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Abstract. The extreme hydrologic response of gravelly, sandy soils in the Carnation
Creek watershed is examined from observations at 12 standpipe piezometers. The nearly
continuous piezometric data are reported as a time series of monthly maximum readings.
Ten locations of measurement appear to exhibit an upper limit to the pore water pressure
head that is independent of rainfall intensity and duration. Two locations exhibit artesian
pressures that appear directly influenced by rainfall characteristics and may last for several
hours. We found the impact of individual storms to be highly variable. The spatial
variation in hydrologic response is attributed to the influence of preferential flow paths in
the soil matrix.

1. Introduction

Forest soils on the steep hillslopes of coastal British Colum-
bia have a high capacity for transmission of groundwater flow.
Periodically, rainfall events trigger landslides in areas that have
been harvested. The impact of landslide-induced sedimenta-
tion on small stream ecosystems was one of the concerns that
led, in 1971, to the start of a multidisciplinary long-term study
of the Carnation Creek watershed on the west coast of Van-
couver Island [Hartman and Scrivener, 1990]. The hydrological
component of this work involved examination of meteorolog-
ical records, groundwater levels, and stream discharge and
temperature variations.

Groundwater levels were recorded on the slopes and flood-
plains of several tributaries of the Carnation Creek watershed.
These data are reported here for one tributary basin, from 12
piezometers that were installed over a period of 1 to 2 years
prior to harvesting in 1977–1978 and monitored for up to 4
years after harvesting. Some piezometers were located on
slopes that were harvested, while others were located on
ground that remained unlogged.

The long-term study at Carnation Creek evaluates the im-
pact of logging on salmonid fish populations. In this paper we
present a monthly maximum series of piezometer readings
from a tributary basin that describes the hydrologic response of
the hillslope soils to precipitation. Specific objectives of our
analyses were (1) to examine the spatial, (2) to examine the
temporal variation of the maximum groundwater levels, and
(3) to postulate factors controlling the piezometric response.
The implications for modeling of groundwater flow are noted.

2. Hillslope Hydrology and Landslide Initiation
Climatological factors believed to govern the hydrological

response of hillslopes to storm activity include the intensity,
duration, and frequency of rainfall. Mountainous relief may
lead to orographically enhanced precipitation and an increase
in the frequency and duration of rainfall events compared with
flatter ground [Loukas, 1994]. Wieczorek [1987] and Haneberg
[1991] observed that instability of a thin soil layer is usually related
to short-duration storms of high intensity, while thicker soils are
more susceptible to prolonged storms of moderate intensity.
Studies of rainfall intensity and initiation of shallow landslides on
steep slopes suggest that thresholds of combined intensity and
duration may be necessary as a triggering mechanism [Wieczorek,
1996]. Wilson, [1997] has postulated a simple relationship for
regional storm thresholds that trigger debris flows in the Pacific
Northwest, based on the peak 24-hour rainfall versus rainy-day
normal values. The rainy-day normal, defined as mean annual
precipitation divided by the number of rainfall days, is believed to
account for both latitude and orographic effects.

The generation and subsequent dissipation of pore water
pressure in surficial soils as a result of rainfall is a complex
phenomenon governed by the movement of water in the
ground. Governing geophysical factors are widely recognized
to include hillslope morphology, preferred flow pathways at
both the microscale and macroscale, and antecedent moisture
conditions. The importance of hillslope drainage depressions
or hollows as points of initiation for debris flows has long been
recognized [Swanston, 1970]. The influence of slope geometry
has been observed in regions of highly divergent or convergent
terrain [Sidle et al., 1985; Jackson and Cundy, 1992; Montgom-
ery and Dietrich, 1994]. Upslope catchment area can also exert
a significant impact on groundwater levels [Tarboton, 1997].
Differences in the piezometric response to precipitation be-
tween drainage depressions have been tentatively attributed to
variations in soil depth or in grain size distribution and hence
the water retention capacity [Pierson, 1980]. Alternatively, Si-
dle [1986] found a rapid groundwater rise during precipitation
that could not be explained by vertical infiltration of rainwater
and was attributed to preferential flow through discontinuous
networks of soil macropores and subsurface pipes.

Groundwater flow will follow the path of least resistance,
exploiting the more porous lenses in the soil layer, soil pipes,
and bedrock fractures [Johnson and Sitar, 1990; Anderson et al.,
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1997]. Lenses of relatively high permeability develop through
hillslope processes of erosion and mass movement. Higher
pore pressures will develop where these layers thin out. Soil pipes
are channels formed by retrogressive fluvial erosion, by desicca-
tion, by decaying roots, and the burrowing action of animals.
Partial or total blockage of these pipes has the potential to de-
velop artesian pore pressures in the surrounding soil in propor-
tion to the upslope hydrostatic pressure [Pierson, 1983]. Flow
through bedrock will also occur as a result of fractures or matrix
flow and may lead to elevated pore pressures when overlain by a
relatively unfractured, low-permeability stratum.

Antecedent conditions have not been found to correlate
with debris flow initiation [Brand et al., 1986; Church and Miles,
1987]. Johnson and Sitar [1990], who acknowledge the pro-
found influence of moisture content on the permeability of a
partially saturated soil, attempted to relate initial soil suction
from field tensiometer measurements to the total rainfall re-
quired to saturate a soil layer. The estimates were made as-
suming vertical infiltration of rainfall and no lateral fluxes.
Although simplistic, this qualitative assessment of antecedent
moisture conditions for predicting susceptibility to debris flows
was in reasonable agreement with the observed field response.

Data from a long-term study of the Carnation Creek water-
shed were analyzed to examine the spatial and temporal vari-
ation of groundwater response to precipitation. Emphasis was
placed on interpretation of the monthly maximum response
from individual piezometer records. The data are valuable
because of the long duration of those time series records,
between 4 and 6 years, and the occurrence of two rainfall-
induced landslides during the monitoring period. The water-
shed characteristics of topography, soils, and forest vegetation
are considered representative of the west coast of North Amer-
ica from Washington State to southeast Alaska.

3. Location and Site Description
The Carnation Creek watershed is located on the west coast

of Vancouver Island, near Bamfield, and drains into Barkley
Sound (Figure 1). The watershed, which has no lakes, covers
approximately 950 ha and has a number of smaller subdrain-
ages. The Tributary-H basin, a 12-ha first-order drainage to
Carnation Creek, is considered in this study.

Annual precipitation in the watershed ranges from 2100 to
4800 mm, with over 75% falling during the late fall and winter
months [Hartman and Scrivener, 1990]. The area receives very
little snowfall, and that which falls rarely remains on the
ground for extended periods. Lack of snowfall at this site is
attributed to low elevations, proximity of the entire watershed
to the ocean, and the specific latitude. The hourly precipitation
record for the period 1975 to 1983, for which we report anal-
yses of groundwater response, is given in Figure 2.

The watershed was heavily glaciated, resulting in rounded
ridgelines and a broad valley bottom. Slopes within the small
Tributary-H basin are benched, short in length (Figure 1), and
cover a range of gradients (Table 1). The relief of the basin is
limited; elevations range from 150 m to 330 m. Tributary-H
descends onto and across a very short distance of floodplain
before joining Carnation Creek.

The predominant rock type in the basin is a volcanic of the
Bonanza Formation from the Jurassic period. The Bonanza
Formation includes lava, tuff, and breccia, commonly basaltic
and rhyolitic [Fuller, 1977]. Exposed bedrock surfaces in the
basin were observed to be medium to dark gray and generally

porphyritic with a dense groundmass. Local peaks are of in-
truded quartz diorite [Eastwood, 1975].

The soils found in the watershed are primarily a coarse-
textured colluvium derived from volcanic rocks. Soil depths in
the Tributary-H basin vary from 30 cm to over 200 cm. Sieve
analysis of particles less than 25 mm indicates the matrix is a
gravelly sand with some silt and a trace of clay (Figure 3). The
,2 mm fraction typically comprises 70% sand, 25% silt, and
5% clay. Oswald [1974] mapped soils in the upper Carnation
Creek watershed. Two sample plots were located on a mid-
slope position in the basin, on a SE aspect and N aspect
respectively (Table 2). A thin layer of decomposed organic
matter was found over horizons of loam or sandy loam. The
soils are classified as Orthic Humo-Feric Podzols. Angular
volcanic rocks were abundant in some horizons and absent in
others. Roots appeared common in some horizons and were
not found in others. No pattern emerges to the distribution of
angular rocks and roots with depth.

This variability was confirmed by pits dug at the time of
piezometer installation. Soil depths varied from 85 cm to 178
cm (Table 1). A dense till was encountered above bedrock at
some of the locations, confirming the discontinuous nature of
the deposit. Cobbles and gravel were common in some of the
soil horizons. Values of bulk density determined by the sand
replacement technique were in the range 0.55–1.37 Mg/m3.
Corresponding values of porosity determined on thin-walled
tube samples of the matrix were between 51% and 82%. Since
water retention properties vary widely with the degree of de-
composition of the forest floor, large differences in permeabil-
ity k are typically observed between horizons [Plamondon et
al., 1972]. Estimated values, using the grain size curves (Figure
3) and the method of Krumbein and Monk [1942] where

k 5 0.734~D50!
2SD16

D84
D 0.945

(1)

are in the range 0.03–0.26 cm/s. They are in reasonable agree-
ment with limited field tests on similar soils [Cheng, 1988].
Piezometers were installed at locations where the surface ex-
pression of roots was least dense. Roots, where encountered
within the soil, had diameters that were frequently 1–2 mm,
commonly 1–2 cm, and in one instance 15 cm adjacent to a
rotten log. The central portion of some roots was noted to be
decayed, offering a discrete conduit for groundwater flow.

Analysis shows groundwater tables and streamflow in the
Tributary-H basin are closely related to hourly precipitation
[Hetherington, 1982]. This indicates rapid movement of water
through the soil and from the hillslope to the stream channel.
Observations in soil pits, at road cut slopes and in a midslope
trench suggest the rapid infiltration of water may be attributed to
macropore networks, mostly of decayed roots, within the soil
matrix. Preferential flow paths at the midslope trench were iden-
tified with the aid of tubes inserted into the exposed upslope face
(Figure 4); the reference grid is 0.5 m 3 0.5 m. Rapid and
preferential groundwater flow, downslope over the bedrock sur-
face, was documented in tracer experiments above road cuts
[Hetherington, 1985]. Flows at two seepage sites appeared to reach
turbulent levels based on an evaluation of the Reynolds number.

4. Experimental Design and Methods
4.1. Watershed Experiment

The Tributary-H Creek basin was instrumented in the early
1970s with groundwater monitoring equipment to study the
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effects of forest harvesting on the hydrologic regime. The site
was monitored between 1975 and 1983, with varying numbers
of piezometers recording at any one time (Figure 5). Approx-
imately 90% of the watershed was clear-cut logged during
1977–1978, dividing the record into pre-harvest and posthar-
vest periods.

Over the course of the study a total of 64 piezometers were
installed at 45 individual sites by the Canadian Forest Service.
Of the 64 units, 17 were automated and have long-term, nearly
continuous records; most were weekly charts with 15-min res-
olution, and some were monthly with hourly resolution. The
remaining 47 units were manually recorded at irregular inter-
vals of 2 or 3 times per month. For this study, 12 of the 17
continuously recording piezometers were used in the analyses
(Table 1). These units provide a good, spatially distributed,

and long-term time series of groundwater levels across the
study area.

Spatial distribution of the instrumentation focused on locat-
ing units in groups and generalized transects (Figure 1), both
parallel and perpendicular to slopes, to characterize the
groundwater levels at various hillslope positions and aspects.
Installation locations included those above and below roads, at
the head of Tributary-H, along gully sidewalls, and in unlogged
areas to serve as control units for comparative purposes.
Transect P858/P856/P859/P863 commenced near the top of a
flat ridge, crossed an unchanneled drainage depression, and
descended a rounded spur to the stream bank of Tributary-H.
The entire slope was logged. Transect P814/P816/P803 followed
an unlogged first-order drainage on to an open hillslope that was
logged. The cross-slope transect P814/P820/P823 lay above a

Figure 1. Piezometer locations in Tributary-H basin, Carnation Creek.
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modest slope break; P820 was on logged ground at the cutblock
boundary. Units P849 and P845 straddled a modest slope break in
unlogged ground. P816, P803, and P825 were located on the
portion of the north aspect of the slope that was logged.

4.2. Piezometers and Data Acquisition
Piezometers were designed and installed to monitor positive

pore water pressure head Dw at the base of the soil profile.
Information on soil depth D , contributing area, slope angles,
and elevation at each piezometric location are reported in
Table 1. Five units were installed in the fall of 1975, and seven
were installed in the fall of 1976. They were all decommis-
sioned for 1 year, commencing in the fall of 1977, to accom-
modate logging of the cut block for which boundaries are
shown in Figure 1.

Each standpipe piezometer was constructed from 25-mm or
50-mm-diameter PVC tube with two vertical rows of holes

drilled on opposite sides of the lower 150 mm. The holes were
6.4 mm in diameter on 25-mm center spacings. The bottom of
the tube was sealed, and the holes were screened with a fine
nylon mesh.

Piezometers were installed in one of two ways. At locations
where the soils were not too rocky to properly determine the
location of bedrock or a compact till surface, they were placed
in augered holes. At all other locations, narrow trenches (60
cm wide by 90 cm long) were excavated to the bedrock profile
or dense till surface, and a narrow 30-cm-long slot advanced
from one corner of the upslope wall of the trench. The piezom-
eter standpipe was installed vertically at the upper end of the
slot. Sand was placed around the filter, and the remainder of
the excavation was then backfilled with native material. All
units were placed on the till or bedrock surface (Table 1),
which is the reference for all Dw and D values.

Figure 2. Hourly precipitation record from 1975 to 1983.

Table 1. Piezometer Location Attributes

Piezometer

Soil
Depth D,

cm
Contributing
Area,* m2/m

Upslope
Gradient,
deg (%)

Local Slope,
deg (%)

Downslope
Gradient,
deg (%)

Elevation,
masl Contact

Land Use
Category

Dw/D
Limit†

P803 88 50.3 18 (32) 40 (84) 18 (32) 211 bedrock logged 0.80
P814 163 98.4 29 (55) 20 (36) 20 (36) 259 bedrock unlogged 0.87
P816 85 107.3 20 (36) 20 (36) 20 (36) 243 bedrock logged 0.85
P820 123 249.9 22 (40) 22 (40) 22 (40) 245 till logged 0.88
P823 178 14.0 19 (34) 19 (34) 19 (34) 248 bedrock unlogged 0.80
P825 128 86.7 38 (78) 23 (42) 38 (78) 232 till logged 0.42
P845 96 290.5 32 (62) 23 (42) 23 (42) 186 till unlogged 0.79
P849 100 148.3 21 (38) 21 (38) 21 (38) 208 bedrock unlogged 0.50
P856 103 159.3 22 (40) 22 (40) 22 (40) 232 bedrock logged 0.73
P858 130 65.0 34.5 (69) 29 (55) 29 (55) 259 till logged none
P859 107 255.5 29 (55) 29 (55) 29 (55) 175 bedrock logged none
P863 125 12.5 15 (27) 15 (27) 15 (27) 163 bedrock logged 0.86

*Calculated using the D` algorithm [Tarboton, 1997] with an averaged 2-m DEM grid;
†Deduced from inspection of Figure 9a.
Dw, pore water pressure head; masl, meters above sea level.
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Piezometers that were configured to record data continu-
ously used either Stevens “F” type chart recorders or specially
constructed nitrogen gas-bubbler recorders that used Belfort
rain gauge drum chart mechanisms. Data from the chart re-
cordings were digitized by the Canadian Forest Service into
15-min and hourly intervals for the weekly and monthly charts,
respectively, to yield a time series for each unit. A crest tube
with a styrofoam float was inspected monthly to establish the
peak water level and thereby provide a check on the chart
recordings. The records are largely continuous, with short pe-
riods where individual units were nonoperational because of
malfunctions, servicing, or other reasons.

4.3. Rain Gauge

A precipitation station has been operational within or adja-
cent to the Tributary-H basin continuously since 1972 and is
the source for all piezometric-precipitation data correlations.
Intensity-duration frequency curves (Figure 6) are based on
data for the period 1972–1991. The precipitation station was
moved during the study to accommodate harvesting (Figure 1).
Precipitation was collected in a vertical standpipe at station E

(elevation 148 m) between 1972 and 1978 and measured by a
Stevens water level recorder. A Belfort recording gauge was
used at station H1 (elevation 226 m) from 1978 to 1980, at
station H2 (elevation 208 m) from 1980 to 1986, and near
station E thereafter.

Periods of concurrent operation showed the total weekly
precipitation to vary by less than 3% between stations; the
finding implies no significant orographic influence on these
precipitation measurements in the Tributary-H basin. Maxi-
mum values of precipitation (and associated duration) re-
corded during the period of groundwater monitoring were as
follows: 82.6 mm (6 hours), 137.4 mm (12 hours), 212.0 mm (24
hours), 184.0 mm (1 day), and 268.2 mm (2 days). The first
value has a return period of 5 years, and the remainder have
return periods of 10 years.

5. Results
5.1. Time Series Data

The response of 10 piezometers to a February 15, 1977,
storm, storm 1 in Figure 5, describes the characteristic behav-

Figure 3. Grain size distribution curves.

Table 2. Soil Description

Horizon Depth, cm Sample Plot

Southeast Aspect
8–0 well to partially decomposed reddish black organic matter, roots numerous
0–10 dark reddish brown moist, brown dry, loam, roots numerous

10–28 dark reddish brown moist, strong brown dry, loam, roots common, angular volcanic rocks common
28–45 dark reddish brown moist, yellowish brown dry, loam, roots common, angular volcanic rocks common
45–61 reddish brown moist, yellowish brown dry, loam, roots sparse, nearly stone free
611 dark reddish brown moist, dark yellowish brown dry, gravelly sandy loam, angular volcanic rocks common, roots rare

North Aspect
10–0 black well decomposed organic matter, roots numerous
0–10 dark reddish brown moist, gravelly loam, angular volcanic rocks abundant, few roots

10–23 dark reddish brown moist, organically rich silty loam, angular rocks present, few roots
23–47 dark reddish brown moist, gravelly loam, angular volcanic rocks common, few roots
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ior before harvesting. The storm occurred over nearly 2 days,
with a maximum intensity of about 10 mm/h in each 24-hour
period, followed by no appreciable rainfall to an elapsed time
of 100 hours (Figure 7).

Seven piezometers had an initial value of pore water pres-
sure head Dw less than 40 cm, believed indicative of a drier
location; three were in the approximate range 75–100 cm,
indicative of a wetter location. The groundwater response led
to a first peak value of Dw in the range 40–140 cm, at t 5 10
hours, which followed the time of maximum rainfall intensity
by about 3 hours at all locations. The trend in hillslope drain-
age was partially obscured by the second rainfall-induced peak
value of Dw at t 5 35 hours which is similar in magnitude and

relative timing to the first. Two days thereafter, at t 5 90
hours, Dw was comparable to that at the onset of the storm.

Two of the three wetter locations, P814 and P823, exhibited
a slow continued decrease in Dw at t 5 90 hours. In contrast,
P858 quickly returned to a constant value of nearly 100 cm.
Four of the seven initially drier locations exhibited a relatively
large Dw, most notable for P859, that was followed by rapid
drainage. In contrast, units P803, P825, and P849 exhibited a
small increase and rapid decrease.

5.2. Spatial Variations

For purposes of analysis the time series data for each loca-
tion were inspected, and the largest value of pore water pres-

Figure 4. Preferential flow paths (0.5 m 3 0.5 m grid).
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sure head was normalized by soil depth, Dw/D , in each month
extracted to create a monthly maximum series by Wilkinson
[1996] and later Jaakkola [1998]. Using Weibull’s plotting po-
sition method, the monthly data for a given piezometer and
record of n months were ranked from smallest (i 5 1) to
largest (i 5 n), and a return period Rt was determined, where

1 2
1
Rt

5
i

n 1 1 (2)

The relationship between monthly maximum data and return
period for the years 1975 to 1982 is reported in Figures 8 and 9.
Inspection of the normalized data (Figure 9a) reveals three

Figure 5. Recording periods of the piezometer units.
Figure 6. Rainfall intensity-duration frequency curves from
1972 to 1991.

Figure 7. Precipitation and piezometric response: February 1977 storm.
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distinct groupings of groundwater response by magnitude,
termed moderate, high, and very high.

The moderate response of two piezometers, P849 and P825,
comprised an approximate log-linear relationship between
Dw/D and Rt, to a period of 6 months, and thereafter a con-
stant value in the range 0.5 . Dw/D . 0.4. For reference, by
definition Dw/D 5 0.5 places the groundwater at the mid-
height of the soil layer.

The eight piezometers that exhibited a high response show a
similar initial relationship between Dw/D and Rt and a con-
stant value for return periods typically in excess of 6 months.
The data lie in a relatively narrow range of 0.9 . Dw/D .
0.7.

Two piezometers, P858 and P859, attain very high values of
Dw/D . 1.0 for return periods greater than 2 to 6 months.
The data suggest a common occurrence of artesian groundwa-
ter conditions in the soil at these locations. For instance, the
February 15, 1977, storm (storm 1) generated a peak value of
Dw ' 125 cm at P859 (Figure 7) that was '20 cm greater than
the soil depth (Table 1). Field inspection did not reveal evi-
dence of overland flow at these piezometers. In contrast to the
other locations the bilinear shape of the two curves does not
yield a constant value for return periods longer than 6 months
(Figure 9a). Rather, the data show a trend of increasing Dw/D
with longer return period.

5.3. Temporal Variations

Identifying those data points in the monthly maximum series
recorded between May and September (Figure 9b) and be-
tween October and April (Figure 9c) clarifies seasonal influ-
ences. On only four occasions was Rt . 6 months between
May and September, implying few storm events trigger a sig-

nificant groundwater response during that time of the year.
One exception is P856, which experienced its largest monthly
maximum of pore water pressure during this season. Notwith-
standing the characteristically short return periods, the exis-
tence of three spatial groupings of very high, high, and mod-
erate values is again apparent in the groundwater response
curves (Figure 9c). Piezometers P858 and 859 each attained
values of 1.1 . Dw/D . 1.0. Similarly, P849 and P825
attained a value of Dw/D close to 0.4.

A large variation in return period is observed between Oc-
tober and April (Figure 9c) with 11 of the 12 piezometers
recording their largest responses on record; yet ground condi-
tions are not always very wet, as shown by the frequent occur-
rence of relatively low to moderate values of Dw/D . Two
exceptions to this pattern are P858 and P823, for which all
values of Dw/D are greater than 0.7 and 0.6, respectively. The
response suggests these two locations are poorly drained. In-
spection of the piezometric head following storm precipitation
confirms this observation (Figure 7).

5.4. Specific Storm Response

Rainfall hyetographs are provided for two storms, both of
which occurred after a dry spell of 4 to 5 days, and yielded a
noteworthy piezometric response. For purposes of analysis the
onset of a storm was defined by a rainfall intensity greater than
0.5 mm/h, and storm completion was defined by a subsequent
elapsed time of 8 hours with no precipitation. Storm 2 (Figure
10) had a total storm precipitation of 112.5 mm over 58 hours,
with a maximum intensity of 21.8 mm/h. This was the highest
hourly intensity observed during the monitoring period for
which piezometer data are reported. The storm followed 101
mm of precipitation for the preceding days of the month.

Figure 8. Monthly maximum series for Dw.
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Figure 9a. Monthly maximum series for Dw/D .

Figure 9b. Monthly maximum series for Dw/D (May to September, from Figure 9a).
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Storm 3 (Figure 11) was of similar duration, yielding a total
precipitation of 165.0 mm, with a maximum intensity of 12.1
mm/h. It followed just 20 mm of precipitation for the preceding
days of the month. It yielded the greatest piezometric response
during the monitoring period. Inspection of the rainfall inten-
sity-duration-frequency curves (Figure 6) suggests that the
maximum hourly precipitation intensity for storm 2 has a
5-year return period, while that for storm 3 is less than 2 years.
On the basis of 24-hour precipitation both storms have a return
period of less than 2 years.

The monthly maximum values of Dw/D observed during
these two storms are identified in Figure 12. A very broad
scatter is evident for storm 2, with return periods for Dw/D
varying between 1 month (for example, P823) and 5 years (for
example, P856), many of them being short. In the case of P856,
storm 2 generated the largest Dw/D observed at that location.
It has the potential to register twice on the same curve because
the piezometric response registered in 2 months, namely, Sep-
tember and October. Storm 3 produced more responses of
longer return period and a value of Dw/D that is characteristic
of the maximum response at many of the piezometers, includ-
ing the largest response observed during the entire period of
monitoring at location P858 (Dw/D 5 1.22).

6. Discussion
The standpipe piezometers provide a time series of ground-

water response to precipitation in the Tributary-H basin. A
rapid response is evident for a typical winter storm (see Figure
7), implying a similar and very short time to concentration at
all piezometer locations. It appears the variation in contribut-

ing area at each location (see Table 1) exerts little influence on
the timing of the peak values of Dw. This may be a result of the
transient nature of the pore water pressures, since the storm
duration is not long enough to produce a steady state response.
A comparison of the Dw at t 5 0 and t 5 90 hours in the time
series reveals a similar value for most locations. Recognizing
the hydrologic response of each location can be described with
respect to (1) the initial groundwater depth and (2) the rate of
change of that depth after precipitation; inspection of the
curves suggests three characteristic site responses (Figure 7).
The first is a location that is initially dry, and which drains
rapidly (for example, P859). The second is a relatively dry
location that drains slowly (for example, P849). The third, a
wet location that drains slowly (for example, P858), is less
common in the data set.

The shape of the monthly maximum data shows that the two
moderate and eight high responses exhibit, with one exception,
a constant value of Dw/D at return periods longer than 6
months (Figure 9a). This suggests that the maximum piezo-
metric response is independent of rainfall intensity and dura-
tion. It is also independent of contributing area (see Table 1).
The behavior is characterized by an apparent limit to the value
of Dw/D that is always less than unity. In marked contrast, the
two locations exhibiting very high responses were not limited in
the same manner. They experienced values of Dw/D greater
than unity (Figure 9a) and reveal a trend of increasing magni-
tude with return period. Inspection of time series data for the
individual storms (Figures 7, 10, and 11) shows the artesian
conditions to prevail for several hours. This suggests there may
be no effective constraint to the groundwater response other

Figure 9c. Monthly maximum series for Dw/D (October to April, from Figure 9a).
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than precipitation. For descriptive purposes, and with refer-
ence to the apparent limit to piezometric pressures, the former
behavior is termed a “hydrologically limited” response, and the
latter behavior is termed a “hydrologically unlimited” re-
sponse.

The exception noted above to this pattern of behavior oc-
curred during a rain-on-snow event on January 23, 1982. Total
storm precipitation was modest at 129.2 mm over 62 hours,
with a maximum intensity of 12.7 mm/h. On the basis of 24-
hour precipitation of 109 mm it has a return period of less than
2 years. However, at the onset of the storm, which triggered
two landslides (Figure 1), the depth of snow on the ground was
approximately 0.3 m. Four piezometers were operational at the
time of the slides, P814, P816, P820, and P825. All recorded a
monthly maximum value of Dw, which ranked fifth, fifteenth,
tenth, and first, respectively. The latter response is the only
exception to the apparent limit of Dw/D 5 0.42 for P825
(Figure 9a). Notwithstanding, the data appear to describe the
potential for an upper limit to the piezometric pressures on the
hillslope given (1) the duration of the records which includes
storm precipitation with a 10-year return period, (2) the oc-
currence of destabilizing pore water pressures during the mon-
itoring period, and (3) the relative piezometric response at
four locations during this important 1982 rain-on-snow event.

The apparent limit to the piezometric response is governed
by discontinuities of hydraulic conductivity in the hillslope.
These may include (1) flow interception by macropores within
the soil matrix, (2) flow from the soil into bedrock fractures,
and (3) a loss of localized flow constraint with rise of the water

table above bedrock swales. Field observations indicate the
bedrock is not highly fractured. There is little significant vari-
ation in subsurface topography of the bedrock-soil interface.
Soil mapping revealed horizons in which roots were common
(see Table 2) and angular rocks were abundant. These features
were observed to be preferential flow paths (Figure 4). The
proportion of flow conducted by macropores is a maximum
during non-steady-state flow in simulated rainfall events in
forest soils [de Vries and Chow, 1978]. The apparent limit to the
piezometric response is attributed primarily to the influence of
these features within the soil matrix.

The spatial variation of groundwater response is discussed
below with reference to the measurement locations (see Figure
1), given the maximum value of Dw (from Figure 8) and nature
of the response (from Figure 9) noted sequentially within pa-
rentheses. P814 (140 cm, high) and P823 (140 cm, high) are
part of a 110-m cross-slope transect located through P820 (110
cm, high). The transect yields a reasonably similar response at
each location. In contrast, the apparent limit for the downslope
pairs of P820 and P825, P859 and P863, and P849 and P845
exhibits no pattern. With reference to slope distance, P820 is
20 m upslope from P825 (50 cm, moderate). Piezometer P859
(160 cm, very high) is 25 m upslope from P863 (110 cm, high).
Conversely, P849 (50 cm, moderate) is 25 m upslope from P845
(70 cm, high). Attempts to group the piezometric responses
into classes according to slope position, soil depth, and slope
angle proved fruitless [Wilkinson, 1996].

A seasonal influence is apparent in the data. Rainfall in the
period from May to September (Figure 9b) can generate sig-

Figure 10. Precipitation and piezometric response: storm 2 (September 1980).
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nificant groundwater flow, causing a response which is close in
magnitude to the apparent limiting value at the “hydrologically
limited” locations and resulting in values of Dw/D . 1 at the
“hydrologically unlimited” locations. However, such significant
responses do not occur often, in contrast to the period from
October to April (Figure 9c). The piezometric responses to
storms 2 and 3 illustrate the nature of these spatial and tem-
poral influences (Figure 12). Storm 2 in September 1980
caused one extreme response (P856) but none of any signifi-
cance in the other units. This suggests the groundwater re-
sponse at many of the instrument locations is not particularly
sensitive to high intensity, short-duration rainfall events. In
contrast, storm 3 in October 1980 caused a significant response
in eight of the units, again including one extreme response
(P858). It would appear the locations are not uniformly sensi-
tive in their response to the same rainfall event.

7. Conclusions
The hydrologic response of gravelly, sandy soils in the Trib-

utary-H basin of the Carnation Creek watershed has been
described from approximately 5 years of nearly continuous
groundwater records obtained from 12 standpipe piezometers
located in a 12-ha subdrainage. The data describe the pore
water pressure head normalized, for purposes of interpreta-
tion, by soil depth to yield a ratio Dw/D . For each location the
maximum monthly value of Dw/D in the time series was used
to generate a relationship between piezometric response and
return period. The monitoring period includes storm precipi-

tation with a 10-year return period and a rain-on-snow event
that triggered two landslides.

The objectives of this analysis were to describe the spatial
and temporal variations in groundwater flow across the ter-
rain, quantify those variations, and postulate factors con-
trolling the piezometric response. The following conclusions
are drawn:

1. The hydrologic response of the soils to rainfall is rapid
and very spatially variable. Piezometers located 20 m apart
exhibited markedly different groundwater responses. The spa-
tial variability is not explained by any correlation between
Dw/D and contributing area at the location of measurement.

2. An apparent limit to the piezometric pressures is evi-
dent at 10 of the 12 locations. The response appears “hydro-
logically limited” at a moderate (0.4 , Dw/D , 0.5) or high
(0.7 , Dw/D , 0.9) level within the soil. The limiting value
of Dw/D appears independent of rainfall intensity and dura-
tion. The behavior is attributed to the influence of preferred
pathways of groundwater flow in the soil matrix. While it is
possible that excessive infiltration could result in the apparent
limit being exceeded, the observed response to a rain-on-snow
event suggests it is unlikely to occur to any spatially significant
extent.

3. A “hydrologically unlimited” response is evident at two
locations of measurement. Artesian groundwater pressures
(Dw/D . 1) were found to occur at both locations. Inspection
of time series data for individual storms suggests the artesian
conditions last for several hours.

Figure 11. Precipitation and piezometric response: storm 3 (October 1980).
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4. Summer storms, in the period May to September, may
cause a response at “hydrologically limited” locations that is
close to the limiting value and may invoke artesian conditions
at “hydrologically unlimited” locations. However, such events
do not occur frequently.

5. Winter storms, in the period October to April, generate
the maximum groundwater response recorded for all but one
of the piezometers. Again, the response to individual storms is
highly variable. Storm 3, which caused the largest time series
response at any unit (Dw/D 5 1.22), resulted in a very sig-
nificant response at seven other locations but resulted in no
other time series maximums. Storm 2, which included the high-
est rainfall intensity during the monitoring period, resulted in
one time series maximum.

6. The potential for a spatially variable “hydrologic limit”
to the maximum groundwater pressures in hillslope soils like
those at many locations in the study site has major implications
for the use of spatially distributed models to compute a piezo-
metric surface and predict the occurrence of overland flow.

7. “Hydrologically unlimited” locations on the hillslope
will be most susceptible to unusually large rainfall-induced
groundwater pressures.
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