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Abstract. Predictions of catchment hydrology have been model, CATFLOW, were used to obtain the closure relation-
performed generally using either physically based, dis-ship for seepage outflow. The detailed model, CATFLOW,
tributed models or conceptual lumped or semi-distributedwas also used to derive REW scale pressure-saturation (i.e.,
models. In recognition of the disadvantages of using ei-water retention curve) and hydraulic conductivity-saturation
ther of these modeling approaches, namely, detailed dateelationships for the unsaturated zone. Closure relations for
requirements in the case of distributed modeling, and lackconcentrated overland flow and saturated overland flow were
of physical basis of conceptual/lumped model parametersgerived using both theoretical arguments and simpler pro-
Reggiani et al. (1998, 1999) derived, from first principles cess models. In addition to these, to complete the specifi-
and in a general manner, the balance equations for massation of the REW scale balance equations, a relationship
momentum and energy at what they called the Representdor the saturated area fraction as a function of saturated zone
tive Elementary Watershed (or REW) scale. However, thedepth was derived for an assumed topography on the basis of
mass balance equations of the REW approach include maseOPMODEL assumptions. These relationships were used to
exchange flux terms which must be defined externally be-complete the specification of all of the REW-scale govern-
fore their application to real catchments. Developing physi-ing equations (mass and momentum balance equations, clo-
cally reasonable “closure relations” for these mass exchangeure and geometric relations) for the Weiherbach catchment,
flux terms is a crucial pre-requisite for the success of thewhich are then employed for constructing a numerical water-
REW approach. As a guidance to the development of clo-shed model, named tl&ooperativeCommunity Catchment
sure relations expressing mass exchange fluxes as functiomsodel based on thRepresentativeElementaryWatershed

of relevant state variables in a physically reasonable wayapproach (CREW). CREW is then used to carry out sensi-
and in the process effectively parameterizing the effects otivity analyses with respect to various combinations of cli-
sub-grid or sub-REW heterogeneity of catchment physio-mate, soil, vegetation and topographies, in order to test the
graphic properties on these mass exchange fluxes, this paeasonableness of the derived closure relations in the con-
per considers four different approaches, namely the field extext of the complete catchment response, including interact-
perimental approach, a theoretical/analytical approach, a nung processes. These sensitivity analyses demonstrated that
merical approach, and a hybrid approach combining one othe adopted closure relations do indeed produce mostly rea-
more of the above. Based on the concept of the scalewagonable results, and can therefore be a good basis for more
(Vogel and Roth, 2003) and the disaggregation-aggregatiomareful and rigorous search for appropriate closure relations
approach (Viney and Sivapalan, 2004), and using the datén the future. Three tests are designed to assess CREW as
set from Weiherbach catchment in Germany, closure relaa large scale model for Weiherbach catchment. The first
tions for infiltration, exfiltration and groundwater recharge test compares CREW with distributed model CATFLOW by
were derived analytically, or on theoretical grounds, while looking at predicted soil moisture dynamics for artificially
numerical experiments with a detailed fine-scale, distributeddesigned initial and boundary conditions. The second test
is designed to see the applicabilities of the parameter val-
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820 H. Lee et al.: Hydrological modeling with the REW approach

ability to reproduce observed hydrographs within the CREWment in a consistent manner so as to reduce model structure
modeling framework. The final test compares simulated soiluncertainties.
moisture time series predicted by CREW with observed ones Recently, Reggiani et al. (1998, 1999) proposed a new hy-
as a way of validating the predictions of CREW. The resultsdrological modeling framework based on balance equations
of these three tests, together, demonstrate that CREW couliibr mass, force and energy, derived directly at the scale of
indeed be an alternative modelling framework, producing re-what they called the Representative Elementary Watershed
sults that are consistent with those of the distributed mode(REW). The REW approach presents, potentially, a novel
CATFLOW, and capable of ultimately representing processesramework for developing hydrological models directly at
actually occurring at the larger scale in a physically soundthe catchment scale, in a physically based and also physi-
manner. cally meaningful manner. The REW is a hydrologically sig-
nificant control volume that lends itself to thermodynami-
cally consistent volume averaging. Due to the R (represen-
tative) aspect of the REW this implies essentially that the
1 Introduction REW is a means of separating scales. It must therefore be
larger than the characteristic length scales of all relevant hy-
Ability to make hydrological predictions has become an es-drologic landscape properties. At the mesoscale the REW
sential part of sustainable management of water resourcespproach offers, in principle, several advantages over tradi-
water quality and water related natural hazards, especiallyional (lumped or quasi-distributed) conceptual models, and
in environments where climatic or human induced land useover the current generation of physically based, fully dis-
changes are under way. Catchments undergoing a transitiomibuted (grid based) models. Firstly, the equations derived as
from one state to a different state through climatic or land usepart of the REW approach address (volume) average dynam-
changes can be considered as ungauged basins, due to ties directly at REW scale, as opposed to the current gener-
fact that under conditions of change, past measurements ation of distributed models that operate at the representative
gauging are poor or inadequate indicators of the future. Theelementary volume (REV) scale. Therefore, models based
global, decadal initiative opredictions in ungagued basins on the the REW scale balance equations remain modest in
or PUB (Sivapalan et al., 2003) has been designed to addredsrms of both their computational burden and their input and
this as yet unsolved problem in hydrology. To address theparameter requirements. Secondly, the REW scale balance
problem of PUB, and in particular, to predict the effects of equations have been derived in a comprehensive manner for
climatic and land use changes, it is increasingly necessary tthe whole catchment or REW, as opposed to being derived
develop hydrological models that are based on a deeper leveleparately for different processes, as is the case with many
of process understanding rather than merely rely on calibratraditional distributed models. Special care has been taken to
tions carried out with past observations. For hydrologicalrespect not only the individual component processes, but also
predictions in meso-scale catchments, the usual practice ihe various process interactions amongst parts of the REW.
to use so-called conceptual models, which can be lumped ofhis enhances the holistic nature of the REW approach for
quasi-distributed due to their efficiency in terms of data re-characterizing overall catchment responses. Thirdly, by be-
quirements and computational costs, traits that put them at ang general and not tied to specific process formulations, e.g.,
considerable advantage compared to physically based, fullabout how to describe mass and/or momentum exchanges at
distributed models, notwithstanding the sound theoretical bathe REW scale, the REW approach can easily benefit from
sis of the latter-type models. Parameters used in lumpedurther advances in process understanding and process de-
or quasi-distributed conceptual models often have very lit-scriptions emerging from new field experiments carried out
tle physical meaning in the traditional sense, due to the laclat the hillslope or REW/catchment scale. However, this is
of a physically-based theory at the catchment scale, and coralso the most difficult hurdle to be taken when building new
sequently these parameters cannot be estimated unambigmodels based on the REW approach, because process de-
ously in the field or from field data. Therefore, conceptual scriptions at that scale are in general not widely available
models will be inadequate to address PUB problems in ar(Beven, 2002).
efficient or physically sound manner. To deal with the PUB  The “heart” of the REW approach is the set of cou-
problem, the chosen model must be flexible enough to inpled mass and force balance equations for “different zones”
corporate new findings about processes in changed envirorwithin an REW, such as the unsaturated zone, the saturated
ments and new ways of capturing them in models. In addi-zone and the channel zone. However, mass fluxes between
tion, parameters of the model must be capable of being estithese different zones are generally unknown, with the re-
mated from field data and of reflecting likely environmental sult that there are more unknowns than there are balance
changes, and their meanings must be sound enough on physguations, making the set of balance equations indetermi-
ical grounds. In order to make better predictions and reducenate. In analogy to turbulence theory this is called the “clo-
predictive uncertainties, the chosen model must have a holissure problem”. Closure means essentially the development
tic model structure that incorporates changes in the environef physically reasonable process formulation for the vari-
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ous mass exchange fluxes that incorporate the effects of sulis also available, having been previously developed at this
REW scale spatial heterogeneities, and expressed in termsatchment and shown to closely portray all aspects of sys-
of selected REW scale state variables and catchment charatems dynamics at hillslope and catchment scales. Within
teristics. A related problem is the derivation of REW scalea 1.5 year simulation period the model predicted observed
constitutive relations that relate one or more state variableslischarges with a Nash-Sutcliffe efficiency of 0.82 and at
amongst themselves, e.g. REW scale capillary pressure vihe same time predicted point observations of evapotranspi-
saturation and hydraulic conductivity vs saturation relation-ration with a correlation of 0.92 and point observations of
ships in the unsaturated zone, again incorporating the effectsoil moisture at 61 locations with correlation coefficients of
of sub-REW scale heterogeneities. The latter is essential tbetween 0.65 to 0.75 (Zehe et al., 2001; Zehe aribs@il,
describe capillary rise and recharge at that scale. 2004). Hence this model may be employed for deriving clo-
To a certain extent, the closure relations can be a result oure relations through conducting of carefully targeted nu-
an upscaling of process descriptions available at the point omerical experiments. The objective is to explore this and
REV scale, towards physically reasonable process parameslternative approaches currently available and report on the
terizations appropriate to the REW scale. In fact, they couldprogress made so far in developing closure relations for this
be much more than this, and could represent processes thptace. We will then present the resulting complete set of
occur at the larger (e.g., REW) scale, and requiring descrip€oupled balance equations for mass and momentum, and
tions that transcend familiar small scale ones, in which casehe associated geometric relations, followed by a sensitivity
upscaling may not be adequate. In either case, theory alon@nalysis with the resulting complete REW-scale hydrologi-
of the sort used in the derivation of the REW scale bal-cal model, which we call CREW. With the complete REW
ance equations and constitutive theory, i.e., Newton's lawsscale model (CREW) we will simulate the water balance of
of motion and the 2nd law of thermodynamics, is not suf- the Weiherbach catchment using observed rainfall and poten-
ficient to generate these. Closure relations and constitutial evaporation time series and compare model predictions
tive relations represent the hydrological functioning of catch-of hydrological response to both corresponding observations
ment/landscape compartments at the REW scale. Hencend also the integrated predictions of CATFLOW obtained
they are always related to a catchment/landscape, process afwt the same period. The latter comparison will illustrate, in
equations and have to be determined empirically, by “look-particular, whether the simulations of the internal state dy-
ing” at the catchment/landscape of interest. Ideally, they willnamics predicted by the CREW are comparable with the in-
have to be estimated from experiments in the field that opertegral dynamics simulated with the fully distributed model
ated directly at the REW scale. However, as such data are o{CATFLOW), which can be deemed to be the best guess
of reach yet, one should at least employ field data that are curef how the true integrated soil moisture in the Weiherbach
renty state of the art and combine these with appropriate inteeatchment may have evolved during the simulation period.
gration of assumed, measured or simulated realistic patterns
of sub-grid, or sub-REW, heterogeneity. Indeed, the closure
relations are the best mechanism to ground the REW theory  1he REW-approach and the Study Area
tp reality, through physmglly realistic and reasonfable desc_np-z_l The REW approach as foundation for meso-scale mod-
tions of actual hydrological processes and their underlying

. : . . els
physical mechanisms, expressed in terms of parameteriza-
tions involving landscape and climatic properties. Therefore,n, REW is taken as the smallest resolvable spatial unit of a
they are also intimately connected to the issue of estimation,,osq-scale watershed. and is composed of five zones: unsat-
model parameters (although this link and the related equifiy,rateq zone (u-zone), saturated zone (s-zone), concentrated
nality problem are not explored in this paper). To summarize,qerjand flow zone (c-zone), saturated overland flow zone (o-

the applicability of the REW approach to model real world zone), and channel zone (r-zone). These are delineated based
catchments stands and falls with the assessment of closuig, ynown physical characteristics of typical watersheds, and
relations and assessment the related parameters/constitutiy®, ~haracteristic time scales that are typical of various hy-
relations that are valid at the REW scale (Beven, 2002; Reggroogical processes (Reggiani et al., 1998) through averag-
giani and.ScheIIekens, ,2003)' i o ing. Hence, an REW can be deemed to separate the next hy-
The chief focus of this paper is on the derivation and as-qrq|ogical significant scale. The mass, energy and momen-
sessment of various closure relations and constitutive relafum balances within the individual zones of the REW are de-
tions for Weiherbach, a micro-scale catchment located ingerined using a coupled set of ordinary differential equations,

south-west Germany, which has been well studied for morgjeriyed from thermodynamic principles, by means of averag-

than 10 years. This catchment offers an extensive hydrogg Figure 1a presents the schematic of a typical watershed

logical data set, including soil hydraulic functions and soil {5+ is discretized into three REWSs based on the geometry

patterns, precipitation data, meteorological data, and disyf channel network, and Fig. 1b illustrates the sub-regions

tributed soil moisture observations and tracer data (Zehe eﬁwaking up the REW, and the mass exchange fluxes between
al., 2001). In addition, a detailed process model, CATFLOW, '
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different sub-regions of each REW, and those between difin Eqgs. (1) to (11) below. For further details regarding their
ferent REWSs. A simpler set of REW-scale balance equationslerivation and the meaning of the variables, the reader is re-
of mass and momentum applicable to these REWSs and theifierred to Reggiani et al. (1998, 1999, 2000), and the nomen-
sub-regions, from those first derived by Reggiani et al. (1998 clature given at the end of the paper.

1999) is used in the rest of this paper. These are presented
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wheree is porosity,y (i=u, s,C, o, r) is the average verti- the set of equations, i.e., to make the number of equations
cal thickness of thé subregionw’ (i=u, s, ¢, o, r) is the  equal to the number of unknowns, the exchange fluxes must
time averaged surface area fraction of tteubregions" is be expressed in terms of other resolved variables, namely
the saturation degree of the unsaturated zofiés the chan-  the state variables relating to the sub-regions between which
nel cross sectional are&, is the drainage densitg/ (i or the mass fluxes are being exchanged — we call this the clo-
j=u, s, ¢, o, r) the rate of water mass exchange betweensure problem. The balance equations must be closed in such
thei andj subregionsg;,, is the rate of evapotranspiration a way that the adopted closure relations encapsulate what

from the unsaturated zone[;A (=u, s, r) is the rate of wa- is presently known about the actual processes and mecha-

ter mass exchange from theubregion across théh mantle nisms governing these fluxes. They will also be expected
jA to incorporate the effects of sub-grid heterogeneities of cli-

segmente, ., (j=u, s, r) is the water mass exchange from the : .
. . - mate, soils, topography and vegetation, as expressed through
js_l/ibreglon across the external watershed bounek;ifﬁ/and a number of exchange coefficients, which will appear as
Aly (=u, s 1) are the mantle surface with horizontal normal parameters in the adopted closure relations. In this way,
delimiting the REW externally at thesubregion with the  the REW approach parameterizes the effects of variabili-
Ith mantle Segment and the external watershed boundary, rQi'es occurring at scales smaller than the REW, and expiic_
spectively,A**" is the mantle surface corresponding to the jtly resolves variabilities occurring over scales larger than the
bottom part of the saturated zor, (i=u, s, r) is the pres-  REW. An REW together with its closure relations is therefore
sure of thel subregion, is water mass density’, ¢*”, 3 functional unit that mimics the hydrological functioning of
¢/, andg.?, (i=u, s, r) are the gravitational potential at the 4 Jarger control volume i.e. a subcatchment in the landscape.
i subregion, at the bottom part of the saturated zone, at the gy approach for developing closure relations builds on
interface of the Subregion andth mantle Segment, and at the disaggregation_aggregation approach outlined by Siva-
the interface of thg’t su_br(_agion and theT external watershed palan (1993) and Viney and Sivapalan (2004), and was sig-
boundary, respectively; (i=u, s, ¢, o, r) is the water veloc- pjficantly influenced by thecalewayconcept of Vogel and
|ty within i Subl’egionp? is the vertical water Velocity within Roth (2003) This approach can provide some guidance to-
the unsaturated zong|s gravitational acceleratiof® (i=u,  wards dealing with multi-scale heterogeneities with given
s) is the first order friction term of thesubregionU’ (i=c,  structures, textures, material properties, and appropriate pro-
o, r) is the second order friction term of theubregion,y’  cess models, to come up with appropriate closure relations
(i=c, o, r) is the slope angle of thesubregion flow plane  as well effective material properties at the next larger scale.
with respect to the horizontal plane, ahds the local angle  Here, we repeat a few terms for the the sake of clarity. The
between the reach of thth REW and the reach of the REW scale of observation is the linear extent of the entire inves-
of interest. tigated region (regardless of spacing and support of mea-
To summarize, Egs. (1) to (5) represent, respectively, massurements). Structure is the one that is composed of form
balance of the saturated zone (s-zone), the unsaturated zoeéements comparable in size with the scale of observation,
(u-zone), the concentrated overland flow zone (c-zone), thavhile the textural elements are very much smaller. To de-
saturated overland flow zone (o-zone), and the channel readfive closure relations at the given study area, it is a prereg-
(r-zone). Equations (6) to (11) represent momentum balanceisite to recognize and represent explicitly different struc-
of the saturated zone, unsaturated zone in the horizontal ditures, textures, and material properties at the given scale to
rection, unsaturated zone in the vertical direction, concencome up with appropriate closure relations. Depending on
trated overland flow zone, saturated overland flow zone andiifferent types of saptial heterogeneities across observational
the channel reach. In Egs. (6) and (7), the signs are eithegcales, the type of structural organization emergent at the
positive or negative according to the orientatiom¢1A, A{,fl larger scale is also different, e.g., macroscopic homogene-
(i=u, s) and A* >°* with respect to the reference system, while ity, discrete hierarchy, continuous hierarchy, and fractals as
the sign of the second-last term in Eq. (11) is positive for theshown by Vogel and Roth (2003). In this light for a standard
outlet sections and negative for the inlet sections of the chandistributed hydrological model, the soil matrix is the texture

nel reaches (Reggiani et al., 1999). and is well described by Richards’ equation and appropriate
soil hydraulic functions that represent the topology and con-
2.2 The closure problem nectivity of the pore spaces. Structures at this scale may be

the spatial patterns of soils, including soil layering and pos-
Theé/ terms in the mass balance Egs. (1) to (5), also showrsible preferential pathways. Moving on to the REW scale, it
in Fig. 1b, represent mass exchange fluxes betweenaih@ can be expected that the spatial patterns of soils and prefer-
j sub-regions such as infiltration, bare soil evaporation ancential pathways will affect mass exchange fluxes, and will in
transpiration by root uptake, groundwater recharge/capillaryturn become the “texture” at the REW scale. In this sense, it
rise, saturated and concentrated overland flow, seepage ous essential to assess REW-scale textural properties and asso-
flow, and channel flow. These fluxes are generally unknowngiated parameters, which embed the effects of the sub-scale
and must be externally specified. Therefore, in order to closestructures on the mass exchange fluxes at the REW scale.
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Fig. 2. Observational network of the Weiherbach catchment, after Zehe et al. (2005a): soil moisture was measured at 61 TDR stations at

weekly intervals (crosses). Topographic contour interval is 10 [m].

Within this study we will assume that the hydrological 2.3 Study area
micro-scale, i.e. the scale of small experimental catchments,

is a key scale for the derivation of physically sound closureAs mentioned above, Weiherbach catchment was selected as

relations because:

— the micro-catchment scale is small enough so that wi
can gain a reasonable understanding of how spatial patO
terns of soils and preferential pathways affect various
mass exchange fluxes through the use of detailed fiel

observations and distributed models; and

region and to perform comparative simulations.

south-west Germany, for the derivation of the requuired clo-were monitored at a temporal resolution of 6 [min].

sure relations.

www.hydrol-earth-syst-sci.net/11/819/2007/
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the study area for developing closure relations for various

mass exchange fluxes. The Weiherbach is a rural catchment
eof 3.6 [kn?] size situated in a Loess area in the south-west
of Germany. Geologically, it consists of Keuper and Loess

layers up to 15 [m] thick. The climate is semi-humid with an
Average annual precipitation of 750 to 800 [mm/yr], average
annual runoff of 150 [mm/yr] and annual potential evapotran-

spiration of 775 [mm/yr] (Zehe et al., 2001). More than 95%

of the catchment area is used for cultivation of agricultural

— the micro-catchment scale is large enough so that Wergps or pasture, 4% is forested and 1% is paved area. Most
can set up a model based on the REW-approach to simpf the Weiherbach hillslopes exhibit a typical Loess catena
ulate average or typical hydrological dynamics in this with moist but drained Colluvisols located at the foothills,

and drier calcareous Regosols located at the hilltops and mid-

slope regions. Figure 2 gives an overview of the observa-
These assumptions provide the main justification for us-tional network of the Weiherbach catchment. Rainfall inputs
ing the micro-scale experimental catchment, Weiherbach, irwere measured in a total of 6 rain gages, and streamflows

The

catchment area up to the stream gauge is 3.6[knSoil

Hydrol. Earth Syst. Sci., 11,8192007



826 H. Lee et al.: Hydrological modeling with the REW approach

moisture was measured at up to 61 locations at weekly interin a routine manner or through focused intensive field ex-
vals using two-rod TDR equipment that integrates over theperiments. Empirical closure relations based on field obser-
upper 15cm, upper 30cm, upper 45 cm and upper 60 cm ofiations may be the best candidates for the REW scale clo-
the soil. The soil hydraulic properties of typical Weiherbach sure relations, because they best represent the intrinsic nat-
soils, after van Genuchten (1980) and Mualem (1976), wereural variability occurring within the study catchment. These
measured in the laboratory using undisturbed soil sampleinclude nonlinear and threshold behavior commonly exhib-
taken along transects at several hillslopes, with up to 200ted in many catchments, which are hard to represent using
samples per slope (Table 1, Sdér, 1999). current small-scale theories. Unfortunately, in most cases,
The Weiherbach catchment offers considerable advantagefgeld monitoring of catchments is limited to rainfall, runoff,
for the development of closure relations. Firstly, it has beenand potential evaporation, which are not sufficient to derive
maintained as a significant experimental catchment over thelosure relations. At the minimum, the development of clo-
past many years. There is a wealth of information regard-sure relations requires measurements of internal state vari-
ing the geology and soil properties, and field experimenta-ables in different sub-regions of the catchment system. Un-
tion has generated a wealth of measurements of various watdortunately, currently there are no measurement techniques
fluxes and internal soil state variables, such as soil moisturavailable that allow observations of internal states and sub-
and tracer concentrations. Secondly, as mentioned beforesurface structures for scales larger than the plot- or small field
a detailed physically based model CATFLOW (using the fi- scale (Schulz et al., 2006). While they have been monitored
nite difference scheme) (Maurer, 1997; Zehe et al., 2001as part of some focused field experiments around the world,
Zehe and Bbschl, 2004), has been developed and successsuch as soil moisture measurement at the Tarrawarra catch-
fully verified in this catchment. Zehe et al. (2001) showed ment in southern Victoria, Australia (Western and Grayson,
that in this catchment, which is situated in a Loess area in1998), and the Weiherbach catchment, and at over 600 sta-
Germany, a model structure which only incorporates typi-tions from around the globe (Robock et al., 2000), mostly
cal (not actual) spatial patterns of soils, vegetation and prefby employing a distributed network of point measurements,
erential pathways in that loess landscape, and neglects Idhe corresponding data from these field experiments alone is
cal scale statistical variability, is sufficient to explain a large not sufficient for derivation of closure relations. The work of
part of the observed variability of hydrological processes atDuffy (1996) at the Shale Hills catchment in central Pennsyl-
the catchment scale. Within a 1.5 year long simulation thevania is an exception to this trend, and showed that closure
catchment model predicted catchment scale runoff responseelations, notably the storage-discharge relationship relating
with a Nash- Sutcliffe efficiency of 0.82, explained more than to shallow subsurface flow, can be derived on the basis of
92% of the evapo-transpiration observed at a meteorologicarefully conducted field experiments, in combination with
cal station and yielded at the same time reasonable predicaumerical modelling.
tions of soil moisture time series observed at 61 locations in
the catchment with correlation coefficients ranging between3.1.2 Analytical approach to the derivation of closure rela-
0.65 and 0.75 (Zehe et al., 2001; Zehe et al., 2005a). In tions
this study we will employ this “landscape and process com-
patible” model structure for the development of the closureln the theoretical/analytical approach, the emphasis is on
relations relating to seepage (subsurface) outflow from simuderiving closure relations through analytical integration or
lated hillslope scale drainage experiments, and the pressurepscaling of small-scale physically based equations through
saturation and conductivity-saturation relationships. mathematical manipulation. A widely used approach is the
derivation of effective parameters by means of coarse grain-
ing, as suggested by Dagan (1989), Attinger (2003) and Lu-
nati et al. (2002), which is based on assumptions on the prob-
ability distributions of key parameters, e.g. the hydraulic
conductivity. While this is a useful approach for ground-

In this section, we review the upscaling methods that argvater, it is too simple for the unsaturated zone and surface
currently available to develop closure relations for mass exProcesses. This is firstly because the variability of these pro-
change fluxes. We classify these upscaling methods into fouf€SSes is controlleq by the nonlinear |nteract|or_1 of seyeral
categories: field experiments, theoretical/analytical deriva-Structures/pattems in a catchment e.g. vegetation, soil hy-
tions, numerical experiments, and hybrid approaches. draulic properties, macroporosity and topography, where the
state of the catchment determines which of these patterns is
3.1.1 Assessing closure relations based on field experithe dominant one (Zehe anddichl, 2004). And secondly,
ments the spatial characteristics of these patterns, i.e. the correlation
structure and more importantly their connectivity may not be
The field experimental approach seeks to find closure relacaptured with simple analytical functions (Bichl and Zehe,
tions from the analysis of data obtained in the field, either2005). However, in some cases this approach has the advan-

3 Derivation of closure relations and the CREW model

3.1 Different approaches for assessing closure relations

Hydrol. Earth Syst. Sci., 11, 81849, 2007 www.hydrol-earth-syst-sci.net/11/819/2007/



H. Lee et al.: Hydrological modeling with the REW approach 827

tage that the resulting closure relations, as well as the conphies on this relationship, and through these sensitivity anal-

sequent REW scale parameters, retain some or most of theyrses parameterized the relationship in terms of storm dura-

traditional meaning, and therefore there is a chance that thetion, storm depth, temporal pattern and catchment topogra-

can be estimated by referring back to a mapping of landscapphy. This led to an acceptable empirical closure relation for

and/or climatic properties. infiltration rate that could be embedded within a large-scale
catchment model.

3.1.3 Numerical simulation approach to the derivation of |n a similar way, we apply a number of these methods to
closure relations develop closure relations for crucial mass exchange fluxes
appearing in the REW scale balance equations; these deriva-
The numerical simulation approach seeks to derive closurgions are presented in Sects. 3.2.1 to 3.2.6. Supplementary
relations based on the ComprehenSive simulated datasets tl’\gérametrizations such as a geometric re|ationship for satu-
can be generated through the application of detailed, disrated surface area, the REW scale water-retention curve, and
tributed physically-based hydrological models that are baseghe hydraulic conductivity versus saturation relationship, are
on small-scale physical theories, under well defined boundderived in Sects. 3.3.1 to 3.3.3. In Sect. 3.4 the developed

ary conditions. In contrast to the analytical approach, theseosure relations are combined, with the original balance

models may account explicitly for all the patterns of veg- equations, yielding a set of equations which form the basis
etation, soil properties, macropores and topography, angfthe CREW model.

their nonlinear interactions, that may be controlling the sur-

face and supsurface flows. Closure relat!ons maybe deriv.eg’.2 Closure relations for mass exchange fluxes
from numerical model output by averaging the state vari-
ables and parameter fields to the catchment or REW scal
and postulating parametric relations. However, the main
problem with this approach is that the patterns of vegeta-
tion, soil properties (soil hydraulic functions) and macrop- FOr the infiltration process during rainfall events we directly
ores are generally unknown. Therefore, one has to maké&iSe the results of Rogers (1992) who developed an areal aver-
reasonable assumptions about the heterogeneities to be exge infiltration capacity model based on the standard Green-
pected in the study catchments. For example, Binley et alAmpt equation. He assumed that only saturated hydraulic
(1989a, b) employed a fully three dimensional model basedsonductivity is spatially variable, and that it follows a log-
on the Richards equation, coupled with a simple linear rout-normal distribution. All other soil parameters were assumed
ing approach, for deriving hillslope scale effective hydraulic constant, with the justification that saturated hydraulic con-
conductivities for stochastically generated heterogeneous pgluctivity is much more variable than the other parameters
rameter fields. This worked well for weakly heterogeneous@nd has a greater impact on infiltration (Bresler and Dagan,
systems of high average hydraulic conductivities rangingl983). The resulting infiltration capacity equation has the
from 0.05 to 0.2cm/min. In the alternative, one can work following form:

in well instrumented research catchments to develop the clo-

sure relations, as we do in the present study. In such cases the [1 e W | (6 — 9[.):|

.2.1 Infiltratione¢

numerical simulation approach can nevertheless be a good™ = K; (12)
starting point for developing closure relations at the catch-
ment scale that are accurate to first order (Zehe et al., 2005a;
Kees et al., 2002; Kees et al., 2004). Zehe et al. (2005ayvhere f* is spatially averaged infiltration capaciti, is
and Kees et al. (2004) presented examples of the developnean saturated hydraulic conductivitlyll f] is soil's ma-
ment of closure relations for a hillslope scale water balanceric potential head at the wetting frord, is saturated soil
model with a transient numerical solution of continuum-scalemoisture conteng; is initial soil moisture content¥ is spa-
model. tially averaged cumulative volume of infiltration and® is

a “scaling” parameter related to the variability of hydraulic
3.1.4 Hybrid approaches for assessing closure relations conductivity. To adapt Eq. (12) within the REW modeling

framework, we need to find a match between state variables
In the present study we also follow the hybrid approach,in Eq. (12) and those of the REW approach. Sidteor-
which is a combination of any of the above methods pre-responds to infiltrated water depth into the unsaturated zone,
sented above. Viney and Sivapalan (2004), following Robin-it was replaced byg'y*, wheres" is degree of saturation in
son and Sivapalan (1995), derived closure relations for catchthe unsaturated zone agtl is average thickness of the un-
ment scale infiltration capacity as a function of the cumu- saturated zone along the verticpl/. f| andé-6 are replaced
lative volume of infiltrated water on the basis on numeri- by || and (1s*)&" respectively, wher@l| is the soil's ma-
cal experiments and catchment response data. They testédc potential head (which is a function of saturation degree
the effects of different storms as well as different topogra-in the unsaturated zone) anl is soil porosity in the unsat-

F

www.hydrol-earth-syst-sci.net/11/819/2007/ Hydrol. Earth Syst. Sci., 11,8192007



828 H. Lee et al.: Hydrological modeling with the REW approach

urated zone. The resulting form of the infiltration capacity 3.2.3 Groundwater recharge/capillary rise
equation is:
Groundwater recharge/capillary rise, in general, refers to the
we ¥4 —5") g”} (13) mass exchanges _between the unsaturgted zone and _the sat-
urated zone that lies below it. Depending on its dominant
direction it can take on different meanings. It will be called
wherea“¢ embeds within it the effects of not only the spatial net recharge if the net water flow is vertically downward into
variability of soils, but also of the space-time variability of the saturated zone, while it will be termed capillary rise if
the wetting front position during the infiltration process. Itis the net flow is vertically upward into the unsaturated zone.
clear, that this key parameter is difficult to estimate a priori The direction of flow at any time is governed by the status of
and further work is required in different catchments to getmomentum balance within the unsaturated zone, expressed
at this number. The infiltration capacity Eq. (13), which is through the resulting unsaturated zone vertical velocity
based on and resembles the standard Green-Ampt infiltratioin this paper, as a first step, we develop somewhat simple
equation, still has much room for improvement to accountclosure relationship for the recharge flux/capillary rise of the
for new findings from field experiments and to provide im- following form:
proved predictions of ponding time, and the effect of rainfall

f*=K; |:l+01 Sty

heterogeneities on the infiltration process. e = aw"vy 17)
Final!y, as.in Re.ggiani et al. (2000), the actual infiltration \yhereq*s is considered as a constant of proportionality link-
flux (¢*) during rainfall events can be expressed as: ing the average vertical velocity with the entire unsaturated
e W == zone and the recharge/capillary rise at the bottom, which is
e =min[io", f*o" ] (14)  aboundary flux. The form of this closure relation, Eq. (17),

has a similar form to that of Reggiani et al. (2000). Here it
should be pointed out that the improvement of this closure
relation lies not only in the way of parameterizie$y but
) ) o also in the way of relating? to both relevant state variables,
3.2.2 Bare soil evaporation and transpiration by root uptakeyaterial properties and capillarity by adopting appropriate
expressions for the non-equilibrium part of the momentum
Closure relations for bare soil evaporation and transpiratiorbxchange terms (compare Eq. 34). At the moment, we are
by root uptake were derived analytically based on the eXf”'adopting first-order Taylor series expansion for derivitig
tration capacity model of Eagleson (1978b,c), assuming thafyhich leads to the result that appears in Eq. (8) and similar

the soil hydraulic conductivity is spatially variable and fol- {5 the equation adopted by Reggiani et al. (2000).
lows a log-normal distribution. The resulting closure rela-

wherei is rainfall intensity and* is the surface area fraction
occupied by the unsaturated zone.

tions have the following final form: 3.2.4 Saturated and concentrated overland flow
e, = min [(e,, + Mk,e,) ", _ngw”] (15) A closure relation for saturated overland flow was obtained
by adopting the numerical simulation approach, and using
. the steady-state solution for the kinematic wave equation
— u K (s1)%Hd gt W | governing overland flow, improved to consider the effect of
JET = 0tyyg (16) - : . . X
(1 —s%) yu m field capacity on water flow through soil media (Ichikawa

and Shiiba, 2002). Based on the results of numerical sim-
wheree, is potential evaporation rate from the bare soil sur- ulations applied to the Weiherbach catchment, several func-
face,M is the vegetated fraction of land surface, i.e., canopytional relationships between saturated overland flow and the
density,k, is the ratio of potential rates of transpiration and State variables relating to overland flow were explored. It was
soil surface evaporatio, is the long-term (time averaged) found from these simulations thet is linearly proportional
rate of potential (soil surface) evaporatiqﬁ;j is the spa- to the product of the average flow depth (_)f the saturated over-
tially averaged combined exfiltration capacity due to bareland T'OW E{c}meg) {?nod the avegge velocity of overlan.d _ﬂOW
soil evaporation and transpiration by root uptakeis pore (V). i-8.,¢""=a;%y?v?, wherew}” is an exchange coefficient
size distribution indexc is pore disconnectedness indeX, that_remalned to be_est|mated. A further investigation was
is soil porosity in the unsaturated zowss diffusivity index, ~ carried out to examine the dependencexff on the total
W, | is the bubbling pressure head, amfi, is a parameter length of channels within the REW. For this investigation,
related to variability of saturated hydraulic conductivity and the Weiherbach catchment was divided into 39 basin groups,
exfiltration diffusivity. The full derivation of these equations and these were subjected to rainfall events with intensities
and the meaning af¥_ is presented in detail in Appendix A. anging from 0.1 to 40 [mm/hr]. Figure 3 presents the results

wg o . .
describing the dependenced” on total hillslope width as
a measure of total channel length. The relationship between
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Fig. 3. Dependence test of parameigf to hillslope width.

a1’ and hillslope width does show a small dependence orically based distributed model CATFLOW (Maurer, 1997,
rainfall intensity, as expressed through the scatter, which inZehe et al., 2001) was used, and applied to the Weiherbach
creases as the size of the REW increases. Generally, howgatchment in Germany. CATFLOW is capable of simulating
ever, a strong linear dependence on total hillslope width carcontinuous space-time dynamics of water flow and transport
be seen in Fig. 3. On the basis of these results, the followingf solutes in the upper soil layer of small rural catchments,
closure relation is adopted for saturated overland flow: including channel network and vegetation cover, on event
¢ = "OE" YO0 (18) and sgasonal time scal_e_s, over the thr(_ae dimensiongl spatial
domain. CATFLOW utilizes the 2-D Richards equation to
where&” is defined as the length of channels per unit sur-model water the soil, Penman-Monteith equation for evapo-
face area, which can be considered as equivalent to the catclranspiration, and 1-D Saint-Venant equation for runoff from
ment’s drainage density, aad’ is now a dimensionless con- hillslopes, as well as flow in the drainage network. CAT-
stant of proportionality. For the Weiherbach catchmerit, FLOW is also capable of handling the presence of macrop-
is 1.0 from Fig. 3. ores (Zehe et al., 2001), with a simplified effective param-
It is assumed that overland flow over the concentratedeter approach. If water saturation in macroporous soil ex-
overland flow zone, generated by the infiltration excessceeds field capacity, the bulk hydraulic conductivity at this
mechanism, could be closed with a function of the same formpoint is assumed to increase linearly with saturation up to
as that of saturated overland flow. Therefore, the suggested maximum value at full saturation of the soil. This max-
closure relation is: imum value is determined by the macroporosity fadtgr
£% = QOCET Oy (19) The macroporosit.y factor is the ratio of the water flpw ratein
the macropores, in a model element of area A, with the sat-
where¢” is the length of the channel reach per unit surfaceurated water flow rate in the soil matrix. This is a simplified
area, or drainage density. In both closure relations for satapproach, that is however suitable to represent the effect of
urated and concentrated overlad flow, we should take morenhance infiltration due to macropore flow at grid scale of or-
care about the way to describe velocity tervfsandv?, in der 1000-10 000 fj as shown by Zehe et al. (2001, 2005b).
such a way that the velocities estimated from Egs. (9) andBecause CATFLOW has been verified on the Weiherbach
(10), with carefully chosen surface roughnesses and surfaceatchment using tracers and rainfall-runoff data, with good
slopes at the REW scale, should be compatible with the corsuccess, we are confident that the model is able to reproduce
responding averages estimated from predictions of the diswell the internal mechanisms of water movement, storage,
tributed model. runoff generation and evapotranspiration, including the sub-

stantial space-time variability.
3.2.5 Seepage outflow
As afirst step, a hillslope with soil catena and a spatial pat-

The closure relation for seepage outflow was obtained by ustern of macroporosity typical for the Weiherbach catchment
ing the numerical simulation approach. For this the phys-was chosen as the spatial domain (Zehe arig@&il, 2004).
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Table 1. Laboratory measurements of average hydraulic properties for typical Weiherbach soils. Definition of parameters after van Genuchten
(1980) and Mualem (1976). Saturated hydraulic conductKityporositye, residual water contem-, air entry valuex, shape parameter

Ks[ms™] em3m=3 6, [mm3 am?Y n[]

Calcareous regosol .Px 106 0.44 0.06 0.40 2.06
Colluvisol 61x10°6 0.40 0.04 1.90 1.25

The hillslope was discretized into 21 nodes horizontally andcase, the soil is initially dry and rainfall occurs continuously
21 layers vertically. In the upper 80% of the hillslope a Loessat a constant rate, and infiltration is the main hydrological
soil is located; the lower 20% consist of Colluviosol. The process; this is called the infiltration experiment. The bound-
dependence of soil water potential and unsaturated hydrauliary conditions used and the mass exchange fluxes required
conductivity on soil moisture saturation is expressed in termsfor these studies are described in Fig. 4a. A zero flux bound-
of the van Genuchten (1980) and Mualem (1976) formula-ary condition is assigned to the lower and left boundaries of

tions (Table 1) given below: the slope, as shown in Fig. 4a.
1 The applied artificial rainfall range is from 0 to
- 0 — 0, _ |: 1 }" (20) 1.0[mm/hr] in steps of 0.1[mm/hr], and 10, 20, 30 and
0, — 6, 1+ (@ |y 40 [mm/hr], which were chosen based on the experience of

previous numerical experiments and data interpretation. At
1 it 2 rainfall intensities less than 1.0 [mm/hr], the hillslope be-
? [1 - [1 — st ] (21) comes almost fully saturated after a 20-month simulation pe-

riod from 21/04/1994 to 31/12/1995; this could be regarded
Vertical soil depth is set at 2[m]. Following the sugges- as steady state. It is believed that the most transient solu-
tions of Zehe et al. (2001) a spatially variable macro-porositytion affecting water dynamics in the Weiherbach catchment
factor was assigned along the length of the hillslope pro-could be obtained through these simulations. Based on the
file, with fixed relative portion®.6f; for the upper 70%, analysis of the results from infiltration and drainage experi-
1.1f), for the 70 to 85%, and.5fy, for the 85% to 100% ments, many functional relationships between seepage flow
part of the hillslope. The average macro-porosity factorand combinations of state variables were tested. The results
was taken to bdj=2.1. Zehe et al. (2001) showed that are presented in Fig. 4b; while the empirical results do dis-
a catchment model consisting of 169 of these typical hill- play certain multi-valuedness, the general trend is still sug-
slopes and the related drainage network is sufficient to yieldgestive of a power law relation. Therefore, as a first step, an
good predictions of discharge (Nash-Sutcliffe efficiency of empirical closure relation for seepage flow of the following
0.82), observed ET (correlation 0.92 without a bias) and ob-power law form is adopted:
served soil moisture dynamics at 61 TDR stations (correla-
tions between 0.65-0.75). This hillslope can therefore be wl S ag’
deemed as typical heterogeneity or “structure” in the Wei-¢ = ¢ [m}
herbach catchment, whose effects have to be parameterised
in the form of texture at the REW scale. To check addition- whereSis the degree of saturation estimated over the entire
ally the possible influence of small scale variability of sat- volume of soil (including both the unsaturated and saturated
urated hydraulic conductivity and porosity, we added a lo-zones), and¥| is the average matric potential head of the
cal fluctuation (in form of multipliers) around the average soil over the entire unsaturated zone. Both are different from
values presented in Table 1, which was generated using ththe corresponding point scale values used in Eqg. (20) (com-
Turning Bands algorithm using two variograms (nugget vari- pare Table 1), and®* andag® are parameters that remain to
ogram with sill=0.023; spherical variogram with range=2 m, be estimated. However, the quotient of saturation and matric
and sill=0.047, average was of course 1) to generate spatiallgotential, has an interesting analog at the REV scale, where
correlated random fields. the derivative of thé0 /oW is known as water capacity of a

For this typical hillslope a series of simulations were car- porous medium. The quotient at the REW scale has a sim-

ried out with two different specified boundary conditions. In ilar meaning, where seepage flow is determined by the wa-
the first case, the soil is initially fully saturated with or with- ter capacity of the REW scale porous medium. This is very
out rainfall events across the hillslope. In this case drainagelausible. The issue of possible multi-valuedness of the two
is occurring over the entire spatial domain of the hillslope, parameters involved is an important problem but is left for
and will reach a steady state after sufficiently long simulationfuture research within the context of an uncertainty assess-
time; this is named the drainage experiment. In the secondnent of CREW.

K = K;s

(22)
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Fig. 4. (a)Hillslope setting for developing closure relation for seepage flux, using CATFLOW simulatioribatite best candidate for the
seepage flux closure relation whet®, S, and|¥| are seepage outflow, saturation degree over the entire volume of soil, and the average

matric potential head of the soil over the entire unsaturated zone.

Subsequent tests of parameter dependence revealed a meighbouring REW and the REW of interest respectively.

lationship of the formxf’szo;{sfsa?, while Sis replaced by
the ratio of stored water depth in the soil at given time step
ys'w"+y*, to the total soil depthy. Accordingly, the closure
relation for seepage outflow can be written as:

|

u U, U s’
—a? yistw J,_y 3
e” =af'K; ? | ———

71V (23)

andv” are streamflow velocities in channel network atlthe

Jneighbouring REW and the REW of interest respectivaly.

is the projected surface area of the REW of interest onto the
horizontal plane.

A small steady groundwater flow is allowed to maintain
a minimum water quantity in channel during dry periods,
and a zero flux condition is assigned across the REW man-
tle segment, which is a part of the REW system boundary

The closure relation for seepage flux, or Eq. (23), was de'delimiting the spatial extent of a REW laterally in the sub-

veloped for the hillslope setting of Fig. 4a, in which seepage
flux is only allowed at the right hand side of the slope. Equa-
tion (23) must therefore be modified to incorporate the effect

surface zone. Rainfall or evaporation to and from the c-,
0- and r-zones are assumed to be directly proportional to
rainfall intensity or potential evaporation multiplied by the

of rising water table causing an increase of the seepage faC(Etrea fraction of each zone. All of the closure relations de-

For this reason, following Sloan and Moore (1984), Eq. (23)

is modified to account for water table rise, and this leads to:

os
} .

For the Weiherbach catchment, estimated values{fares®,
ag® are 0.01, 0.60, and 0.31 respectively.

uqu, \u S
—aos [ YHsY " +y
eOS oaos Ks 2

Tzl 9

3.2.6 Channel flow, and remaining closure relations

For the channel inflow and outflow sections, the following

veloped above are summarized in Table 2, and compared
against the closure relations previously proposed by Reggiani
et al. (1999, 2000) on intuitive grounds.

3.3 Constitutive relations for the Weiherbach catchment
3.3.1 Geometric relationship for saturated surface area

Itis very important to predict the saturated surface area frac-
tion that responds to saturated zone depth in reasonable way,
since the saturated surface area is directly related to the gen-

closure relation is suggested based on continuity consideraeration of saturation excess overland flow, as well as seepage

tions:
rA rA
Z € + Cext
)

where>” eer are inflow or outflow discharge thorough chan-
]

mlrvlr m"v"
z

L (25)

23

l

outflow. Also, as indicated above, some of the adopted clo-
sure relations require the estimate of saturated surface area.

Saturated surface area is the fraction of catchment area
caused by the intersection of the water table with the land
surface. Hence, it is governed by the dynamics of saturated
zone thickness, and by surface topography. Therefore, the

nel stream network at the inlet or outlet of each REW andrelationship between saturated surface area and the depth of

rA
Cext

system.n; andm” are channel cross sectional area ofithe

www.hydrol-earth-syst-sci.net/11/819/2007/

is outflow discharge at the outlet of the whole catchmentsaturated zone can be obtained by an understanding of topo-

graphic control on saturation area dynamics. In this study, we
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Table 2. Closure relations for exchanging mass flux.

Flux term

Closure relations
(Reggiani et al., 1999, 2000)

Closure relations
(this paper)

Infiltration (%)

min[i “, Epor ( Wy (s )f+%y">]

min [0, @Ky (1+ e 302" )]

Hydrological modeling with the REW approach

- . . ot 2+4+d
Evapotranspiratioref ,) w's'ep min| " (ep + Mkvep) . oo 1 f)y,, ) mgu“pb‘]
Recharge or Capillary rise'(*) sw"vY a ot

or (7}’ 0,,0
Saturated overland flowe'(?) u \ ‘ aOET Oy
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Fig. 5. Geometric relationship for saturated area fraction as a function of averaged thickness of saturated zone.

investigated a possible functional relationship between satfraction and depth of the saturated zone. This relationship
uration zone depth and saturated surface area by means o&n be expressed as:

the topographic wetness index of TOPMODEL (Beven and
Kirkby, 1979).

0
1 1

Application of TOPMODEL theory to the Weiherbach " =\ gy’ exp—p5" =z | 7+ exp[ gy’ (=~ 241w ]
catchment produced the functional form, shown in Fig. 5, 1
for the geometric relationship between saturated surface area if if y* <z —7°
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Fig. 6. Catchment scaléa) water retention curve, an@) hydraulic conductivity curve, based on CATFLOW simulations.

fifz—2 <y <2Z B1"1=0.97 (m), "'=0.64 from Fig. 6a. Zehe et al. (2006)
if y'=2 (26)  Wworked at the scale of a typical hillslope and imposed
artificial boundary conditions during separate wetting and

wherez’, ' andZ are average elevation of channel bed from drainage simulation experiments and investigated the effect
datum, average elevation of the bottom end of the REWof matrix and macropore heterogeneities in this context.
above datum, and the average thickness of the subsurfacehey obtained different values for the same relationship (cf.
zone respectively, an)el1 , B3 and g are parameters to  discussion section).
be estimated. The details of the derivation procedure for the
geometric relationship for saturated surface area are shown i.3.3  Hydraulic conductivity vs saturation relationship
Lee etal. (2005b). For the Weiherbach catchmgfit=0.71,

pe=1.79 ,35’0:0.92 from Fig. 5. Similarly, the unsaturated hydraulic conductivity is needed to

describe the change of hydraulic conductivity as a function
3.3.2 REW scale water retention curve: capillary pressureof saturation degree, which is in our case only important for
vs saturation relationship recharge and capillary rise (infiltration works with the aver-
age saturated hydraulic conductivity according to Eq. (13)).
The REW scale water retention curve represents the soil'dn the light of the scaleway concept (Mogel and Roth, 2003)
matric potential head in the unsaturated zone as a function at is clear that, in general, this relationship will be strongly
the saturation degree. Such a relation is needed to descritaffected by subscale structures such as macropores. How-
capillary rise of groundwater but also to estimate rate of in-ever, the macropore system in the Weiherbach catchment is
filtration (see Eqgs. 13 and 34). In the closely related study ofshallow and does not penetrate into the saturated zone, thus
Zehe et al. (2006) numerical experiments were performed taecharge is controlled by soil matrix properties. Furthermore,
derive this REW scale water retention curve based on timesoils are weakly heterogeneous with respect to their matrix
series of both soil saturation and matric potential, that haveproperties (Zehe and 8schl, 2004). Again we employed
been integrated over the simulation domain. In this study wetwo approaches to assess the relationship between unsatu-
use the full size distributed catchment model with the typicalrated hydraulic conductivity and saturation degree based on
structures defined by Zehe et al. (2001) as well as observedumerical experiments. In this and the approach of Zehe et
boundary conditions (athmosphere at the top, free drainagal. (2006) we use the same parameteric relation:
at the bottom) and simulated the one year period 21/04/1994 z
to 31/12/1995. The idea is to link the volume integrated sat-K = K {s“}’32 (28)

uration value and the REW scale matric potential that has
evolved under natural conditions (Fig. 6a) by the following wherek; is the saturated hydraulic conductivity at the REW

functional relationship: scale aan2 is an exponent to account for capillarity that
vl remains to be estimated. In this approach we again use the
W] = ﬁ\‘lfl } B2 (27) full catchment scale model and derivéd by three meth-

ods of volume weighted averaging of the REV scale values
where ﬂ“p' is the bubling pressure anﬂ'z‘“ the pore at the nodes at each time step. The first method is geomet-
size distribution index. For the Weiherbach catchment,ric averaging, with the resulting average being denoted as
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834 H. Lee et al.: Hydrological modeling with the REW approach

KcEeo. The second is harmonic averaging for soil layers onage saturation and the expression for the REW-scale recharge
each hillslope, followed by arithmetic average for parallel velocity used here (Eq. 34) to derive parameters for Eq. (28).
combinations, leading to an average denotedkass). The  Again they obtained different results (compare dicussion sec-
third method is the same as the second, except that the stepisn).

are reversed, i.e., arithmetic first followed by the harmonic

for the layers K4p). The results of these calculations are 3.4 The CREW model

presented in Fig. 6b expressented in terms of Eq. (28), with

the second parameter being estimated by curve fitting. Frongy, inserting the derived closure relations into the REW scale
Fig. 6b, the estimate®, and X values for the Weiherbach mass balance equations, Eq. (1) to (11), we obtained the ba-

catchment are, respectively, %00, and 1.68 forKg o, sic model equations of the CREW model (Cooperative Com-
8.0x107/, and 1.63 forK 4, and 7.0<107, and 1.49 for ~ munity Catchment model based on the Representative Ele-
Kag. mentary Watershed approach, Lee et al., 26p6fhe 13

In the companion approach Zehe et al. (2006) used the typbalance equations for mass and momentum are reduced to 9
ical hillslope to simulated drainage and wetting experimentswith the aid of a series of assumptions used in Reggiani et
again for well defined artificial instead of observed bound-al. (2000), which help exclude the momentum balance in the
ary conditions. Regardless of the hydraulic conductivity val- horizontal direction in the two subsurface zones. The result-
ues that evolved inside the domain, they used the averageitig equations, including the new closure relations, can now
in/outflow at the lower boundary of the domain and the aver-be summarized as follows:

Unsaturated zone mass balance equation

dt(

. — Pl (1—st)e"
y“s”w“s“) =min|io", 'K 1—}—0{“‘3M + a o'
sty

recharge or capillary rise

storage infiltration
uK (su)2+d & |Wp|
. u _
—min |:a) (ep—}—Mkve,,) wg sy - (29)
evapotranspiration
Saturated zone mass balance equation
(3)5
d MSLICUM +
- (Esysa)s) - _ amwuvu — 0’ mK M y _ qs (30)
i i sat zone-river exchange
storage recharge or capillary rise seepage g
Concentrated overland flow zone mass balance equation
d . — (1 —s*)e
— (yca)c) = w¢J —min|io"*, 0"K; 1+O{HCM — a%E"yve (32)
dl ) —— ) suyu %/_/
— ~—— rainfallorevaporation flow to saturated overland flow zone
storage infiltration
Saturated overland flow zone mass balance equation
a()&
d ) or S w +
_ (yow()) — w"ai"K y + ocsr eyt + °J _ ro%.r 0,0 (32)
M inflow from conc overl flow ~ rainfall orevaporation |ateral channel inflow
storage seepage

Channel zone mass balance equation
d miv,  m"v"
“ (mrgr) — Q™ ryovo + qs +Z | + grwrj (33)
dt ———— —— —_—

[ ——

rainfall, evaporation on free surface
storage

lateral channelinflow sat zone-river exchange \‘,_,,

) outflow
inflow

1L ee, H., Sivapalan, M., and Zehe, E.: Cooperative Community Catchment model based on the Representative Elementary Watershec
approach: numerical model development, benchmark tests and an application, Water Resour. Res., submitted, 2006b.
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1

V= y—us” [|qf| ~ Ey”:| (34)
1 2. 1

o = 2 [y sin()) @)
1 2. 1

v = =[] [sin(r))? (39)

Ak

1 r _ 1 1

V= o % |:m’l’ sin(y") & Xl: {Zy’ (m” +m!) 00851} - Ey’m’} (37)

Please note that in doing so, the momentum balancarea of each REW, topographic slopes of the c-, o-, and r-
Eq. (8), with respect to the unsaturated zone veloeityhas  zones, total soil depth, elevation of channel bed from the
been rewritten as Eq. (34), following the procedure adopteddatum, and the local angle between channel reachs of two
by Reggiani et al. (2000). The momentum balance equationseighbouring REWSs). Information regarding to soil textures
for the c-, o-, and r-zones, i.e., Egs. (9), (10) and (11), re-and vegetation can be imported into the modeling procedure
spectively, have been simplified as Egs. (35), (36) and (37)by the relevant parameters. Currently, topographic slopes of
by adopting the kinematic wave approximation, i.e., by ig- the c-, o-, and r-zones are calculated based on the following
noring the inertial term, and by adopting the relationship be-equation, after Reggiani et al. (1999).
tween Darcy-Weisbach friction factor and Manning coeffi-

A 2 =\ 3 ' (T -
cient, & = 8¢ (nﬁn)2 (Rl)3, i=c,o,r, for the second order ¥’ = COS <F , i=c,or (38)

friction term,U’, i=c,0,r. The other procedure, which is nec- i ] ) ]
essary to convert the momentum balance equation for th&/herex" is projected area of thiezone onto the horizontal
channel reach, Eq. (11), into Eq. (37), is presented in Regplane angS’ is the surfape area.a}fzqne. S was identified
giani et al. (2001). Thus, Egs. (35) and (36) are the rREW-DY following the slope in the direction of steepest descent
scale Manning’s equatior,l for the movement over c- and o-for each grid cell within the digital elevation model and the

zones, respectively, while Eq. (37) is the REW-scale diffu- S2MeS value was used for the c-, and o-zones. However, it
sive wave equation for channel flow. should be pointed out that topographic slopes of the c-, o-,

and r-zones in Eqg. (35) to (37) are effective values defined

Within the CREW model the balance equations for massat the REW scale and they are introduced to account for the
and momentum are solved by the adaptive Runge-Kutta inbalance of forces at the REW ;cale. Therefore, topographic
tegration method (Press et al., 1992). The current versior§0P€Sy* should be calculated in a way that they assure bal-
of CREW model includes a total of 23 parameters: 8 pa-2Nce of momentum in the averaging process, and, at the same
rameters from closure relations'¢, a2*, a3', a2, o, time, reflect local geometries of the study area. This may

ol a%, '), 7 parameters from constitutive relatiomﬁ’(, gi\_/e ris;e to the problem of parameter_ estimatiqn by consid-
o et oWl AW o T ; eringy' as one of parameters controlling especially the flow

B3, BS B By s K, B3 ), 3 Manning roughness coef- routing process.

ficients @g,, nd,, n},), porosities of the unsaturated and sat-

urated zoned(", '), canopy densityNl), the saturated hy- 3.5 Numerical test of the CREW model

draulic conductivity of the saturated zonk;(), and the ratio

of potential rates of transpiration and soil surface evapora-Two numerical experiments were designed to see how the

tion (k). All parameters are allowed to be variable acrossderived closure relations respond to combinations of climate,

REWSs so that the effects of different soil textures, vegetationsoil, vegetation and topography, within the REW modelling

and geometries across REWs could be taken into accounframework. The values of the parameters, input data and ini-

To run the CREW, the required input information is climate tial conditions used in the numerical experiments are summa-

data (rainfall, potential evaporation, and streamflow), and ge+ized in Table 3. Sensitivity analyses of infiltration and infil-

ometric information (length of channel reach at each REW,tration excess surface runoff generation processess were the
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836 H. Lee et al.: Hydrological modeling with the REW approach

first test, because infiltration excess surface runoff is knownity. This is confirmed by perusing the infiltration capacity
as the dominant runoff generation mechanism in Weiherbacheq. (13), in the light of the soil properties presented in Ta-
catchment (Zehe and &bchl, 2004). The second test was ble 3. The hydraulic conductivity of sand is much higher
designed to explore streamflow at the outlet as an integratethan that of silty loam, even though bubbling pressure head
catchment response combining many interacting processeand porosity are low, which makes the infiltration capacity to
Sensitivity analyses were conducted by changing one varibe rather high. The infiltration rate for sand at large times de-
able at a time, in each case. Various numerical tests to assesseases smoothly, not exponentially, when rainfall intensity
the hydrological functioning produced by the coupled bal- is 40 [mm/hr]. This is different from the results presented in
ance equations of the REW approach can be found at Lee dtig. 7a, and is due to the decrease of the unsaturated area
al. (2005a). fraction by water table rise, and not due to the occurrence of
surface ponding.

Figure 7d shows Hortonian overland flow corresponding
to Fig. 7b. Hortonian overland flow accompanies the infil-
tration process across the concentrated overland flow zone.
his is reproduced in Figs. 7b and d. At the end of the storm,
i.e., t>t, Hortonian flow ceases abruptly due to cessation of
rainfall. Note here that storm periddis defined as the pe-
riod over which an event lasts without ceasing in the middle;

ist tents 1o th wrated hile all other i in this study, we used constant values for the storm period
moisture contents to the unsaturated zone, while all other Ir]Iallong with constant rainfall intensities. On the whole, the

fpu”ts ?re pflram.etft.al[s ?re hetld f|x§q. f'1l—to s:[ge the effect OI "Ny ater flow dynamics within the concentrated overland flow
allintensity on infiitration rate and Inhitration €Xcess surtace , ., ¢ qualitatively well captured by the adopted closure

runc;ff, ramfﬂl mter;\sl\l/ltlce:s ?re Va”ﬁdl’ dV\]/ch"e dotf.ir mform(ﬁ;on relations for infiltration capacity and concentrated overland
such as soiltype, elc. are held fixed. Likewise, ditter- flow, even though the exact magnitude may not be accurate

ent soil types are used to see their effects on the inﬁltrationsince there has not been any calibration involved, and the

excess runp_ff_process, while other variables .held f-|xed.- . question of estimating appropriate parameters remains to be
For sensitivity analyses of the closure relationship for infil- accomplished

tration, the fixed values chosen @&=0.5,t,=2 [day],t,=8
[day], M=0, k,=1, n¢,=0.07 [nT/3s], n?,=0.035 [nT/3g],
n’ =0.03 [m%/3s], ,=0.00012 [mm/hr],Z=8 [m], Z=21  3.5:2 Integrated catchment response measured at the outlet
[m], =20 [m], py"=0.3, B5"=0.3, BY"=0.4, «"°=0.1,
o) =5, 0"*=1,07°=1.5,a"°=2.5,07°=10, 05’ =6.2, 03" =2.7 Figure 8 presents the breakdown of various processes oc-
whereDl is the ratio of total annual potential evaporation to curring over the catchment in response to a constant in-
total annual precipitation, called the climatic dryness index.tensity event. These include seepage outflow, saturated
In order to fully test the infiltration model, larger unsaturated overland flow and channel flow. The rainfall input is
zone depths are used than in the subsequent test. 10[mm/hr], and the soil type used was sand. The fixed
Figure 7a shows the effect of AMC of the unsaturated zonevalues areDI=0.5, t.=2 [day], t,=8 [day], M=1, k,=1,
on the infiltration rates, for a silty loam, with constant rain- »¢,=0.07 [nT1/3s], n2,=0.035 [nTY/3s], n’,=0.03 [nT%/3s],
fall intensity of 20 [mm/hr]. The results show that as AMC ¢;=0.00012 [mm/hr], Z=8 [m], Z'=25 [m], Z=20 [m],
increases, the infiltration rate decreases, the infiltration cag}’=0.3, g5"=0.3, g5"=0.4, a"’=1, «%,=100, o'’=1,
pacity is higher than rainfall intensity for the smallest AMC «°“=1.5, a"?=2.5, «{*=2000, a5°=5.2, ag’=2.7. We see in
used, and that the infiltration rate decreases exponentially afFig. 8 that the total saturated overland flow is a combined
ter the surface is ponded, which is a well known infiltration response of both seepage flow and rainfall falling on satu-
behaviour (cf., Sivapalan and Wood, 1986). Figure 7b showgsated areas. There was no Hortonian overland flow from the
the effect of rainfall intensity, again for a silty loam, when the concentrated overland flow zone in this case, so it can be
AMC is zero. The results show that the bigger the rainfall in- inferred that the decline of infiltration flux displayed is not
tensity is, the less the time to ponding is, and that regardlessaused due to the reduced soil infiltration capacity or surface
of rainfall intensity, the infiltration capacity approaches the ponding, but rather caused by the increased saturated area
same asymptotic value at large time. At lower precipitationfraction. This is confirmed by the surface runoff caused by
intensities, i.e., 1, 5 and 10 [mm/hr], all precipitation is infil- rainfall falling on saturated areas. In Fig. 8, the discharge
trated since the infiltration capacity is greater than the rainfallhydrograph at the catchment outlet is almost the same as sat-
intensity. Figure 7c shows the effect of different soil types, urated overland flow, and does not show any effect of channel
silty loam (solid line) and sand (circle), under different rain- storage. This is partly due to the size of catchment used, and
fall intensities, and zero AMC. Infiltration rate is very high the nature of closure relations used for channel flow. The
for sandy soils, which is the result of high infiltration capac- generalization of these closure relations to reflect dynamic

3.5.1 Infiltration and infiltration excess surface runoff gen-
eration

This test is designed to see the effect of antecedent moistu
content (AMC), rainfall intensity, and different soil types on
the infiltration rates, and infiltration excess surface runoff re-
sulting from different rainfall intensities. The effect of AMC
on infiltration is modelled by assigning different initial soil
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Fig. 7. Sensitivity analysis on closure relation for infiltration and concentrated overlanddlothe effect of antecedent moisture content
on the closure relation for infiltration process: silty lo@im) climate effect on the closure relation for infiltration process: silty |dajthe
effect of different soil on the closure relation for infiltration rate: solid line for silty loam, circle for ¢dhdlimate effect on the closure
relation for concentrated overland flow: silty loam.

effects, including diffusion and inertial effects is the subject lated by the fully distributed model, CATFLOW. The model
of future work. structure employed is based on 169 typical hillslope and a
drainage network and yielded, as already stated, good pre-
dictions of discharge and ET, and soil moisture measured
4 Application of the CREW model to the Weiherbach  at 61 TDR stations. The volume integrated soil moisture
cachment from this model structure is hydrologically consistent with
this observation and also consistent with the typical patterns
4.1 Design of simulation tests and set up of the CREWgphserved in this catchment. It can therefore be deemed as the
model best guess of how the true average soil moisture in the Wei-

i ) , herbach catchment evolved under the boundary conditions
Finally we want to shed light on the question whether the ,ihin the simulation period and an interesting benchmark

proposed closure relations and constitutive relations allow,, cREW. In addition we employed discharge data aggre-
reasonable predictions when the CREW model is setup fofyateq to the daily scale as well as the observed soil moisture

the Weiherbach catchment. To this end the time series of ava; the 61 TDR stations as measures to judge the performance
erage soil moisture predicted by CREW is compared againsts crgw.

the time series of volume integrated soil moisture simu-
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Table 3. Values of parameters, input data and initial conditions used in the sensitivity analysis.

Group Description Value Reference
Silty loam 3.4x10°6
Ks: saturated hydraulic conductivity [m/s] ~ Sandy loam 3.410°°
Sand 8.610°°
Silty loam 0.45
|W,| : bubbling pressure head [m] Sandy loam 0.25
Sand 0.15
Silty loam 0.35
&: porosity [m/m3 Sandy loam 0.25
<ol porosity [m/m-] cand 0.20 Bras (1990)
Silty loam 1.2
m: pore size distribution index Sandy loam 3.3
Sand 5.4
Silty loam 4.7
c: pore disconnectedness index Sandy loam 3.6
Sand 3.4
§#(0): initial soil moisture content in U-zone 0.0/0.1/0.2/0.3/0.4/ 0.5
i: precipitation intensity [mm/hr] 1/5/ 10/ 20/ 30/ 40
DI: climatic dryness index 0.5/1.0/2.0
Climate t,: storm period [day] 2
tp: inter-storm period [day] 8
ta (=t +tp): Climatic period [day] 10
Vegetation M: canopy density 0.0/0.5/1.0
ky: ratio of potential rates of transpiration and soil surface evaporation 1
n, - Manning roughness coefficient in the c-zone [HBs] 0.07
. n%, : Manning roughness coefficient in the o-zone[HBs] 0.035 Chow et al. (1988)
Hydraulic n’. : Manning roughness coefficient in the r-zone [H3s] 0.03
gs: assumed steady flow from saturated zone to channel reach [mm/hr]  0.00012
Z: average thickness of the subsurface zone [m] 8
Z': average elevation of channel bed from datum [m] 21/ 25
Z*: average elevation of the bottom end of REW from datum [m] 20
Geographic ys(g)): initial average thickness of saturated zone [m] z-z
By :ageometric parameter in the saturated surface area function 0.3/ 0.59942
/35’” : a geometric parameter in the saturated surface area function 0.3/0.81443
ﬁ‘é’” : a geometric parameter in the saturated surface area function 0.4/ 1.92196
!¢ : a parameter in the closure &f¢ 0.1/1.0
o, @ parameter in the closure &ff , 5/ 100
'S : a parameter in the closure &f’ 1
¢ : a parameter in the closure &f¢ 15
Flux Closure o’ : a parameter in the closure & 25
af® : a parameter in the closure &f° 10/ 2000
a5’ : a parameter in the closure &f° 5.2/6.2
«g® : a parameter in the closure &f° 2.7

Unlike CATFLOW, which uses an advanced SVAT ap- except that the data for CREW were aggregated from 6 min
proach based on the Penman-Monteith equation, CREWo 1h resolution. The boundary conditions were chosen in
needs potential evaporation as input for determining actuaboth models to be the atmosphere at the top and such that
evaporation; for this reason, hourly potential evaporationseepage flux was not allowed. Slopes of the c-, o-, and
data were generated for the Weiherbach catchment based agrzones are calculated using Eq. (38) with the use of digi-
the results of Zehe et al. (2001) to be used as input for theal elevation model (DEM) of the catchment. Unsaturated
CREW model. The initial saturation of the soil in the u-zone zone depth used was 2 metres for both CREW and CAT-
was set at 0.5 for both CATFLOW and CREW and the sim- FLOW. Canopy densityM) was assumed to be equal to 1.0
ulations were carried out for the periond of 21/04/1994 to (unity) for the CREW run, i.e., fully vegetated during the
20/04/1995 with identical time series of precipitation data, year. Within CREW we used parameter values directly, with-
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Fig. 8. Saturated overland flow and discharge at the channel outlet as the integrated response of all processes happening in the catchment.

out adjustment, obtained from Weiherbach catchment durgood match between the CREW results and the integrated
ing the upscaling procedure used to develop closure relasoil saturation values from CATFLOW suggest that CREW
tions and constitutive relationsf("’:l.o,a”’:l.o,ﬁl":0.71, produces realistic unsaturated zone saturation values at this

By’ =1.79,85°=0.92). The parameter values estimated herescale.

and for the constitutive relations are shown in Table 4. Figure 10 compares observed streamflo@gpf), with
. _ those simulated by CREW using wit{mm) and without
4.2 Simulation results additional calibrationQsimmc). We chose two flood events

o ) ~to highlight the differences between the two models struc-
In the absence of calibration the CREW model did not yield ,res as shown in Figs. 10b and c. Peak flow for event 1

good results for soil moisture or for discharge. The REW ghown in Fig. 10b is quite well captured by both CREW sim-
scale saturated hydraulic conductivRy, the re_Iated parme- yjations. During small rainfall eventsimmc did not cap-
ters of the REW “textural” hydraulic functions and,,  tyre peak flows well, as shown in Fig. 10c for event 2.
turned out to be inappropriate. H\Lanc?pwegllowed forman-- pnoff contributions by different mechanisms for events 1
ual calibration of the parametesg”' 65"', X anday,, in - and 2 by both simulations are summarized in Figs. 10d and
the sense that the model should match the largest event ol Runoff during event 1 was mostly produced by infiltration
Served a.nd at the same t|me the I’eSCESSion. The fo”OWingxcess Overland ﬂOW (92 and 949% Of Streamﬂow in case Of
parameterﬂ'l‘l":o.Zl m,ﬁ'zq":O.ZS (water retention curve), Qsimm, and Qsimmc respectively), which is consistent with
K,=8.0x1075, 55:4_51 (hydraulic conductivity curve) and previous results on this catchment (Zehe et al., 2005b). Peak
ok =15 yielded a Nash-Sutcliffe efficiency that was larger flow produced byQsimw during event 2 was mainly gener-
than 0.8 which is denoted as “simM”, the case without cali- ated by saturation excess overland flow, and contribution of
bration is denoted as “simMC”. infiltration excess overland flow to peak streamflow was not
Figure 9a shows that the temposil time series simu-  significant in this case. In the case @fimmc during event
lated by CREW and that the volume integrated saturation? there was very small saturation excess overland flow sim-
values simulated with CATFLOW are in very good agree- ulated (0.2% of streamflow). This can be explained by a
ment. The CREW simulation falls within the range of ob- smaller saturated surface area resulting from the three param-
served soil moisture values, which were obtained with 60 cmeters related to Weiherbach catchment geometfigs 65",
two rod TDR sensors during the entire period, as shown inandﬁg’o) used to estimate saturated surface area as a func-
Fig. 9b. The observed soil moisture is largely scattered whichtion of average vertical thickness of saturated zone. For both
reflects the high spatial variabilities at the point scale. Max-models streamflow was mainly fed by subsurface flow. In
imum and minimum observed saturation values over a giverboth model simulations during event 2, no infiltration excess
time step could be used to define the limits of simulated overland flow occurred due to the high infiltration capacity in
over the same time step. The fact that the CREW simula-comparison to the rainfall intensity. However, in this catch-
tion falls within the range of observed soil moisture values ment, the main storm runoff generation mechanism has been
alone would not be too exciting. However, the additional previously assumed to be infiltration excess overland flow
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Fig. 9. (a) Comparison of catchment scale saturation degree in the unsaturated'zogimulated from CATFLOW and CREW, ar{d)
comparison of 60 [cm] depth averaged measured surface soil moisture content with saturation degree in the unsatusitesiraatated
by CREW.

(Zehe et al., 2005b; Zehe and@khl, 2004). Our results 5 Discussion and conclusions
indicate that it might be necessary to revisit the closure rela-
tions or that the conclusions of the latter authors were wron

for smaller events. gIn the context of the REW approach of Reggiani et al. (1998,

1999), the development of physically reasonable closure re-
Figure 11 shows discharge time series for both events simlations for various mass exchange fluxes is a crucial step to
ulated by the CREW model using an hourly time step with ground REW approach to reality and to make models based
parameters that have been calibrated on daily discharge vabn the REW approach applicable to real world catchments
ues. Clearly, the parameters estimated at the daily scale prgBeven, 2002). Due to the lack of direct observation tech-
duce timing problems when applied at the hourly time scale hiques at that scale, the best way to start with this problem is
with CREW responding too quickly to rainfall events (1 h), to start at a catchment that offers a wide range of data, that
which we suspect could be due to an overestimation of avis well understood and where finer scale models have been
erage slopes by the simple geometric approach that we enemployed to support this process. This is the case for the
ployed here. This requires further investigation, and is examWeiherbach catchment, which provided the catalyst to push
ined in detail in a subsequent study (Lee et al. 28D&a the development of CREW and the related closure relations
volving the application of CREW to mesoscale catchments,so far, that we could come up with the first application of this
where the timing is absolutely critical. model to a real catchment.

2Lee, H., Sivapalan, M., and Zehe, E.: Application of the distributed physically based model, CREW, to two mesoscale Australian
catchments in contrasting climates, J. Hydrol., submitted, 2006a.
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Fig. 10. Comparison of observed streamflows with those simulated by CREW at the daily time scale@¥pgr@simm and Qsimmc

denote the observed hydrograph, simulated hydrograph with manually calibrated parameter values, and simulated hydrograph with both clo-
sure parameters and manually calibrated ones, respectively: daily rainfall and streamflow time series from Weiherbach (@tétoment
21/4/1994 to 20/4/199%D) for event 1, andc) for event 2, and runoff contribution of different hydrologic processe¢dpevent 1, ande)

event 2 where IE, SE, SS, and Q denote infiltration excess, saturation excess overland flow, subsurface flow, and streamflow respectively.
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Table 4. Parameter values for the Weiherbach catchment estimated (a) from the upscaling procedure, (b) by manual calibration of CREW,
and (c) by manual calibration of CREW as well as the upscaling procedure.

Group Description Parameter value
(@) (b) (c)
Nash-Sutcliffe Nash-Sutcliffe
E=0.82 E=0.84
B! bubbling pressure head [m] 0.97 0.21 0.21
,32\” : inverse of pore size distribution index 0.64 0.25 0.25
K : u-zone saturated hydraulic 3.0x10°8 (KGro) 8.0x1076 8.0x10°6
Soil conductivity [m/s] 8.0°10~7 (Kp 1)
704107 (Kam)
ﬁé{ : pore disconnectedness index 1.88{£0) 451 451
1.63 Kpa)
1.49 Kan)
&": u-zone porosity 0.44 0.44
&%: s-zone porosity 0.43 0.43
K? : s-zone saturated hydraulic 3.0x10°6 3.0x10°6
conductivity [m/s]

Vegetation M: canopy density o . 1.0 1.0
ky: ratio of potential rates of transpiration and soil sur- 1.78 1.78
face evaporation
ﬂ‘l"o : a geometric parameter in the saturated surface71 0.06 0.71

Geographic area function
,35’0 : a geometric parameter in the saturated surfade79 3.46¢107° 1.79
area function
ﬂg’o : a geometric parameter in the saturated surface92 3.73 0.92
area function
ng, : Manning roughness coefficient in the c-zone 0.07 0.07

Hydraulic [m—1/3g]
ng, : Manning roughness coefficient in the o-zone 0.035 0.035
[m~1/3s]
ny, : Manning roughness coefficient in the r-zone 0.03 0.03
[m~1/3g]
a'¢ ; a parameter in the closure &f¢ 3.51 3.51
oy, © @ parameter in the closure df, 100.0 100.0
oa's : a parameter in the closure &f* 1.32 1.32
¢ : a parameter in the closure &f¢ 1.0 1.0 1.0

Flux Closure o’ : a parameter in the closure &F° 1.0 25 1.0
«f® : a parameter in the closure &f* 0.01 0.4510~4 0.01
o9’ : a parameter in the closure &f° 0.60 1.0 0.60
«g’ : a parameter in the closure &f° 0.31 8.24 0.31

We derived closure relations for infiltration, exfiltration, model was driven with observed atmospheric boundary con-
groundwater recharge and capillary rise analytically usingditions as explained in Sect. 3.3.2. Finally, a geometric rela-
various assumptions regarding sub-grid heterogeneity. Thé&onship linking saturation area to saturated zone water depth
closure relations for saturation excess overland flow and conwas obtained based on TOPMODEL assumptions.
centrated overland flow were derived by a combination of The first thing to state is that with the derivation of all
the analytical approach, but assisted by limited numericalof the closure relations and necessary geometric and consti-
models, i.e., by a hybrid approach. Finally, the closure rela-tutive relations, the REW scale balance equations are fully
tions for seepage flow, or subsurface stormflow, were derivedleterminate and the CREW model has been born. A first
by the application of the numerical simulation approach, sensitivity analyses based on literature data showed that the
with the use of the CATFLOW model. Following Zehe et model produces realistic infiltration behaviour for different
al. (2005a) the full catchment scale model structure was als@oils types, initial conditions and rainfall intensities. How-
used to assess an REW-scale pressure-saturation relatioaver, the real benchmark for CREW was the application to
ship (i.e., water retention curve) and unsaturated hydraulidhe Weiherbach catchment and the comparsion with observed
conductivity versus saturation relationship, in both cases thesoil moisture and discharge data as well as with the volume
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Fig. 11. Comparison of observed streamflows with those simulated by CREW at the hourly time scaleQyheaad Qsimm denote the
observed hydrograph and simulated hydrograph with manually calibrated parameter values respectively: hourly rainfall and streamflow time
series from Weiherbach catchméaj for event 1, andb) for event 2.

integrated soil moisture simulated with CATFLOW. The lat- ing the small event 2 is subsurface flow, which contradicts
ter can be deemed as best estimate of how the true averagtudies of Zehe et al. (2005b) in this catchment. However,
soil moisture evolved in the Weiherbach responding to thealso Zehe et al. (2005b) could be wrong with the assumption
boundary conditions within the simulation period. that Hortonian overland flow is always dominant in the Wei-
: i . . (51erbach catchment. Smaller events could stem just from the
To match the observations/fine scale simulations we hal e
zone close to the brook where a shallow aquifer is present.

to allow for additional calibration of parameters related to : . : .
. Another serious shortcoming of the REW approach itself is
the REW scale water retention curve and unsaturated hy; ) :
. - for sure the zero dimensional approach for the unsaturated
draulic conductivity curve. Hence, we must state that the

. 4 zone, as it does not allow the resolution into multiple layers,
numerical uspscaling we employed here for these proper: .
. . the root zone etc. Future research should focus on advancing
ties did not fully work out. However, the REW scale sat-

urated hydraulic conductivity value we obtained in the cal- the unsaturated zone by introducing several layers or even

ibration is at 810~ m/s similar to the REV scale values 909 back to a vertically distributed approach.
of the Weiherbach soils (Table 1). After the calibration the

model yielded good results for daily discharges and at theteresting to note that the approach presented here did not

same time for soil moisture. The CREW simulation of un'aNork, but the approach suggested by Zehe et al. (2006, com-

saturated zone saturation fell within the range of observe are Sect. 3.3.2) a companion study yielded parameter values
soil moisture and matched the integrated soil saturation vaI—p o P Yy b

ues from CATFLOW very well. Therefore, we conclude that tha_t were much closer to thgse obtained within the manual
. Lo . alibration process. Hence, it seems that further research on
CREW is capable of reproducing internal state dynamics an . L : -
he dynamical upscaling is needed to clarify the limits of such

discharge at least in the Weiherbach at the same time, some- " Joroach (in terms of heterogeneity of the system). The
thing that is very rarely shown in hydrology. pp 9 Y Y '

most important issue is to further advance observation tech-
While this is a major success, it would be stupid to claim niques that might allow assessment of patterns and state vari-
that the closure problem is solved. This is just a start. Simu-ables over larger volumes, which could strongly support the
lations at the hourly time scale showed that CREW respondslevelopment of closure relations. Geophysical techniques
too quickly, which provides the hint that the derivation of and tracers are certainly promising within this respect. Fi-
average slopes may be too simple. Secondly, CREW simnally, there is also the problem of equifinality/predictive un-
ulations suggest that a major contribution to discharge durcertainty (Beven and Freer, 2001), which has to be investi-

Concerning the derivation of constitutive relations it is in-

SLee, H., Zehe, E., and Sivapalan, M.: Investigation of runoff prediction uncertainty and parameter sensitivity for the distributed model
CREW using GLUE, Adv. Water Resour., submitted, 2006c.
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gated for models based on the REW approach. In this regard,978a) d is a diffusivity index,mis the pore size distribution
recent more detailed studies by Lee et al. (209&ddresses index,e is soil porosity, ang, is a dimensionless exfiltration
the issues of equifinality and runoff prediction uncertainty of diffusivity defined as:
CREW using GLUE. 5

Our final constructive comment is that we believe that ¢, = 1.85;51'8&‘1/ s¢ (s0 — )08 ds (A5)
models based on the REW approach are the most promis- 0
ing candidates for better hydrological modelling at the Now let us define combined evapotranspiration
mesoscale. An REW together with its closure relations iscapacityy;, by both bare soil evaporation and transpira-
functional unit. If there is something like a typical hydrolog- tion by root uptake, as follows:
ical functioning of landscapes, then we believe this must be .
the case. It should be possible to derive typical REWs for aler = fo +Mey (A6)
landscape. Models that are composed of such typical REW§ £q. (A4) is substituted into Eq. (A3), with the condition
could then be expected to have a lower structural uncertaintyjs equal to zero for exfiltration, then we have:
be more compatible with the landscape in the sense of Wa-
gener et al. (2003) and yield much certain predictions. S, = Sy K (A7)

Nl

1
. d 2
Appendix A S, = 250 [M} (A8)
mi
Derivation of a closure relation for bare soil evaporation
and transpiration by root uptake (e,) whereS,, is an exfiltration sorptivity coefficient, assumed to
be constant for a soil type, and oy is spatially variable in
One dimensional concentration dependent diffusion equatiorfA7). This assumption could be justified by the same reason
describing soil moisture movement in the unsaturated zones offered by Bresler and Dagan (198R), has the greatest
(Philip, 1960) has the following form, when it includes a soil impact on the exfiltration process. As befokg, is also as-

moisture extraction term by root uptake as a sink (Eaglesonsumed to follow a lognormal distribution. Combining (A2),

1978a): (A6) and (A7), we then obtain:

0 9 907 9K (0) 1 i1
—=—|DO)—|————gr(z,0 Al pr = =S, Kft™ 2 A9
LG B B fir= 19

where 6 is the effective volumetric moisture contertis ~ Taking the areal average of Eq. (A9), we obtain an equation
time, K (0) is the effective hydraulic conductivitfp(9) isthe  for the areal average exfiltration capacity:
diffusivity, g,(z#) root extraction function, andis vertical —
coordinate. In analogy with the infiltration capacity equation fz; = ESW K2t~
of Philip (1960), Eagleson (1978b) derived an exfiltration ca-
pacity equation as: The average exfiltration capacity Eq. (A10), depends on time,
which makes it inapplicable for continuous modeling, so we
[ }Set_% — Me, (A2) need to convert it into time independent form. For this rea-
2 son, it is assumed that the exfiltration capacity is a func-
where £ is exfiltration capacity for bare soil evaporatid,  tion of the volume of cumulative exfiltration only, in anal-
is canopy density, ane, is transpiration rate. In (A2}, is ogy with the Time Condensation Approximation (Sherman,
an exfiltration sorptivity defined by: 1943) used for infiltration. Then, the cumulative volume of
exfiltration can be obtained by integration of (A9) as:

NI

(A10)

D, 1

= — — i1
Se 2(00 01) |: T ] (As) FET = Ser Ksztj (All)
wherefg is initial effective volumetric moisture conters, is which means that the areal average of the cumulative volume
effective volumetric moisture content at the soil surface, andof exfiltration will be:

D. is a desorption diffusivity defined by: —

- 14
Fpr = Ser K12 Al12
b Ks |\I’b| Sg¢e (A4) ET er g ) ( )
e me If we eliminater 2 between (A12) and (A10) we obtain:
whereK; is the saturated hydraulic conductivity;| is bub- —2
bling pressure heady is initial degree of saturation at the s2 | k2
soils surface, where this value is fixed by ‘zeroth-order’ ap- “

o ; : : Wir=>——>"— (A13)
proximation at a space-time average soil moisture (Eaglesom 7 — 5 Frr
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SinceK; is assumed to follow a lognormal distribution, fol-

2
lowing Rogers (1992)[KS2:| can be replaced by following

relationship

— 2 5
H —_— O
|:Ks2} =K, exp (—f) (Al14)

whereos? is the variance of logarithm d€;. If we now com-
bine (A8) and (A14), and substitute in (A13), we will finally
obtain:

Ky sote Wl

Jir=ae=t— (A15)
ET

2
wherea:% exp(—”T") is an estimatable parameter that is

related to the variability of saturated hydraulic conductiv-
ity, and the dimensionless exfiltration diffusivigy. To use
(A15) within the REW approach, it is assumed that the spa-
tial average of the cumulative volume of exfiltration is pro-
portional to the pore fraction that is not filled with water, i.e.,
Fer~ (1—s") y*, where the initial degree of saturation at the
soil surface is replaced by the saturation degree of the entire
unsaturated zone. Consequently, we obtain the following ex-
filtration capacity equation:

K, ("% ey
(1 — sty y m

(A16)

fer =«

Therefore, the final closure relation, for the combination of
bare soil evaporation and transpiration by root water uptake,
will be specified as:

e, = min [(e,, + Mey) o, fgra)”] (A17)
wheree, is spatially averaged transpiration rate at each time
step. Since this may not be available in most catchments, it

is assumed that, is constant and equal to long-term time
average potential rate of transpirati@fy. By using the ratio

kvzee’#, wheree, is long-term time average rate of potential
P

(soil-surface) evaporation, the probable maximum exfiltra-
tion rate, fET\ at each time step, will be expressed by:

max’
TET | o = €0 + Mk (A18)
and the corresponding closure relation is written as:
€l = Min [(ep + Mkye,) 0", nga)”] (A19)
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Nomenclature
Latin symbols

ecA mantle surface with horizontal normal delimiting the REW externally

<

A linearisation coefficient for the mass exchange terms TLf]

B linearisation coefficient for the mass exchange terms ML T3]

c pore disconnectedness index

d diffusivity index

d depth of pore contained in a surface soil layer L] [

D diffusivity [L2T—Y

D depth of a surface soil layer LT

D. desorption diffusivity I |

DI dryness index, or the ratio of annual potential evaporation to annual precipitation

e water mass exchange per unit surface area divided by water mass density LT

ey potential evaporation rate from a bare soil surface LT

e, long term time average rate of potential (soil surface) evaporation LT

€py long-term time average potential rate of transpiration LT

e transpiration rate at the point scale LTEY

ey spatially averaged transpiration rate LTy

f a parameter controlling the exponential decline of transmissivity with depth LY

f* spatially averaged infiltration capacity LT Y
N exfiltration capacity for bare soil evaporation LT Y
5r  €evapotranspiration capacity by exfiltration of water from subsurface LT-f]

»r  spatially averaged exfiltration capacity on bare soil evaporation and transpiration by root uptake'] [
fuy macro-porosity factor

F spatially averaged cumulative volume of infiltration L[
Fer  cumulative volume of evapotranspiration by exfiltration L] [
Fer  spatially averaged cumulative volume of evapotranspiration by exfiltration L] |
g gravitational acceleration LT
o root extraction function

hy free water content ]

i rainfall intensity LT
J rate of rainfall input or evaporation LT Y
ky ratio of potential rates of transpiration and soil surface evaporation

K hydraulic conductivity at the point scale LT Y
K hydraulic conductivity at the catchment scale LTEY
KB bulk hydraulic conductivity [T-1
Ky saturated hydraulic conductivity at the point scale LTTY
Ky mean saturated hydraulic conductivity LT
l; wetness index at grid poiitor In (a [tang] ™),

I the length of a channel reach L[

L the length of a slope unit L]

M vegetated fraction of land surface, or canopy density

m pore size distribution index

m constant used in kinematic wave equation (Ichikawa and Shiiba, 2002)

m’ average channel cross sectional area L2 [

N constant used in kinematic wave equation (Ichikawa and Shiiba, 2002)

Ny Manning roughness coefficient [TL~13]
n shape parameter

p pressure [FL=9]
P the wetted perimeter L]

q hillslope discharge per unit width LfT 4
s steady flow from saturated zone to channel reach LT-H
R first order friction term FTL3]
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847

R the hydraulic radius Ij]

s the saturation function of unsaturated zone at the point scale

st the saturation function of unsaturated zone at the catchment scale

S initial degree of saturation in surface boundary layer

) threshold value of saturation function for macropore flow

S saturation degree of the entire volume of soil media

S storage volume of a slope unit LY

S exfiltration sorptivity LT-99]
S,  exfiltration sorptivity coefficient [°5]

t time [T]

t, storm period [T]

tp inter-storm period T

t, climatic period [T]

U second order friction term Fr2L=4]
U the upslope contributing area of a slope unit L2
v velocity of bulk phases T4
w average width of a slope unit LT

w top width of the channel ]|

y average vertical thickness LIl

z average thickness of the subsurface zone L] [
z vertical coordinate 1]

z average water table depth from the ground surface L] [
z average elevation of channel bed from datum L] [
z average elevation of the bottom end of the REW from datum L] [
Greek symbols

o a parameter

a air entry value LY
B a parameter

81 the local angle between the reach of the REWhd the reach of the REW under consideration

Ve field capacity

Ve effective porosity

Y slope angle of thesubregion flow plane with respect to the horizontal plane

n the slope gradient of a slope unit

& soil porosity

A expectation of wetness indéx

0 effective volumetric moisture content

L) initial effective volumetric moisture content

01 effective volumetric moisture content at surface of medium

0; initial soil moisture content

0, residual water content

O saturated soil moisture content

0 water mass density ML—3]
o? the variance of logarithm of saturated hydraulic conductivity

b projection of the total REW surface area onto the horizontal plane L2 |
&r Darcy-Weisbach friction factor

& the length of the main channel reach per unit surface area projection L= |
A soil matric potential head of unsaturated zone at the point scale L] [
|| soil matric potential head of unsaturated zone at the catchment scale L] [
|W,|  bubbling pressure head L]
|Ws| soil matric potential head at the wetting front L][

1) the gravitational potential

Oe dimensionless exfiltration diffusivity

1) time averaged surface area fraction
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Subscripts and superscripts

bot superscript for the region delimiting the domain of interest at the bottom

I subscript indicating the various REWSs within the watershed

top superscript for the atmosphere, delimiting the domain of interest at the top
u,s,c,o,r superscripts indicating subregions within a REW

w,g designate the water and the gaseous phase respectively

éf, exchange from thgsubregion across the external watershed boundary

{A exchange from thgsubregion across tHéh mantle segment
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