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Abstract. Nonlinear relations between rain input and hill- 1 Introduction
slope outflow are common observations in hillslope hydrol-
ogy field studies. In this paper we use percolation theory toRainfall-induced subsurface stormflow at the hillslope scale
model the threshold relationship between rainfall amount ands @ dominant outflow process in many steep, humid wa-
outflow and show that this nonlinear relationship may arisetersheds (Bonell, 1998; Weiler et al., 2005). Nevertheless,
from simple linear processes at the smaller scale. When théhe exact nature of subsurface stormflow is very difficult to
rainfall amount exceeds a threshold value, the underlying eldiscern in ungauged watersheds, depending largely on hy-
ements become connected and water flows out of the basdraulic conductivity of the vadoze zone, the permeability of
of the hillslope. The percolation approach shows how ran-the underlying bedrock, existence of soil layers and macro-
dom variations in storage capacity and connectivity at thepores, soil depth and the local slope angle. Based on these
small spatial scale cause a threshold relationship betweefomplex interrelations, the relationship between rainfall and
rainstorm amount and hillslope outflow. hillslope outflow is difficult to predict. Despite these lo-
As a test case, we applied percolation theory to the welical controls, distinct threshold behaviour has also been ob-
characterized experimental hillslope at the Panola Moun-=served. For example, Whipkey (1965) found for a field ex-
tain Research Watershed. Analysing the measured rainstori@eriment in Ohio, USA, a precipitation threshold of 35 mm
events and the subsurface stormflow with percolation theoryand an increase in flow with a slope (increase of runoff per
we could determine the effect of bedrock permeability, Spa_increase of rainfall amount) less than 1.0 for higher rainstorm
tial distribution of soil properties and initial water content @mounts. Mosley (1979) showed a linear increase with slope
within the hillslope. The measured variation in the relation- close to 1.0 for rainfall amounts higher than 20 mm for a field
ship between rainstorm amount and subsurface flow could béite near Reefton in New Zealand. For smaller precipitation
reproduced by modelling the initial moisture deficit, the loss @mounts, no flow was detected. The storm outflow measured
of free water to the bedrock, the limited size of the systembPY Tani (1997) at a trench site near Okayama in Japan was
and the connectivity that is a function of bedrock topogra-almost zero for precipitation amounts smaller than 20 mm.
phy and existence of macropores. The values of the modefit & trench site in Georgia, USA, Tromp-van Meerveld and
parameters were in agreement with measured values of sofficDonnell (2006a) observed a threshold value of 55 mm of

depth distribution and water saturation. rainfall.

While the precise value of the threshold and the nature
Correspondence td®. Lehmann of the relationship between rainfall and subsurface storm-
(peter.lehmann@epfl.ch) flow for storms larger than the threshold are different, the
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Fig. 1. Patterns of transient saturation as a function of rainstorm amount measured at Panola (Georgia, USA). Locations of piezometers
with a water table during the rainstorm event are shown with black disks; dry sites are shown with open circles. In the bottom row, a grid
connecting the sites is shown for visualization purposes. For each site the nearest neighbors in four directions (above, below, to the right, to
the left) were determined. Thick lines connect two sites with free water. For 59 and 61 mm of rainstorm amount, a network of connections
between sites with free water spans the whole system.

existence of a threshold relationship between rainfall amounfive fold compared to before the subsurface saturated areas
and fast lateral hillslope outflow appears to be a commonwere connected to the trench face. Similarly, Spence and
property of hillslope drainage (Weiler et al., 2005). While the Woo (2003) found for a soil filled valley on the subarctic
threshold may be easily explained by a simple bucket modelCanadian shield that spatially variable valley storage had to
based on a limited water storage capacity, such a descriptiohe satisfied before water spilled to generate either surface or
would be too simple because the threshold depends not on subsurface flow. Western et al. (2001) showed that the degree
mean value but on the heterogeneity of the hillslope and thesf connectivity of soil moisture patterns was relevant for the
arrangement of zones with different properties. The relationdownhill flow of saturation excess runoff. Furthermore, Si-
between hillslope wetting pattern and the threshold subsurele et al. (2001) described observed hillslope outflow as the
face stormflow process needs to be better understood to premergence of a continuous macropore network which devel-
dict the outflow from hillslopes or catchments, particularly oped during storms and seasonally as the hillslope wetted up.
in ungauged settings. Tromp-van Meerveld and McDonnellln summary macroscopically observed rainfall thresholds for
(2006b) presented the fill and spill hypothesis to explain thean entire hillslope seem to be related to the flow path con-
threshold, assuming that water flows from upslope positionsectivity at the next smaller spatial scale. We therefore refer
to lower sections of the hillslope following the subsurface to this threshold as an emergent system property that needs
topography. They based their hypothesis on measured spdurther research.

tial and temporal patterns of saturation at the soil bedrock

interface. Their results showed that while a water table de- n this study we examine how subsurface connectivity is
veloped on parts of the hillslope during events smaller tharfelated to the observed rainfall thresholds triggering rapid
the threshold, it was not until bedrock depressions on thehillslope outflow. We hypothesize that after rainstorm events
hillslope were filled, water spilled over micro-topographic the water flows along preferential flow pathways which may
relief in the bedrock surface and the subsurface saturated atoclude macropores, bedrock valleys, and free water ponding
eas became connected to the trench that significant subsuit the bedrock. As long as these pathways are not connected
face flow occurred. When Connectivity was achieved' thethe runoff at the bottom of the h|”s|0pe will be small but in-

instantaneous subsurface stormflow rate increased more th&#eases dramatically if the flow pathways become connected.
Percolation theory, which predicts threshold relationships in
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connectivity (Stauffer and Aharony, 1994), provides a waythe state of one soil element is independent of the state of
forward in predicting the pattern — process linkage at the hill-neighbouring soil elements corresponding to a random field
slope scale. The data of Tromp-van Meerveld and McDon-without spatial correlation. This assumption appears justi-
nell (2006b) with the spatial distribution and connectednesdied by observations of the high spatial variability of occur-
of adjacent wet cells appears to follow regular rules of con-rence of a water table (Tromp-van Meerveld and McDonnell,
nectivity (Fig. 1). These rules, derived from field observa- 2006b), and the dominance of lateral preferential flow path-
tions, appear very much in line with percolation theory. Per-ways in steep hillslopes (Kirkby, 1988).

colation theory describes the statistical properties of a system Based on these assumptions, we will use percolation the-
containing an infinite number of elements, denoted as sitespry to model subsurface hillslope outflow. Firstly, core con-
arranged on a regular grid. For each site only two states, decepts of percolation theory are introduced followed by a def-
noted as occupied or non-occupied, are possible. The spatidition of how we relate the element scale water balance to
properties of clusters with occupied sites and threshold relathose concepts adopted from the theory. We explore the
tionship for the occurrence of a cluster that connect the wholénfluence of connectivity, moisture deficit and bedrock per-
system can be deduced with percolation theory (Stauffer aneheability on the threshold behavior of the modeled subsur-
Aharony, 1994; Sahimi, 1994; Essam, 1980). This simpleface outflow. We will discuss the model that gives an op-
framework appears highly relevant to recent observations atimized description of the relationship between rainfall and
Panola and elsewhere in the hillslope hydrological literaturerunoff. In a first step, we will focus on the average rela-
(Uchida et al., 2005). This paper uses tools from percolationtionship neglecting the measured variation in the subsurface
theory to characterize connectivity and how this might relateflow. However, the measured variations of runoff response
to rainfall thresholds controlling hillslope scale subsurfacecan be very high for different conditions and a model must

flow. capture these features as well. In a second step, we will an-
Our analyses presented in this paper are based upon thelyze the model parameters that affect the variability of the
following underlying process assumptions: computed runoff. For that purpose, the system size, rainfall

(i) Water flows laterally only through soil sites with a wa- intensity and the initial water content are taken into account.
ter table. This means that the soil close to the bedrock bewe apply percolation theory to model hillslope outflow mea-
comes water saturated during a rainstorm event and only thisured at the Panola trench site which is described in detail in
free water can flow downslope. Therefore, the soil elementsreer et al. (1997, 2002), Burns et al. (1998) and Tromp-van
can only be in two states, wet and dry or, equivalently, oc-Meerveld and McDonnell (2006a, b).
cupied or non-occupied with free water. This simplification
is in keeping with recent observations of the fill and spill hy-
pothesis (Spence and Woo, 2003). 2 Percolation theory as applied to hillslope hydrology

(ii) The initial water deficit in the soil is important for
subsurface flow initiation. The responses for initially wet In the following we review the core concepts of percolation
and dry systems are different. Tromp-van Meerveld and Mc-theory as it applies here to our description of hillslope out-
Donnell (2006b) found limited lateral hillslope outflow when flow. For a more general application of percolation theory in
the bedrock depressions were not water filled. Antecedenhydrology and soil science we refer to Berkowitz and Bal-
moisture conditions at depth and total precipitation amountberg (1993), Berkowitz and Ewing (1998) and Hunt (2005).
determine whether or not significant flows { mm) occurs  All variables of the percolation model are listed in Table 1.
(Tromp-van Meerveld and McDonnell, 2006a).

(iii) Water flow in the down slope direction is affected by 2.1 Connectivity and occupation probability
bedrock topography. For instance, water can not flow along
the bedrock if the elevation of the bedrock increases in dowriThe hillslope is represented as a grid of sites that form a lat-
slope direction. tice connected by bonds. For each element (site) in our hill-

(iv) Soil pipes or macropores enhance lateral flow whenslope lattice, only two states, denoted as occupied or non-
the connectedness of subsurface saturation is achieved. Erccupied, are possible. The sites of the lattice are connected
change of water between the soil matrix and preferential flonby bonds. The number of connections per site is defined as
paths may occur in small isolated zones in the profile (and inthe coordination number and is four or eight in case of the
the hillslope) and do not require complete soil column mix- orthogonal lattice. In the percolation model of the hillslope,
ing (Uchida et al., 1999). an occupied site is a location with a transient water table at

(v) The factors influencing subsurface stormflow initiation the soil bedrock. The bond may be interpreted as a fast flow
(initial soil water content, soil depth or macropore presence)pathway such as a macropore, a soil volume with a high hy-
are randomly distributed. This assumption follows recentdraulic conductivity or as a configuration of the bedrock to-
physically based modelling studies of Weiler et al. (2003) pography that allows water to flow in down slope direction
where model realizations enlightened the effect of randomalong the bedrock valleys. Two occupied and connected sites
soil pipe distribution on the estimated outflow. In addition, are conducting with respect to subsurface flow. In a hillslope,
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Table 1. Summary of parameters used in percolation model.

symbol  Name units value (most frequent)  values (range)
A cross sectional area of soil site ’m 1 0.04-25

b fractional loss of free water to the bedrock - 0.65 0.00-0.80
¢, ¢ water storage capacity of site mm 0-300

d soil depth m 0.609 0.0-1.86
F(p) fraction of drainable sites - 0.0-1.0
LyxLy number of grid points along the slopk,) and in upslope directioni(y) - 20x50 4-500

n coordination number - 3.2 1.6-8.0

N number of occupied sites connected to the lower boundary - 0-250000
N(p) fraction of occupied sites - 0.0-1.0

p occupation probability - 0.0-1.0

De percolation threshold - 0.4-1.0
P(p) fraction of realizations with a percolation cluster - 0.0-1.0

r rainstorm amount mm 0.0-154

re threshold rainstorm amount mm 46 46-47.5
X random number - 0.0-1.0
Ax distance between grid points m 1 0.2-5

“w mean storage capacity of percolation network mm 30 20-60
n(®) mean of storage capacity for initial water contént mm 23-85

“d mean soil depth m 0.609

o standard deviation of storage capacity mm 17.5

o () standard deviation of storage capacity for initial water corent mm 14-50

oy standard deviation of soil depth m 0.358

0 volumetric water content fhm—3 0.311-0.413
Ow volumetric water content for 68 events with wet initial conditions 3 mr3 0.402 0.392-0.413
O¢ threshold volumetric water content for free water 3Sm3 0.451

the number of bonds is not a constant in space and can diffet994). With the first method, the coordinatespof L, x L,

from the values of 4, 8 or 6 of the orthogonal or hexagonalsites are determined in a random process with the number
lattice, respectively. To generate lattices with other coordina-of sites in horizontal §,) and vertical directionk,). With

tion numbers, some connections of an original lattice with 8this method, the fraction of occupied sit&g p) equals the
neighbours per site were destroyed in a random process. Farccupation probabilityp. We used a second approach by
that purpose, a random numbebetween 0.0 and 1.0 was al- choosing a random numberbetween 0.0 and 1.0 that is al-
located to each connection. The bond remainssifn/8.0), located to each site. These random numbers are compared
resulting in a lattice with coordination numbers between 0to the valuep of the occupation probability. Ik<p, the

and 8.0. The coordination number is not the same for allelement is occupied. The higher the valuepgfthe more
sites and the average of the coordination number of all siteglements are occupied. In Fig. 2, the resulting distributions
can be real valued. Figure 2 shows an example of a latticeof occupied and non-occupied sites are shown for different
with a fractional coordination number 9£4.8. values ofp. For infinite systems, the fraction of occupied

In percolation theory the state (occupied or non-occupied)glements using this second approach equals the occupation
of an element is assigned by a random process (Broadberrobability p. For systems of finite size, the realized fraction
and Hammersley, 1957). In the hillslope, the state of a site0f occupied sites may deviate slightly from the vajue
depends on the real hydrological processes and is not the re-
sult of a random process but depends on soil depth, initiaR.2 Percolation threshold
state, porosity, hydraulic conductivity and its location rela-
tive to other occupied sites. But we assume that these prooccupied sites connected by a bond form a cluster. With in-
cesses cause a random distribution of sites with or withoutreasing occupation probabilify, an increasing number of
transient water saturation. occupied elements are connected and the clusters grow. For a

The occupation probability determines the fraction of certain occupation probability> p., a cluster that spans the
occupied nodesV(p). Technically, a random distribution whole system, the percolation cluster, exists. This valuis
of sites according to a certain occupation probability can bedenoted as the percolation threshold. In Fig. 2, a percolating
generated with two different methods (Stauffer and Aharony,cluster emerges fop>0.6. Conceptually, this is analogous
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to the connectedness of subsurface flowpaths in natural sys
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tems (e.g. Tromp-van Meerveld and McDonnell, 2006b). As /2@’\ : "g’;‘
long as this threshold is not reached, only a minor portion v @% b ;3/;\‘ »

of the occupied sites can be drained to the trench. These
sites are closed to the bottom of the hillslope and no occu-
pied sites from the upper part of the hillslope can drain. For
an infinite system, the percolation threshold is well defined
and a percolating cluster never exists for occupation proba-
bilities p<p, and will always exist forp>p.. In the case

of a finite system, it is possible that a percolating cluster ex-

ists for p<p, or does not exist fop> p., depending on the -

realized spatial distribution of occupied elements. In addi- 254

tion, the value for the percolation threshold itself depends on ge ”(t )
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the lattice size and converges to the value for infinite systems| i

with increasing lattice size. As shown in Fig. 1, the system j'\v:;%.g;: _{r%’,\ x

under investigation has been experimentally characterized by :,?‘;‘;’:}‘;‘;‘3:;::;;:\'\."'“'

a relatively small number of observations. Accordingly, one | &:#<;- - & - o .i't".'}'

aspect of this paper is to determine the threshold relationshig \‘%Z‘st{}z"&{

in finite systems. To analyse the percolation threshold for | 2§ (it::l”(:‘?f?f

systems of finite size, a certain number of realizations of a- i

system with an occupation probability are generated and ) o

the fractionP(p) of realizations with a percolation cluster Fig- 2. The effect of occupation probability, indicated by the

are counted. The fractioR (p) for systems with different ngt?bers"m the I_eftl uppgr Cor.nzr' _tNortn)-olccupledt S;Les are Sihgwn

coordination numbers are shown in Fig. 3. For lattices with V' smatiopen circles. Liccupied sites belonging fo the percoration
. L . . cluster are drawn in black. Occupied sites in gray are not elements

a high coordination number, the percolation threshold is

. . - of the system spanning cluster. Occupied sites that are connected
low and a small fraction of full sites is needed to form a sys-y, e hottom of the system are indicated with large disks. These

tem spanning cluster. Close to the percolation threshold, thgites contribute to the hillslope outflow. In the right figure in the

fraction P(p) changes from O to 1. This is shown in Fig. 3 bottom row, the connections between occupied sites are modified

for an occupation probability of about 0.465 and 0.720 for aby the condition that flow cannot occur in upward direction. In that

coordination number of 6.4 and 3.2, respectively. case, less water will drain out to a trench at the bottom line. The
underlying grid has a coordination number of 4.8.

2.3 Relevant cluster size

The size of a cluster is defined as the number of occupied

sites that are interconnected. With respect to outflow fromand the drainable fraction increases monotonically. If the co-
a hillslope, only the clusters that are connected to the loweordination number is high enough, all sites are connected to
boundary can contribute to the outflow. We define the frac-the lower boundary fop=1.0. For small coordination hum-
tion of drainable sites (occupied and connected to the lowebers some sites may not be connected to the percolation clus-
boundary) ag'(p). With increasing occupation probability ter and do not drain out. In Fig. 3, 2.2% of occupied sites
p, more occupied sites are connected to the boundary. Foare not connected to the percolation cluster/feB.2. As a
small occupation probabilities< p., only the sites close to  further requirement for modelling hillslope processes, water
the lower boundary are connected and can be drained. Theannot flow in upslope direction due to gravitational forces
probability to find a percolation clustdt(p) and the drain-  and these bonds do not contribute to the outflow. The effect
able fractionF (p) are shown in Fig. 3 as a function of co- of this limitation is shown in Figs. 2 and 3. In the network
ordination number, for 100 realizations of a system contain-shown in Fig. 2 less sites drain out and the cluster spans the
ing 500x500 sites. For an occupation probability close to system only along the slope. Due to the fact that not all con-
the percolation threshold, the fraction of drainable sites in-nections between occupied sites contribute to a connection
creases because a system spanning cluster exists. This ihetween the top and the bottom of the system, more sites
crease of drainable sites for occupation probabilities close tanust be occupied to build a percolation cluster. In Fig. 3, the
the threshold is the most relevant characteristic for the modpercolation threshold for a lattice with coordination number
elled runoff. While the occupation probability increases lin- 6.4 increases from 0.465 to 0.520 and from 0.720 to 0.825 in
early from 0 to 1.0, the increase of number of sites connecteatase of a coordination number #£3.2. In the latter case,

to the trench is highly non-linear and is most pronounced atonly 85% of the occupied sites contribute to the outflow for
the percolation threshold. For higher occupation probabili- p=1. The remaining 15% are smaller clusters that are not
ties, more sites become connected to the percolation clustazonnected to the percolation cluster.

www.hydrol-earth-syst-sci.net/11/1047/2007/ Hydrol. Earth Syst. Sci., 11, 1063-2007
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Fig. 3. The fractionP of realizations with a percolation cluster (lines without symbols) and the fra¢tioh occupied sites connected to

the bottom of the system (lines with symbols) as a function of occupation probaghily the percolation threshold a cluster spanning the

whole system emerges and the fracti®ichanges from 0 to 1. At this threshold, the fraction of drainable gitexreases corresponding to

an enhanced outflow at the trench of the hillslope. With decreasing connectivity of the lattice, indicated by the small coordinatiom number
more sites must be occupied to build a connected system. The dashed lines indicate the results of a model that takes into account that wate
can not flow in upward direction against gravitational forces. In the legend, this is indicated by the notation grav.=1 (grav.=0 otherwise). The
results were calculated for 100 realizations of systems containing S0D sites.

3 Hydrology of a hypothetical hillslope (Freer et al., 1997) and soil moisture measurements (Tromp-
van Meerveld and McDonnell, 2006c) at Panola, we assume
In this section, percolation model parameters are related tehat the superposition of the spatial distribution of these dif-
hydrological properties of hillslope systems. In particular, ferent properties results in a normal distribution of the ca-
we define how sites become connected based on rainfall angacity valuesc; with a mean valug: and a standard devi-
drainage into the bedrock. For later comparison, the result@ationo. Computationally the storage capacity at sit@;)
measured at Panola are also shown in the corresponding fids assigned randomly by generating a uniformly distributed
ures. First, we will introduce the model parameters and therrandom numbex between 0 and 1 and solving for from
we will show their effects on modelled outflow after a rain- the integral of the normal distribution (i.e. the error function

storm event. erf):
3.1 Methodology 1 1 -1

X=—=+zerf| ——|. Q)
3.1.1 Storage capacity distribution 2 2 o2

A soil site must receive a certain volume of rainfall water be- Additionally we ensure;;=max|0, ¢;], i.e. we truncate the
fore a water table emerges and the free water can flow downrormal distribution in order to avoid physically meaningless
wards driven by gravity. In the percolation model, a site with values of¢;. This also allows us to describe a portion of
a water table is denoted as occupied. The maximum watethe hillslope as exposed bedrock, which is the case at Panola
volume that can be stored before a free water table emergg$reer et al., 2002). The rainfall divided by the cross-section
can be denoted as field capacity. In the percolation modelof a soil siteA is denoted as rainstorm amoun{fmm] or

a site with a small capacity (i.e. a small moisture deficit) is rainfall depth. If the rainfall amount is higher than the storage
close to field capacity and only a small amount of rainfall capacity at a certain sitg, a water column of height—c;

is required before free water develops. We denote the volis available for subsurface flow. Figure 4 illustrates this con-
ume of water deficit, divided by the cross-section of a soil ceptually. For a certain rainstorm amount, a fraction of sites
site A as the available storage capacitymm]. The capac-  will be occupied depending on the distribution of the storage
ity depends on initial soil moisture, field capacity and soil capacities:;. The higher the rainfall amount, the more sites
depth. Based on measurements of the soil depth distributioare occupied and have a water table.

Hydrol. Earth Syst. Sci., 11, 1047663 2007 www.hydrol-earth-syst-sci.net/11/1047/2007/
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3.1.2 Outflow

For large rainfall amounts, the additional water cannot be
stored and is free to drain out. #t¢;, the sitei is occu-
pied and the excessive waterc; is drainable. For a system
with L, x L, sites, the rainstorm volume & (L, x L,) and

the outflow is the excessive water in the open sites connectec
to the lower boundary, given by

a storage capacity to retain water. In the left figure, the capacity

valuesc of the sites are random numbers between 0.0 and 1.0 and
with the number of occupied sites connected to the lowergre shown in light gray. Al sites received the same amount of water
boundaryN. This sum divided by the total area of the system , during the storm (dark gray boxes). In this examplequals 0.5.

i=N . .. . . .
A Z r—c), @) Fig. 4. Model principles to describe hillslope outflow. Each site has
i=1

A(LyxLy) is defined as modelled subsurface outflow. The volume of the water above the capacity value corresponds to
_ the water that can drain out if it is connected to the boundary at the
3.1.3 Deep drainage through bedrock bottom. In this example, six sites have free water that is hydrauli-

cally connected to the lower boundary of the system. In one case
As described in the introduction, the observed runoff coef-(top row), a site with free water is enclosed by unsaturated sites.
ficient after the threshold was in some cases smaller thamRight: In this model, the capacity values are distributed according
1.0. This can be explained by losses of free water to bedrocko a normal distribution with mean 0.5 and a standard deviation of
or evaporation, root intake and interception. If the soil is 0.05.
wet and free water is available, the water can percolate into

the underlying bedrock. The amount of water dripping into rainstorm amount, a value of the storage capasitis de-

the bedrock depends on the hydraulic conductivity of thetermined randomly and is compared to the rainstorm amount
bedrock and the pressure head. Here, we simplify the de- y b

L L . : .~ r. Sites withr>c¢; are occupied with free water and a water
scription of water loss by defining a dimensionless draining

fraction b [] ranging from 0.0 (no deep drainage) to 1.0 gmount of(1-b)A(r—c;) is drained to the trench if the site
(all free water lost to the bedrock). For rainstorm amounts" connected to the lower boundary of the system. For each

larger than the capacity at sitei, an amounbA(r—c;) was rainstorm amount, the average outflow of all realizations is

assumed to be lost or drained into the underlying bedrock.compmed'

Later on, we will take into account that the fractibrmay 3.2 Model results
change with intensity. For high rainfall intensity, water can

flow rapidly to other occupied cells and into the trench before|y Fig. 5, the modelled outflow for different parameters of
it could percolate into the bedrock. A flow of water through the percolation model is shown. The results show the aver-
the Panola trench study with a field site o280 m, the dis-
tanceAx between two grid points corresponds to 1m. The

For a system with few sites, the modeled outcome is Veryresults are compared to the outflow measured at Panola (see

sensitive to the position of the occupied and non-occupieqse_Ct' 4). The measurgm_ent§ can be reproduped with a perco-
sites. Therefore, the results will depend on the limited size ation model with a distribution Of_ the capacity values with

of the system. The real geometry is subdivided into a grida'me'aru:30[)nm,_a ;tandsrdfdﬁ\llft'?”ﬁ;nm’ a czor-

with L, x L, sites. The distance between grid points denoteddlnatlon number=3.2 (60% of all bonds are destroyed ran-

kbg:B 0,
asAx [m] corresponds to a real length. Each site representgomly_) and a loss of free water to the bedroc_ 5%.
a cross-section of [m?] that is equal to £x)2 in case of an For rainstorm between 40 and 80 mm, a steep increase of the

orthogonal lattice. To represent the average of a system o?utﬂow can be observed that is followed by a linear increase
' or higher rainstorm amounts. As shown in Fig. 3, the per-

limited size, several realizations of a system for each occu- lat hreshold f dinati ber of 3.2 is ab
pation probabilityp are generated and analysed. colation threshold for a coordination number of 3.2 is about

p.=0.825. For the capacity distribution function, this cor-
3.1.5 Modeling responds to a rainstorm amountf46.5 mm to obtain a

percolation threshold. For a doubled standard deviation of
For each realization of the system, a certain fraction of bondsr=35mm, a higher rainstorm amount is required to obtain
is destroyed in a random process to obtain the desired coordan occupation of about 82.5%. The shift to higher rainstorm
nation number. For each realization of the network of bondsevents to produce subsurface flow is more distinct for a stor-
the rainstorm amount is increased in intervals of 6.0e- age capacity distribution with a doubled meanusf60 mm.
tweenu—50 (or 0) andu+100. For each site and for each For a system with doubled coordination numbet.4), less

3.1.4 Systems of finite size

www.hydrol-earth-syst-sci.net/11/1047/2007/ Hydrol. Earth Syst. Sci., 11, 1063-2007



1054 P. Lehmann et al.: Rainfall threshold for hillslope outflow

® measured ===optimized —o— 2Ll 26 — 2n b= 0|

40

30 1

outflow [mm]
)
o

10 1

rainstorm [mm)]

Fig. 5. Modelled outflow as a function of storage capacity. The bold black line was fitted to measurements (large symbols) with a mean
30 mm, a standard deviation 17.6 mm, a coordination numb@&r2 and a loss of free water b£65%. The results are compared to a model

with doubled mean (black line with symbols), doubled standard deviation (bold gray line), doubled coordination number (thin black line)
and no loss of the free water (gray line with symbols). The averages of 100 realizations with a system of Siza20shown.

occupied sites are needed to form large clusters connected wreasing rainstorm amount for small lattices with a coordina-
the lower boundary and the outflow increases for rainstormtion numbem=3.2. Comparing the results of a system size
amounts higher than 30 mm. As shown in Fig. 3, the per-20x50 for the two coordination numbers 3.2 and 6.4 reveals
colation threshold for a lattice with=6.4 and the require- that the realizations with minimum and maximum outflows
ment of no flow occurring in upslope direction was about have the same slope in the case of the high coordination num-
50% (p.=0.520). So, for a rainstorm amount of 30 mm, the ber. In the case of limited connectivity, occupied clusters
percolation threshold is reached and the outflow increases. may be isolated and can not drain in down slope direction.
The effect of the loss to the bedrock is shown in Fig. 5 for For a few realizations, the computed outflow is very small
systems witth=0.65 andb=0.0. While the outflow increases due to the fact that some sites are isolated and can not drain
for rainstorm amounts higher than 40 mm in both cases, th@ut. This variation is not caused by the limited number of

increase of outflow with rainstorm amounis much steeper ~ Sites but by the limited number of bonds in small system.
in case of no loss of free water. For the largest system with 18@50 sites, this effect van-

i,shes and minimum and maximum realizations are parallel.
Obviously, in a large system, manifold connections exist and
6Iusters that are partially isolated can still drain out.

Our analysis was done for various system sizes from large
systems with 25000 nodes (10250 with Ax=0.2m for
Panola) to small systems with node numbers as low as 4
(4x10 with Ax=5m for Panola). In all cases, 100 realiza-
tions were analysed. In Fig. 6, the results as a function of4
system size are shown far3.2 and in one case far=6.4
to show the effect of coordination number on the variation
of modelled outflow. For small systems, the modelled out-4 1  Measured parameters
flow strongly depends on the arrangement of the occupied
sites. Each of the few cells represents a large area of they test the validity of percolation theory to model the hill-
hillslope and a large water volume may drain out if a single sjope outflow during rainstorm events, we used the data of
cell located at the bottom of the system is occupied. Due t0147 storm events observed on the hillslope trench site at the
these effects, considerable outflow was computed for rainpanola Mountain Watershed in Georgia, USA. Outflow in
storm amounts smaller than 30 mm in case of the smallesihe trench occurred for rainfall amounts higher than 55 mm
system size (410). Therefore, with decreasing size of the (Tromp-van Meerveld and McDonnell, 2006a). For 123
system, the threshold behaviour is less pronounced. events, the initial water content at 70 cm depth was measured

As shown in Fig. 6, the difference between the minimum and only this subset will be used for further analysis. The fre-
and maximum of the modelled realizations increases with in-quency distribution of the initial water contents in the subsaoil

Controls on modelled outflow from the Panola exper-
imental hillslope
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Fig. 6. Modelled outflow as a function of system size. The minimum and maximum of 100 realizations are compared with measurements
(black symbols). The model indicated with thick black lines was fitted to the observed.d=8a thm,o=17.6 mm,n=3.2,b=65%). The

range between maximum and minimum values decreases with the size of the system. For comparison, a model with doubled coordination
number ft=45 mm,oc =26 mm,n=6.4,b=65%) is shown, where the minimum and maximum are in parallel for high rainstorm amounts. This

is not the case for small systems with3.2.
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Fig. 7. Antecedent initial water content at Panola (Georgia, USA). The distribution of the initial water content before the rainstorm events
measured at 70 cm is shown. Two classes of initial water content are defined. The threshold value between the “dry” (grey squares) and the
“wet” (open circles) condition was chosen as 0.3%1m 3,

is shown in Fig. 7. Half of the values of initial water content because the overall storage capacity is higher in the initially
6 are in a narrow range between 0.392 and 0.433m?3 dry system. Therefore, in this first subsection, we focus on
with a mean value of,,=0.402n? m—3. With percolation  the 68 rainstorm events with comparable high water content

theory, we want to model the outflow from similar systems (wet class).

ifr?irtidllﬁerlscri]iii rilnfv?lli:lar?%urgls -nAt fyster: dV\i/r|1tVt1hdry a:rr:dv\\/lvet At the Panola hillslope soil type is uniform across the site
alco ons probably not respo € SaMe Way, and soil moisture is also uniform for the wet season (Tromp
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Fig. 8. Soil depth distribution at Panola (Georgia, USA). The measured distribution of soil depth was fitted with a normal distribution
function. The mean of the fitted distribution is 0.609 m with a standard deviation of 0.358 m. The coefficient of variation was used for the
storage capacity distribution function as well.

van Meerveld, 2006c). Soil depth and bedrock profile aresities ranging from 0.3 to 22.6 mm k. For the six events
highly variable across the hillslope. The bedrock topogra-above the threshold, the outflow increases linearly with the
phy affects the flow paths because it is possible that watemaximum intensity. This may be explained by a time limita-
flow is restricted if the bedrock elevation increases in downtion of flow into the bedrock. For high rainstorm intensities,
slope direction. Such a configuration exists in a bedrock dewater flowed rapidly downwards before it could percolate
pression that was in fact a dominant factor at Panola (Trompnto the bedrock. This effect of increased lateral flow is more
van Meerveld, 2006b). These local bedrock highs are modselevant than the increase of the pressure head caused by the
elled as decreased connectivity. A site without connectionraising water table that would enhance the water flow into the
to a down slope site can be interpreted as such a configurdedrock. This hypothesis is confirmed by a sprinkling exper-
tion. For this reason, the connectivity expressed as coordinaiment of Tromp-van Meerveld et al. (2007). Alternatively,
tion number was not set to 8.0 as for the standard orthogonahe enhanced runoff can be explained by an incomplete fill-
lattice but was determined by fitting and relates therefore tang of the soil profile due to fast lateral water flow through
bedrock topography (Sect. 4.2). The soil depth determinesnacropores after intense rainstorm events. The influence of
the total moisture deficit (Tromp-van Meerveld and McDon- the intensity is explained in more detail in Fig. 9b. For two
nell, 2006c). At Panola, the soil depth distribution was mea-comparable rainstorm events with95 and 102 mm, respec-
sured on a grid spacing of 2m (Freer et al., 1997). The in-tively, the maximum intensity was 22.4 and 5.6 mnitand
tegral of a Normal distribution function was fitted to the cu- the outflow was 24.7 and 14.5 mm, respectively. Obviously,
mulative distribution function of the measured values with athe threshold is determined by the rainstorm amount but the
mean soil depthu; of 0.609m and a standard deviation volume of the subsurface flow is affected by the intensity as
of 0.358m. In Fig. 8, the measured frequency distributionwell. Based on these findings, we adapted the percolation
and the truncated normal distribution are shown. The coeffiimodel in a way that the outflow can be different for the same
cient of variationo,/iuy equals 58.8%. Due to the fact that rainstorm intensity. For that purpose, the drainage parameter
the soil depth determines the moisture deficit, we chose thé that determines the loss of free water to the bedrock, is not
same coefficient of variation for the storage capacity values.constant but varies within a certain range.

Another property that must be taken into account is the
effect of rainstorm intensity on subsurface flow. In Fig. 9a, 4.2 Modeled subsurface flow for wet initial conditions
the measured outflow as a function of maximum rainstorm
intensity (amount of rainfall measured during a one hour in-We calculated the outflow with percolation theory for sys-
terval) is shown. The rainstorm amount was higher than theaems differing in size, loss of free water to the bedrock, con-
threshold of 55mm in only six of the 68 rainstorm events nectivity (coordination number) and capacity distributions.
with wet initial conditions. As can be seen in Fig. 9a, the 62 According to the shape of the trench site, the ratio of ups-
rainstorm events with negligible outflow correspond to inten-lope distance ) to the length of the trenchi(,) was 2.5,
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Fig. 9. Effect of rainstorm intensity at Panol@d) For conditions exceeding the threshold, outflow increases linearly with maximum intensity
(captured during one hour intervals). The symbols at the bottom line represent the storm events with negligible @)tidw. outflow

(circles) as a function of rainstorm amount is affected by the variations of intensity (squares). Two events with rainstorm amount of about
100 mm but different intensities are indicated with a gray rectangle. The analysis was carried out for 68 events with wet initial conditions.

corresponding to the horizontal and vertical extensions ofdistributed randomly in space and the resulting distribution
20 and 50 m, respectively. To find an optimized model, we of occupied sites and the outflow at the lower boundary was
changed the loss of free water to bedrock from b=0.55to 0.75omputed. For each of the 68 rainstorm amounts, the aver-
in intervals of 0.05, the mean of the storage capacity functionage of 100 realizations was compared to the measured sub-
from ©=20 mm to 50 mm in intervals of 5mm and the coor- surface flow. The squared difference between the measured
dination number from=1.6 to 8.0 in intervals of 0.8. For outflow and the average of 100 realizations was summarized
the resulting set with 315 parameter combinations, 100 refor the 68 rainstorm values. For the 315 combinations, the
alizations of systems with 2660 sites were analyzed. The squared difference ranged between 207%ramd 1884 mrf.
standard deviation was set to 58.8% of the mean capacitffhe smallest error was found far=30 mm, »=0.65 and a
value, according to the coefficient of variation of the mea- coordination number of=3.2. Two other combinations with
sured soil depth distribution. For each realization, a randomb=0.65 (=35 mm,n=4.0 andu=40 mm,n=4.8) were com-
network of bonds was generated. Then, for each of the meaparable with an error of 217 nffrand 221 mri. The same
sured 68 rainstorm amounts the storage capacities were analysis of the parameter space was carried out for system

www.hydrol-earth-syst-sci.net/11/1047/2007/ Hydrol. Earth Syst. Sci., 11, 1063-2007



1058 P. Lehmann et al.: Rainfall threshold for hillslope outflow

Table 2. Parameters of model fitted to measured data. The cumu-lA"5 mm (see Fig. 9b) for rainstorm events of 95 and 102 mm,

lated quadratic difference between the 68 measured and modellefESPectively, the factob must be within 0.65%0.15. For
outflow values is given in bold. The values of the best three fits are” =95 mm with 5=0.50, the mean value of 100 realizations

given. is 26.3mm &24.7 mm) and the average fer102 mm with
b=0.80is 11.6 mm+£14.5 mm). For that purpose, the loss of
LyxLy free water to the bedrock for each modelled rainstorm event
n Iz b pe re 10x25 20x50  40x100 was a random number between 0.50 and 0.80. This corre-
32 30mm 0.65 0.825 465mm 218 207 204 sponds to the subsurface stormflow runoff coefficient above
40 35mm 065 0705 46.0mm 217 217 217 the threshold of 30-80% found by Tromp-van Meerveld and
48 40mm 0.65 0625 47.5mm 223 221 219

McDonnell (2006a). The range of modelled outflow is shown
in Fig. 10. With this adaptation, the model describes the ob-
served variations more accurate but the variability close to

the threshold rainstorm amount is not yet modelled properly.
sizes 125 and 4100 and the same three combinations

were optimal. The errors and parameters for the best com4.3 Subsurface flow as a function of initial conditions
binations are given in Table 2. For the three combinations
of parameters, the threshold amount of rainsteswas be- Up to now, the storage capacity distribution function was the
tween 46.0 and 47.5 mm. For this rainstorm amount, the ocsame for all realizations. For the 68 events analysed so far,
cupation probability for the corresponding storage capacitythe initial water conter measured at 70 cm depth was be-
distribution is equal to the percolation threshold. The per-tween 0.392 to 0.413%m~3. The storage capacity function
colation threshold for these percolation models equals 0.825Vas optimized for the mean water content of the 68 events
0.705 and 0.625 for coordination numbers:sf3.2, 4.0 and ~ With 6,,=0.402n% m~3. To relate the storage capacityto
4.8, respectively. The spatial and temporal patterns of lo-2n initial water content, we assume that the storage ca-
calized water tables analyzed by Tromp-van Meerveld andPacity equals=(0.—¢) (1000d), with the threshold water
McDonnell (2006b) indicate that a fraction of about 0.60 and contenté. that must be achieved to have a free water ta-
0.65 of their measuring sites must have a water table to proble and the soil deptéd multiplied with 1000 to obtain a
duce subsurface flow. These fractions are therefore in th&oil depth in mm. Fo©=6,,=0.402nf m~3, the storage
same order of magnitude as the modelled percolation thresteapacity values were given by a truncated normal distribu-
olds. tion with x=30mm and a standard deviation of 17.6 mm.
The difference between the modelled threshold of abouf™©r the mean values of the soil depth,£0.609m) and
47 mm and the experimentally determined value of 55 mmStorage capacity distribution functiop.£30 mm), we ob-
may be explained by the variability of the outflow for systems t&in #=(:—6.) na with a resulting therSh_Old water con-
with limited size. For a limited number of realizations, it is €Nt 0f6.=1/1000u/1q+6,,=0.451 n?m— - With this thresh-
possible that no outflow occurs even for a rainstorm amounf!d value, the storage capacity distribution function can be
above the threshold. For that purpose, we focus in the fol-2dapted to any initial water content with
lowing on the variability of the modelled outflow based on
the bgst fit withu=30 mym,n:3.2 andb=0.65. The results () = (O = 6)1000ua = p + 1000ua B = 6). ®)
of this model are shown in Figs. 5 and 6. For the fitting, For a decrease of initial water content of 0.03m3, the
only the average of 100 realizations was analysed. The ranggean of the storage capacity is shifted from 30 mm to 36 mm.
of modelled outflow is given in Fig. 6. The minimum and For the 68 rainstorm events with wet initial conditions, the
maximum values of all realizations are compared to the meaoutflow was computed for 100 realizations of a system of
surements. The modelled variation is smaller than the rangsize 20<50 (Ax=1m) with a coordination number n=3.2, a
of observed values. As shown in Fig. 6, the variation in- |oss to the bedrock between 0.50 and 0.80, and a mé&n
creases with a decreasing number of nodes. For small sysand a standard deviation @{8)=0y/144(6) that depend on
tems, the threshold behaviour is less pronounced and higkhe initial water content.
outflow values would be obtained for rainstorm amounts be- The cumulated distribution function of the storage capac-
low r.=46.5mm. This was not observed at Panola and theity values is equal for all initial water contefitfor a storage
measured variations must be caused by other effects. Aleapacity value of;=0
ternatively, the influence of intensity on subsurface flow can
be modelled by introducing a varying fraction of flow into 1 1 ci — () 1 1 nd
the bedrock. For that purpose, we assume that the factor 3 T 2"/ |:0d/ 1 (0) ﬁ} =5t Ld \/Q} - @)
is not a constant but is chosen randomly for each rainstorm Ha
event. The range of the value is chosen based on 100 reaBased on Eq. (4), the fraction of sites with storage capacity
izations with a system of size 2®0 for different factord. 0 is the same as the fraction of sites with soil depth 0. This
To explain the measured range of outflow between 24.7 anddentity is required because we interpret the fraction of sites
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Fig. 10. Variability of subsurface flow. For 100 realizations of a system of size5f) the loss of free water varied between 50% and 80%

(gray line). These results are compared to the measured values (black disks) and the model with a constant loss of 65% (bold black lines). In
addition to the variable loss of free water, the capacity distribution was adapted to the initial water content of the 68 events with high initial
water content between 0.392 and 0.413mr3 (black line with circles) by choosing the mean of the storage distribution as a function of

the initial water content. The coordination number in all cases was equaBt@.

with storage capacity O as bare bedrock and this does natording to the measured initial water content, it is possible
depend on initial water content. The results are shown into derive the range of subsurface outflow for dry initial con-
Fig. 10. Now, the range of modelled outflow corresponds toditions from the model optimized for wet initial conditions.
the measured values. For the 123 rainstorm events analyzed in this study, the mean

_ . ~ storage capacity ranged from 23 mm #570.413n¥ m—3 to
The same adaptation of the storage capacity function to5 mm fore=0.311 % m-3.

the initial water content was done for the 55 rainstorm events

with initial water contentd between 0.311 and 0.39CGm

m~3. The response of hillslope to rainstorm may be dif- 5 Discussion

ferent for dry and wet initial conditions. Sidle et al. (1995)

and Tromp-van Meerveld and McDonnell (2006a) found thatRainfall-induced subsurface stormflow at the hillslope scale
the contribution of soil pipes was reduced for dry initial con- is widely acknowledged as a dominant outflow process in
ditions. For dry initial conditions, less water is in the sys- many steep, humid watersheds (Bonell, 1998; Weiler et al.,
tem and the storage capacity is increased. For each ever2005). Despite recent efforts that have been made to clas-
100 realizations of a system of sizex2B0 (Ax=1m) witha  sify and organize hillslope behaviour (Scherrer and Naef,
coordination number n=3.2, a loss to the bedrock betweer2002; Uchida et al., 2005) we are still unable to make non-
b=0.50 and 0.80 and a mean®) and a standard devia- trivial predictions about water flow pathways and processes
tion of o (0)=04/1uq 11(6) Of the storage capacity were anal- on hillslopes in ungauged basins. One feature of hillslope
ysed. There was only one rainstorm event (on 26 April 1997behaviour in the experimental literature that is now evident
with a total rainfall amount of 87.9 mm, maximum intensity is the rather common characteristic nonlinearity of the re-
27.7 mm hr, an initial water content of 0.387%m~2 and lationship between rainfall and subsurface stormflow. This
an outflow of 5.1 mm) that was not within the modeled range.threshold relationship has been argued as the main expres-
This deviation can be explained by the preceding period of 6Gsion of emergent behaviour at the hillslope scale (McDon-
days without intense rainstorm event. In this situation, thenell, 2003). The present work has explored the use of per-
topsoil was probably much drier than the soil in 70 cm depthcolation theory to analyse the effects of hydrological proper-
and the water deficit was underestimated. We could modeties on modelled outflow, and in particular, the relation be-
this single event by reducing the system size ta2Bwitha  tween hillslope wetting pattern and the subsurface stormflow
distance ofAx=2 m between two grid points. The maximum threshold. This pattern-process linkage has been noted as
and minimum values for a system of sizexXZb (Ax=2m) the key to conceptualization of this nonlinearity (Tromp-van
are shown in Fig. 11. By adapting the storage capacity acMeerveld and McDonnell, 2006b). Our percolation approach
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Fig. 11. Modelled outflow for wet and dry initial conditions. For each of the 68 and 55 events with wet (black disks) and dry (gray squares)
initial conditions, respectively, 100 realizations of a system of size2Bwere generated. The modelled results for the wet initial conditions

are shown with a black line with symbols. The minimum and maximum values for the dry cases are indicated with gray crosses that are
connected for some events to show the range of computed outflow. The capacity distributions were changed according to the initial water
content. The loss of free water was between 50 and 80% and the coordination number wasmeefi2l tBor comparison, the averages for

wet initial conditions are shown (black bold line) computed with a model of size&250with =30 mm,o=17.6 mm n=3.2 andb=65%.

was motivated by the observed spatial and temporal patterns (iii) In the model, water flow occurs if two occupied sites

of transient water saturation and the emergence of connectivare connected. These connections can be interpreted in two
ity with increasing rainstorm amounts (see Fig. 1). We do notdifferent manners. Firstly, the connections may be macro-
claim that this model approach describes all aspects of thgores that enhance lateral flow when the connectedness of
subsurface flow threshold because it neglects the dynamicsubsurface saturation is achieved. Secondly, water flow
of water distribution during the rainstorm event and it doesalong the bedrock in down slope direction is only possible
not represent all spatial properties of the hillslope. But per-if the bedrock elevation decreases in down slope direction
colation theory can quantify the connectivity and its relation (e.g. connected bedrock hollows). Therefore, a connection
to threshold phenomena, and in this respect it adds anotherorresponds to a configuration fulfilling this condition.
dimension to conventional distributed hydrological model. It  (iv) The factors influencing subsurface stormflow initia-

is also apparent that the water balance description of each sitégon are randomly distributed. Various soil characteristics are
in the percolation network can be kept very simple requiringrelevant for the response to a rainstorm. At Panola the soil
data on soil water storage, soil depth and bedrock drainagejepth, which is close to normally distributed, determines the
but no detailed information on hydraulic soil properties are moisture deficit and storage capacity. While any type of dis-

needed which conventional models often require. tribution can be easily taken into account with the percola-
tion model, this study was restricted to the assumption of a
5.1 Assumptions in the percolation theory approach normal distribution.

Our analyses completed in this paper are based upon the foF—'2 Ability to replicate Panola behavior

lowing underlying process assumptions: To reproduce the outflow measured at the Panola trench site
(i) Each element in the model is in one of two possible we adapted the following parameters of the model:

states: with or without a transient water table. Water can (|) We used a normal distribution for the Storage Capacity

flow downwards between sites with a water table. with mean 30 mm and standard deviation of 17.6 mm. For
(i) The initial water content and thus the water deficit in an initial water content of 0.402%im~2 and a mean soil

the underlying substrate is important for the threshold valuedepth of 0.609 m, this corresponds to an increase of the water

of subsurface flow initiation. For this reason, we modelled in content to a value of 0.451%m=3.

a first step the outflow for conditions with similar water con- (i) For a rainstorm amount of 46.0 to 47.5mm, the per-

tents and adapted the model for dry conditions afterwards. colation threshold is reached and the outflow increases. This
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corresponds to a fraction of sites with a water table betweerb.3 Percolation theory for prediction
0.625 and 0.825.

We conclude the analysis of the percolation model with the

(iif) The bedrock can not be described as an impermeablgiscyssion about its application to prediction of ungauged
boundary. It dominates the slope of the relationship betweer, 4 gauged basins.

subsurface outflow and rainstorm amount for rainfall higher

” In the case with detailed observation, a first application
than the threshold.. In addition, the loss to the bedrock bp

. . . . is the analysis of measured subsurface flow. With the per-
depends on the intensity of the rainstorm and varied betweegOlation model approach presented in this paper, we can
0.5and 0.8. characterize a system based on the measured rainstorm re-

(iv) The size of the system was 260 sites, corresponding SPonse. An interpretation of a measured response with the
to 20mx50m. In a Specia| case (after a |ong dry period), percolation model gives us the means to quantitatively eval-
the system size had to be reducedX28) to reproduce an Uate process assumptions e.g. the role of bedrock permeabil-
experiment with high rainstorm amount and small outflow. ity and the temporal distribution of initial water content. In
So, the distance between two sit&s is about 1-2m. This case of several measured outflow values with similar rain-
can be interpreted as the length of a soil pipe connecting site§torm amount along with some information about the pres-
with free water. ence of soil pipes, the connectivity, the size of the character-

istic soil units and the distribution function of the storage ca-

(V) The coordination number affects the increase of subpacity values can be deduced from the measured outflow. So,
surface flow close to the threshold and the variability of mod-yith the percolation model the subsurface outflow response
eled outflow values. With decreasing coordination number,g the rainstorm amount could be used to classify different
the variability of modelled outflow values increases. For hillsiopes. This kind of classification could be compared or
higher coordination numbers, the variations of modeled subtombined with the methods described by Scherrer and Naef
surface flow would be too small to explain the observed vari—(zooz) and Uchida et al. (2005).
ability. In the pgrcolation model, the best results were found The situation is different when little data is present and
for a coordination number of 3.2. lack of resources does not permit us to monitor hillslopes in

(vi) For dry initial conditions, a rainstorm amount close the detail as done at the Panola site. The key to answering

to the threshold value determined for wet initial conditions tN€ auestion of how percolation theory could be applied is

does not initiate subsurface flow. Due to the increased watef® decide what observation can we use to parameterize the
deficit, more rainstorm water is needed. We could estimatd"0del other than the detailed monitoring and measurements

the range of expected outflow values for dry initial conditions ©f Water table, depth to bedrock etc. As connectivity is the
with the percolation model. focus of applying percolation theory, we suggest that spatio-

temporal measurements probing saturation in the subsurface

While the percolation model can reproduce various as-may provide such an observational window. Current methods
pects of the Panola hillslope, it is not intended to be a phys-of monitoring soil moisture in space and time such as ground
ically based hydrological model that provides a detailed de-penetrating radar, electromagnetic surveys and electrical re-
scription of small scale hillslope processes. We acknowl-sistivity tomography may provide us with the required infor-
edge that at this stage the parameters used here such as tination (Holden, 2004). How this can be used to parameter-
coordination number may lack physical basis, however, weize a percolation model is left for future research, but it is
believe that the modelling concept is ideally suited for sys-important to emphasize that percolation theory may be one
tems in which connectivity is an essential system property.approach to using patterns in space and time for analyzing
Processes that may affect the hillslope outflow not considsubsurface flow in response to rainfall.
ered in this model include the distribution of rainfall water
as a dynamic process resulting in lateral flow into sites with-
out a free water table. In addition, the water flow along the6 Summary and conclusions
bedrock is affected by large scale heterogeneities and the cor-
relation length of the bedrock profile. As shown in Tromp- The hillslope outflow response to a rainstorm event is highly
van Meerveld and McDonnell (2006a) the water flows pref- nonlinear. This behaviour is caused by the random distribu-
erentially out from a valley in the bedrock. Such large scaletion of soil properties. We used percolation theory to model
structures are not reproduced in the model because it is basdhe effect of randomly distributed soil properties on subsur-
on limited spatial information. Finally, the shown applica- face flow. The property that was distributed was denoted as
tion of the model for conditions with dry initial conditions storage capacity, the water volume per cross-section that is
may be too simplified because it is based on the assumptioretained before free water is available. The capacity depends
of constant water content in the profile. Probably, the filling on soil thickness, porosity (or field capacity) and initial water
of the whole profile water must be described in more detailcontent. Free water can flow into the trench at the bottom, if
to enhance the predictions. a continuous system of sites with free water exists.
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The modelled response depends on the moisture deficifreer, J., McDonnell, J. J., Beven, K. J., Brammer, D., Burns, D.,
the number of connections, the loss of free water to the per- Hooper, R. P., and Kendall, C.: Topographic controls on subsur-
meable bedrock and the size of the system. We found that the face storm flow at the hillslope scale for two hydrologically dis-
Panola trench site could be described by a percolation model tinct small catchments, Hydrological Processes, 11, 1347-1352,
of bedrock loss of about 65%, a connectivity of 3.2, a nor- 1997.
mal distribution of the capacity values with mean 30 mm and" "€ J- McDonnell, J. J., Beven, K. J., Peters, N. E., Bums, D.

. A . A., Hopper, R. P., Aulenbach, B., and Kendall, C.: The role of
standard deviation 17.6 mm and a size of the sites of 1-2m. bedrock topography on subsurface storm flow, Water Resources

To compare the model with the experimental data, 123  research, 38(12), 1269, doi:10.1029/2001WR000872, 2002.
events W|th measured rainstorm amount, OUtﬂOW and |n|t|a|Ho|den' J.: Hydr0|og|ca| Connectivity of soil p|pes determined
water content at 70 cm were analysed. The data set was sub- by ground-penetrating radar tracer detection, Earth Surface Pro-
divided into two classes, one set with 68 measurements with cesses and Landforms, 29, 437-442, 2004.
comparable water content of about 0.402mm3 and a sec- Hunt, A. G.: Percolation theory for flow and transport in porous
ond set with 55 rainstorm events for water contents between media, Lecture Notes in Physics, 674, Springer, Berlin, 2005.
0.311 and 0.391 Am=3. In the second case, we assumed Kirkby, M. J.: Hillslope runoff process and models, J. Hydrol., 100,
that the rather dry soil has to collect more water before it be- 315‘33]?' 1988, here d hen it rains? _
haved like the soil in the first data set. So, the mean of the"icPonnell, J. J.. Where does water go when it rains? Moving

. . . o beyond the variable source area concept of rainfall-outflow re-
storage capacity was increased depending on the initial wa-

dth f ldb delled with th sponse, Hydrological Processes, 17(2) 1869-1875, 2003.
ter content and the outtlow could be modelled with the Sam(31\/|osley, M. P.: Streamflow generation in a forested watershed, Wa-

percolation model. From this finding we conclude that per- o Resour. Res.. 15. 795-806. 1979.

colation theory and the underlying assumption of randomlysanimi, M.: Applications of Percolation Theory, Taylor and Fran-
distributed soil properties is a valid approach to describe and ¢is, London, 1994.

quantify threshold processes controlling the hillslope outflow Scherrer, S. and Naef, F.: Decision scheme to indicate dominant hy-
after rainstorm events. The percolation model presented in drological flow processes on temperate grassland, Hydrological
this paper is focussed on elucidating the role of flow path Processes, 17(2), 391-401, 2003.

connectivity on hillslope outflow which implies that in its Sidle, R. C., Tsuoyama, Y., Noguchi, S., Hosoda, 1., Fujieda, M.,
current state it is not meant to be used for time series predic- and Shimizu, T.: Introduction to seasonal hydrologic response

. . : t various spatial scales in a small forested catchment, Hitachi
tions of rainfall-runoff processes at the hillslope scale. a
P P Ohta, Japan, J. Hydrol., 168, 227-250, 1995.
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