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Abstract In atmospheric models, the partitioning of
precipitation between infiltration and runoff has a major
influence on the terrestrial water budget, and thereby on
the simulated weather or climate. River routing models
are now available to convert the simulated runoff into
river discharge, offering a good opportunity to validate
land surface models at the regional scale. However, gi-
ven the low resolution of global atmospheric models, the
quality of the hydrological simulations is much depen-
dent on various processes occurring on unresolved spa-
tial scales. This paper focuses on the parameterization of
sub-grid hydrological processes within the ISBA land
surface model. Five off-line simulations are performed
over the French Rhône river basin, including various
sets of parameterizations related to the sub-grid vari-
ability of topography, precipitation, maximum infiltra-
tion capacity and land surface properties. Parallel
experiments are conducted at a high (8 km by 8 km) and
low (1� by 1�) resolution, in order to test the robustness
of the simulated water budget. Additional simulations
are performed using the whole package of sub-grid
parameterizations plus an exponential profile with depth
of saturated hydraulic conductivity, in order to investi-
gate the interaction between the vertical soil physics and
the horizontal heterogeneities. All simulations are vali-
dated against a dense network of gauging measure-
ments, after the simulated runoff is converted into
discharge using the MODCOU river routing model.
Generally speaking, the new version of ISBA, with both
the sub-grid hydrology and the modified hydraulic
conductivity, shows a better simulation of river dis-
charge, as well as a weaker sensitivity to model resolu-
tion. The positive impact of each individual sub-grid
parameterization on the simulated discharges is more
obvious at the low resolution, whereas the high-resolu-

tion simulations are more sensitive to the exponential
profile with depth of saturated hydraulic conductivity.

1 Introduction

Over recent years, more and more attention has been
paid to the partitioning of precipitation between infil-
tration and runoff in both meteorological and climate
models. Indeed, the simulated land surface water budget
has been shown to have a strong impact on the overlying
atmosphere on a wide range of space and time scales.
For example, an increasing number of studies based on
atmospheric general circulation models (AGCMs) sug-
gest that soil wetness exerts a significant influence on
both climate variability and predictability (see Douville
2003 for a brief review). Unfortunately, soil wetness is
still unknown over most of the globe because in situ
measurements are very sparse, and remote sensing
techniques are only partially effective. As a consequence,
river routing models are now frequently used to convert
runoff into river discharge, and thereby to validate the
land surface water budget simulated in climate models
over large river basins (Douville et al. 2002; Ducharne
et al. 2003).

The space–time variability of the land surface pro-
cesses is usually represented in AGCMs through the use
of land surface models (LSMs). The complexity of these
models ranges from the simple bucket model (Manabe
1969) to more sophisticated soil–vegetation–atmosphere
transfer schemes with multiple parameterizations repre-
senting the physical processes linked to vegetation, soil
and snow. Although these models have been signifi-
cantly improved over recent decades, hydrological
applications still remain a challenge for state-of-the-art
LSMs. The simulated runoff is extremely dependent on
the model physics and must be carefully validated if one
wants to predict not only precipitation, but also river
discharge on various time scales (from short-range
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forecasts to multi-decadal climate scenarios). The cou-
pling of LSMs with river routing models appears as a
powerful tool for understanding the regional and global
water cycles (Dümenil and Todini 1992; Habets et al.
1999b; Oki et al. 1999; Etchevers et al. 2001), predicting
streamflow (Habets et al. 2004), and improving SVAT
parameterizations (Lohmann et al. 1998; Wood et al.
1998; Chapelon et al. 2002; Boone et al. 2004; Dechar-
me et al. 2005).

In global AGCMs, the land surface water budget is
calculated on grid cells whose side measures typically
from 50 km to 300 km. With such a resolution, the
quality of the hydrological simulations is very dependent
on various processes occurring on unresolved spatial
scales. Consequently, the precipitation and land surface
heterogeneities within a grid box are of primary
importance for the simulated surface hydrology. For
LSMs applied at regional to global scales, the relevance
of sub-grid variability has been shown in several LSM
intercomparison projects where LSMs have been used in
off-line mode (driven using prescribed atmospheric
forcing) and the resulting simulations have been com-
pared to observations (Lohmann et al. 1998; Wood
et al. 1998; Dirmeyer 1999; Boone et al. 2004).

A general conclusion of the Phase-1 of the Global
Soil Wetness Project (Dirmeyer 1999; http://www.ige-
s.org/gswp/) is that parameterization of sub-grid heter-
ogeneity, either through an explicit modeling of tiles or a
statistical approach, is useful to properly partition pre-
cipitation between total runoff and evapotranspiration.
Another contribution to the understanding of the scaling
influence on LSMs was made by the Rhône-Aggregation
(Rhône-AGG) project (http://www.cnrm.meteo.fr/mc2/
projects/rhoneagg/), which was recently undertaken at
Météo-France (Boone et al. 2004). Rhône-AGG in-
cludes a broader investigation of the impact of aggre-
gation on hydrological simulation. The first goal of
Rhône-AGG was to investigate how different LSMs
simulate the river water balance at high resolution for
several annual cycles compared to observed data from a
dense network of gauging stations. It was shown that the
sub-grid runoff formulation is particularly important for
simulating realistic daily discharges over the Rhône river
basin. The second goal of the project was to examine the
impact of changing the horizontal resolution on the
simulations. Results from a series of scaling experiments
were examined in which the spatial resolution was de-
creased to be more consistent with that of AGCMs. The
general conclusion was that LSMs that take account of
land surface and/or atmospheric forcing spatial hetero-
geneities are able to reduce the scaling influence on the
simulated water budget.

The present study describes a new set of parame-
terizations of sub-grid hydrological processes within
the ISBA LSM for use in regional and global appli-
cations. These parameterizations represent the spatial
variability within a grid box of topography, precipi-
tation, maximum infiltration capacity, soil and vege-
tation properties, and their impact on the simulated

land surface water budget. The validation of these
parameterizations is conducted over the Rhône basin
using the Rhône-AGG data set. The original ISBA
LSM is described in Sect. 2. The new representation of
land surface heterogeneities within ISBA is presented
in Sect. 3. Section 4 describes the experimental design
and the Rhône-AGG data set. Five simulations,
including various sub-grid parameterizations within the
ISBA LSM, are implemented at high and low resolu-
tions. The main results are presented in Sect. 5. Fi-
nally, discussion and conclusions are provided in Sects.
6 and 7, respectively.

2 The ISBA land surface model

The ISBA LSM contains the basic physics of the land
surface. The model is relatively simple and needs only a
limited number of parameters, which depend on the type
of soil and vegetation (Noilhan and Planton 1989). It
uses the force-restore method (Deardorff 1977, 1978) to
calculate the time evolution of the surface and mean soil
temperature. The water budget is based on a soil
hydrology, a rainfall interception scheme (Noilhan and
Mahfouf 1996), and a one-layer snow scheme (Douville
et al. 1995). The model also simulates freezing and
thawing in the two uppermost layers (Boone et al. 2000).

The original ISBA LSM had only a two-layer soil
hydrology: a thin surface layer with a uniform depth, d1
(m), included in the total soil layer. More recently, a
third layer was introduced by Boone et al. (1999) in
order to distinguish between the rooting depth, d2 (m),
and the total soil depth, d3 (m). In other words, the
ISBA LSM now has a tree-layer soil hydrology: the root
zone layer overlaps the surface layer, whereas the deep-
soil reservoir extends from the base of the root zone to
the base of the modeled soil column. The governing
equations for the time (t) evolution of soil moisture for
each layer are written as:

@w1

@t
¼ C1

qwd1
Ir � Esoilð Þ � D1 �

F1w

qwd1
ð1Þ

@w2

@t
¼ 1

qwd2
Ir � Esoil � Etransp
� �

� K2 � D2 �
F2w

qwd2
ð2Þ

@w3

@t
¼ d2

d3 � d2ð Þ K2 þ D2ð Þ � K3 ð3Þ

where w1, w2 and w3 represent the layer-average volu-
metric water contents (m3 m�3) for the surface, root
zone, and deep soil layers, respectively. The volumetric
water content within each reservoir is constrained to be
less than the soil porosity or saturation water content,
wsat (m

3 m�3). F1w and F2w are the surface and sub-soil
net phase changes, which represent mass fluxes
(kg m�2 s�1) from either soil ice production or melt. K
(s�1) represents gravitational drainage (Mahfouf and
Noilhan 1996), and D (s�1) is the vertical soil moisture
diffusion. qw (kgm�3) is the density of liquid water and
C1 is the dimensionless surface force-restore soil transfer
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coefficient for moisture (Braud et al. 1993; Giordani
et al. 1996). In Eqs. 1 and 2, Esoil and Etransp (ms�1)
represent bare soil evaporation and plant transpiration,
respectively (Mahfouf and Noilhan 1991; Noilhan and
Mahfouf 1996). Plant transpiration stops when w2 is
below wwilt, corresponding to a matric potential of –
150 m.

The infiltration rate, Ir, is computed as the difference
between the through-fall rate, Pg, and the surface runoff,
Qs.Pg is the sum of three components: the rainfall not
intercepted by the canopy, the snowmelt, Sm (ms�1),
from the snow pack, and the dripping, dr (ms�1), from
the interception reservoir, Wr (m), which is calculated as
follows:

dr ¼ max 0;
Wr � Wr max

Dt

� �
ð4Þ

where Wr max represents the maximum amount of water
stored within the canopy reservoir and Dt is the model
time step. In the original ISBA LSM, the sub-grid sur-
face runoff formulation was introduced by Habets et al.
(1999a). This formalism takes into account the sub-grid
heterogeneity of surface runoff processes through the use
of the variable infiltration capacity (VIC) scheme de-
scribed by Zhao (1992), Dümenil and Todini (1992) and
Wood et al. (1992). The saturated fraction of the grid
cell computed by the VIC approach depends on soil
moisture, precipitation intensity and a shape parameter.
This parameter, which takes a constant and uniform
value of 0.5 here, is still poorly known and is generally
calibrated in regional applications. In this study, ISBA is

used as a global land surface model and has not been
tuned for giving particularly good results over the
Rhône river basin. A schematic representation of ISBA
is shown in Fig. 1.

Note that all force-restore coefficient and soil
hydrological parameters are related to soil textural
properties (Noilhan and Lacarrére 1995) and moisture
using the parameter expressions and values from Clapp
and Hornberger (1978). Parameters representing the
land surface are calculated by aggregation methods
based on the fractional coverage or frequency of
occurrence of varying surface types within a grid box
assuming that aggregation operators are consistent with
the averaging process of the surface fluxes (Noilhan and
Lacarrére 1995).

Finally, a new version of ISBA has been recently
developed, in which the soil column assumes an expo-
nential profile of the saturated hydraulic conductivity,
ksat, with soil depth (Decharme et al. 2005). This
parameterization depends only on two parameters,
which represent the rate of decline of the ksat profile and
the depth where ksat reaches its compacted value. The
first parameter takes a constant value of 2 m�1 over the
entire basin and the second assumes to be equal to
rooting depth. Sensitivity tests to these parameters and a
detailed discussion about this parameterization can be
found in Decharme et al. (2005). The main hypothesis is
that roots and organic matter favor the development of
macropores and enhance the water movement near the
soil surface, and that soil compaction is an obstacle for
vertical water transfer in the deeper soil. This exponen-

Fig. 1 Representation of the
Rhône River basin (left),
monthly mean basin-average
precipitation rate (right top) and
a schematic representation of
the ISBA model (right bottom).
All variables are defined in Sect.
2
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tial soil profile increases the saturated hydraulic con-
ductivity at the surface by approximately a factor of 10,
and its mean value increases in the root zone and de-
creases in the deep layer in comparison with the values
given by Clapp and Horneberger (1978).

3 Implementation of a sub-grid hydrology

3.1 Vegetation and soil properties

In recent years, an increasing number of LSMs have
adopted the so-called tile approach in which each grid
cell is divided into a series of sub-grid patches (Koster
and Suarez 1992; Liang et al. 1994; Essery et al. 2003).
This method has the advantage of explicitly representing
very distinct surface types with specific properties.

The tile approach chosen for representing land cover
and soil depth heterogeneities within the ISBA LSM is
very simple: each sub-grid patch extends vertically
throughout the soil–vegetation–snow column. So, one
rooting depth and one soil depth are assigned to each
surface class provided by the Rhône-AGG data set
(Table 2), and ISBA computes distinct energy and water
budgets for each tile within a grid box. Finally, the rel-
ative fractional coverage of each surface type within
each grid box is used to determine the grid box average
of the various output variables.

3.2 Dunne runoff: sub-grid variability of soil moisture

The right partitioning of total runoff into surface runoff
(fast runoff component) and drainage (slow runoff
component) is a crucial process for the simulation of
river discharge (Lohmann et al. 1998; Boone et al. 2004;
Decharme et al. 2005) at the hourly to the daily time
scale. The first mechanism that produced surface runoff
occurs when the soil becomes saturated at the surface
from below due to rainfall and/or redistribution of soil
moisture. Then, a contributing area grows over the
catchment and all the rain that falls on this saturated
area generates surface runoff. This saturation mecha-
nism, called Dunne runoff, mainly occurs in humid,
vegetated or slightly sloped areas where infiltration
capacities of the soil surface are high, relative to normal
rainfall intensities.

The sub-grid topography has a strong influence on
the generation of soil moisture heterogeneity and runoff.
Beven and Kirkby (1979) and Silvapalan et al. (1987)
proposed a simple hydrological forecasting model,
named TOPMODEL that attempted to combine the
important distributed effects of channel network topol-
ogy and dynamic contributing areas for runoff genera-
tion. The coupling between ISBA and TOPMODEL was
first introduced by Habets and Saulnier (2001) using the
two-layer soil hydrology. Then, it was generalized to
the three-layer version of ISBA (Decharme et al. 2005).

The TOPMODEL formalism has two main advantages
on the VIC sub-grid scheme. First, it takes into account
topographic heterogeneities explicitly and secondly, its
formulation depends on any calibration (Appendix 1).
This formalism permits to determine the fraction, fsat, of
each grid cell that is saturated, and thus the Dunne
runoff, Qs

D

QD¼Pg�fsat
s ð5Þ

3.3 Horton runoff: sub-grid variability of infiltration
capacity

The second mechanism that produced surface runoff is
called Horton runoff and occurs for a rainfall intensity
that exceeds the effective maximum infiltration capacity.
This infiltration excess mechanism tends to dominate the
overland flow production in most desert or semiarid
regions where short rainfall events can be very intense,
and also where the absence of vegetation and other or-
ganic matter prevents the development of a porous soil
structure through which water can move easily. The
development of a thin crust at the soil surface can also
inhibit the infiltration (arid or frozen soil).

The infiltration process depends on the spatial vari-
ability of precipitation and soil hydraulic properties. As
a first-order approximation, the sub-grid variability in
liquid precipitation, Pi, can be given by an exponential
probability density distribution, f(Pi) (Entekhabi and
Eagleson 1989). The main assumption is generally, that
the rainfall intensity is not distributed homogeneously
over the entire grid cell. At a low-resolution, a frac-
tion, l, of a grid cell affected by rainfall can be deter-
mined (Appendix 2). The first consequence is that the
expression of the dripping (Eq. 4) from the canopy res-
ervoir can be modified according to Mahfouf et al.
(1995):

dr ¼ Pe
l

P

Wr�Wrmaxð Þ
Dt ð6Þ

where P represents the mean rainfall rate over the grid
cell.

The second consequence is that the Horton runoff,
Qs

H, can be calculated by integrating the difference be-
tween the local rainfall and the local maximum infil-
tration capacity, Ii (Entekhabi and Eagleson 1989) as
follows:

QH
s ¼ l

Z1

Ii

Pi � Iið Þf Pið Þ dPi ð7Þ

Another assumption must be made on the spatial
heterogeneity of the local maximum infiltration capac-
ity. Its spatial distribution can also be approximated
by an exponential probability density distribution
(Yu 2000). The last step is to consider that maximum
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infiltration capacity depends on soil freezing. On un-
frozen soils, the local maximum infiltration capacity
function, as in Chen and Kumar (2001), is given
according to Abramopoulos et al. (1988) and Entekhabi
and Eagleson (1989). On frozen soils, it is given
according to Johnsson and Lundin (1991). The fraction
of frozen soil in ISBA can be linked to the amount of ice
in a reservoir corresponding in the present study to 50%
of the rooting depth. Finally, the total surface runoff can
be expressed as follows:

Qs ¼ QD
s þ 1� fsatð ÞQH

s ð8Þ

See Appendix 2 for more details about the Horton
runoff parameterization.

4 Experimental design

4.1 Brief overview of the Rhône-AGG data set

The Rhône is the largest European river flowing into the
Mediterranean Sea. The corresponding basin covers
over 95,000 km2 mostly in southeastern France (Fig. 1).
Observed high-resolution soil and vegetation character-
istics, subsurface parameters and atmospheric forcing
are mapped onto the Rhône domain on 8 km by 8 km
grid as part of the GEWEX-Rhône project, which was
conceived in recent years by the French research com-
munity in order to study the continental water cycle on
the regional scale.

The high-resolution Rhône-AGG atmospheric forc-
ing is calculated using the SAFRAN (analysis system for
providing atmospheric information relevant to snow)
analysis system (Durand et al. 1993). The input atmo-
spheric data consist of standard screen-level observa-
tions at approximately 60 Météo-France weather
network sites within the domain. The data are counted
over 249 homogeneous climatic zones. The total daily

precipitation is analyzed using observational data, which
comes from over 1,500 gauges, together with a vertical
gradient of precipitation (with altitude) derived from
climatology. All the forcing variables are available at a
3-hourly time step. Four years of forcing are used in the
current study, starting August 1, 1985, and ending July
31, 1989. The 4-year monthly averaged rainfall and
snowfall rates are shown in Fig. 1. SAFRAN computes
the vertical profile of each atmospheric variable every
6 h within each climatic zone. The parameters are then
interpolated to 1-h intervals and to the 8 km by 8 km
grid. Further details can be found in Habets et al.
(1999b) and Etchevers et al. (2001).

Soil and vegetation data are available at the same
resolution as the atmospheric forcing. Soil parameters
are defined using the soil textural properties from the
INRA (National Institute of Agronomical Research)
soil database (King et al. 1995). Vegetation parameters
are defined using a vegetation map from the Corine
Land Cover Archive and a 2-year satellite archive of the
Advanced Very High Resolution Radiometer/Normal-
ized Difference Vegetation Index (AVHRR/NDVI;
Champeaux et al. 2000). There are ten distinct surface
types considered (Table 2), and the relative fractional
coverage of each surface type within each grid box was
used to determine average values (Table 1) for the 8 km
by 8 km grid boxes.

4.2 The hydrological model

The MODCOU distributed hydrological model is used
to convert the surface runoff and the drainage produced
by ISBA into river discharge and water table variations
(Habets et al. 1999a). The surface runoff is transferred
to the river, and the routing from each grid cell is based
on isochronous zones using a time step of 1 day. The
drainage acts as a source for the water table, which is

Table 1 Land surface parameter values averaged over the entire 8 km by 8 km resolution domain

Variable description Symbol Average Range Units

Superficial soil depth d1 0.01 – m
Rooting depth d2 1.54 (2.00, 1.00) m
Total soil depth d3 2.25 (3.00, 1.00) m
Clay fraction Xclay 0.22 (0.47, 0.04) –
Sand fraction Xsand 0.31 (0.89, 0.07) –
Soil porosity wsat 0.46 (0.49, 0.40) m3 m�3

Field capacity volumetric water content wfc 0.23 (0.34, 0.15) m3 m�3

Wilting point volumetric water content wwilt 0.17 (0.26, 0.07) m3 m�3

Hydraulic conductivity at saturation ksat 6.75 (181, 1.31) ·10�6 ms�1

Matric potential at saturation wsat �0.39 (�0.61, �0.11) m
b-parameter b 6.43 (9.94, 4.05) –
Snow-free surface albedo \’A 0.17 (0.20, 0.15) –
Minimum stomatal resistance Rs min 74.91 (150, 40.0) s�1

Leaf area index—monthly LAI 1.93 (4.00, 0.00) m2 m�2

Snow-free surface roughness—monthly z0 0.29 (1.00, 0.01) m
Vegetation cover fraction—monthly veg 0.58 (0.91, 0.00) –

Uniform hydrological parameters are given by Noilhan and Lacarrére (1995)
The average in space and time is given for parameters with the ‘‘-monthly’’ denotation
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modeled using the diffusivity equations. The version of
the MODCOU model used in the present study is
slightly different from that used in the Rhône-AGG
project. The routing in the river and the relation between
the aquifer and the river is computed over the reach for
all river gages and not only for the one connected to the
aquifer. Note also that all components of the Rhône
modeling system (SAFRAN-ISBA-MODCOU) have
been developed and calibrated independently.

4.3 Experiments

The ISBA LSM is integrated with a 5-min time step for
four consecutive annual cycles, but the first year is
treated as a spin-up year. Results are validated over the
last 3 years (August 1986 to July 1989). Four simula-
tions are performed and these can be summarized as
follows:

– dt92: This simulation, performed with the three-layer
soil hydrology version of the ISBA LSM, includes
only the original VIC parameterization of the surface
runoff (Habets et al. 1999a).

– Top: The surface runoff is given by the TOPMODEL
formalism (Decharme et al. 2005). Only the sub-grid
variability of topography, and thus the Dunne run-
offs, is taken into account.

– Top_Hort: The Horton process is added to the Dunne
runoff. The total surface runoff takes into account
spatial heterogeneities in topography, precipitation
and maximum infiltration capacity.

– Top_Tiles_Hort: All sources of sub-grid variability
related to topography, precipitation, maximum infil-
tration capacity, vegetation (or land cover) and soil
properties are considered.

– Top_Tiles_Hort_dec: Same as before, but with all soil
columns assuming an exponential profile of the satu-
rated hydraulic conductivity with depth. The purpose
of this last simulation is to investigate the relative
impact of the vertical soil physics vs horizontal het-
erogeneities.

Two kinds of experiments are performed. The first
type consists of running ISBA with the various param-
eterizations presented in Sect. 3 over the high-resolution
grid (8 km by 8 km). The range and average of each

land surface parameter over the entire domain are
shown in Tables 1 and 2. The simulated total runoff is
used to drive the MODCOU hydrological model, and
the simulated discharges are compared to observed data.
One set of observations is used for evaluating the ISBA
simulations over the Rhône basin, which consists of
daily stream-flow data from 88 river gauges. Only sub-
basins where damming does not impact the flow too
much are used for the validation (Habets et al. 1999b;
Etchevers et al. 2001). The second type of experiment is
based on the same design. The only difference is that
simulations are performed at a low resolution (1� by 1�)
after aggregating all atmospheric forcing and surface
parameters. Because the MODCOU model is integrated
over the high-resolution grid, the simulated runoff is
here linearly disaggregated to the 8 km by 8 km grid
before it is transferred to the hydrological model.

5 Results

5.1 High-resolution water budget

The water budget shown in Fig. 2 reveals that the dt92
and Top simulations are very close. Indeed, the parti-
tioning of total precipitation between total runoff and
evapotranspiration is approximately 51.5/48.5% for
dt92 against 52/48% for Top. Nevertheless, a slight
difference appears in the partitioning between surface
runoff and drainage. The simulated surface runoff in-
creases slightly with the TOPMODEL formalism (the
ratio of surface runoff to total runoff increases from 0.24
for dt92 to 0.26 for Top), while no difference appears in
the partitioning of the various evaporative fluxes.

The Top_Hort simulation reveals that the inclusion of
an exponential distribution of precipitation does not
affect, at this resolution, the partitioning of total pre-
cipitation between total runoff and evapotranspiration,
as well as the evaporative fluxes. As one could expect,
the significant impact appears in the partitioning of total
runoff between surface runoff and drainage, with the
ratio of surface runoff to total runoff increasing from
0.26 for Top to 0.36 for Top_Hort. The addition of the
land cover tiles (Top_Tiles_Hort) does not change this
ratio but clearly tends to increase the total runoff (53%)
to the detriment of evapotranspiration (47%). So, het-

Table 2 Land cover types and
corresponding fixed or monthly
vegetation parameters

The overbar denotes the annual
mean for monthly parameters
Symbols are the same as in
Table 1

Class Description Rs min a d2 d3 LAI Veg z0

1 Crops A 40 0.20 1.5 2.0 2.33 0.71 0.05
2 Mediterranean crops 40 0.20 1.5 2.0 0.58 0.29 0.02
3 Cereals A 40 0.20 1.5 2.0 1.79 0.55 0.04
4 Crops B 40 0.20 1.5 2.0 1.67 0.60 0.04
5 Cereals B 40 0.20 1.5 2.0 1.67 0.54 0.04
6 Crops and grassland 40 0.17 1.0 1.5 1.92 0.65 0.05
7 Grassland 40 0.17 1.0 1.5 2.00 0.65 0.06
8 Coniferous forest 150 0.15 2.0 3.0 2.75 0.73 1.00
9 Rocks – 0.19 0.0 1.0 0.00 0.00 0.01
10 Deciduous forest 150 0.15 2.0 3.0 1.63 0.48 1.00
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erogeneities in land cover and soil properties tends to
reduce the plant transpiration and favor total runoff.

Finally, the addition of the exponential profile of
saturated hydraulic conductivity (Top_Tiles_Hort_dec)
reduces the total runoff to the benefit of evapotrans-
piration. This is mainly due to an increase in bare soil
evaporation and drainage to the detriment of both
surface runoff and plant transpiration. Because average
saturated hydraulic conductivity increases in the sur-
face and root zone layer, the influence of the Horton
runoff is logically reduced (Eqs. 16a, 16b and 18)
compared to a soil with a vertical homogeneous pro-
file. Furthermore, water movements in the root layer
are favored. The acceleration of upward and down-
ward flows from this layer to the surface and deep soil
leads to a decrease in the rooting zone water content
(bare soil evaporation and deep drainage are in-
creased). As a result, the Dunne runoff decreases too

(Appendix 1), the deep layer water content increases
and drainage is favored (Decharme et al. 2005). Nev-
ertheless, the ratio of surface runoff to total runoff
without consideration of the Horton process (but with
all others) is near 0.22 (not shown), whereas Top_Ti-
les_Hort_dec has a ratio of 0.29. So, even if the
influence of the ‘‘Horton’’ surface runoff is reduced
compared to Top_Tiles_Hort, it remains important.

5.2 Low-resolution water budget

The low-resolution water budget shown in Fig. 3 reveals
that the degradation of the resolution induces an in-
crease in evapotranspiration and a decrease in total
runoff compared to the high-resolution water budget
(Fig. 2). This result is in consistent with those of most
LSMs that participated in the Rhône-AGG project.

Fig. 3 Comparison of the
Rhône basin water budget
simulated by each model
version at low resolution.
Notations are the same as
in Fig. 2

Fig. 2 Comparison of the Rhône basin water budget simulated by
each model version at high resolution. The annual mean basin-
average ratios of the different hydrological fluxes to total
precipitation are represented. For each simulation, the first bar
(top) corresponds to the runoff components: surface runoff (solid

bar) and drainage (dashed bar). The second bar (bottom) corre-
sponds to the evaporative fluxes, from the left to the right: bare soil
evaporation (gray), plant transpiration (black), canopy interception
loss (white), and ice (black) and snow sublimation (white)
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The processes that play here a dominant role are now
well known. To sum up, the aggregation of vegetation
and soil parameters tends to favor plant transpiration
instead of total runoff. As shown in Dolman and Blyth
(1997), Boone et al. (2004) or Vérant et al. (2004), the
dominant effect of the aggregated forcing, particularly of
precipitation, is a strong increase in the canopy inter-
ception loss during the warm season. Finally, the
aggregation of the atmospheric temperature and long-
wave downward radiation leads to warmer conditions at
low resolution, which favors evapotranspiration instead
of total runoff. Nevertheless, each additional parame-
terization tested in the present study (from dt92 to
Top_Tiles_Hort_dec) is an attempt to reduce the influ-
ence of these sub-grid processes on the simulated water
budget.

5.3 Discharges

In this section, the impact of the various parameteriza-
tions is analyzed in terms of discharge scores. A global
discharge validation based on a daily efficiency com-
parison (Figs. 4 and 5) is performed with the help of 88
gauging stations distributed over the entire basin. The
statistics are shown in Tables 3 and 4 where Eff repre-
sents efficiency or Nash–Sutcliffe criteria (Nash and
Sutcliffe 1970). In addition, R2 and Qsim=Qobs represent
the square-correlation and ratio between simulated and
observed discharge averaged over the 88 gauging sta-
tions. Eff measures the skill of the model at capturing
the observed variability of the discharges. It is defined as
follows:

Eff ¼ 1.0�
P

t¼1;N Qsim tð Þ � Qobs tð Þð Þ2
P

t¼1;N Qsim tð Þ � Qobs

� �2

Eff is zero if the model only reproduces the observed
temporal mean, Qobs. It can be negative if the simulated
discharge is very poor, is above 0.5 for a reasonable
simulation, above 0.7 for a good one and would be 1 for
a perfect model (Boone et al. 2004).

As already shown in many studies (Habets and
Saulnier 2001; Warrach et al. 2002), the VIC and
TOPMODEL approaches are very close, whatever the
resolution is. At high resolution, the representation of
the sub-grid processes has just a limited influence while
the improved hydraulic conductivity has a significant
impact on the quality of the simulated discharges (Fig. 3
and Table 3). Nevertheless, this impact is enhanced by
the inclusion of the sub-grid variability of soil depth (not
shown). The benefit of the various sub-grid hydrological
processes is, however, more obvious at the low resolu-
tion (Fig. 5) where the mean efficiency calculated over
the 88 gauging stations, as well as the mean square
correlation (Table 4), is systematically improved by the
inclusion of a new sub-grid scheme as well as by the
exponential profile of ksat.

5.4 Scaling

The bias calculated between the water budgets simulated
at the low and high resolutions (Fig. 6) shows that the
model sensitivity to the spatial aggregation is clearly
reduced in the Top_Tile_Hort_dec experiment, which
explains the good discharge scores at low resolution.

The TOPMODEL approach (Top) does not improve
the results compared to the VIC approach (dt92), except
for the surface runoff (Qs) sensitivity. However, the

Fig. 4 Cumulative efficiency distributions of daily river discharges
simulated at high resolution. These distributions are computed
from a dense observation network consisting of daily measure-
ments at 88 gauging stations. Statistics about these distributions are
given in Table 3

Fig. 5 Cumulative efficiency distributions of daily river discharges
simulated at low resolution. Notations are the same as in Fig. 3.
Statistics about these distributions are given in Table 4
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drainage (Qsb) sensitivity is increased. The sub-grid
variability of precipitation (Top_Hort) reduces the scale
dependency of the interception loss (Ecanop), which is
then in better agreement with the dripping simulated at
the high resolution. Nevertheless, it leads to a greater
sensitivity in plant transpiration (Etransp) and bare soil
evaporation (Esoil), as well as in surface runoff, even if
the sensitivity in total runoff (Qs+ Qsb) and evapo-
transpiration (Evap) is slightly reduced.

Including the tiles (Top_Tiles_Hort) significantly re-
duces the sensitivity in plant transpiration, but it slightly
enhances that in bare soil evaporation and in intercep-
tion loss. Nevertheless, the sensitivity in all runoff
components and in evapotranspiration is drastically re-
duced. Finally, the exponential profile of saturated
hydraulic conductivity tends to significantly reduce the
sensitivity in surface runoff, but to the detriment of that
of drainage.

Table 3 Statistics of the efficiency distribution of the simulated daily river discharges at the high resolution

Simulations Eff min Eff mean Eff max Eff SD NSBE R2 Qsim=Qobs

dt92 �0.01 0.52 0.90 0.19 4 0.60 1.02
Top �0.01 0.52 0.90 0.19 4 0.60 1.03
Top_Hort 0.05 0.54 0.91 0.17 4 0.64 1.04
Top_Tiles_Hort �0.07 0.54 0.90 0.18 16 0.64 1.05
Top_Tiles_Hort_dec 0.09 0.59 0.92 0.18 60 0.66 1.03

The minimum (min), mean (mean), maximum (max), and standard deviation (SD) of the distribution are shown. The number of stations
with the best Eff (NSBE) is also presented. In addition, the mean square correlation ðR2Þ and annual ratio of simulated to observed
discharges ðQsim=QobsÞ over the 88 stations are shown

Table 4 As in Table 3, but for
statistics of the efficiency
distribution of the simulated
daily river discharges at the low
resolution

Simulations Eff min Eff mean Eff max Eff SD NSBE R2 Qsim=Qobs

dt92 �1.58 0.39 0.89 0.36 2 0.55 0.92
Top �1.50 0.39 0.89 0.35 0 0.55 0.93
Top_Hort �1.62 0.42 0.91 0.36 1 0.58 0.94
Top_Tiles_Hort �1.05 0.46 0.91 0.29 24 0.60 0.96
Top_Tiles_Hort_dec �0.94 0.50 0.92 0.30 61 0.63 0.94

Fig. 6 Impact of scaling on the simulated water budget. The low-
resolution experiment (1� by 1�) is compared to the high-resolution
experiment (8 km by 8 km). The bias and root mean square are
calculated for each surface hydrological fluxes: total runoff (Qs+
Qsb), surface runoff (Qs), drainage (Qsb), evapotranspiration (Evap),
bare soil evaporation (Esoil), vegetation evapotranspiration (Eveg),
which is the sum of plant transpiration (Etransp) and canopy

interception loss (Ecanop). The bias and root mean square are
calculated using the basin-average ratio of each monthly mean flux
ðFluxmonthÞ to monthly mean precipitation ðPmonthÞ in %:
100� Fluxmonth

�
Pmonth

� �
: The bias takes into account the absolute

difference whereas the root mean square takes into account the
monthly difference between both experiments
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In summary, the overall benefit of the new parame-
terizations is that total runoff and evapotranspiration
sensitivities to spatial aggregation are clearly reduced.
As a result, the new model version shows discharge
scores that are less sensitive to spatial resolution (Fig. 7).
This is true at least for largest river basins where the
model version is much more relevant than the spatial
resolution. Conversely, this is not found for the small
sub-basins where the main limitation of the scores is the
model resolution.

6 Discussion

Describing sub-grid variability of topography through
the TOPMODEL formalism has a limited impact on the
ISBA simulations compared to the more empirical VIC
formalism. Nevertheless, TOPMODEL parameters here
only depend on soil properties (Decharme et al. 2005).
As a consequence, no calibration is needed whereas the
VIC formalism depends on one parameter that is gen-
erally calibrated in regional applications. At the global
scale, the calibration of this parameter appears as a
difficult task implying that the TOPMODEL formalism
brings a significant advantage. This formalism has al-
ready been tested at the global scale giving a clear
improvement compared to the VIC approach of the
simulated discharges in many regions of the globe.

In ISBA, the Dunne runoff is estimated through the
use of the TOPMODEL formalism whereas the sub-grid
variability of rainfall, simply coupled with the spatial
heterogeneity in maximum infiltration capacity, permits
to calculate the Horton runoff. Its introduction within
ISBA has a limited influence on the simulations over the
Rhône basin. Nevertheless, the distinction between fro-

zen and unfrozen soil is essential for global scale appli-
cations. Indeed, the surface runoff on frozen soil is
critical to simulate the discharges of the high latitude
rivers. Boone et al. (2004) showed that the impact of
upscaling on the Rhône water budget was similar among
most LSMs that participated to the Rhône-AGG pro-
ject, with increased canopy interception loss and de-
creased runoff. Vérant et al. (2004) showed same results
over the Iberian Peninsula. As a consequence, the sub-
grid rainfall variability introduced within ISBA (Eq. 5),
that significantly reduces both the canopy interception
loss and its sensitivity to resolution appears as an
important parameterization.

The sub-grid hydrological processes linked to the
spatial variability of vegetation and soil properties show
the most significant impact on the simulations. The
scaling sensitivity of plant transpiration is drastically
reduced, leading to a better scaling resistance of the
model for both evapotranspiration and total runoff.
Indeed, at low resolution, more total runoff is produced
by ISBA and the discharge quality is improved. More-
over, the positive impact of the exponential profile of
saturated hydraulic conductivity is enhanced by the sub-
grid variability of soil depth, which also improves the
discharge quality at the low resolution. The main dis-
advantage of the tile approach is an increase in the
number of variables and parameters to be stored in
memory and in computational cost. This drawback
could be important for numerical weather prediction or
GCM applications.

At high resolution, the need to include sub-grid
hydrological processes appears less important. Never-
theless, the improvement of the simulation due to these
sub-grid parameterizations is not negligible. For exam-
ple, the ISBA version with both the exponential profile
of saturated hydraulic conductivity and the TOP-
MODEL formalism (not shown) reveals a mean effi-
ciency of 0.55 (Decharme et al. 2005) against 0.59 for
Top_Tiles_Hort_dec. So, the other sources of sub-grid
variability, especially land cover and soil depth, remain
important even at this scale.

The scope of these conclusions is open to debate
since the Rhône river basin is a relatively small region
compared to the global domain of application of the
ISBA model. Nevertheless, this basin contains a large
variety of climate types (Mediterranean in the south,
temperate in the north, mountainous in the east and a
drier climate in the west). Globally speaking, all
additional parameterizations improve the simulated
discharges, but some of them appear more useful than
other in some regions as, for example, TOPMODEL
over the Alpine sub-basins with a strong orography,
the Horton runoff in the Southwest and in the North,
the vegetation tiles everywhere (except over the Alps
where the vegetation is less denser) and the exponential
profile of ksat over the North and the Southeast. The
scaling sensitivity shows the same spatial characteris-
tics. Indeed, the effect of the sub-grid variability of
rainfall dominates over the rainy areas (the Northeast

Fig. 7 Impact of scaling on the simulated discharge scores. The
same cumulative daily efficiency distributions at high and low
resolution of dt92 and Top_Tiles_Hort_dec as in Figs. 3 and 4 are
shown. For each experiment, the mean drainage area by efficiency
range is also shown (right bottom)
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and the mountains in general), while the impact of the
spatial variability of vegetation and soil properties is
significant over the whole domain (especially in the
South). The exponential profile of ksat has a clear ef-
fect in the North, even if this impact is more hetero-
geneous than for the other parameterizations.

7 Conclusions

This study shows the impact of various parameteriza-
tions of sub-grid hydrology on the water budget, simu-
lated over the French Rhône River basin, using the
ISBA LSM. These parameterizations account explicitly
for the sub-grid variability of topography, precipitation,
maximum infiltration capacity, and vegetation and soil
properties. All simulations are implemented using both
the high- (8 km by 8 km) and low- (1� by 1�) resolution
database proposed in the Rhône-AGG project (Boone
et al. 2004).

Results show a significant improvement of the simu-
lated daily discharges at the low resolution. Moreover,
at the high resolution, the impact of the various sub-grid
parameterizations, especially the tile approach, is not
negligible. The representation of the sub-grid rainfall
distribution decreases the model scaling sensitivity of the
interception loss whereas the tiles increase the scaling
resistance of plant transpiration and total runoff. As a
consequence, the new model version including all sub-
grid parameterizations and the exponential profile with
depth of saturated hydraulic conductivity significantly
improves the quality of the simulated discharges as well
as the resistance to the spatial aggregation. Nevertheless,
it is important to note that realistic simulations of river
discharges do not guarantee realistic simulations of soil
moisture. Even with prescribed observed precipitation, a
poor simulation of surface evaporation can be associ-
ated with a realistic production of runoff, if water stor-
age variations can compensate for the evaporation
biases.

The validation of this new version of ISBA at the
global scale should be more difficult for at least three
reasons. First, the atmospheric forcing and the surface
parameters available for this purpose are relatively
uncertain compared to the Rhône-AGG data set. The
general quality of the hydrological simulations over the
Rhône basin is not only due to the robustness of the
ISBA physics, but also to the accuracy of the atmo-
spheric forcing derived from the SAFRAN analysis.
Secondly, discharge measurements over large river
basins are mainly available at a monthly time scale,
while the present study emphasizes the relevance of
daily observations for a careful validation of regional
hydrological simulations. Thirdly, MODCOU is a re-
gional hydrological model that cannot be used for
global scale applications so that a more general but
simpler river routing model is needed for a global
validation. Nevertheless, it will be shown in a future
study that this new model version of ISBA also

improves many aspects of our hydrological simulations
at the global scale.
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8 Appendix 1

8.1 Dunne surface runoff formulation

Here, the coupling between ISBA and TOPMODEL is
briefly reviewed. More details can be found in Habets
and Saulnier (2001) and Decharme et al. (2005). TOP-
MODEL describes generally the evolution of a water
storage deficit near the soil surface. Therefore, the active
layer chosen for the ISBA-TOPMODEL coupling is the
root layer, and not the total soil column.

The Dunne surface runoff is then simply given by
Qs

D=Pg · fsat where fsat is the saturated fraction of a grid
cell. fsat is inversely proportional to the mean water
storage deficit, Dt (m), of a grid cell computed as fol-
lows:

0 � Dt ¼ wsat � w2ð Þ � d2 � d0 ð10Þ
d0 ¼ wsat � wwiltð Þ � d2 ð11Þ

where d0 (m) is the maximum local deficit, and w2 and d2
are the mean volumetric water contents and depth of the
root zone according to the relative fraction of each land
surface tiles within each grid cell. In other words, when
w2 is below the wilting point, the mean water storage
deficit is a maximum, Dt=d0, fsat= 0 and no surface
runoff occurs.

9 Appendix 2

9.1 Horton surface runoff formulation

As previously discussed in Sect. 3, the sub-grid vari-
ability in local rainfall, Pi, can be given by an expo-
nential probability density distribution (Entekhabi and
Eagleson 1989):

f Pið Þ ¼
l

P
e�lðPi=PÞ ð12Þ

where P is the mean rainfall rate over the grid cell and l
is the fraction of the grid cell affected by precipitation
reaching the surface. l can be determined using the re-
sults of Fan et al. (1996), who showed an exponential
relationship between the fractional coverage of precipi-
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tation and rainfall rate, based on their analyses of over
2 years radar observations and rain gauge measurements
over the Arkansas-Red river basin in the southern plains
of the USA. This relationship is:

l ¼ 1� e�bP ð13Þ

where b is a parameter which depends on grid resolu-
tion, dx, according to the relationship given by Peters-
Lidard et al. (1997):

b ¼ 0.2þ 0.5e�0:01dx ð14Þ

In Fan et al. (1996), dx represents lengths of square
grid cells ranging from 40 to 500 km. In consequence,
the l parameter here is equal to 1 at high resolution
because the length of each grid cell is equal to 8 km. At
low resolution, it is calculated according to Fan et al.
(1996) (Eq. 13), where the b parameter depends, for each
grid cell, on the root-square of the grid cell area in km2

(Eq. 14).
The spatial heterogeneity of the local maximum

infiltration rates, Ii, can also be approximated by an
exponential probability density distribution (Yu 2000):

g Iið Þ ¼
1

I
e�Ii=I ð15Þ

where I is the mean maximum infiltration rate over the
grid cell. Distinction has been made between infiltration
on unfrozen and frozen soil. The local maximum infil-
tration rates on unfrozen soil, Iunf, i, is given as in Chen
and Kumar (2001) according to Abramopoulos et al.
(1988) and Entekhabi and Eagleson (1989), and on
frozen soil, If,i, by Johnsson and Lundin (1991). Gen-
eralization of these functions into the ISBA framework
leads to:

Iunf; i ¼ ksat; i
bwsat

Dz
w2

w�sat
� 1

� �
þ 1

� �
ð16aÞ

If; i ¼ kicesat; i
w2

w�sat

� �2bþ3
�10�6

wI2
wI2þw2 ð16bÞ

where ksat,i (ms�1) is the local surface saturated
hydraulic conductivity, wsat (m) is the saturated soil
water potential or air entry potential, Dz is a soil
thickness of 0.1 m, and b is a dimensionless slope
parameter (Brooks and Corey 1966; Clapp and Horn-
berger 1978). w12 is the layer-average volumetric ice
content (m3 m�3) in the root zone and wsat

* is the
soil porosity in presence of soil ice (Boone et al. 2000).
ksat,i
ice is the local layer-average saturated hydraulic con-

ductivity over a diagnostic reservoir, corresponding to

the ice depth, dice, where the ice can be present. In this
study, dice is equal to 50% of the rooting depth. This
calibration gives the best results over the Rhône basin
even if Johnsson and Lundin (1991) recommended a
value of 0.2 m, which is used at the global scale. Finally,
the fraction of the frozen soil in ISBA is given by
df ¼ min wI2 � d2=ðwsat � diceÞ; 1ð Þ:

According to Eq. 7, a new expression of the Horton
runoff, Qs

H, is given by:

where the first term corresponds to the Horton runoff
on unfrozen soil and the second to the Horton runoff on
frozen soil. Consequently and passing throughout sev-
eral algebraic steps, the Horton runoff in ISBA is com-
puted as follows:

QH
s ¼ 1� dfð Þ P

1þ Iunf
l
P

þ df
P

1þ If
l
P

ð18Þ

where If and Iunf are the grid-average frozen and un-
frozen maximum infiltration capacity, respectively. Fi-
nally, in the presence of snowmelt, Sm, any assumptions
about its spatial variability can be made, and the Horton
runoff is simply given by:

QH
s ¼ 1� dfð Þmax 0; Sm � Iunf

� �
þ dfmax 0; Sm � If

� �

ð19Þ
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the river flows of the Rhône basin. J Geophys Res 104:31145–
31172

Habets F, LeMoigne P, Noilhan J (2004) On the utility of opera-
tional precipitation forecasts to serve as input for streamflow
forecasting. J Hydrol 293:270–288

Johnsson H, Lundin LC (1991) Surface runoff and soil water
percolation as affected by snow and soil frost. J Hydrol
122:141–159

King D, Lebas C, Jamagne M, Hardy R, Draoussin J (1995) Base
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