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Abstract A simple method for calibrating the dual-
porosity MACRO model via in situ TDR measurements
during a brief infiltration run (2.8 h) is proposed with the
aim of estimating local groundwater recharge (GR). The
recharge was modeled firstly by considering the entire
3 m of unsaturated soil, and secondly by considering only
the topsoil to the zero-flux plane (0–0.70 m). The
modeled recharge was compared against the GR obtained
from field measurements. Measured GR was 313 mm
during a 1-year period (15 October 1990–15 October
1991). The best simulation results were obtained when
considering the entire unsaturated soil under equilibrium
conditions excluding the macropore flow effect
(330 mm), whereas under non-equilibrium conditions
GR was overestimated (378 mm).

Sensitivity analyses showed that the investigation of
the topsoil is sufficient in estimating local GR in this case,
since the water stored below this depth appears to be
below the typical rooting depth of the vegetation and is
not available for evapotranspiration. The modeled re-
charge under equilibrium conditions for the 0.7-m-topsoil
layer was found to be 364 mm, which is in acceptable
agreement with measurements.

R�sum� Une m�thode simple pour la calibration du
mod�le � double porosit� MACRO par des mesures TDR
in situ durant un bref essai d’infiltration (2.8 h) a �t�
propos�e pour l’estimation locale de la recharge de la
nappe (RN). La RN a �t� d’abord simul�e en tenant
compte de toute la zone non satur�e (3 m) et ensuite, en

consid�rant uniquement la couverture du sol entre z�ro et
le plan du flux nul (0.70 m). La RN simul�e a �t�
compar�e � la RN observ�e. La RN mesur�e durant une
ann�e (15 octobre 1990–15 octobre 1991) �tait de
313 mm. Les meilleures simulations ont �t� obtenues en
tenant compte de toute la zone non satur�e sous les
conditions d’�quilibre excluant le flux pr�f�rentiel
(330 mm). Sous les conditions de non �quilibre, la RN
a �t� surestim�e (378 mm).

Les analyses de sensitivit� ont montr� que l’investi-
gation de la couverture du sol est suffisante pour
l’estimation locale de la RN du fait que l’eau traversant
le plan du flux nul se trouverait sous la zone des racines et
�chapperait � l’�vapotranspiration. La RN simul�e sur les
0.70 m du sol sous les conditions d’�quilibre �tait de
364 mm, ce qui est comparable aux mesures.

Resumen Se propone un m�todo sencillo para calibrar el
modelo de doble porosidad “MACRO” mediante medidas
in-situ obtenidas por TDR durante un breve ensayo de
infiltraci�n (2,8 horas), con el objetivo de estimar la
recarga local al acu�fero. �sta ha sido modelada de dos
formas: considerando los 3 m de suelo no saturado y
empleando s�lo desde la capa superior hasta el plano de
flujo nulo (de 0 a 0,70 m). Se compara la recarga
modelada con la recarga local medida en campo, la cual
fue de 313 mm durante un ciclo anual (del 15 de octubre
de 1990 al 15 de octubre de 1991). Las mejores
simulaciones corresponden a la hip�tesis de columna
entera no saturada en condiciones de equilibrio, exclu-
yendo el efecto de macroporos (valor de 330 mm),
mientras que el resultado obtenido para condiciones de no
equilibrio en la recarga local est� sobreestimado
(378 mm).

Los an�lisis de sensibilidad muestran que la investi-
gaci�n del horizonte superior del suelo es suficiente para
estimar la recarga local en este caso, ya que el agua
almacenada por debajo de esta profundidad parece estar
fuera del alcance t�pico de las ra�ces de la vegetaci�n y no
puede ser evapotranspirada. La recarga modelada en
condiciones de equilibrio para la capa superior de 0,70 m
de espesor es de 364 mm, valor aceptable respecto a las
medidas.
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Introduction

There are a number of factors that affect the recharge of
groundwater. In a natural catchment, hydraulic conduc-
tivity and porosity of the soil, rainfall, the slope of the
water bearing layer, and soil moisture content are among
the most relevant ones. However, besides climate, the
hydraulic conductivity and porosity of the soil have the
strongest influence (Su 1994). Other control variables
affecting recharge are soil type (increasing clay content
decreases recharge; e.g., Athavale et al. 1980; Edmunds et
al. 1992) and vegetation characteristics (longer growing
season or deeper rooting depths decrease recharge; e.g.,
Nulsen and Baxter 1986; Zhang et al. 1999).

The rate of aquifer recharge is one of the factors that
are most difficult to measure when evaluating ground-
water resources and requires expensive monitoring in-
stallations. Recharge cannot be measured directly, so its
quantification is often error-prone, requiring validation by
comparisons among various methods (Lerner et al. 1990).
Rate estimates may be based on either hydrometeorolog-
ic, potentiometric, or surface-water flow methods (Sopho-
cleous 1991). The most common hydrometeorological
method is the fluid-mass-balance approach (Rushton and
Ward 1979), which calculates land-surface water budgets
by subtracting measured or estimated evapotranspiration
plus runoff from precipitation. The most common poten-
tiometric approach employs aquifer saturated-volume
fluctuations, which assumes a close relationship of
water-table fluctuations with recharge (Van Tonder and
Kirchner 1990; Sophocleous 1991). Flow-based estimates
commonly employ integral hydrograph separation of
streamflow or springflow time series.

Watershed (rainfall/runoff) modeling is used to esti-
mate recharge rates over large areas. Singh (1995)
reviewed many watershed models which generally pro-
vide recharge estimates as a residual term in the water-
budget equation (Arnold et al. 1989; Leavesley and
Stannard 1995; Hatton 1998). The minimum recharge rate
that can be estimated is controlled by the accuracy with
which the various parameters in the water budget can be
measured and by the time scale that is considered.
Modeling is useful in various ways (Walker et al. 2002):
(1) to objectively analyze climatic data in order to
determine in which areas certain land-use features will
always be ineffective, (2) to analyze which factors are
important in determining recharge, so that results can be
transferred from one field area to another with only
limited additional field work, and (3) to estimate long-
term impacts from short-term field trials by allowing for
the natural climate variability. Recharge along preferen-
tial flow paths has received considerable attention in the
past decade with an increasing number of studies
verifying the significance of the process and attempting

to quantify its relative contribution to the groundwater
body. Recharge may occur in either of two categories:
rapid (macropore) recharge through extremely conductive
vadose channels; or slow (matrix) recharge, through
granular or fractured media (Stephens 1996). The liter-
ature also indicates that in some cases local groundwater
recharge models that ignore the possibility of such
phenomena may be highly misleading. An overview of
the topic is given by Stephens (1994).

Jarvis (1994) developed a physically based model
(MACRO) of water and solute transport in macroporous
soil. The model divides the total soil properties into two
components, macropores and micropores, and can be run
in either one or two domains.

The aim of this study was to reproduce the ground-
water recharge observed during one year in an experi-
mental site near the city of Neuch	tel, Switzerland
(Fig. 1), using the widely used dual-porosity MACRO
model (Jarvis 1994). For this, a quick calibration method
was to be tested using in situ TDR measurements made
during a brief infiltration run 2 m from the experimental
site with the help of a simple equation for estimating
evapotranspiration (Primault 1962; see also Mdaghri-
Alaoui and Eugster 2001). The recharge was then
simulated over the 3 m unsaturated soil during a one-
year period. Alternatively, the simulation was restricted to
the upper most 0.70-m soil layer in order to investigate
whether knowledge of the upper soil conditions were
sufficient for obtaining satisfactory results of total
recharge.

Materials and Methods

Site Description
Measurements were carried out from 15 October 1990 to
15 October 1991, at the experimental site located 430 m
a.s.l. along the orographical left side of the Areuse River
on its delta, 200 m away from the shore of lake Neuch	tel.
The Areuse River delta has been a focus of several

Fig. 1 Map location; Areuse River delta, Neuch	tel, Switzerland
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geological and hydrogeological studies in the past
decades (Burger 1980; Mdaghri-Alaoui 1990). The
aquifer has a complex and horizontally heterogeneous
geological structure, being covered by approximately 3 m
of unsaturated soil composed of a 0.2–0.3 m humus layer
overlaying a sandy loam. The highly permeable coarse
sediments vary locally from sandy gravel to gravel.
Additional data from the Areuse River delta aquifer and
its geometry were obtained from detailed geophysical
investigation in conjunction with a log lithostratigraphic
study of the region’s wells and piezometers (Mdaghri-
Alaoui et al. 1993). The aquifer shows lithological
heterogeneities with a complex deltaic structure. It
consists of sandy gravel having an average thickness of
about 20 m. The substratum of the aquifer is mostly
composed of silty clay. The water table varied between
2.7 and 3.2 m in depth. In the investigated area, the
vegetation consists of short-cut grassland.

Variations in water storage were obtained from weekly
measurements with a neutron probe. Hydraulic gradients
obtained by pressure measurements were used to identify
periods with significant infiltration and to locate the zero-
flux plane separating deep drainage and evapotranspira-
tion. A particle size analysis was carried out because it
was expected that the zero-flux plane that was seen in the
hydraulic gradient data coincides with a textural change
in the soil profile.

Soil Texture
The soil is composed of recent fluvial deposits from the
Areuse River. The Areuse delta deposits fill a depression
in the basement of the Jura foothills beginning at �2 km
distance from the measuring site. The quaternary deposits
to both sides of the recent river delta are a mixture of
fluvio-glacial and fluvial deposits from the last two ice
ages (W
rm and Riss).

The soil horizon between 0 and 0.36 m is a clay loam
soil containing gravel and few rocks (Table 1). The soil
pH is �7 and the porosity varies between 47 and 54%.
Organic matter varies between 4 and 5% by mass.
Between 0.36 and 0.70 m the soil is composed of sandy
clay loam (0.36–0.44 m) and sandy loam (0.44–0.70 m)
with a very low content of coarse material (Table 1). The
porosity varies between 46 and 51%, and the pH ranges
between 7 and 8. The soil below 0.70 m consists of coarse
material, primarily gravel and stones, and the soil matrix

is composed of fine sand. Thus, in summary, three
primary interfaces were found which separate distinct soil
horizons: the first is at a depth of 0.36, the second around
0.44, and the third and most important for the hydrology
of the experimental site at 0.70 m.

Methods
Water balance measurements
The experimental site for the long-term measurements
consists of a well of 1.5 m diameter and 3.3 m depth
which was excavated to allow the horizontal insertion of
tensiometers and their monitoring, and a pressure probe
for water table measurements.

Precipitation was measured with a Hellmann-type
gauge with a resolution of 0.5 mm. Evapotranspiration
was modeled with two approaches, an empirical approach
by Primault (1962) and the more widely known and
frequently used mechanistic approach by Penman-Mon-
teith (Monteith and Unsworth 1990). Most of the
meteorological data needed in both evapotranspiration
models were obtained locally from a standard three-cup
anemometer and wind vane at 3.5 m height, and a
combined air temperature and relative humidity probe
(Rotronic, Switzerland, type MP-100F) mounted in a
white radiation shield at 2.0 m height. Duration of
sunshine and global radiation data were obtained from an
automatic weather station run by MeteoSwiss near
Neuch	tel, 6 km to the north of the field site. It should
be noted that the empirical Primault method was used to
estimate evapotranspiration from cut grassland in
Switzerland at elevations between 300 and 1,200 m a.s.l.

The vertical profile of the pressure head was measured
with tensiometers (SenSym, type LX06005G) at depths of
0.55, 1.02, 1.54 and 2.07 m. Hydraulic gradients were
measured from 15 October 1990 to 12 August 1991. After
this period, the tensiometer measurements had to be
discarded due to deterioration of the instruments which
was influencing the measurements. However, since these
measurements were not used for computing the annual
water balance, this did not affect the overall goal of this
project.

A Bell and Howell type BHL 4003 pressure probe was
installed in the saturated zone at 3.65 m depth to
automatically determine changes in the groundwater
table. A model 503DR neutron moisture probe (Campbell
Pacific Nuclear, Martinez, California, USA) was used to
measure changes in soil moisture. The probe was capable
of monitoring moisture to a depth of 3.5 m below the
surface. The moisture gauge contained a fast radioactive
(americium 241-beryllium) neutron source. The neutron
probe was field calibrated against gravimetric soil water
samples from 0 to a depth of 3.60 m. The samples were
taken every 0.20 m. Different calibration relationships
were grouped to account for two soil layers, 0.10–0.70 m,
and 0.70–3.60 m (Table 2). The sampled volumetric water
content varied from 34 to 46% in the topsoil and from 8 to
11% in the subsoil. The residual standard deviation varied
from 0.023 in the topsoil to 0.024 m3 m�3 in the subsoil.

Table 1 Texture and bulk density (rb) of the soil

Depth (m) Particle size distribution (% by weight)

Diameter class (mm)

<0.002 0.002–0.05 0.05–2.0 >2.0

0–0.36 35 24 31 10 1.32
0.36–0.44 23 28 47 2 1.42
0.44–0.70 12 31 56 1 1.36
0.70–0.80 3 7 23 67 /
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For replication and verification of the vertical soil
moisture profile, an access tube (MS 63, brass with
40 mm inner diameter and 2 mm tube strength) was
inserted into the ground for the neutron probe at a
distance of 1 m from the tensiometer profile. The time
integration of neutron counts was 32 s and measurements
were carried out at 0.10 m depth intervals once per week
to a depth of 3.6 m. All instruments listed above were
attached to a data logger (Data Taker, model DT100) and
average values recorded every 30 min.

The empirical evapotranspiration model by Primault
Primault (1962) proposed an empirical approach to
estimate evapotranspiration from short-cut grassland in
Switzerland at elevations between 300 and 1,200 m a.s.l.,

E ¼ c A
103� rH

100
ts þ 2tp
� �

þ B

� �
ð1Þ

where total evapotranspiration E (mm) during a period of
tp days is a function of the average relative humidity rH
(%) of this period, and the total duration of sunshine ts (h).
Three parameters correct for variations in the altitude (A
and B) and the season (c). Variations in the altitude are
given by:

A ¼ �0:12þ 0:00306 h� 2:83 � 10�6 h2 þ 9:45 � 10�10 h3

ð2Þ
where h is the altitude in m a.s.l. This parameter reflects
that increasing precipitation at increasing altitudes is
expected to lead to increasing evapotranspiration when
the solar forcing and atmospheric conditions are kept
constant. The value of A varies between 0.57 and 1.11.
The height-dependent offset B can be approximated by:

B ¼ 0:5387� 0:0003263 h� 6:525 � 10�7 h2 ð3Þ
It varies between 0.38 at 300 m and �0.79 at 1,200 m

and only plays a minor role. In contrast, the seasonal
variation c significantly influences E as is described by:

c ¼ �0:5068 � sin
2p
365

DOY þ 0:5593

� �
� 0:0711�

� 4p
365

DOY þ 0:6112

� �
þ 0:6271 ð4Þ

where DOY is day of year. The coefficient c adjusts the
evapotranspiration estimates for temperature effects. Such
a correction is necessary since air temperature (or net
radiation) is not a driving variable in this empirical
model. Primault (1962) only published tables and figures
of the coefficients. Equations (2), (3) and (4) were

therefore fitted to Primault’s graphical data using the
least-squares technique. The average relative humidity rH
for a period of several days is not an actual physical
measure, but instead a statistical value that is easily
derived from standard meteorological measurements.
Unweighted averaging of the half-hourly measurements
was used to obtain the average rH for all weekly periods.
Primault’s (1962) model is supposed to be used at this or
longer time steps.

Estimating groundwater recharge
The water budget of a soil column was determined with a
combined experimental and modeling approach to quan-
tify the components of the water budget on a weekly
basis. The budget equation

P� E � DS� R ¼ 0 ð5Þ
was used, where P is precipitation, E is evapotranspira-
tion, DS is the change of the water stored in the soil
column between the groundwater table and the surface,
and R is recharge to the groundwater table. All units are in
mm water column. Evapotranspiration accounts for 62–
65% of water budget, depending on the method (Mdaghri-
Alaoui and Eugster 2001). Therefore, R is sensitive to any
errors that are made in estimating evapotranspiration. The
disadvantage of the Penman-Monteith approach is that it
only applies to active vegetation and is therefore not
necessarily the best estimate during winter conditions
with snow and frozen ground.

In contrast, Primault’s (1962) empirical fit for season-
ality takes this into account for Switzerland where the
equation was developed, and is therefore also applicable
during winter conditions. However, the Primault method
requires cross-validation with an independent method to
ascertain that the empirical parameters are valid at a given
experimental site. Despite these important differences in
approaches, at our site, the Primault method gave
excellent agreement of weekly evaporation sums with
the well-known Penman-Monteith approach compared
over the period of one year (r2=0.97; Fig. 2). The total
evapotranspiration of the 12 months measuring period as
was estimated with the Primault approach was 3% less
than the one obtained with the Penman-Monteith ap-
proach. From this it can be concluded that the Primault
method is a valuable and simple approach for longer-term
studies where only standard meteorological measure-
ments are available without energy balance data, the
availability of which is essential for the use of the
Penman-Monteith approach, and which is one of the most
limiting factors for its application. Therefore, without
direct measurements of evapotranspiration (e.g., using the

Table 2 Fitted parameters of the calibration of the neutron probe for two soil layers (0.00–0.70 and 0.70–3.60 m)

Depth (m) Number of
observations

Slope of the
regression line

Intercept of the
regression line

Coefficient of
determination (r2)

SD (m3 m�3)

0.00–0.70 5 0.00303 9.17 0.98 0.023
0.00–3.60 13 0.00110 1.13 0.70 0.024
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eddy covariance method) it cannot be conclusively said
whether the Penman-Monteith method is a good reference
for such a comparison during those periods, since low
evapotranspiration values were mostly found during the
cold season where vegetation is not very active. For the
sake of simplicity, the Primault method was used in the
simulations. We assume in this study that all water that
passes the rooting zone has escaped the direct influence of
evapotranspiration and could recharge the groundwater
reservoir. In this one-dimensional simplification it is
assumed that lateral flow is negligible. Both surface
runoff and subsurface lateral flows can be assumed to be
close to zero due to the fact that the slope of the Areuse
delta plain is only 1‰ at the surface, and the slope of the
water table, as measured in the direction heading towards
the lake of Neuch	tel, varies between 1 and 6‰. Surface
runoff is not normally observed, even during heavy
showers.

The procedure to estimate groundwater recharge
contained two steps:

1. Firstly, the water balance over one year (15 October
1990–15 October 1991) was evaluated at the experi-
mental site via weekly measurements of soil moisture
using a neutron probe, and by estimating evapotran-
spiration from standard meteorological data.

2. Secondly, a pit of 1.20 m2 and 1 m depth (2 m from the
experimental site) was excavated in situ to allow the
horizontal insertion of four TDR-probes in the soil
profile. Water was applied at the soil surface within
2.8 h as described in the next section. Soil moisture
was measured continuously with the TDR-probes. The
soil moisture measurements were used to calibrate the
model at depths of 0.10, 0.30, 0.46 and 0.58 m. Then,
the MACRO model was validated against measured

soil moisture and groundwater recharge during a 1-
year period at the experimental site.

Brief in situ irrigations
Water was sprinkled on the soil surface over 1 m2 above
the TDR probes with a rainfall simulator at a rate of
q=6.68�10�6 m s�1 and a duration of t=10120 s. Volu-
metric soil moisture q(m3 m�3) was measured with a
TDR-system. TDR-probes were horizontally inserted at
four depths. A wave-guide consisted of a pair of rods of
stainless steel with 6 mm diameter and 0.3 m length. In
the application of TDR for soil water measurements, the
Tektronix 1502B is the source of a very short rise time
pulse which is applied to a probe. It also collects a signal
which is a reflection of the applied pulse and displays the
reflection as a waveform. The wave-guides were multi-
plexed with an SDMX50 50W coax multiplexer, which
was controlled by a Campbell 21X datalogger. The TDR
system was calibrated according to Roth et al. (1990) who
separated the impact of the wave-guide geometry from
the soil properties—such as bulk density and the content
of clay and organic matter—on the dielectric constant.
The limit of significant differences among individual
measurements with the same wave-guide was assessed at
0.002 (m3 m�3). TDR measurements were repeated every
300 s.

MACRO Model
MACRO is a mechanistic dual-porosity model applicable
to water movement and solute transport in soils. The
model is briefly introduced here. For more details, see
Jarvis (1994). The total porosity is partitioned at a
boundary water content/potential into macropores and
micropores. Each domain is characterized by a degree of
saturation, a conductivity and a flux, while interaction
terms account for convective and diffusive exchange
between flow domains. Water movement in the microp-
ores is calculated with the Richards’ equation including a
sink term to account for root water uptake. The soil
hydraulic properties in the micropores are described by
the functions of Brooks and Corey (1964) and Mualem
(1976):

ymi ¼ ybS�1=l
mi ð6Þ

Kmi ¼ KbSnþ2þ2=l
mi ð7Þ

Smi ¼
qmi � qr

qb � qr
ð8Þ

where the subscript ’mi’ refers to micropores, qb(m3 m�3),
yb(m) and Kb(m s�1) are the water content, pressure head
and hydraulic conductivity at the boundary between
micro- and macropores, respectively, qmi is the current
water content, l(�) is the pore size distribution index,
qr(m3 m�3) is the residual water content, Smi(m3 m�3) is
the degree of saturation and n(�) is the tortuosity factor.

Fig. 2 Regression between the weekly recharge obtained with the
empirical approach by Primault (1962) and the recharge obtained
by the more physically based Penman-Monteith approach
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Water flow in the macropores is calculated with an
approach derived from Darcy’s law assuming a unit
hydraulic gradient and simple power law function to
represent the unsaturated hydraulic conductivity:

qma ¼ Ks � Kbð Þ qma

qs � qb

� �n�
ð9Þ

where the subscript ‘ma’ refers to macropores,
qma(m3 m�3) is the macropore water content, qs(m3 m�3)
is the saturated water content, Ks (m s�1) is the saturated
hydraulic conductivity and n*(�) reflects pore size
distribution and tortuosity in the macropore system.

When using two flow domains, the surface boundary
condition prescribed in MACRO partitions the net rainfall
R in a given time interval Dt into an amount taken up by
micropores Imi and an excess amount of water which
flows into macropores Imax:

Imi ¼ R;
Imax;

R<Imax
R>Imax

� �

Ima ¼ 0;
R�Imi;

R<Imax
R>Imax

� �
ð10Þ

where Imax is the infiltration capacity of the micropores
approximated by:

Imax ¼ Dz1 qb1 � q1ð Þ þ Dtqoutð1Þ ð11Þ
where the subscript 1 refers to the surface soil layer, qout(1)
is the water flow rate out of this layer, Dz is the layer
thickness and Dt is the time step.

Various alternative options for the bottom boundary
condition are available in the model (i.e., constant
hydraulic gradient, zero flux, constant potential with or
without inflow of water at the bottom boundary, or
lysimeter with free drainage). Boundary conditions used
in this study are specified in the following section.

The rate of lateral water exchange from macropores to
micropores Sw is also treated as a first-order approxima-
tion to a diffusion-type process (Booltink et al. 1993).
Assuming that gravity has negligible influence, Sw is
given by:

Sw ¼
3Dwgw

d2

� �
qb � qmið Þ ð12Þ

where Dw(m2 s�1) is an effective diffusivity, gw(�) is a
scaling factor and d(mm) is an effective diffusion
pathlength which controls the mass exchange between
the domains (Jarvis 1994). The effective water diffusivity
is assumed to be given by:

Dw ¼
Dqb þ Dqmi

2

� �
Sma ð13Þ

where Dqb and Dqmi are the water diffusivities at the
boundary water content and the current micropore water
content, respectively. Using the Mualem/Brooks-Corey
model for soil hydraulic properties, Dqmi is given by:

Dqmi ¼
KbybSnþ1=lþ1

mi

l qb � qrð Þ ð14Þ

while Dqb is given by setting Smi in Eq. (14) to unity.
If the micropores become over-saturated (i.e., qmi>qb),

then the excess water is routed instantaneously into the
macropores and the second term on the right-hand side of
Eq. (12) is adjusted accordingly.

Root water uptake is calculated from evaporative
demand, root distribution, and soil water content using the
simple empirical ‘sink function’ described by Jarvis
(1989). In this model, it is assumed that the ratio between
actual and potential root water uptake (Ea/Er) varies as a
function of a dimensionless water stress index w*. The
threshold value of the water stress index w*

c (termed the
‘root adaptability factor’) governs the degree to which the
crop adjusts to stress in one part of the root system by
increasing uptake from other parts where conditions may
be more favorable (Jarvis 1989; Jarvis and Leeds-
Harrison 1990).

The stress index is calculated by combining two
functions describing the distribution of roots and water
content in the soil profile:

w� ¼
Xi¼k

i¼1

riwi ð15Þ

where k is the number of soil layers in the profile
containing roots and ri and wi are the proportion of the
total root length and a water stress ‘reduction factor’ in
layer i, respectively.

Root length is assumed to be distributed logarithmi-
cally with depth (Feddes et al. 1974; Gerwitz and Page
1974):

ri ¼ V
Dzi

zr

� �
e
�V

zmðiÞ
zr

	 


ð16Þ

where Dzi and zm(i) are the thickness and mid-point depth
below the soil surface of layer i, respectively, zr is the root
depth and z is an empirical root distribution parameter.
Finally, the total water uptake is distributed within the
root depth according to the stress in each layer. The water
uptake sink Sr is therefore given by:

Sr ¼
Ea

Dzi

� �
riwi

w�
	 


ð17Þ

If the model is run in two flow domains, the calculated
root water uptake is assumed to be preferentially satisfied
from water stored in the macropores. Any excess demand
is then satisfied from water stored in the micropores.

Initial conditions, boundary conditions and discretization
The model was first calibrated via short water infiltration
made in situ. The obtained calibrated parameters were
used to simulate the recharge (1) over 3 m unsaturated
soil and (2) over 0.7 m unsaturated soil during one year.
In all simulations, the soil profile was represented with 15
soil slabs, with the top 9 slabs representing the 0.70 m of
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topsoil and the remaining 6 slabs for soil layer between
0.70 and 3.0 m depth. This discretization was chosen
according to the soil properties (i.e., texture). When
considering the simulation in the topsoil, we assume that
water reaching the bottom of the model is no longer
available for evapotranspiration and will eventually reach
the water table at or below 3 m. In this study, a constant
hydraulic gradient was assumed as the boundary condi-
tion at the base of the soil profile and was derived from
the pressure measurements (Mdaghri-Alaoui and Eugster
2001). The initial water content in the profile was
determined from the TDR profile measurements before
the start of the in situ infiltration and from the first
measurements of water content for the calibration and
validation, respectively.

Measured parameters
The measured saturated water content qs was 50%
between 0 and 0.36 m, 45% between 0.36 and 0.70 m
depth (Table 3). The measured saturated hydraulic
conductivity Ks was set to the average value measured

in each horizon i.e., 200 mm h�1 between 0 and 0.08 m,
50 mm h�1 between 0.08 and 0.38 m, 30 mm h�1 between
0.38 and 0.52 m, and 90 mm h�1 between 0.52 and 0.70 m
depth.

Parameter estimation
In this study, model input parameter values were obtained
by a combination of direct measurements and model
calibration using the objective statistical criteria discussed
in the following section.

Saturated hydraulic conductivity was determined on
samples of undisturbed soil with a diameter of 55 mm and
length of 42 mm taken at 50 mm depth increments
throughout the soil profile. Saturated hydraulic conduc-
tivity was determined with a constant head permeameter
(Klute and Dirksen 1986). The bulk density, porosity and
saturated water content were deduced from the weight of
saturated and dried soil samples. The boundary hydraulic
conductivity Kb, boundary water content qb, boundary soil
water pressure head Yb, and pore size distribution index l
were derived by calibration (Table 3) by running the

Table 3 Model input parame-
ters: soil hydraulic properties

Depth (cm) Parametersa,b

qs qb qr yb l Ks Kb
(m3 m�3) (m3 m�3) (m3 m�3) (cm) (�) (mm h�1) (mm h�1)

0–8 0.50 0.47 0 20 0.05 200 0.3
8–28 0.50 0.46 0 20 0.05 50 0.3

28–36 0.50 0.49 0 20 0.05 49 0.3
36–70 0.45 0.43 0 15 0.07 30 0.5

>70 0.45 0.44 0 15 0.07 90 0.5

a Parameters: qs is the saturated water content, Ks is the saturated hydraulic conductivity
b Derived by calibration: qb is the boundary water content, yb is boundary tension, l is the pore size
distribution index and Kb is the boundary hydraulic conductivity, qr is the residual water content which
was set to zero in the simulation

Fig. 3 Calibration of the
MACRO model using in situ
TDR measurements at four
depths in the topsoil during a
brief infiltration experiment
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MACRO model in inverse modeling mode with the soil
moisture profile data measured with TDR probes as
independent input (Fig. 3). To reduce the degree of
freedom of this calibration run, qr was set to zero
throughout the soil profile, a value found by Saxena et al.
(1994) for a similar soil type. The maximum rooting
depth was fixed at 0.60 m based on field observations.
The best estimate obtained in this way for the fraction of
roots that was able to maintain optimum uptake rates up
to a water tension of 10 m, was 60%. This estimate
appears to be in reasonable agreement with what would
be estimated from Jackson et al.’s (1996) typical root
distributions.

Model calibration
The MACRO model was calibrated using in situ TDR
measurements from four depths (0.10, 0.30, 0.46 and
0.58 m) for the topsoil simulation. TDR measurements
were made during the brief infiltration run and the model
was then validated during one year against measured data
of water content and recharge from the experimental site.
Below 0.70 m, the parameters were calibrated using the
soil moisture measured with the neutron probe at the
experimental site. In this case, the model was validated
against recharge data.

The calibrated parameters were obtained using a grid-
search technique (see for instance Duan et al. 1992). The
optimal parameter combination was identified by the
minimum of the root mean square error under two
constraints: the slope of the regression between predicted
and measured values should be in the range of 0.9 to 1.1
and the coefficient of residual mass in the range of 0.001
to �0.001. The calibration was carried out using a
preliminary version of a software program designed to
calibrate the MACRO model (Acutis et al. 2001),
enabling the automatic execution of the model for each
point of the chosen grid and the evaluation of several
objective functions under user-defined constraints. The
coefficient of residual mass CRM is defined as (Loague
and Green 1991):

CRM ¼

Pn

i¼1
Mi �

Pn

i¼1
Ei

Pn

i¼1
Mi

ð18Þ

where Mi represents the measured values, Ei represents
the estimated values and n is the number of observations.
A fairly good fit of model predictions to the measured
water content was observed highlighted by the very small
values of CRM (0.0135 for 0.10 m depth, 0.0059 for 0.30,
0.017 for 0.46, and 0.0052 for 0.58).

Results and Discussion

Experimental Results
Three horizons were distinguished in the unsaturated zone
with respect to their specific hydrological responses to

external factors (Mdaghri-Alaoui and Eugster 2001). In
the uppermost 0.70 m, which is composed of fine
material, the variations of water storage correlate highly
with the precipitation input. In the subsoil (2.4–3.0 m),
the water storage variations during winter is highly
influenced by the height of the groundwater table.
Between these horizons, the water storage variation
during winter is highly correlated with the precipitation
which has no influence in summer. The zero-flux plane
was localized at a depth of 0.70 m, showing that the water
losses below this depth contribute to recharging the
groundwater body (Fig. 4c, d). This finding is consistent
with the particle size distribution in the soil profile which
showed two zones with differing texture. In fact, the
lower zone below 0.7 m is composed of coarser gravel

Fig. 4 Water balance of the Areuse delta between 15 October 1990
and 15 October 1991 (weekly sums or averages): a precipitation
sum; b recharge estimated by two approaches; c and d time course
of the hydraulic gradient of four soil layers between 15 October
1990 and 15 August 1991
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than the upper zone. This textural examination of the soil
indicates that the water stored below this interface is not
used for evapotranspiration and appears to be below the
typical rooting depth of the vegetation (0.4–0.6 m).

The annual-actual evapotranspiration was estimated to
be 532 and 564 mm according to the Primault and
Penman-Monteith methods, respectively; the difference
was 3% (Fig. 2), indicating that Primault’s (1962)
empirical approach is an easy-to-use and efficient method
for estimating evapotranspiration in Switzerland.

The total precipitation measured during our observa-
tion period was 865 mm. About one third (33–36%,
according to the Penman-Monteith and the Primault
approach, respectively) of the annual precipitation con-
tributes to groundwater recharge. Evapotranspiration
accounts for 65% according to Primault’s approach and
62% according to the Penman-Monteith approach. The
remaining 2% were found in the change of the water
stored in the soil (DS). However, it should be noted that
the year of our measurements was moderately dry and
only yielded 89% of the long-term annual precipitation as
measured during the 30-year period 1961–1990.

During the summer period of 1 April–31 August,
306 mm of precipitation were collected, which corre-
sponds to 35% of total precipitation collected during the
whole experimental period. The evapotranspiration loss
computed with the Primault and Penman-Monteith ap-
proach corresponds to 135 and 134%, respectively, of the
precipitation collected in summer, whilst the fraction of
precipitation available for groundwater recharge is 35 and
33%, respectively, which corresponds to roughly 12% of
total rainfall measured during the full period. Thus,
evapotranspiration revealed to be the dominant compo-
nent in the water balance of the Areuse River delta during
the warm season.

Modeling Results
The parameter set derived from the in situ calibration
experiment (Fig. 3) was used to predict water content at
depths of 0.30 and 0.50 m and recharge (1) over the entire
3 m of unsaturated soil and (2) in the topsoil between 0
and 0.70 m, during a period of one year (15 October
1990–15 October 1991).

Simulations over the entire unsaturated zone
The best simulations for this period and over the entire
unsaturated zone were obtained under equilibrium condi-
tions indicating the absence of dominant preferential
flow: the correlation between observed and simulated

recharge under equilibrium conditions was r2=0.984
(Table 4). The discrepancies between observed and
simulated water content were more pronounced in
summer, which may be due to the lateral flow during
that season, a factor that is not considered by the model.
Lenses of fine material are frequently found in this soil,
indicating the potential relevance of lateral flows. The
correlation between observed and simulated water content
is quite good (Fig. 5) at depths of 0.30 (CRM=0.0120)
and 0.50 m (CRM=0.0628) except for cold periods with
snow cover in February 1991, which delayed the increase
of water content by roughly three weeks towards the end
of February and beginning of March 1991. The recharge
quantified from the measurements was 313 mm. Com-
paratively, under non-equilibrium conditions, the re-
charge simulated by the model was 378 mm. The
deviation of 17% from the measurements is large,
especially in relation to the total precipitation. This fact

Table 4 Model results Dz (m)a Flow regime Simulated GR (mm) Regression r2

3.00 One flow domain 330 y=1.13x�18.25 0.984
3.00 Two flow domains 378 y=1.16x+12.88 0.98
0.70 One flow domain 364 y=0.957x+45.43 0.97
0.70 Two flow domains 394 y=1.014x+45.21 0.966

a Dz (m) is the thickness of soil considered in the simulation, the correlation regression is established
between observed (x) and simulated recharge (y)

Fig. 5 Validation of the MACRO model with the water content
measurements and groundwater recharge
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indicates that even if preferential flow exists, it is most
likely not in the vertical direction and thus does not
dominate the recharge in this type of soil. This is
surprising since a network of macropores was visually
observed in the soil profile. This may be due to the high
water exchange rate between macropores and micropores
in this sandy material, which restricted the role of
macropore flow as it was observed in a similar sandy
soil (Alaoui et al. 2003). Table 1 shows the high content
of sand between 0.36 and 0.70 m (47–56%). Another
explanation is that the reduced diameter of the macrop-
ores restricted the flow to a flow dominated by diffusion
of capillary potential. K
tterer et al. (2001) noted a
similar tendency for MACRO to overestimate water
exchange between macropores and micropores when the
soil was dry, which they attributed to water repellency in
their organic-rich soil. Running the model under equilib-
rium conditions (excluding preferential flow) decreased
the simulated recharge to 330 mm, which exceeds
measurements only by 5.4%.

Simulations in the topsoil
The investigation of the topsoil between 0 and 0.70 m to
estimate groundwater recharge yielded values of 364 and
394 mm under equilibrium and non-equilibrium condi-
tions, respectively, which are only slightly higher in
comparison with those obtained over the entire soil profile
(3 m). Those values are acceptable when one considers
the total recharge, but the response of the recharge to
individual precipitation events is somewhat reduced due
to an overly strong attenuation by the 2 m soil below the
zero-flux plane (Fig. 6). In fact, recharge is normally
hampered by thick alluvial soils, which allow high
retention storage during the wet season and vegetation
that subsequently extracts soil water in the following dry
season. The finding that the total accumulated recharge
was higher than the one observed, explains, in our case,
some losses in the downward percolation and shows that
not all this water necessarily reaches the water table. It
might be hampered by low-conductivity horizons and
disappear as interflow to nearby local depressions as
suggested by de Vries and Simmers (2002). But the
difference in our case is sufficiently small when compared
to recharge derived from measurements and the result is
considered satisfactory. Despite its successful application,
this calibration method requires rapid measurements of
soil moisture to reproduce the groundwater recharge and
its temporal variations. Detailed field measurements are
indispensable for recharge investigations, because they
are the only means to realistically determine recharge
processes (de Vries and Simmers 2002). Moreover, it is
necessary to take into account the entire soil profile to
visualize the fluctuation phenomena related to the
recharge processes. These encouraging results show that
the topsoil between 0 and 0.70 m plays the major role in
the water balance. Our results indicate that the calibration
using in situ moisture measurements during a brief
infiltration run, is a simple but reasonably accurate
method used in order to predict the groundwater recharge

through the topsoil under field conditions where the roots
of the vegetation are active. In our case, this depth
coincides with an interface which separates two distinc-
tive textural horizons.

Concluding Remarks

It was demonstrated that the calibration of the MACRO
model using rapid in situ water content measurements at
several depths during and shortly after an artificial
infiltration run of 2.8-h duration was sufficient to predict
water content and total groundwater recharge over a
period of one year. From these calibration data, the
optimum model parameter set was extracted by an
objective, automated algorithm.

The investigation of the topsoil above 0.70 m gave a
satisfactory result in terms of total groundwater recharge,
in comparison with both the value derived from the
measurements and from simulations over the entire

Fig. 6 Validation of the MACRO model with the groundwater
recharge measurements: a cumulative recharge versus time, and b
modeled versus observed recharge
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unsaturated soil. It was demonstrated using the refill
gradients and textural investigations that at this depth
(0.70 m), the zero-flux plane is localized, below which the
water is no longer available for evapotranspiration and
therefore directly contributes to recharging the ground-
water body.

Additional knowledge of realistic ranges of some
parameters such as the saturated hydraulic conductivity
and the saturated water content was included as a
boundary condition to improve the accuracy of the
calibration.

For future applications, for example to investigate the
heterogeneity of soil under homogeneous crop systems or
to determine the subcatchment areas that contribute
significantly to total recharge of a catchment, it is
suggested that one should divide the basin into a certain
number of representative plot classes and then conduct
artificial in situ infiltration runs on each of them. For
many cases, this might be sufficiently accurate. However,
if recharge should be estimated over a limited area (e.g.,
for waste-disposal or local water-supplies), it is certainly
necessary, in order to achieve a higher level of accuracy,
to obtain additional information such as measured evap-
otranspiration and unsaturated hydraulic conductivity.
Especially, the problem related to the spatial variability of
evapotranspiration due to the diversity of plant types
requires greater attention. To estimate evapotranspiration
from a number of different cropping systems, microme-
teorological measuring techniques or lysimeters may be
necessary to provide the indispensable information on
evapotranspiration rates of each plot class.
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