headache Creek occurs in response to
toe cutting and channel incision. Although the headscarp in that area remains active, headward expansion to-
wards Headache Creek since 1970 (as inferred from its position on the photograph) has been minor. This in no
way implies, however, that the potential does not exist. Indeed, tension cracks and steps north of the active scarp
suggest that new slumps continue to develop. We surmise that these slumps will continue to move in response
to erosion of material from their toes by the channels draining the landslide.

Chronic delivery of fine-grained sediment to the Stillaguamish occurs both from bank failures and from flush-
ing of fines by the streams draining the body of the landslide. These groundwater-fed streams flow year round,
their primary sources of sediment are persistent small slumps and flows adjacent to their channels. Calculations
indicate that these mass-wasting features respond both to increases in pore pressure and to erosion of material
from the channels at their toes. Harvest-related increases in groundwater recharge can reduce stability of some
of these slopes, as shown in Figure 3.6. Likewise, any increases in groundwater recharge will increase discharge
through the landslide-draining streams. Although not examined in this analysis, increased discharge may in-
crease transport of fine-grained material off of the landslide, with correspondingly greater rates of channel inci-
sion. Hence, we surmise that increased groundwater flux related to harvest will increase chronic delivery of
fine-grained material into the Stillaguamish River.

Resources and Tasks Required for Similar Analyses

This analysis was done on a high-end PC (Pentium Pro, 64Mbytes of memory). The drawback of using a low-
cost computer (relative to a scientific workstation) is that computational times are rather prolonged, several days
for a single transient analysis. This is a minor drawback, since we couldn’t perform any analysis at all if we
couldn’t afford the computer. We used inexpensive software. The finite-element groundwater model is avail-
able free from the USGS; the geographic information system IDRISI is available for under $1000 from Clark
University; graphics were composed using a spreadsheet (Microsoft Excel) and a drawing program (Micro-
graphx Designer); additional code was written in FORTRAN and compiled with Microsoft Powerstation, Ver-
sion 4.0.

The data needs of the evapotranspiration simulation are described in Section 1. The groundwater and slope sta-
bility analyses require high resolution topographic data, preferably digital line graphs of 20-foot contours from
1:4800-scale mapping from which a 10-meter (or smaller) grid can be constructed. Subsurface stratigraphy
must be inferred from careful mapping of surface exposures. Well and borehole logs would be invaluable.
Zones of surface saturation and seepage must also be carefully mapped, preferably at the end of both wet and
dry seasons, to calibrate the groundwater model. Monitor-well logs could also be used for this purpose. Surface
transects and field-based cross sections are required for back-calculating strength parameters (cohesion and an-
gle of internal friction) for material composing the slopes. All aquifer and geotechnical properties are further
constrained by values reported in the literature for similar materials. A sequence of aerial photographs at peri-
odic intervals and spanning several decades is desirable for testing of model predictions.

This work involved an initial application of these analysis tools, many of which were developed specifically for
this project. It is quite feasible to extend their applicability in future projects. We have not fully utilized the spa-
tially distributed capabilities of the models. One could, for example, model explicitly the effects of specific har-
vest plans, simulating the effects of spatially limited harvest units and regrowth over time.
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Addendum: Effects of Clearcutting Outside of the Groundwater Recharge Area

The original analysis applied spatially uniform recharge. This allowed us to examine the effects of variability in
time without the added complication of variability in space. Here we examine briefly the effects of spatially
variable recharge. We find that clearcutting outside of the groundwater recharge area can slightly increase flow
of groundwater to the landslide. Examination of the results suggest, however, that effects of clearcutting vary
with position: clearcutting east of the landslide will lower stability of eastern slopes, clearcutting north of the
recharge area will affect a small area in the northwest portion of the landslide, clearcutting west of the recharge
area appears to have no effect.

The spatial pattern of recharge effects the spatial pattern of groundwater flow. Regions of high recharge can
locally elevate the watertable, whereas regions of low recharge can locally lower the watertable. Spatial varia-
tions in vegetation cover, and associated rates of recharge, can thereby influence the pattern of groundwater
flow. For example, clearcutting outside of the groundwater recharge area to the Hazel landslide will locally raise
water tables, which may extend the recharge area and increase groundwater flux to the landslide. We examine
that effect here and calculate the potential effect on stability of the landslide.

The simplest case is that of maintaining complete forest cover over the recharge area identified in Figure 3.2

and clearcutting of all areas outside. We apply this scenario in a steady-state (time-averaged) analysis with the

largest estimated mean recharge for the clearcut and the lowest estimated mean recharge for the forest. We thus

use the estimates giving the largest difference in recharge between forested and clearcut conditions. This is the

‘worst-case scenario’ for landslide stability; all other estimates should produce reductions in stability less than
obtained here.

Groundwater Recharge Area The groundwater model indicates that clearcutting
outside of the recharge area identified in Figure
3.2 causes a general increase in watertable levels
over Whitman Bench. The predicted increase in
groundwater flow to the landslide, however, is
small. Figure 3.13 shows the predicted change in
the groundwater recharge area to the landslide.
Clearcutting of all uncolored zones within the
model boundary cause only a minor increase in
the groundwater recharge area to the slide, with
expansion occurring mostly to the north.

The increased groundwater flow to the landslide,
although small, does nevertheless influence slope
stability. This influence is estimated through a
calculation of sensitivity using Equation 1. Re-
sults are shown in Figure 3.14. We find reduc-
tions in the calculated factor of safety of the same
magnitude as those obtained by going from en-
tirely forested to entirely clearcut conditions (Fig-
ure 3.6), with reductions in some areas approach-
ing 30%. The spatial extent of these reductions is
considerably smaller than that found when the
recharge area is also clearcut (shown in Figure
3.6b for the recharge values used here).

Groundwater Model
(Finite-Element Mesh)
Boundary

Meters

500
(1640 feet)

6-meter (20 feet) contours

Figure 3.13. Effects of clearcutting outside of the groundwater
recharge area to the Hazel slide. The colored polygons show the
recharge area estimated with a spatially uniform recharge (the
same as shown in Figure 3.2); the black lines delineate the re-
charge area estimated with simulated clearcutting outside of the
colored polygons. The increase in recharge to the landslide is
small. As in Figure 3.2, the polygons delineate distinct and sepa-
rate regions of groundwater flow to the landslide.
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Figure 3.14. Sensitivity to clearcutting outside of the groundwater recharge area to the landslide. Two areas of sensitivity
on the landslide are identified, the southwest-facing slopes over the eastern portion of the slide and a smaller zone on the
northern edge of the bench on the western portion of the landslide. These results are obtained using the greatest estimated
recharge for clearcut areas and the smallest estimated recharge for forested areas and so represent the largest estimated re-
duction in stability.

We may make some inferences as to the effects of increasing recharge over smaller areas than simulated here.
Figure 3.14 shows two major areas of sensitivity within the landslide, the southwest-facing slopes on the eastern
portion of the landslide and an area on the northern edge of the bench on the western portion of the landslide.
Figure 3.13 shows that the eastern slopes receive groundwater only from Headache Creek basin and areas east;
the bench receives groundwater from areas to the northwest, including the eastern portion of Whitman Bench
north of the recharge area. Clearcutting of areas on Whitman Bench west of the recharge area do not appear to
have any influence on stability of the landslide itself.
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