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Partial-differential-equation based integrated hydrological models are now regularly used at catchment
scale. They rely on the shallow water equations for surface flow and on the Richards’ equations for sub-
surface flow, allowing a spatially explicit representation of properties and states. However, these models
usually come at high computational costs, which limit their accessibility to state-of-the-art methods of
parameter estimation and uncertainty quantification, because these methods require a large number
of model evaluations. In this study, we present an efficient model calibration strategy, based on a hierar-
chy of grid resolutions, each of them resolving the same zonation of subsurface and land-surface units.
We first analyze which model outputs show the highest similarities between the original model and
two differently coarsened grids. Then we calibrate the coarser models by comparing these similar outputs
to the measurements. We finish the calibration using the fully resolved model, taking the result of the
preliminary calibration as starting point. We apply the proposed approach to the well monitored Lerma
catchment in North-East Spain, using the model HydroGeoSphere. The original model grid with 80,000
finite elements was complemented with two other model variants with approximately 16,000 and
10,000 elements, respectively. Comparing the model results for these different grids, we observe differ-
ences in peak discharge, evapotranspiration, and near-surface saturation. Hydraulic heads and low flow,
however, are very similar for all tested parameter sets, which allows the use of these variables to calibrate
our model. The calibration results are satisfactory and the duration of the calibration has been greatly
decreased by using different model grid resolutions.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Recently, partial-differential-equation (pde) based hydrological
models, that couple the shallow-water equations for surface flow
and the Richards’ equations for subsurface flow, have been suc-
cessfully applied in various settings, from catchment scale (e.g.,
Condon et al., 2013; Goderniaux et al., 2011; Li et al., 2008; Shao
et al., 2013) to continental scale (Lemieux et al., 2008). They are
regarded as useful tools to represent hydrological processes, espe-
cially when studying spatially distributed surface–subsurface
interactions or catchments driven by climatic or irrigation changes
(Pérez et al., 2011), two problems difficult to analyze with simpler
‘‘bucket’’-type models. However, pde-based models are usually
computationally very demanding (Blasone et al., 2008) and some-
times require days of CPU time for a single forward run
(Goderniaux et al., 2009) on a current desktop computer.
As a result, calibration of these models, which typically requires
a large number of model evaluations, can be a slow, tedious, and
subjective process. To reduce the number of simulations needed,
model calibration of pde-based models is often limited to a trial-
and-error process (e.g., Bonton et al., 2012; Calderhead et al.,
2011; Goderniaux et al., 2009; Li et al., 2008; Pérez et al., 2011;
Xevi et al., 1997), even though Blasone et al. (2008) and
McMichael et al. (2006) have also proposed ensemble-based
approaches. In the latter approaches, multiple parameters sets
are generated by Monte-Carlo methods and weighted or modified
depending on the likelihood of model outcomes in comparison to
measurement (Beven and Binley, 1992). However, the large num-
ber of simulations needed renders approaches involving Monte-
Carlo methods almost impossible for large pde-based models
because of their long simulation times. The importance of sensitiv-
ity analysis to decrease the number of calibration parameters, and
thus the required number of simulation runs, has also been recog-
nized (e.g., Muleta and Nicklow, 2005; Christiaens and Feyen,
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2002). Nevertheless, even for the most efficient calibration meth-
ods available today, the number of simulations needed would still
be too large to apply these methods to integrated pde-based mod-
els. Therefore, model reduction is currently the only feasible option
to calibrate such models.

Simulation time is known to greatly depend on spatial discret-
ization (e.g., Vazquez et al., 2002). Typically, finer grids cause a
non-linear increase of computational costs compared to coarser
ones due to the larger number of unknowns. However, a suffi-
ciently fine mesh is needed to realistically represent the topogra-
phy of the catchment, which is important to properly simulate
run-off, infiltration, and surface–subsurface exchange fluxes, or
to characterize zones with large changeability in state variables.
Therefore, to trade off model accuracy and simulation time, the
spatial discretization should be chosen carefully in distributed
models. Various studies have been conducted to find the minimum
spatial discretization needed to adequately represent the catch-
ment under consideration (e.g., Bruneau et al., 1995; Carrera-
Hernandez et al., 2012; Chaplot, 2014; Chaubey et al., 2005;
Cotter et al., 2003; Dutta and Nakayama, 2009; Kuo et al., 1999;
Moglen and Hartman, 2001; Molnár and Julien, 2000). In general,
the grid cell size must be smaller for catchments with highly
uneven relief than for those with smooth topography (Chaplot,
2014). In addition, problems as the modeling of erosion (Hessel,
2005), spatially varying evapotranspiration (Sciuto and
Diekkrüger, 2010), or reactive transport (Chaplot, 2005) are more
sensitive to grid size than the simulation of hydraulic heads or dis-
charge, especially low flow. The choice of spatial discretization
therefore depends also on the simulation objectives (Cotter et al.,
2003).

The importance of the resolution of spatial discretization has
been recognized before, particularly in studies on reactive trans-
port (Mehl and Hill, 2002). In this field, grid telescoping, i.e., the
modeling of a reactive transport problem using two grids, namely
a coarse grid representing the whole catchment and a fine one rep-
resenting the surrounding area of the contaminated plume, is rel-
atively common (Mehl and Hill, 2002; Mehl et al., 2006). However,
grid telescoping requires a well defined inner domain of interest
and an outer domain from which conditions can be extracted
and used as boundary conditions for the inner domain. This is
not suitable in all situations, e.g., it cannot be used for large non-
point contamination problems, such as agricultural nitrate leach-
ing from cultivated land.

Recently, more attention has been given to the influence of spa-
tial discretization on model calibration of pde-based hydrological
model. For example, Wildemeersch et al. (2014) analyzed parame-
ter sensitivity, i.e., the influence of model parameters on the simu-
lation output, and the linearized confidence interval for various
spatial discretizations. These quantities were found to be very sim-
ilar for all grid sizes, in this synthetic case study based on a Belgian
catchment of approximately 300 km2.

In the present study, we also focus on the links between model
calibration and grid resolution. We propose a methodology to
accelerate calibration in fully coupled pde-based hydrological mod-
els. Our main objective is to reduce simulation time, while obtain-
ing a final model with a precise description of topography. To reach
this objective, we vary the resolution of spatial discretization dur-
ing the calibration. Moreover, we analyze how the changing grid
resolution affects the model outcome and test the validity of our
method in a case study in North-East Spain.

A prerequisite of the present analysis is that the subsurface
structure and land-use at the surface is represented by zonation,
which – in principle – is represented on all grid levels. Important
questions of coarse-graining fine-scale information onto the reso-
lution scale of larger grids are beyond the scope of the present
study. Calibrating systems that account for internal heterogeneity
would require a multi-scale representation of the domain, robust
coarse-graining rules, and the provision of fine-scale proxy data
used in the calibration, which has been done in conceptual hydro-
logical modeling (Samaniego et al., 2010) but not yet in pde-based
catchment-scale models.

The remainder of this paper is structured as follows: First, we
describe the principles of the proposed calibration method. Then,
we present the governing equations of the numerical model
HydroGeoSphere (Therrien, 2006), used in this study, and the study
area. This is followed by the construction of the conceptual model
for the test case. Afterward, we compare the outputs of the
model when using different computational grids. Finally, we report
the results of the sensitivity analysis and the calibration of our
case study. We conclude with an evaluation of our calibration
method.
2. Proposed calibration strategy

The proposed method to accelerate calibration utilizes a set of
coarser grids on which simulations run faster than on the original
fine grid. The coarser grids should be coarse enough to noticeably
decrease computation time while capturing enough system behav-
ior to be useful for calibration. We suggest to use two auxiliary
grids, a coarse grid and an intermediate one.

The coarse grid is used to largely constrain model parameters in
the full parameter space. The model outputs based on simulations
using this grid and the fine grid should be comparable but may still
show large differences, for example a consistent bias in model pre-
diction along the parameters sets. Model results from simulations
with the intermediate grid should be more comparable to those of
the fine grid than the coarse-grid results, but differences may pre-
vail. Indeed, if the intermediate grid would yield identical results in
comparison to the fine grid, the latter grid would be unnecessary.
We will show in the following that, upon grid refinement, hydrau-
lic head and low flow can be adequately represented in a coarse
grid while peak flow, evapotranspiration and saturation needs to
be modeled on a finer grid, at least in the catchment under consid-
eration in this study.

Conceptually, the proposed calibration method consists of the
following seven steps, summarized in Fig. 1:

1. Set up of three computational grids:
� a fine grid used in the final model,
� an intermediate grid used to restrict the possible parameter

space,
� and a coarse grid used to estimate the possible parameter

space.
2. Systematic comparison of the simulation results using different

computational grids.
3. Parameter sensitivity analysis on the intermediate grid.
4. Constraining the feasible parameter space using the coarse grid.
5. Calibration of model parameters on the intermediate grid.
6. Transfer of the model parameters to the fine grid and eventual

final parameter adjustments.
7. Model validation and evaluation on the fine grid.

The choice of the discretization for the coarse and intermediate
grids depends on the impact of the grid coarsening on the model
outputs used for calibration, such as stream flow hydrographs or
hydraulic heads. This therefore also depends on catchment charac-
teristics such as the topography or soil-hydraulic parameters.
However, the size of the grid cells used in our case study, described
in Section 6, may serve as a starting point in other applications. The
method can be adapted to use more or less than three grids,
depending on the complexity of the problem.



Fig. 1. A summary of the proposed calibration method.
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In addition to determining the spatial discretization, the com-
parison between the grids also gives information about what part
of the measured data should be used in each calibration step. It
may be beneficial to use only part of the measured data on the
coarse or intermediate grids and the whole data set at a later stage,
when the fine grid is used. For example, in our case study, low flow
is better represented on the coarse grid than peak flow. As a result,
low flow can be used earlier during calibration, when the model is
run with the coarse grid, while peak flow might be better consid-
ered on the fine grid.

3. Mathematical and numerical model

The calibration method described above could be applied to
many grid-based distributed hydrological models. In this work,
HydroGeoSphere has been selected, as it is a well established fully
coupled pde-based numerical model used to simulate ground- and
surface-flow processes at catchment scale (Therrien, 2006). In this
section, the underlying assumptions and equations of HydroGeo-
Sphere are briefly summarized. A more precise description is given
by Therrien et al. (2010).

3.1. Subsurface flow

HydroGeoSphere uses the Richards’ equation to model variably
saturated sub-surface flow in porous media:

@ðSwhsÞ
@t

�r � ðKkrrhÞ ¼
X

Csub � Q ð1Þ

in which Sw [–] represents the degree of water saturation, hs [–] is
the saturated water content, assumed to be identical with the
porosity, t [s] is time, K [m s�1] is the saturated hydraulic conduc-
tivity tensor, kr [–] represents the relative permeability, h [m]
denotes the hydraulic head, Csub [s�1] is the fluid-exchange rate
with the surface or the canopy layer and Q [s�1] denotes the
source/sink term from the outside of the domain.
To model the unsaturated flow field, constitutive relationships
between hydraulic head, relative permeability and water satura-
tion are needed, in addition to Eq. (1). For this purpose, we use
the well-known van Genuchten parameterization (van
Genuchten, 1980).

3.2. Surface flow

Surface flow is simulated using the diffusive-wave approxima-
tion of the two-dimensional Saint Venant equations (Moussa and
Bocquillon, 2000). This approximation neglects local and convec-
tive acceleration terms of the momentum equation. It is generally
applicable to catchments with a mild slope, thus lacking supercrit-
ical flow (Therrien et al., 2010). It can be written as followed:
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where hs [m] is the surface hydraulic heads, x and y [m] are the spa-
tial coordinates, kmx and kmy [m s�1] are the surface conductances of
the Manning equation in direction of x and y, d [m] is the water
depth, Cs [s�1] is the fluid exchange with the subsurface and the
canopy layer and Qs [m s�1] are the external sources or sinks. /s

[–] is the surface ‘‘porosity’’, introduced by Panday and Huyakorn
(2004), which accounts for soil depression and obstruction, for
example due to vegetation.

3.3. Surface–subsurface coupling

To model exchange between the surface and the subsurface, a
Darcy-like equation is used. This so-called dual-node approach
models the exchange flux as if a thin layer of a porous material
controlled the infiltration/exfiltration of water (Therrien et al.,
2010):

Csd ¼
krKzz

lex
ðh� hsÞ ð3Þ
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where Cs [s�1] represents the water exchange flux, d [m] is the
water depth in the surface domain, Kzz [m s�1] denotes the satu-
rated vertical conductivity of the porous medium close to the sur-
face, h� hs [m] is the difference in hydraulic head between the
surface and the subsurface nodes, lex [m] is the coupling length or
the depth of the conceptualized layer, separating surface and sub-
surface, and kr [–] denotes the relative permeability. When water
infiltrates, kr is the relative permeability of the porous media. If
the water is flowing from the subsurface to the surface, kr depends
on the water depth and the obstruction length, i.e., the height of the
vegetation or the obstacles which hinder the surface flow (Therrien
et al., 2010).
3.4. Interception and evapotranspiration

HydroGeoSphere models interception, transpiration and evapo-
ration separately, following the model of Kristensen and Jensen
(1975) (Therrien et al., 2010). Interception is modeled as a reser-
voir whose size depends on the leaf area index (LAI). This reservoir
is filled by rain events and depleted by evaporation. Transpiration
is modeled as a function of soil moisture, potential evapotranspira-
tion (PET), evapotranspiration from the canopy layer, root depth,
and LAI. Actual evaporation is a function of soil moisture and PET
minus transpiration and evaporation from the canopy layer. Tran-
spiration and evaporation are assumed to be zero below a certain
saturation limit chosen by calibration, and transpiration stops as
well in nearly water-saturated soils. The spatial distribution of
evapotranspiration depends on available moisture, and is a func-
tion of the root distribution function, which decreases with depth.
4. Study area

We tested the calibration approach at the Lerma catchment
(centered at 42.06�N, 1.14�W), which is a sub-catchment of the
Fig. 2. Altitude of the Lerma catchment (m.a.s.l.) and position of the wells. The wells insta
the catchment outlet (42.06�N, 1.14�W) is indicated by a star. Vertical exaggeration is 5:1
the references to colour in this figure legend, the reader is referred to the web version o
Arba catchment within the Ebro basin in North-East Spain. The sur-
face catchment area is about 7.3 km2 large and the altitude ranges
between 330 and 490 m.a.s.l. Land use is predominantly agricul-
ture (Pérez et al., 2011). While agriculture depended originally
on natural rainfall, about half of the catchment area has been
transformed into irrigated crop land starting in April 2006. The vol-
ume of irrigation water has changed from 0 m3/year in 2005 to
2:1 � 106 m3/year in 2011 (Merchán et al., 2013).

The climate in the Lerma catchment is semi-arid with a mean
precipitation of 402 mm/year (2004–2011) and a mean potential
evapotranspiration of 1301 mm/year (2004–2011, Merchán et al.,
2013). Winter and summer are the driest seasons while spring is
the wettest. The geology of the Lerma catchment is composed of
two hydrogeologically relevant layers: The glacis layer on top
and the so-called ‘‘buro’’ layer underneath. The glacis is made of
clastic, permeable, and unconsolidated deposits of Quaternary
age while the buro is a Tertiary bedrock made of lutite and marl-
stones. The glacis forms an aquifer whereas the buro can be consid-
ered as an aquitard even though the top first meters are likely
weathered and play a role in the water circulation of the catch-
ment. The Lerma soils are thin and composed of inceptisols
(Pérez, 2011). No production wells are used in this catchment for
groundwater abstraction.

The Lerma catchment has been extensively studied (Abrahao
et al., 2011; Merchán et al., 2013; Pérez et al., 2011; Skhiri and
Dechimi, 2011; Urdanoz and Aragüés, 2011) and data coverage is
comprehensive, especially concerning surface properties and agri-
cultural management. Irrigation data, regularly checked for plausi-
bility, are available (Pérez et al., 2011). Crop type and planting
dates are also known. Since 2002, daily meteorological data (pre-
cipitation, radiation, relative humidity and wind) have been mea-
sured at the station Ejea de los Caballeros, about 5 km away from
the center of the Lerma catchment. Topographic information is
available in the form of a digital elevation model with a horizontal
resolution of 5 m (I.G.N., 2012). Surface flow discharge has been
lled in 2008 are indicated by red dots, the ones installed in 2010 by purple dots, and
. The gray line represents the limits of the surface flow domain. (For interpretation of
f this article.)
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measured at the catchment outlet with a temporal resolution of
15 min, starting in 2006. Since May 2008, groundwater levels in
the glacis layer have been measured in eight observation wells,
usually with a monthly frequency. In addition, water tables in four
additional wells have been measured since March 2010 (Fig. 2).
Geological and soil type data are scarce even though a soil charac-
terization campaign was conducted (Pérez, 2011). In general, the
material forming the glacis consists of approximately 60% sand,
20% silt, and 20% clay. However, as measurements were taken at
only 10 locations, this campaign probably does not reflect the het-
erogeneity of the catchment. In addition, the depth of the buro
layer has been measured during the drilling of 12 wells as well
as estimated at 63 additional locations using electrical sounding
(Plata-Torres, 2012). Soil depth is more uncertain but is estimated
to range between 30 and 45 cm over the buro and 50 and 90 cm
over the glacis (Beltrán, 1986).
Porous media 

Fig. 3. Conceptual model of the catchment: soil and hydrogeological units. Extent
of the cultivated soil is shown for the year 2008. Vertical exaggeration is 5:1.

Table 1
Characteristics of the grids used. The simulation duration is based on an average of
the four parameter sets used during the grid comparison, apart from the very fine grid
case where only the second parameter set was used. The simulations were performed
over the time period of one year on one core with a desktop computer Intel Core i7-
2600 CPU @ 3.40 Ghz.

Grid name No. of elements No. of layers Simulation time

Very fine grid 217,872 24 37 h 05 min
Fine grid 79,332 22 27 h 54 min
Intermediate grid 16,200 14 1 h 27 min
Coarse grid 10,448 14 40 min
5. Conceptual model

An initial modeling study of the Lerma catchment was con-
ducted by Pérez et al. (2011). With new information becoming
available, a more detailed model has been developed for the pres-
ent study. The updated model differs from that presented by Pérez
et al. (2011) in the following aspects: The depth of the buro is now
better constrained as a result of a geoelectrical-sounding campaign
(Plata-Torres, 2012). Consequently, the depth of the unconsoli-
dated materials, forming the aquifer, are now shallower in the
model. In addition, feedbacks between soil moisture and evapo-
transpiration were neglected by Pérez et al. (2011), but are
accounted for in the present study. Finally, we use an updated,
more accurate digital elevation model and discriminate between
soil and aquifer materials. This set of changes caused the need of
a new calibration.

Pérez et al. (2011) performed a manual calibration of his model.
However, this approach was slow. In addition, only very few
parameter sets could be tested and uniform parameter values were
used for the creation of the initial conditions. Consequently, we
decided to develop a new calibration method in addition to a
new conceptual model.

We apply a distributed pde-based model to the Lerma catch-
ment because of the onset of irrigation in the catchment between
2006 and 2009. This spatially-variable water source influences the
other hydrological processes such as evapotranspiration and is dif-
ficult to represent in ‘‘bucket-type’’ models (Pérez et al., 2011). In
addition, we will use this model in the future to study climate-
change impact where distributed modeling of recharge and evapo-
transpiration is an important advantage. The possibility of studying
the unsaturated zone is another benefit of choosing a pde-based
model for this study.

In the present model, the subsurface of the Lerma model is sep-
arated into six zones as shown in Fig. 3. The lower zone represents
the ‘‘buro’’ material. The intermediate layer is divided into two
zones. The first one represents the part of the domain where the
buro is close to the surface and more permeable than in the rest
of the buro layer. The second zone represents the glacis, i.e., the
unconsolidated materials forming the aquifer in the lower part of
the domain. The top layer represents the soil (top panel of
Fig. 3). Three zones are considered therein: one directly above
the buro, one representing the agricultural soils, and one standing
for the bare soil in the rest of the domain. The zones are assumed to
be homogeneous and horizontally isotropic, while the vertical
hydraulic conductivity is assumed to be one order of magnitude
smaller than the horizontal one. The domain is vertically sub-
divided into 22 computational layers. The thickness of these layers
decreases in the vicinity of the surface.
The surface domain is separated into 56 sub-domains repre-
senting the different cropping and irrigation schemes. The known
crop types consist mainly of corn, cereals, sunflower, and tomato.
The actual evapotranspiration and the Manning coefficient depend
on crop rotation patterns in the individual plots. Manning coeffi-
cients and other surface-flow parameters are taken from Pérez
(2011). Actual evapotranspiration parameters are derived from a
literature study, summarized in Section 7 and Table 5.

No-flow boundary conditions are assumed at the bottom and on
the lateral sides of the subsurface model. For the surface domain, we
assume a critical flow depth at the lateral limits (Pérez, 2011). The
extent of the surface catchment (i.e. the watershed) is defined by
the topography while the size of the aquifer is estimated based on
the electrical sounding survey (Plata-Torres, 2012). The subsurface
catchment is somewhat larger than the watershed constructed from
topography. Groundwater flow and surface flow are nevertheless
computed on the whole domain (Fig. 2). As a result of the boundary
conditions, the fraction of the surface run-off that is generated
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outside of the watershed of the river gauge freely leaves the domain
at the lateral surface boundaries.

To create the initial conditions, we started with a fully saturated
model and repeatedly simulated one year with the meteorological
forcing of 2005 until the hydrograph and the hydraulic heads
achieved dynamic steady state (i.e., the temporal fluctuations were
nearly identical from one simulation year to the next). Initial con-
ditions were created separately for all grids, but for the fine grid
the interpolated initial conditions of the intermediate grid were
used as a starting point instead of a fully saturated model.

Irrigation and potential evapotranspiration are calculated using
the FAO Penman–Monteith method (Allen et al., 1998) at daily
time steps. Daily values of precipitation are used as model input
as well, with the exception of days with intensive rainfall (higher
than 25 mm/day). In this case, the total daily rain is considered
to fall during 3 h in summer and spring. A duration of 9 h is
assumed in winter and autumn. This approach aims to represent
intensive convective events which are frequent in this catchment
during spring and summer. The duration of smaller precipitation
events has less impact on surface run-off and they have been kept
as daily average to improve the model efficiency. The duration of
the intense rain events is estimated using data with a resolution
of 15 min from the meteorological station of Cola del Saso, which
is situated about 10 km from the center of the catchment. Cola
del Saso has a climate that is very similar to that of the Lerma
catchment even though daily precipitation can show important
short-term differences.
6. Comparison between the computational grids

As explained in Section 2, a coarse and an intermediate grid
were used during calibration in addition to the fine grid, which
Fine reference grid

Coarse grid for pre-calibra�on

Fig. 4. Fine, very fine, coarse
forms the final model grid. In addition, a fourth refined grid was
created and compared to the fine grid to test whether the spatial
resolution of the final model, which we aim to calibrate, was
adequate.

The size of the elements in each grid has been chosen to mini-
mize the trade-off between time gain and modeling accuracy. The
model using the coarse grid aims to generally represents the
hydrological processes, notably the mean hydraulic heads, while
the model using the intermediate grid has the additional goal of
representing the low flow at the catchment outlet. The spatial res-
olution of the fine grid should be sufficient to model more complex
hydrological processes as peaks flows and evapotranspiration.
More precisely, the number of elements is decreased by a factor
of eight for the coarse grid, compared to the grid of the original
model. The element size is increased by about 50% and the vertical
discretization is reduced to 12 layers, instead of 22 in the fine grid.
For the intermediate grid, we use the coarse grid with some refine-
ments in the cells along the streams. More detailed characteristics
of all grids and their mean simulation time are presented in Table 1
and Fig. 4.

In this section, we compare the outputs of the Lerma model for
all grids. Our goal is to assess the similarities and differences
among the grids to optimize their use during the calibration pro-
cess. Discharge at the catchment outlet, hydraulic heads in the
eight piezometers installed in 2008, soil saturation, and evapo-
transpiration at the surface are analyzed. To imitate the calibration
process, we do not use the parameters or the initial conditions
used in the final model. Three parameter sets, whose values are
coherent with the soil properties of the catchment, and two artifi-
cial initial conditions are arbitrarily chosen and listed in Table 2.
Meteorological and irrigation data from the year 2009 are used
for this comparison.
Very fine grid for verifica�on

Intermediate grid for calibra�on

, and intermediate grids.



Table 2
Parameters set and initial conditions used during grid comparison. K is the hydraulic
conductivity [m/s], a and b are the van-Genuchten parameters. All other parameters
are kept constant at the value presented in Tables 4 and 5.

Parameter set Param. 1 Param. 2 Param. 3 Param. 4

Bare soil 1
K 1:5 � 10�5 5 � 10�5 1:5 � 10�5 1:5 � 10�5

a 3 5 3 3
b 2.25 2 1.5 2.25

Bare soil 2
K 10�5 10�4 1:5 � 10�5 10�5

a 2 5 3 2
b 1.35 2 1.5 1.35

Cultivated soil
K 2 � 10�5 4 � 10�5 1:5 � 10�5 2 � 10�5

a 2 5 3 2
b 1.25 2 1.5 1.25

Glacis
K 0.0002 2 � 10�6 1:5 � 10�5 0.0002

a 2 5 3 2
b 1.5 2 1.5 1.5

Buro 2
K 10�6 10�5 10�5 10�6

a 5 5 3 5
b 1.4 2 1.5 1.4

Buro
K 5 � 10�7 10�7 10�7 10�7

a 3 5 3 3
b 1.8 2 1.5 1.8

Initial head Surface Surface West: 380 m West: 380 m
East: Surface East: Surface

Fig. 5. Discharge comparison between the model results using the coarse,
intermediate and fine grids for the parameter set 1. Meteorological input from
1st October 2008 to 30 September 2009.

Table 3
Goodness-of-fit measures of the hydrograph between the intermediate and fine grids.

Parameter set NSE RMSE [%]

Param. 1 0.98 1.43
Param. 2 0.93 2.6
Param. 3 0.96 1.9
Param. 4 0.98 1.5

Fig. 6. Comparison of hydraulic heads computed on the various grids. The triangles
show the hydraulic head comparison between the fine grid and the coarse grid, and
the circles show the comparison between the fine grid and the intermediate grid for
the four parameter sets. Average for one year. The wells are from the lowest to the
highest hydraulic head: P01, P02, P010, P05, P011, P09, P06, P08.
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6.1. Discharge

Fig. 5 shows the hydrograph obtained with the fine, intermedi-
ate and coarse grids for parameter set 2. The results are very sim-
ilar for the other parameters sets, as shown in Table 3. To
quantitatively compare these hydrographs, two goodness-of-fit
indicators are considered in Table 3 and during model calibration:
The Nash-Stucliffe efficiency (NSE) and the root mean square error
(RMSE). NSE is defined in Eq. (4) and compares the relative magni-
tude of the squared residuals to the variance of the measured data
(Nash and Sutcliffe, 1970). RMSE is given in Eq. (5) and is con-
structed as the square-root of the mean squared difference
between measured and modeled values, assuming a perfectly
unbiased model.

NSE ¼ 1�
Pi¼N

i¼1 ðQ mes � QobsÞ2Pi¼N
i¼1 ðQ mes � Q mesÞ

2 ð4Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

Xi¼N

i¼1
ðQobs � Q mesÞ2

r
ð5Þ

where Qobs is the observed discharge, Qmes the measured discharge,
and N the number of observations.

To compare discharge between the different grids, we separate
peak and low flow. In this paper, low flow is defined as the total
flow on days without precipitation on that day and the day before.
Because of the small size of the catchment and because of the rea-
sonably efficient irrigation management (Abrahao et al., 2011), sig-
nificant run-off is not usually observed in periods without
precipitation. Our definition of low flow is therefore similar to
the base flow in dry days. More complex methods, which take
advantage of the distributed nature of HydroGeoSphere
(Partington et al., 2012), could be applied to separate base flow
and run-off during wet days. However, we wanted to compare
the full extent of peak flow and we therefore did not apply
base-flow separation method. Using the coarse grid results in less
low flow compared to the fine grid (Fig. 5). We think this is caused
by the coarse grid having a smaller surface slope than the fine grid
because of the larger grid cells, which average elevation. This leads
to a mismatch of run-off pathways (Chaplot, 2014) because flow is
slower and more evenly distributed on the surface. However, we
use this grid only to constrain the feasible parameter space. For
this purpose, the difference between the model results is accept-
ably small. For the intermediate grid, the modeled discharge is very
similar to that of the fine grid for all parameter sets (Table 3). As a
consequence, the intermediate grid can be used for parameter
calibration.



Fig. 7. Hydraulic-head variability for the hydrological year 2009 for the fine, intermediate, and coarse grids using parameter set 1.
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Fig. 5 shows that the high-discharge peaks have a tendency to
be lower on the fine grid than on the coarse one. A similar behavior
has previously been observed (e.g., Moglen and Hartman, 2001;
Wildemeersch et al., 2014), even though the opposite behavior
has been reported as well (Chaplot, 2014). In our model this
response is not consistent either, as peaks simulated using the fine
grid are sometimes higher. Our model was tested with artificial
precipitation input, and these simple tests show that peak height
depends on the previous soil water content. A high water content
before a precipitation event results in high peaks in the coarse or
intermediate grid. On the contrary, a dry soil generally results in
higher peaks on the fine grid. A possible explanation for this
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difference is the soil saturation which is usually higher in the
coarse and intermediate grids, as discussed in Section 6.3. Conse-
quently, infiltration is higher in the coarse and intermediate grids
when the soil is dry as the relative permeability is higher. On the
contrary, when the soil is wet, the higher soil water content in
the coarse and intermediate grids decreases infiltration. However,
local topography and spatial difference in soil saturation, among
other influences, complicates this simple picture.

6.2. Hydraulic heads

Fig. 6 presents the comparison between the fine, intermediate,
and coarse grids with respect to hydraulic heads. In general, the
simulation using the three different grids shows a close agreement
for the average hydraulic head. Differences are mostly the result of
the initial conditions as the chosen initial conditions depend on the
surface elevation, which differs among the grids. Seasonal variabil-
ity is similar between the grids as well (an example is shown in
Fig. 7). However, during calibration on the intermediate and coarse
grids, the average hydraulic heads were used as the target vari-
ables. Consequently, the variability of the hydraulic heads are of
less importance for calibration.

6.3. Soil saturation and evapotranspiration

As mentioned in Section 5, the future purpose of the model is to
study hydrological states and processes in a warmer climate, nota-
bly water saturation and evapotranspiration. These states and pro-
cesses are sensitive to the vertical and horizontal spatial
discretization of the model (Sciuto and Diekkrüger, 2010; Boone
and Wetzel, 1996; Tiktak and Bouten, 1992). Therefore, it is neces-
sary to ensure that the fine grid is accurate in simulating these
states and processes, i.e., that this grid has the spatial precision
needed to represent actual evapotranspiration and water satura-
tion. To test this, a grid with even finer elements was developed
and the results of the fine grid were compared to those of the very
fine grid.

Because of the influence of evapotranspiration and the large
variations in water content at the top of the unsaturated zone,
the most important differences between the simulation results of
the grids are found close to the surface. In addition, the strong rela-
tionship between (near-surface) soil-moisture and evapotranspira-
tion has been found a key feature to represent water fluxes in
coupled, integrated models, as large-scale land surface model
(Gayler et al., 2014). Consequently, in Fig. 8, we compare the water
saturation in the top soil (up to 40 cm depth) from each grid with
the one obtained on the very fine grid at five specific dates. The soil
water content of the soil was found to be constantly between 30%
and 20% lower when using the very fine grid compared to the
intermediate grid. This bias is significant and explains why we
could not use the intermediate grid in our final model. The mean
water saturation on the fine grid is only between 9% and 3% higher
than in the very fine grid, which is acceptable for our purpose.
Indeed, this difference is significantly smaller than measured water
saturation variability at small (10 m2) scale (e.g., Schmitz and
Sourell, 2000).

To compare the impact of vertical and horizontal discretization,
we tested the intermediate grid with the vertical discretization of
the fine grid. Fig. 8 shows that the vertical discretization explains
about half of the bias. The horizontal discretization is therefore
important. In addition, comparisons between the intermediate
and the fine grid after 6 years of simulation show that the differ-
ence in soil water content is approximately constant with time.
Indeed, the higher soil water content results in most cases in a
lower infiltration in the model using the intermediate grid com-
pared to the one using the fine grid as mentioned in Section 6.1.
However, the variability in the soil water content was not studied
in detail to confirm this finding.

The bias in soil water content is probably related to evapotrans-
piration. Indeed, mean daily evapotranspiration is about 7% lower
in the intermediate grid than in the fine and very fine grids. Similar
observations have been made before in HydroGeoSphere, notably
by Sciuto and Diekkrüger (2010) who explained that spatial discret-
ization influences total evapotranspiration in the following way:
Transpiration is a function of soil moisture. Under and above a cer-
tain saturation, no transpiration occurs. Transpiration increases lin-
early from the low saturation limit to the next threshold, where
transpiration is at maximum. However, larger elements average soil
moisture and therefore decrease gradients in soil saturation.

In other words, in a dry climate, hmin, the lower saturation
threshold where no transpiration occurs anymore, is reached more
rapidly in a coarse grid than in a fine one. As an example, let’s
examine a zone with the soil saturation ha, where ha < hmin. If this
zone is represented by a single model cell, transpiration will be
zero. By contrast, if this zone is separated into n model cells, it is
possible to have hi > hmin while satisfying the condition of
ha ¼ 1

n

Pi¼n
i¼1hi

Ai
Atot

, where hi is the soil saturation of cell i;Ai represents
the area of this cell and Atot is the area of the entire zone. As cells
with hi > hmin exist, the overall transpiration will be larger than
zero when using the finer discretization.
6.4. Conclusion of the grid comparison

In summary, the simulation results using the intermediate and
coarse grids show important differences to those of the fine grid,
notably when surface saturation or evapotranspiration are exam-
ined. Nevertheless, sufficient similarities in simulated hydraulic
heads and flow discharge, especially low flow, allow the use of the
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coarse and intermediate grids as a proxy model during the first steps
of calibration. Similar results between the simulations using the
very fine grid and the fine grid show that the spatial resolution of
our final model is sufficient to capture the hydrological processes
of interest.
7. Sensitivity analysis

A pde-based model uses a large number of parameters. Some of
them have a large impact on the output and others only a very
Table 4
Parameters used during the sensitivity analysis, related to surface and subsurface flow.

Parameter name Units Value Higher value

Kbs1 m/s 10�5 10�4

Kbs2 m/s 10�5 10�4

Kcs m/s 10�4 10�3

Kbe m/s 10�7 10�6

Kg1 m/s 10�4 10�3

Kb m/s 10�7 10�6

abs1 1/m 4 5
abs2 1/m 4 5
acs 1/m 4 5
abe 1/m 4 5
ag1 1/m 4 5
ab 1/m 4 5

bbs1 – 1.5 2
bbs2 – 1.5 2
bcs – 1.5 2
bbe – 1.5 2
bg1 – 1.5 2
bb – 1.5 2

Sst 1/m 10�4 10�3

hs – 0.3 0.4
Sr – 0.1 0.15
kbmx , m/s 0.01 0.015
kbmy

kcmx , m/s 0.04 0.05
kcmy

rs m 0.001 0.0015
os m 0.05 0.07

lex m 0.001 0.01

Table 5
Parameters used during the sensitivity analysis, related to evapotranspiration.

Param.
name

Units Value Higher
value

Lower
value

Role

Wp m �150 �100 �200 Wilting point for all crops
ha – 0.9 0.95 0.85 Highest saturation where tra

happens
ho – 0.8 0.87 0.73 Highest saturation where tra

not limited

Rc m 1 0.5 1.5 Root depth for corn
Rw m 1 0.5 1.5 Root depth for winter cereal
Rt m 0.2 0.1 0.3 Root depth for tomato

C1 – 0.31 0.5 0.1 1st Transpiration fit. param.
C2 – 0.2 0.4 0.1 2nd Transpiration fit. param
C3 – 3.7 6.4 1 3rd Transpiration fit. param.

Ed m 0.2 0.3 0.1 Max. evaporation depth
e1 – 0.83 0.73 0.93 Lowest saturation where eva

happens

LAIc – Variable 6.5 4 LAI for corn

LAIw – Variable 3 1.5 LAI for winter cereal
LAIt – Variable 3.5 2 LAI for tomato
LAIb – Variable 0.5 0.05 LAI for ‘‘bare soil’’ (i.e. for sh

grass)
Cs m 0.0035 0.0025 0.0045 Maximum height of the can
small one. Therefore, to effectively calibrate a hydrological model,
it is necessary to determine the parameters with the highest sensi-
tivity to the model results (Christiaens and Feyen, 2002). This sen-
sitivity analysis is done on the intermediate grid for the year 2008
because the intermediate grid is the one used most intensively
during calibration. For each parameter, the model is run twice,
once with a higher and once with a lower value than the original
parameter value. The other parameters are kept constant. Descrip-
tion of the parameters, initial and modified values are shown in
Tables 4 and 5. The choice of the parameters depends on the
Lower value Role

10�6 Hydraulic conductivity – Bare Soil 1

10�6 Hydraulic conductivity – Bare Soil 2

10�5 Hydraulic conductivity – Cultivated soil

10�8 Hydraulic conductivity – Buro 2

10�5 Hydraulic conductivity – Glacis

10�8 Hydraulic conductivity – Buro

3 Van Genuchten parameter – Bare Soil
3 Van Genuchten parameter – Bare Soil 2
3 Van Genuchten parameter – Cultivated soil
3 Van Genuchten parameter – Buro 2
3 Van Genuchten parameter – Glacis
3 Van Genuchten parameter – Buro

1.2 Van Genuchten parameter – Bare Soil 1
1.2 Van Genuchten parameter – Bare Soil 2
1.2 Van Genuchten parameter – Cultivated soil
1.2 Van Genuchten parameter – Buro 2
1.2 Van Genuchten parameter – Glacis
1.2 Van Genuchten parameter – Buro

10�5 Specific storage for all soil zones

0.2 Porosity for all soil zones
0.05 Residual Saturation for all soil zones
0.005 Manning parameter for bare soil

(x and y direction)
0.03 Manning parameter for cultivated soil

(x and y direction)

0.0005 Average height of the soil depressions
0.03 Average height of the vegetation or other obstacles

0.0001 Coupling between surface and subsurface

Reference

Tolk (2003)
nspiration Panday and Huyakorn (2004)

nspiration is Panday and Huyakorn (2004)

Canadell et al. (1996), Breuer et al. (2003)
Breuer et al. (2003)
Rosário et al. (1996)

Li et al. (2008)
. Li et al. (2008)

Li et al. (2008), Therrien et al. (2010)

Therrien et al. (2010)
poration Panday and Huyakorn (2004)

Gardiol et al. (2003), Mailhol et al. (1997), Howell et al. (1996),
Breuer et al. (2003)
Breuer et al. (2003)
Koning (1994), Heuvelink (1995)

rub and –

opy storage Kozak et al. (2007)
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Fig. 9. Sensitivity indices of all parameters in the sensitivity analysis (Tables 4 and
5) with a mean sensitivity index above 7%. For each parameter, we tested an higher
and lower value than the base case value. The higher value test is indicated in blue
and the lower one in red. (For interpretation of the references to colour in this figure
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estimated limits of the parameter space, which are based on a lit-
erature study and previous work from Pérez (2011). The initial
value is the mean of the limits of the respective parameter space.
The modified values are half of the difference between the mean
and the higher or lowest limits of the parameter space. The initial
conditions are taken from the calibrated model.

Previously, the same sensitivity analysis has been done with
artificial initial conditions, yielding similar results. In addition,
we ran the same sensitivity analysis on the fine grid to confirm that
parameter sensitivity is not greatly influenced by the spatial dis-
cretization (Wildemeersch et al., 2014). Results were again similar.

In this sensitivity analysis, the flow hydrograph at the outlet
and the hydraulic heads measured at five observation wells (P02,
P06, P09, P010 and P011) were analyzed. Based on the different
simulations of these variables, the impact of each parameters on
the model output was quantified as follows:

Si ¼
Ii

Dbi

Xj¼No

j¼1

wj
RMSEðyi;j; y0;jÞ

Dmax;j
ð6Þ

where Si is the sensitivity index of the parameter i; Ii is the esti-
mated size of the parameter space for this parameter and Dbi is
the difference between the original and modified parameter value.
By design, Ii

Dbi
¼ 4 in this analysis. No represents the type of outputs,

i.e., the five observations wells and the hydrograph. y0;j is the jth
output of the unmodified model while yi;j is the jth output of the
model with the modified parameter bi. The RMSE is calculated by
Eq. (5). The weights wj are 0.5 for the hydrograph and 0.1 for each
well. Dmax;j is the maximum of the absolute difference between all
modified models and the unmodified model for the output j. A high
Si indicates a parameter with a high influence on the model output.

Fig. 9 shows the Si values for all parameters with a Si > 7%.
These are 12 parameters out of 44 parameters. The saturated
hydraulic conductivities have the largest impact on the simulated
hydraulic heads and on the hydrograph, as found in other sensitiv-
ity analyses related to surface–subsurface modeling (Bonton et al.,
2012). The van-Genuchten parameters of the zones close to the
surface and the porosity ranked second in sensitivity. There are
numerous parameters related to evapotranspiration but they have
a small impact on the overall simulation results for hydraulics
heads and hydrographs. Annual mean PET in the Lerma catchment
is about three or four times the actual evapotranspiration. Conse-
quently, soil water content controls actual evapotranspiration, a
fact which limits the importance of the parameters related to
evapotranspiration. The first and third fitting parameter of the
Fig. 10. Measured and modeled hydrograph for 2006–2011. Please notice the missing dat
taken into account in our analysis.
transpiration function C1 and C3 are the most sensitive parameters
of all evapotranspiration parameters, when hydraulics heads or the
flow hydrograph is considered.

The Si value of LAI is difficult to compare to the other parame-
ters because it varies with time but, based on tests with different
constant LAI, Si of LAI seems to be in the lower range (<7%).

8. Calibration

Our model was calibrated using data of the years 2006–2009
and validated using the data of the years 2010–2011. Based on
the results of the sensitivity analysis, the hydraulic conductivity
for each zone, the van-Genuchten parameters and the porosity
were the only parameters modified during calibration. The calibra-
tion was performed in five steps:

� First, we tested 200 randomly-chosen parameters sets using the
coarse grid and artificial initial conditions to explore the most
sensitive parameters space. In this first calibration step, we
chose the best parameter set by comparing the modeled and
measured mean hydraulic heads and the low flow of the hydro-
graph. Low flow was simply defined as the total flow on days
without precipitation at that day and the day before, as
explained in Section 6.1.
a at the end of 2009. Because of snow and breakage of the irrigation pipe, 2010 is not



a

b c

d e

Fig. 11. Average modeled and measured value for all wells and transient hydraulic head for the wells P06, P09, P010 and P011. On the figure at the top, the wells are from the
lowest to the highest hydraulic head: P01, P02, P03, P010, P04, P05, P012, P011, P09, P06, P08, P07. The mean modeled heads are the averages of the daily values from October
1, 2007 to September 30, 2011. The mean measured heads are the averages of the measured monthly values for the years 2008–2011.

Table 6
Goodness-of-fit measure for calibration and validation periods.

2006–2009 2011

NSE 0.74 0.92
RMSE (%) 3.16 1.36
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� Using the selected best parameter set, we updated the initial
condition by running the intermediate grid 100 times with
the meteorological input of the year 2005 to reach dynamical
steady state.
� Then, we manually calibrated the intermediate grid by trial and

error, using the daily hydraulic heads and the full hydrograph.
We tested about 70 parameter sets and we selected the param-
eter set which resulted in the highest NSE value and lowest



Fig. 12. Calibrated hydraulic head in m.a.s.l. for the Lerma catchment on the 4th November 2009. Vertical exaggeration is 5:1.

Table 7
Calibrated parameters for hydraulic conductivity, porosity and van-Genuchten
parameters. See Table 4 for the definition of the parameters.

Parameter Units Calibrated Value

Kbs1 m/s 3 � 10�6

Kbs2 m/s 10�6

Kcs m/s 8 � 10�5

Kbe m/s 3 � 10�6

Kg1 m/s 1:7 � 10�4

Kb m/s 10�7

abs1 1/m 4.95
abs2 1/m 4
acs 1/m 4
ag1 1/m 4

bbs1 – 1.35
bbs2 – 1.4
bcs – 1.35
bg1 – 2

hs;bs1 – 0.25
hs;bs2 – 0.25
hs;cs – 0.25
hs;g1 – 0.2
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RMSE for the outflow. We estimated the quality of the modeled
hydraulic heads by visually comparing this output with the
measurements.
� Subsequently, the initial conditions were updated on the inter-

mediate grid with the best parameter set found. The initial con-
ditions were then transferred to the fine grid, using a linear
interpolation scheme. The final model with the fine grid was
then run three times with the meteorological input from 2005
and the parameters from the intermediate grid to finalize the
initial conditions.
� Afterwards, we finished the calibration on the fine grid by man-

ually adjusting the surface hydraulic conductivity to better
match the peak flows at the outlet.

Fig. 10 shows the calibrated hydrograph and Fig. 11 the cali-
brated hydraulic heads. Table 6 lists the values of NSE and RMSE.
Hydraulic-head values for the whole catchment are presented in
Fig. 12 for the 4th November 2009. The calibrated parameters are
listed in Table 7. All other parameters are identical to those given
in Tables 4 and 5.

Based on the high NSE value of 0.74 and the low RMSE of 3.16%,
we assess that our model can reproduce the flow hydrograph and
the hydraulic heads well. Visual examination also confirms that the
hydrograph is reproduced well even if the model has a tendency to
underestimate discharge during the irrigation period (July–Sep-
tember), notably in 2009. Modeled mean hydraulic heads are close
to the measured ones. Indeed, there is less than 2 m of difference
between calibrated and measured mean hydraulic heads. This is
on the same order of magnitude than the annual variability in most
wells. In addition, the model simulations capture most of the var-
iability of the hydraulic head measurements, even though a ten-
dency to underestimate it was observed, notable for well P09
(Fig. 11). This might be explained by the position of well P09, situ-
ated close to a road whose filling material might disturb ground-
water flow. Overall, we judged that the calibration was successful.

However, in 2010, the modeled hydrograph differs significantly
from the measured one. An explanation may be that 2010 is one of
the rare years in which snow was present in the Lerma catchment.
Unfortunately, our model does not account for snow. In addition,
the main irrigation pipe broke in spring. This event caused a flood
in this relatively small catchment, which is not captured by the
model simulations. The year 2010 was therefore omitted from
our analysis. However, the model was able to reproduce the fol-
lowing year adequately, with a NSE value 0.92 and a RSME of
1.36%. In addition, the model satisfactorily reproduces hydraulic
heads during the whole validation period in all observation wells,
including the wells drilled in 2010 which were not included in
the model calibration.

During calibration, working with different grids was very use-
ful. To quantify this advantage, we may examine the number of
years that the model needs to run during calibration. We tested
200 parameter sets during two years for our first estimation. Then,
we simulated 2 � 100 years for the initial condition and approxi-
mately 70 parameter sets over four years for manual calibration.
To finish the calibration, three parameter sets over four years were
tested on the fine grid, after a final update to the initial conditions.
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Consequently, the equivalent of approximately 890 years were
computed during model calibration. With the fine grid, this would
have taken us more than two years of computational time. The cre-
ation of the initial conditions alone would have lasted more than
3 months. With our choice of grids, the simulation time was greatly
reduced. We needed about ten days on one computational core to
process the 200 first simulations, about six days to create the initial
conditions and between five and eight hours to manually test one
parameter set. Consequently, the calibration would last approxi-
mately a month if no adjustments to the model were needed.

9. Conclusions

To simulate hydrological processes at catchment scale, coupled
pde-based models have the advantage that they simulate spatially
distributed, measurable state variables such as hydraulic heads,
while accounting for explicit coupling between surface and subsur-
face processes, thus allowing to predict changes of fluxes at com-
partmental interfaces. However, calibration of large distributed
models is time-consuming and difficult, which limits their
usefulness.

The method presented here is a significant step toward solving
this problem. Using grid coarsening is a practical solution which
reduces the time needed to test simulations with various parame-
ter sets. Hence, it allows the modeler to better explore the param-
eter space in a shorter amount of time. We tested this approach
under realistic conditions, using a catchment-scale case study,
and we showed that this method has decreased calibration time.
We suggest that our method can successfully be applied to other
catchments as well. However, guidelines for the choice of the grid
precision should be investigated further, as it is now principally
based on empirical knowledge.

In addition, the proposed method could be easily modified to
perform an automatic calibration. In addition, it can be extended
to allow for simple uncertainty analysis similar to the one pre-
sented in Wildemeersch et al. (2014). Reactive transport modeling
could also profit from a coarser grid for calibration of flow, as a
finer spatial discretization is usually needed to resolve transport
than flow (Chaubey et al., 2005).
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