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Abstract. In this study we propose an uspcaling approach to
derive time series of (a) REW scale state variables, and (b) ef-
fective REW scale soil hydraulic functions to test and param-
eterise models based on the REW approach. To this end we
employed a physically based hydrological model, that repre-
sents the typical patterns and structures in the study catch-
ment, and has previously been shown to reproduce observed
runoff response and state dynamics well. This landscape-
and process-compatible model is used to simulate numer-
ical drainage and wetting experiments. The effective soil
water retention curve and soil hydraulic conductivity curve
are derived using the spatially averaged saturation and capil-
lary pressure as well as averaged fluxes. When driven with
observed boundary conditions during a one year simulation
the model is used to estimate how the spatial pattern of soil
moisture evolved during this period in the catchment. The
time series of the volume integrated soil moisture is deemed
as best estimate for the average catchment scale soil mois-
ture. The approach is applied to the extensively monitored
Weiherbach catchment in Germany. A sensitivity analysis
showed that catchment scale model structures different from
the landscape- and process compatible one yielded different
times series of average catchment scale soil moisture and
where not able to reproduce the observed rainfall runoff re-
sponse. Hence, subscale typical heterogeneity leaves a clear
fingerprint in the time series of average catchment scale sat-
uration. In case of the Weiherbach catchment local scale het-
erogeneity of ks could be neglected and a simple representa-
tion of the typical hillslope scale patterns of soil types and
macroporosity was sufficient for obtaining effective REW
scale soil hydraulic functions. Both the effective soil hy-
draulic functions and time series of catchment scale satu-
ration turned out to be useful to parameterise and test the
CREW model, which is based on the REW approach and was
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applied to the Weiherbach catchment in a companion study
Lee et al. (2006, this issue).

1 Introduction

Solving the problem of “predictions in ungauged basins”
(PUB) is clearly one of the biggest contemporary challenges
in hydrological science. Predictions in ungauged or poorly
gauged catchments for water resources planning, but also
predictions of global change impact even in gauged catch-
ments, seem hardly possible with the kind of predictive tools
or models that we currently have that rely so much on cal-
ibration (Sivapalan et al., 2003). Meso-scale hydrological
models of the conceptual variety only mimic hydrological
behaviour a posteriori, i.e., after calibration to precipitation
and stream flow data that are available for catchment states
that we are interested in. These models are not capable of
predicting hydrological response for catchment states outside
the range for which precipitation and stream flow data are
available. Fully physically based, distributed hydrological
models such as MIKE SHE (Refsgaard and Storm, 1995) or
CATFLOW (Zehe et al., 2001) may, in principle, be used to
extrapolate beyond this “range of experience”, because they
are based on formulations of universal conservations laws,
which essentially means that state variables and model pa-
rameters must be measurable quantities. Furthermore, such
models are able to explicitly resolve spatial patterns of key
variables, which allows us, (a) to test/improve our percep-
tion of how spatial patterns control hydrological processes
of interest, and consequently (b) may be adopted to support
the design of field experiments. However, the application of
distributed, physically based hydrological models is only rea-
sonable if spatially highly resolved data sets, with detailed in-
formation on the patterns of surface and subsurface hydraulic
properties, are available, and for this reason is restricted to
the hillslope and small catchment scales for which such data

Published by Copernicus GmbH on behalf of the European Geosciences Union.



982 E. Zehe et al.: Dynamical process upscaling

sets may be available in only a limited number of catchments
worldwide.

Therefore, solving the PUB problem requires that we:

– Develop a new generation of hydrological models for
the meso-scale, that are, on the one hand, based on con-
servation principles, meaningful state variables and pa-
rameters that may be derived from field observations
using appropriate upscaling. On the other hand, these
models have to be less complex than traditional phys-
ically based distributed models, so that parameter esti-
mation remains a tractable problem.

– Change our modelling attitude from ad hoc model mod-
ifications, when and if models do not fit the data, more
towards model development that is oriented towards rig-
orous testing of hypotheses, to increase the understand-
ing or explanations of why our models fail.

The TOPKAPI model introduced by Liu and Todini (2002)
is a partly physically based model that has been success-
fully applied for flood predictions in the Xixian catchment
in China (Liu et al., 2005). However, the derivation of the
underlying process descriptions lacks physical and mathe-
matical rigor and the application to the Xixian catchment is
based on calibration. The Representative Elementary Water-
shed (REW) approach (Reggiani et al., 1998, 1999, 2000)
offers an appropriate theoretical framework for developing
meso-scale hydrological models with the key characteristics
that were highlighted above. The “heart” of the REW ap-
proach is a set of coupled mass and momentum balance equa-
tions for “different zones” represented within the appropri-
ately chosen representative elementary watershed or REW,
which are the unsaturated zone (u-zone), saturated zone (s-
zone), concentrated overland flow zone (c-zone), saturated
overland flow zone (o-zone), and channel zone. Mass and
momentum fluxes between these different zones within the
REW, and the corresponding fluxes between different REWs
within a larger watershed, are generally unknown. “Clos-
ing” this set of model equations in order to make them deter-
minate (that the number of equations equals the number of
unknowns), essentially means, to assess reasonable process
formulations for these mass exchanges as functions of REW
scale state variables and catchment characteristics so that the
set of balance equations becomes mathematically tractable.
A second problem which is closely related to this “closure
problem” is the assessment of model parameters and effec-
tive REW scale constitutive relations which connect different
state variables, e.g. the relationship between REW-scale cap-
illary pressure and REW-scale saturation in the unsaturated
zone, which incorporate within them the effects of spatial
patterns of associated variables within the REW at a lower
level of scale (Reggiani et al., 2005; Zehe et al., 2005b).

The focus of the present study is on the assessment of such
effective REW scale constitutive relations for the implemen-
tation into the CREW model that is introduced and success-

fully applied to the Weiherbach catchment within a closely
related study of Lee et al. (2006, this issue). Our approach
is essentially based on the disaggregation-aggregation ap-
proach of Sivapalan (1993) and Viney and Sivapalan (2004),
and more specifically the “scale-way” idea of Vogel and Roth
(2003). The latter authors argue that upscaling in environ-
mental modelling, in general, has to deal alternatively with
both “texture” and “structures”. Texture is not explicitly re-
solved in the model and associated processes are described
by means of continuum mechanics. Structures, on the other
hand, can and have to be explicitly spatially resolved in the
model. Structures at the next lower spatial scale or “sub-
scale” determine partly the dynamics in the “texture” and
hence the textural properties at the higher spatial scale. Em-
ploying these ideas for physically based, distributed hydro-
logical models, the soil matrix is the texture, described by
Richards equation and soil hydraulic functions that represent
the effects of subscale structures such as the pore size distri-
bution and the topology of the pore space on water fluxes at
the REV scale (Vogel et al., 2005). Structures, on the other
hand, refer to the spatial patterns of soil heterogeneities, lay-
ering and any preferential pathways, when they exist. Mov-
ing on from the REV scale to the REW scale it is obvious
that structures i.e. spatial patterns of soils and preferential
pathways inside a catchment/a control volume will strongly
determine average mass exchange fluxes in the “texture” at
the REW scale.

The most fundamental assumptions underlying the pro-
posed study are 1) that capillarity is still of crucial impor-
tance for groundwater recharge and capillary rise at the REW
scale and 2) that this can accounted for by effective relations
that link average capillary pressure and average saturation
as well as effective hydraulic conductivity and average sat-
uration. The second postulate implies the assumption of a
local equilibrium that will be discussed in Sect. 2. Ideally we
would derive this effective soil hydraulic relations based on
measurements of average flows and average soil moisture dy-
namics at the catchment/REW scale for the catchment of in-
terest. However, with current measurement techniques such
data are far out of reach. Of course one can assume a func-
tional foem of the “soil water characteristics” and calibrate
the parameters, as suggested by Zhang and Savenije (2005)
within their successful application of REWASH to the Geer
River in Belgium. However, for PUB we have to assess these
constitutive relations without calibration!

The key objectives of the present study are to explore to
which extend we may obtain effective REW scale constitu-
tive relations by upscaling by using REV scale information
and observations. To this end we propose a “dynamical” up-
scaling approach for (a) generating the time series of REW
scale state variables that may assist towards model valida-
tion, as well as (b) deriving REW scale constitutive rela-
tions which embed the net effects of the dominating patterns
and heterogeneity that exist at the sub-REW scale. The pro-
posed approach is implemented in the extensively monitored
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Weiherbach catchment in the South-West of Germany. Both
objectives have a strong conceptual link, as they are based
on the fundamental idea that fingerprints of subscale pat-
terns and structures may be embedded into spatially aver-
aged output of a distributed model. Therefore, in both cases
we employ the structure and the averaged output of a detailed
distributed, physically based, hydrological model, which has
been previously shown to reproduce well the hydrological
dynamics in the study catchment at a range of scales (Zehe
et al., 2001, 2005a; Zehe and Blöschl, 2004). In an ac-
companying paper that appears in this special issue, Lee et
al. (2006) present a successful application of a numerical
model, CREW, which is based on the REW approach, also to
the Weiherbach catchment. In their paper the REW approach
and the derivation of closure relations is described in detail.
These authors used effective REW-scale soil hydraulic rela-
tions of the same functional form as proposed in this study.
However, the related parameters were manually calibrated
from the integrated output of the spatially distributed model.
Based on the upscaling approach presented here we hope to
succeed in deriving effective REW scale soil hydraulic rela-
tions with similar parameters as those calibrated from Lee et
al. (2006) butwithout calibration. Furthermore, the REW-
scale state variables obtained from the present study shall
serve as target measures for validating the CREW model.

This paper is organized as follows. After explaining the
dynamical upscaling methodology in Sect. 2 we will intro-
duce the study area and the available database. Necessary
details of the model and the model setup are presented in
Sect. 3. The derived REW scale state variables and constitu-
tive relations are presented and discussed in Sect. 4. Finally,
we will close with a summary and conclusions in Sect. 5.

2 Concepts of the dynamical upscaling approach

2.1 Basic idea

The idea to assess effective parameters in order to param-
eterize subscale heterogeneity within meso-scale hydrolog-
ical models has been addressed by different studies in the
past. Binley et al. (1989a) used a full three dimensional
model based on Richards equation coupled with a simple
linear routing approach for deriving hillslope scale effective
hydraulic conductivities for stochastically generated hetero-
geneous parameter fields. This worked for weakly heteroge-
neous systems of high average hydraulic conductivities rang-
ing for 0.05 to 0.2 cm/min (compare their Table 2). But they
did not succeed in obtaining effective hydraulic conductivi-
ties that yielded good results for subsurface and surface flow
at the same time in case of systems of low average perme-
ability (see their Table 3). For an effective description of
tracer transport in heterogeneous aquifers Dagan (1989) and
Gelhar (1993) proposed perturbation methods for assessing
first and second moments of tracer plumes groundwater. At-

tinger (2003) and Lunati et al. (2002) proposed volume aver-
aging and homogenisation techniques for deriving effective
process descriptions and parameterisations for an equivalent
homogeneous medium at larger spatial scales.

The latter approaches focused on groundwater modelling,
often assuming log-normally distributed random transmissiv-
ities, which allowed them to successfully employ analytical
techniques. This works well for weakly heterogeneous and
linear systems. In the unsaturated zone within a catchment,
however, subsurface water fluxes are determined by patterns
of vegetation, soil layering and preferential pathways, which
interact amongst each other in a highly nonlinear way. Ana-
lytical averaging techniques are therefore not appropriate be-
cause they (a) cannot account for the nonlinear interactions
of this multitude of spatial patterns, and (b) the spatial vari-
ability of key soil parameters is only partially of a statistical
type, a large part of variability is of the structural type. The
principal difference between the above listed approaches and
the upscaling approach presented here is to use, similar to
the study of Binley et al. (1989b), the spatially averaged out-
put of a numerical process model for dynamic upscaling. A
detailed numerical model does naturally account for the non-
linear multiple influences of different patterns on the sub-
surface fluxes. However, in contrast to the study of Binley et
al. (1989b), which was based for a hypothetical hillslope, our
study is carried out for the very well observed Weiherbach
catchment and model structure that has been shown to por-
tray systems response on different spatio-temporal scales.

Zehe et al. (2001) showed that in this catchment, which is
situated in a Loess area in Germany, a model structure which
only incorporates typical (not actual) spatial patterns of soil
types, vegetation and preferential pathways in that Loess
landscape, and neglects local scale statistical variability, is
sufficient to explain a large part of the observed variabil-
ity of hydrological processes at the catchment scale. Within
a 1.5-year simulation the catchment model predicted catch-
ment scale runoff response with a Nash-Sutcliffe efficiency
of 0.82, explained more than 92% of the evapo-transpiration
rates (ET) observed at a meteorological station and yielded
at the same time reasonable predictions of soil moisture time
series observed at 61 locations in the catchment with correla-
tion coefficients ranging between 0.65 and 0.75 (Zehe et al.,
2001, 2005a). In this study we will employ this “landscape-
and process-compatible” model structure for the implemen-
tation of the dynamical upscaling approach.

2.2 Derivation of catchment scale average state measures

To address the first objective, i.e. the derivation of time se-
ries of catchment scale state variables, we will employ the
full catchment model (with the landscape- and process- com-
patible structure)with observedboundary conditions. As
the model simulates the full hydrological cycle (please com-
pare Sect. 3.2 for a brief model description) the simulated
state variables such as soil moisture evolve in a manner that
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is physically consistent with the other simulated processes
(such as surface runoff and ET) and the dominant patterns in
this catchment that are explicitly represented in the model.
As the model yields good estimates of the observed runoff
response, ET and soil moisture during this period we pos-
tulate that space-time- fields of soil moistureθsim(x,y,z,t)
and the matric potentialψsim(x,y,z,t) represent the best ap-
proximation to the real, unknown patterns of soil moisture
θreal(x,y,z,t) and matric potentialψreal(x,y,z,t) that will evolve
in this catchment under the given boundary conditions. By
integrating the model output over the total catchment vol-
ume and dividing by the catchment volume, we can obtain
the time series of catchment-scale average soil moistureθ (t)
[L3L−3] and catchment-scale average matric potential9(t)
[L]:

θ(t) =
1

VCatchment

∫∫∫
Catchment

θsim(x, y, z, t)dx dy dz

9(t) =
1

VCatchment

∫∫∫
Catchment

ψsim(x, y, z, t)dx dy dz
(1)

wherex, y, z denote the Cartesian coordinates andt the time.
As we consider these average state variables, derived from

the landscape- and process-compatible model structure, as
physically consistent with local observations, we postulate
that these series of catchment-scale average soil moisture
and matric potential may be used as additional target mea-
sures for validation of meso-scale models developed for this
area. The following sections present the application of this
approach for the Weiherbach catchment.

2.3 Derivation of effective constitutive relations for the un-
saturated zone of the CREW model

The second objective of this study is to propose an approach
for deriving REW scale effective constitutive relations that
link a) REW scale capillary pressure to the REW scale sat-
uration of the unsaturated zone (an effective REW scale wa-
ter retention curve) as well as b) the effective REW scale
unsaturated hydraulic conductivity to the REW scale satura-
tion of the unsaturated zone. The CREW model (Lee et al.,
2006) employs these two constitutive relations exclusively
in the closure relation that describes the mass exchange flux
between the unsaturated and the saturated zone (compare
Eq. 2). By assuming no exchanges between neighbouring
REWs, the mass balance equation for the unsaturated zone is
given as follows (Lee et al., 2006):

d

dt

(
ρεyusuωu

)
=

euA︸︷︷︸
evapotranspiration

+ eus︸︷︷︸
recharge or capillary rise

+ euc︸︷︷︸
infiltration

(2)

whereyu [L] is the average thickness of the unsaturated zone,
su [–] is the average saturation ranging from zero to one,
ωu [L2] is the area fraction of the unsaturated zone in the
REW/catchment,εu [L3L−3] is the porosity, andρ [ML −3]

is the mass density of water. The flux densitieseuA, eus ,
euc denote the mass exchange rates at the interface to the
atmosphere, saturated zone and concentrated overland flow
zone, respectively.

As exclusively the exchange termeus , which denotes
groundwater recharge or capillary rise, accounts for REW
scale constitutive relations, we omit the expression for the
other exchange terms in Eq. (2) (please refer to Lee et al.,
2006). The expression foreus proposed by Lee et al. (2006)
is based on the following assumptions. Capillary forces and
gravity are still the major drivers for groundwater recharge
and capillary rise at the REW scale. The mass fluxeus is
still driven by average gradients of matric potential and grav-
ity, that catchment-scale average water saturationsu in the
unsaturated zone is related to catchment-scale average capil-
lary pressureψ by an average water retention function, and
that the average flow resistance may be described by an effec-
tive REW-scale unsaturated hydraulic conductivityk, which
is also a function of average saturationsu. Hence,eus is
given by Lee et al. (2006):

eus = αussuwuvuz

vuz =
k

suyu

[
1
2 |9| − yu

]
9 = f (su)

(3)

whereαus is a dimensionless scaling parameter.
The basic idea of the present study is to select a Brooks

and Corey type function fork(su) and9=f (su) as sug-
gested in Lee et al. (2006) or Zhang and Savenije (2005).
Contrary to these authors, who calibrated the correspond-
ing parameters manually, we will estimate the parameters
from simulated drainage and wetting experiments carried
out with the landscape- and process-compatible model for
artificial boundary conditions (either the full catchment
model or if possible just by employing the hillslope module
for typical hillslope structures) without any calibration. In
this sense, the detailed numerical model represents a catch-
ment/hillslope scale measurement instrument. To this end,
we start either at an initially saturated or and initially dry
catchment/hillslope and impose an increasing suction head/a
constant suction head equal to zero at the lower boundary
of the catchment. The boundary conditions at the remain-
ing boundaries are of the zero flux type. The simulated out-
flow/inflow q(x, y, zB , t) at the lower boundary, i.e. at a de-
fined depth in the soilzB , is averaged over the whole catch-
ment/hillslope area for each time step.

esu(t) =
1

ACatchment

∫ ∫
Area

q(x, y, zB , t)dx dy (4)

Additionally, the simulated saturation and the matric poten-
tial are averaged over the simulation domain, as defined in
Eq. (1). This way we obtain series of values of average out-
flows/inflowsesu as a function of average saturationsu. If
Eq. (3) is now solved fork we end up withk as a function of
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su. We can also obtain, in a similar manner, the relationship
between average matric potential9 and average saturation
su. Following Lee et al. (2006) we select a Brooks and Corey
(1964) type function to the fitted to the numerically obtained
data:

k(su) = ks (s
u)βk

9 (su) = 9b (s
u)β9

su =
θ

θ s

(5)

Given the assumed functional forms, the next step is to es-
timate the associated the REW scale effective parameters in
Eq. (5), namely, hydraulic conductivityks , bubbling pressure
9b, and the exponentsβk andβ9 .

Before we present the application of this approach to as-
sess effective REW scale constitutive relations for the Wei-
herbach catchment it is worth to reflect the crucial assump-
tion on the existence of a local equilibrium at that scale. The
REW capillary pressure, which is obtained by volume aver-
aging, should as a macroscopic state variable reflect the aver-
age pressure drop across the water/air interfaces in the pores
at equilibrium. External disturbances e.g. due to infiltration
of water will disturb this equilibrium. The water air inter-
face will locally adapt its curvature to a new equilibrium, the
disturbance will travel through the porous medium and the
water air interfaces will subsequently react and establish a
new local equilibrium. We call this process relaxation. The
assumption of local equilibrium that is a precondition for the
definition of a reasonable macroscopic capillary pressure at
this scale (that indeed reflects the average of the microscopic
states) makes only sense, if the relaxation time scale is much
smaller than the time scale of external disturbances. It is in-
tuitively clear that the relaxation time scale will increase with
the size of the REW, and depend on the REV scale hydraulic
properties and heterogeneity of the soil.

3 Application to a headwater catchment

3.1 Study catchment and data base

3.1.1 Weiherbach catchment

The application of the proposed theory is based on detailed
data obtained within field observations in the Weiherbach
valley (Zehe et al., 2001). The Weiherbach is a rural catch-
ment of 3.6 km2 size situated in a loess area in the South-
West of Germany. Geologically it consists of Keuper and
Loess layers of up to 15 m thickness. The climate is humid
with an average annual precipitation of 750–800 mm year−1,
average annual runoff of 150 mm year−1, and annual poten-
tial evapotranspiration of 775 mm year−1. More than 95%
of the total catchment area is used for cultivation of agricul-
tural crops or pasture, 4% is forested and 1% is paved area.
Crop rotation is usually once a year. Typical main crops are
barley or winter barley, corn, sunflowers, turnips and peas;

 1

 

Fig. 1. Observational network of the Weiherbach catchment. Soil
moisture was measured at 61 TDR stations at weekly intervals
(crosses). Triangle indicates the stream gage. Topographic contour
interval is 10 m.

typical intermediate crops are mustard or clover. Ploughing
is usually to a depth of 30 to 35 cm in early spring or early
fall, depending on the cultivated crop. A few locations in the
valley floor are tile drained to a depth of approximately 1 m.
However, the total portion of catchment area that is under tile
drains is less than 0.5% of the total catchment. Detailed field
observations (Zehe et al., 2001) in the Weiherbach catchment
indicated that storm runoff is produced by infiltration excess
overland flow.

Most of the Weiherbach hillslopes exhibit Loess soils.
Preferential pathways in the Weiherbach soils are very appar-
ent. The thickness of the Loess cover ranges from 15 to 30 m.
Preferential flow pathways are mainly a result of up to 1.5 m
deep earthworm burrows (Zehe and Flühler, 2001; Ehrmann,
1996). The average depth of worm burrows in this catchment
is around 60 cm (Zehe et al., 2001) with a maximum of up to
2 m. As this is small compared to the thickness of the Loess
layers, macropores almost never penetrate into the saturated
zone in the Weiherbach catchment. Thus, the exchange be-
tween the unsaturated zone and the saturated zone, which is
the major focus of our study, is determined by the properties
of the subsoil matrix.

3.1.2 Experimental database

Figure 1 presents a map view of the observational network
in the northern part of Weiherbach catchment. Rainfall input
was measured in a total of 6 rain gauges and discharge was
monitored at two stream gauges, all at a temporal resolution
of 6 min, and for a period of over 10 years. The gauged catch-
ment areas are 0.32 and 3.6 km2. Soil moisture was measured
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Table 1. Average hydraulic properties for typical Weiherbach soils,
determined from 200 undisturbed soil samples. The definition of
parameters is after van Genuchten (1980) and Mualem (1976). Sat-
urated hydraulic conductivityks , porosityθs , residual water content
θr , air entry valueα, and shape parameter n.

Soil ks θs θr α n
[m/s] [–] [–] [1/m] [–]

Calcaric Regosol (3.4±1.5)×10−6 0.46 0.06 1.5 1.36
Colluvisol (4.1±2)×10−5 0.43 0.11 1.9 1.20

at up to 61 locations at weekly intervals using two-rod TDR
equipment that integrates over the upper 15, 30, and 45 cm
of the soil. A soil map was compiled from texture infor-
mation that was available on a regular grid of 50 m spacing.
Most hillslopes exhibit a typical soil catena with moist but
drained Colluvisols located at the foothills and dryer Calcaric
Regosols located at the top and mid-slope sectors. The soil
hydraulic properties of Weiherbach soils after van Genuchten
(1980) and Mualem (1976) were measured in the laboratory
using undisturbed soil samples along transects at several hill-
slopes, up to 200 samples per slope (Table 1, Schäfer, 1999).
A digital elevation model with a grid spacing of 12.5 m rep-
resented the topography.

The macropore system, i.e. the number of earthworm bur-
rows, was mapped at 15 sites in the catchment (compare Zehe
and Fl̈uhler, 2001). The spatial pattern of soil macroporos-
ity turned out to be closely related to the soil catena. The
macroporosities tend to be small in the dry Calcaric Regosols
located at the top and mid-slope regions, and larger in the
moist and drained Colluvisols located at the valley bottoms
(Zehe and Fl̈uhler, 2001; Zehe, 1999). This form of spa-
tial organization may be explained by the habitat preferences
of Lumbricus terrestris, which is the dominant deep digging
earthworm species in that landscape (Ehrmann, 1996).

Curves representing the temporal development of LAI,
plant height, biomass production, and root length were de-
termined based on visual inspections of the main crops such
as corn, wheat, oats, sunflowers, sugar beets, peas, mus-
tard, and turnips as the basis for the evaporation module of
CATFLOW. Further details on the measurement program are
given in Zehe et al. (2001).

3.2 Hydrological model, and process- and landscape-
compatible model structure

3.2.1 Model structure and process formulation

For our upscaling we employ the physically based, dis-
tributed hydrological model, CATFLOW (Maurer, 1997;
Zehe et al., 2001). The model subdivides a catchment into a
number of hillslopes and a drainage network. Each hillslope
is discretized along the main slope line into a 2-dimensional

vertical grid using curvilinear orthogonal coordinates. Each
surface model element extends over the width of the hills-
lope. The widths of the surface elements may vary from the
top to the foot of the hillslope. For each hillslope, evap-
otranspiration is represented using an advanced SVAT ap-
proach based on Penman-Monteith equation, which accounts
for plant growth, albedo as a function of soil moisture, and
the impact of local topography on wind speed and radia-
tion. Soil water dynamics and solute transport are simulated
based on the Richards equation in the mixed form, as well
as a transport equation of the convection diffusion type. The
hillslope module can simulate infiltration excess runoff, sat-
uration excess runoff, reinfiltration of surface runoff, lateral
water flow in the subsurface, return flow and solute transport.

However, in the Weiherbach catchment only infiltration
excess runoff contributes to storm runoff and lateral subsur-
face flow does not play a major role at the event scale. What
is important is the redistribution of near surface soil moisture
in controlling infiltration and surface runoff. Surface runoff
is routed on the hillslopes, fed into the channel network and
routed to the catchment outlet based on the convection diffu-
sion approximation to the 1-dimensional Saint-Venant equa-
tion. For reasons of brevity the model equations, which are
now standard ones for most physically based models, are not
presented here. For more details readers may refer to Maurer
(1997), Zehe et al. (2001) and Zehe et al. (2005b).

Preferential flow is important for infiltration and genera-
tion of surface runoff in the Weiherbach catchment. In CAT-
FLOW preferential flow is represented by an effective thresh-
old approach, which is motivated by experimental findings
of Zehe and Fl̈uhler (2001). Macropore flow starts when the
relative saturationS [–] at a macroporous grid point at the
soil surface exceeds the thresholdS0. As the effect of active
macropores in a model element is to increase the infiltration
capacity, the hydraulic conductivity,kB , of the element is in-
creased as follows:

kB(x, z) =

{
kS(x, z)+kS(x, z)fm(x, z)

S−S0
1−S0

if S ≥ S0

kS(x, z) otherwise
S(x, z) =

θ(x,z)−θr (x,z)
θs (x,z)−θr (x,z)

(6)

whereks [l/t] is the saturated hydraulic conductivity of the
soil matrix,θs [l3l−3] andθr [l3l−3] are saturated and resid-
ual soil moisture content, respectively,θ [l3l−3] is the soil
moisture,x andz are the coordinates along the slope line and
the vertical. The macroporosity factor,fm [–], is defined as
the ratio of the water flow rate in the macropores,Qm[l3/t], in
a model element of areaA and the saturated water flow rate
in the soil matrixQmatrix [l3/t]. It is therefore a characteris-
tic soil property reflecting the maximum influence of active
preferential pathways on saturated soil water movement:

fm(x, z) =
Qm(x, z)

Qmatrix(x, z)
(7)

For the Weiherbach soils we chose the thresholdS0 to be
equal to 0.8, which corresponds to the field capacity for the
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soils in the Weiherbach catchment. For relative saturation
values above this threshold, free gravity water is present in
the coarse pores of the soil, and this free water may per-
colate into macropores and thus may help start preferen-
tial flow. This plausible value ofS0 has been corroborated
through model simulations performed at a number of space-
time scales in the Weiherbach catchment. Using the hillslope
module of CATFLOW Zehe and Blöschl (2004) simulated
preferential flow and tracer transport at several field plots in
the Weiherbach catchment, which were in good agreement
with observations. Simulations of tracer transport and water
dynamics over an entire hillslope over a period of two years
matched well the corresponding observations of a long-term
tracer experiment at the hillslope scale (Zehe et al., 2001).

3.2.2 Landscape- and process-compatible model structure
for the Weiherbach catchment

The Weiherbach catchment has been subdivided into 169
hillslopes and an associated drainage channel network, and
each of the slopes was discretized into a 2-dimensional fi-
nite difference grid along the slope line. The surface model
elements are 5–20 m wide and 10 m long. The width of the fi-
nite difference grid in the vertical direction varies from 5 cm
close to the surface, to 25 cm at the lower boundary. The
total soil depth represented by the model was 2 m. The Man-
ning roughness coefficients for the hillslopes and the chan-
nels were taken from a number of irrigation experiments per-
formed in the catchment, as well as from the literature based
on the current crop pattern (see Gerlinger et al., 1998; Zehe
et al., 2001). For the hillslopes the following boundary con-
ditions were chosen: free drainage at the bottom, seepage
boundary conditions at the interface to the stream, atmo-
spheric conditions at the upper boundary, and no flux bound-
ary at the watershed boundary.

Due the existence of a “typical hillslope structure” with
a typical soil catena and spatially organized macroporosity
patterns in the Weiherbach catchment, we selected a sim-
plified model structure that accounted only for the typical
patterns of the hillslope, and neglected details of individual
hillslopes. All hillslopes in the model catchment were given
the same relative catena, with Calcaric Regosol in the up-
per 80% and Colluvisol in the lower 20% of the hill. The
corresponding van Genuchten-Mualem parameters are listed
in Table 1. Furthermore, all hillslopes were given the same
spatial patterns of macroporosity. Measurements of macrop-
orosity at 15 sites with 1 m2 sampling area in the Weiherbach
catchment suggested high macropore volumes, typically of
1.5·10−3 m3 in the moist Colluvisols at the hill foot, and low
values of 0.6·10−3 m3 at the top and mid-slope sectors (Zehe,
1999, cf. his Fig. 4.1). We chose the macroporosity factor
to be 0.6×fm at the upper 70% of the hillslope, 1.1×fm at
the mid-sector ranging from 70 to 85% of the hillslope, and
1.5×fm at the lowest 85 to 100% of the slope length. The
depth of the macroporous layer was assumed to be constant

throughout the whole catchment and set at 0.5 m. The un-
known macroporosity factor,fm, of the hillslopes was esti-
mated by matching model predictions against observations
from the largest observed rainfall-runoff event on record. A
value of 2.1 turned out to be optimal (cf. Sect. 4.1 later for
details).

Based on this model structure the water cycle in the Wei-
herbach catchment was simulated continuously over the pe-
riod 21 April 1994 to 15 September 1995 with observed ini-
tial and boundary conditions (Zehe et al., 2001). After an ini-
tialization phase of approximately 30 days the model yielded,
simultaneously, acceptable predictions of discharge with a
Nash-Sutcliffe efficiency of 0.82, and of evapotranspiration
(ET) with a correlation ofR=0.92. Furthermore, the model
yielded reasonable predictions of soil moisture dynamics at
61 sites within the catchment. The average correlation be-
tween observed and simulated soil moisture was 0.65 at hill-
top locations and 0.75 at the mid-slope and valley floor sec-
tors. For reasons of brevity we omit figures on simulated and
observed discharge, ET as well as on simulated and observed
soil moisture values. Interested readers are referred to Zehe
et al. (2005b) for these additional details.

Readers should keep in mind that the model structure pre-
sented here only accounts for typical variability exhibited
within the catchment, i.e. representative hillslope soil catena
and related structured patterns of macroporosity, as outlined
in the previous section. Small-scale variability of soil hy-
draulic properties and the deviations in individual hillslopes
from the assumed idealized soil pattern, have been neglected.
Nevertheless, a major part of the variability of soil mois-
ture, discharge and ET may already be explained by this
landscape- and process-compatible model structure.

3.3 Derivation of catchment scale state variables

For derivation of time series of catchment scale state mea-
sures we employed the complete catchment model with the
process and landscape compatible model structure and ob-
served initial and boundary conditions during a 1.5 year long
simulation of the complete hydrological process spectrum.
By volumetric averaging, as defined in Eq. (1), we end up
with a time series of catchment scale average soil moisture
that should embed the fingerprint of the dominant patterns
of soils and macropores inside and is at the same time con-
sistent with the other hydrological processes observed in the
catchment. To test this hypothesis we compare the following
model structures during a simulation with observed bound-
ary conditions covering the period from the 21 April 1994 to
15 September 1995:

– Landscape- and process-compatible (LPC) model struc-
ture as described in Sect. 3.2.2.

– No macropores (NOMAC): same pattern of soil types
as above but withfm=0 over the entire hillslope.
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Fig. 2. Hillslope scale model structures for investigating the effect
of small-scale heterogeneity on the numerical experiments.

– Disturbed macroporosity pattern (DM): same soil pat-
tern as in the landscape- and process-compatible model
structure, but a flipped macro-porosity pattern: 0.6×fm
at the lower 70% of the hillslope, 1.1×fm from 15 to
30%, and 1.5×fm at the upper 15% of the total hills-
lope length. The value offm remains equal to 2.1.

– Disturbed macroporosity and soils patterns (DMS): in
addition to the macroporosity pattern the soil pattern
was flipped in the same sense. The value offm re-
mained equal to 2.1.

– Sand on Loess (SL): completely different model struc-
ture consisting of a sand layer of 1 m depth extending
over the complete hillslope length, followed by Cal-
caric Regosol while macropores were neglected. The
soil hydraulic parameters of the sand were taken from
the pedotransfer function proposed by Carsel and Par-
rish (1988; see their Table 1).

For each of these model structures the average catchment-
scale soil saturation and the average catchment-scale matric
potential were derived after the 1.5-year simulation using
Eq. (1).

3.4 REW scale effective constitutive relations

3.4.1 Basic setup

The characteristic structural element in the landscape- and
process- compatible model is the hillslope with the typical
patterns of soil types and the macroporosity factor. The idea
was, therefore, to use a single hillslope for deriving the effec-
tive REW scale constitutive relations based on two series of
simulated drainage and wetting experiments. The objective
of the first series was to explore how local scale heterogeneity
of ks and different populations of macropores that are con-
sistent with our knowledge and findings in the Weiherbach
affect the average fluxes and state variables when compared
to simulations with the typical hillslope. Hence, the basic

hillslope catena of soil types was invariant but superimposed
with matrix and macropore heterogeneity during this exer-
cise. Within the second series we neglected local scale het-
erogeneity and compared several patterns of soil types with
the typical pattern of soil types and macropores.

In the wetting case we started with an initial saturation of
0.3 and impose a constant matric potential of 0 m (saturation)
at the lower boundary. Along the remaining boundaries there
was a zero flux boundary condition. In the drainage case
we started at a saturation of 0.99 and imposed an increasing
suction head at the lower boundary (up to−6000 m pressure
suction head). The total depth of the simulation domain was
2 m, and the simulation period was 2 years. The wetting case
is equivalent to capillary rise from the saturated into the un-
saturated zone the drainage case is equivalent to recharge.

3.4.2 Effect of stochastical heterogeneity on the numerical
experiments

In this part of the study we compared four different hillslope
structures. In all cases the hillslope soil body that was 100 m
long and 2 m deep was discretized into elements of 10 cm
depth and 10 cm width. The topography did in this case not
correspond to the average topography of a Weiherbach hills-
lope (Fig. 2):

– Case 1: We adopt the typical pattern of soil types with
Calcaric Regosol in the upper part 80% and Colluvisol
in the lower 20%; the corresponding values of the satu-
rated hydraulic conductivity are given in Table 1 (after
Scḧafer, 1999).

– Case 2: We adopt the same soil pattern as in case 1
which is superimposed by a stochastic field of satu-
rated hydraulic conductivities generated with the turn-
ing bands method. Following Zehe and Blöschl (2004)
and Scḧafer (1999), we set the total variability as one
order of magnitude (compare their Table 3). The un-
known ranges in the vertical and the lateral directions
were estimated to 3 m and 10 m respectively, and the
nugget was set to zero.

– Case 3: Here a population of macropores that is typical
for the Weiherbach catchment superimposes the hills-
lope model structure of case 2. The macropore system is
modelled as a Poisson point process (Beven and Clarke,
1986). The necessary data, i.e., the average number of
macropores per unit area, the average and the variance
of the macropore depth, as well as the hydraulic ca-
pacity of worm burrows for conducting water are taken
from Table 7 (Zehe and Blöschl, 2004).

– Case 4: Here a population of macropores that is not
typical for the Weiherbach catchment superimposes the
hillslope of case 2. The average number of macrop-
ores per unit area, the variance of the macropore depth
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as well as the hydraulic capacity of worm burrows for
conducting water are the same as in case 3. However,
the average macropore length has been increased from
80 cm to 150 cm such that some of the macropores pen-
etrate through the lower boundary of the simulation do-
main. This corresponds to the case where some macro-
pores link soil surface directly to the saturated zone

As we did account for preferential pathways in an explicit
manner through local increase of the saturated hydraulic con-
ductivityKs-values of up to 10−2 m/s, the simplified thresh-
old approach for enhanced infiltration due to active macrop-
ores was switched off (Fig. 2).

We admit that the heterogeneous fields might not look like
what one would expect in terms of soil heterogeneity at the
hillslope scale. By selecting a spherical variogram and a
range of 10 m we assume that the correlation length of the
saturated hydraulic conductivity is smaller than the extent
of the hillslope and that the field is intrinsic. However, the
generated fields and especially the macropores are consistent
with our findings (Scḧafer, 1999; Zehe et al., 2001) and what
is known for worm burrows ofLumbricus terrestris(Shipi-
talo and Butt, 1999).

3.4.3 Effect of different patterns of soil types and macrop-
orosity on derived constitutive relations

To demonstrate that hillslopes different from that of the
landscape- and process-compatible model structure yield
clearly different REW scale soil hydraulic functions, the nu-
merical experiments were carried out for the hillslope struc-
tures different from those introduced in Sect. 3.3:

– Landscape- and process-compatible hillslope

– Hillslope with deep macropores: the hillslope has the
same patterns of soil types and macroporosity as in the
case of the landscape- and process-compatible hillslope,
but the depth of the macroporous layer equals the depth
of the simulation domain.

– Hillslope with Loess soil: the entire hillslope consists
of Calcaric Regosol,fm was set to 1.6.

– Hillslope with Colluvisol soil: the entire hillslope con-
sists of Colluvisol,fm was set to 1.6.

– Hillslope with sandy soil: the entire hillslope consists
of sand,fm was set to 0.

For each simulated case we computed the REW scale hy-
draulic conductivity from the average flow from across the
lower boundary using Eq. (3). By computing the average
hillslope scale soil moisture and matric potential we end up
with a) the effective hillslope scale hydraulic conductivity as
a function of the average hillslope scale water saturation as
well as b) the hillslope scale water saturation as a function of

 3

 

Fig. 3. The lower right panel compares discharges observed at
the catchment outlet with the simulation from the landscape- and
process-compatible model structure (LPC) for the largest rainfall
runoff event (27 June 1994). The lower left one compares catch-
ment scale runoff responses simulated for catchment models with
the different structures.

the average hillslope scale matric potential. In the last step
the parametric functions defined in Eq. (5) were fitted to the
data using the curve fitting toolbox of MATLAB. Hillslope
topography was taken from a typical hillslope in the Wei-
herbach catchment.

4 Results and discussion

4.1 Catchment scale state variables

In order to illustrate that the model structures different from
the landscape- and process compatible one yielded during
the long-term simulations produce strongly different runoff
responses at the catchment scale, Fig. 3 compares them for
the largest rainfall event that occurred on 27 June 1994.
Runoff response simulated with the landscape- and process-
compatible model is in good agreement with the observation
at the catchment outlet (lower right panel). In contrast, the
runoff response produced by other catchment models per-
form clearly worse. Sand on top of the Loess soil yields
a retarded and reduced runoff response, which stems from
subsurface storm flow on the Loess horizon that exists at
1 m depth. It is remarkable that the rearrangement, i.e. the
flipping of the spatial patterns of soil types and/or macro-
porosity, is already sufficient to yield significantly different
rainfall-runoff behaviour. Flipping the macroporosity pattern
causes a stronger runoff response, as the infiltration capac-
ity of soils near the stream is now, even in the case of ac-
tive macropores, lower than in the case of the landscape- and
process-compatible model structure. Flipping both the spa-
tial soil and macroporosity patterns yields an even stronger
runoff response, as the saturated hydraulic conductivity of
the Calcaric Regosol is only one tenth of the saturated hy-
draulic conductivity of the Colluvisol.
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Fig. 4. Average catchment-scale soil saturation (top panel) for the
different model structures. The lower panel shows the average
catchment scale soil moisture (according to Eq. 1) simulated with
the landscape- and process-compatible model structures as well as
the observed soil moisture values from 45 cm TDR rods available at
up to 61 locations (circles) and their area-weighted average (dashed
red line). The blue solid line is marks in both panels the time series
simulated with the landscape- and process-compatible model.

Figure 4 (upper panel) shows the time series of the
catchment-scale average soil saturationsu. The time series
derived from the landscape- and process-compatible model
structure clearly differs from those derived from the re-
maining model structures. Major differences occur during
stronger rainfall events, e.g. on day 67 (27 June 1994), and
persist for more than 100 days. But there are also smaller
differences between the time series produced by the flipped
spatial patterns of soils and/or macroporosity. As expected,
the catchment scale soil saturation for the sand on Loess
catchment exhibits the lowest values throughout the simu-
lation period. These series of averaged soil saturation val-
ues show clearly and unambiguously that the fingerprint of
within-catchment heterogeneities of soils and macropores on
soil moisture dynamics does not vanish when we move to
the next higher scale. As the runoff response simulated with
the landscape- and process-compatible model is compatible
with the observations (Nash-Sutcliffe efficiency of 0.82 com-
pared to the other model structures which yield values that
are smaller than 0.3), the series of averaged soil saturation is
process consistent with the observed runoff response!

Furthermore, Fig. 4 also shows (lower panel) that the time
series of catchment-scale average soil moistureθav simulated
by the landscape- and process-compatible model structure
falls in the range of the observed soil moisture values, mea-
sured with 45 cm long TDR rods at up to 61 measurement
locations. Asθav is averaged over a depth of 2 m, the time se-
ries is, as expected, smoother than the observations. It should
be noted here that the time series of the upscaled catchment
scale soil moisture are not just simply the arithmetic averages
of the observations.
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Fig. 5. Outflow averaged over different fractions of the lower
boundary, starting at the lower left corner (averaging length is zero)
up to the full extent (averaging length is 100 m).

4.2 Hillslope scale drainage and wetting experiments

4.2.1 Effect of subscale heterogeneity

Figure 5 presents, as an example, the outflow in the case of
the numerical drainage experiment averaged over different
parts of the lower boundary at the first time step. An aver-
aging length of zero means that we just took the outflow at
the outer left node, increasing the averaging length to 100 m
indicates that outflow is averaged over an increasing fraction
of the hillslope. For the cases 1 to 3 the average outflow re-
mains constant after an averaging length of 40 m, which cor-
responds to 4 times the horizontal range of theKs-pattern.
Furthermore, it can be seen that macropores, so long as they
do not penetrate through the lower boundary, do not affect the
outflow at the lower boundary (compare lower right panel to
other panels). For case 4, where macropores directly pene-
trate through the lower boundary, outflow does not reach a re-
ally constant value even when averaged over the whole lower
boundary. Every time, we include a macropore that pene-
trates through the lower boundary into the averaging process,
this causes a clear change in the average outflow. However,
as case 4 is not typical for the Weiherbach catchment we con-
clude that the exchange between the unsaturated and satu-
rated zones in the Weiherbach catchment is not affected by
macropores, but is controlled by hydraulic properties of the
soil matrix.

For case 1 but also for the cases 2 and 3 the exchange
flux appear to be constant after at an averaging length scale
of approximately four times the correlation length remain
constant. We conclude that for this specific type of het-
erogeneity that is consistent with our findings in the Wei-
herbach a typical hillslope of 100 m length is sufficient for
conducting numerical for deriving effective REW scale con-
stitutive relations (instead of performing numerical experi-
ments with the full catchment model). However, one should
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Fig. 6. Capillary pressure – saturation relations (left panels) and
inflow – saturation relation (right panels) obtained within the nu-
merical wetting experiments.

not conclude that in general it is sufficient to average over 4
times the correlation length to end with an effective homoge-
neous medium. One could even think of fat tailed media with
much stronger heterogeneity and strong connectivity of ex-
treme ks-values, where average outflow does never become
constant.

Figure 6 and 7 present the capillary pressure-saturation re-
lations and inflow/outflow characteristics obtained within the
numerical wetting/drainage experiments respectively. The
effective capillary pressure-saturation relations of the wet-
ting experiment look for all cases pretty similar expect at the
lower end of the investigated saturation values, where case
4 appears to be different (Fig. 6 left panels). This differ-
ent behaviour at low saturation values becomes much clearer
in the drainage case. At low saturations the homogeneous
case1 drains “more easily” than the other cases, which means
that effective water retention is stronger in the heterogeneous
media. This maybe explained by areas with low conductivity
that are located close to the lower boundary (compare Fig. 2),
and reduce the average drainage velocity especially at low
saturations.

By comparing Fig. 6 and 7 we must state that the effec-
tive soil water characteristics are hysteretic in all cases. This
is interesting to note, as Zhang and Savenije (2005) used a
non-hysteretic effective soil water characteristic within their
successful application of REWASH to the Geer River. Also
Lee et al. (2006, this issue) obtained good simulation results
within an application of the CREW model to the Weiherbach
catchment when using a non-hysteretic effective soil water
characteristic. When investigating the time series of the sat-
uration su in the unsaturated zone obtained during the latter
simulation, it becomes clearsu covers a narrow range be-
tween 0.35 and 0.5 during the simulation period, furthermore
daily changes are of order 0.001 (compare their Fig. 9). This
is plausible, as under natural boundary conditions, net infil-
tration/exfiltration at the upper and net recharge/capillary rise

 7

 

 
Fig. 7. Capillary pressure – saturation relations (left panels) and
outflow – saturation relation (right panels) obtained within the nu-
merical drainage experiments.
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Fig. 8. Capillary pressure – saturation relation for Case 1 (typical
hillslope) for the wetting and drainage experiment, the lower panel
is zoomed to the range of saturation values that were covered during
the one years simulation with CREW.

across the lower boundary occur at the same time, which ex-
plains the small changes in saturation and the low range of
saturations. It can be seen in Fig. 8 (lower panel) that the dif-
ferences between the wetting and drainage curve in this nar-
row range of saturations is quite small. It seems that the use
of a non-hysteretic curve for wetting and drainage within this
narrow range didn’t cause serious errors. Therefore, we de-
rived non-hysteric effective soil water characteristics based
on the simulated drainage experiments as presented. How-
ever, in general one should not conclude, that hysteretic be-
haviour could be neglected, especially not in drier climates,
wheresu could drop to much smaller values.

4.2.2 Hillslope scale constitutive relations

Figure 9 presents the results of the simulated hillslope
scale drainage experiments for the landscape- and process-
compatible hillslope (upper left two panels), the case of long
macropores (upper right two panels), for the Loess hillslope
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Fig. 9. Hillslope/REW scale soil hydraulic functions derived from
simulated drainage experiments for the landscape- and process-
compatible hillslope (upper 2 left panels), a hillslope with same
spatial pattern of soils and macropores, but where the macropores
reach continuously to the lower boundary of the modelling domain
(upper 2 right panels), for a homogeneous hillslope with a loess soil
(lower 2 left panels, REV scale hydraulic parameters given in Ta-
ble 1) and a homogeneous hillslope with a Coluvisol soil (lower 2
right panels). The 95%-confidence limits as well as the R2 of the
fits are given in Table 2.

(lower left two panels) and the Coluvisol hillslope (lower
right two panels). In addition, Table 2 lists the estimated
hydraulic parameters (according to Eq. 5), which are clearly
different for the different hillslope structures, as well as the
95% confidence limits (obtained with the MATLAB curve
fitting tool box). The landscape- and process-compatible
hillslope and the one with long macropores yield similar ef-
fective hillslope scale water retention curves (according to
Eq. 3 and Eq. 5). However, since the longer macropores that
reach continuously to the lower boundary of the model do-
main cause a faster drainage at saturations larger than 0.8, the
bubbling pressure9b is therefore 50% smaller in this case.
The faster drainage results also in an effective hillslope scale
saturated hydraulic conductivity, which at 1.61×10−5 ms−1,
is twice as high as for the landscape- and process-compatible
hillslope. However, the fit of the effective hydraulic conduc-

tivity curve, in the case of the long macropores, with an R2

of 0.51, is not really satisfactory. This is due to the very
fast drop of the hydraulic conductivity at high saturations,
because of the threshold approach adopted for the onset of
macropore flow in CATFLOW (Eq. 6).

It is interesting to note that the catchment scale satu-
rated hydraulic conductivity estimated for the landscape- and
process-compatible hillslope is, at 8.1×10−6 ms−1, close to
the area weighted average of the average REV scale val-
ues given in Table 1 (note the this hillslope has 80% Cal-
caric Regosol and 20% Colluvisol). Note the landscape- and
process-compatible hillslope structure in this case is very
simple: two layers with their interfaces parallel to the di-
rection of flow. In the case of saturated flow it is easy to
show that the effective conductivity of such a structure is the
area weighted average (Jury and Horton, 2004). Hence, the
approach yields results that are consistent with the asymp-
totic case of weakly heterogeneous media. In stronger het-
erogeneous media with layers the averageKs-value will be
of course a bad guess for the REW scale parameter.

The exponentβ9 of the water retention function is a mea-
sure for the capillary forces that act on water in the upscaled
textural medium. The higher clay content and the larger
amount of fine pores in Colluvisol are therefore reflected in
a value ofβ9 which is 4 times larger than that of the Loess
hillslope. As expectedβ9 of the landscape- and process-
compatible hillslope, at 3.65, falls between the values derived
for the Loess and the Colluvisol hillslopes. Note in addition
that the bubbling pressure derived for the Loess and the Col-
luvisol hillslopes (Table 2) are more than one order of mag-
nitude smaller than the inverse of the correspondingα values
of the REV-scale parameter sets given in Table 1. Hence,
the bubbling pressures differ strongly from their REV scale
analogues.

5 Summary and conclusions

The main findings of the present study may be condensed
into the following three points: firstly, the representation
of the dominant spatial patterns of soil heterogeneity and
macroporosity in the process model CATFLOW, which are
typical for this Loess area of Germany, is sufficient to ex-
plain the major aspects of the observed discharge-, ET- and
soil moisture dynamics in a typical catchment in this region.
We want to stress here in this context that, to achieve this re-
sult, it was not necessary to account for the exact soil catena
and the small-scale variability of soil properties at the indi-
vidual hillslopes. The model is nevertheless landscape spe-
cific since it only accounts for the dominant heterogeneities
that are and typical for this Loess area, and process compat-
ible, since it explains a large part of the observed dynamics
of the different state variables.

Secondly, we derived a time series of catchment-scale
average soil saturation by averaging the output of the
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Table 2. Parameters of the REW scale soil hydraulic functions (compare Eq. 5) derived for the different model structures (defined in
Sect. 3.3.2): Average hydraulic conductivityks , exponent of the unsaturated hydraulic conductivity curveβk , average REW scale bubbling
pressure9b as well as the exponent of the water retention functionβ9 . The values in brackets give the 95% confidence limits.

Parameter 1 2 3 4 5

ks 8.1 16.1 3.98 31.7 70.8
[10−6 m/s] [3.76,11.2] [2.2,26.0] [2.01,5.99] [3.27,60.2] [63.6,71.1]

βk 4.31 4.35 3.26 8.57 2.67
[−] [1.05,7.57] [1.21,9.86] [3.40,7.92] [2.32,14.8] [2.60,2.93]
R2
k

0.82 0.5 0.78 0.81 0.81
9b 0.206 0.121 0.071 0.0031 4.3 10−5

[m] [0.197,0.220] [0.11,0.133] [0.062,0.080] [0.0023,0.0032] [3.9,4.8]×10−5

−β9 3.65 4.03 2.73 9.28 5.15
[−] [3.70,3.50] [4.10,3.97] [2.79,2.07] [9.34,9.28] [5.18,5.12]

R2
9 0.89 0.51 0.97 0.99 0.99

1. Landscape- and process-compatible hillslope
2. Hillslope with deep macropores
3. Hillslope with Loess soil
4. Hillslope with Colluvisol soil
5. Hillslope with loamy sandy

landscape- and process-compatible model. The fingerprints
of the within-catchment heterogeneity of soils and macro-
pores on the average soil moisture dynamics do not vanish
when we move to the next higher scale. The time series of
catchment-scale average soil moisture is physically consis-
tent with a distributed set of observations inside the catch-
ment as well as with the typical structures in this catchment.
It can be deemed as best guess how the unknown real av-
erage soil moisture in the Weiherbach catchment developed
during this period and capable of reflecting and embedding
within it the fingerprints of the dominant within-catchment
heterogeneities on subsurface dynamics at the REW-scale.
Therefore, it represents a suitable target data set for testing
subsurface components of meso-scale hydrological models,
as shown in the accompanying paper by Lee et al. (2006).
We consider this approach of dynamical upscaling to be
much more appropriate for the upscaling of local observa-
tions than, for example, geo-statistical approaches, because
it maximises the use of all available physically-based process
understanding and landscape specific information through
the application of spatially explicit process models for in-
terpolations within the catchment.

Thirdly, within the simulated hillslope scale drainage ex-
periments, we derived effective hillslope-scale soil hydraulic
functions for different model structures. For the investigated
weak heterogeneities, that are compatible with our findings
in the Weiherbach catchment, it was shown that the effect
of small scale statistical heterogeneities on flow across the
lower hillslope boundary averaged out after a length of ap-
proximately four times the range of the hydraulic conduc-
tivity field. It was shown furthermore that macropores/worm

burrows of a typical depth had no influence on the flow across
the lower boundary of the unsaturated zone. However, as
stated in Sect. 4.2.1 this results is specific to the type and
degree of heterogeneities investigated here and cannot be
generalised to media with stronger heterogeneities and con-
nected extreme values.

The obtained soil water characteristics turned out to be
clearly hysteretic (which is consistent with findings of Man-
toglou and Gelhar, 1987). Nevertheless, we derived a non-
hysteretic curve based on the typical landscape- and process-
compatible hillslope, which turned out to be sufficient for a
successful application of CREW to the Weiherbach catch-
ment (Lee et al., this issue). This is because during the one
year simulation the saturationsu of the unsaturated zone cov-
ered a narrow range of values ranging from 0.35–0.5, were
hysteretic behaviour could be neglected as first order approx-
imation. Again, this should not be generalised. Hysteretic
behaviour could become important in drier climates, where
su could to drop to much lower values. On the other hand it
might be a good first guess to neglect hysteretic behaviour in
humid catchments, as supported by the study of Zhang and
Savenije (2005) in the Geer River.

A sensitivity analysis showed furthermore that patterns of
soil types and macroporosity different from the one that is
typical for the Weiherbach yielded clearly different effec-
tive hillslope scale soil water characteristics. The related
differences were consistent with the REV scale soil pore
size spectra. When fitting two-parameter functions to the
obtained effective REW scale soil water characteristics, we
found that different hillslope structures yielded clearly differ-
ent parameters. Hence, the different parameters obtained for
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the different model structures embed within them the finger-
prints of subscale soil patterns and structures on water flow
in the unsaturated zone to the next higher scale, in the sense
of Vogel and Roth (2003).

Lee et al. (2005) employed a simpler approach for deriv-
ing effective constitutive relations for the Weiherbach catch-
ment. Within their approach the authors used the complete
catchment model and the observed boundary conditions in-
stead. The authors simply averaged the unsaturated hydraulic
conductivity of the model structure to obtain a catchment
scale hydraulic conductivity curve. The parameters obtained
with the latter approach did not yield a reasonable perfor-
mance of the CREW model in the Weiherbach catchment as
shown by Lee et al. (2006 this issue). Hence, in their study
the authors had to calibrate the constitutive relations for a
model structure consisting of just 3 REWs, which resulted
in a simulated discharge time series with a Nash-Sutcliffe
efficiency of 0.82. The reader should note that the cali-
brated parameter values obtained by Lee et al. (2006, this
issue) are very close to the values we obtained a priori for
the landscape- and process-compatible model. At the same
time, the time series of the unsaturated zone saturation simu-
lated with the CREW model matched very well the time se-
ries of catchment-scale average soil saturation derived from
the landscape- and process-compatible model structure. This
correspondence hints clearly that the presented upscaling ap-
proach yields useful target measures and effective consti-
tutive relations for hydrological models based on the REW
approach, at least for the application of CREW in the Wei-
herbach catchment.

However, it would be silly to claim that the problem of
assessing effective REW scale material properties is now
solved. Within the present study we dealt with the ques-
tion whether we can find an ergodic length scale for the
Weiherbach so that we can assess the minimum extend of
the REW scale. But we did not investigate whether the as-
sumption of local equilibrium does really hold at that scale,
i.e. whether the REW scale capillary pressure is a reasonable
state variable that represents the average of the equilibrium
capillary pressures in the pore space. It is clear that this as-
sumption becomes more and more problematic with increas-
ing size of an REW in the lateral and an increasing depth of
the unsaturated zone (as stated in Sect. 2). Hence, ergodic-
ity and the assumption of a local equilibrium are concurring
conditions in the sense that fulfilling the one could mean to
violate the other. We might at least overcome the problem
for the vertical when allowing a vertically distributed repre-
sentation of the unsaturated zone. However, this goes back
to fundamentals of REW theory and is beyond the scope of
this paper and is left for future research. The assumption
of a local equilibrium that allows lateral averaging of cap-
illary pressures over a large extent should be investigated
within distributed numerical experiments using a homoge-
neous hillslope but with spatially distributed infiltration in
the future. However, these thoughts show clearly that we

have to be much more critical with our assumption, even if
they are based on well-established concepts as the REW ap-
proach. What we urgently need is a much more consistent
framework of upscaling that makes use of “everything” we
have (including REV scale distributed models), to solve the
closure problem and we hope we could suggest a useful con-
cept for that.

5.1 Long term vision of closure and PUB

But even if we succeed in deriving closure relations and set-
ting up the CREW model for a catchment of interest such as
the Weiherbach catchment as shown in Lee et al. (2006, this
issue), the crucial question is: To which extent are these clo-
sure relations unique and only valid in the particular catch-
ment they were derived for? For the model structure for the
simulated wetting and drainage experiments we used knowl-
edge/understanding about typical features of the Weiherbach
catchment such as the knowledge how the catena looks like
and that earthworm burrows do not penetrate into the satu-
rated zone. Will we have to repeat this very laborious deriva-
tion of closure relations at each individual catchment? Or do
these closure relations capture the typical hydrological func-
tioning of landscape compartments? In this case a REW with
a certain set of closure relations would be a functional unit
for building meso-scale models in a landscape, which allow
the setup of models that need less calibration and hopefully
a lower structural error.

To support the second point of view we finally employ the
pattern-process paradigm and the idea of potential natural
states from theoretical ecology (Watt, 1947; Turner, 1989;
Turner and Gardner, 2001). The essence of the pattern-
process paradigm is that similarity of patterns (in soils, vege-
tation and subsurface structures) is an indicator of similarity
of processes (Grayson and Blöschl, 2000). Furthermore, the
potential natural state of a landscape is an equilibrium state
due to a balance of “external” disturbances and “internal”
forces. This balance is reflected in typical, spatially orga-
nized patterns of vegetation, soils and subsurface structures.
As hydro-climatic processes in a specific geological envi-
ronment and climate have formed these patterns, we argue
that these typical patterns in turn cause similarity of hydro-
logical processes. We postulate, therefore, the existence of
a typical process spectrum/hydrological functioning to be a
generic feature of a landscape. We believe therefore that a
set of typical closure relations exists for each landscape that
may encapsulate this typical hydrological functioning, in the
sense similar to typical soil hydraulic functions being appli-
cable for different soil types. However, this hypothesis re-
mains to be tested within a future application of the CREW
model with the closure relations derived within this study and
the study of Lee et al. (2006) to a larger catchment such as
the Sulm catchment in the same Loess area in Germany. This
exploration is currently in progress and results are expected
in the near future.
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