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The effect of throughfall input patterns on the hydrological response of forested hillslopes is not well
understood. While field studies have contributed to our understanding of subsurface stormflow genera-
tion at the hillslope scale, such work is still of limited value because of the small number of places and
events that have been characterized to date and the uniqueness of each study hillslope. In recent years,
virtual experiments have been used to investigate the role of topography, soil depth, bedrock permeabil-
ity and storm size, on the generation of lateral subsurface flow. However, these studies have generally
assumed spatially uniform rainfall, and the interaction between vegetation and its effect on the spatial
structure of input (canopy interception, throughfall) for hillslope hydrologic response has not yet been
explored. Here we present a number of virtual experiments that explore the interplay among hydrolog-
ical inputs (temporal and spatial distribution of rainfall) and hillslope properties (subsurface topography,
soil depth), i.e. physical phenomena that are sources of space and/or time variability. We address specif-
ically the relative importance of fine-scale throughfall patterns for hillslope hydrologic response. Topog-
raphy and hydrologic field observations from an existing study hillslope were used to calibrate and test a
3D Richards equation-based finite element model. Throughfall patterns were based on published
throughfall patterns in an even age stand of young conifers in the Pacific Northwest. These patterns were
then varied across the hillslope during the virtual experiments. Our results showed that, surprisingly, the
effect of spatial input variability of throughfall on lateral subsurface stormflow generation was minimal.
For our tested case, the bedrock topography control on flow generation was much greater than the fine-
scale spatial variability of the input. Using a spatially uniform area-averaged ‘‘throughfall’’ (i.e. open
rainfall reduced by some assumed fraction, which is the simplest and most common form of throughfall
representations) yielded minimal differences in subsurface stormflow response. Nevertheless, using open
rainfall as spatially uniform input strongly overestimated lateral subsurface stormflow, and thus, the
average impact of throughfall is important for input estimation at the hillslope-scale. Overall, the effects
of fine-scale throughfall patterns on subsurface stormflow generation appear to be of secondary impor-
tance compared to effects of temporal distribution of rainfall, subsurface topography and variable soil
depths.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Much of the benchmark work in hillslope hydrology has been
based in forested catchments (Hewlett and Hibbert, 1967; Mosley,
1979; Noguchi et al., 1999). Despite this, input to hillslope hydro-
logical models has often been rainfall measured in a forest opening
(McDonnell, 1990) or, at best, some average interception loss ap-
plied to the temporally varying but spatially uniform rainfall input
(Freer et al., 2002). In real systems, above-ground vegetation redis-
tributes incident rainfall spatially. This results in patterns of
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throughfall measured below the plant canopy that can be spatially
quite variable relative to open rainfall. While spatial throughfall
patterns have been measured under various types of plant cover
(Crockford and Richardson, 2000) and linked to surface runoff
(Cattan et al., 2009), the role of fine-scale throughfall patterns on
subsurface stormflow generation has not yet been addressed (here
we define ‘‘fine-scale pattern’’ as input variability within the range
of 1–10 m).

Assessing the role of throughfall on subsurface stormflow is a
difficult problem. First, the hydrology of forested hillslopes is
fraught with complexity because of variations in space of static
hillslope attributes (e.g. soil depth) and variations in space and
time of boundary conditions (e.g. precipitation input to the hill-
slope). Although early work in the field viewed hillslopes as simple
additive, translatory flow systems (for review of early work see
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McDonnell, 2009), recent work has shown that distinct thresholds,
patterns and feedbacks control their response to storm precipita-
tion (Detty and McGuire, 2010; Spence et al., 2010; Tromp-van
Meerveld and McDonnell, 2006a). Most problematic is how to
understand and quantify the interactions among the many factors
controlling subsurface stormflow generation, with each factor pro-
viding sources of spatial and/or temporal variability (Woods and
Sivapalan, 1999).

Recent work has begun to address these interactions using vir-
tual experiments (Hopp and McDonnell, 2009). However, studies
to date have not yet examined if throughfall patterns matter for
subsurface stormflow generation at the hillslope scale. The paired
watershed approach (Bosch and Hewlett, 1982) does not lend itself
easily to this question. Such experiments are exceptionally difficult
to perform in the field with a given hillslope configuration because
of the potential for confounding influences of both possible forest
treatments and high variability in soil depth from slope segment
to slope segment, even within a single watershed. Even more prob-
lematic is the pronounced variation in throughfall input across dif-
ferent time and space scales (Keim et al., 2005).

Consequently, the importance of spatially variable rainfall input
has mostly been addressed in modeling studies. Most of these have
focused on the small catchment- to large basin-scale where spa-
tially variable rainfall inputs are caused by variability in the distri-
bution of rain cells. More than 25 years ago Beven and Hornberger
(1982) showed that the spatial distribution of rainfall significantly
affected some hydrometrics (e.g. timing of the hydrograph, peak
flows), but that by far the most important factor for accurate sim-
ulation of streamflow response was the knowledge of total input
volume to the catchment. Subsequent studies have produced sim-
ilar results since then suggesting that taking spatial rainfall pat-
terns into account generally improves model performance
(Andreassian et al., 2001; Chaubey et al., 1999; Mandapaka et al.,
2009; Tetzlaff and Uhlenbrook, 2005). From this previous work,
we would expect that throughfall patterns (like rainfall patterns)
would have a large effect on subsurface stormflow response at
the hillslope scale. The closest studies that underpin our work
are the investigations of effects of throughfall patterns on soil
moisture patterns (Bouten et al., 1992; Jost et al., 2004; Liang
et al., 2007; Raat et al., 2002; Sansoulet et al., 2008; Shachnovich
et al., 2008). However, these studies have yielded ambiguous rela-
tions between throughfall patterns and patterns of soil water
percolation.

Here we build on our recent work on the effect of interactions of
hillslope properties that affect subsurface stormflow generation
(Hopp and McDonnell, 2009) and we hypothesize that throughfall
patterns are a first-order control on lateral subsurface stormflow at
the hillslope scale. Previous work on hillslopes with relatively shal-
low soils underlain by less permeable bedrock has shown the
importance of the bedrock topography with its fill and spill areas
for subsurface stormflow generation (Freer et al., 2002; Hopp and
McDonnell, 2009; Tromp-van Meerveld and McDonnell, 2006a,
2006b). The assumption we test here is that the way throughfall
patterns are arranged over the bedrock topography – e.g. high in-
put over shallow soils and fill/spill areas – could have strong influ-
ence over where and when the perching of transient water tables
at the soil–bedrock interface starts. These transient water tables
have been shown to be a causal mechanism for the initiation of
subsurface stormflow (Tromp-van Meerveld and McDonnell,
2006b). Certain combinations of throughfall patterns, soil depth
distribution and underlying bedrock topography may lead to com-
plex hydrologic response, analogous to the interaction between the
pattern of landscape imperviousness and the pattern of rainfall
found by Mejia and Moglen (2010). We use HYDRUS-3D as a model
platform to test our hypothesis, following on work from Hopp and
McDonnell (2009), to explore the effect of throughfall patterns on
subsurface stormflow generation at the hillslope scale. We focus on
the interactions between throughfall patterns and other spatio-
temporally variable controlling factors, e.g. soil depth distribution
or temporal structure of rainfall. We use a virtual experiment
framework (following Weiler and McDonnell, 2004) and build on
2D modeling work of Keim et al. (2006) to address the following
questions:

1. How is subsurface stormflow affected by a fine-scale through-
fall pattern compared to spatially uniform rainfall measured
in an opening?

2. Do different combinations of an irregular soil depth distribution
and multiple realizations of the same fine-scale throughfall pat-
tern lead to markedly different hillslope hydrologic response?

3. Is it sufficient to apply a spatially averaged precipitation
reduced by the hillslope-scale averaged effect of throughfall
or does the actual fine-scale pattern of the input significantly
influence the outflow response at the base of the slope?

4. What is the role of throughfall relative to other spatio-tempo-
rally varying hillslope factors that control subsurface stormflow
response?

2. Modeling approach

We developed two sets of simulations to address our research
questions. First we investigated the effect of different realizations
of a fine-scale throughfall pattern on the generation of subsurface
stormflow, comparing results to spatially uniform input of open
rainfall and spatially averaged throughfall (questions 1–3). Subse-
quently we explored the importance of throughfall patterns for
subsurface stormflow generation relative to other spatio-tempo-
rally variable controlling factors (bedrock topography and soil
depth variations; temporal distribution of precipitation input) in
an attempt to ‘‘unscramble the omelet’’ (Brutsaert, 2005, p. 441)
and isolate the effects of space–time variability of hillslope attri-
butes and boundary conditions.

2.1. Comparing fine-scale throughfall patterns to spatially uniform
rainfall input

2.1.1. Model domain and boundary conditions
We used the physics-based model HYDRUS-3D (Simunek et al.,

2006) to investigate our research questions following the method-
ology presented by Hopp and McDonnell (2009). HYDRUS-3D is a
finite element model that solves the Richards equation to simulate
the movement of water in variably-saturated porous media. We
used the geometry of the Panola study hillslope (Freer et al.,
2002) as our model domain. The Panola study hillslope is part of
the Panola Mountain Research Watershed (PMRW), situated in
the Georgia Piedmont, 25 km southeast of Atlanta. Subsurface
stormflow generation has been extensively studied at this trenched
hillslope (e.g. Freer et al., 2002; Tromp-van Meerveld and McDon-
nell, 2006a, 2006b). The study hillslope has a slope angle of 13�.
Surveyed surface and bedrock topography used in the model do-
main covers an area of 28 m by 48 m. The surface topography is
relatively planar whereas the bedrock topography is highly irregu-
lar, resulting in variable soil depths ranging between 0 and 1.86 m,
with a mean soil depth of 0.62 m and a coefficient of variation of
56% (Fig. 1). The soil is a sandy loam, devoid of discernible struc-
ture or layering and overlain by a 0.15 m deep organic-rich hori-
zon. The bedrock directly underlying the soil consists of 2–3 m of
porous saprolite (soft disintegrated granite derived from the Pan-
ola granite beneath). Previous work at this hillslope has demon-
strated the importance of the bedrock topography for the
development and large-scale connectivity of subsurface saturation
(‘‘fill and spill’’) as a prerequisite for the generation of subsurface
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Fig. 1. Panola study hillslope: model domain showing surface and subsurface topography and finite element mesh (left), soil depth distribution (middle) and flow
accumulation map of the bedrock topography (right). Flow accumulation (FA) for each cell was calculated from the 1 m DEM interpolated from the surveyed 2 m grid using
the single-flow-direction D8 algorithm (Hopp and McDonnell, 2009). Arrows a and b highlight segments 10–12 m (a) and 20–22 (b) that are discussed in more detail in the
analysis.

Table 1
Soil hydraulic parameters (van Genuchten–Mualem soil hydraulic model) used for the
five materials of the model domain. Model mesh layers 1–5 represent the soil mantle,
layers 6–10 the bedrock (saprolite). The organic layer is not represented in the model.

Material Model mesh
layer no.

hr

(m3 m�3)
hs

(m3 m�3)
a
(m81)

n Ks

(m h�1)

1 1–2 0.28 0.475 4 2 3.5
2 3–4 0.28 0.46 4 2 1.5
3 5 0.325 0.45 4 2 0.65
4 6 0.3 0.45 3.25 1.75 0.006
5 7–10 0.28 0.4 3 1.5 0.0006
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stormflow along the soil–bedrock interface (e.g. Hopp and McDon-
nell, 2009; Tromp-van Meerveld and McDonnell, 2006b). Digital
terrain analysis showed that flow accumulation based on surface
topography is different to that of bedrock topography (Fig. 1) and
that bedrock topography well explains the spatial distribution of
subsurface flow along the 20 m wide trench (Freer et al., 2002).
As a consequence of the irregular bedrock topography with its fill
and spill characteristics, a minimum storm total of approximately
55 mm is necessary to induce lateral subsurface stormflow
(Tromp-van Meerveld and McDonnell, 2006a).

The details of the model setup were described in Hopp and
McDonnell (2009). Here we only briefly describe how the model
domain was created and how soil and bedrock parameters were
determined. The model domain was generated by importing the
Panola hillslope digital elevation model (x, y, z-coordinates of the
surface and bedrock topography in 1 m resolution, interpolated
from the surveyed 2 m grid), thus leading to the definition of two
sublayers, one representing the soil mantle and the other one the
bedrock (Fig. 1). The finite element mesh for the base case scenario
contained 17,150 nodes, arranged in ten mesh layers and resulting
in 29,484 3D elements in the form of triangular prisms. The thick-
ness of the entire model domain ranged from 1.74 to 4.11 m,
depending on the topography. The transition into the deeper bed-
rock was represented by an inclined planar base surface. The bed-
rock sublayer in the model domain was assumed to represent the
saprolite layer described in detail in Tromp-van Meerveld et al.
(2007).

The parameterization of the soil and bedrock layers used in this
study was shown to reproduce subsurface stormflow response in
good agreement with field observations of trench flow and spa-
tially distributed pressure head (Hopp and McDonnell, 2009). Soil
and bedrock were assumed to be homogeneous porous media.
The organic layer was not represented in the model. Hydraulic
parameters were described with the van Genuchten–Mualem soil
hydraulic model (van Genuchten, 1980). The parameterization of
the model was mostly based on field measurements of saturated
hydraulic conductivity of soil and bedrock and observed ranges
of soil moisture (Table 1). The parameterization of soil hydraulic
properties accounted for the observed decrease in saturated
hydraulic conductivities with depth, resulting in vertical anisot-
ropy. The van Genuchten shape parameters a and n were the only
hydraulic parameters that were calibrated (Hopp and McDonnell,
2009).

Initial conditions were defined in the pressure head by assum-
ing a pressure head of �0.7 m everywhere in the domain followed
by a 7 day drainage period without atmospheric input prior to the
start of the actual rainstorm. The upslope boundary and the sides
of the domain were treated as no flux boundaries. Two boundary
conditions were defined at the downslope boundary of the hill-
slope (toe of the hillslope). A seepage face boundary condition
was assigned to the soil sublayer across the entire width of the do-
main, allowing water to leave the domain through the saturated
part of the boundary. The code assumes a pressure head equal to
zero along the saturated part of a seepage face boundary. The bed-
rock sublayer was assumed to have no flux at the downslope
boundary, implying that flow in the bedrock is primarily vertical
and that lateral flow within the bedrock can be neglected. A free
drainage boundary condition was specified for the bottom bound-
ary (the bedrock), assuming a unit total vertical hydraulic gradient
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Fig. 2. Discretizing the interpolated throughfall map by Keim et al. (2005) (left; see their (c)) into five input classes that were used as surface boundary conditions in the
simulations. Open white squares in Keim et al.’s figure indicate throughfall collectors, scaled to storm-total throughfall. The underlying color pattern was derived by
interpolation by Kriging parameterized from variograms (see Keim et al. (2005) for more details on methods).

Table 2
Setup of the first set of simulations, investigating the effect of different realizations of throughfall on subsurface stormflow. Six realizations of a forested hillslope were generated
by stitching the 10 m by 10 m throughfall map together. Red squares indicate the starting point for the stitching process. See Fig. 2 for the color legend of the throughfall pattern.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Subsurface runoff coefficients for the first set of simulations: comparison of
the six forest realizations (in shades of green) and the simulation with the spatially
averaged (spatially uniform) throughfall (gray). All scenarios received the same
total input. In addition, the subsurface runoff coefficient for the simulation using
spatially uniform open rainfall is shown (in blue). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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(i.e. a zero pressure head gradient). Boundary conditions imposed
at the surface of the domain, controlling the input, are described
in the following section.

2.1.2. Throughfall patterns and storm event
The throughfall pattern used in the simulations was derived

based on measurements in an even age stand of young conifers
in the Pacific Northwest, USA, by Keim et al. (2005). Ninety-four
storage rain gauges were randomly placed within the stand to
measure storm-total throughfall. Temporal dynamics of through-
fall in the course of a storm event were not recorded with this set-
up. The throughfall pattern we selected for this study was derived
from Keim et al.’s Fig. 2c that shows storm-total throughfall for a
83 mm storm (rainfall measured in an opening) with a mean
throughfall of 56 mm, i.e. 67% of opening rainfall.

A 10 m � 10 m patch within the throughfall pattern measured
by Keim et al. (2005) was selected (Fig. 2). Five classes of input
amounts were delineated in this pattern (100%, 87%, 77%, 66%
and 57% of opening rainfall) and discretized into a 1 m by 1 m grid
that was used to specify five different surface boundary conditions
in the model (Fig. 2, right). In HYDRUS-3D, up to five different var-
iable flux boundary conditions can be specified, with prescribed
flux rates. This means that five boundary conditions were available
to describe the five input classes derived from the measured
throughfall patterns.

The 100 m2 patch was subsequently stitched together so that
the entire surface of the model domain was covered with this
recurring pattern, mimicking a forested hillslope. Depending on
where the first 100 m2 patch was placed, i.e. where the stitching
started, different realizations of a forested hillslope could be cre-
ated, resulting in six different combinations between the through-
fall pattern and the underlying static bedrock topography. Six
realizations of the forested hillslope were generated in this manner
(Table 2) and used as surface boundary condition for the
simulations.
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The simulations were event-based. The event used was a bimo-
dal storm that lasted 31 h with a 10 h break in-between and is
based in its temporal dynamics (but not its total rainfall depth)
on a well-studied storm measured in March 1996 at the Panola
study hillslope (Fig. 4). Both parts of the storm were very similar
in cumulative rainfall. The total rainfall depth for the open rainfall
(100%) was 75 mm, with a peak intensity of 19 mm h�1 in the first
half and 8.5 mm h�1 in the second half of the storm. The hourly
Table 3
Setup and naming of the second set of simulations, investigating the relative importance
precipitation.
rainfall intensities were scaled down according to the specified in-
put classes. With this approach we assumed that the throughfall
pattern was temporally stable during the storm. The total rainfall
depth for the spatially averaged throughfall scenario and the six
forest realizations corresponded to 58 mm, i.e. a storm total above
the precipitation threshold of 55 mm estimated for the Panola hill-
slope (Tromp-van Meerveld and McDonnell, 2006a). Additional ef-
fects of vegetation, such as canopy storage or intensity smoothing,
of bedrock topography, soil depth variability and spatial and temporal distribution of



L. Hopp, J.J. McDonnell / Journal of Hydrology 409 (2011) 460–471 465
were not considered. Also evapotranspiration and root water up-
take were not included in this event-based approach, assuming
that these processes are only of minor importance on this short
time-scale compared to the amount of input and generated subsur-
face runoff. In addition, the near-saturated relative humidity in the
near-surface boundary layer during rainfall events effectively ne-
gates the gradient needed to drive evapotranspiration. Modeling
results of the six forest realizations were compared to a simulation
with spatially averaged, uniform throughfall. In all scenarios, the
hillslope received the same total rainfall. Following hydrologic
metrics were compared: instantaneous subsurface stormflow
hydrographs (outflow from the downslope boundary of the
hillslope, i.e. the seepage face boundary), subsurface runoff coeffi-
cients (total subsurface stormflow divided by total input), spatial
distribution of subsurface stormflow and pressure head patterns
at the soil–bedrock interface. In addition, a simulation using the
open rainfall (total rain depth 75 mm), applied spatially uniform,
was run for comparison (Table 2). Using rainfall measured with a
rain gauge in an opening as model input represents a typical ap-
proach in hydrologic modeling.
2.2. The relative role of throughfall patterns on subsurface stormflow

Three factors that typically show variability in space and/or
time were assessed in their combined influence on subsurface
stormflow generation: (1) bedrock topography and variable soil
depth distribution (‘‘complexity of the hillslope geometry’’), (2)
the temporal structure of input (constant vs. variable input rates)
and (3) spatial pattern of input (spatially uniform vs. spatially var-
iable throughfall pattern). A systematic approach combining these
factor variations was taken to isolate effects, resulting in 12 simu-
lations (Table 3).
2.2.1. Model domain: increasing complexity of the hillslope geometry
Three hillslope geometries were used (Table 3). All were based

on the Panola study hillslope described above, with the dimensions
of 28 m by 48 m, and were comprised of a soil and a bedrock layer
that had the same hydraulic parameters as used for the first set of
simulations. The simplest geometry (Z1) consisted of a planar hill-
slope with a soil layer with uniform depth (0.62 m). Also the
bedrock surface was planar. The next complex step was adding
the real Panola bedrock topography (see Fig. 1) but keeping the soil
depth spatially uniform (0.62 m) so that the surface topography
was parallel to the bedrock surface (Z2). For the most complex hill-
slope geometry, the spatially variable soil depth distribution was
added, resulting in the Panola hillslope geometry that was used
for the simulations described in the previous section (Z3). All three
hillslope domains had the same soil volume. The boundary
y = 0.0182x-0.639

R2 = 0.772
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Fig. 5. Correlation between the average contribution from an individual 2 m
segment to total flow and the coefficient of variation of each 2 m segment for the six
forest realizations (first set of simulations).
conditions were set as described in the previous section (except
for the surface boundary condition that is described in the follow-
ing section). Also initial conditions were derived in the same man-
ner for all scenarios.

2.2.2. Spatial pattern and temporal structure of input
For this set of simulations, a storm with a simpler structure was

taken, as compared with the bimodal event used in the previous sec-
tion. The total rainfall depth of the open rainfall was 81.5 mm with a
peak intensity of 10 mm h�1 (Fig. 5), distributed over 37 h (C2). The
throughfall pattern used for this set of simulations was forest reali-
zation 3 (see Table 2), and the same five input classes (100%, 87%,
77%, 66% and 57% of open rainfall) were used. The scenarios with
spatially averaged input (B1) received 63 mm of rain having the
same total input to the hillslope as the scenarios with the throughfall
pattern (B2). For the constant rate scenarios (C1) the rain amount
was distributed uniformly over the duration of the storm.

Instantaneous hydrographs as well as hydrologic response char-
acteristics, i.e. subsurface runoff coefficients, response time (time
between start of storm and start of lateral subsurface stormflow),
time to peak and peak discharge, were compared for the 12 simu-
lations. Also pressure head dynamics at the soil–bedrock interface
were analyzed to derive saturation patterns.
3. Results

3.1. Uniform open rainfall vs. throughfall pattern

By using open rainfall spatially uniformly distributed over the
surface of the hillslope, the total (cumulative) input to the hillslope
will be higher than using the throughfall patterns we used in our
study. Consequently, the scenario with open rainfall led to a mark-
edly higher subsurface stormflow response (subsurface runoff
coefficient 13%) than the scenarios using throughfall patterns (sub-
surface runoff coefficient 6–7%) (Fig. 3). In the following we will
not elaborate on the results for the simulation using open rainfall
since the study presented here focuses on the effects of throughfall
patterns.

3.2. Comparing different realizations of throughfall patterns to
spatially averaged throughfall

Subsurface runoff coefficients of the six forest realizations were
very similar and varied between 6.6% and 7.4% (Fig. 3). The coeffi-
cient of variation among the six forest realizations for total subsur-
face stormflow was 4%. No significant differences between uniform
and spatially variable input simulations were discernible.

Subsurface stormflow on the forest-covered hillslopes started
1–2 h earlier compared to the case with spatially uniform input
(Fig. 4a), indicating that spatially variable input affected the
threshold for the initiation of subsurface flow. Detailed analysis
of distributed input and pressure head patterns suggested that
high input locations (bright green and yellow patches) located near
the downslope boundary were responsible for the slightly earlier
response of the hillslopes with throughfall patterns. At these spots
the input was higher than in the spatially averaged throughfall
case. Six hours after the start of the event when the throughfall
scenarios already produced seepage face flow but the spatially
averaged throughfall case did not, the throughfall scenarios had
received slightly higher cumulative input at that time. Early in
the event local pressure heads along the downslope boundary were
closer to zero for the forest realizations and the average pressure
head at the downslope boundary was higher for the forest
realizations (�0.19 m) than for the spatially averaged throughfall
(�0.26 m).
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The response to the first part of the event was minimal in all
scenarios. Peak discharge was reached at the same time step in
each scenario (26 h after the start of the storm). The scenarios with
spatially variable input produced consistently higher peak dis-
charge values than the uniform, spatially averaged throughfall case
(but this was not the case for the secondary peak that occurred 3 h
later at 29 h). Peak discharge values ranged between 0.32 and
0.37 m3 h�1 for the six forest realizations (coefficient of variation
5.8%) whereas the subsurface stormflow of the spatially uniform
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The spatial distribution of subsurface flow along the toe of the
hillslope remained the same among the scenarios (Fig. 4b) and
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the segment having the highest upslope accumulated area (seg-
ment 10–12 m, measured from the left of the domain), with flow-
paths extending far upslope (see Fig. 1). Contributions from
individual trench segments varied, and especially segments that
contributed little to total subsurface flow showed higher variability
among the realizations. Modeling results indicated a negative cor-
relation between the average contribution from an individual 2 m
segment to total flow and the variability of flow in this segment
among the six forest realizations (Fig. 5).

The analysis of the hydrographs of individual segments (Fig. 6)
confirmed that the spatial and temporal distribution of subsurface
flow varied depending on how the throughfall patterns were lo-
cated in relation to the underlying soil mantle and bedrock topog-
raphy. Comparison of two segments exemplifies these differences:
the segment 10–12 m that had high subsurface flow contributions
and the segment 20–22 m whose contribution to total flow was
small. Differences were more pronounced in the segment that
had a smaller overall contribution to subsurface stormflow
whereas the segment 10–12 m that had a high upslope contribut-
ing area of the bedrock topography showed relatively similar
hydrographs among the forest realizations (see Fig. 1 for location
of segments).

3.3. Relative role of throughfall

The shapes of the hydrographs showed marked differences be-
tween the scenarios (Fig. 7). Hillslope geometry as well as tempo-
ral structure of the input influenced substantially the shape of
the hydrograph. The spatial pattern of input, on the other hand,
only had a minor influence. Of the factors we explored, the
geometry of the hillslope, i.e. the interplay between soil depth
distribution and bedrock topography, seemed to be the primary
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The subsurface runoff coefficient was primarily influenced by
the hillslope geometry, i.e. the interplay between the soil depth
distribution and the underlying bedrock topography (Fig. 8). A pla-
nar bedrock topography in conjunction with a uniformly deep soil
mantle led to the lowest subsurface runoff coefficient. Adding
irregular bedrock topography with the strong flow accumulating
characteristics of the Panola bedrock layer resulted in a strong in-
crease of total subsurface flow. This effect was damped by a soil
mantle with spatially variable soil depths. Spatially variable input
as well as natural storm input rates slightly increased the subsur-
face runoff coefficient.

The response time, i.e. the time between start of storm and start
of subsurface stormflow, was influenced by all three spatio-tempo-
rally variable phenomena. Irregular subsurface topography re-
sulted in a faster response, with a variable depth soil mantle
again dampening the effect. With constant input rates, response
times were generally shorter than with natural rates; this effect
was particularly pronounced in combination with irregular bed-
rock topography. Spatially variable input patterns generally led
to slightly faster response.

Time to peak was primarily controlled by the temporal struc-
ture of the input, irrespective of hillslope geometry and spatial dis-
tribution of input. With temporally varying input rates, peak
discharge occurred 29 h after start of the storm whereas with con-
stant input rates, peak discharge occurred at the end of the storm.
The combination of a late response time but relatively short time
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to peak as shown in the scenarios with the natural storm input re-
sulted in a steep rising limb of the hydrograph.

The value of peak discharge was influenced by temporal struc-
ture of the input. Under natural storm input, peak discharge was
higher than in the constant input rate scenarios. Also the complex-
ity of the hillslope geometry had an effect, generally increasing
peak discharge, particularly in conjunction with natural storm in-
put rates. Spatially variable input had only a very minor and not
clear effect.

Saturation patterns at the soil–bedrock interface were com-
pared for the three hillslope geometries (uniform input, natural
storm event) to demonstrate how the interplay between subsur-
face topography and soil depth distribution controls the hydrologic
response (Fig. 9; see also Supplementary information, Figs. S1 and
S2). The comparison shows that the irregular bedrock topography
with its depressions and ridges (see Fig. 1) promotes the formation
of transient saturation at the soil–bedrock interface. A planar sub-
surface (Z1) does not result in saturated patches. The spatially dis-
tributed hydrologic response is quite uniform across the hillslope.
In the hillslope geometry with uniform soil depth over irregular
bedrock topography (Z2) saturation builds up in depressions of
the bedrock due to the accumulation (‘‘filling’’) of water in zones
of the bedrock that have reduced downslope drainage capability
at the same time (Hopp and McDonnell, 2009). Saturated and
near-saturated (i.e. P95% relative saturation) patches at the soil–
bedrock interface are connected to each other and the downslope
boundary early because overall travel times of the infiltrating
water vertically down to the soil–bedrock are relatively similar
across the hillslope due to the uniform soil depth. This early
connectivity and thus larger extent of very wet zones at the soil–
Fig. 9. Saturation patterns (as relative saturation) at the soil–bedrock interface for
the three hillslope geometries (spatially averaged input, natural storm) at four time
steps during the storm event (second set of simulations). See Fig. 7 for
corresponding hydrographs and Fig. S2 in the Supplementary information for plots
showing pressure head h along the downslope boundary for the soil–bedrock
interface for time step t = 29 h.
bedrock interface lead to an earlier hydrologic response. On the
most complex hillslope with irregular bedrock topography and
variable soil depth distribution (Z3), reflecting the real Panola hill-
slope geometry, the infiltrating water reaches the soil–bedrock
interface at different times across the hillslope. The ponding and
subsequent accumulation of water in bedrock depressions is there-
fore not as temporally synchronized as in the geometry with uni-
form soil depth. Connectivity of near-saturation and saturated
patches occurs later in the event and the overall extent of satura-
tion at the soil–bedrock interface is smaller, yielding less subsur-
face flow. Specifically, the differences between Z2–B1–C2 and
Z3–B1–C2 at 27 h and 29 h (Fig. 9) clearly illustrate the importance
of the particularly thick patch of soil at the real Panola hillslope
(see Fig. 1). At the end of the storm both scenarios with irregular
bedrock topography have similarly shaped saturation patterns at
the soil–bedrock interface, indicating that the pattern is controlled
by the bedrock topography.
4. Discussion

Our hypothesis going into this work was that throughfall pat-
terns would have demonstrable effects on timing and magnitude
of subsurface stormflow. This expectation was related to previ-
ously published findings at the catchment scale where rainfall pat-
terns have been found to exert significant influence on runoff
generation dynamics (Tetzlaff and Uhlenbrook, 2005). We found
that throughfall patterns had only a minimal effect on the genera-
tion of subsurface stormflow at the hillslope. In all cases, through-
fall pattern influences on stormflow response were trumped by
hillslope geometry. Furthermore, patterns of pressure head at the
soil–bedrock interface did not reflect the throughfall patterns ap-
plied at the surface of the hillslope. This finding is similar to Sha-
chnovich et al. (2008) who also failed to observe a correlation
between the spatial distribution of soil water and throughfall
patterns.

So why was the importance of throughfall patterns less than ex-
pected? We found that the interplay between throughfall pattern
and underlying bedrock topography had a bigger effect on subsur-
face flow from individual segments if those segments only had
small upslope contributing areas and therefore small contributions
to total subsurface flow (Figs. 5 and 6). For segments with smaller
upslope contributing areas, i.e. drainage areas, the six forest real-
izations resulted in a marked variability in input. Nevertheless,
these differences detected within individual segments did not lead
to major differences in the spatially integrated hillslope hydro-
graph and in subsurface runoff coefficients because hydrographs
were dominated by response from segments with high contribu-
tions to total subsurface flow. At larger drainage areas (e.g. seg-
ment 10–12 m; Fig. 1) the effect of the placement of the
throughfall pattern on the hillslope averaged out and the total rain-
fall depth for that drainage area was more similar for each realiza-
tion. Figs. 4–6 illustrate that for larger drainage areas, the impact of
spatially variable throughfall was increasingly overpowered by the
influence of bedrock topography.

The timing of when hillslope-scale connectivity of saturated (or
close to saturated, i.e. within 95% of saturation as shown in Fig. 9)
areas is reached is crucial for the generation of subsurface storm-
flow (Hopp and McDonnell, 2009; Tromp-van Meerveld and
McDonnell, 2006b). Overall subsurface saturation patterns at the
soil–bedrock interface for the different scenarios were the same,
showing only subtle local differences in degree of saturation
(Fig. 10) which were sufficient to generate the small differences
in the hydrographs (see Fig. 4a). Previous work has shown that
(near-)saturated areas typically maintain higher flow velocities,
i.e. act as flow pathways, connecting upslope areas with downslope



Fig. 10. Saturation patterns (as relative saturation) at the soil–bedrock interface at 4 h before the end of the storm, shown for three scenarios (first set of simulations). The
general pattern reflects the bedrock topography (see Fig. 1).
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boundary segments that produce substantial outflow and mimick-
ing the pattern of bedrock depressions and channels (as described
by Hopp and McDonnell (2009)). The general pattern of subsurface
saturation at the soil–bedrock interface was similar for the spa-
tially averaged throughfall case as well as the six forest realiza-
tions, again reflecting primarily the bedrock topography.

The second set of simulations revealed why the different real-
izations of the fine-scale throughfall pattern did not affect the gen-
eral shape of the hydrographs. The slope of the rising limb
determined the ratio between response time and time to peak.
Since the throughfall pattern influenced the response time only
slightly and did not affect time to peak, there was no noticeable ef-
fect on the rising limb. The shape of the recession limb was influ-
enced predominantly by the hillslope geometry (i.e. subsurface
topography and soil depth distribution) and not by the spatial
and temporal distribution of input. This notion has been discussed
in context with the hillslope Peclet (Pe) number, a similarity index
developed for the use in low-dimensional hillslope storage dynam-
ics models (Berne et al., 2005; Lyon and Troch, 2007). The hillslope
Pe number is expressed in terms of hillslope geometric properties
(e.g. slope length, slope angle, soil depth). The underlying assump-
tion is that each hillslope has a characteristic way to drain, i.e. a
unique recession curve. Lyon and Troch (2007) successfully applied
the theoretically derived hillslope Pe number to data from real hill-
slopes. Our results are in line with this concept in that they show
that the shape of the recession limb of the hydrograph was deter-
mined mainly by hillslope geometry and not by characteristics of
the input.

One could argue that our results are an artifact of the particular
Panola hillslope characteristics with its very prominent bedrock
topography. However, also the simulations on a 3D planar hillslope
with uniform soil depth showed the same general result. We there-
fore conclude that the minor effect of throughfall patterns on sub-
surface flow generation is a general phenomenon. Some of the
reason for this lack of apparent effect of throughfall pattern on
subsurface stormflow links to the discussion between Western
et al. (2004) and Tromp-van Meerveld and McDonnell (2005) and
the issue of whether or not mapped soil moisture patterns in the
upper decimeters of the soil profile represent causally, topograph-
ically driven lateral subsurface flow. Tromp-van Meerveld and
McDonnell (2005) showed that soil moisture was a passive signal
between rainfall input and lateral subsurface stormflow output.
More recently, Graham et al. (2010) have also found that soil mois-
ture in the unsaturated zone is not a major control on the spatial
patterns of subsurface stormflow on steep sites with poorly perme-
able bedrock. In these cases, lateral flow at the hillslope scale is
restricted to thin zones of positive pressure head above the soil–
bedrock interface and its flow pathways are not correlated with
patterns of near-surface soil moisture. So, in other words, through-
fall patterns are of secondary importance in the generation of
lateral subsurface flow because near-surface soil moisture has a
negligible effect on the development of transient saturation at
the soil–bedrock interface on the hillslope. Such transient satura-
tion is often the causal mechanism for subsurface lateral flow to
the channel (Tromp-van Meerveld and McDonnell, 2005).

A few studies that have examined the effect of spatial rainfall
patterns on catchment response as a function of catchment size
have found a scale-dependency of this effect with small catch-
ments responding differently to spatially variable input than larger
catchments (Mandapaka et al., 2009; Nicotina et al., 2008). Nicoti-
na et al. (2008) suggested that it is the relation between typical
hillslope size in a catchment, catchment size and characteristic size
of rainfall structures that determine if spatial variability of rainfall
affects catchment response. At the Panola hillslope, the generation
of lateral subsurface stormflow has been shown to be controlled by
the size and spatial arrangement of bedrock depressions that result
in a distinct fill and spill behavior (Tromp-van Meerveld and
McDonnell, 2006b). We hypothesize that in the case of the Panola
hillslope, the characteristic size of the bedrock features (fill and
spill areas, i.e. depressions and connection between depressions)
is larger than the characteristic size of the throughfall pattern
and therefore the explicit spatial distribution of throughfall is not
relevant for the hydrologic response of the hillslope. We would ex-
pect that if the characteristic size of the throughfall pattern was
larger we would start to see the effect of how throughfall is spa-
tially distributed on the hillslope. These aspects are currently being
addressed in ongoing work that analyzes the links between pat-
terns of throughfall, soil moisture and bedrock topography in a
geostatistical approach.

So which role does throughfall play in the hierarchy of controls
on subsurface stormflow? In an earlier modeling study we ex-
plored the effects of various hillslope variables on timing and mag-
nitude of subsurface stormflow and found that storm size, slope
angle, mean soil depth and soil hydraulic properties were all
first-order controls on subsurface stormflow generation (Hopp
and McDonnell, 2009). On one hand, the overall throughfall
amount would also be a first-order control – analogous to storm
size – given the highly threshold-like relation between storm size
and resulting hillslope hydrologic response, as observed by
Tromp-van Meerveld and McDonnell (2006a) and investigated by
Hopp and McDonnell (2009). The hypothesis tested in this study
was that also spatial patterns of throughfall as induced by inter-
ception by the vegetation canopy would be a first-order control
through the interplay between throughfall pattern and the under-
lying bedrock topography with its fill and spill areas. Our results
demonstrate that as expected the overall reduction of open rainfall
that is caused by the vegetation canopy is a first-order control.
Using open rainfall as spatially uniform model input will most
likely overestimate the hydrologic response. It is therefore crucial
to estimate the spatially averaged throughfall for a given hillslope
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in order to accurately characterize the total volume of input to the
hillslope. Here our results are in line with the conclusions by Beven
and Hornberger (1982). However, the actual throughfall pattern,
i.e. the spatial distribution of throughfall, was shown to be only a
secondary control, and we therefore reject the tested hypothesis.

Our findings are but a first step in determining the role of
throughfall in subsurface stormflow generation. Obvious next step
experiments should include, e.g., increasing the magnitude of
throughfall variability to examine the degree of variability neces-
sary to induce quantifiable changes in subsurface stormflow or to
address the influence of antecedent moisture conditions on the
sensitivity of lateral subsurface stormflow to spatially variable
throughfall. Another issue that warrants further exploration is
the model boundary conditions. Our model hillslope was ‘‘closed’’
on the sides, i.e. we defined a no-flux boundary on the sides of our
domain. Therefore, in our simulations, if water was not lost to the
bedrock below, it could leave only via the downslope boundary. It
is possible that this setup had a homogenizing effect. We tested the
effect of these boundary conditions by examining outflow not from
the entire width of the hillslope but from a 12 m wide section only
nested within the middle of the downslope boundary of the hill-
slope that would presumably be uninfluenced by the side bound-
ary conditions. The results were the same as for our larger-scale
simulations: spatially variable throughfall input had a very minor
effect on subsurface stormflow hydrographs.

Our study only examined event-based hillslope hydrologic re-
sponse. Yet, throughfall patterns are likely to persist over extended
periods of time. This would lead to consistently higher or lower in-
put of water on certain parts of the hillslope, potentially affecting
subsurface stormflow on the longer term. First exploratory simula-
tions suggest that also after multiple storms applied over 4 weeks
the effect of throughfall patterns remains minor for the hillslope
hydrologic response (see Supplementary information, Fig. S3). Fur-
ther detailed analysis, using continuous hydrologic simulations
over meaningful timescales and including evapotranspiration and
root water uptake, would be worthwhile.
5. Conclusions

The role of throughfall on the time and space patterns of sub-
surface stormflow is poorly studied. Much of the reason for this
to date is the problem of how to quantify the interactions among
the many controlling factors for flow generation and how to begin
to understand the hierarchy of controls in different field settings.
Our virtual experiments with HYDRUS-3D applying measured
fine-scale throughfall data on a well studied hillslope with irregu-
lar bedrock topography had the following results:

- The effect of spatial input variability on lateral subsurface
stormflow generation was minor. We did not find significant
differences in flow response to our different realizations of
fine-scale throughfall patterns.

- Bedrock topography was dominant over fine-scale spatial vari-
ability of input for our test cases.

- Using spatially uniform ‘‘throughfall’’ (i.e. open rainfall reduced
by some assumed fraction) yielded a general response similar to
scenarios using throughfall patterns with respect to total sub-
surface stormflow, peak discharge and saturation patterns.

- Using open rainfall as spatially uniform input strongly overesti-
mated lateral subsurface stormflow.

- Effects of fine-scale throughfall patterns on subsurface storm-
flow generation are much smaller compared to effects of tem-
poral distribution of rainfall, subsurface topography and
variable soil depths.
Acknowledgements

We thank Richard Keim, April James and Ilja Tromp-van Meer-
veld for useful discussions early on. Jake Peters (USGS Georgia) is
thanked for his ongoing support of the Panola work and continued
heroic efforts to maintain the gauging record at the site. We also
thank three anonymous reviewers and the associate editor for
thorough and helpful feedback.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jhydrol.2011.08.044.
References

Andreassian, V., Perrin, C., Michel, C., Usart-Sanchez, I., Lavabre, J., 2001. Impact of
imperfect rainfall knowledge on the efficiency and the parameters of watershed
models. J. Hydrol. 250 (1–4), 206–223.

Berne, A., Uijlenhoet, R., Troch, P.A., 2005. Similarity analysis of subsurface flow
response of hillslopes with complex geometry. Water Resour. Res. 41 (9).

Beven, K.J., Hornberger, G.M., 1982. Assessing the effect of spatial pattern of
precipitation in modeling stream-flow hydrographs. Water Resour. Bull. 18 (5),
823–829.

Bosch, J.M., Hewlett, J.D., 1982. A review of catchment experiments to determine
the effect of vegetation changes on water yield and evapo-transpiration. J.
Hydrol. 55 (1–4), 3–23.

Bouten, W., Heimovaara, T.J., Tiktak, A., 1992. Spatial patterns of throughfall and
soil–water dynamics in a douglas-fir stand. Water Resour. Res. 28 (12), 3227–
3233.

Brutsaert, W., 2005. Hydrology. Cambridge University Press, Cambridge, UK, 605pp..
Cattan, P. et al., 2009. Effect on runoff of rainfall redistribution by the impluvium-

shaped canopy of banana cultivated on an Andosol with a high infiltration rate.
J. Hydrol. 368 (1–4), 251–261.

Chaubey, I., Haan, C.T., Salisbury, J.M., Grunwald, S., 1999. Quantifying model output
uncertainty due to spatial variability of rainfall. J. Am. Water Resour. Assoc. 35
(5), 1113–1123.

Crockford, R.H., Richardson, D.P., 2000. Partitioning of rainfall into throughfall,
stemflow and interception: effect of forest type, ground cover and climate.
Hydrol. Process. 14 (16–17), 2903–2920.

Detty, J.M., McGuire, K.J., 2010. Threshold changes in storm runoff generation at a
till-mantled headwater catchment. Water Resour. Res. 46.

Freer, J. et al., 2002. The role of bedrock topography on subsurface storm flow.
Water Resour. Res. 38 (12), 1269, doi: 10.1029/2001WR000872.

Graham, C.B., Woods, R.A., McDonnell, J.J., 2010. Hillslope threshold response to
rainfall: (1) a field based forensic approach. J. Hydrol. 393 (1–2), 65–76.

Classics in physical geography revisited: Hewlett, J.D. and Hibbert, A.R. 1967:
Factors affecting the response of small watersheds to precipitation in humid
areas. In: Sopper, W.E. and Lull, H.W., (Eds.), Forest Hydrology, New York:
Pergamon Press, 275-290. Progress in Physical Geography 33(2) (2009) 288–
293. doi:10.1177/0309133309338118.

Hopp, L., McDonnell, J.J., 2009. Connectivity at the hillslope scale: identifying
interactions between storm size, bedrock permeability, slope angle and soil
depth. J. Hydrol. 376 (3–4), 378–391.

Jost, G., Schume, H., Hager, H., 2004. Factors controlling soil water-recharge in a
mixed European beech (Fagus sylvatica L.)-Norway spruce [Picea abies (L.)
Karst.] stand. Eur. J. Forest Res. 123 (2), 93–104.

Keim, R.F., Skaugset, A.E., Weiler, M., 2005. Temporal persistence of spatial patterns
in throughfall. J. Hydrol. 314 (1–4), 263–274.

Keim, R.F., Meerveld, H., McDonnell, J.J., 2006. A virtual experiment on the effects of
evaporation and intensity smoothing by canopy interception on subsurface
stormflow generation. J. Hydrol. 327 (3–4), 352–364.

Liang, W.L., Kosugi, K., Mizuyama, T., 2007. Heterogeneous soil water dynamics
around a tree growing on a steep hillslope. Vadose Zone J. 6 (4), 879–889.

Lyon, S.W., Troch, P.A., 2007. Hillslope subsurface flow similarity: real-world tests of
the hillslope Peclet number. Water Resour. Res. 43 (7).

Mandapaka, P.V., Krajewski, W.F., Mantilla, R., Gupta, V.K., 2009. Dissecting the
effect of rainfall variability on the statistical structure of peak flows. Adv. Water
Resour. 32 (10), 1508–1525.

McDonnell, J.J., 1990. A rationale for old water discharge through macropores in a
steep, humid catchment. Water Resour. Res. 26 (11), 2821–2832.

McDonnell, J.J., 2009. Classics in physical geography revisited. Prog. Phys. Geogr. 33
(2), 288–293.

Mejia, A.I., Moglen, G.E., 2010. Spatial distribution of imperviousness and the space–
time variability of rainfall, runoff generation, and routing. Water Resour. Res.
46.

Mosley, M.P., 1979. Streamflow generation in a forested watershed, New-Zealand.
Water Resour. Res. 15 (4), 795–806.

Nicotina, L., Celegon, E.A., Rinaldo, A., Marani, M., 2008. On the impact of rainfall
patterns on the hydrologic response. Water Resour. Res. 44 (12).

http://dx.doi.org/10.1016/j.jhydrol.2011.08.044
http://dx.doi.org/10.1029/2001WR000872
http://dx.doi.org/10.1177/0309133309338118


L. Hopp, J.J. McDonnell / Journal of Hydrology 409 (2011) 460–471 471
Noguchi, S., Tsuboyama, Y., Sidle, R.C., Hosoda, I., 1999. Morphological
characteristics of macropores and the distribution of preferential flow
pathways in a forested slope segment. Soil Sci. Soc. Am. J. 63 (5), 1413–1423.

Raat, K.J., Draaijers, G.P.J., Schaap, M.G., Tietema, A., Verstraten, J.M., 2002. Spatial
variability of throughfall water and chemistry and forest floor water content in
a Douglas fir forest stand. Hydrol. Earth Syst. Sci. 6 (3), 363–374.

Sansoulet, J., Cabidoche, Y.M., Cattan, P., Ruy, S., Simunek, J., 2008. Spatially
distributed water fluxes in an andisol under banana plants: experiments and
three-dimensional modeling. Vadose Zone J. 7 (2), 819–829.

Shachnovich, Y., Berliner, P.R., Bar, P., 2008. Rainfall interception and spatial
distribution of throughfall in a pine forest planted in an arid zone. J. Hydrol. 349
(1–2), 168–177.

Simunek, J., van Genuchten, M.T., Sejna, M., 2006. The HYDRUS Software Package for
Simulating Two- and Three-dimensional Movement of Water, Heat, and
Multiple Solutes in Variably-saturated media: Technical Manual. Version 1.0.
PC-Progress, Prague, Czech Republic.

Spence, C. et al., 2010. Storage dynamics and streamflow in a catchment with a
variable contributing area. Hydrol. Process. 24 (16), 2209–2221.

Tetzlaff, D., Uhlenbrook, S., 2005. Significance of spatial variability in precipitation
for process-oriented modelling: results from two nested catchments using
radar and ground station data. Hydrol. Earth Syst. Sci. 9 (1–2), 29–41.

Tromp-van Meerveld, H.J., McDonnell, J.J., 2005. Comment to ‘‘Spatial correlation of
soil moisture in small catchments and its relationship to dominant spatial
hydrological processes, Journal of Hydrology 286, 113–134’’. J. Hydrol. 303 (1–
4), 307–312.

Tromp-van Meerveld, H.J., McDonnell, J.J., 2006a. Threshold relations in subsurface
stormflow: 1. A 147-storm analysis of the Panola hillslope. Water Resour. Res.
42 (2), W02410, doi: 10.1029/2004WR003778.

Tromp-van Meerveld, H.J., McDonnell, J.J., 2006b. Threshold relations in subsurface
stormflow: 2. The fill and spill hypothesis. Water Resour. Res. 42 (2), W02411,
doi: 10.1029/2004WR003800.

Tromp-van Meerveld, H.J., Peters, N.E., McDonnell, J.J., 2007. Effect of bedrock
permeability on subsurface stormflow and the water balance of a trenched
hillslope at the Panola Mountain Research Watershed, Georgia, USA. Hydrol.
Process. 21 (6), 750–769.

van Genuchten, M.T., 1980. A closed-form equation for predicting the hydraulic
conductivity of unsaturated soils. Soil Sci. Soc. Am. J. 44, 892–898.

Weiler, M., McDonnell, J., 2004. Virtual experiments: a new approach for improving
process conceptualization in hillslope hydrology. J. Hydrol. 285 (1–4), 3–18.

Western, A.W. et al., 2004. Spatial correlation of soil moisture in small catchments
and its relationship to dominant spatial hydrological processes. J. Hydrol. 286
(1–4), 113–134.

Woods, R., Sivapalan, M., 1999. A synthesis of space-time variability in storm
response: rainfall, runoff generation, and routing. Water Resour. Res. 35 (8),
2469–2485.

http://dx.doi.org/10.1029/2004WR003778
http://dx.doi.org/10.1029/2004WR003800

	Examining the role of throughfall patterns on subsurface stormflow generation
	1 Introduction
	2 Modeling approach
	2.1 Comparing fine-scale throughfall patterns to spatially uniform rainfall input
	2.1.1 Model domain and boundary conditions
	2.1.2 Throughfall patterns and storm event

	2.2 The relative role of throughfall patterns on subsurface stormflow
	2.2.1 Model domain: increasing complexity of the hillslope geometry
	2.2.2 Spatial pattern and temporal structure of input


	3 Results
	3.1 Uniform open rainfall vs. throughfall pattern
	3.2 Comparing different realizations of throughfall patterns to spatially averaged throughfall
	3.3 Relative role of throughfall

	4 Discussion
	5 Conclusions
	Acknowledgements
	Appendix A Supplementary material
	References


