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Abstract. Improving the understanding of the controls on
subsurface stormflow generation has been the goal of numer-
ous experimental and modeling studies. However, the effect
of the spatial variability of throughfall on soil moisture pat-
terns and subsurface stormflow (SSF) generation has not yet
been studied in detail. The objectives of this study are three-
fold: (1) to investigate the influence of a spatially variable
throughfall pattern on soil moisture; (2) to investigate if soil
moisture patterns reflect a balance between a throughfall and
bedrock topography patterns; and (3) to investigate how this
balance changes when soil depth, storm size and slope an-
gle are varied. Virtual experiments are used to address these
questions. A virtual experiment is a numerical experiment
driven by collective field intelligence. It provides a learn-
ing tool to investigate the effect of individual processes in
a complex system. In our virtual experiment we combined
spatial throughfall data from the Huewelerbach catchment in
Luxembourg with the topography of a well-studied hillslope
within the Panola Mountain Research Watershed, Georgia,
USA. We used HYDRUS-3D as a modeling platform. The
virtual experiment shows that throughfall patterns influence
soil moisture patterns, but only during and shortly after a
storm. With a semi-variogram analysis we showed how the
effective range of the soil moisture pattern (i.e., the main
descriptor of a spatial pattern in case of a small nugget to
sill ratio), is similar to the effective range of the throughfall
pattern during the storm and gradually returns to the effec-
tive range of the bedrock topography after throughfall has
ceased. The same analysis was carried out to investigate how
this balance changes due to changes in storm size, soil depth,

and slope. The analysis showed that the throughfall pattern
is more important during large storms on gentle slopes. For
steeper slopes the bedrock topography becomes more impor-
tant.

1 Introduction

The question of how rainfall makes its way through the
canopy to the forest floor has been studied for over a cen-
tury (DeWalle, 2011). Following the description of intercep-
tion characteristics of several tree species byHorton(1919),
many papers documented interception characteristics for dif-
ferent sites and tree species around the world (Navar et al.,
1999; Bruijnzeel and Wiersum, 1987; Calder, 1990; Toba
and Ohta, 2005). Whilst interception studies were most com-
monly done in midlatitude and tropical regions (Bruijnzeel,
2005; Cuartas et al., 2007; Ziegler et al., 2009) interception is
also largely determined by climatic parameters. Some stud-
ies extended this work into semi-arid regions and snow dom-
inated regions (Storck et al., 2002).

Although the process of forest interception, throughfall
initiation, and their influence on point scale infiltration are
well documented in the forest hydrology literature, the ef-
fect of spatial throughfall patterns on soil moisture patterns
is poorly understood (Zehe et al., 2010; Ivanov et al., 2010).
This is because the measurement of soil moisture patterns
within a forest is much more difficult than the measure-
ment of throughfall. Measuring such patterns jointly is a dif-
ficult experimental challenge. Those studies that attempted
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to explore the effect of throughfall patterns on soil moisture
dynamics have been highly equivocal in their findings. For
instance,Bouten et al.(1992) found that soil moisture pat-
terns are primarily dependent on soil physical properties, and
less on throughfall; on the other hand,Liang et al.(2007)
found that topography and stemflow influence soil moisture
patterns;Jost et al.(2004) found that mainly the antecedent
soil moisture content is important;Raat et al.(2002) con-
cluded that throughfall patterns and forest floor thickness
determine soil moisture patterns;Sansoulet et al.(2008) re-
lated soil moisture patterns to stemflow and throughfall; and
Shachnovich et al.(2008) found that throughfall is not corre-
lated with soil moisture at the point scale.

Paired catchment studies (Bosch and Hewlett, 1982) can
be used to understand throughfall influences on soil mois-
ture patterns, but the outcome of paired catchment studies re-
quires enormous data collection and the results would always
remain site and case specific. Virtual experiments, however,
could overcome these issues.Weiler and McDonnell(2004)
defined virtual experiment as “numerical experiment with a
model driven by collective field intelligence”. A virtual ex-
periment enables us to investigate the response of spatially
variable input on hillslope behavior.

Recently,Hopp and McDonnell(2011) investigated the ef-
fect of different throughfall patterns on subsurface stormflow
(SSF) generation. Their work built upon previous examina-
tion of the interactions between slope angle, bedrock per-
meability, soil depth, and storm size on subsurface storm-
flow production (Hopp and McDonnell, 2009). Their work
used multiple realizations of a fine-scale throughfall pattern
and concluded that SSF was controlled by bedrock topog-
raphy and that throughfall had a limited influence on the
amount and timing of SSF generation. The latter might be
caused by the fact that throughfall often only influences the
near-surface soil moisture patterns (as shown byLiang et al.,
2011) and therefore has a limited influence on SSF genera-
tion. On the other hand,Liang et al.(2011) also found that
high stemflow concentrations influence soil moisture patterns
at deeper depths. Since high stemflow concentrations might
behave similar as high concentrations of throughfall we do
not explore a fine-scale throughfall pattern asHopp and
McDonnell(2011) did, but we explore an observed through-
fall pattern with a distinct “hotspot” (as shown in many pro-
cess studies of throughfall in the field –Germer et al., 2006;
Ziegler et al., 2009; Gerrits et al., 2010). Using a larger-scale
throughfall pattern can also influence the drainage behav-
ior as hypothesized inHopp and McDonnell(2011). Fur-
thermore, we only focus on one single throughfall pattern
(as selected in the Supplement) and not on differences be-
tween throughfall patterns (which was the focus ofHopp and
McDonnell, 2011), becauseGerrits et al.(2010) showed that
the spatial characteristics of throughfall did not differ much
throughout the seasons. The tree structure (stem and config-
uration of the branches) is more dominant than the phenol-
ogy. We only focus on soil moisture patterns and less on SSF.

We use a geostatistical and visualization approach to quantify
relative correlation length scales.

The questions addressed in this paper are:

– What is the influence of a certain spatially variable
throughfall pattern with clear hotspots on soil moisture?

– Do soil moisture patterns reflect a balance between a
certain throughfall and bedrock pattern?

– How does this balance change when soil depth, storm
size and slope angle are varied?

2 Study sites

We used field data from two sites: the Panola hillslope in
Georgia, USA, and the Huewelerbach catchment in Luxem-
bourg. The hillslope geometry and soil hydraulic properties
were derived from the well-studied Panola hillslope. Storm
characteristics were also obtained from Panola; however, the
spatial pattern of throughfall to the soil surface was derived
from the experimental interception plot in the Huewelerbach
catchment in Luxembourg (since this information was not
available for the Panola hillslope at the desired temporal
scale).

2.1 Panola hillslope

The Panola hillslope is located in the Panola Mountain
Research Watershed (PMRW) in Georgia Piedmont, 25 km
southeast of Atlanta. The site has been described in de-
tail by Freer et al.(2002) and others and here only a brief
description is given. The climate is humid and subtropical
with an average temperature of 16.3◦C and average rain-
fall of 1240 mm yr−1. The hillslope faces southeast and has
a slope of 13◦. The surface topography is relatively planar,
but the permeable saprolite bedrock (soft disintegrated gran-
ite) is highly irregular (Fig.1a). This results in highly vari-
able soil depths ranging from 0 to 1.86 m, and an average
soil depth of 0.63 m. The soil consists of loamy sand with
a 0.15 m deep organic-rich horizon. At the lower hillslope
boundary a 20 m wide trench has been excavated, where sub-
surface flow is measured by ten 2 m wide sections. Further
details on the Panola hillslope were described byTromp-van
Meerveld and McDonnell(2006a), andTromp-van Meerveld
and McDonnell(2006b).

Tromp-van Meerveld and McDonnell(2006a) presented
an analysis of 147 storms at the Panola hillslope and showed
that subsurface stormflow only occurred for storm events
larger than 55 mm. For this study we selected the best studied
rainstorm of the Panola data set of 6–7 March 1996 (Burns
et al., 2001; Freer et al., 2002). This storm had a return pe-
riod of 3 yr and a total storm depth of 87 mm in 31 h divided
over two events (see Fig.1b). It can be seen in Fig.1b that the
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(a) (b)

Fig. 1. a) Panola hillslope: bedrock topography and surface topography. In grey the location
of the 20 m wide trench for measuring subsurface flow [from Freer et al. (2002)]. b) Storm of
6-7 March 1996 and trench observations (modelled and observed) [from Hopp and McDonnell
(2009)].
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Fig. 1. (a)Panola hillslope: bedrock topography and surface topography. In gray the location of the 20 m wide trench for measuring subsurface
flow (from Freer et al., 2002). (b) Storm of 6–7 March 1996 and trench observations (modeled and observed) (fromHopp and McDonnell,
2009).

Table 1.Definition of the five classes and the main characteristics, with6Tf throughfall sum,6P gross precipitation sum (=33 mm), and
6T̄f the mean throughfall sum in a class. The spatial cover percentage is only calculated for the initial spatial throughfall pattern.

Class definition 6Tf [mm] 6T̄f [mm] 6T̄f /6P [%] Spatial cover [%]

1 0–25.0 % 0–18.8 17.4 53 12
2 25.0–37.5 % 18.8–28.1 22.6 69 76
3 37.5–50.0 % 28.1–37.5 29.8 91 6
4 50.0–75.0 % 37.5–56.3 43.3 132 4
5 75.0–100 % 56.3–75 65.3 200 2

first rainfall event almost entirely went into storage, while the
second event generated the runoff peak. This clearly shows
the threshold behavior of the Panola hillslope.

2.2 Interception plot Huewelerbach

The interception plot is located in the Huewelerbach catch-
ment in Luxembourg, 20 km northwest of Luxembourg city.
The site has been described in detail previously byGerrits
et al. (2010) and only the key details are repeated here. The
experimental plot has a total area of 596 m2 and consists of
beech trees (Fagus sylvaticaL.) with an average stand den-
sity of 168 trees ha−1. The climate is modified oceanic with
mild winters and temperate summers. The average rainfall
is 845 mm a−1 and the average temperature is 8◦C (Pfister
et al., 2005). In the plot throughfall is measured with 81 man-
ual rainfall collectors installed in a grid with an average dis-
tance of about 3 m (Fig.2a). The collectors are read out at a
bi-weekly interval. In an open valley close to the plot gross
rainfall is measured by a tipping-bucket rain gauge. Further
details on the interception plot can be found inGerrits et al.
(2007) andGerrits et al.(2010).

From the throughfall data set we selected a random period
with full canopy development, because we learned from a
time stability analysis that the spatial pattern does not vary
much in time (Gerrits et al., 2010). We selected the period

starting from the 10 May 2007 until the 25 May 2007 (see
Fig. 2b). Total rainfall in this period was 33 mm.

An important hotspot (i.e., point of throughfall funnel-
ing) can be seen in Fig.2b at coordinates (15 m, 15 m)
where throughfall exceeds precipitation. This location is
around a tree that creates hotspots of high throughfall with
lower throughfall values in a ring around the tree. This phe-
nomenon is also observed in field experiments of for example
Germer et al.(2006) andZiegler et al.(2009).

For the analysis we use five classes of throughfall and de-
fined them based on the percentage of maximum throughfall
(i.e., 75 mm; Table1). We used only five classes, because
the selected modeling platform HYDRUS-3D (see Sect.3.1)
only has four “variable fluxes” plus one “atmospheric flux”
to model spatial input patterns for throughfall. The main dif-
ference with respect to the classes as defined byHopp and
McDonnell(2011) is the variance in the throughfall data. The
standard deviation of the percentage throughfall of precipi-
tation in Hopp and McDonnell(2011) is 12 % (cv = 0.17),
while in this case the standard deviation is 23 % (cv = 0.31).
The higher standard deviation in the large-scale pattern is
caused by the hotspot. The coefficient of variation,cv of the
large-scale throughfall pattern is now in the same order as
the cv of the bedrock topography anomaly (i.e., deviation
of bedrock topography from a planar slope) of Panola (cv =

0.34).

www.hydrol-earth-syst-sci.net/17/1749/2013/ Hydrol. Earth Syst. Sci., 17, 1749–1763, 2013
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Fig. 2. a) Interception plot Huewelerbach: location of the 81 rain gauges to measure throughfall.
b) Spatial throughfall pattern (interpolated with a triangle-based cubic interpolation technique
and a 10 cm mesh) of May 2007. The black contour lines represent the five throughfall classes,
and the white grid the selected area for the analysis. The hotspot is located near the tree at
coordinates 15m, 15m.
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Fig. 2. (a) Interception plot Huewelerbach: location of the 81 rain
gauges to measure throughfall.(b) Spatial throughfall pattern (in-
terpolated with a triangle-based cubic interpolation technique and
a 10 cm mesh) of May 2007. The black contour lines represent the
five throughfall classes, and the white grid the selected area for the
analysis. The hotspot is located near the tree at coordinates 15 m,
15 m.

Subsequently, the temporal dynamics of the through-
fall are taken from the Panola storm of 6–7 March 1996
(Ppanola(t)). This storm is scaled for each classi to represent
the Huewelerbach spatial pattern:

Pi(t) = Ppanola(t) ×
(
6T̄f /6P

)
i

. (1)

3 Methods and materials

3.1 Model description of base case scenario

To simulate SSF on the Panola hillslope, we used the finite
element model HYDRUS-3D, version 1.10 (Simunek et al.,
2006). HYDRUS-3D solves the Richards equation for water
flow in variably saturated porous media. We used the model
as described in detail byHopp and McDonnell(2009). Here
we only briefly describe the crucial information.

The model domain covers an area of 28 m by 48 m. The
surface and bedrock topography have been derived from a
survey with a spatial resolution of 2 m. From this survey a
digital elevation model (DEM) has been generated with a
spacing of one meter by linear interpolation; subsequently a
mesh of triangular prisms was generated based on this DEM.
The mesh consists of 10 layers, each with 1715 nodes. Lay-
ers 1 to 5 represent the bedrock sublayer, layers 6 to 10 the
soil sublayer.

The model has only been parameterized to the trench out-
flow on an event basis, and performed in a way consistent
with field observations of spatially distributed soil matrix po-
tential (Fig. 1 inHopp and McDonnell, 2009). The model
is parameterized with a uniform rainfall pattern. A spatially
distributed pattern would possibly have resulted in a differ-
ent parameter set, as shown by e.g.,Arnaud et al.(2002),
Zehe et al.(2005), and Tromp-van Meerveld and Weiler
(2008). However, the model is not meant to represent the

exact behavior of the Panola hillslope, the model is used as
a benchmark model for comparison. Important complex pro-
cesses of Panola like preferential flow (Tromp-van Meerveld
and Weiler, 2008) are also not included. We chose not to in-
clude macropores in the model description. Soil pipes were
observed in the trench face of the Panola hillslope, however,
there is no further information on distribution, length and size
of soil pipes for the entire hillslope. The study ofHopp and
McDonnell(2009) also showed that the simulated distributed
response of state variables (pressure head time series) agreed
very well with measured pressure head dynamics, indicating
that the model could reproduce hydrologic behavior satisfac-
torily. The model has also not been tested for long-term hy-
drological modeling.

Soil hydraulic properties are described by the van
Genuchten–Mualem model (Van Genuchten, 1980). Because
the study ofJames et al.(2010) showed that including field
observed soil core data (Tromp-van Meerveld et al., 2008)
did not lead to reasonable model performance,α andn are
calibration parameters. The residual water content (θr), sat-
urated water content (θs), and saturated hydraulic conduc-
tivity (Ks) are determined based on long-term field obser-
vations (McIntosh et al., 1999; Tromp-van Meerveld and
McDonnell, 2006c; Tromp-van Meerveld et al., 2007). The
values for the residual and saturated water content are deter-
mined by the minimum and maximum observed soil mois-
ture. In Table2 the soil hydraulic properties are given. We
chose to keep the soil hydraulic properties in the horizontal
plane homogeneous, however in the vertical direction they
differ. For a more detailed explanation on how soil parame-
ters were specified seeHopp and McDonnell(2009).

The boundary conditions of the model domain for the up-
per and side boundaries are defined as “no flux”. The downs-
lope boundary is different for the bedrock and for the soil lay-
ers. The downslope bedrock boundary is defined as “no flux”,
thereby assuming negligible lateral flow in the bedrock. We
realize that this is a limitation, because tracer experiments
by Tromp-van Meerveld et al.(2007) showed that water can
move quickly through the bedrock. However, we chose not
to include preferential flow in lateral direction. The downs-
lope boundary of the soil layers is treated as a “seepage flux”
allowing water to leave the domain through saturated parts
of the boundary. The bottom boundary is assigned as “free
drainage”, meaning a unit total vertical gradient. For the sur-
face boundary we used generated throughfall patterns as will
be described in Sect.3.2(Fig.3). As the initial conditions for
the entire domain a pressure head of−0.7 m is used, followed
by a 7 days drainage period where no rainwater enters the do-
main. This corresponds to the actual weather conditions that
preceded the storm event of 6–7 March 1996.

In this paper we consider the outflow over the entire hill-
slope width (28 m) and not only the outflow from the ex-
cavated trench (20 m) as described byFreer et al.(2002).
However we refer to “trench” if we mean the entire downs-
lope boundary for simplicity in writing. The trench is divided

Hydrol. Earth Syst. Sci., 17, 1749–1763, 2013 www.hydrol-earth-syst-sci.net/17/1749/2013/
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Fig. 3. Used spatial throughfall pattern (‘Upper Right-2.1’) on Panola hillslope. Class 1: ma-
genta; class 2: green; class 3: yellow; class 4: dark blue; class 5: light blue.

Material Mesh layers θr θs α n Ks

S=0.62* S=1.22 S=1.84 [m3 m−3] [m3 m−3] [m−1] [-] [m h−1]
1 (soil) 9-10 10-12 12-15 0.280 0.475 4.00 2.00 3.5
2 (soil) 7-8 7-9 9-11 0.280 0.460 4.00 2.00 1.5
3 (soil) 6 6 6-8 0.325 0.450 4.00 2.00 0.65
4 (bedrock) 5 5 5 0.300 0.450 3.25 1.75 6E-3
5 (bedrock) 1-4 1-4 1-4 0.280 0.400 3.00 1.50 6E-4

Table 3. Soil hydraulic properties of van Genuchten-Mualem model. Asterisks indicate the
base-case scenario with mean soil depth S = 0.62 m.

32

Fig. 3. Used spatial throughfall pattern (“Upper Right-2.1”) on
Panola hillslope. Class 1: magenta; class 2: green; class 3: yellow;
class 4: dark blue; class 5: light blue.

in 13 segments, where segment 1 equals the outflow from
1–3 m, segment 2 outflow from 3–5 m, segment 3: 5–7, etc.
(Fig. 1).

3.2 Approach

To investigate the effect of spatially variable throughfall on
soil moisture, we selected the throughfall pattern from the
Huewelerbach catchment and used this as input to a numer-
ical model of the hillslope.Hopp and McDonnell(2009) al-
ready developed a finite element model of the Panola hill-
slope. We used the same model domain and identical pa-
rameters and combined it with the large-scale Hueweler-
bach throughfall pattern for our virtual experiment. Since the
model domain of Panola is larger than the spatial throughfall
pattern we needed to expand the throughfall pattern in a way
that the spatial characterization remained the same. Since we
did not want to enlarge the pattern, we mapped the pattern
in eight different ways onto the Panola hillslope. The eight
patterns were derived by rotating and mirroring the original
pattern of the Huewelerbach. All eight patterns had a total
storm size of 63 mm. These patterns were compared with a
uniform pattern with also a total storm size of 63 mm. Fi-
nally, the pattern with the largest influence on SSF was used
for this study. Although this suggests that this pattern may
also have a maximum effect on soil moisture, the differences
between the patterns on SSF are small. In Fig.3 the selected
pattern (“Upper Right-2.1”) is shown. We verified that this
pattern has similar geostatistical properties as the initial pat-
tern. Hence we conclude that using the simple method of
mirroring (instead of using a geostatistical method) to en-
large the Huewelerbach pattern is in this case justified. See
Supplement for details on the creation and selection of the
eight throughfall patterns.

Mean soil moisture patterns (depth average) are analyzed
with semi-variograms (Cressie, 1993; Chilès and Delfiner,
1999) to investigate if the soil moisture pattern reflects a bal-
ance between throughfall and bedrock patterns, since spatial
scale is an important controlling factor (Nicótina et al., 2008;
Mandapaka et al., 2009). A semi-variogram represents the
variance of two points separated by a certain distance in a
spatial field and explains to which distance observations are
still correlated (Keim et al., 2005):

γ (h) =

∑
n(h)

(
Ñx,y − Ñx,y+h

)2

2n(h)
. (2)

Whereh is the lag distance,n(h) is the number of measure-
ment pairs in the data set that are a distanceh apart, and̃Nx,y

is the anomaly of the spatial data at measuring point(x,y):

Ñx,y =
Nx,y − N̄

σ (N)
(3)

with σ being the standard deviation. We used normalized
data to be able to compare spatial patterns.

Important features of a semi-variogram are the nugget, sill,
and range. The nugget is a measure for the randomness of ob-
servations at one and the same location. The sill is the limit
of the semi-variogram, where no autocorrelation exists any-
more. The range is a measure of the distance over which there
is significant spatial correlation. In case of a small nugget to
sill ratio, the range is a good descriptor of a spatial pattern.

We calculated the semi-variograms of the anomaly of the
bedrock topography (i.e., deviation of DEM from a plane
with slope A), the throughfall, and the soil moisture pat-
tern (average of nodal values of mesh layers 5–10, simulated
by HYDRUS). We fitted an exponential model (Chilès and
Delfiner, 1999) to find the effective range (r) of the semi-
variogram, which is the correlation length.

γ (h) = c(1− exp(
−3|h|

r
)) + n (4)

The effective range (r) is defined as the lag (h), where the
variance (γ ) is 95 % of the sill (c), and is a measure for the
correlation between the points. High spatial correlation be-
tween the throughfall collectors causes the effective range
to be large and vice versa. In other words, it is the length
over which the data points are still spatially correlated with
each other. We did not consider anisotropy, hence the effec-
tive range is equal to the modulus of the lag. Because we
found that the nugget (n) was small and to save computation
time (limiting the degree of freedom), we assumed a nugget
of zero.

Furthermore, we investigate if the balance between
throughfall and bedrock patterns changes if storm size (R),
slope angle (A) and soil depth (S) are changed according
to Table3. We selected these three characteristics, because
Hopp and McDonnell(2009) found that these are important
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Fig. 4. Subsurface storm flow for the entire width of the hillslope (28 m). The upper graphs show the hydrographs of the 13 segments along
the trench (Qs), the lower left the total outflow (Qt) and the lower right the variability along the trench. The bar indicates the average flow
in time. (a) Subsurface storm flow of the base case scenario with uniform input;(b) subsurface storm flow of the base case scenario with
spatially variable input “Upper Right-2.1” (see Fig.3).

controls for subsurface stormflow generation. We realize that
changing the storm size also alters the spatial characteris-
tics of the throughfall pattern due to the fact that interception
is a threshold process (Gerrits et al., 2009; Savenije, 2004).
Knowledge on how spatial throughfall patterns change dur-
ing a storm event requires high temporal resolution data on

spatial throughfall. Throughfall studies generally do not pro-
vide this (e.g.,Bouten et al., 1992; Keim et al., 2005; Staelens
et al., 2006; Zimmermann et al., 2008; Gerrits et al., 2010),
hence we chose to neglect this effect in our study. By chang-
ing the slope angle we also have to adjust the throughfall
pattern because trees grow vertically and not perpendicular

Hydrol. Earth Syst. Sci., 17, 1749–1763, 2013 www.hydrol-earth-syst-sci.net/17/1749/2013/



A. M. J. Coenders-Gerrits et al.: The effect of spatial throughfall patterns on soil moisture patterns 1755

t= 5 h

L
a
y
e
r 

1
0

 

 

0 10 20
0

20

40

0.35

0.4

0.45

t= 23 h

 

 

0 10 20
0

20

40

0.35

0.4

0.45

t= 25 h

 

 

0 10 20
0

20

40

0.35

0.4

0.45

t= 56 h

 

 

0 10 20
0

20

40

0.35

0.4

0.45

t= 190 h

 

 

0 10 20
0

20

40

0.35

0.4

0.45

t= 5 h

L
a
y
e
r 

9

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

L
a
y
e
r 

8

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

L
a
y
e
r 

7

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

L
a
y
e
r 

6

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

L
a
y
e
r 

5

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

 

 

0 10 20
0

20

40

0.35

0.4

0.45

Fig. 5. Soil moisture patterns [-] of distributed input for soil mesh layers 10 (top) to 5
(bedrock interface) at time steps t=5h (during first storm peak), t=23h (just before second
storm peak), t=25h (second storm peak), t=56h (highest deviation in SSF between uni-
form and distributed case), and t=190h (end of drainage). The x and y axis are the lateral
and upslope extend of the hillslope.
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Fig. 5. Soil moisture patterns (–) of distributed input for soil mesh layers 10 (top) to 5 (bedrock interface) at time stepst = 5 h (during first
storm peak),t = 23 h (just before second storm peak),t = 25 h (second storm peak),t = 56 h (highest deviation in SSF between uniform and
distributed case), andt = 190 h (end of drainage). The x- and y-axis are the lateral and upslope extent of the hillslope.

to the hillslope. For steeper slopes the same number of trees
would result in a denser canopy coverage and thus a shorter
effective range. Therefore, we adjusted the effective range
(r ′) of the throughfall pattern by multiplying the effective
range of the base case (r(base case)) with the cosine of the slope
angle, and took the effective range of the base case scenario
as a reference:

r ′
=

cos(A)

cos(13◦)
× r(base case). (5)

4 Results

4.1 Throughfall effects on SSF

In Fig. 4a subsurface stormflow along the downslope trench
of the base case scenario (R = 63 mm,A = 13◦, S = 0.62 m)
with uniform input is shown. The shape of modeled total sub-
surface flow is similar to the observed hydrograph at Panola
(see Fig.1). As can be seen in Fig.4a, subsurface flow varies
strongly along the trench (varianceQs/Qt = 10.4× 10−2);
segment 6 drains the major part of the hillslope. This segment
is on the transition of the very shallow soil to the thicker soil
and has a relatively large contributing upslope surface area.

In Fig.4b the modeled subsurface flow response of the dis-
tributed input (“Upper Right-2.1”) is shown. The hydrograph
of this pattern is significantly different from the uniform

pattern mainly caused by a different response from segments
6 and 7. While the uniform pattern has a rather smooth reces-
sion curve, pattern “Upper Right-2.1” leads to a double peak
for segments 6 and 7. Modeled SSF for all other segment
hydrographs do not differ much from the uniform case.

4.2 Throughfall effects on soil moisture

In Fig. 5 the soil moisture pattern of distributed input is
shown for the five soil mesh layers (mesh layers 10–6) and
the bedrock interface layer (mesh layer 5). The mesh lay-
ers are equally distributed between the surface layer and the
bedrock. Thus the soil moisture patterns do not represent the
soil water content at the same depth, which makes it more
complicated to compare the results with field observations or
to interpret the patterns. The soil moisture patterns are plot-
ted fort = 5 h (first storm peak),t = 23 h (just before second
storm peak),t = 25 h (second storm peak),t = 56 h (highest
deviation in SSF between uniform and distributed case), and
t = 190 h (end of drainage).

The patterns show that at the depressions (i.e., large soil
depth) in the bedrock (see Fig.1a for location of bedrock de-
pressions) the soil moisture content is low whereas it is high
in the shallow soil (i.e., small soil depth) in the near-surface
layers. The shape of the bedrock and the main drainage chan-
nels are clearly visible att = 56 h at the bedrock interface
layer (mesh layer 5).
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Table 2. Soil hydraulic properties of the van Genuchten–Mualem model. Asterisks indicate the base-case scenario with mean soil depth
S = 0.62 m.

Mesh layers θr θs α n Ks

Material S = 0.62∗ S = 1.22 S = 1.84 [m3 m−3] [m3 m−3] [m−1] [–] [m h−1]

1 (soil) 9–10 10–12 12–15 0.280 0.475 4.00 2.00 3.5
2 (soil) 7–8 7–9 9–11 0.280 0.460 4.00 2.00 1.5
3 (soil) 6 6 6–8 0.325 0.450 4.00 2.00 0.65
4 (bedrock) 5 5 5 0.300 0.450 3.25 1.75 6× 10−3

5 (bedrock) 1–4 1–4 1–4 0.280 0.400 3.00 1.50 6× 10−4

Table 3. Variations of input and topography. Asterisks indicate the
base case scenario.

Input
Topography

Storm size,R Slope angle,A Soil depth,S

32 mm 6.5◦ 0.62 m∗

63 mm∗ 13◦∗ 1.22 m
82 mm 26◦ 1.84 m

40◦

As can be seen att = 5 h (during the first peak of the
storm), only the top near-surface layers are influenced by
the throughfall pattern. The four hotspots are clearly visible.
During the second peak (t = 25 h) the hotspots are again vis-
ible in the top layers, but now also at the deeper soil layers.

4.3 Soil moisture comparison of uniform and
distributed input patterns

The mean soil moisture content over mesh layers 5–10 does
not differ much between uniform input and distributed in-
put (Fig.6). Only att = 56 h there is a significant difference
between the two input patterns, which lasts for about a day,
similar to the modeled SSF (Fig.4). Also the maximum mean
soil moisture content is higher just after the second storm
peak.

The spatial differences per mesh layer are shown in Fig.7.
At the beginning of the storm the distributed input pattern
only influences on the top layers and slowly moves down in
time. During the second peak of the storm the effect of the
distributed pattern is largest, because the effect of the pre-
vious storm peak has not yet vanished. Also the size of the
hotspots in the soil moisture pattern are larger than att = 5 h.
After the storm, the difference between uniform and dis-
tributed become negligible except for the shallow thin soils
in the lower left corner. Att = 190 h also this difference dis-
appears.
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Fig. 6. Profile average soil moisture content over mesh layers 5-10 in time for uniform input and
distributed input. The dashed lines indicate the minimum and maximum of the profile average
soil moisture content over mesh layers 5-10.
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Fig. 6. Profile average soil moisture content over mesh layers 5–10
in time, for uniform input and distributed input. The dashed lines in-
dicate the minimum and maximum of the profile average soil mois-
ture content over mesh layers 5–10.

4.4 Spatial correlation of soil moisture content

From the model results it appears that the soil moisture con-
tent (e.g., for the soil–bedrock interface: mesh layer 5) is
highly correlated to the bedrock topography (Fig.8a) when
it has been dry for a long time (Fig.8c) and that during a
large rainfall event, or shortly after, the soil moisture pattern
represents the rainfall pattern (see Fig.8b).

In Fig. 9a the semi-variogram of normalized throughfall is
shown; and as can be seen the sill is not constant. The semi-
variogram of the average soil moisture pattern for different
time steps (Fig.9b) appears to change between the semi-
variogram of the throughfall pattern (Fig.9a) and the bedrock
topography (Fig.9c). To test this hypothesis, we choose to
look at the effective range of the semi-variogram,r, as the
main characteristic of the spatial pattern. This is valid if the
nugget to sill ratio is small. For the throughfall we found an
effective range of 5 m and for the bedrock anomaly 20 m.
We hypothesize that between rainfall events the soil moisture
pattern has similar spatial characteristics as the topography,
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Fig. 7. Difference in profile average soil moisture content between uniform input and dis-
tributed input at time steps t=5h (during first storm peak), t=23h (just before second storm
peak), t=25h (second storm peak), t=56h (highest deviation in SSF between uniform and
distributed case), and t=190h (end of drainage). The x and y axis are the lateral and
upslope extend of the hillslope.
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Fig. 7. Difference in profile average soil moisture content between uniform input and distributed input at time stepst = 5 h (during first
storm peak),t = 23 h (just before second storm peak),t = 25 h (second storm peak),t = 56 h (highest deviation in SSF between uniform and
distributed case), andt = 190 h (end of drainage). The x- and y-axis are the lateral and upslope extent of the hillslope.
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Fig. 8. a) Flow accumulation map and location of high intensity throughfall input; b) shortly after
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Fig. 8. (a) Flow accumulation map and location of high intensity
throughfall input;(b) shortly after a rain storm (t = 8 h) at mesh
layer 5 (i.e., bedrock interface layer);(c) soil moisture pattern of
the soil–bedrock interface after a long dry period (t = 190 h).

but during a rainfall event the pattern becomes more similar
to the throughfall pattern.

In Fig. 10 this can indeed be seen for the base case
scenario. The effective range of the average soil moisture
(Fig. 10a) starts at 13 m and drops to 11 m during the first
rainfall event. After rainfall ceases, the effective range re-
turns back in the direction of the effective range of the to-
pography. When the second rainfall starts, the effective range

of the soil moisture pattern again drops towards the effective
range of the throughfall pattern. And finally, after the rain
stops, it again moves back in the direction of the effective
range of the bedrock anomaly. Hence the change of the effec-
tive soil moisture range (blue line in Fig.10a) looks similar
to a hydrograph, and can be called a “geostatistical hydro-
graph”. The fact that the effective start and end range differ,
is a consequence of the (nonrealistic) initial soil moisture pat-
tern.

In Figs.10b and c the same plot is generated for the shal-
low soil layers and the deep soil layers, respectively. As can
be seen, the first event has a larger effect on the shallow lay-
ers than on the deeper layers. On the other hand, the second
event affects both the shallow and the deep soil layers. The
effect of drainage is also visible. The peak in the effective
range starts earlier for the shallow soil layers than for the
deeper soil layers.

If the geostatistical hydrograph is generated for all com-
binations of storm size, slope angle, and soil depth, we can
investigate if the hillslope attributes change the spatial pat-
tern of the soil moisture. In Fig.11 we present the interplay
between storm size, slope angle, and soil depth on the coef-
ficient of determination (R2; Fig. 11a), the equilibrium soil
moisture range (Fig.11b), the effective range of the second
peak (Fig.11c), and the time to the second peak (Fig.11d).
For visibility reasons we only show slices through the 3-
dimensional cubes. To compensate for the fact that trees grow
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Fig. 9. Semi-variograms (Eq.2) for (a) throughfall pattern,(b) the profile average soil moisture pattern at time stepst = 0 h (start),t = 5 h
(during first storm peak),t = 23 h (just before second storm peak),t = 25 h (second storm peak),t = 56 h (highest deviation in SSF between
uniform and distributed case), andt = 190 h (end of drainage), and(c) the bedrock anomaly pattern.

vertically and not perpendicular to the hillslope, we corrected
the effective range of the throughfall by multiplying it with
the cosine of the slope and standardized it to the base case
slope. Hence the effective range of the throughfall pattern is
5.3, 5.2, 4.8, and 4.0 m for angles of 6.5, 13, 26, and 40◦,
respectively.

First, we looked at the mean performance of the fitted
semi-variogram model (Eq.4) for mesh layers 5–10 and
t > 0. In Fig.11a the model performance is expressed by the
coefficient of determination (defined as the ratio of the sum
of squares of the regression and the total sum of squares).
Although the overall performance is good with a meanR2 of
0.8± 0.1, it appears that theR2 is not as high for the steep
slopes. For steep slopes, the soil moisture pattern has mostly
slope-parallel, straight flow paths just after the rainfall event,
which cannot be described well with an exponential model
due to anisotropy, causing the relatively bad performance of
the model.

Second, we looked at the equilibrium state. This is the final
effective range of the soil moisture att = 190 h and is shown
in Fig. 11b for all cases. The final effective range is scaled
between the effective range of the topography (20.4 m) and
the throughfall (5.3, 5.2, 4.8, and 4.0 m for angles of 6.5, 13,
26, and 40◦, respectively). The interpolated cube shows that
with increasing slope the final effective range becomes larger.
Hence with increasing slope the topography becomes more
important. Furthermore, there is a slight increase in final ef-
fective range with increasing storm size. This was also ob-
served byZehe et al.(2010), who found that with increasing
storm size the precipitation patterns exert a more dominant

control on soil moisture. AlsoWestern et al.(2004) observed
this and concluded that this is likely inherent to the method,
where spatial patterns of rainfall are analyzed with the effec-
tive range.

Third, we analyzed the effective range of the second
peak of the geostatistical hydrograph in Fig.11c. Similar to
Fig. 11b, we scaled the effective range between the effective
range of the topography and the throughfall. As can be seen,
the effective peak range is related to storm size and slope
angle. The bigger the storm the more the throughfall pattern
influences the modeled soil moisture pattern and the steeper
the slope, the more the bedrock topography influences the
modeled soil moisture pattern. This is because the high gra-
dient drains the rainwater so quickly that the throughfall pat-
tern only remains for a short period. The soil depth appears
not to have any influence as long as the soil layer is thick
enough. Only for very thin soil layers does the throughfall
pattern have a larger influence on the modeled soil moisture
pattern.

In Fig. 11d the interplay of the hillslope attributes and the
time to peak is shown. The time to peak is defined as the
time between the start of the rain and the peak of the ef-
fective range in the soil moisture pattern. For deep soils the
peak occurs faster with increasing storm size and slope an-
gle; however, for a mean soil depth of 1.22 m it appears that
slope angle and storm size do not have an influence. For the
very thin soil layers the pattern is similar to the thick soil
layers. However, for gentle slopes and small storms the mod-
eled time to peak is short.
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c) Deep soil layers (5−8)
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Fig. 10. Change in effective range (average over soil layers) over time as a result of the storm
event for the base case scenario. a) Depth average (layer 5-10)l b) Shallow soil layers (layer
8-10); c) Deep soil layers (layer 5-8).

39Fig. 10. Change in effective range (average over soil layers) over
time as a result of the storm event for the base case scenario.
(a) Depth average (layer 5–10),(b) shallow soil layers (layer 8–10);
(c) deep soil layers (layer 5–8).

5 Discussion

Our modeling results show that a nonuniform throughfall
pattern affects SSF. Although the spatial pattern does not
have a significant effect on total SSF, it does influence the
distribution along the trench and more importantly the shape
of the hydrograph.Hopp and McDonnell(2011) also in-
vestigated the effect of throughfall on SSF; however, they
did not find a clear impact. This is likely caused by the
throughfall pattern;Hopp and McDonnell(2011) used a fine-
scale throughfall pattern, while in this study a pattern with
a distinct hotspot is used. Depending on the location of the
hotspot the throughfall pattern influences modeled SSF. If the
hotspot is located above a “channel” of high flow accumula-
tion, this causes quick drainage. This is likely related to the
connectivity of the saturated areas as found byTromp-van
Meerveld and McDonnell(2005) to be the main cause for
SSF on many hillslopes.

Tromp-van Meerveld and McDonnell(2005) found that
SSF is strongly correlated to hillslope average soil moisture;
however, also that there is a lack of correlation between the
(near surface) soil moisture pattern and subsurface saturation
due to soil depth and bedrock topography. They found that
the soil moisture pattern at the soil–bedrock interface is most
important for subsurface saturation. In our study, we found

Fig. 11. a) Interplay of hillslope attributes on model performanceR2 (average for mesh layers 5-
10 and t>0h); b) Interplay of hillslope attributes on equilibrium effective range scaled between
the effective range of the topography and the throughfall; c) Interplay of hillslope attributes on
peak value of the mean effective range of the soil layers scaled between the effective range of
the topography and the throughfall. Blue indicates that the effective range is very similar to the
effective range of the throughfall pattern, and red indicates similarity to the effective range of
the bedrock pattern; d) Interplay of hillslope attributes on the time to peak (i.e., time between
start of rain and peak in effective range).
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Fig. 11. (a)Interplay of hillslope attributes on model performance
R2 (average for mesh layers 5–10 andt > 0 h); (b) interplay of hill-
slope attributes on equilibrium effective range scaled between the
effective range of the topography and the throughfall;(c) interplay
of hillslope attributes on peak value of the mean effective range of
the soil layers scaled between the effective range of the topography
and the throughfall. Blue indicates that the effective range is very
similar to the effective range of the throughfall pattern, and red in-
dicates similarity to the effective range of the bedrock pattern;(d)
interplay of hillslope attributes on the time to peak (i.e., time be-
tween start of rain and peak in effective range).

by means of the geostatistical hydrograph how the soil mois-
ture pattern is influenced by the bedrock topography and the
throughfall pattern during a storm. We showed that before the
simulated storm the soil moisture pattern reflects the bedrock
topography and that during the storm the througfall hotspots
are clearly visible. This is both the case for the near-surface
layers and the deeper layers. Since our study neglects the ef-
fect of transpiration, macropores, spatial variability in soil
organic matter, bulk density, soil texture, and antecedent soil
moisture, it is possible that in reality this relation is not al-
ways so evident. However, similar to our study, other studies
that considered hotspots (Liang et al., 2007; Sansoulet et al.,
2008; Jost et al., 2004; Raat et al., 2002) also found that
hotspots have a big influence on the soil moisture distribu-
tion during and shortly after an event.Liang et al.(2007) and
Sansoulet et al.(2008) considered in their study only shallow
soil moisture, butJost et al.(2004) andRaat et al.(2002) also
looked at deep (profile average) soil moisture.Shachnovich
et al. (2008) did not find this relation. However, they com-
pared the change in soil moisture over a week, while the dy-
namics of throughfall patterns has a much shorter timescale.

During dry periods, the bedrock topography becomes
more important as shown in the geostatistical hydrograph
and thus soil physical properties are important, as also found
by Bouten et al.(1992). Also Tromp-van Meerveld and
McDonnell (2006c) found that during the dry state, soil
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Fig. 12. Conceptual model of hillslope behaviour (extended from Hopp and McDonnell (2009))
with SBI the soil-bedrock interface.
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Fig. 12. Conceptual model of hillslope behavior (extended from
Hopp and McDonnell(2009)) with SBI, the soil–bedrock interface.

moisture was correlated (although not much) to bedrock to-
pography at the Panola hillslope. The relatively low correla-
tion between the bedrock and the observed soil moisture pat-
terns compared to our modeled results are likely due to tran-
spiration (the study ofTromp-van Meerveld and McDonnell,
2006c, took place in summer), which is not part of our analy-
sis. In reality, the soil moisture pattern will not represent the
bedrock topography after a long time, since processes like
transpiration and macropores will change the soil moisture
pattern as well.

Western et al.(1999) andGrayson et al.(1997) also found
that soil moisture patterns were influenced by topography,
although they considered a seasonal timescale and not the
event scale. They found that during the wet state (winter pe-
riod) the soil moisture pattern was dominated by lateral flow
and thus was organized according to the topography. During
the dry state (summer period) vertical water flow was dom-
inant and hence the soil moisture was less organized by the
topography. Our study is comparable to a “wet season”.

The geostatistical-hydrograph analysis may help to under-
stand and predict soil moisture patterns based on throughfall
and bedrock patterns; however, one should be careful with
using the effective range as the descriptor of a spatial pattern.
Two completely different spatial patterns can have the same
effective range. Furthermore, in this study we only looked
at the balance between throughfall patterns and bedrock to-
pography. However, in reality, other processes also influence
soil moisture patterns. For example, our study neglects tran-
spiration, but also its related feedback mechanisms, which
can be important.Bouten et al.(1992), for example, stated
that the short influence of throughfall on soil moisture is
due to feedback mechanisms of drainage and water uptake.
Trees optimize their root system to water availability, causing
higher water uptake where throughfall is high (“preferential
uptake”). At Panola most trees indeed grow in the “drainage

channels” where the soil depth is large (see Fig. 12 inTromp-
van Meerveld and McDonnell, 2006c). However, we think
that where throughfall hotspots exist, throughfall will –on
the short timescale, and during wintertime– be dominant over
water uptake. This is also shown byLiang et al.(2007) and
Sansoulet et al.(2008) who did not study hotspots by throug-
fall, but focused on hotspots caused by stemflow, which is
in principle the same. The only difference between stemflow
and throughfall hotspots is the influence of roots. As shown
by Liang et al.(2007), bypass flow occurs especially close
to the stem of the trees. For throughfall hotspots this might
be less important, but antecedent soil moisture conditions be-
come more important. When it has been dry for a long time,
cracks can develop, which facilitate macropore flow (Jost
et al., 2004). Unfortunately, the effect of macropore flow has
not been considered in our modeling study, because of the
lack of data to properly model this. Macropores could lead
to a quicker drainage of the throughfall, resulting in a shorter
duration of impact of the throughfall pattern on the soil mois-
ture pattern. As a result the saturation pattern at the bedrock
interface will be different (Tromp-van Meerveld and Weiler,
2008). However, even if macropores exist the throughfall pat-
tern will influence the soil moisture pattern. This should be
investigated in the future.

The influence of additional drivers like macropore flow
and root water uptake can in principle also be investigated
with the presented geostatistical-hydrograph analysis. In-
stead of a balance between two drivers (throughfall and
bedrock topography), the analysis can be extended to a bal-
ance between multiple drivers (e.g., macropore flow and root
water uptake).

6 Conceptual framework

As stated in the introduction, the literature is equivocal on
the importance of throughfall on soil moisture content. Al-
though their results may be contradictory, they may not be so
different if one considers the conditions under which the ex-
periments were carried out. Throughfall conspires with other
factors, such as slope angle or storm size; the interactions be-
tween factors shape hillslope hydrological responses (Hopp
and McDonnell, 2009).

We extended the conceptual model presented byHopp and
McDonnell (2009) by looking at the effect of spatially vari-
able throughfall input on modeled soil moisture. In Fig.12
the outline of our conceptual model is shown. We divided the
model into three parts: (1) fixed hillslope configuration; (2)
time variable input; and (3) the hillslope response (or state).
In part 2 we added the interception threshold, which causes
spatially variable throughfall patterns. These throughfall pat-
terns influence the soil moisture content, depending on the
slope and the storm size. On a relatively flat hillslope the
impact of throughfall on soil moisture is larger in terms of
the magnitude of the effective range (Fig.11c) and duration
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before it bounces back to the bedrock pattern (Fig.11b),
because lateral drainage along the soil–bedrock interface is
slow due to the small slope angle. Storm size mainly influ-
ences the magnitude of the effective range: the bigger the
storm, the more the soil moisture pattern reflects the through-
fall pattern (Fig.11c). However, in reality the spatial pattern
will be affected by the size of the storm, due to intensity
smoothing of the canopy. Hence, not only the storm size, but
also the intensity is of importance (Keim et al., 2006).

In case hotspots exist (either for throughfall or stemflow),
the spatial throughfall pattern can also influence SSF (Fig.4).
It really matters where the hotspot is located in relation to the
soil depth distribution and the bedrock topography. First of
all, the shape of the hydrograph can be different, but also the
distribution along the trench is influenced by hotspots.

As concluded byHopp and McDonnell(2011), through-
fall is not a first order control for SSF in comparison to slope
angle and storm size.Keim et al.(2006) also found that storm
size has a limited effect on SSF, however, they also concluded
that next to storm size also the storm intensity is important.
The effect of intensity (and intensity smoothing) is not con-
sidered in this study. Our study also shows that throughfall
is indeed not a first order control; however, the importance
of throughfall patterns on SSF highly depends on the spatial
variability of the throughfall pattern in relation to the topog-
raphy of the bedrock.

In our virtual experiment, we did not include the influ-
ence of water uptake by plants. Transpiration will likely re-
duce the effect of throughfall patterns on soil moisture pat-
terns, because roots optimize their root system to water avail-
ability (Bouten et al., 1992). Also antecedent soil moisture
conditions and the influence of macropores have not been
taken into account, while they do have an influence as shown
by Jost et al.(2004), Liang et al. (2007), and Sarkar and
Dutta(2012). The difficulty with including water uptake and
macropore flow is the mutual interdependence of these pro-
cesses and the possible feedback between them. Further-
more, macropores are in general difficult to implement in
hydrological models and require detailed information on the
macropore distribution. Future work can focus on these feed-
back mechanisms.

7 Conclusions

The virtual experiments show that throughfall patterns in-
fluence modeled soil moisture patterns, but only during and
shortly after a storm event. By means of a geostatistical anal-
ysis we investigated if the soil moisture pattern reflects the
spatial throughfall pattern or that of the bedrock. As an in-
dicator we used the effective range of the semi-variogram.
We found that during a storm the soil moisture pattern has a
similar effective range as the throughfall pattern, but gradu-
ally returns to the effective range of the bedrock pattern after
throughfall has ceased.

Furthermore, we looked at the impact of hillslope controls
and storm size on the geostatistical analysis. It appeared that
the throughfall pattern is most important during large storms
on gentle slopes. For steeper slopes the bedrock topogra-
phy becomes more important. The mean soil depth appears
to have no significant impact. These findings have been in-
cluded in a conceptual model, which can be used to evaluate
the effect of spatially varying throughfall on SSF and soil
moisture patterns.

Overall, we can conclude that interception has a minor
influence on SSF generation and a larger impact on the
modeled soil moisture patterns during and shortly after rain
events. Geostatistical analysis can help to understand the re-
lationship between soil moisture patterns, throughfall pat-
terns and subsurface characteristics. However, more research
is necessary to investigate other hillslope variables, such as
antecedent wetness, macroporosity, rainfall intensity (Keim
et al., 2006), soil evaporation, and transpiration. A next re-
search step would be to confront our model results with ob-
servations in an experimental setup. However, field data of
high spatial and temporal resolution are rare, and therefore
our virtual experiments remain valuable.

Supplementary material related to this article is
available online at:http://www.hydrol-earth-syst-sci.net/
17/1749/2013/hess-17-1749-2013-supplement.pdf.

Acknowledgements.The authors are very grateful to J. J. McDon-
nell, E. Zehe, and the reviewers for their valuable input in the
discussions and their feedback on this paper. We are also grateful
to Jake Peters and Ilja Tromp-van Meerveld for the continuous
support of our work. Furthermore, the authors would like to thank
the Fonds National de la Recherche Luxembourg (FNR), Delft
Cluster, the Netherlands, and Water Research Center Delft for their
support of this research.

Edited by: N. Verhoest

References

Arnaud, P., Bouvier, C., Cisneros, L., and Domingues, R.: Influence
of rainfall spatial variability on flood prediction, J. Hydrol., 260,
216–230, 2002.

Bosch, J. M. and Hewlett, J. D.: A review of catchment experiments
to determine the effect of vegetation changes on water yield and
evapotranspiration, J. Hydrol., 55, 3–23, 1982.

Bouten, W., Heimovaara, T. J., and Tiktak, A.: Spatial Patterns of
Throughfall and Soil Water Dynamics in a Douglas Fir Stand,
Water Resour. Res., 28, 3227–3233, 1992.

Bruijnzeel, L. A.: Tropical montane cloud forest: a unique hydro-
logical case, Forests, Water and People in the Humid Tropics,
462–483, 2005.

www.hydrol-earth-syst-sci.net/17/1749/2013/ Hydrol. Earth Syst. Sci., 17, 1749–1763, 2013

http://www.hydrol-earth-syst-sci.net/17/1749/2013/hess-17-1749-2013-supplement.pdf
http://www.hydrol-earth-syst-sci.net/17/1749/2013/hess-17-1749-2013-supplement.pdf


1762 A. M. J. Coenders-Gerrits et al.: The effect of spatial throughfall patterns on soil moisture patterns

Bruijnzeel, L. A. and Wiersum, K. F.: Rainfall interception by a
young acacia auriculiformis (a.cunn) plantation forest in West
Java, indonesia: application of Gash’s analytical model, Hydrol.
Process., 1, 309–319, 1987.

Burns, D. A., McDonnell, J. J., Hooper, R. P., Peters, N. E.,
Freer, J. E., Kendall, C., and Beven, K.: Quantifying contri-
butions to storm runoff through end-member mixing analysis
and hydrologic measurements at the Panola Mountain Research
Watershed (Georgia, USA), Hydrol. Process., 15, 1903–1924,
doi:10.1002/hyp.246, 2001.

Calder, I. R.: Evaporation in the uplands, John Wiley & Sons, 1990.
Chilès, J. P. and Delfiner, P.: Geostatistics. Modeling spatial uncer-

tainty, John Wiley & Sons, 1999.
Cressie, N. A. C.: Statistics for spatial data, John Wiley & Sons,

1993.
Cuartas, L. A., Tomasella, J., Nobre, A. D., Hodnett, M. G., Wa-
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