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Unsaturated zone processes and the hydrologic response
of a steep, unchanneled catchment

Raymond Torres,! William E. Dietrich,?> David R. Montgomery,?
Suzanne P. Anderson,* and Keith Loague®

Abstract. As part of a larger, collaborative study, we conducted field experiments to
investigate how rainfall signals propagate through an unsaturated soil profile, leading to a
rapid pore pressure response and slope instability. We sprinkler-irrigated an entire,
unchanneled headwater basin in the steep, humid Oregon Coast Range, and we drove the
system to quasi steady state as indicated by tensiometers, piezometers, and discharge.
During initial wetting some of the deeper tensiometers responded before the arrival of an
advancing head gradient front. With continued irrigation most tensiometers attained near-
zero pressure heads before most piezometers responded fully, and a stable unsaturated
flow field preceded the development of a stable saturated flow field. Steady discharge
occurred after the last piezometer reached steady state. With the onset of steady discharge
the unsaturated zone, saturated zone, and discharge became delicately linked, and a spike
increase in rain intensity led to a response in the saturated zone and discharge much
faster than could have happened through advection alone. We propose that the rain spike

produced a slight pressure wave that traveled relatively rapidly through the unsaturated
zone, where it caused a large change in hydraulic conductivity and the rapid effusion of
stored soil water. An important control on the hydrologic response of this catchment lies
with the soil-water retention curve. In general, below pressure heads of about —0.05 m,
soil-water contents change slightly with changes in pressure head, but above —0.05 m the
soil-water content is highly variable. Minor rainstorms upon a wet soil can produce slight
changes in pressure head and corresponding large changes in soil-water content, giving
rise to the passage of pressure waves in response to increased rain intensity and a
relatively rapid response in the unsaturated zone. This rapid unsaturated zone response
led to a rapid rise in the saturated zone, and it may be the underlying mechanism enabling

short bursts of rain to cause slope instability.

1. Introduction

High infiltration capacities associated with the shallow soil
mantle of steep, humid headwater basins and the presence of
less permeable bedrock at depth create conditions that favor
shallow subsurface storm flow [e.g., Dunne, 1978; Pierson,
1980]. Typically, rainwater and snowmelt permeate the soil and
subsoil under gravity and capillary forces to an underlying less
permeable zone. The permeability contrast leads to the devel-
opment of a perched saturated zone, and downslope saturated
flow ensues. In regions where shallow subsurface storm flow is
the dominant means by which water reaches the channel (e.g.,
the steep coastal mountains of the Pacific Northwest) all inci-
dent precipitation must pass through a largely unsaturated soil
profile before contributing to runoff. Hence unsaturated zone
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processes may directly control the timing and magnitude of
positive pore pressure development and peak discharge.

Flow through the unsaturated zone is assigned variable im-
portance in digital terrain based hydrologic models used to
examine the spatial variability of runoff across landscapes.
Generally, these models either ignore unsaturated flow (e.g.,
lida [1984], TOPOG [O’Loughlin, 1986], and TAPES [Moore et
al., 1988]) or assume it occurs as vertical flow equal to the
rainfall rate (e.g., TOPMODEL [Beven and Kirkby, 1979]).
These assumptions are particularly important when applied to
steep landscapes, where such hydrologic models have formed
the basis for predicting the spatial distribution and timing of
shallow landslides [e.g., Okimura and Kawatani, 1987; Dietrich
et al., 1992, 1993, 1995; Montgomery and Dietrich, 1994; Hsu,
1994; Wu and Sidle, 1995]. Such landslides typically occur in
response to intense rainstorms, and pressure lags created by
passage of precipitation through the unsaturated zone may
greatly affect the hydrologic conditions necessary to generate
slope instability. While some coupled hydrologic and slope
stability models may be able to locate areas most likely to fail
during a heavy rainstorm, they have limited ability to specify
the magnitude and duration of the destabilizing rainstorms. In
particular, they do not address the problem of how rapid pore
pressure and discharge responses can occur through an unsat-
urated soil profile.

In field and laboratory studies, rapid unsaturated zone pro-
cesses like macropore flow [e.g., Mosley, 1979, 1982,
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Tsuboyama et al., 1994], fingering [e.g., Hill and Parlange, 1972,
Hendrickx et al., 1993; Glass and Nichol, 1996], traveling waves
[e.g., Zimmermann et al., 1966; Andersen and Sevel, 1974;
Smith, 1977; Gilham, 1984; Kayane and Kaihotsu, 1988; Nova-
kowski and Gilham, 1988; Marui et al., 1993], and preferential
flow through well connected “mesopores” [e.g., Wilson and
Luxmoore, 1988] were detected, and in each case it was recog-
nized that rapid advection of water will have local effects on
water table height, solute transport, and catchment runoff.
However, conditions favoring the development and recurrence
of rapid unsaturated zone processes remain poorly defined.

Another enigmatic hydrologic process is that of downslope
unsaturated flow. Theoretical studies suggest that lateral un-
saturated flow may arise from soil anisotropy [e.g., Zaslavsky
and Rogowski, 1969; Zaslavsky and Sinai, 1981a, b] or from
state dependent anisotropy [e.g., McCord et al., 1991]. How-
ever, Philip [1991] showed that a time dependent downslope
flow component results from the downslope component of
gravity. Equipotential fields that would give rise to downslope
unsaturated flow paths were depicted in the numerical simu-
lations of Freeze [1972], although he did not discuss this find-
ing. Humphrey [1983] simulated pore pressure response to
rainfall in a steep hollow that was mantled with highly perme-
able soil. Humphrey’s three-dimensional (3-D) results show
that unsaturated flow paths were unaffected by topographic
convergence and were everywhere vertical except very near a
water table or at the bedrock boundary.

Field studies of water flow through sloping soils led re-
searchers to suggest that lateral unsaturated flow contributes
to storm flow [e.g., Hewlett and Hibbert, 1967; Weyman, 1973;
Harr, 1977; McDonnell, 1990; Wilson et al., 1991], and it may
also serve to sustain base flow [e.g., Hewlett and Hibbert, 1963;
Hewlett, 1969]. Harr [1977] conducted a field study designed to
evaluate runoff generation from a steep hillslope mantled with
highly permeable soils. On the basis of the work of Zaslavsky
and Rogowski [1969], Harr divided unsaturated flux into slope
parallel and vertical components, and he calculated their re-
spective values. Harr found that slight changes in unsaturated
pressure head could cause large changes in the unsaturated
flux magnitude and direction, and he argued that lateral un-
saturated flow plays an important role in generating high pore
pressures and the discharge response. Field data documenting
the slope parallel component were lacking, however, and his
analysis was biased in favor of slope parallel flow. From a field
site at the Maimai catchment, New Zealand, McDonnell [1990]
depicted slope parallel unsaturated flow paths down to a depth
of ~3 m, and they were sustained for an entire storm cycle [see
McDonnell, 1990, Figure 8]. This interpretation, however, was
an artifact of the vertical exaggeration of the illustration; with-
out it the flow paths were predominantly vertical. Hence re-
sults from theoretical, numerical, and field studies reveal con-
siderable uncertainty regarding the development of lateral
unsaturated flow. Moreover, there is a dearth of field data to
substantiate its occurrence, and its importance to storm runoff
is not well constrained.

In this study we undertook a collaborative field project de-
signed to identify the hydrologic, weathering, and soil transport
controls on shallow landslides and landscape evolution. The
study site is a source area [after Shreve, 1969] to a channel head
in the Oregon Coast Range, a region where shallow subsurface
storm flow is the dominant runoff generation process and the
soil profile remains largely unsaturated. Radiocarbon dating,
landslide mapping, and numerical modeling have demon-
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strated that the hollow axes of steep, unchanneled valleys in
this area periodically evacuate by shallow landslides that mo-
bilize as debris flows [e.g., Dietrich and Dunne, 1978; Reneau
and Dietrich, 1987; Montgomery and Dietrich, 1988; Montgom-
ery, 1991; Benda and Dunne, 1997]. The objectives of this re-
search were (1) to monitor the unsaturated zone response to
steady irrigation to identify the unsaturated zone processes
that determine the temporal and spatial characteristics of the
pressure head response and (2) to determine how that unsat-
urated response affects pore pressure development and catch-
ment discharge.

2. Location and Site Description

We conducted experiments in the Oregon Coast Range near
Coos Bay, Oregon, where the annual rainfall is ~1500 mm
[Haagen, 1989]. The study site is a logged but densely vege-
tated, small, steep, colluvium-mantled, unchanneled valley.
The long and short hollow axes are about 41 and 18 m, respec-
tively, and total area is ~860 m? Total relief between the
channel head and the ridge top is ~43 m, average slope is 43°,
maximum elevation is ~300 m, and slope aspect is due north
(Figure 1). The site burned ~100 years ago, was clear cut in
1987, and was replanted with Douglas fir (Pseudotsuga men-
zeisii) seedlings in 1988. An application of herbicide (Round-
up®) preceded replanting; present vegetative cover includes
bramble (Rubus, i.e., salmon berry and thimble berry), sword
fern (Polystichum munitum), and alder (alnus). Buried and
partially buried logs up to 12 m long and 0.75 m in diameter
were oriented toward the hollow axis. The only exposed bare
soil occurred as mountain beaver (Aplodontia) burrow
mounds. The burrows are typically part of a network [e.g.,
Camp, 1918; Feldhamer and Rochelle, 1982] and are up to
0.20 m in diameter.

Auger and core drilling data, examination of road cuts, and
extrapolating information from three soil pits dug in a larger
hollow ~70 m west of our site helped us determine soil and
subsoil properties. Bedrock is Eocene turbidite sandstone of
the Flournoy Formation [Baldwin, 1974], and it dips 8°-17° to
the southwest, into the hillslope. The colluvial soil has a max-
imum vertical thickness of ~1.6 m at the hollow midpoint,
thinning to zero on parts of the adjacent ridges. Fractured
sandstone or saprolite underlie the colluvium. Well-developed
saprolite occurs in the upper reaches of the site, but it is patchy
and thinner downslope. Fractured sandstone outcrops locally
along the topographic divide and just below the channel head,
but we did not observe fresh bedrock or saprolite at the sur-
face.

Haagen [1989] identified the soils as Haplumbrepts of the
Bohannon series. Most of the colluvium mantle rests on weath-
ered bedrock, and it has a large proportion of organic matter
mixed with mineral soil because of intense biogenic churning.
In three soil pits we found that slightly decomposed organic
material, the O horizon, extends from the surface to ~0.10-m
depth. The O horizon overlies a thick, granular, massive sandy
loam along a clear but wavy contact of variable thickness. The
B horizon is poorly developed at best or altogether absent. The
C horizon is fractured and oxidized sandstone of variable thick-
ness and is in smooth, abrupt contact with unweathered sand-
stone. Anderson [1995] reported that soil formation factors at
our study site favor the development of Spodosols; however,
recurring mechanical disturbances (e.g., tree throw, burrowing,
and landsliding) preclude their formation.
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Figure 1. A 1-m contour map of the Coos Bay study site
shows the relative position of tensiometers (dots), but the
distances between them are not to scale. Tensiometer nests are
identified by the encircled numbers; the shaded numbers rep-
resent the tensiometer nest locations where we determined in
situ soil-water retention properties. The shaded rectangles
across the site are access platforms, and a weir is shown at the
base of the study site.

The upper 0.05-0.20 m of the A horizon has ~50% mineral
soil and 50% live roots <1 mm in diameter. The remainder of
the A horizon had ~10% gravel content by visual estimation of
soil pit faces, with clast sizes ranging from 10 to 40 mm. The
gravel occurred as slope parallel but discontinuous lines 1-3
clasts thick, or it was randomly distributed. Between 0.30-m
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depth and just above the underlying fractured bedrock the dry
bulk density increased from 620 to 1200 kg/m>. In one soil pit
a single 10-mm diameter root extended to the C horizon.

This low-density, gravelly, sandy loam is so highly permeable
that saturated hydraulic conductivity determination with the
Guelph Permeameter [Reynolds and Elrick, 1985] was not pos-
sible because we could not maintain a constant head of water.
However, Montgomery et al. [1997] measured in situ saturated
hydraulic conductivity by the falling head method, and they
showed that the saturated hydraulic conductivities across the
study site were variable but ~102 m/s in the colluvial soil and
107> m/s in the saprolite. Recurring mechanical disturbance
and a high soil organic content combined with the potential for
preferential flow along roots, root casts, partially buried logs,
and burrows create conditions that favor a high saturated per-
meability. Soil-water retention properties (see below for meth-
odology), however, indicate that while the soil may permit the
rapid transmittal of saturated throughflow, it has low water
retention relative to total porosity.

3. Experimental Design and Methods

We determined in situ soil-water retention properties at six
locations (Figure 1) by simultaneously monitoring the soil-
water content and pressure head response to plot irrigation.
The plots were <0.5 m?, and they were centered around pre-
viously established tensiometer nests. The plot locations rep-
resent the ground cover of our study site: a sparsely vegetated
mineral soil, a densely vegetated mineral soil, and the O hori-
zon. Prior to irrigation we clipped the plot vegetation, but left
the O horizon intact. Irrigation rates varied between 370 and
5725 mm/h, and durations varied from 0.18 to 0.50 hours (Ta-
ble 1). The unusually high irrigation rates were needed to
create a wide range of soil-water contents. We monitored soil-
water content with 0.30- or 0.45-m-long wave guides connected
to a TRASE® time domain reflectometry system [Skaling,
1992]. The vertical wave guides had their tops coincident with
the top of the mineral soil and at least 0.2 m from the nearest
tensiometer. We monitored the pressure head and soil-water
contents at 1-min intervals for a 10-min period before irriga-
tion and up to steady state, and at 1- to 2-min intervals for the
0.1- to 0.4-hour steady state period. In two cases (nests 2-1 and
3-2) we step increased the applied flux during steady state to
increase the steady soil-water content. The drainage response
was monitored at 0.5-min intervals initially and at variable
intervals later for up to 1.5 hours; at least one additional
measurement was made over the following 24 hours. We then
used the transient response data to construct soil-water reten-
tion curves.

Montgomery et al. [1997] describe the piezometer, weir, rain

Table 1. Small Plot Irrigation and Site Characteristics
Site Plot Size, Intensity, Duration, Ponding Time,
Number Surface Type m? mm/h hours hours
2-1 densely vegetated 0.17 1450 0.18 0.10
370 0.50 0.04
32 O horizon 0.21 1960 0.10
5720 0.20
5-1 densely vegetated 0.31 940 0.30 0.04
5-3 sparsely vegetated no data no data 0.22 no data
5-4 O horizon no data no data 0.28 no data
11-2 sparsely vegetated 0.26 3800 0.37 0.17
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gauge, sprinkler installation and data acquisition, and the site
infrastructure. At the catchment scale we used 13 sprinklers to
simulate nonponding precipitation events of 1.5 * 0.8 and
3.0 £ 0.9 mm/h of ~6 and 4 days duration (experiments 1 and
2, respectively). Moreover, on the final day of experiment 2 a
natural storm augmented the applied rain between about 2:00
A.M. and 7:00 A.M. PST, and between 5:00 A.M. and 5:10
AM. PST the total rain intensity increased nearly 10-fold.
Also, just prior to sprinkler shut down for experiment 1, we
acquired soil samples from the valley axis along row 8 with a
piston core device (78-mm ID) to characterize the steady state
soil-water content-depth profile.

We monitored the unsaturated zone pressure head response
with 19 standard and 81 high-flow ceramic cup tensiometers
distributed across the study site to 33 locations along eight
rows (Figure 1). Each location had one to six tensiometers
installed at roughly 0.25-m-depth intervals, and in each nest,
individual tensiometers were spaced 0.1-0.3 m apart, along
contour when possible. The distance between nested groups of
tensiometers was 1.5-5.0 m in the cross slope direction and
3.0-10.0 m apart in the downslope direction. At the ground
surface a bentonite cap around the tensiometer barrel pre-
vented water from flowing along it.

Four hand-held, digital readout pressure transducers (Ten-
simeter® [see Marthaler et al., 1983]) were used to read all
tensiometers. We found that the pressure transducer calibra-
tions were accurate to 1 mbar over the range of pressures
observed in the field, and we determined the tensiometer sys-
tem response times [e.g., Cassel and Klute, 1986] were about
5 s. In the field we monitored the pressure transducers for drift
by reading a “standard” tensiometer before, during, and after
each set of tensiometer readings. The standard was a known
pressure head tensiometer standing in a sealed water column.
Time series of standard readings show that diurnal tempera-
ture effects and instrument drift on pressure readings were
negligible. It took ~40 min to read all tensiometers, and during
each experiment the number of readings varied depending on
the transient nature of the pressure head response and physical
limitations. During daylight hours of experiment 1, data were
initially gathered at 2-hour intervals for 10 hours and up to
6-hour intervals thereafter. At night, during both experiments,
we usually made two instrument readings. During experiment
2 the interval was shortened during transient conditions and
lengthened during approximate steady state.

To compare the temporal attributes of the discharge re-
sponse with the temporal and spatial attributes of the saturated
and unsaturated pressure head response, we developed a pro-
cedure to identify the approximate time to steady state re-
sponse on the basis of exponential decay. Horfon [1940] used a
similar approach to determine time to steady state infiltration
rate. We chose this simple empirical relationship because it fits
the data well and it requires only one parameter, 7, to deter-
mine a best fit line. The equation used to identify approximate
time to steady state is

t
P(t) = P — (P — ) exp < - T>> 1)

where () is the pressure head or discharge time series, i is
the final pressure head or discharge over the time interval of
interest, i, is the initial pressure head or discharge over the
time interval, and ¢ is the independent variable time since the
start of the interval of interest. 7 is the time required to
produce 63% (e~ ") of the full response (Y, — ;). We esti-
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mated the approximate time to steady state as 37, the time to
reach 95% of the full response. Equation (1) was applied
separately to rising and falling periods of the data. The rising
period begins at the start of irrigation, and the drainage period
starts at the end of irrigation.

In the curve-fitting procedure, one enters a value for 7', and
it is automatically adjusted in an iterative process to improve
the best fit line on the basis of least squares regression, a
standard feature in Kaleidagraph®. Data with a time to first
response that exceeded 12 hours had the curve fit applied to it
without the lag, and the resulting approximate time to steady
state was 37 plus the lag time. This modification applied to
nearly all piezometers and a total of seven tensiometers. Under
draining conditions, (1) generally was applicable. In some
cases, however, piezometers became dry before the calculated
approximate time to steady state, and times to zero pressure
head approximated time to steady state. For brevity, hereafter
we will refer to approximate steady state as steady state.

During these irrigation experiments, only the unsaturated
zone in the soil mantle was monitored, but the unsaturated
zone must have extended into the underlying fractured bed-
rock, at least during initial wetting. Hence the effects of un-
saturated fracture flow on storm runoff and pore pressure
development were not monitored.

4. Results
4.1.

Plot irrigations (Table 1) produced incipient ponding, but no
surface runoff occurred, and most tensiometers responded to
irrigation within 2.5 min. Most time series developed an even-
tual steady state response, and after irrigation the pressure
heads declined at a rate much lower than during the rise. At
nest 2-1, large positive pore pressures were detected at 0.27 m
(Figure 2a); slight positive values occurred at 0.70 m, but at
0.53 m, pressure heads remained negative. Nest 3-2 also had
positive pore pressure at 0.41 m (Figure 2b), and nest 5-4
shows that the tensiometer response at 0.77-m depth preceded
the 0.52-m response (Figure 2d). At nests 3-2 and 5-3 we step
increased the applied flux, and there was a large positive pres-
sure response in 3-2, but none in 5-3 (Figures 2b and 2c).

The soil-water retention curves have a number of similarities
(Figure 3). For example, after soil-water contents increased by
~0.10 m*/m> from their initial values, pressure heads were at
or near-zero. In the near-zero range the wetting curves steep-
ened considerably, and the soil-water content became highly
variable. Conversely, distinct differences between the retention
curves occurred. For example, the minimum soil-water content
at which the wetting curve steepens is variable; the drainage
curves have variable slopes; five curves show hysteresis (Fig-
ures 3a-3e); two curves illustrate a break in slope on the
draining curve (Figures 3c and 3d), indicating that further
displacement of soil-water by soil-air may not occur until ~0.20
m of suction is applied. For all irrigations the highest volumet-
ric soil-water content attained was 0.60 m*/m?, a value approx-
imately equal to saturation. The air entry pressure for a com-
pletely saturated soil sample was indeterminate with our
experimental design.

We estimated the unsaturated hydraulic conductivity func-
tion with the van Genuchten [1980] method, parameterized for
a sandy loam [Carsel and Parrish, 1988]. Overall, the charac-
teristic curve mimics the soil-water retention curves, having a
highly variable unsaturated hydraulic conductivity as pressure

Soil-Water Retention and Hydraulic Conductivity Curves
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Figure 2. Pressure head time series of the plot irrigation experiments summarized in Table 1. The dashed
vertical lines correspond to irrigation intervals. Figures 2b and 2c show the response to step increases in
applied water flux. In Figure 2c, however, the flux changes were not recorded.

heads approach zero (Figure 4). For example, at pressure
heads between —1.00 and 0.00 m the unsaturated hydraulic
conductivity varies over seven orders of magnitude. At
—0.25-m pressure head the unsaturated hydraulic conductivity
is of the same order of magnitude as our irrigation rates (10~7
m/s), but between pressure heads of —0.25 and 0.00 m the
predicted unsaturated hydraulic conductivity was higher than
the irrigation rates.

4.2. Pressure Head and Total Head Time Series

The applied rain produced a distinct pressure head increase,
and with continued irrigation most of the soil profile developed
near-zero pressure heads, and some pressure head time series
showed distinct diurnal variations. At the end of irrigation,
pressure heads declined exponentially before attaining a new
steady state value. Histograms of pressure heads taken just
prior to irrigation, during quasi steady state, and after two days
of drainage summarize the dynamic response of the unsatur-
ated zone. Pressure head distribution differences between ex-
periments 1 and 2 (Figure 5) reflect the much wetter initial
condition for experiment 2 than for experiment 1, and at steady
state, more pressure heads were closer to 0.0 m for experiment
2 than for experiment 1 (Figures 5b and 5Se). After 2 days of

drainage, however, the pressure head distributions were simi-
lar (Figures 5c and 5f). Table 2 depicts the summary statistics
for histograms.

Most tensiometers between 0.16- and 1.03-m depth showed
diurnal variations of ~0.02-0.06 m with diurnal maxima be-
tween midnight and 0400 hours, and minima at midafternoon
to late afternoon. Time series of the tensiometer standard (see
section 3) do not reveal any systematic variations in pressure
head; hence the diurnal pressure head variations are not an
artifact of instrumentation. Instead, the diurnal signal was
driven by daily variations in evapotranspiration and winds
which reduced the amount of applied water through increased
evaporation and transport of water droplets offsite.

The diurnal oscillations in pressure head translate to diurnal
oscillations in total head (Figures 6b—6f), and in some cases
the oscillations show a progressive delay with depth. During
experiment 1, for example, tensiometers in nest 9-4 had daily
maxima that occurred 2—-4 hours earlier at 0.26 m below the
surface than at 1.00 m (Figure 6f). The propagation rate of
depth-varying diurnal oscillations suggests that head variations
can pass relatively quickly through the unsaturated soil.

We combined tensiometer and piezometer data to establish
total head fields so that we could infer flow paths in downslope
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In situ soil-water retention curve data. The identification numbers correspond to the shaded

locations of Figure 1. The wetting curves are black dots, and the drainage curves have open triangles.
Experiments at nest 2-1 experienced instrument failure.

and cross slope transects, and in all cases we assumed that flow
paths were orthogonal to total head lines. We did not detect a
downslope unsaturated flow component. In these total head cal-
culations, however, the elevation head gradient was much greater
than the pressure head gradient [e.g., Anderson and Burt, 1978],
and under these conditions, vertically downward flow paths
should prevail. We speculate, however, that a closer tensiometer
spacing may reveal a downslope unsaturated flow component.

The thick soil accumulation and the dense tensiometer and
piezometer coverage make row 5 the best transect to represent
cross-slope equipotential fields and to infer unsaturated flow
paths. Experiments 1 and 2 had initial cross-slope components
of 0.34 and 0.20, respectively, directed toward the hollow axis
(Figure 7a). After 8 hours of irrigation the lateral components
diminished (Figure 7b), and after ~24 hours the lateral com-
ponent became negligible and flow paths were nearly vertical.
The vertical flow paths seem not to be affected by the under-
lying boundaries, and flow paths pass unperturbed through the
soil and into the saprolite or fractured bedrock (Figure 7c).
After 99 hours a water table developed, but the unsaturated
flow paths seem unaffected (Figure 7d).

102 o -
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Figure 4. The unsaturated hydraulic conductivity function as
determined by the method of van Genuchten [1980] using the
sandy loam parameters of Carsel and Parrish [1988], a = 0.075
and N = 1.89.
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Figure 5. Summary histograms for experiments 1 and 2 detailing the pressure head distributions (Figures 5a
and 5d) just prior to the start of irrigation, (Figures 5b and 5e) at the start of steady discharge, and (Figures
Sc and 5f) two days after the irrigations ended. The dashed vertical line in each plot identifies zero. Bin size
equals 0.02 m. Figures Sa—-5c correspond to experiment 1, and Figures 5d-5f correspond to experiment 2.

Time series of the row 5 total head fields also show that a
head gradient front, identified as a 0.3-0.6 m/m change in
gradient, advanced through the soil profile at a decreasing rate
(Figures 7a—7d). For example, the head gradient front ad-
vanced at 0.07 m/h, but after ~8 hours the rate decreased to
0.05 m/h, and after 24 hours the rate decreased to 0.03 m/h.
The decreasing rate may arise from a decrease in capillary
forces that augment water percolation into a soil profile or from
vertical heterogeneity due to increased bulk density with depth.

Table 2. Summary Statistics for Histograms

4.3. Time to First Response and Time to Steady State

Horton and Hawkins [1965] showed that soil-water can ad-
vance through a soil profile by a displacement process. Con-
sequently, the wetting front and the position of newly applied
water may not coincide. For 1-D, gravity-dominated flow, with
a constant soil-water content at the ground surface, Stephens
[1996] approximated the wetting front velocity V,, and infil-
trating water velocity V,,, as

Irrigation Number of Mean Initial Mean Steady Mean Postirrigation
Duration, Rate, Tensiometers Pressure Head, Pressure Head, Pressure Head,
Experiment hours mm/h Used m m m
1 142 1508 81 —0.35 £ 0.17 —0.05 = 0.05 -0.25 = 0.12
2 96 3.0x09 100 —0.14 = 0.09 —0.01 = 0.07 -0.27 £ 0.13
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Figure 6. Representative time series of total head during experiment 1. The identification numbers on each
time series refer to the tensiometer nest identification numbers of Figure 1, and the following number is the
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K(6)

V= 0,6, @
K(6,)

Vo= =g 3)

where K is the unsaturated hydraulic conductivity, 6, is the
soil-water content behind the wetting front, and 6; is the initial
soil-water content. In the case of our two nonponding irriga-
tion experiments the unsaturated hydraulic conductivity be-
hind the wetting front was equal to the irrigation rates, and
0, = 0.45 and 6; = 0.15; these values produced maxima for
Vs = 0.010 and V,, = 0.007 m/h. We used these approxi-
mations to determine if the pressure head response in the soil
profile was fast or slow.

“Wetting front” arrival time was estimated as the first time
of three consecutively increasing tensiometer pressure head
values. Arrival times ranged from 2 to 38 hours for experiment
1 and from 3 to 17 hours for experiment 2. Tensiometer depth
divided by arrival time indicates that at the onset of irrigation

a pressure head signal advanced through the soil profile an
average of 15 times greater than the estimated water and
wetting front velocities. Hence initial pressure head response
appears to be driven by the passage of a pressure wave rather
than the advective arrival of new water.

We approximated time to steady state in each tensiometer
response with (1), and we examined the spatial pattern of time
to steady state for experiments 1 and 2. Average time to steady
state during wetting was 31.1 + 21.7 hours for experiment 1
and 18.5 = 10.4 hours for experiment 2. There was no discern-
ible pattern of time to steady state as a function of position in
the catchment, despite large differences in initial soil-water
content as inferred by initial pressure heads. Time to steady
state as a function of soil depth, however, (Figure 8) reveals a
clear depth dependence for the wetter initial conditions of
experiment 2 (Figure 8). In both experiments, time to steady
state increased by ~1 hour per 0.02-0.03 m of flow distance.
This speed is ~2-4 times faster than that for the wetting front
and infiltrating water.
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Once irrigation ended, the unsaturated zone drained and
pore pressures fell and approached a slowly changing, quasi
steady state in 80.8 = 28.5 hours for experiment 1 and in
49.6 = 12.4 hours for experiment 2. In both cases, time to
steady state was independent of soil depth. It seems that as
soil-water contents dropped sufficiently and pressure heads
decreased, spatial heterogeneity in soil-water retention prop-
erties produced significant variability in the spatial distribution
of pressure heads. This observation supports the prediction of
Yeh et al. [1985].

Some of the variability in response shown in Figure 8 for the
wetting condition may be due to effects of local variability in
irrigation rates. Local irrigation rates differed across the catch-
ment by a factor of ~9, but at the tensiometer nests, irrigation
rate varied by a factor of 4. We examined the effects of local
irrigation rates on the time to steady state and time to first
response. We found that times to steady state and times to first
response were not correlated with irrigation rate. This finding
is compatible with theoretical predictions showing that high-
frequency effects of temporally variable irrigation will be
damped with increased depth [Gardner, 1964].

In order to compare the discharge response with the unsat-
urated and saturated responses we constructed a graph in
which the time to steady state for wetting was plotted relative
to that for draining periods of tensiometers, piezometers, and
weir data. By plotting the time to steady state for the discharge
rising limb as a vertical line, and that for the recession limb
time as a horizontal line, we created distinct quadrants of
response types. We then plotted the wetting and draining times
to steady state for the tensiometer and piezometer data on the
same graph (Figure 9). Nearly all of the tensiometer data for
experiments 1 and 2 fell in the quadrant in which the time to
steady state was less than that for the discharge on the rising
limb and more than that on the falling limb. No distinction
existed between those tensiometers that showed only unsatur-
ated response and those that indicated slight positive pres-
sures.

Upon cessation of the applied rainfall the saturated zone
rapidly declined, and all the piezometers drained before the
discharge approached steady base flow and well before the
tensiometers reached steady state. In experiment 2, although
the wetting time to steady state in the piezometric response
was longer than most tensiometers but less than the discharge
time to steady state (as in experiment 1), under draining con-
ditions some of the piezometers continued to respond after the
falling limb of the hydrograph reached steady state (for other
observations documenting delayed piezometric response to
rainfall, see Montgomery et al. [1997]). Piezometric times to
steady state for experiment 2 show that for individual piezom-
eters the longer the time to steady state on the rising limb, the
longer this time on the falling limb; this pattern was not re-
corded in the tensiometer data of either experiment (Figure 9).

Overall, our field site reveals a simple result regarding the
evolution of a steady state soil profile. After irrigation began,
rapidly advancing pressure head changes caused steady state to
develop first in the unsaturated zone, next in the saturated
zone, and only after the saturated response was complete did
the discharge reach steady state. During the steady state period
of both experiments 1 and 2 the soil profile remained largely
unsaturated (Figure 10). At the end of irrigation the time to
steady state in piezometers may precede or follow the dis-
charge time. In either case the decline in discharge and satu-
rated response must have resulted from a declining unsatur-
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ated flux. The perched water table surface fell below our
piezometers, and the discharge approached a near steady base
flow well before the unsaturated zone drained toward steady
pressure heads. The steepness of the site favors rapid drainage
of the saturated zone when flux to it from the overlying unsat-
urated zone decreases, and the unsaturated zone is the last to
reach steady state. Of course, these three distinct elements are
interdependent and begin to respond at roughly the same time;
it is the time to full response that distinguishes their behavior.

4.4. Spike Increase in Rainfall and the Rapid Discharge
Response

The applied irrigation rate (=107 m/s) for both experi-
ments was about 4 orders of magnitude less than the saturated
hydraulic conductivity (=102 m/s) of the soil at any depth.
Although the application rate was low, the duration was 6 and
4 days. By the time the cumulative irrigation was ~50 mm,
most of the unsaturated zone was driven to near-zero pressure
head. With the soil profile in the near-zero range a strong
temporal linkage between the unsaturated zone, saturated
zone, and discharge occurred. The linkage was exemplified by
the catchment’s hydrologic response to a high-intensity burst of
natural precipitation that fell during the latter part of experi-
ment 2.

At 2:00 AM. PST on the final day of experiment 2 a natural
storm augmented the applied rain, and from 5:00 to 5:10 A.M.
the total rain intensity increased 10-fold. At 7:00 A.M. the
natural storm ended and at 9:30 A.M. the sprinklers were shut
off. Despite this 5.5-hour period of increased rainfall intensity,
no changes beyond the noise in the pressure head readings in
the unsaturated zone occurred. Tensiometers were not moni-
tored during the 5:00 A.M. spike of rainfall, but tensiometer
measurements at 7:00 A.M. show no response to this storm
event. The peak rainfall to peak response in recording piezom-
eters and discharge, however, showed lags of 1.7 and 2.5 hours,
respectively. We interpret these observations to indicate that a
spike of rainfall upon a near-zero pressure head field produced
a pressure wave that advanced through the unsaturated soil
profile much faster than the newly applied water, and as the
pressure wave advanced it caused the rapid effusion of old,
stored soil-water.

5. Discussion
5.1. Boundary Effects

The lower boundary to unsaturated flow through the soil
varied as (1) a transition to saturated flow, (2) a transition to
unsaturated saprolite, or (3) a transition to unsaturated weath-
ered bedrock. This lower boundary had a strong cross-stream
slope to it (Figure 7); hence if transitions 2 or 3 represented
significant barriers to flow, then water would tend to pond at
the transition, and not only would saturated lateral flow occur,
but so should lateral unsaturated flow. We found no evidence
for head gradient deflections at any of these three boundaries
and detected only minor components of cross-slope head gra-
dients during dry periods. There are at least two reasons for
this lack of material and topographic effect on the unsaturated
flow field. First, the soil-water retention curve is very steep in
the near-zero pressure head range, so only minor changes in
head are needed to match the unsaturated zone pressure head
with that in the saturated response areas. Second, the irrigation
rates were modest and caused delivery of water through the
soil profile that did not exceed the conductivity of the saprolite
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Figure 7. Total head contour plots along a section through row 5 at (a) 0, (b) 8, (c) 24, and (d) 99 hours into
experiment 1. All views are looking upslope and are centered on the region with instrumentation; the contour

interval is 0.10 m and is dashed where inferred.

or weathered rock; hence there was no head gradient change
associated with water entering these materials from the soil. It
is possible that more intense rainfall and thus vertical flow rate
would lead to ponding at these material boundaries, but then,
again, because of the soil-water retention properties, we antic-
ipate the deflection of flow lines to be minor. Under relatively
wet conditions, therefore, cross-slope and downslope unsatur-
ated flow seems unlikely at our site.

The initial cross-slope, unsaturated flow component resulted
from the lowest-pressure heads (and driest soils) being in the
upper reaches of the soil profile, along the hollow axis. This
condition may prevail in thicker soils where the evapotranspi-
ration-affected upper soil profile is farthest from the wetter
subsoil. Nonetheless, the result was that equipotential lines
were pulled upward, leading to a net lateral transport toward
the hollow axis. This finding was contrary to our initial expec-
tation that the lateral flow component resulted from topo-
graphically induced convergence. With continued irrigation,
however, the lateral component diminished, and flow paths
became essentially vertical through the soil profile.

Anisotropy in the colluvium mantle may cause flow paths to

follow trajectories that are not orthogonal to equipotential
fields. Although we did not attempt to quantify anisotropy, we
speculate that during the approximate steady state period the
near-zero pressure head field produced a negligible head gra-
dient in the principal directions of anisotropy; hence vertical
downward flow paths should prevail. It is unlikely that steady
state flow paths were anything other than orthogonal to equi-
potential fields.

The apparent one-to-one correspondence of piezometer
time to steady state wetting to that of draining (Figure 9) is
predicted from simple hydrologic models such as that by lida
[1984], in which the bedrock is assumed to be impermeable. In
his model for both the wetting and draining conditions, steady
state is reached first at the top of a hill and spreads downslope
until the entire catchment is in steady state. However, at our
site the deepest piezometers were in the upper part of the
catchment, and they responded the most slowly; therefore our
data do not support lida’s prediction. Instead, the pattern may
have resulted from both a depth dependency and local varia-
tions in saturated conductivity, with piezometers in lower-
conductivity sites having longer times to steady state. Absence
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of a similar response pattern in the tensiometer data presum-
ably resulted from the difference in boundary conditions and
drainage properties. With the onset of rainfall the soil wets
from the surface and drains freely at the bottom; hence the
deepest tensiometer should respond last. At the end of irriga-
tion, drainage at the base and a lack of resupply at the surface
coupled with hysteretic effects may preclude a spatial structure
in time to steady state.

5.2. Preferential Flow

Two observations suggest that preferential flow may occur at
our site. First, the high-intensity plot irrigation experiments
used to develop the soil-water retention curves revealed a
rapid deep response to water application (Figure 2). These
deep (1 m or more), rapid (a few minutes) responses may
result from preferential flow along macropores [e.g., De Vries
and Chow, 1978] or saturated mesopores [e.g., Wilson et al.,
1990]. The high irrigation rates, however, may have caused air
encapsulation in the vicinity of the tensiometer cup, giving rise
to rapid response characteristics and higher pressure heads. In
either case the irrigation rates that led to this response were
extremely high and far in excess of any natural rainfall inten-

(continued)

sity. These intensities were necessary, however, to document
the full range of the soil-water retention curve when starting
with a fairly dry soil.

The second observation that may indicate preferential flow
is the short time to first response in the deep tensiometers
during experiments 1 and 2. This response may also result from
air entrapment or the rapid passage of a pressure wave in
response to water loading rather than rapid vertical advection.

Although during the wetting up period there may be some
preferential flow, several observations suggest that it is not
important during storm events. Anderson et al. [1997a, b] have
shown that nearly all runoff is old water. In addition, they have
shown that the new water runoff component comes primarily
from just upslope of the channel head, at the weir, and that
during wet conditions the water travels through the soil as plug
flow. Unlike other sites where preferential flow has been
stressed [e.g., Mosely, 1979], the soil mantle of our study site is
a sandy loam, free of significant pedogenic structures that may
favor preferential flow. Large burrows and root holes do exist,
but these only become significant avenues for bypassing the
unsaturated zone if rainfall intensities are extraordinarily high
or if flow is locally concentrated by such things as fallen logs.
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Figure 8. Tensiometer wetting and draining times to steady state plotted against depth for experiments (a)

and (b) 1 and (c) and (d) 2.

Hence, while our experiments do not preclude preferential
flow as a significant contributor to runoff, available evidence
suggests that it may only be important during initial wetting or
during very intense storms.

5.3. Soil-Water Retention Properties and Macropores

The micropore, mesopore, and macropore size and function
model proposed by Luxmoore [1981] and Luxmoore et al.
[1990] provides a useful conceptual framework for relating the
unsaturated zone response to our catchment hydrologic re-
sponse, and it connotes a dependence of the hydrologic re-
sponse on the temporal development of unsaturated zone pro-
cesses and subsurface flow paths (e.g., connect-disconnect
hypothesis [Luxmoore and Ferrand, 1993]). Here pressure
heads greater than —0.05 m correspond to Luxmoore’s macro-
porosity, and from the plot irrigation response characteristics
we reason that in the near-zero pressure head range, soil-water
contents greater than ~0.35 m*/m® will persist only as long as
there is an applied flux across the ground surface. Indeed,
when we step increased the applied flux at two selected sub-
plots, the new steady state soil-water content was 0.07-0.10
m?/m® higher, but we did not always detect a clear pressure
head response. These observations suggest that a spike in-
crease in rain intensity upon a near-zero pressure head field
may register a negligible pressure head response.

Assuming that the —0.05- to 0.00-m pressure head range
corresponds to equivalent macroporosity, we can approximate
the total volume of macropores as the difference between a
fully saturated soil sample, ~0.60 m?*/m?, and a “drained” soil
sample, about 0.30 m*/m>. Hence about one half of the pore
space, or ~0.30 m*/m® of the bulk soil volume, consists of
noncapillary macropores; the presence of mountain beaver

burrows makes the 0.30-m>/m?> value a minimum estimate,
although we could not determine if these were hydraulically
active. Overall, the soil is difficult to saturate, and soil-water
drains readily at higher soil-water contents associated with
near-zero pressure heads. Moreover, tension saturation in the
presence of a perched water table is unlikely because of the
abundance of noncapillary-sized pores. We also infer that the
soil mantle and the steep hillslope angle should favor the
dissipation of perched saturated zones. Montgomery et al.
[1997] observed thin and discontinuous zones of saturation for
experiments 1 and 2, however, and they reasoned that a regular
exchange of saturated throughflow between the underlying
fractured rock and the colluvial fill occurred.

5.4. Pressure Waves

Soils with hydraulic properties that yield steep soil-water
retention and characteristic curves in the near-zero pressure
head range (Figures 3 and 7) may favor the development of
pressure waves. When such a soil is in the near-zero range, a
rain spike may produce a slight increase in pressure head and
a corresponding large increase in conductivity. The increased
conductivity and the slight increase in head gradient produce a
rapid release of old water as the wave propagates downward.
Moreover, the near-zero pressure heads dictate that a near-
unit head gradient prevail; hence the unsaturated hydraulic
conductivity assumes most of the burden in accommodating
increased flux.

The concept of pressure waves advancing through a soil
profile is not a new one. For example, Smith [1977] identified
the conditions necessary for evaluating soil-water movement as
a shock wave. Smith found that when the soil-water content
profile is nearly uniform, changes in flux translate directly into
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changes in soil-water content that rapidly advance through the
soil profile. Also, Marui et al. [1993] observed spiked and
damped discharge responses to rainfall during the wet and dry
seasons, respectively. They went on to speculate that pressure
wave transmission occurred through a continuous water phase
or through entrapped air. Our observations substantiate the
predictions of Smith, and they highlight an important soil prop-
erty for pressure wave development: highly variable soil-water
contents in the near-zero pressure head range.

5.5. Slope Stability

In November 1996 our study site failed as a shallow landslide
below row 7. Although we did not have recording tensiometers
at the site, the results reported here provide some insight about
the role of unsaturated flow on slope stability. Montgomery
[1991] and Montgomery et al. [1997] showed that other slope
failures in the vicinity were associated with short pulses of
high-intensity rain in the midst of a storm that led to exfiltra-
tion head gradients from bedrock into soil. For this to happen
the pulse of rain must be transmitted relatively quickly through
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Figure 10. Soil-water content profile from the valley axis,

along row 8, during the sixth day of experiment 1. The inverted
triangle denotes the water table surface, and the shaded region
represents the underlying bedrock. The saturated zone for
water content iS a minimum because some water was lost
during sample recovery.

the unsaturated zone, much more quickly than by advection.
Such a condition exists at our study site when the soil-water
content is high and the pressure head field is near-zero. The
rapid displacement of preexisting soil-water into the saturated
zone can generate a rapid pore pressure rise. Hence, once the
soil is wet, pulses of rain can lead to rapid pore pressure rise in
the saturated zone and to slope instability. Our field data also
support Humphrey’s [1983] contention that estimates of re-
sponse time for pore pressure rise and discharge must include
the time lag due to travel through the unsaturated zone in the
soil, a phenomenon ignored in many hydrologic models di-
rected at predicting slope instability [e.g., lida, 1984; Okimura
and Kawatani, 1987; Wu and Sidle, 1995].

It is widely recognized that the size of storm needed to cause
slope instability diminishes through the winter [e.g., Keefer et
al., 1987; Cannon and Ellen, 1988; Wilson and Wieczorek, 1995].
While this effect is usually ascribed to increasing background-
saturated conditions in the soil mass, the observations reported
here suggest another mechanism. Early in the rainy season, the
soil will respond to pulses of rain by increasing soil-water
content. As soil-water content increases, the likelihood that
pressure heads will attain near-zero values also increases, and
pulses of rain can lead to a rapid displacement of preexisting
soil-water to the saturated zone, causing rapid pore pressure
rise there, expansion of the saturated zone, and slope instabil-
ity. Hence the evolution of the unsaturated zone through the
wet season and during particular storms may be as important
as the development of the saturated zone. In fact, on steep
slopes where drainage of the saturated zone can be fairly rapid,
an important control on slope instability may be the rapid
increase of unsaturated flux to the saturated zone, enabling
pore pressures to rise significantly. This suggests that ignoring
the influence of the unsaturated zone in slope stability model-
ing may lead to spurious results regarding analyses of fre-
quency and magnitude of destabilizing rainfall.

6. Conclusions

Analysis of the hydrologic response to two sustained irriga-
tion experiments on a steep, soil-mantled unchanneled valley
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reveals that the unsaturated zone dynamics play a primary role
in dictating the timing and magnitude of pore pressure re-
sponse and discharge from the hillslope. We found that in
response to irrigation, steady discharge and steady saturated
zone pore pressures occur only after steady state develops in
the unsaturated zone. Hence the lag time in the head field
development in the unsaturated zone is an important time lag
in the site response. However, we also found that the time to
first response and time to steady state for tensiometers were
faster than a simple plug flow approximation. Furthermore, a
short period of rain during the end of experiment 2 revealed
that the saturated zone response and peak discharge occurred
much faster than expected by advection. These observations
lead us to propose that a pressure wave which passed through
the unsaturated zone undetected led to the relatively quick
dynamic response of the site to incoming precipitation.

The single attribute that tends to dominate the hydrologic
response of this catchment is the soil-water retention curve.
The soil-water retention properties yield near-zero pressure
heads throughout the soil profile for slight but persistent rain.
Once the soil attained near-zero pressure head, the unsatur-
ated zone, saturated zone, and discharge became delicately
linked such that a sudden increase in rainfall intensity gener-
ated slight but rapidly advancing pressure waves that induced
slight changes in head gradient and very large changes in hy-
draulic conductivity. These changes produced a rapid release
of stored soil-water that increased the delivery rate of water to
the underlying saturated zone, leading to increased pore pres-
sures and discharge. Moreover, pressure wave transmission
may be a requisite mechanism connecting the unsaturated and
saturated zones in soils that may be near saturation. Hence the
hydrologic response of the landscape to precipitation events is
greatly influenced by the dynamics of the unsaturated zone.
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