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Abstract. A new domain, the macropore domain describ- limited extent of saturated source areas formed during pre-
ing subsurface storm flow, has been introduced to the Reprecipitation events (e.g. Wigmosta and Burges, 1977; Tanaka
sentative Elementary Watershed (REW) approach. The masat al., 1988; Scanlon et al., 2000). Sidle et al. (2000) stated
balance equations have been reformulated and the closutbat subsurface flow contributes more to storm runoff than
relations associated with subsurface storm flow have beeoverland flow in steep forested catchments.

developed. The model code, REWASH, has been revised The significance of research on subsurface flow is at least
accordingly. With the revised REWASH, a rainfall-runoff two-fold: 1) to enhance the understanding of hydrological
model has been built for the Hesperange catchment, a sullbehaviour at various level of scale (field, hillslope and catch-
catchment of the Alzette River Basin. This meso-scale catchment) due to the various pathways of flow; 2) and hence
ment is characterised by fast catchment response to precipe improve the description of solute/contaminant transport
itation, and subsurface storm flow is one of the dominantin terrestrial environment. It is obvious that insight of hy-
runoff generation processes. The model has been evalwdrological processes in the subsurface must be understood
ated by a multi-criteria approach using both discharge andefore the quantification or qualification of pollutants move-
groundwater table data measured at various locations in thenent can be addressed.

study site. It is demonstrated that subsurface storm flow con- |n contrast to soil matrix flow, there exist different terms
tributes considerably to stream flow in the study area. Simufor describing quick subsurface flow processes associated
lation results show that discharges measured along the maiwith the diversity of the flow paths in the soil. Examples
river course are well simulated and groundwater dynamics isare pipe flow, which is presented as the flow through well
well captured, suggesting that the model is a useful tool forconnected macropores found on vegetated hillslopes (Uchida
catchment-scale hydrological analysis. et al., 2002, and the cited references therein) and macrop-
ore flow defined as quick movement of water in large pores
bypassing areas with smaller pores (Williams et al., 2002).
Considering the subjectivity of the term “macropore”, bypass
flow (e.g. Beven and Gemann, 1982) and preferential flow

Contributions of subsurface flow to storm runoff have long have been used as well. Wilson et al. (1990) concluded that

been recognised and investigated (Hewlett and Hibberti” their study site, preferential flow through macropores is

1965: Whipkey, 1967; Sklash and Farvolden, 1979: McDon-the predominant storm flow mechanism. The term interflow
nell. 1990° Uchida et al. 2002: Uhlenbrook et al.. 2002. anghas been used as an intermediate form of runoff between sur-

references therein). The dominance of subsurface flow ori2ce and base flow which can be found through hydrograph
hydrological response of catchments in humid areas is du§€Paration (e.g. Mosley and McKerchar, 1993). Throughflow

to the high infiltration capacities of the forest soils and the IS Perceived as the flow through a saturated or near-saturated
zone in the subsurface induced by a permeability jump. Since

Correspondence td5. P. Zhang some or all of the above mentioned processes can coexist in
(g.zhang@tudelft.nl) one area, especially at hillslope and watershed scale, and it

1 Introduction
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938 G. P. Zhang et al.: Modelling subsurface storm flow with the REW approach

is hard to specify flow paths and therefore to quantify con- To contribute to further development and application of the
tributions of each local process to storm runoff, we hereinRepresentative Elementary Watershed (REW) approach, this
generalize all kinds of quick subsurface flow contributing to paper has been designed to apply REWASH code (Zhang and
storm runoff as subsurface storm flow. It is the redistribution Savenije, 2005) to the Hesperange catchment of the Alzette
of infiltrated water in the soil along the slope of the terrain river basin, in Luxembourg. In this catchment subsurface
through macropore structures, fractures and discontinuity ostorm flow is dominant. In the existing REW codes, catch-
permeability. ment response is modelled by flow processes in five domains

Although field experiments have already demonstratedand fast runoff is simulated only by the surface overland flow
that subsurface storm flow is an important fast runoff mechanisms. Therefore, a new formulation for subsurface
generation mechanism, most physically based model apstorm flow has been developed and an additional flow do-
proaches or model codes, such as MIKE SHE (Refsgaardnain for rapid subsurface flow has been built into REWASH.
and Storm, 1995), GSSHA (Downer and Ogden, 2003),In the following sections, this new model is described and
the REW approach (Reggiani et al., 2000; Reggiani andested. Results show that subsurface storm flow constitutes a
Rientjes, 2005), CREW (Lee at al., 2006) and REWASH considerable part of the stream flow in the upstream headwa-
(Zhang and Savenije, 2005), only use infiltration-excess ander sub-catchments. Model validation using a multi-criteria
saturation-excess overland flow mechanisms for producing@pproach with interior gauging data and point piezometric
quick runoff. When applying such model codes to a catch-measurements confirm the model’s capability of successfully
ment where subsurface storm flow is dominant, structural in-capturing the hydrological behaviour at catchment scale.
efficiency of the models emerges. Despite the fact that Mc-
Donnell (2003) provoked a modelling philosophy on mov-
ing beyond the variable source area concept of rainfall-runoff2  Modelling approach
response, it remains a challenge, as discussed by Sivapalan
(2003), to develop a perceptual model that generalises fiel@.1 Brief review of the REW approach and the REWASH
knowledge and assimilates it into a numerical model. code

In spite of abundant research on modelling preferential
flow at the field scale focusing on solute and contaminantThe REW approach treats the entire catchment as an ensem-
transport, sparse literature exists on catchment-scale rainfalle of a number of sub-catchments interconnected through
runoff modelling accounting for subsurface storm flow pro- the groundwater and a surface drainage network. The sub-
cess. Scanlon et al. (2000) made a modified version of TOPcatchments, preserving the basic watershed functional com-
MODEL with an additional subsurface storage in line with ponents (hillslopes and channels) and having repetitive struc-
the storage deficit concept to take the shallow subsurfacéure of the flow domains, are called representative elementary
storm flow into account and applied it to a 237 ha headwa-watersheds (REWSs). Each sub-catchment or REW has a vol-
ter catchment. Beckers and Alila (2004) evaluated contribu-ume, which is defined by the topographic divide on top and
tions of subsurface storm runoff (termed as rapid preferentiafn impermeable layer (if known) or a chosen depth at bot-
hillslope runoff) to peak flow at a 10 kfrforest watershed, tom. Originally, the flow processes are implemented over
using a model inclusive of both fast and slow preferentialfive flow domains within each REW, namely the infiltration-
flow stores. They concluded that the model with preferen-excess flow domain, the saturation-excess flow domain, the
tial flow description is more successful in capturing streamriver flow domain, the unsaturated and the saturated flow do-
flow behaviour of the studied catchment than the model with-mains.
out preferential flow process. Christiansen et al. (2004) pre- Starting from the basic physical laws (mass conservation
sented a study on macropore flow and transport at a 6223 kmand momentum balance), Reggiani et al. (1998, 1999) de-
catchment applying MIKE-SHE/Daisy in which a macrop- rived a system of ordinary differential equations at REW
ore component is embedded. The formulation of macrop-scale governing water flow in the five flow domains. Earlier
ore processes in their work was specifically designed for thigpublications (Reggiani et al., 2000, 2001; Reggiani and Ri-
particular catchment, considering only vertical flow from the entjes, 2005; Zhang et al., 2005a; Zhang and Savenije, 2005)
macropore domain to the groundwater. Their results sugproposed a set of closure relations to the general form of the
gested, however, that macropore processes have no domindtalance equations. Subsequently, new and revised equations
ing effects on discharge at catchment scale. Zehe et al. (2001pr threshold-based interception, evaporation and transpira-
carried out detailed simulations on a Loess catchment usingion, the Green-Ampt type infiltration, and Darcy type per-
CATFLOW in which the spatial distribution of the macrop- colation etc., have been obtained, leading to the model code
orosity factor was applied to treat the preferential flow pro- REWASH. Details of these equations can be found in Zhang
cess. Their approach yielded simulation results in good acand Savenije (2005).
cordance with observations on both the plot and the hillslope  REWASH has been applied to the Geer river basin in Bel-
scales. gium (Zhang and Savenije, 2005). While it is one of the

early applications of the REW approach and demonstrates
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the approach’s attractiveness, we argue that the very fornet al., 1999). In the unsaturated domain, only vertical flows

of the approach does not warrant its universal applicabilityare considered, as described in earlier publications on the
because hydrological processes are site-specific. HoweveREW approach. Although earlier research on preferential
the concept of the REW approach is open to any other proflow paths focused on vertical transport only, lateral flow is

cesses to be included. To enhance the generality of the modelident in steep forested slopes underlain by bedrock as dis-
code and to make it suitable for our study site, we extendedtussed by Sidle et al. (2001). Therefore, both downward and
REWASH by including the subsurface storm flow domain lateral flows are accounted for in the macropore domain. As
(which we shall term the macropore domain hereafter for reaa result, the macropore domain is assumed to connect with
son of brevity) and developed an approach to quantifying thethe infiltration-excess overland flow domain, the saturated

effect of subsurface storm flow on stream runoff. domain (groundwater) and the river channel, whereas the ex-
change between the unsaturated domain (soil matrix) and the
2.2 Approach to subsurface storm flow macropore domain is neglected. Figure 1 represents the con-

ceptual scheme of the new model for this study.
2.2.1 Motivation of modelling subsurface storm flow

2.2.3 Mass balance equations for the revised REWASH
Subsurface storm flow can significantly contribute to stream
flow in many humid forested catchments (e.g. Wigmosta andas a result of the introduction of subsurface storm flow in the
Burges, 1977; Tanaka et al., 1988; Sidle et al., 2000). Inmacropore domain, flux exchanges and mass conservation
the study catchment of the Alzette river basin, marls, schistsn six domains have been reformulated for each REW. The
and limestone are geologically dominant, and soils are usumomentum balance equations of the five existing domains,
ally shallow consisting of mainly loamy sand, loamy clay which serve as closure of the mass balance equations, will
and silty loam (Pfister and Hoffmann, 2002). Field observa-not be reformulated in this paper since most of them have
tions demonstrate the existence of well developed fracturegiready been presented in previous work. Only the revised
and other preferential flow paths. Except during the very ex-mass balance equations of the six domains and the closure

treme events, runoff generation in these areas is dominategb|ation for the subsurface storm flow process will be pre-
by subsurface storm runoff either by the so-called Transmissented in the following.

sivity Feedback Mechanism (TFM, e.g., Bishop et al., 2004)
or by downhill quick delivery of water through macropore Mass conservation for the infiltration-excess overland flow
structures. In addition, Zhang et al. (2005b) modelled theqomain
catchment response of the study area using the REWASH
code with and without consideration of the subsurface storma gomain is treated as a reservoir of which the water stor-
ﬂOW process. That Study, although apreliminary one, alread)age Change is balanced by the incoming and Outgoing wa-
showed that the model with subsurface storm flow gave mucher fluxes. For the infiltration-excess overland flow domain,
better results than the model without subsurface storm flow. these fluxes are the rainfall, the evaporation and the infiltra-
tion. The water balance is described as:
2.2.2 Conceptualisation of subsurface storm flow
d(pycw-A)

Since subsurface storm flow may take a variety of paths, it dt
is difficult to specify the exact dimensions of the spatial do-
main for this flow process at catchment scale, we conceptuOn the left hand side of Eq. (1), [ML ~3] is water density;
alise that the unsaturated soil profile (between surface and. [L] and w. [-] are the flow depth and the area fraction of
the groundwater table) hosts two process domains: the urthe infiltration-excess overland flow domain, respectively.
saturated flow domain where unsaturated flow takes place is assumed equal to the area fraction of the unsaturated do-
the soil matrix, and the macropore domain, where preferenmainw,. A [M?] is the planar area of the REW in question.
tial flow takes place. These process domains are located i®n the right hand side of Eq. (1etop [MT 711, eca[MT 71,
one single zone: the unsaturated zone. Hence, the total voknde,, [MT ~] are the rainfall on the surface of this domain,
ume of subsurface media of a REW is still composed of thethe evaporation from interception, the infiltration to the un-
unsaturated and the saturated zone. saturated soil matrix domain, respectively.,, [MT 1] is

With this conceptualisation, a dual-porosity approach isthe infiltration flux from this domain to the soil macropore
adopted for dealing with soil properties in modelling unsat- domain.
urated and macropore flow, i.e., the total soil porosity of
the unsaturated soil profile is made up by the soil porosityMass conservation for the unsaturated domain
of the unsaturated domain and that of the macropore do-
main. The hydraulic conductivity for the macropore domain Similarly, the storage of the unsaturated domain changes
is higher than that for the unsaturated domain (e.g. Ludwigwith the incoming and outgoing fluxes of the domain. The

= ectop t+ €ca + €cu + €cm (1)
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Fig. 1. Conceptual scheme of flow processes and relevant fluxes described in the revised REWASH. The boxes represent the reservoirs
and the arrows are indicating the directions of the fluxes,, e, are the infiltration fluxes to the unsaturated and the soil macropore
domains, respectively,s is the percolation or capillary flux,, is the recharge flux from the macropore domain to the saturated domain.
Self-explanatorily, the remaining symbols stand for various fluxes indicated by the letters, as also explained in the text.

balance equation reads: change fluxes counterbalance the storage change of the do-

main. The water balance is expressed by:
d (&uSuyuwu A)

dr = euc + eus + €ua + eum (2)

d(pesyswsA)

dr = €5y + €50 + €sr + esm (3)

whereg, [-] is the soil porosity of the unsaturated domain

ands, [-] is the saturation degree of the unsaturated domainwheres, [-] is the soil porosity of the saturated domain. Sim-
y, is the average depth of the unsaturated domairnegnid  ilar to Eq. (2),y, [-] and w, [-] are the average depth and
the same as explained previoustyand A are the same as in the area fraction of the saturated domain, respectivaly.

Eqg. (1), and the same in the following equations as wegll. [MT ~1] is the counterparts of,, in Eq. (2) (i.e.equ=—eus)

[MT 1], e,s [MT ~1], ande,,[MT ~1] are the infiltration, the ~ ande, [MT —1]is the exfiltration flux towards the saturation-
percolation and the transpiration fluxes, respectively. is excess overland flowe,, [MT ~1] is the flux exchange with
the counterpart of., in Eq. (1), i.e.eyc=—ecu. €um [MT 1] the river domainey,, [MT ~1] is the recharge flux to the sat-

is the flux exchanging between the soil matrix and the macrourated domain fed by the macropore domain

pore domain. In this study, this term is neglected. This is

assumed with the consideration that the observations in th&ass conservation for the macropore domain

field of the catchment indicate that subsurface preferential

flow is a major contributor to stream runoff and the processThe storage capacity in the macropore domain is comprised
is so fast that the water exchange between the two domain@f the porous space of the domain, represented by the macro-
is of minor effect on the runoff processes. As a first step toPOrosity and the volume. The volume of the domain is the
analyse the rainfall-runoff relation of this catchment with the Product of the average depth and the area of the domain. The
REW approach, water quantity is our main concern in mod-Processes occurring in the domain are the rainfall infiltration,
elling, this assumption could be relaxed in the future withoutth€ bypass flow to the groundwater (recharge), the lateral
much difficulty, particularly if water quality and residence quick flow to the river channel, and water exchange with the
times are concerned. For instance, the method described iRnsaturated soil matrix. Evaporation and transpiration are ig-
Niehoff et al. (2002) is one of the approaches that can pdored since the temporal scale of the flow processes in this

trix and the macropores. Consequently, the mass balance equation for the macropore

domain reads:

Mass conservation for saturated domain d (DEmSm Ym@mA)
The saturated domain exchanges water with the unsaturated dr
domain, the macropore domain, the saturation-excess ovewhereg,, [-] ands,, [-] are the macroporosity and the sat-
land flow domain and the river channel domain. These ex-uration degree of the macropore domain respectively.

= €mc + €mr + €ms + €mu (4)
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[L] and w,, [-] are the average depth and the area frac-2.2.4 Closure relations for fluxes in the mass conservation
tion of the macropore domain whilg, is the same as,, equations
as described above in the definition of the macropore do-
main. Macropores and other types of large openings are difTo solve the balance equations presented above, each flux
fusively distributed in the subsurface and therefore it is dif-term has to be expressed by functions relating the un-
ficulty to precisely locate the macropore structure and de-knowns to state variables and other fluxes. For most of the
fine its dimensions. Hence we assume that the structureBuxes, these closure relations are the same as in previous
facilitating quick subsurface flow are homogeneously dis-publications on REWASH. In this paper, we only address
tributed over the unsaturated soil profile, thus occupyingthose fluxes exchanging with the macropore domaingj,g.
the same area of the unsaturated domaindyg=w,. enc (F—ecm), emr (F—erm) @ande,,s (F—esm).
IMT 1 (epe=—ecm), €mr IMT 7Y, eps IMT 1 (ems=—e5m) Finding appropriate closure relations to the exchange
and ey, [MT ™Y (eu=—eunm) are the infiltration from the terms of the mass balance equations, as a flux-based ap-
infiltration-excess overland flow domain, the lateral flow proach, is at the core of the REW approach. Using physi-
from the macropore domain to the river channel the rechargeal principles, by means of the momentum balance, energy
flux to the saturated domain, and the exchange with the unbalance and entropy concept, is one of the approaches to
saturated domain, respectively. With the same reasoning aslose the equation systems. However, while reviewing other
postulated for the processes of the unsaturated domain, th@ork on the REW approach we have observed that momen-
exchange flux between the macropore domain and the unsatum balance analysis does not always or necessarily lead to
urated soil matrix is neglected in this study. (proper) functional expressions. Without correct field exper-
iments at the scale of interest (in this case, the REW scale), it
Mass conservation for the saturation-excess overland flows hard to prove that the forces acting across the REW-scale
domain boundaries, which are not easy to be defined and rather con-
) ceptual, are the real physics governing the hydrological pro-
The water storage change of the saturation-excess overlanghsses at such scale. Therefore, in parameterising the balance
flow domain is counterbalanced by the rainfall input, the equations and closure equations, case-by-case (or ad hoc)
evaporation flux, the water exchanges with the saturated doassumptions are unavoidable. Moreover, as many authors
main and the river domain. As a result, the balance is in the(e_g_ Lee at al., 2005; Zehe et al., 2005; Zhang and Savenije,

form: 2005; Beven, 2006) have discussed, there are a number of op-
d (pyowoA) tions to the closure problem, for instance, regression analysis
a €otop + €oa + €os + €or (5) based on detailed numerical experiments and/or field obser-

vations, and physical reasoning based on intuitive grounds.
where y, [L] and w, [-] are the average depth and the These methods for closure are conceptual but with a phys-
area fraction of the saturation-excess overland flow do-ical background. One should realise that a large advantage
main, respectivelyeorop [MT 1], eou [MT 1], ¢ [MT™]  of the REW approach is that as long as the closure relations
(eos=—e50) ande,, [MT ~1] are the rainfall on the surface of ysed are transparent and well motivated, it offers a consistent
this domain, the open water evaporation flux, the exchanggramework for hypothesis testing. Keeping this in mind, we
with the saturation-excess overland flow domain and over+g|lowed a conceptual approach to formulate the new domain
land flow to the river domain, respectively. and the associated functional relations to close the new mass

) ] ) balance equations.

Mass conservation for the river channel domain

. . . . Infiltration flux to the macropore domain
The fluxes entering and leaving the river domain of a REW

;:ond5|fs|t of (rjalnfa!l, evzzpor:atmn, the Iater(;il ﬂovy frorr]n tge ovfelr- During a rainfall event, the effective rainfall infiltrates into
and flow domain and the macropore domain, the base 0\’%oth the soil matrix (the unsaturated domain) and the macro-

from the saturated domain, the upstream channel inflow an ore domain. It is hypothesised that the flow to the macrop-

the outflow to the downstream chapnel. Therefore, the storg e domain is initiated only after the infiltration capacity of
age change of the channel domain is determined by:

the unsaturated domain is exceeded. This means, similar to
d(pm,l,) the MCARO approach (Jarvis, 2004), that the effective rain-
= eropteratens +ero+ erm + erin + erout (6)  fallis partitioned into the fluxes., ande..,. The partitioning

is determined by the infiltration capacity of the unsaturated
wherem, [L2] and, [L] are the cross-sectional area and domain. This assumption, which excludes the infiltration-
the channel length of the river under study, respectively, excess overland flow process, is motivated by the fact that

[MT ~1] is the rainfall flux onto the river surface,, [MT ~1] in the study area infiltration-excess overland flow hardly
is the evaporation fluxe,s, e,,, ande,, are the counterparts occurs. However, this assumption should be re-examined
of es,, ey @ande,, in EQs. (3), (4) and (5), respectively. when the model is applied to any Hortonian-flow dominated

www.hydrol-earth-syst-sci.net/10/937/2006/ Hydrol. Earth Syst. Sci., 10, 937-955, 2006
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watershed, even if preferential flow processes are importanivhere A, [L?] is the flow area perpendicular to the flow

(e.g. Zehe and Bischl, 2004). direction. A,,, can be approximated by

In Zhang and Savenije (2005), the infiltration flux to the
unsaturated domain is expressed as: Amr = Wi D (14)
ey = MiN[(i —ige), ] pw, A (7) wherew,, [L] and D,, [L] are the flow width and depth re-

B o _ _ _ spectively. As we can conceptualise that the lateral flow is
where f is the infiltration capacity of the soil matrix, repre- conducted through the saturated macropore media, the flow

sented by: depth is thus evaluated by
K 1
=z Dy = yimsm 15
f A, <2yu +hc> (8) Yy (15)

. _ o where, same as in Eq. (4), ands,, are the average thick-
whereK, [LT 7] is the saturated hydraulic conductivity of negs and the saturation degree of the macropore domain,
the unsaturated domaimy, [L] is a representation of the equals toy,. The flow widthw,, [L] is assumed to equal the

length scale of the wetting front, arid [L] is the suction  |angth of the receiving river channé}, [L]. Thus, it results
head of the unsaturated domain that is evaluated using thg,

Brooks-Corey method (Brooks and Corey, 1964). As a result,
the infiltration flux to the macropore domain can be written A,,, = y,s,,l, (16)

as:
Substituting Egs. (11), (16) into Eq. (13), and further assum-

eme = {i —ige —MIN[G —iac), f1} pou A (9)  ing that the river channel is fed by hillslopes symmetrically

In Egs. (7), (8) and (9)i(i,.) represents the effective rain- from its two sides, it yields
fall in WhI.Chi andiy. a}re the rainfall intensity and the rainfall emr = —2p Kot VaSmlr SNV, (17)
interception, respectively.

The flux to the saturated domaif,; [MT 1] can be de-
Fluxes out of the macropore domain scribed by

It is commonly asspmed that the capillary _effect is insignifi- ¢, = pvmy Ams (18)
cant for water flow in the macropore domain. Consequently, . _

the downward unit area flux (i.e. the velocity of the flow) of WhereA, [L?] is the area of the flow perpendicular g,
this domain can be approximated by which can be evaluated by

v = —Kp, (10) Aps = Awpy sy, (19)

wherek,, [LT ~!]is the hydraulic conductivity of the macro- whereAw,, represents the part of the area of the REW oc-
pore domain. Taking into account the anisotropy of the flow cupied by the macropore domain. The involvemeng,pfn
conductance in the macropore medig,[LT ~] can be de-  Eq. (19) is due to the assumption that the flow is conducted
composed into a lateral component, which is a function ofthrough the water phase, same as for Eq. (15). Substituting
the terrain slope and contributes to the stream channel alonggs. (12), (19) into Eq. (18) yields

the terrain slope, and a vertical component, contributing to

the saturated aquifer as recharge. We defined the followingms = —0 Kmv Awmsn (20)

expressions to determine these two fluxes: .
As a result, a complete description for the macropore flow

Vr = — Ky SiNy, (11) has been obFained in terms of the continuity equation and the
closure relations:

Ups = —K 12
ms mv ( ) d(pgmsmtyuwmA) — eme + emr + ems
wherew,,, [LT~1] and v,,; [LT ~1] are the velocity for the eme = {(i —ige) —min[(i —ige), f1} pon A (21)
flow towards the river channel and towards the saturated do-| e, = —20 K1 yusmly Siny,
main respectivelyX,,; [LT 1] and K,,,,, [LT ~1] are the hy- ems = —p Ky AwpSm

draulic conductivity for the lateral flow and the vertical flow
respectivelyy , [-]is the average slope of the hillslope. Neg-
ative signs represent water flowing out of the domain in ques
tion. As a result, the lateral flux to the rivey,, [LT 1] is
determined by:

This set of equations governs macropore flow at catchment
scale and has been implemented in REWASH code. This set
of equations represents an exceptional case of the conven-
tional kinematic wave approach (e.g. Beven and Germann,
1981) for small scale preferential flow, in which storage and
Cmr = PUmr Amr (13) flow is nonlinearly related.

Hydrol. Earth Syst. Sci., 10, 937-955, 2006 www.hydrol-earth-syst-sci.net/10/937/2006/
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3 Numerical simulation
3.1 Site description and data used

The revised REWASH was applied to the Hesperange catch-
ment and a rainfall runoff model was constructed. The Hes-
perange catchment is a sub-basin of the southern Alzette river
basin that is located upstream of Luxembourg City, covering
an area of 292 ki (Fig. 2). Lithology of the Hesperange
catchment is mainly characterized by marls and sandstones
on the left bank tributaries, and limestones on the right bank
tributaries of the Alzette River.

The runoff behaviour of marly areas is characterized by
a fast response to rainfall, with a rapid streamflow increase
during rainfall events, and relatively low discharges during
dry weather periods. This behaviour is explained considering
that the marls rock mass is of a low hydraulic conductivity,
hampering deep percolation of water. The storage capacity of
marls formation is therefore relatively low. Marls areas are
overtopped by a shallow layer of loamy-clayey soil, which
saturates quickly during rainfall events. Streamflow is sus-
tained, for the large part, by subsurface flow, which likely
occurs at the contact between the soil and the underlying
bedrock layer.

The limestone areas, in contrast, can be considered as a
large reservoir capable of storing and releasing large quanFig. 2. Location of the Hesperange catchment.
tities of water. Limestone formations are strongly fractured
and are located on top of a marls confining stratum. Except
where the water table has reached the soil surface, all watespective geometric information were extracted. In the whole
that reaches the ground infiltrates into the soil. Stream flowsimulation processes, each parameter was kept homogeneous
is mostly sustained by groundwater, which occurs either agver the entire catchment due to lacking information on the
springs at the contact between the sandstone and the martiistribution of parameters. Parameters were initialised em-
formation, or by channel incision of the water table. pirically while literature reported values have been taken into

The study site is instrumented by several rain gaugesaccount.
stream gauges and piezometric gauges. For the present study, The simulations have been carried out through model cali-
we used daily data of rainfall, discharge, potential evapo-bration and verification steps. A comparison based on simu-
ration (1997-2000). The rainfall series for the Hesperangdations with and without the macropore domain has been per-
catchment were calculated using the Thiessen polygons informed. Rainfall and potential evaporation data were used
terpolation method. Daily potential evaporation values areas the model driving force input while discharge data mea-
estimated with the Hamon equation (Hamon, 1961), us-sured at the catchment outlet were used to check against the
ing daily temperature values measured at Luxembourg airsimulated hydrograph. In the calibration step, both man-
port. Discharge gauging stations at the Livange and the Hesdal and automatic calibration methods have been applied.
perange are located along the main course of the Alzettduring manual calibration, the reasonable ranges of parame-
River while stations at Mierbech and the Dudelingerbach re-ers’ value were determined. Subsequently, the GLOBE soft-
side in two of the tributaries. Piezometric levels measuredware, using a global search algorithm developed by Solo-
at Fentange from 1997 to 2000, at Dumontschaff and Betmatine (1995, 1999), was applied to search the optimal pa-
tembourg in the year 2000, are available (Fig. 3). A digital rameter set. Nash-Sutcliffe efficiency (Nash and Sutcliffe,
elevation model (DEM) with 50 m50 m resolution is used 1970),R% ¢, has been used for the objective function for au-

for sub-catchment delineation and spatial analysis. tomatic calibration. Most attention was given to parameters
for the macropore domairk,,,; (lateral hydraulic conductiv-
3.2 Model simulations ity), K.» (vertical hydraulic conductivity),, (porosity); for

the unsaturated domaiiky, (saturated hydraulic conductiv-
The Hesperange catchment was delineated using TARDEMy), ¢, (porosity); for the saturated domaig, (porosity);
software (Tarboton, 1997). Using the third order Strahlerand for the river domainKj, (hydraulic conductivity of the
threshold, 15 REWSs were identified (Fig. 3) and their re-river bed layer). The rainfall interception threshaelgd was
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Fig. 3. Delineation of the REWSs for the Hesperange catchment and distribution of the gauging stations.

also subject to calibration. To verify the model, not only the obtained WithRIZVS:OJO and a discharge volume bias (see
simulated discharge at the catchment outlet, but also the simZhang and Savenije, 2005%=0.98%. The simulated dis-
ulated discharges and groundwater tables at various locationsharges are presented in Fig. 4. The optimised parameter
within the subwatersheds were compared with the respectivealues and model performance index values are reported in
observations. Tables 1 and 2. It can be seen that the model successfully
simulated the general rainfall runoff relation of the catch-
ment. In general, peaks and recession limbs are more accu-

4 Results rately simulated than low flows. Figure 5 plots the simulated
and the observed hydrographs at a logarithmic scale. It shows
4.1 Model calibration clearly that base flows in drier periods are underestimated. It

also can be seen that in drier periods some small peaks are
The model has been calibrated on 4 years (1997-2000) ofvershot, while in the period (Day 680 to Day 820) when
data . For the purpose of validation, the model has first beenthere are consecutive rainfall events , peaks are underesti-
calibrated on the data from 1997 to 1999 and subsequentlynated. This indicates that the model responds more strongly
verified by the split-sample test using the data of the yearto the rainfall than the real system does.
2000 (see Table 2). Since there is a large parameter space, theAlthough there are no observations available on subsur-
uncertainty bound was constrained by prescribing reasonablface storm flow to test the simulated subsurface storm flow,
ranges of the physical parameters after a sequence of trialve compared the simulated hydrograph with observations for
and-error model runs (Table 1). Over 800 calibration runstwo models: one with and one without the macropore flow
resulted in less than 10 parameter sets with a Nash-Sutcliffelomain. It is clearly demonstrated that the model with the
efficiency that is slightly larger than 0.70. The optimum was macropore flow domain performs bettﬁ%{szo.m) than the
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Fig. 5. The observed and the simulated discharge at the outlet of the Hesperange catchment for the calibration period (1 January 1997-31
December 2000) plotted on logarithm scale.
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Fig. 6. Comparison of the simulated outlet hydrograph without the macropore flow domain (black solid line), with the macropore domain
(pink solid line) and the observed outlet hydrograph (blue dotted line).

Table 1. Parameters, their value ranges for calibration and the finalTable 2. Model performance for different simulation periods.
optimised values.

R%¢  §p

Parameter Range Value —

Calibration (1997-2000) 0.70 0.98%
Ky [ms™1]  1.0e-6-1.0e-1  3.35e-5 Calibration (1997-1999) 0.71* 6.3%
Kmy [ms™1]  1.0e-12-1.0e-4 3.58e-9 Validation (2000) 0.65 2.1%
Kgu[ms™1]  1.0e-12-1.0e-6 1.83e-10
Kgr[ms™!]  10e-6-10e-l  1.90e-4 * R% ; of individual year are 0.65, 0.72 and 0.71 for 1997, 1998 and
em[-] 0.05-0.5 0.15 1999, respectively.
eu [ 0.05-0.5 0.33
&s [ 0.01-0.2 0.05
ige [md~1]  5.0e-4-1.0e-2  1.05e-3 _ _ .
nlsm 3]  10e-3-2.0e-1 0.8 avoid a congested graphical view, only a few events and the
asr [H 0.05-0.65 0.55 corresponding simulations are presented. The stream flow is

the result of direct rainfall on the channel flow surfagg,
subsurface storm flowef,), overland flow ¢,,), and base
flow (esr). es0p is of minor effect on the stream flow. Obvi-

model without the macropore domaiR{ (=0.66). Figure 6 ously,e,, determines the peaks. Subsurface flayy,, how-
presents the comparison of the two modelling results. WeBVer makes a S|gn|f|cant_contr|but|on to the storm runoff. It
also present the different components of the stream flow tdF'€arly shows that,,, dominates the flood events when rain-
evaluate the significance of the subsurface storm flow confall intensity becomes smaller. The slopes of the recession
tribution to the stream flow. Figure 7 illustrates the com- limbs are reduced due to the subsurface storm flow.

position of the various flux components for two of the sub- Figure 8 represents the simulated saturation overland
catchments, REW 8 and REW 9. We selected these twdlow area fraction ¢,) for four headwater sub-watersheds.
REWSs because they are headwater watersheds to which thefmalysing the results of each of the 15 REWSs, we found out
are no lateral or side channel flows disturbing the analysis othatw,varies between 0.23 and 0.47. Howevey fluctuates
stream flow composition resulting from routing effects. To within a much smaller range that is from 3% to 8%.
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Fig. 7. (a)Rainfall events (1 March 1997-15 March 199{)) Flux components contributing to stream flow in the river channel of the
REW 8; (c) Flux components contributing to stream flow in the river channel of the REW 9. Pink dotted line: overlanddjpnBlue
solid line: stream flow -©; Black dash-dot line: subsurface stormflove; Green dashed line with plus marker: rainfall inputiop; Red
dashed line: baseflowes; .

4.2 Multi-criteria model evaluation dicating that potential errors contained in the measurement
should be cautiously taken into account in the evaluation of
4.2.1 Model validation the model.

The Mierbech gauge, located in REW 6, records the

Model validation was conducted firstly through the split- stream flow for a small tributary to the main river course.

sample test described above, but further evaluated with thyowevgr, the catchment delineation of this study did npt gen-
multi-site and multi-variable approach (Refsgaard 1997-€rate this river branch. Therefore, we computed the hillslope
’ ‘discharge of REW 6 by summing the contributing fluxes,

Madsen, 2003), using discharge data measured at inte- q h del tor th I
rior gauging stations (the Livange, the Mierbech and the®"r ande,,. The model was run for the complete 4 years

Dudelingerbach, see Fig. 3) and groundwater table variation§Sind the calibrated parameters and then compared with the
observed at three piezometers. observed hydrograph (Fig. 10). One can still recognise that

the watershed response is well represented aIthaﬁfgshis

Dlzchzirgggobtstehrveg betweetn t'l Janl:)aryt 11%9|Z and Stl Deais low as 0.33. Figure 11 presents the simulated hydrograph
cember al the Livange station, about M UPSIréat,  the river branch in REW 12 and the hydrograph observed
of the outlet of the catchment on the main river course, was

at the Dudelingerbach station. The plot shows that the gen-

compare(_j with th_e simul_ated discharge for the REW.4 Whereeral pattern of the stream flow is recognised by the model,
the gauging station resides. The total Nash-Sutcliffe effi-

ciency is slightly over 0.65, while it is around 0.57 for 1997, however, the model efficiency with respect to this REW is

; . low.
0.73 for 1998 and 0.64 for 1999 respectively. From Fig. 9, ow

we can see that peaks are generally underestimated. How-
ever, we found out that some peaks measured at this location
are higher than those measured at the catchment outlet, in-
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Fig. 9. Comparison of the observed and the simulated stream flow at the Livange gauging station for the period of 1 January 1997-31
December 1999. The station is located in shib-catchment REW 4.
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Fig. 10. Comparison of the observed and the simulated stream flow at the Mierbech gauging station (1 January 1997-31 December 2000).
The station is located in treub-catchment REW 6.
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Fig. 11. Comparison of the observed and the simulated stream flow at the Dudelingerbach gauging station (1 January 2000—-31 December
2000). The station is located in the sub-catchment REW 12.
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Areal rainfall in the Hesperange catchment
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Fig. 12. Comparison of the observed and the simulated groundwater dynamics sifitiheatchment REW 3 (1 May 1997-31 December
1999).

4.2.2 Groundwater table dynamics during drier periods than the measured piezometric levels.
This behaviour is also exhibited in hydrograph simulations

Being a physically based model, predicting the integraldescribed earlier.

catchment response is not the only objective. Therefore, the The average groundwater levels simulated for REW 5 and
internal process representation (e.g., soil moisture contefREW 10 in the model verification year 2000 were compared
and groundwater dynamics) is desirably to be evaluated. ggwith the piezometric levels measured at the Bettembourg and
pecially, the subsurface system of a well vegetated catchmerifl® Dumontshaff (Figs. 13, 14), respectively. The model
in humid region plays a vital role in hydrological cycle and simulated the average groundwater level of REW 5 varying
water balance regime. On that account, we used the availabi¢ithin a range of 0.34m while the measured fluctuation at
piezometric measurements at three locations in the study aré@e Bettembourg is 0.74m. The simulated dynamics accu-
to check the model functioning in terms of representing wa-fately concurs with the observed. The results of REW 10
tershed scale patterns of the groundwater dynamics. Sinc@lS0 show a good agreement between the simulated and the
the piezometric levels are point scale measurements whil@bserved series in variation pattern. The piezometer level at
the simulated groundwater levels are REW (i.e. watershedjhe Dumontshaff is within a range of 0.98 m, the simulated
scale quantities, one can expect scale discrepancies betwe8A€ is within 0.32m.

the two. Figure 12 presents the observed piezometric level

at the Fentange and the simulated average groundwater level

for REW 4, from 1 May 1997 to 31 December 1999 at daily 5 Discussion

time step. The result shows an impressively good match be-

tween the simulated and observed time series with respect tbhe model represents the characteristics of the fast runoff re-
the general trend and the seasonal variation. The fluctuatiosponse to rainfall in the catchment. On a daily time step,
of the piezometric level at the Fentange is within a range ofthere is almost no lag between rainfall and runoff at the out-
3.12 m while the fluctuation of the average groundwater levellet. Rising limbs of the hydrograph are abrupt and steep,
of REW 3 is within 0.85m. On the other hand, we also ob- which are well simulated. It has been reported in the previous
served that the model is more responsive to rainfall eventsection that discharges are underestimated in a period when
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Areal rainfall in the Hesperange catchment
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Fig. 13. Comparison of the observed and the simulated groundwater dynamicssafttfeatchment REW 5 (1 January 2000-31 December
2000).

rainfall events follow wet antecedent conditions, whereasjusted to optimise the high flow performance of the model
discharges are overestimated for events after a long dry speland in so doing it may reduce the base flow performance.
There are two possibilities that can cause this deficiency. On®ne possible way of improving low flow simulation would
is that the model is possibly weak in memorising the his-be to decouple this two-way interaction or to define differ-
tory, i.e., deficient in soil moisture accounting; the other is ent K, values for low flow and high flow, respectively. The
that the rainfall data may contain errors since they have beefatter is potentially promising because the hydraulics of bank
computed as daily areal rainfall over the catchment. In otheiinfiltration is essentially different from groundwater exfiltra-
words, the threshold behaviour is disturbed. To further investion. Additionally we could follow a stepped calibration ap-
tigate this issue, using local rainfall records in a distributedproach where th&, during low flows is determined by the
manner and/or comparing with other model results, may be a&Nash-Sutcliffe objective function using the logarithm of dis-
next step towards a better understanding. charge () after which itis fixed during subsequent high flow

The general underestimation of base flow is partially a re-calibration.
sult of using the Nash-Sutcliffe efficiency as the objective Modelling results indicate that subsurface storm flow con-
function, which attributes more weight to high flows. On the tributes considerably to runoff generation of the catchment,
other hand, it may also be that the interdependency of thdnowever, no data is as yet available to verify the modelling
groundwater reservoir and the river channel gives rise to undetails in this particular aspect. Field experiments with ap-
derestimation of base flow. The interaction between the satpropriate tracer technology may help to investigate the runoff
urated domain and the river domain is governed by Darciarcomposition, thus assisting in scrutinising the model. The
flow, which is linear: e;, «Ky,-Ah, where Ah is the head model deals with subsurface storm flow assuming that the
difference between the saturated domain and the river dotopography is a control of the flow rate. The average slope of
main. During dry periods, the head difference is positive andthe catchment is applied to represent the topography effect.
drives water flow towards the river as base flow whereas durThis application implies that subsurface topography is paral-
ing large storm events, it can become negative so that watdel to surface topography. As Freer et al. (2002) demonstrated
flows towards the saturated zone as bank infiltration. In thethat local bedrock topography can play a significant role in
calibration mode, the baseflow paramekg, may be ad- subsurface storm flow formation, this assumption remains to
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Areal rainfall in the Hesperange catchment
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Fig. 14. Comparison of the observed and the simulated groundwater dynamicssofitteatchment REW 10 (1 January 2000-31 December
2000).

be tested. Heterogeneity of the macropore system below ththat the extent of the saturated fraction of the catchments is
REW scale is ignored, while it can be taken into account atusually less than 10% during storm events. In our modelling
above REW scale. Tackling the slope heterogeneity at subresults, however, we observed that the range of the effective
REW scale is difficult and one could argue that it is againstarea fraction for producing hydrograph peaks of each REW,
the original REW concept. Nevertheless, the model provides/aries between 3% and 8% (see e.g. Fig. 8), which is well in
a general framework for further study. In this research, stormagreement with the research quoted above. We interpret the
flow in the macropore domain is described as a flux exchang@ersistently high ratio of the total saturated area as an inte-
without taking routing effect into account. Given the fast re- gral representation of the really saturated and near saturated
sponse characteristics of the study catchment, this simplificaarea, indicating that this part of the area is readily available
tion is justifiable. When transferring this model to elsewhere,for initialising surface runoff. The relatively high value of the
relaxation of this simplification may be needed. The intro- saturated area fraction is most probably a consequence of the
duction of the macropore domain increases the complexityimplicit topographic simplification of the REW approach.
of the model, giving rise to a higher equifinality problem. It appears, from model evaluation using the stream flow
Therefore, uncertainty and parameter identifiability analysisdata measured at internal gauging stations, that the model is
would be an important task for follow-up research. less efficient for REWs with a larger size and steeper slope
Correct mapping of the saturation-excess overland flom(€.9., REW 12). However, one should realise that the differ-
area is crucial for a process-based model applied tgence between the simulated and the observed discharge may
saturation-prone regions. This part of a catchment is the ba@lso be due to the fact that the station is located upstream
sis for translating rain falling on it into runoff sustaining the the REW outlet. Nevertheless, we see that the model, even
rapid rise of storm peaks. It appears that the model require®ith its lumped structure, is well capable of capturing the hy-
a high percentage (23%-47% for each of the REWSs, respecdrological signature of the catchment. To gain more insight
tively) of the catchment area to be saturated all year roundinto this issue, we propose an alternative modelling strategy
Compared to what field studies reported, this ratio seemavhereby the model is first calibrated on the internal gaug-
high. For instance, field observations in other regions, agng data with respect to the corresponding REWs, and subse-
presented by Freeze (1974), Tanaka et al. (1988pt@er et ~ quently extended to the whole catchment for verification.
al. (1999), and Srinivasan et al. (2002), among others, show
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It is realised that @rocess-based model can only be suc-6 Summary and conclusions
cessful if it represents the real world processes. In the REW
approach, system states are always average values. Ther- this research, the Representative Elementary Watershed
fore, the states that are closely linked to geometric quantitie§REW) approach has been further developed by the inclu-
(e.g. groundwater level to elevation) may not be accuratelysion of a new process domain, the macropore flow domain,
modelled by the REW approach in absolute terms. How-in which subsurface storm flow is simulated. As a result, the
ever, it is expected that the dynamic pattern of the states cafass balance equations of the REW approach have been re-
be modelled accurately. It is also expected that for REWsvised and a set of closure relations for the newly introduced
with small variations in elevation (and other properties), bet-fluxes associated with the macropore flow process have been
ter simulations can be obtained, compared to those REw#geveloped. The flow processes related to the macropore
that have a higher degree of heterogeneity. This is substantdomain are infiltration, lateral quick flow and preferential
ated by simulations of the groundwater level. The pattern offecharge. The infiltration flux is split into two parts of which
groundwater table dynamics, indicated by piezometer levelsone flows into the soil matrix and the other into the macro-
was well represented by the simulated groundwater levels opore domain. The partitioning is determined by the infiltra-
the REWSs (Fig. 12 to Fig. 14). Itis observed that the ground-tion capacity. The closure relations proposed for the lateral
water table dynamics was best simulated for the low lyingflux and the preferential recharge flux suggest that macro-
watershed, REW 5, which has a smaller surface gradientPore flow depends on soil properties and is topographically
The connection between slope and the capacity to correctigontrolled.
simulate groundwater dynamics is an interesting topic for fu- Hence, the model code REWASH has been revised and
ture study. Such knowledge would help to better understand@pplied to the Hesperange catchment of the Alzette River
the model behaviour and provide more plausible interpretaBasin. This catchment is characterised by quick response to
tion of results. It also has the potential that such knowledgeprecipitation. Subsurface flow is one of the dominant runoff
can be transferred to ungauged basins. generation processes. Model simulations have been carried

It is noted that the model’s response to input is strongerout using 4 years of rainfall and potential evaporation data.
than the real world catchment, indicated by a stronger fluc-The model has been evaluated using a multi-criteria method
tuation of the simulated groundwater levels. This is likely With discharge data measured at the catchment outlet, at vari-
due to the fact that the natural threshold behaviour of theous interior gauging stations, and piezometric measurements
catchment, which is strongly affected by the subsurface spadistributed over the catchment. The results show that sub-
tial heterogeneity, and the effects of subsurface flow rout-surface storm flow makes a significant contribution to stream
ing are not fully represented by the model. Another impor-flow in the headwater sub-catchments; the active saturation
tant issue is that the effect of the spatial variability of rain- overland flow area fraction simulated for each sub-catchment
fall over the catchment is not sufficiently considered in the falls well in the range of saturated area by field mapping re-
model. This, in addition to the spatial averaging of the ap-ported in the literature; the groundwater table dynamics are
proach, which forces the model to react to the events in avell represented by the model. This research suggests that
linear way, attributes to the model inefficiency with respectthe model is able to predict stream flow and groundwater dy-
to the groundwater simulation. In general, the model showghamics and is a useful tool for catchment scale hydrological
a linear behaviour, which can be explained by one or more ofnalysis.
the fluxes entering the groundwater reservoir. These fluxes _
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