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Abstract. We present the Wageningen Lowland Runoff Sim- shallow groundwater tables, exist all over the world: 13 %
ulator (WALRUS), a novel rainfall-runoff model to fill the of the world’s land surface has groundwater tables shallower
gap between complex, spatially distributed models whichthan 2m and 22 % shallower than 4 m (Flgdata fromFan
are often used in lowland catchments and simple, paraetal, 2013. This indicates that being able to understand and
metric (conceptual) models which have mostly been develimodel lowland-specific hydrologic processes is beneficial for
oped for sloping catchments. WALRUS explicitly accounts scientists and practitioners around the world.
for processes that are important in lowland areas, notably Many types of hydrological models exist and they vary
(1) groundwater—unsaturated zone coupling, (2) wetnesswidely in their degree of complexity. The appropriate
dependent flow routes, (3) groundwater—surface water feeddegree of complexity depends on the objectives of the
backs and (4) seepage and surface water supply. WALRU®nodel study and the catchment the model is applied to
consists of a coupled groundwater—vadose zone reservoir, @Vagener et al]2001). Here, we focus on models to simu-
quickflow reservoir and a surface water reservoir. WALRUS late catchment runoff, or, more accurately, the changes in
is suitable for operational use because it is computationallyriver discharge resulting from hydrological processes within
efficient and numerically stable (achieved with a flexible time the catchment (the terms runoff and discharge are used in-
step approach). In the open source model code default relderchangeably in this paper). Between detailed, spatially dis-
tions have been implemented, leaving only four parameterdributed models and black box models lies the class of para-
which require calibration. For research purposes, these demetric rainfall-runoff models, which simplify hydrological
faults can easily be changed. Numerical experiments shovgystems into a collection of reservoirs and flow routes, cap-
that the implemented feedbacks have the desired effect oturing the essence of the hydrological processes, while re-
the system variables. stricting the number of parameterd/gdgener and Wheater
2004. Widely used examples of parametric rainfall-runoff
models are the Tank modeS@gawara et gl.1974, PDM
(Moore, 1985, HBV (Bergstrom and Forsmai973, the
1 Introduction Sacramento modeB{rnash 1995, ARNO (Todini, 1996,
SWAT (Arnold et al, 1998 and GR4JEdijatno et al. 1999
Lowlands, especially those in river deltas, are often denselyperrin et al. 2003. However, these models have all been de-
populated and centres of agricultural production, economiGseloped for sloping catchments and errors may arise when
activity and transportation. Therefore, socio-economic con-applied to lowland catchments, because essential processes
sequences of natural hazards are specially large in these afe.q. capillary rise) are not accounted for and typical con-
eas. In addition, their low elevations and mild slopes ianeaS@itions (eg influence of surface water on groundwater) are
their vulnerability to flooding (coastal, fluvial and pluvial), not met. Examples of the resulting problems are presented
climate change, and deterioration of water quality. To mit- by Bormann and Elfert(2010, who used WaSiM-ETH

igate natural and human disasters, hydrological models cagschulla and Jaspe2007) andKoch et al.(2013, who used
be used by water managers as a tool for risk assessment am\\AT, both in northeastern Germany.

infrastructure design. Lowlands, defined here as areas with
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In this paper we present WALRUS. First, we describe the
threefold motivation for model development: general chal-
lenges in rainfall-runoff modelling (Sec®), the two con-
trasting lowland field sites which were used in the model
development (SecB), and challenges in modelling rainfall—
runoff processes in lowland catchments (Sdtin Sect.5

Groundwater 4 we explain the model structure in detail. Sect®nontains

. gfgth (m] 9 the implementation of the model (computer code) and Sect.

" 2-4 L 34 the conclusions. A detailed model evaluation is discussed in
>4 < 7 a companion papeBtauer et al.2014).

Figure 1. Locations with shallow groundwater (based on data from

Fan et al, 2013. Lowland areas can be found all over the world 2 Challenges in rainfall-runoff modelling

and often in densely populated areas, which shows the relevance of

WALRUS for application outside the Netherlands. Water managers in lowland areas often use complex hydro-
logical models. MIKE-SHE Refsgaard and Storni995,
HEC-RAS @runner 1995 and SOBEK Deltares 2013

For realistic simulations of runoff, the model structure have detailed schematisations of surface water networks to
should represent the main catchment processes and thergimulate the complex flow routing in intensively drained ar-
fore several models have been developed for specific catcheas. HYDRUS $imlinek et a].2008 and SWAP {an Dam
ment and climate types: (Dynamic) TOPMODHEBevenand et al, 2008 have detailed vertical schematisations to simu-
Kirkby, 1979 Beven and Freer200]) for sloping catch-  |ate unsaturated—saturated zone coupling. Regional ground-
ments, VIC (iang et al, 1996 for areas prone to saturation water models, such as MODFLOWV¢Donald and Har-
excess overland flow and LGSV4n der Velde et a].2009 baugh 1984, account for seepage and lateral groundwa-
for data-rich lowland catchments. In addition, flexible model ter flow. Combinations of several of these models can be
frameworks, e.g. (SUPER)FLEX-¢€nicia et al.2006 2011)  ysed to account for groundwater—surface water feedbacks,
and FUSE Clark et al, 2008, have been developed to al- such as SHEAbbott et al, 1986, HydroGeoSphereTher-
low for adaptation of the model structure to individual catch- rien et al, 200§ SIMGRO Querner 1988 Van Walsum and
ments. Veldhuizen 2011) or NHI (Prinsen and Becke2011).

A parametric rainfall-runoff model for lowland catch-  However, complex models have important disadvantages
ments, the Wageningen model, was developed at the Hyand simple models important advantages, particularly con-
drology and Quantitative Water Management Group of Wa-sidering four aspects. The first aspect concerns overparam-
geningen University in the 1970S{ficker and Warmerdam  eterisation. Model parameters account for differences in re-
1982. This parametric model accounts for certain lowland- sponse times or recession shapes between catchments with
specific processes: capillary rise and a dynamic division bethe same dominant processes (represented by the model
tween fast and slow flow routes as a function of CatChmentstructure)_ With too many parametersy an inappropriate
wetness. However, other lowland-specific processes are nghodel structure can be compensated for by mathematically
included in the Wageningen model: the saturated and unsafitting the model to the calibration dat&ifchner, 20086.
urated zone are disconnected and no feedbacks are possidg) overparameterised model may perform well during cal-
between groundwater and surface water. Although the Waipration, but unsatisfactorily during validatioRérrin et al,
geningen model has been widely applied in many catchmentg001) and in different (future) climate regimes (eSgibert
inside and outside the Netherlands, users have indicated 8999,
number of serious shortcomings, both of numeric and con- The second aspect concerns parameter identification. The
ceptual nature. risk of parameter dependence and equifinality (where differ-

In response to this demand, we have developed the Waent combinations of parameter values lead to similar results,
geningen Lowland Runoff Simulator (WALRUS). We aimed Beven and Binley1992 Uhlenbrook et al.1999 increases
for an entirely new model to simulate runoff in lowland ith the number of parameters. With one objective function,
catchments, which can be used both for multi-year water ba|0n|y typ|ca||y three to five parameters can be identiﬂk{k@-
ance studies and for single rainfall-runoff events. The modeman and Hornbergetl993 Beven 1989. Multi-objective
was designed to have an understandable model structure thalibration allows more parameters to be calibrated (e.g.
incorporates the most important processes and feedbackgupta et al. 1998 Efstratiadis and Koutsoyianni€010),
with fewer than six parameters of which the values do nothyt for many catchments only discharge data are available
change with the temporal resolution at which the model is(Soulsby et a].2008. It is therefore beneficial to be able to
run. identify the effect of each parameter on the modelled dis-

charge time series.
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The third aspect concerns physical representation. A simeof the energy budget (for more information s&icker and
ple, parametric model structure enables users to quickBrutsaert1978. In addition, we used data from 1993: dis-
grasp the processes covered by each model element amharge measured with a type of H-flume, groundwater depths
the influence of each parameter. Values of effective modemeasured at the meteorological station and total phosphorus,
parameters cannot be determined with point measurementsitrate and chloride concentrations measured at the catch-
(Wagener 2003 Vrugt et al, 2005, but model parameters ment outlet.
do have physical connotations and can be explained quali- From the Cabauw polder, we used daily soil moisture data
tatively from catchment characteristics and field experiencerom four arrays of six TDR sensors between 5 and 73cm
(Seibert and McDonnell2009. The effect of small-scale deep from the period 2003—2010. Groundwater depth was
heterogeneity on catchment-scale processes is included inmeasured at the same location. Potential evapotranspiration
plicitly in the model parametersBéven 1995 Kirchner, (ETpoy was estimated with the method bfakkink (1957).
2006 McDonnell et al, 2007). Actual evapotranspiration (Ed) was determined with an
The final aspect concerns practical applicability. Compu-energy balance methoBé¢ljaars and Bosve]d 997). Net ra-
tational efficiency facilitates operational forecasting and datadiation and ground heat flux were measured and the Bowen
assimilation Liu et al, 2012 Rakovec et a.2012. Ensem-  ratio was determined with eddy covariance measurements.
bles can be generated for different forcing data or parameEvapotranspiration was obtained by dividing the available
ter sets to indicate predictive uncertaintgrysztofowicz energy (net radiation minus ground heat flux) between la-
2001)). In addition, more complex and time-consuming algo- tent and sensible heat fluxes according to the Bowen ratio.
rithms can be used for calibration (e.g. DREAM Wyugt Because EJ; estimated with this method was on average
et al, 2008 or parameter uncertainty estimation (e.g. GLUE 4 % higher than Efo during well-watered conditions, we
by Beven and Binley1992. Avoiding the need to construct divided ET,¢; by 1.04.
a model with channel cross sections and soil layers for each
catchment can also be advantageous. These four aspects mo-

tivated us to develop a parsimonious model and apply Oc4  Challenges in modelling rainfall-runoff processes
cam’s razor where possible. in lowland catchments

In this section we discuss some characteristics which affect
3 Experience from two contrasting lowland catchments  hydrological processes in lowland catchments. We discuss
how they are represented in some widely used rainfall-runoff
Field experience and data from two contrasting field sites inmodels and how they are accounted for explicitly in WAL-
the Netherlands have been used to develop the model struRUS.
ture. The Hupsel Brook catchment in the east has slightly
sloping surfaces and drainage is driven by gravity (freely4.1 Groundwater—unsaturated zone coupling
draining). The Cabauw polder in the west is flat and its water
levels are controlled with weirs and supply of surface water.Whereas in most models percolation is assumed to be driven
The Hupsel Brook catchment is 6.5 knits soils consist of by downward gravitational forces only, the vertical profile of
0.2-11m of loamy sand on an impermeable clay layer andnoisture content in lowland soils is influenced by capillary
land cover is mostly grass (59 %) and some maize (33 %)forces associated with the presence of a shallow groundwater
The Cabauw polder is 0.5Kmits soils consist of about table. Percolation is slower and evapotranspiration remains
70 cm heavy clay on peat and land cover is 80 % grass, 15 %igh in dry periods, because storage deficits are replenished
maize and 5 % surface water. A more detailed description oby capillary rise (e.gHopmans and van Immerzedl988
both catchments and observations is presented in an acconstenitzer et a).2007). Therefore, the vadose zone and the
panying paperBrauer et al.2014). groundwater zone form a tightly coupled system and feed-
From the Hupsel Brook catchment, we used combined obbacks should be included in models for lowland catchments
servations of groundwater and soil moisture (from a neu-(Chen and Hu2004. In addition, when groundwater rises
tron probe at 12 depths, ranging from 0.15 to 2.05 m; periodto the soil surface, the unsaturated zone shrinks and its stor-
1976-1984) at six locations, which represent the spatial variage capacity decreases. It is therefore important to include
ability in the catchment well. Potential evapotranspiration a dynamic unsaturated zone in the model, which is influenced
was estimated with the method ©hom and Oliver(1977). by the surface fluxes precipitation and evapotranspiration as
During the growing seasons (15 April-14 September) ofwell as by the (dynamic) groundwater table below.
1976 through 1982 daily sums of actual evapotranspiration Many conceptual rainfall-runoff models, e.g. HBV and
(ETac) have been computed with the energy budget methodthe Sacramento model contain separate reservoirs for
net radiation was measured and wind and temperature profileoil moisture and groundwater, allowing only downward
measurements were used to estimate sensible and groumdovement of groundwater without considering feedbacks.
heat flux. Evapotranspiration was then estimated as residuadne version of PDM does reduce recharge when the soil
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Figure 2. Discharge mechanisms at different scales in the Cabauw polder. Top row: animal burrow, soil cracks, gully, drainpipe. Bottom row:
local ponding, field-scale ponding, surface water network.

ceases to be freely draininlylpore 2007). Catchments can complexity in a model for runoff simulation¥én der Ploeg
also be simplified to a single nonlinear reservoir, without et al, 2012. In addition, the entire system of feedbacks be-
discriminating between the saturated and unsaturated zonveen plants and water is complex on small scales, but likely
(Kirchner, 2009, which yielded limited success in the low- less complex on larger scales.

land Hupsel Brook catchmenBfauer et al.2013. Quasi- In some rainfall-runoff models for areas with groundwa-
steady-state approaches have also been developed for impleer tables, a separate root zone is included, e.g. in SWAT
mentation in distributed models, e.g. Kpster et al(2000, and TOPMODEL, which exhibits a different behaviour than
Bogaart et al.(2008 and Van Walsum and Groenendijk the unsaturated zone below. We assume that in lowlands,
(2008. A parsimonious rainfall-runoff model for lowland this distinction cannot be made because the whole unsatu-
catchments requires a single soil reservoir, which includegated zone can be used by plant roots. The variation of plant

both the unsaturated and the saturated zone. species within a catchment is sometimes represented by run-
ning a model for different vegetation types separately and
4.2 Shallow groundwater and plant water stress multiplying the resulting discharge output with the fraction

o _ of that vegetation typean Dam et al.2008. To reduce the
Vegetation in lowland catchments is hardly affected by wa-risk of overparameterisation, spatial variation in vegetation

ter stress, which is one of the drivers for high agricultural and root water uptake does not need to be modelled explic-
production. Water is not only made available through phys-itly in a model for discharge simulations.

ical processes (capillary rise), but also through physiologi-

cal ones: when plants have exhausted the readily availablg.3 Wetness-dependent flow routes

moisture in the top soil, deeper roots are uséehich et al.

2002, and vertical roots grow deepeCénadell et a).1996 When the soil wetness increases, different flow paths are acti-
Weir and Barracloughl986 Teuling et al, 2006 and more  vated: from groundwater flonHall, 1968, to natural macro-
quickly (Zeng et al. 2013. Because plants adapt to spatial pores Mosley, 1979 Beven and Germani982 2013 Mc-
variability in moisture content, water uptake and its vertical Donnell 2003 and drainpipesTiemeyer et a].2007 Roze-
distribution depend primarily on the availability of moisture meijer et al, 20103 Van der Velde et a] 20100 and eventu-

in the whole root zonelarvis 1989. As roots in lowlands of-  ally to surface runoff@unne and Black197Q Brauer et al.

ten extend to close to the groundwater table, plants can ada@011; Appels et al.2011). Figure2 provides examples of dis-
fully to dry periods and evapotranspiration reduction hardly charge mechanisms in lowland catchments at different scales.
occurs Bchenk and Jacksp2002. This dynamic system Stream water chemistry is increasingly being used to
of different plant species with varying stages of root devel-detect hydrological flow paths (e.goulsby et al.2004
opment and spatially and temporally varying groundwaterTetzlaff et al, 2007 Delsman et aJ.2013. Records of phos-
depths is complex, but it may not be necessary to include alphorus, nitrate and chloride concentrations measured at the
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Parametric models often divide water between fast and

a0 o5
Lé 2 OE slow routes. In the GR4J modé?¢rrin et al, 2003 this divi-

E, —E sion is fixed, the PDM modeMoore, 1985 uses a wetness-
0o o dependent probability distribution to express the spatial vari-
w |b ability in quickflow contribution, and in the Wageningen

E©° model Stricker and Warmerdami 982 the division depends
S | on groundwater storage. A division between slow and fast
o“o' flow routes, which depends on catchment wetness in a par-
T G ¢ Phosphorus simonious way, is indispensable for adequate runoff simula-
2 Z)r_ | tions in lowland catchments.
©s 4.4 Groundwater—surface water feedbacks
& g {d Nitrate
o | Surface water is an important feature in lowland landscapes
E o | (Fig. 2). The aim of man-made drainage networks in con-
© g trolled catchments is to optimise groundwater depths by ad-
a0 justing surface water level&(ause et a].2007). During dis-
2 ] charge peaks, backwater feedbacks can occur and high sur-
o 3 face water levels reduce groundwater drainage or may even
e . . cause infiltrationBrauer et al.2011).
10 Sep 1 Oct 20 Oct 1993 Most parametric rainfall-runoff models do not simu-

late surface water levels, and therefore parametric mod-

Figure 3. Activation of different flow paths revealed by water qual- Is f ical fl in th d ft
ity data measured at the outlet of the Hupsel Brook catchment©'S for vertical flow in the unsaturated zone are often cou-

(a) Precipitation and dischargéh) Groundwater depth at the mete- Pl€d 0 a distributed groundwater model for studies on

orological station(c) Phosphorus concentration (indicator for over- groundwater—surface water interactio§guse and Bron-

land flow, Rozemeijer et a).20108, (d) Nitrate concentration (in-  stert 2007 Sophocleous and Perkin200Q Lasserre et a|.

dicator for drainpipe flowy/an der Velde et al20108. (e) Chloride 1999 Van der Velde et al2009. In a rainfall-runoff model

concentration (indicator for groundwater flovan der Velde et a). for lowland catchments, surface water should form an inte-

20109. gral part of the model structure to account for groundwater—
surface water feedbacks.

outlet of the Dutch Hupsel Brook catchment confirm the acti-4 5 Seepage and surface water supply

vation of different flow routes at different stages of catchment

wetness (Fig3). The activation of drainpipes in September Regional groundwater flow is common in lowland areas and

is indicated by increasing nitrate concentrations and overlandipward or downward seepage can be a large term in the wa-

flow during peaks by decreasing chloride and nitrate concenter budget. Surface water is often supplied to raise ground-

trations and increasing phosphorus concentrations. water levels for optimal crop growth, to avoid algal blooms
The contribution of preferential flow and macropore flow (by maintaining flow velocity), to reduce brackish seepage

can be considerable and needs to be accounted for in thia coastal areas below sea level, or to prevent peat oxidation.

model structure Beven and Germanri982 Weiler and In addition, the water can be removed from the catchment

McDonnell 2004 Hansen et a].2013. Drainpipes can be by pumping {an den Eertwegh et aR006 Te Brake et aJ.

viewed as man-made macroporése(rmann and Duncker 2013 Delsman et a).2013.

2008 and account for a large fraction (up to 80%) of  Usually, distributed models are used for regional ground-

drainage in lowlands\an der Velde et al.201% Turunen  water flow (MODFLOW), surface water supply and extrac-

et al, 2013. When local storage thresholds are exceededion (MIKE-SHE, SOBEK) and control operationggn An-

and quickflow paths are activated, a sudden increase in logel et al, 2010 and the effect of changing surface water lev-

cal discharge occurs (the fill and spill hypothesisTiogmp- els on runoff generation is not taken into account. A rainfall—

van Meerveld and McDonnglR006, but at the catchment runoff model for lowland catchments should include options

scale, sudden changes in discharge are hardly ever observefdr seepage and surface water supply and extraction.

because spatial variability in groundwater depth, drainpipe

depth and microtopography cause these thresholds to be

reached at different moments at different locatiohpels ~ © Model description

2013.
3 In this section we provide a detailed description of all model

components: reservoirs, states, fluxes and feedback mecha-
nisms. The model contains several relations between model
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Table 1. Overview of variables, parameters and functions. All fluxes are catchment averages, both external ones (iDcuadifigs) and

internal fluxes (which are multiplied with the relative surface area of the reservoir in question). Naig thatand/ s result from the mass
balances in the three reservoirs, whilg is only used as pressure head to compute the groundwater drainage flux. The names of the fluxes
are derived from the reservoirs (for examples: f stands for flow, the X for external and the S for surface water — water flowing from
outside the catchment into the surface water network).

States

dy storage deficit -y _ —szifw_f“ (mm)
dg groundwater depth - U _ % (mm)
L | . . th PQ*fQS
Q evel quickflow reservoir — === (mm)
dr xs+Ps—ETs+fos+fos—
hs surface water level - &= JxstPs f,SfGS fos=Q  (mm)
Dependent variables
w wetness index = func(dy) =)
B evapotranspiration reduction factor = func(dy) =)
dv,eq equilibrium storage deficit = func(dg) (mm)
External fluxes: input
P precipitation (mmml)
ETpot potential evapotranspiration (mnh)
Qobs discharge (for calibration an@g) (mmh1
xG seepage (up/down)/extraction (mm¥
fxs surface water supply/extraction (mm¥y
External fluxes: output
ETact actual evapotranspiration =ETy +ETs (mmh1
0 discharge = func(hg) (mmh1
Internal fluxes
Pg precipitation into surface water reservoir =P-ag (mmh1
Py precipitation into vadose zone =P-(1-W)-ag (mmh1y
Po precipitation into quickflow reservoir =P -W-ag (mmh1
ETy actual evapotranspiration vadose zone =ETpot-B-ac (mmh1)
ETs actual evapotranspiration surface water = ETpot-as (mmh1
fes groundwater drainage/surface water infiltration= (“D_dG_hS)‘Tg‘(”D_dG)’hS) cag (mmh1)
. h 1
fos quickflow = % -ag (mmh—1)
Model parameters
cw wetness index parameter (mm)
cv vadose zone relaxation time (h)
G groundwater reservoir constant (mmh)
cQ quickflow reservoir constant (h)
Supplied parameters
as surface water area fraction &)
ac groundwater reservoir area fraction =1-ag =)
D channel depth (mm)
User-defined functions with defaults
W (dy) wetness index = cos( MXMNA.cw).01) 41 ()
irati i _ leexptidv—0)] 1, 1 _
B(dv) evapotranspiration reduction factor = Trexatu@v—) Jl/bz +3 )
dy, eq(dg)  equilibrium storage deficit =0s (dG - mi)w — %) (mm)
. ; _ hs—hs.min|*S —1
Q(hs) stage—discharge relation = cs(st’n”:'i:) (mmh)
Parameters for default functions
1 curvature ET reduction function =)
) translation ET reduction function (mm)
b pore size distribution parameter =)
Vae air entry pressure (mm)
s soil moisture content at saturation =)
cs surface water parameter: bankfgll (mmh1
xs stage—discharge relation exponent =)
hs min surface water level whe@ =0 (mm)

Geosci. Model Dev., 7, 23132332 2014

www.geosci-model-dev.net/7/2313/2014/



C. C. Brauer et al.: WALRUS: a lumped rainfall-runoff model for catchments with shallow groundwater 2319

by evapotranspiration from the vadose zone\Eand
surface water reservoir (EJ.

2. Vadose zone within the soil reserveithe vadose zone
is the upper part of the soil reservoir and extends from
the soil surface to the dynamic groundwater tablg)(
including the capillary fringe. The dryness of the va-
dose zone is characterised by a single state: the storage
deficit (dv), which represents the effective volume of
empty pores per unit area. It controls the evapotranspi-
ration reduction §) and the wetness index\).

3. Groundwater zone within the soil reservoi the
phreatic groundwater extends from the groundwater
depth ¢g) downwards, thereby assuming that there is
no shallow impermeable soil layer and allowing ground-
water to drop below the depth of the drainage channels
(cp) in dry periods. The groundwater table responds
to changes in the unsaturated zone storage and deter-
mines, together with the surface water level, groundwa-
ter drainage or infiltration of surface watefds).

Groundwater hg

Jfas
. v 4. Quickflow reservoir— all water that does not flow

fxa @ fxs Q through the soil matrix, passes through the quickflow
reservoir to the surface waterfds). This represents

Figure 4. Overview of the model structure with the five compart- macropore flow through drainpipes, animal burrows and

ments: land surface (purple), vadose zone within the soil reservoir soil cracks, but also local ponding and overland flow.
(yellow/red hatched), groundwater zone within the soil reservoir ) .
(orange), quickflow reservoir (green) and surface water reservoir 5. Surface water reservoir the surface water reservoir has

(blue). Fluxes are black arrows, model parameters brown diamonds  a lower boundary (the channel botteg), but no upper
and states in the colour of the reservoir they belong to. For acom-  boundary. Discharged) is computed from the surface
plete description of all variables, see Tallleand Sect5.1 The water level fs).

names of the fluxes are derived from the reservoirs (for example

fxs: f stands for flow, the X for external and the S for surface 6. External fluxes-water can be added to or removed from
water — water flowing from outside the catchment into the surface the soil reservoir by seepagéxc) and to/from the sur-
water network). face water reservoir by surface water supply or extrac-

tion (fxs).

variables which can be specified by the user. We imple- The area of the surface water reservairis the fraction
mented defaults for these relations, such that WALRUS carof the catchment covered by ditches and channels, which is
be used directly by practitioners, while retaining the option supplied by the user and can generally be derived from maps.

to change them for research purposes. The area of the soil reservaig is the remainder (2as). The
area of the quickflow reservoir is taken equaktg but this
5.1 General overview is arbitrary since the outflow depends on the volume of water

in the reservoir and a parameter (see SB@). In the fol-
WALRUS is a water balance model with three reservoirs andiowing sections the processes occurring within and between
fluxes between the reservoirs. The model can be split intaezach compartment are discussed.
five compartments (Figt, for abbreviations of variables, see  Because the soil reservoir has no lower boundary and the
Tablel): surface water reservoir no upper boundary, the groundwater
depthdg is measured with respect to the soil surface and the
1. Land surface- at the land surface, water is added to the surface water leveks with respect to the channel bottom.
different reservoirs by precipitationP]. A fixed frac-  The channel bottorap, with respect to the soil surface, is
tion is led to the surface water reservolis]. The soil  used to compute the difference in level, which is necessary
wetness indexW) determines which fraction of the re- for the computation of groundwater drainage. The quickflow
maining precipitation percolates slowly through the soil reservoir levehq is measured with respect to the bottom of
matrix (Py) and which fraction flows towards the sur- that reservoir. The storage defidit is an effective thickness,
face water via quickflow routesPf). Water is removed  instead of a level or depth.

www.geosci-model-dev.net/7/2313/2014/ Geosci. Model Dev., 7, 22832 2014
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and overland flow can only be caused by saturation excess;
infiltration excess is not considered.
, g The effect of this variable division between quick and slow
E o 3 / ’ i flow paths is investigated by running WALRUS twice for an
oo .‘:‘ it : artificial example: with and without the variab. Six rain-
A\ j fall events with a duration of one day and an intensity of
ol _ - 2mm ', separated by four dry days yield the same quick-
— ¥v flow fos and discharge) response when the divider is not

s dependent on soil moisture storage, gt and Q increase
in the case of a wetness-dependent divider (BJgThe stor-
age deficitdy decreases quickly during rainfall events and
increases slowly in dry intervals. The variable wetness index
W follows dy without delay and the groundwater deplb
responds with a delay caused by the unsaturated zone (repre-
sented by its relaxation time parametgr, see Sect5.6).

L]
— Q variable W
P fixed W

10
P [mmH]

Te}

EO" — 4 With a variableW, the groundwater level rises quickly at

= do first, but more slowly at the end, because less water is led to
A the soil reservoir when it is already wet. This numerical ex-
o periment shows that the variable wetness index ensures that
s 5 10 15 20 25 20 WALRUS can simulate feedbacks between groundwater, va-

dose zone and quickflow and that variables at the soil sur-
face do not only influence variables in the ground (as in most

Figure 5. The isolated effect of including a wetness-dependent di- models), but also the other way around.

vider between slow and quick flow routes. Results of a numer-

ical experiment with (solid) and without (dashed) a variable di- 5.3 Evapotranspiration

vider (W; the wetness index). A change W does not only af-

fect quickflow (fgs), but propagates through the model and alters Evapotranspiration (ET) takes place from the surface water
nearly all model variables: storage defiit/), groundwater depth  reservoir (EE) and the vadose zone (k). The actual evap-
(dg) and discharge@). We used parameter values obtained for the otranspiration from the vadose zone depends on the poten-
Hupsel Brook catchmenBfauer et al. 2014 i.e. cow =365mm,  tjal evapotranspiration rate and the storage deficit (E)g.

t[d]

cv =0.2h,cg =5x 10°mmh,cq =33h,cp = 1500mmas = The relation between the evapotranspiration reduction factor
0.01 and the locaD— relation and soil parameters). See Table g and the storage deficit can be supplied by the user. As a de-
for alist of all variable abbreviations. fault, a two-parameter function has been implemented:
ETact  1—expgi(dv—¢2)] 1 1
6> Precioitation and . g _ iy @)
: recipitation and wetness index ETpot | 1+ expii(dy —22)] 2 ' 2

Precipitation @) is divided between the three reservoirs: The evapotranspiration reduction factor approaches one
a fixed fractionas falls directly onto the surface watePg) (no reduction) when the soil is saturated and decreases with
and the remainder is divided between the vadose zfpg ( Storage deficit: first slowly, then more quickly and then more
and the quickflow reservoirFg). The wetness indexi¥) slowly again (although this end of the curve is never reached
gives the fraction of the rainfall that is led to the quickflow in practice). Equation?) has two parameters; determines
reservoir and ranges from 0 (dry — all water is led to the soilthe curvature ang, determines at which value af, the re-
reservoir) to 1 (wet — all water is led to the quickflow reser- duction factor is 0.5 (the inflection point). Note that E2) (
voir). The wetness index is a function of storage defigjt,(  does not account for the effects of waterlogging on transpi-
Sect.5.4). This relation can be supplied by the user, but asration, although the net effect on ET is likely limited because
default a cosine function has been implemented, which startéf the compensating effect of soil evaporation. In addition,
at 1 when the soil is completely saturatég & 0) and drops ~ under extremely dry conditions E@)(will overestimate the

to zero whenty is equal to the wetness paramatgr[mm], soil moisture stress, but such conditions approach the limits
which has to be calibrated: of the range for which the assumptions behind WALRUS are
valid.

Data from the two catchments (Se8}.are used to esti-
mate¢; and ¢z (Fig. 6). The scatter in the observed evap-
otranspiration data is very large, but when data points are

A negative value ofiy can occur in rare cases of large- collected in 25 mm wide sliding bins and averaged, a de-
scale ponding (Seck.1]). Note that in WALRUS, ponding crease ir8 with dy can be observed (orange-red line). In the

1
iy 1
o t3 1)

. ' 1
W:cos(max(mm(dv’cW)’O) 71) -
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Figure 6. Determining the evapotranspiration reduction function.

Soil moisture data are from the meteorological station in the Hupsel
Brook catchment and the mean of four sites in the Cabauw polder.
The orange-red lines connect the bin means, with the colour rang-

ing from low (orange) to high (red) inverse variance. The purple
lines, with coefficients;; = 0.02 and¢> = 400, are implemented
as default in WALRUS. The brown histograms are the probability
density functions of storage deficit.

2321

Table 2. Parameters of the Brooks—Corey equilibrium soil mois-
ture profile. The first 11 rows are taken fradapp and Hornberger
(1978. The last two lines are obtained from combined soil mois-
ture and groundwater observations in the two catchments (see also

Fig. 7).

Soil type b Yae s
- (mm) ()

Sand 405 121 0.395
Loamy sand 438 90 0.410
Sandy loam 4.90 218 0.435
Silt loam 530 786 0.485
Loam 5.39 478 0.451
Sandy clay loam 7.12 299 0.420
Silt clay loam 7.75 356 0.477
Clay loam 8.52 630 0.476
Sandy clay 10.40 153 0.426
Silty clay 10.40 490 0.492
Clay 11.40 405 0.482
Hupsel 2.63 90 0.418
Cabauw 16.77 9 0.639

Cabauw polder, the storage deficit is never large and there-

fore hardly any evapotranspiration reduction occurs. In the

Hupsel Brook catchment, reduction is around 10 % wdign

depth of about 2 m (about 14 % of the data in Fdgvas ob-
tained during the extremely dry summer of 1976).

potential evapotranspiration (gd) of a well-watered soil.

the surface water occurs when the surface water reservoir is

In the field, time series of storage defiait,) can be esti-

mated from soil moistured([-]) profile data. For each depth
exceeds 300 mm, which corresponds to a rare groundwatgfe soil moisture content at saturatiog [-]) has to be deter-
mined, which can often be done by taking the highest mea-
sured soil moisture content at that depth. The difference be-
The open-water evaporation is assumed to be equal to thgyeen the profiles of andés gives the profile of the fraction

of soil filled with air (and the remainder,-16s, gives the soil

A Penman approximation would be more appropriate, butyarticle fraction). The storage deficit is obtained by integrat-

for most catchments only one estimate of evapotranspirationng this air profile over deptd from the groundwater table
is available. In addition, the area fraction of open water and to the soil surface:

consequently the error is small. No evapotranspiration from

ds

empty. Because the groundwater and surface water reservoigg, = | (9s—6) dd.
together cover the entire catchment area, no evapotranspira-

tion occurs from the quickflow reservoir. The effect of veg-

etation diversity on potential evapotranspiration can be ac5.5 Equilibrium storage deficit

counted for by preprocessing.

5.4 Storage deficit

controls the precipitation division between groundwater an
quickflow (W), evapotranspiration reductiorg) and the
change in groundwater deptlid) and is itself the result of
all fluxes into or out of the soil reservoir, both the vadose
zone and the groundwater zone.

www.geosci-model-dev.net/7/2313/2014/

®)

For every groundwater deptl, an equilibrium soil mois-
ture profile exists where at all depths gravity is balanced by

) capillary forces, and no flow occurs. From this profile the
The dryness of the vadose zone is expressed by the stogqilibrium storage deficiti,eq can be derived in the same

age deficit ), representing the volume of empty soil pores way asdy, namely by integrating the volume of empty soil
per unit area, or in other words, the depth of water Necespores over depth. The relation betwesysq anddg can be
sary to reach saturation. The vertical profile of soil mois- ggtimated from combined observations of groundwater and
ture is not simulated explicitly and, as WALRUS is a lumped ¢4 moisture. By assuming that on averaieq equalsdy
model, neither is its horizontal variability. The storage deficit the relation can be read from dg{ dy)-plot and supplied to

AWALRUS.

Alternatively, one can assume a relation based on pa-
rameterisations of steady-state (i.e. no-flow) profiles re-
ported by e.gBrooks and Corey1964 andVan Genuchten
(1980. WALRUS uses the power law of Brooks and Corey
as default because it requires only two parameters. The
profile of soil moisture content [-] as a function of

Geosci. Model Dev., 7, 22832 2014
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Figure 7. Relation between groundwater depglk and storage deficity . Coloured lines: data from six and four sites in the two catchments.
Dashed black line: relation derived from the Brooks—Corey curve belonging to loamy sand (left) and clay (right). Coloured lines: relation
with b fitted on data. Solid black line: relation with the averags the stations. The clouds are represented by the contour lines encompassing
70 % of the probability mass estimated using kernel densié&s(l and Jone4995.

height above the groundwater table[mm] according to  dg is plotted as a function ofly for several sites in the

Clapp and Hornbergdd 978 is Hupsel Brook catchment and Cabauw polder area with cor-
responding theoretical curves. We computed the temporal

ho\“Yb maximumé per depth (at the meteorological station in the

0= es(llf_ae) ’ ) Hupsel Brook catchment and the average of four profiles in

the Cabauw polder) and averaged over the entire measured
with b the pore size distribution parameter [-] apgbthe air  depth (205 cm in the Hupsel Brook catchment and 72 cm in
entry pressure [mm]. The air entry pressure raises the powethe Cabauw polder) to obtain a single valueggf For the
law distribution above the groundwater table to allow for the Hupsel Brook catchment, we fitteld while retainingyae,
capillary fringe (the saturated area above the groundwater tasut for the Cabauw polder it was necessary to fit botind
ble). The parameters, yae and6s differ per soil type and v, to obtain curves which describe the data points relatively
selected results from laboratory experiments@igpp and  well. The values obtained with these fits are listed in T&ble
Hornberger(197§ are given in Table2 (seeCosby et al.  Note that the data are actual storage deficits, which may not
1984 for interpolations between soil types). When the part of be in equilibrium with the groundwater depth measured at
the profile between the capillary fringe and the soil surfacethe same time. In addition, sites differ considerably and will
from Eq. @) is substituted in Eq.3), the relation between deviate from the catchment average.
equilibrium storage deficit and groundwater depth becomes

5.6 Percolation and capillary rise

G —1/b
dveq= / [%—%(i) } dh In practice, the soil moisture profile and storage deficit are
Voo Vae never perfectly in equilibrium with the groundwater depth.
1-1/b Addition (e.g. through precipitation) and removal (e.g. by
=65 dg — dg _ Yae . (5) drainage or evapotranspiration) of water cause an imbal-
A- Yyt 1-b ance between gravity and capillary forces, leading to down-
ward (percolation) or upward (capillary rise) flow towards
Heterogeneities, such as soil layering or disruption bya new equilibrium situation. Because the flow decreases with
plant roots, macrofauna and human activity, cause differ{proximity to the equilibrium, this equilibrium will only be
ences between laboratory and field observations. In Fig. reached asymptotically.

Geosci. Model Dev., 7, 2313332 2014 www.geosci-model-dev.net/7/2313/2014/



C. C. Brauer et al.: WALRUS: a lumped rainfall-runoff model for catchments with shallow groundwater 2323

1: start 2a percolaﬁ( 20 illary rise 2.: draindge 24 infiltra\ion 3ad end \se 3p,¢ end drop
o [Guse & \ gv : dv,:%% dreq 1 d | dyeq & g A
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Figure 8. lllustration of the four scenarios for change in groundwater lea)spercolation after rainfall(b) capillary rise after evapotran-
spiration,(c) percolation after drainage arfd) capillary rise after infiltration. WALRUS only simulates the solid lines/gf dy anddyeq
rather than the profiles of relative saturation (dashed). The areas right of the curves (the int@gral@foverd) is equal to the values of
dy.

The soil moisture profile is not simulated explicitly in 5.7 Groundwater
WALRUS, but the temporal dynamics @, anddg caused
by the interactions between groundwater and vadose zonPrainage depends on the difference in water level between
are taken into account. The groundwater depth responds t#e surface water and groundwater reservoirs (rather than on
changes in storage deficit. The change in groundwater deptBiroundwater levels alone), allowing for feedbacks and infil-
is parameterised as a function of the difference between thé&ation of surface water into the soil. Drainage of ground-
actual storage deficit (computed from the water budget in thavater towards the surface water reservoir or infiltration of
soil reservoir) and the equilibrium storage deficit correspond-surface watelfgs is computed as

ing to the current groundwater level: (¢ —da — hs) -max(cp — dg). hs)
fes= —-a

dde _ dv — dveq (6) e
dt ov with dg the depth of the groundwater table below the soil

with ¢y the vadose zone relaxation time constant, which de_surface,cG a reservoir constant [mm h] a“?" the average
. : channel depth [mm] (see also Taldleand Fig.4). The pa-
termines how quickly the system advances towards a new . !
_— rametercg represents the combined effect of all resistance
equmbnu'm. . . - and variability therein and depends on soil type (hydraulic
Four situations may occur (illustrated in Fig). (1) Wa-

ter is added to the vadose zone through precipitation. Theconductlvny) and drainage density. The first term of B, (

actual storage deficit is smaller than the equilibrium for the P —dg — hs, expresses the pressure difference driving the
. flow. The second term, mép — dg), hs), expresses the
current groundwater depth. Water will flow downward and ) .
the groundwater level will rise gradually to the depth cor- contact surface (parameterised as a depth) through which the
flow takes place. These terms can be compared to the pres-

responding to the actual storage deficit. (2) Water is re- . ) :

S sure head difference and layer thickness commonly used in
moved from the vadose zone through evapotranspiration. Theroundwater models. The contact surface term accounts for
actual storage deficit exceeds the equilibrium for the cur-d '

rent groundwater depth. Water will flow upward to replenish decreasing drainage efficiency when groundwa_ter a_nd sur-
. . . face water levels drop and headwaters run dry. With this term,
the shortage in the top soil and the groundwater level will

) : . the variable source area concepéyen and Kirkby1979 is
drop gradually. (3) Water is removed from the soil reservoir implemented effectively and without additional parameters.

though drain wnwar r groundwater extrac- .
ough drainage, do ard seepage or groundwater extrac When groundwater drops below the surface water level, in-

tion. Air is sucked into the soil and the actual storage deﬁCitfiItration will be computed with the same relation. decreasin
increases. This happens instantaneously, because water is i P ' 9

in- -
compressible. Water will percolate to reach an equilibrium{b zero when the surface water reservoir is empty (the second

profile again and the groundwater level will drop gradually. term max (cp —dg), hs) becomes zero). The same parameter

(4) Water is added to the soil reservoir through infiltration ¢G 1S uged for_bqth groundwater drainage and surface water
filtration to limit the number of parameters, even though

from surface water or upward seepage. The storage deficlge resistance may be different in practice
decreases directly and the groundwater table rises gradually. The groundwater-surface water feedback is illustrated by

a numerical experiment. We ran the model for an artificial 3h
rainfall event with an intensity of 10 mnt# with and with-
out usinghs in the drainage flux computation. Includihg

G (7)
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leads to a decrease in drainafggs and even infiltration (neg- ‘ " , " o=
. . - . Lol ToN 111 with feedback H‘ " I

ative fgs) during the peak (Fig9, left panels). This causes = <l without feedbach AN LS g

an attenuation of the discharge peak and higher groundwate =

levels after the peak. This feedback is an important character— =
istic of WALRUS: in most parametric models, surface water «+* 1o |
levels are not modelled explicitly and this feedback cannot 8 ©
take place. oo

5.8 Quickflow o)
ol |
The quickflow reservoir simulates the combined effect of all ‘&
water flowing through quickflow paths towards the surface ©
water: overland, macropore and drainpipe flow. This reser-
voir can therefore be seen as a collection of ponds, small —
drainage trenches or gulleys, soil cracks, animal burrows and ; ;
drainpipes. Quickflowfos depends linearly on the elevation
of the water level in the quickflow reservdig, with a time

constant (reservoir constan{): Figure 9. The isolated effect of taking into account the
groundwater—surface water feedback process. Results of a numer-
ical experiment with (solid) and without (dashed) using the surface
ac. 8) water level fg) in the groundwater drainage fluxds) computa-
tion. Right panels also include the effect of surface water supply
(fxs)- For the dashed lines in the left panets was computed
Water cannot flow from the surface water into the quick- without fxs and fxs was added to the discharg@) afterwards.
flow reservoir. Therefore, a sudden surface water level riserhe same parameter values as in Bigeere used.
caused by an increase in surface water supply or weir eleva-
tion does not affect the quickflow reservoir directly.
The water level in the quickflow reservoir cannot be cou- with a default exponents of 1.5 has been implemented:
pled to measurable variables directly — groundwater level s
measurements show the combined effect of the seasonal varp, _ . (hs — hSmi”) 9)
ation of the groundwater depth and the high-resolution dy- cp — hs min
namics of the quickflow reservoir. Even though quickflow is
parameterised as a single linear reservoir, it is essential t
include this reservoir to mimic the large and variable contri-
bution of these flow routes (see SetB).

t[d] t[d]

h
fos=

5 .

or hs < ¢p. The default exponent value 1.5 fetis inspired

y equilibrium flow in open channel$/anning 1889. The
parameters corresponds to the discharge at the catchment
outlet (in mmht) when the surface water level reaches the
soil surface, comparable to the bankfull discharge. It can be

5.9 Surface water calibrated or provided based on field observations.

In WALRUS, surface water forms an integral part of the 510 Seepage and surface water supply

model structure. The surface water lev) represents the

water level in the average channel with respect to the chanAll fluxes across the catchment boundary, except for the dis-
nel bottom. The distance between channel bottom and soitharge at the catchment outlet, are combined in the external
surfacecp is calibrated or estimated from field observations. groundwater flow termfxg (downward or upward seepage
The stage—discharge relatigh= func(hs) specifies the re- and lateral groundwater inflow or outflow) and the external
lation between surface water level and discharge at the catclsurface water flow ternfxs (supply or extraction). Positive
ment outlet (in mm ht). Itis provided by the user as a func- values denote flow into the catchment. If applicable, time se-
tion, e.g. the relation belonging to the weir at the catchmentries of fxg or fxs should be provided by the user. Seepage
outlet, or as a lookup table. A threshold leve)min can be  and surface water supply are not parameterised, because they
included in the stage—discharge relation to account for a weitlo not depend on processes within the catchment. In the case
or other water management structures. If applicable, a valughat no data are available, a groundwater or surface water
or time series ofis min Should be provided. When the surface management model could be used to obtain time series of
water level drops below the crest of a weir, discharge will beseepage and surface water supply, which can be used as in-
zero, but because there may still be drainage, infiltration anghut for WALRUS.

evaporation, it is important to include standing water. A de-

fault stage—discharge relation with the shape of a power law
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Because these fluxes are added to the soil reservoir or susoil surface, the excess water is led to the soil reservoir di-
face water reservoir, they influence other variables throughrectly and thereforéis hardly rises above the soil surface.
the different feedbacks implemented in the model. MostTherefore, we keep the same stage—discharge relation when
parametric rainfall-runoff models do not contain a surfaceis > ¢p as a default. When the modelled groundwater table
water reservoir and therefore surface water supply can onlyeaches the soil surface, an abrupt change in catchment dis-
be added to discharge afterwards and the impact of surfaceharge occurs. This is in contrast to the gradual activation
water increase on groundwater level and the groundwateof different flow paths when the catchment effective ground-
drainage flux is not considered. water table is below surface (as represented by the wetness

To investigate the effect of WALRUS' set-up consider- index).
ing surface water supply, we modelled an artificial event We investigated the option of making the surface water
with two model set-ups: (1fxs is added to the surface wa- area fractioms a function ofzs, representing gradual widen-
ter reservoir and groundwater—surface water feedbacks anmg of brooks and inundation of areas close to the surface
considered (as implemented in WALRUS) and (& is water network, and thereby smoothing the effect of flooding
added toQ afterwards ands is not used in the groundwater on discharge at the catchment outlet. Unfortunately, this ap-
drainage computation. Addintks to the surface water reser- proach made the model structure less intuitive and introduced
voir causes a gradual increasenig and gradually risingD more degrees of freedom to define the shape of this function.
(Fig. 9, right panels). Wherfxs is added taQ afterwardshs Because flooding of the surface water reservoir only occurs
is not affected byfxs and only increases after rainfall, agd  during extremely wet situations, we chose to keep the model
rises and falls instantly after changesfixs. When a larger  structure simple and leavg fixed.
fraction of the catchment is covered by surface wate},(
the increase irhs and Q becomes more gradual, because 5.12 Outlook: possible model extensions
the supplied surface water volume is spread out over a larger
surface. Including the groundwater—surface water feedbaclSome processes are not taken into account in the core model
leads to an attenuated discharge peak, caused by a decreas, but a user could easily add preprocessing and postpro-
in drainage as a result of a decreasing difference betwgen cessing steps to adapt WALRUS to catchment-specific situa-
andhs. In dry periods,fxs may causéis to rise abovelg, tions. (1) The potential evapotranspiration estimated at a me-
leading to infiltration of surface water, which indicates that teorological station may not be representative for the col-
seepage and groundwater—surface water feedback should bection of vegetation types in the catchment. Therefore, one

implemented together. could use land cover distributions and crop factors to de-
termine the catchment average potential evapotranspiration.
5.11 Large-scale ponding and flooding (2) Currently, WALRUS is set up to receive liquid precip-

itation, but preprocessing steps to account for snow and/or

The quickflow reservoir simulates the effect of local pond- interception can be added. For example, the delay in pre-
ing and overland flow, but large-scale ponding may also oc-cipitation input caused by snow accumulation and melt can
cur. When the storage deficit becomes zero (i.e. all soil porede simulated with methods based on the land surface en-
are filled with water), the groundwater level will rise di- ergy balanceKustas et al.1994 or a degree-day method
rectly to the surface (as observed Gyllham, 1984 Brauer  (Seiberf 1997). (3) Interception can be parameterised with
et al, 2011). Storage deficit and groundwater depth continuea threshold. Only the rainfall which exceeds the threshold is
to drop (i.e. become more negative) together as there are nosed as input for the model. The intercepted water evapo-
capillary forces any more and water level and pressure headhtes directly and is not subtracted fromgs(Teuling and
coincide — negativey anddg express ponding depths. Note Troch 2005. (4) Paved surfaces have a low infiltration ca-
that the levels rise less quickly above ground as the storativitypacity, which limits groundwater recharge. This can be pa-
becomes 1. rameterised by decreasing the groundwater reservoiuarea

Unfortunately, few quantitative, catchment-scale observa-introducing a paved surface area and leading the fraction of
tions exist of different fluxes during floods. Because WAL- the rainfall belonging to this area directly to the surface wa-
RUS has no spatial dimensions, the complex process of ovetter. (5) For large catchments, the discharge pulse from the
land flow must be simplified. It is assumed that when themodel can be delayed and attenuated in the channels. It is
groundwater or surface water level rises above the soil surpossible to add a routing function to account for the delay
face, the groundwater drainage/surface water infiltration fluxand attenuation.
fas will include overland flow and is instantaneous, because Another possibility is to couple WALRUS to other models.
overland flow is much faster than groundwater flow. WhenThe outflowQ of one catchment can be used as surface wa-
the surface water level exceeds the soil surface, dischargeer supply fxs for another WALRUS unit downstream. With
becomes less sensitive to changes in surface water level, rephis technique, one could make a chain of WALRUS units
resented by an abrupt change in the stage—discharge relée model subcatchments (with possibly different catchment
tion. However, as soon as the surface water level exceeds theharacteristics and therefore parameter values) separately.
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Groundwater flow from one unit to the next can be com- Alternatively, the initial groundwater depth can be sup-
puted from groundwater levels in adjacent cells and Ep. ( plied (or calibrated) by the user amg o is computed such
This groundwater flow is added to or subtracted from thethat Qo = feso+ foso again. The initial storage deficit is
seepage fluyxg for both units. Regional groundwater flow assumed to be the equilibrium value belonging to the initial
from a distributed groundwater model can be added to omgroundwater depth.

subtracted from the soil reservoir through the seepage flux A user can choose to use a warming-up period in case the
fxc. This can be specified with a time series or an exter-uncertainty around the initial conditions is large. It is imple-
nal groundwater level. The outflow of the model can be usedmented in the code, but by default, the warming-up period is
as input for a hydraulic model. Discharge from an upstreamset to zero.

catchment as computed from a hydraulic model can also be

used as inpufxs. 6.3 Parameters

WALRUS has four parameters which require calibratiag;

6 Model implementation cv, cg andcq. These parameters have a physical meaning

. . ] _and can be explained qualitatively with catchment character-
In this section we describe some key parts of the model imgics. The channel depit, and surface water area fraction
plementation, which affect the model application and perfor-aS can be estimated from field observations. When the de-
mance. fault stage—discharge relation is used, the bankfull discharge
cs and (if applicable) the weir elevatioiis min Need to be
supplied (or calibrated) as well. Parameters are catchment-

The model code is written in R, but can be easily translatedSPecific, but time-independent, to allow a calibrated model
into any vector-oriented interpreted language. The code cont® P& run for both long periods and events. We did not im-
sists of several scripts. Two functions form the core of theP!ément a specific calibration routine in the model, but used

model codeWALRUS_loomndWALRUS_stefprovided as ~ the HydroPSO package, which is a particle swarm optimi-
Supplement). IWALRUS_loophe initial conditions are set, Sation techniqueZambrano-Bigarini and Rojag013. The

a for-loop over each time step is run and output data are or!/Ser can define the (multi-Jobjective function.

ganised. For every time step, the functdALRUS_stefs .

called, which contains the actual model computations. Somés'4 Forcing
additional scripts (not included in the Supplement, but avail-
able upon request) provide help by preprocessing forcin e.g. a sine function for Egt or a Poisson rainfall genera-
data, setting dgfault parameters, and postpropessmg of tht r). Observation times do not need to be equidistant, which
mgdel OUtPUt: figures, water palancg computations gnd apali-s especially useful for tipping-bucket rain gauges. Forcing
ysis of residuals. Another script provides a template in which

. . oo .~ time series are converted to functions (e.g. cumulakivas
functions are called for preprocessing, calibrating, ruNNINGs nction of time), which allows other time steps than used for
the model and postprocessing. '

the original forcing.

6.1 Code set-up

Forcing data can be supplied as a time series or as a function

6.2 Initial conditions 6.5 If-statements

The model can (as default) compute initial conditions for all
states automatically, based on a stationary situation (thereb)
avoiding long burn-in periods). The quickflow reservoir is
initially empty. The initial surface water level is derived from
the first discharge observation and the stage—discharge rel
tion. The initial groundwater depth is computed with the as-
sumption that initial groundwater drainaggsg) is equal to
the initial discharge. It is also possible to supply the fraction
of the initial discharge originating from drainag&ac and
the model will solve

-statements associated with thresholds cause nonlinearities
a model and their abrupt changes hamper calibration, in
particular when using gradient-based methods. It is there-
‘;c_)re important to know that there are four causes for abrupt
changes in the model: (1) the stage—discharge relation (sup-
plied by a user) may show abrupt changes at the elevation
of the crest of the weir or at the soil surface; (2) no evap-
oration occurs from empty channel beds; (3) if the storage
deficit becomes negative or exceeds the groundwater depth,
the groundwater depth becomes equal to the storage deficit;
(cd —d,0—hs0) - (cD —dc,0) (10) (4) if either groundwater or surface water level exceeds the
G soil surface, overland flow is instantaneous.
for dg o with the quadratic formula and then use the remain- )
der of the discharge to compute the initial quickflow reservoir 6-6  Integration scheme
level:

Q0 Gfrac=

The model is implemented as an explicit scheme, because
hg.o= Qo (1— Grac) - cq. (12) nonlinearities caused by feedbacks and if-statements do not
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Figure 10. lllustration of the variable time step procedu¢a) The

Figure 11. The effect of variable time steps on the model output.

non-equidistant output time steps (purple) are used as first attempt&n artificial case with a rainfall event of 30 mm in the first hour and
for computations of fluxes (blue/green) and states (purple), but durno evapotranspiration. The lines connect the discharge modelled at
ing time step number 3, the precipitation sum is too large (panel the end of a time step (instantaneous value), and do not represent
and the step is divided into substeps: it is halved and then halvedhe sum over the time step (which is given in the output file). The
again until the criterion was reached. Note that even though the sizeame parameter values as in Fgvere used.
of output time step 2 is larger, it is not divided into substeps, because
all criteria are met.
criteria are met. When one substep is completed, the fluxes
are stored and the states at the end of the time step are used as
allow for the use of an implicit scheme. The states at the endnitial values for the next substep. Then the model is run for
of the previous time step are used to compute the fluxes durthe remainder of the original time step and, if necessary, the
ing the current time step, which are then used to compute theubstep is halved until the criteria are met. This will continue
states at the end of the current time step (E@. The output  until the end of the intended output time step is reached. The
data file lists the sums of the fluxes during and the states asum of the fluxes of the substeps and the states of the last
the end of each time step. substep are stored in the output file.
The effect of the variable time step is illustrated in Hid,
in which the output of the model run with a fixed time step
) ) and with variable time steps is shown. Note the erroneous
The user can specify at which moments output should be geng o delay and magnitude of the discharge peak when no

erated, for example with a fixed interval (i.e. each hour orgpqtens are used, in particular for the 3-hourly time step.
day), with increased frequency during certain events or after

each millimetre of rainfall. The output time steps can be bothg.8 \Water balance
larger and smaller than those of the forcing.
An important feature of the model code is the flexible com- WALRUS is a mass conserving model, and therefore the
putation time step. The model first attempts to run a wholemodel water budget, computed as
output time step at once, but the time step is decreased when
(1) the rainfall sum, discharge sum or change in discharge,mD —XETat— X0+ Xfxe + Zfxs =
surface water level or groundwater depth during the time step —Ady -acg+ Ahq-ac + Ahs-as, (12)

exceeds a certain threshold, or when (2) the surface Watearllwa s closes, although rounding errors may cause small de-
level is negative at the end of the time step. The first cri- Y ! 9 9 Y

terion prevents numerical instability caused by the explicitwatlons' The minus sign befousdy appears becausky ex-

ieratonseheme and  delaye h response (o raiall 5555 5 1% e 2 decreeee i oage s rotes o
a result of the explicit model code (it takes one step to updatenot appear explicitly in the watér balgnce because it onl
the surface water level and another for the discharge). The PP plicitly ’ y

N lays a role as a pressure level driving groundwater drainage
second criterion is hecessary because the total surface water e ; S
._and surface water infiltration fluxes, while the storage deficit
outflow, computed from water levels at the start of the time

step and the time step size, can exceed the available watear“.cCounts for volume changes in the whole soil reservoir.
Because this means that non-existing water flowed out, there
is a physical reason to avoid this. 7 Conclusions

The procedure of decreasing time steps is illustrated in
Fig. 10 (third step). First the original time step is halved and The Wageningen Lowland Runoff Simulator (WALRUS)
the model is run for this substep (of course with the forcingis a new rainfall-runoff model, which is suitable for low-
corresponding to this substep). When the criteria are still nolands where shallow groundwater and surface water influ-
met, the step size will be halved again and again until theence runoff generation. The model explicitly accounts for

6.7 Time step
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processes which are typically not included in parametric rain-polder, is presented in a companion papgraier et al.

fall runoff models, but which are important in lowland areas: 2014.

. Compared to other rainfall-runoff models, WALRUS has

L Grour_ldwater—ur‘_\saturateq zone C.OUPI'P’QWALRU_S some irﬁportant advantages: it (1) is applicable to both freely
contains one S.O'I reservoir, which is .d'V'ded effectively draining and polder areas, (2) is computationally efficient,
by the (dynamic) groundwater tablg]nto agf"“”‘?wa‘er(s) has few parameters (only four to calibrate), (4) has a
zone and a vadose zone. The congition of this soil reSertiear (qualitative) relation between model states and measur-

;/r? Iris de(sjcrlbted dby :\r/]vo s(;rtohngh: deper;d?_nttv?r?ab]lc?s:able variables, (5) has default options for initial conditions
ne groundwater depth and Ihe storage deticl ( € elleCand parameterisations (which can easily be changed for re-
tive thickness of empty pores). This implementation en-

. : : i search purposes), and (6) is open source and freeware (pro-
ables capllla'ry fse when the top soil has dried throughgrammed in R). These advantages make WALRUS suitable
evapotranspiration.

for operational flood and drought forecasting, real-time con-

2. Wetness-dependent flow routesthe storage deficit trol, input for hydraulic models, risk analyses, scenario anal-
determines the division of rain water between the YS€S, infrastructure design and time series gap filling in low-
soil reservoir (slow routes: infiltration, percolation and !and catchments. In that sense, WALRUS complements exist-
groundwater flow) and a quickflow reservoir (quick ing rainfall-runoff models, containing the core hydrological

routes: drainpipe, macropore and overland flow). processes for lowlands, while maintaining a simple model
structure. This makes WALRUS suitable for discharge simu-
3. Groundwater—surface water feedbacksurface water |ations by researchers and practitioners alike.

forms an explicit part of the model structure. Drainage
depends on the difference between surface water level o
and groundwater level (rather than groundwater levelCode availability

alone), allowing for feedbacks and infiltration of surface )
water into the soil. The complete model code can be obtained upon request (by

emailing the first author). In addition, the code will be made
4. Seepage and surface water supplgroundwater seep- available through the R CRAN website. WALRUS is licensed
age and surface water supply or extraction (pumping)under the GPL v3 licence.
are added to or subtracted from the soil or surface water
reservoir. These external fluxes affect the whole system
through the groundwater—surface water feedbacks and he Supplement related to this article is available online
saturated-unsaturated zone coupling. at doi:10.5194/gmd-7-2313-2014-supplement

The open-source model code is implemented in R and
the model is set up such that it can be used by both prac-
titioners and researchers. For direct use by practitioners, de-
faults are implemented for relations between model variable#\cknowledgementsie thank Piet Warmerdam and Han Stricker
and to compute initial conditions, leaving only four param- for sharing their experience with the Wageningen model. We thank
eters which require calibration. For research purposes, th&0€l Velner (Water Board Rivierenland), Gert van den Houten and
defaults can easily be changed. WALRUS is computation—?c\";‘”tan ;Osﬁagp éWater on‘rd SI”” and I(JV?/S(:')’ E'?ra“('j‘ X\/eertz
T : : : ater boar e pommel), JOS Moorman ater boar a an
ally efficient, which allows operational forecasting and un- Maas), Jan Gooijer (Water Board Noorderzijlvest), Siebe Bosch

certainty estimation by creating ensembles. An approach fog1 nd Ralph Pieters Kwiers (HydroConsult) and Klaas-Jan van

flexible time steps increases numerical stability and make?ieeringen and Govert Verhoeven (Deltares) for their valuable in-

model parameter values independent of time step size, whiCBights from the end-user's perspective. We thank KNMI (especially
facilitates use of the model with the same parameter set fogred Bosveld) for evapotranspiration data in the Cabauw polder,
multi-year water balance studies as well as detailed analysee Water Board Rijn and 1Jssel for discharge and water quality
of individual flood peaks. data of the Hupsel Brook catchment and Rijkswaterstaat for soil
Numerical experiments shows that the implemented feed#moisture and groundwater data in the Hupsel Brook catchment.
backs have the desired effect on the system variables: (_‘]_) th@e thank Han Stricker, Jantine Bokhorst, Wilco Terink, Matthijs
wetness-dependent division between slow and quickflowBoersema, Jacques Warmer, Wim Hovius and Marcel Brinkenberg
routes results in more quickflow, less recharge and higher disf" help with the field work in the Cabauw polder.
charge peaks during wet periods; (2) the surface water Ievellz_d.t dbv: J. Neal
attenuates drainage during discharge peaks or when surface ed by-J. Nea
water is supplied upstream. An exhaustive test of WALRUS,
with calibration, several validation studies, sensitivity anal-
yses and uncertainty analyses in two catchments, the freely
draining Hupsel Brook catchment and the controlled Cabauw
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