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Abstract Over recent years, many numerical studies
have suggested that the land surface hydrology con-
tributes to atmospheric variability and predictability on
a wide range of scales. Conversely, land surface models
(LSMs) have been also used to study the hydrological
impacts of seasonal climate anomalies and of global
warming. Validating these models at the global scale is
therefore a crucial task, which requires off-line simu-
lations driven by realistic atmospheric fluxes to avoid
the systematic biases commonly found in the atmo-
spheric models. The present study is aimed at validat-
ing a new land surface hydrology within the ISBA
LSM. Global simulations are conducted at a 1° by 1°
horizontal resolution using 3-hourly atmospheric forc-
ings provided by the Global Soil Wetness Project.
Compared to the original scheme, the new hydrology
includes a comprehensive and consistent set of sub-grid
parametrizations in order to account for spatial heter-
ogeneities of topography, vegetation, and precipitation
within each grid cell. The simulated runoff is converted
into river discharge using the total runoff integrating
pathways (TRIP) river routing model (RRM), and
compared with available monthly observations at 80
gauging stations distributed over the world’s largest
river basins. The simulated discharges are also com-
pared with parallel global simulations from five alter-
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native LSMs. Globally, the new sub-grid hydrology
performs better than the original ISBA scheme. Nev-
ertheless, the improvement is not so clear in the high-
latitude river basins (i.e. Ob, MacKenzie), which can
be explained by a too late snow melt in the ISBA
model. Over specific basins (i.e. Parana, Niger), the
quality of the simulated discharge is also limited by the
TRIP RRM, which does not account for the occur-
rence of seasonal floodplains and for their significant
impact on the basin-scale water budget.

1 Introduction

In general, the continental fresh water reservoirs have
a strong temporal variability due to their relatively low
capacity. This phenomenon can have dramatic conse-
quences for the populations of some regions of the
world during seasonal flood or drought events. Sub-
jected to the climatic hazards, these reservoirs also
represent an active component of the climate system
(Beljaars et al. 1996; Dirmeyer 2000, 2001; Douville
et al. 2001; Douville 2002, 2003; Koster et al. 2000a,
2002) and are likely to influence the water and energy
exchanges at the land surface, the ocean salinity at the
mouth of the largest rivers, and probably the whole
climate at least at the regional scale (Gedney et al.
2000; Douville et al. 2000a, b). Nevertheless, the
knowledge and understanding of the continental
hydrological cycle is still limited by the lack of global
observations, even if current progress in remote sens-
ing techniques (Alsdorf and Lettenmaier 2003; Wign-
eron et al. 2003; Grippa et al. 2004) should improve
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the situation in the near future. Meanwhile, in situ
observations like river discharge and soil moisture
remain very useful to understand the evolution of the
continental hydrology (Robock et al. 2000). However,
soil moisture measurements are very sparse and not
sufficient over most regions of the globe.

Besides observations, the understanding of the
continental hydrological cycle requires numerical tools
making it possible to analyse the mechanisms that
control the evolution of the various continental reser-
voirs, and ultimately to predict this evolution from
daily to climate change time scales. Land surface
models (LSMs) were introduced in atmospheric gen-
eral circulation models (AGCMs) to provide realistic
lower boundary conditions on temperature and mois-
ture. Their complexity ranges from the simple bucket
model (Manabe 1969) to more sophisticated soil-veg-
etation—atmosphere transfer schemes with multiple
parameterizations representing the physical processes
linked to soil, vegetation, and snow. Their validation is
mainly based on off-line simulations due to the large
systematic errors that are still commonly found in most
atmospheric models. Besides local tests, validation at
the basin scale is necessary to evaluate the breakdown
of precipitation between evaporation, water storage,
and runoff. For this purpose, river routing models
(RRMs) can be used to convert the simulated runoff
into river discharge at any gauging stations over a se-
lected river basin and then to validate the water budget
simulated over the corresponding drainage area by
comparing simulated discharges with observations
(Habets et al. 1999b; OKki et al. 1999; Ngo-Duc et al.
2005; Decharme and Douville 2006a, b). This strategy
is now widely used and represents a powerful tool to
detect major deficiencies in the LSMs (Lohmann et al.
1998; Chapelon et al. 2002; Boone et al. 2004; Dech-
arme et al. 2006).

In state-of-the-art AGCMs, the land surface water
budget is calculated on grid cells whose side measures
typically from 50 to 300 km. At such a resolution, the
sub-grid distribution of the atmospheric fluxes and land
surface characteristics has a significant impact on the
mean water budget simulated within each grid box. In
other words, regional and global hydrological simula-
tions are generally sensitive to the horizontal resolu-
tion of the computation grid (Dirmeyer et al. 1999;
Vérant et al. 2004; Boone et al. 2004; Decharme et al.
2006). Nevertheless, this sensitivity can be reduced by
introducing sub-grid parameterizations of the main
hydrological processes (Dirmeyer et al. 1999; Boone
et al. 2004). This remark was recently reinforced by
Decharme and Douville (2006a) using the ISBA LSM
with a new sub-grid hydrology (SGH) over the Rhone
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river basin at both high (8 km by 8 km) and low
(1° by 1°) resolution. This parameterization accounts
for the sub-grid variability of precipitation, topogra-
phy, soil maximum infiltration capacity, and vegetation
properties. Compared to the original version of ISBA,
the new SGH performed much better at both daily and
monthly time scales, and was much less sensitive to the
spatial aggregation. While very successful over the
Rhone river basin, the validation must be extended at
the global scale.

The goal of the present study is to evaluate the impact
of the new ISBA-SGH in global off-line hydrological
simulations over the 1986-1995 period. This global
validation is based on discharge scores evaluated over
the most important rivers of the globe using the total
runoff integrating pathways (TRIP) RRM. An evalua-
tion is also made using a comparison with parallel off-
line simulations from five state-of-the-art LSMs. The
description of the ISBA LSM, as well as a brief review
of the new SGH, is provided in Sect. 2. The global
atmospheric forcing, the land surface parameters,
and the experiment design are described in Sect. 3.
The main results are presented in Sect. 4 and discussed
in Sect. 5. Finally, the conclusions are provided in
Sect. 6.

2 ISBA sub-grid hydrology
2.1 The initial version of ISBA

The ISBA LSM (Fig. 1) is a simple LSM which uses
the force-restore method (Deardorff 1977, 1978) and a
limited number of parameters to calculate the time
evolution of the surface and mean soil temperature
(Noilhan and Planton 1989). The water budget is based
on a soil hydrology, a simple soil freezing scheme
(Boone et al. 2000), a rainfall interception scheme
(Mahfouf et al. 1995), and a one-layer simple snow
scheme (Douville et al. 1995). ISBA has a three-layer
soil hydrology: a thin surface layer included in the
rooting layer and a third layer in order to distinguish
between the rooting depth and the total soil depth
(Boone et al. 1999). The infiltration rate is computed
as the difference between the through-fall rate and the
surface runoff. The through-fall rate is the sum of the
rainfall not intercepted by the canopy, the dripping
from the interception reservoir, and the snow melt
from the snow pack. The dripping from the canopy is
calculated according to Mahfouf et al. (1995) in which
precipitation spatial heterogeneities are taken into
account by an exponential distribution that depends on
both the mean rainfall rate over the grid cell and the
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Fig. 1 Schematic representation of the ISBA-TRIP hydrologic
modelling system. The ISBA LSM has a three-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 modelled soil column. The two uppermost layers
include soil freezing. ISBA takes into account infiltration, soil
water transport, surface runoff, deep drainage, bare soil
evaporation, and soil ice sublimation. The treatment of vegeta-

fraction of the grid cell, u, affected by rainfall. This last
parameter is assumed constant, uniform and equal to
0.1 over the globe according to Dolman and Gregory
(1992). This configuration of the ISBA model corre-
spond to the control version (CTL) tested in this study
where surface runoff only occurs when the soil mois-
ture is higher than the soil porosity.

In the second version of ISBA tested here, the sur-
face runoff over saturated area, named Dunne runoff,
is added and computed using the variable infiltration
capacity (VIC) scheme (Zhao 1977; Diimenil and To-
dini 1992; Wood et al. 1992; Habets et al. 1999a). The
saturated fraction of the grid cell computed by the VIC
scheme depends on soil moisture, precipitation inten-
sity, and a shape parameter, B. As in Diimenil and
Todini (1992), B is computed using the standard
deviation of orography, a,, in each grid cell at the
considered model resolution (1° in this study):

Oh — Oh min

Oh + Ohmax

B = max ( , 0.1) (1)

where 6, min and oy max are the minimum and maxi-
mum standard deviation of orography over the globe.
The total runoff is the sum of surface runoff and the
deep drainage. This deep drainage is the sum of the
gravitational drainage (Mahfouf and Noilhan 1996)
and a linear residual drainage when the soil moisture
of each layer is below the field capacity. The idea is to

tion includes plants’ transpiration, direct evaporation from wet
leaves, and dripping from the interception reservoir. Snow mass
evolves as a function of solid precipitation, snow sublimation,
and snow melt. TRIP is a simple linear RRM that is used to
convert the total runoff produced by ISBA into river discharges
over large rivers (like the Amazons shown in the right panel) at a
1° by 1° horizontal resolution

take into account the spatial heterogeneity of soil
moisture and soil hydraulic properties within a grid box
(Habets et al. 1999b; Etchevers et al. 2001). This linear
residual drainage is not calibrated basin by basin and
depends to a coefficient assumed constant and uniform
over the globe. This version of ISBA is named dt92 by
reference to the calibration of the B parameter (Eq. 1)
proposed by Diimenil and Todini (1992).

2.2 Review of the new ISBA-SGH

First, the Dunne runoff is computed using a new
TOPMODEL approach (Habets and Saulnier 2001)
instead of the VIC scheme. This version is simply
named Top. TOPMODEL attempted to combine the
important distributed effects of channel network
topology and dynamic contributing areas for runoff
generation (Beven and Kirkby 1979; Sivapalan et al.
1987). This formalism takes into account topographic
heterogeneities explicitly by using the spatial distribu-
tion of the topographic indices, 4; (m), in each grid cell
defined as follows:

In(a;/tan B;) (2)

where a; (m) is the drainage area per unit of contour
of a local pixel, i, and tan f; approximates the local
hydraulic gradient where f5; is the local surface slope. If
the pixel has a large drainage area and a low local
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slope, its topographic index will be large and thus, its
ability to be saturated will be high. Then, this topo-
graphic index can be related to a local water deficit,
and using the spatial distribution of the topographic
indices over the grid cell, a saturated fraction, fg,, in-
versely proportional to the grid cell mean deficit can be
defined. The Dunne runoff, QOp, is thus simply given
by: Op = Py X fsar Where P, is the through-fall rate.
With this formalism, the soil column assumes an
exponential profile of the saturated hydraulic conduc-
tivity, kga, With soil depth. This parameterization de-
pends only on two parameters, which represent the
rate of decline of the kg, profile and the depth where
ksar Teaches its so-called “‘compacted value.” The first
parameter is related to soil properties (relation 11 in
Decharme et al. 2006) but cannot exceed 2 m™!, and
the second is assumed to be equal to the rooting depth.
Sensitivity tests to these parameters and a detailed
discussion about these parameterizations can be found
in Decharme et al. (2006).

Secondly, the sub-grid exponential distribution of
rainfall is generalized to the surface runoff of ISBA
according to Entekhabi and Eagleson (1989). In addi-
tion, this approach is coupled with a sub-grid expo-
nential distribution of the soil maximum infiltration
capacity in order to enable the infiltration excess runoff
mechanism, named Horton runoff, more realistically.
The p parameter is computed using the model resolu-
tion and the rainfall intensity according to Fan et al.
(1996) and Peters-Lidard et al. (1997). Furthermore,
this parameterization depends on two maximum infil-
tration capacity functions proportional to the liquid
water and ice content of the soil that enable the Horton
runoff to be represented explicitly over unfrozen and
frozen soil (Decharme and Douville 2006a). So, this
version where the Horton process is added to the
Dunne runoff is named Top-Hort.

Lastly, land cover and soil depth heterogeneities are
represented using a 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. Indeed, each sub-grid patch extends verti-
cally throughout the soil-vegetation—snow column. One
rooting depth and one soil depth are assigned to each
surface class, and distinct energy and water budgets for
each tile within a grid box are computed. The relative
fractional coverage of each surface type within each
grid box is used to determine the grid box average of
the water and energy budgets. In consequence, the last
version of ISBA (Top-Hort-Tiles) tested in this study
takes into account all these sub-grid parameterizations.
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3 Experiment design

3.1 Atmospheric forcing and land surface
parameters

All simulations are implemented in off-line mode. The
global meteorological forcing is provided by the Global
Soil Wetness Project phase 2 (GSWP-2; http://www.
iges.org/gswp/) over more than 13 years (July 1982 to
December 1995), on 3-hourly time step and at 1° res-
olution. GSWP-2 is an international initiative aimed at
producing global data sets of soil wetness and energy
and water fluxes by driving LSMs with state-of-the-art
1° by 1° atmospheric forcing and land surface param-
eters (Dirmeyer et al. 1999, 2002). It also provides a
unique opportunity to develop and test land surface
parameterizations at the global scale, using multi-year
off-line simulations that are not affected by the sys-
tematic errors found in atmospheric models. The
GSWP-2 atmospheric forcing is based on the Interna-
tional Satellite Land Surface Climatology Project
(ISLSCP) initiative II regridded National Centers
for Environmental Prediction/Department of Energy
(NCEP/DOE) reanalysis. Corrections to the systematic
biases in the 3-hourly reanalysis fields are made by
hybridization with global observed monthly climatol-
ogies. The precipitation is a hybrid product of reanal-
ysis and observations in which GSWP-2 uses NCEP/
DOE combined with Global Precipitation Climatology
Centre (GPCC) gauge data for the validation period
(1986-1995) and Climatic Research Unit data for the
spin-up period (1982-1985) when GPCC data is not
available. Further details and/or additional informa-
tions can be found in Zhao and Dirmeyer (2003) and
Dirmeyer et al. (2006).

The land surface parameters are specified according
to the high-resolution ECOCLIMAP database of
Météo-France (Masson et al. 2003). ECOCLIMAP is
the database included in the climatic model of Météo-
France. The soil textural properties are given by the
Food and Agricultural Organization map at 10 km
resolution. Vegetation parameters are defined using
two vegetation maps from the Corine Land Cover
Archive at 250 m resolution over Europe and from the
University of Maryland elsewhere at 1 km resolution.
There are 12 distinct surface types considered, and the
relative fractional coverage of each surface type within
each grid box was used to determine average values for
the 1° by 1° grid boxes when the tile approach is not
used. The topographic indices are available at a 1-km
resolution using the HYDROI1K dataset (http://www.
edcdaac.usgs.gov/gtopo30/hydro). The spatial distribu-
tion of the topographic indices in each grid cell is
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derived from the mean, standard deviation, and
skewness of the actual distribution using a three-
parameter gamma distribution (Sivapalan et al. 1987).

3.2 Experiments

First, each sub-grid parameterization is evaluated.
ISBA is integrated with a 5-min time step for the whole
GSWP-2 period. All simulations start from initial
condition of soil temperature based on the mean June
air temperature, soil moisture at 75% of saturation,
and no snow cover over ice-free points. Spin-up is
performed using forcing data beginning 1 July 1982 and
ending 31 December 1985 and the period 1986-1995 is
used as the validation stage. To sum up, one control
and four simulations with sub-grid parameterizations
are performed:

— CTL: ISBA is implemented as in the AGCM of
Météo-France (ARPEGE) without deep residual
drainage and sub-grid parameterizations (except for
the dripping). So, surface runoff only occurs when
the soil moisture is higher than the soil porosity and
only gravitational drainage is taken into account.

— dt92: This simulation is similar to CTL but includes
the sub-grid residual drainage and the Dunne runoff
using the VIC scheme with the dr92 calibration
(Eq. 1).

— Top: The VIC scheme is replaced by TOPMODEL
including the exponential profile of kg,. Only the
sub-grid variability of topography is taken into
account and the Horton runoff is not considered.

— Top-Hort: The Horton process is added to the
Dunne runoff. Thus, the x parameter varies spatially
and surface heterogeneities in maximum infiltration
capacity over unfrozen and frozen soil are added.

— Top-Hort-Tiles: All sources of sub-grid variability
related to topography, precipitation, maximum infil-
tration capacity, and land surface characteristics are
considered.

Secondly, a multi-model comparison is made in or-
der to evaluate the new ISBA-SGH which takes into
account all sub-grid parameterizations. Indeed, ISBA-
SGH is compared to five other state-of-the-art LSMs
which have participated in the GSWP-2 intercompari-
son project (Table 1). The water budget simulated by
these models has been retrieved from the GSWP-2
database. All LSMs considered are at least ‘“‘second-
generation” model because they take into account the
effect of vegetation and snow on surface hydrology and
include realistic treatments of the surface energy bal-
ance. Furthermore, they take into consideration sur-
face runoff and deep drainage mechanisms in order to

produce a ‘“‘realistic” total runoff, and use specific
parameterizations to represent the SGH (Table 1). A
last experiment, named ISBA-SGH’, is done in order
to investigate the importance of the snow pack simu-
lation in the ISBA global hydrological simulations. The
baseline one-layer snow scheme, which uses a com-
posite snow—soil-vegetation energy budget, is replaced
by the more detailed multi-layer snow model of Boone
and Etchevers (2001). This scheme uses an indepen-
dent snow energy budget and describes the vertical
profile of snow mass, density, liquid water content, and
heat content.

3.3 Validation strategy

The TRIP RRM (Oki and Sud 1998) is used to convert
the daily total runoff simulated by ISBA and the others
models into river discharge. Then the simulated water
budget can be validated using direct comparison be-
tween simulated and observed discharges. TRIP was
already used at the global scale by OKki et al. (1999) and
Decharme and Douville (2006b) in order to route the
runoff produced by several LSMs. The goal of such
studies was to quantify the impact of the quality of the
meteorological forcing on the simulated water budget.
TRIP is a simple linear model based on a single
prognostic equation for the water mass within each
grid cell of the hydrological network. The stream flow
velocity is assumed constant and uniform at 0.5 m s,
The global river channel network is provided at 1°
resolution (Fig. 1) and adapted to GSWP-2 land-sea
mask.

Over the validation period (1986-1995), the Global
Runoff Data Center (http://www.grdc.sr.unh.edu/in-
dex.html), the R-ArticNet database [New Hampshire
University, (http://www.r-arcticnet.sr.unh.edu/v3.0/
index.html)] for high-latitude basins and the HyBAm
dataset (http://www.mpl.ird.fr/hybam/) for the Rio-
Amazonas basin give access to more than a hundred
gauging station measurements. Nevertheless, the set of
monthly stream flow data used for the validation con-
tains no more than 80 river gauges because only sub-
basins with drainage areas of at least 10° km? (Fig. 2)
and with a minimum observed period of 4 years are
used (Table 2).

In addition to the evaluation of the simulated dis-
charges, the snow cover extent simulated by each
model is validated against satellite observations from
the National Snow and Ice Data Center (http://www.
nsidc.org/). This snow cover product is provided by
ISLSCP-II over the whole 1986-1995 period, at a
monthly time scale, and at 1° by 1° horizontal resolution.
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Table 1 Land surface models used for the multi-model comparison.

LSM Institutes Nation Model structure Dunne Horton Land Most recent references
surface

ISBA-SGH Meétéo-France France 3W 2T 1S TOP  pdf(P, I, Ine) Tiles Decharme and Douville (2006a)
MOSES Met office UK 4W 4T 1S TOP Py — kg Surf-Tiles Gedney and Cox (2003),

Essery et al. (2003)
NOAH NOAA/NCEP/EMC USA 4W 4T 1S pdf(w) No Dominant EKk et al. (2003)
NSIPP NASA/GSFC/IGMAO USA  3W 6T 3S TOP Py — kg Dominant Koster et al. (2000b),

Ducharne et al. (2000)
SSiB IGES/COLA USA o6W 6T 1S No pdf(P) Effective  Dirmeyer and Zeng (1999)
SWAP RAS/IWP Russia 2W 1T 1S No pdf(ksat) Effective  Gusev and Nasonova (2003)

The model structure provides the total number of hydrological
(W) and temperature (T) soil layers, as well as the maximum
number of snow layers (S). For the representation of the Dunne
runoff, three LSMs use a TOPMODEL (TOP) approach while
NOAH uses a probability density function (pdf) of total soil
moisture (w). For the Horton runoff, ISBA-SGH and SSiB use
an exponential distribution of precipitation (P), while SWAP
uses a pdf of kg, In ISBA, two maximum infiltration capacity
functions related to a frozen (/) or an unfrozen (1) soil also are

10%km?

1 2 4 6 8 10 12 14 16

18 20 25

Fig. 2 Spatial distribution of the drainage areas at each gauging
stations used for the discharges validation. Basin names are given
in Table 2

4 Results
4.1 Validation of the new SGH

Figure 3 compares the 10-year mean total runoff ratio
to total precipitation, R, simulated by each version of
ISBA. A significant difference appears between the
runoff ratio simulated by CTL and dr92. The inclusion
of the Dunne runoff, using the VIC scheme, and of the
linear residual drainage leads to an increase in total
runoff, except over the Amazon basin where the soil is
generally wet and the gravitational drainage is the
dominant process. Over arid areas, this increase is partly
due to the linear residual drainage that enables runoff to
be produced even if soil moisture is very low, whereas
the Dunne runoff dominates elsewhere. When the VIC
scheme is replaced by TOPMODEL (R70,—Ra2), the
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used. Others, except NOAH, calculate the Horton runoff only as
the difference between through-fall (Py) and k.. For the rep-
resentation of land surface characteristics (Land surface col-
umn), Tiles corresponds to the use of a patches approach, Surf-
Tiles to the use of a cover tile approach overlying a single soil
column, Dominant to the use of the dominant land surface type
over the grid cell and Effective to the use of an aggregation
parameter method which determines the average values within
the grid box

total runoff is generally increased over vegetated areas.
This increase is due to TOPMODEL, which increases
the Dunne runoff compared to VIC, and to the expo-
nential profile of kg, which favours the deep drainage
(Decharme et al. 2006). Over dry area, the exponential
profile of kg, is the main reason for the decrease in total
runoff because it favours water storage in the deep
reservoir. The Top-Hort simulation reveals that the
inclusion of the Horton runoff induces an important
increase in total runoff over high-latitude areas. This
result is related to the representation of the Horton
runoff over frozen soil, which is dominant during the
snow melt period. Over the equatorial regions, the small
decrease in total runoff is due to the value of the u
parameter that is generally larger than to 0.1 which then
limits the dripping from the canopy reservoir compared
to the previous simulations in which p is fixed at 0.1.
Lastly, the introduction of the land cover tiles (7op-
Hort-Tiles) globally increases the total runoff.

Figure 4 compares the simulated and observed dis-
charges over the Mississippi, the Amazon, and the Ob
river basins. The annual cycles, as well as the monthly
anomalies calculated over the whole observation period
(Table 2), are represented. The annual runoff simulated
by each model version is evaluated using the annual
discharge ratio criterion (Qgim/Qobs), Whereas the effi-
ciency, Eff, criterion (Nash and Sutcliffe 1970) measures
the model ability to capture the monthly discharge
dynamics. This skill score is defined as follows:

Eff =1.0 — Z (Qsim(l) - Qis(l)z)z
3 (Qops(t) — Oops)
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Table 2 River basins used for the comparison between simulated and observed discharges

Basins NS Downstream station Area (km?) Lon Lat Period

Rio-Amazonas 12 Obidos 4,758,000 -55.5 2.5 1986-1995
Congo 1 Brazzaville 3,649,000 15.5 —4.5 1986-1995
Mississippi 8 Vicksburg 3,011,000 -91.5 325 1986-1995
Ob 5 Salekhard 2,902,000 66.5 66.5 1986-1995
Parana 3 Timbues 2,596,000 -60.5 -32.5 1986-1994
Yenisei 2 Ygarka 2,502,000 86.5 67.5 1986-1995
Lena 2 Kusur 2,310,000 127.5 70.5 1986-1995
Mackenzie 8 Mackenzie 1,736,000 -133.5 67.5 1986-1995
Amur 1 Komsomolsk 1,772,000 137.5 50.5 1986-1990
Volga 1 Volvograd 1,326,000 44.5 48.5 1986-1990
Ganges 1 Harding Bridge 970,000 88.5 24.5 1986-1992
Yukon 2 Pilot station 826,000 -162.5 61.5 1986-1995
Orinoco 1 Puentes Angostura 820,000 -63.5 8.5 1986-1990
Niger 4 Niamey 799,000 2.5 13.5 1986-1990
Danube 5 Ceatal Izmail 797,000 28.5 45.5 1986-1990
Columbia 1 The Dalles 634,000 -121.5 455 1986-1995
Chari 1 Ndjamena 558,000 15.5 11.5 1986-1991
Kolyma 1 Kolymskoye 536,000 158.5 68.5 1986-1995
Brahmaputra 1 Bahadurabad 519,000 89.5 25.5 1986-1992
Soa Francisco 1 Juazeiro 488,000 -40.5 -9.5 1986-1994
Mékong 5 Mukdahan 405,000 104.5 16.5 1986-1993
Severnaya Dvina 1 Ust Pinega 364,000 41.5 64.5 1986-1995
Pechora 2 Oksino 298,000 52.5 67.5 1986-1995
Indigirka 1 Vorontsovo 277,000 147.5 69.5 1986-1994
Sénégal 1 Kayes 239,000 -12.5 14.5 1986-1990
Yana 1 Ubileynaya 228,000 136.5 70.5 1986-1994
Fraser river 2 Hope 211,000 -121.5 49.5 1986-1995
Wisla 1 Tczew 194,000 18.5 53.5 1986-1994
Rhin 1 Rees 146,000 6.5 51.5 1986-1995
Albany river 1 Near Hat Island 140,000 -83.5 51.5 1986-1995
Burdekin 1 Clare 126,000 147.5 -20.5 1986-1994
Colorado 1 Wharton 105,000 -96.5 29.5 1986-1995
Odra 1 Gozdowice 100,000 14.5 52.5 1986-1994

The number of gauging stations for each basin (NS) is given. The name, drainage area (Area in km?), localizations (longitude, Lon, and
latitude, Lat), and the observation period of each station are also shown

where Qs represents the observed temporal mean.
Eff 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 1 for a perfect model (Boone
et al. 2004). The quality of the simulated anomalies is
evaluated using the square correlation criterion (r%).
Over the Mississippi basin, the introduction of the
Dunne runoff and of the linear residual drainage (dr92
or Top compared to CTL) improves the annual cycle
as well as the annual discharge ratio between simulated
and observed discharges. The efficiency criterion shows
that the monthly discharge dynamics is also improved.
This result is confirmed by the correlations between
simulated and observed anomalies, which give an
advantage to TOPMODEL compared to the VIC
scheme. The introduction of the Horton runoff im-
proves the Mississippi discharge simulations in many
respects. This is mainly due to the parameterization of
the surface runoff over frozen soil which increases the
simulated runoff during winter and spring whereas the

Horton runoff over unfrozen soil has a more important
effect during summer. Nevertheless, the most impor-
tant enhancement is linked to the tiles approach that
permits significant improvement of all discharge scores.
Over the Amazon basin, the efficiency criterion shows
that both TOPMODEL and the exponential profile of
ksat improve the quality of the simulated discharges.
Nevertheless, the square correlations of the simulated
discharge anomalies are slightly reduced due to a little
shift from the observations. The introduction of the
Horton runoff has just a weak impact on the discharge
simulations due to the basin characteristics that favour
surface infiltration, water storage, and deep-soil per-
colation (Delire et al. 1997). Moreover, as already said,
the value of the y parameters leads to a slight decrease
in the annual discharge ratio. The effect of the tiles is
less significant than over the Mississippi basin but sig-
nificantly improves the efficiency criterion. Over the
ODb basin, TOPMODEL improves the discharge scores
compared to the VIC. At these high latitudes, the
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Fig. 3 Comparison between the 10-year mean runoff ratio
simulated by each version of ISBA over the validation period
(1986-1995). The runoff ratio, R, is defined as the ratio of total
runoff (surface runoff + drainage) to total precipitation ex-
pressed in %

dominant effect is however linked to the representa-
tion of surface runoff over frozen soil explicitly
included in the Horton process parameterization.
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Accordingly, the introduction of the Horton runoff
leads to a drastic improvement of all statistical criteria
and thus of the hydrological simulations. The impact of
the land cover heterogeneities is more questionable
even if the annual discharge ratio is clearly improved.
Indeed, the tiles approach increases the total runoff but
does not improve the discharge efficiency due to a shift
in the springtime peak of discharge.

In addition, Fig. 5 provides a global synthesis of
the discharge scores calculated at 80 gauging stations
distributed over world’s largest river basins (Fig. 2).
Figure 5a shows that all sub-grid parameterizations
contribute to improve the annual ratio of simulated to
observed discharges. The introduction of the tiles is the
most important contribution. The cumulative distri-
bution of efficiencies (Fig. 5b) confirms that the quality
of the simulated monthly discharges is also significantly
improved by each parameterization. Figure 6 gives an
overview of the regional performance of each para-
meterization. The introduction of the Dunne runoff
using the VIC scheme and of the residual linear
drainage improves the efficiency over the majority of
the regions selected in Fig. 2. Globally, Figs. 5 and 6
confirm that TOPMODEL shows a clear advantage
compared to the more empirical VIC scheme. In
addition, these figures emphasize the importance of the
Horton runoff over frozen soil that allows us to im-
prove the discharge simulations over the mid-and-high
northern latitude basins. The representation of land
cover heterogeneities also plays a significant role in this
general improvement, especially over Europe, North
America, and the Amazonian region. Note that dis-
charge scores over the African basins and over the
Parana and the Sao-Francisco Rivers (South America)
are very poor for each model version. This feature will
be further discussed in the following section.

4.2 Multi-model comparison

In this section, the results of ISBA-SGH are evaluated
against simulations from other LSMs. Figure 7 shows
that ISBA-SGH is not only better than the initial
version of ISBA (dt92), but also provides better dis-
charge scores over the Mississippi, the Danube, the
Amazon, and the Ob basins (in terms of annual dis-
charge ratio and monthly efficiency) than the other
LSMs, which was not the case with dr92. Note that over
the Danube basin, only NSIPP shows a better effi-
ciency than ISBA-SGH even if the simulated discharge
is clearly underestimated. As far as interannual vari-
ability is concerned, the model physics has a less sig-
nificant impact on the monthly discharge anomalies
(not shown), even if the implementation of a SGH
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Fig. 4 Mean annual cycle (left) and 10-year time series of
monthly anomalies (right) of simulated and observed discharges
over the Mississippi, the Rio-Amazonas, and the Ob river basins.
Note that monthly efficiencies (Eff) shown in left panels are

generally improves the quality of the ISBA simulation.
This remark is consistent with the soil moisture outputs
of GSWP showing that the model spread is much
stronger for the mean soil water content than for its
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calculated over the whole discharge observation period given in
Table 2. The ratio between simulated and observed annual mean
discharges (Qsim/Qobs) and the square correlation (r*) between
simulated and observed monthly anomalies are also shown

interannual variability (Entin et al. 1999). Moreover,
the simple comparison of the cumulated efficiency
distributions of the monthly river discharges derived
from all LSMs (Fig. 8) confirms that ISBA-SGH
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Fig. 6 Spatial distributions of efficiency: comparison between each version of ISBA

globally provides more realistic discharge simulations
than the other models. Yet, ISBA-SGH is not the only
model that includes sub-grid hydrological parameter-
izations (Table 1). Its advantage can be explained by
the use of a relatively comprehensive and consistent set
of parameterizations that have been already carefully
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tested at the regional scale (Decharme and Douville
2006a). Looking at the spatial distributions of the
efficiency over the globe (Fig. 9), this advantage is
more obvious over North America, South Asia, and
Amazonia than over Siberia. Another important result
is that Fig. 9 shows that the significant overestimation
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Fig. 7 Mean annual cycle of simulated and observed discharges over the Mississippi, The Danube, the Rio-Amazonas, the Ob, the
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by all models of the discharge of some tropical rivers Besides these tropical regions, our results suggest
like the Parana and the Niger (Fig. 7) induces poor  that the main limitation of ISBA-SGH is partly due to
efficiencies. the empirical parameterization of cold processes over
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the northern high-latitude basins. Indeed, Fig. 10
shows that the annual maximum of monthly discharges
over the Ob and Mackenzie basins simulated by ISBA-
SGH are not in phase with the observations and show a
delay of about 1 month. This is clearly related to the
snow melt simulation that also shows an important
delay compared to the satellite observations. Con-
versely, the other LSMs show a relatively better sim-
ulation of the snow melt and, consistently, a more
realistic simulation of the springtime peak of discharge.
Nevertheless, the implementation of a more physical
snow scheme in the ISBA-SGH’ simulation clearly
improves both the snow pack and discharge simula-
tions.

5 Discussion

The results of this study point out that the parame-
terizations of sub-grid hydrological processes can
clearly improve global hydrological simulations based
on the ISBA LSM. The representation of land cover
heterogeneities using a tiles approach leads to a sig-
nificant improvement of the simulated annual dis-
charges because total runoff is globally increased.
Indeed, heterogeneities in land cover and soil proper-
ties tend to reduce plant’s transpiration (Decharme
and Douville 2006a). So, water storage is favoured to
the detriment of evapotranspiration and then, total
runoff is generally more important after a rainfall
event.

An important result is that the TOPMODEL for-
malism globally improves discharge scores compared
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Fig. 8 Cumulative efficiency distribution of monthly river
discharges simulated by each LSM given in Table 1. The original
version (dt92) and the new sub-grid hydrology (ISBA-SGH) of
the ISBA model are shown in black and red, respectively
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to the more empirical VIC scheme, whereas most
previous regional studies (Habets and Saulnier 2001;
Warrach et al. 2002; Decharme and Douville 2006a)
suggested that both parameterizations were equivalent
in terms of runoff production. Nevertheless, at the
global scale, TOPMODEL improves most discharge
scores compared to VIC due to an enhancement of the
Dunne runoff. Indeed, the mathematical relationship
between soil moisture and the saturated fraction in
each grid cell is more realistically represented using the
topography explicitly than using a shape parameter
that is fixed or empirically linked to the orography
(Eq. 1). So, TOPMODEL has two main advantages: it
takes into account topographic heterogeneities explic-
itly and its formulation does not depend on any cali-
bration. Indeed, the ISBA-TOPMODEL parameters
only depend on soil properties (Decharme et al. 2006)
and on the effective distribution of the topography
while the global distribution of the VIC shape param-
eter is still poorly known and generally needs a cali-
bration in regional applications. The exponential
profile of kg, also improves the quality of the simulated
discharges, especially over basins like the Amazon,
the Mississippi, or the Mekong River. Elsewhere, its
influence is less significant. Over the Rhone basin,
Decharme et al. (2006) and Decharme and Douville
(2006a) have shown that this parameterization had
a positive impact on the simulated daily discharges.
In the present study, daily discharge measurements
are not available and the validation is limited to
the monthly time scale, which might partly explain
the weaker impact found on the efficiency criterion.
Moreover, former sensitivity studies of the exponential
profile parameters (Decharme et al. 2006) revealed
that the impact of the exponential profile of kg, is
sensitive to the prescribed soil parameters whose
quality is not established at the global scale.

The sub-grid variability of rainfall, simply coupled
with the spatial heterogeneity in maximum infiltration
capacity, permits calculation of the Horton runoff. Its
introduction within ISBA has a significant influence on
the simulations over the mid-and-high latitude basins.
Indeed, this study point outs that the specific treatment
of the Horton runoff over frozen soil significantly im-
proves the quality of the simulated discharges over
these regions. This process is dominant during the
snow melt period and therefore requires a realistic
simulation of the snow pack. Nevertheless, this study
shows that the main limitation of ISBA-SGH is prob-
ably related to the empirical representation of cold
processes. Over the high-latitude basins, the monthly
discharges simulated by ISBA-SGH and TRIP are not
in phase with the observations. This problem is clearly
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Fig. 9 Spatial distributions of efficiency simulated by each LSM

due to a delayed snow melt in the ISBA simulations
and may be solved by the use of a more physical snow
scheme proposed by Boone and Etchevers (2001).
While ISBA-SGH improves the general quality of
the simulated discharges compared to the former ver-
sion of ISBA, the multi-model intercomparison reveals
that only 20-40% of the gauging stations simulated by
all LSMs show an acceptable efficiency (Eff > 0.5).
Besides uncertainties related to the LSM parameter-
izations or to the possible anthropic influence on the
observed discharge (difficult to quantify), the major
difficulty in the validation of regional or global
hydrological simulations is related to the quality of the
atmospheric forcing. Indeed, the GSWP-2 atmospheric

0.5 0.7 0.8

forcing is certainly not perfect (Decharme and Dou-
ville 2006b) and this is a significant limitation for the
quality of the simulated discharges (Oki et al. 1999;
Chapelon et al. 2002; Ngo-Duc et al. 2005; Decharme
and Douville 2006b). Uncertainties in the precipitation
forcing are generally translated to at least the same and
typically much greater uncertainties in total runoff
(Fekete et al. 2003). Moreover, some problems are
certainly related to the TRIP RRM used to convert
runoff into discharge. Figure 10 reveals that a good
simulation of snow melt by each LSM over the Mac-
kenzie River basin does not necessarily implies a
realistic simulation of the springtime peak of discharge,
which is then delayed by 1 month. This delay might be
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Fig. 10 Comparison between simulated and observed mean
annual cycles of river discharges (left) and snow cover extent
(right) over the Ob and Mackenzie river basins. Notations are
the same as in Figs. 4 and 7. Note that the simulation named

due to the fact that TRIP uses a constant and uniform
stream flow velocity. Arora and Boer (1999) have
shown that, when the stream flow velocity depends on
the water mass stored in the hydrological network, the
flow can be faster than the constant value used in TRIP
over the high-latitude regions during the snow melt
period. The introduction of such a parameterization in
TRIP could therefore allow the improvement of the
global hydrological simulations. In addition, over some
tropical region like the Parana or the Niger River ba-
sin, the main problem is the existence of seasonal
floodplains, which tend to smooth the annual cycle of
downstream discharges but are difficult to simulate
with a coarse LSM. Nevertheless, Ngo-Duc et al.
(2005) have shown, using a simple floodplain scheme
within the ORCHIDEE LSM, some encouraging
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Annual cycle of snow fraction over the Ob basin
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ISBA-SGH’ (red dashed—dotted lines) uses a more sophisticated
snow scheme than in the ISBA-SGH simulation. More details
are given in Sect. 5

results over the Parana River. Moreover, besides the
improvement of the simulated discharges, such a
parameterization could lead to a more realistic simu-
lation of the surface water and energy budgets by
accounting for the direct evaporation from the flooded
fraction of the grid cell and for a possible re-infiltration
into the soil. Because these seasonal floodplains cover
a significant fraction of the globe (Prigent et al. 2001),
their representation within LSMs also appears as an
important prospect for the future.

6 Conclusion

This study shows the impact of various parameteriza-
tions of sub-grid hydrological processes on global
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hydrological simulations based on the ISBA LSM.
These parameterizations account explicitly for the sub-
grid variability of topography, precipitation, maximum
infiltration capacity, and land surface properties. All
simulations are performed at a 1° by 1° resolution,
using the atmospheric forcing provided by GSWP-2
and the ECOCLIMAP land surface database. The
ISBA runoff is converted into river discharge using the
TRIP RRM, and validated against a dense network of
gauging stations over the most important basins of the
world.

All results show that the representation of sub-grid
variability in the ISBA LSM drastically improves the
global hydrological simulations. The representation of
land cover heterogeneities and the introduction of the
Dunne and Horton (especially over frozen soil) runoff
are clearly recommended for realistic discharge simu-
lations over the world’s largest river basins. The Dunne
runoff appears as particularly important. The use of a
TOPMODEL formalism, which accounts explicitly for
the strong effect of the topography on soil moisture
heterogeneities and thus on runoff production, is
strongly recommended. The introduction of the Hor-
ton runoff, using a statistical-dynamical representation
of the sub-grid variability of precipitation and maxi-
mum infiltration capacity, is also recommended, espe-
cially over mid-and-high latitude river basins where the
infiltration excess mechanism over frozen soil is a
major process. Lastly, the explicit use of heterogeneous
land surface properties, though the tiles approach,
leads to an increase in the total runoff simulated by
ISBA. This increase in annual discharge is generally
associated with a better simulation of the discharge
dynamics at the seasonal to interannual time scales.

A comparison with other global hydrological simu-
lations from five alternative LSMs, which represents a
broad spectrum of the state-of-the-art models in use
today, confirms that, while the original version of the
ISBA model was in the middle of the model distribution
as far as the discharge efficiencies are concerned, the
new formulation performs better than any other model
available in the GSWP-2 database. This encouraging
result confirms the good behaviour of ISBA-SGH over
the Rhone river basin (Decharme and Douville 2006a),
and emphasizes the need for a relatively comprehensive
set of sub-grid parameterizations for realistic global
hydrological simulations without any basin-scale
calibration.

Nevertheless, this study also points out some defi-
ciencies in our simulations. The first one is related to
the representation of the snow pack, and can be solved
by the use of a more physical snow scheme. This result
emphasizes the relevance of the parameterization of

cold processes for global hydrological studies. Over
tropical rivers like the Parana or the Niger basin, our
hydrological simulations are penalized by the lack
of seasonal floodplains in both ISBA and TRIP.
The parameterization of these floodplains through a
genuine coupling between ISBA and TRIP appears
therefore as an important task for the near future.
Preliminary developments have been tested and
have already improved several aspects of our global
hydrological simulations. They will be the focus of a
forthcoming study.
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