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Abstract

The aim of this article is to test the sensitivity of the Land Surface Model (LSM) OR-
CHIDEE to infiltration processes in the West African region, and to validate the re-
sulting version of ORCHIDEE against African river discharges. The parameterizations
to take into account the effects of flat areas, ponds and floodplains on surface infil-5

tration, and the effect of roots and deep-soil compactness on infiltration are first de-
scribed. It is shown that the surface infiltration processes have a stronger impact in
the soudano-sahelian region and more generally in semi-arid African basins, whereas
the rootzone and deep-soil infiltration also play a role in the guinean region and in the
intermediate basins between arid and humid ones. In the equatorial region and the10

semi-humid basins, infiltration processes generally play a minor role. The infiltration
parameterizations may explain part of the difference between simulated and observed
river discharge in semi-arid and intermediate basins. So ORCHIDEE could be re-
calibrated to reduce the discharge errors. However, different sources of uncertainty
might also explain part of the error. Indeed, the precipitation forcing in the whole West15

African region, the long-term storage in the soudano-sahelian region, the soil types
in the guinean region and the vegetation types in the equatorial region are significant
sources of errors. Therefore, a denser monitoring of the hydrological cycle at different
scales in West Africa would ensure the reliability of future calibrations for the infiltration
parameterizations.20

1 Introduction

As proposed by Guo et al. (2006), the hydrological part of the surface-atmosphere
feedback loop can be divided into three elements: The occurence of precipitation (P )
changes soil moisture (SM) through the partitioning between surface runoff and infiltra-
tion (P-SM link); then increased SM favours higher evapotranspiration (ET) depending25

on the infiltration capacity in the soil and on the root uptake (SM-ET link); finally, ET
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may have an impact on future precipitation though through a complex process (ET-P
link). Guo et al. (2006) have analysed the strength of this feedback loop within the
framework of the multi-model experiment GLACE (the Global Land-Atmosphere Cou-
pling Experiment). It was shown that the global simulation of the SM-ET link is strongly
variable among the different models used.5

GLACE has also led to the conclusion that West Africa is one of the main hot spots
of strong surface-atmosphere coupling during its rainy season (JJA) through the ET-P
link (Koster et al., 2004, 2006). However, the strength of the SM-ET link has not been
thoroughly tested and documented.

One of the aims of the African Monsoon Multidisciplinary Analysis (AMMA) project10

is to better understand the role of land-surface processes in the monsoon and to con-
tribute to the development of climate models – and therefore Land-Surface Models
(LSM) – that better represent the surface-atmosphere feedbacks and the SM-ET link.
Recent developments in the hydrological module of the ORCHIDEE – ORganising Car-
bon and Hydrology In Dynamic EcosystEms (Krinner et al., 2005) – LSM have focused15

on processes that can be critical for the representation of the SM-ET link in the West
African hydrological cycle. These developments can be divided into two main cate-
gories corresponding to the vertical and to the horizontal water transfers in ORCHIDEE.

The developments in the vertical part focused on the physical representation of in-
filtration through the resolution of a diffusion equation (de Rosnay et al., 2000, 2002).20

The implementation of an explicit diffusion scheme allows for a detailed representation
of the infiltration processes at different levels in the soil. It is therefore possible to make
an accurate distinction between the effects of different types of infiltration involving sur-
face (Peugeot et al., 2003; Cappelaere et al., 2003), rootzone and deep soil processes
(Beven, 1982, 1984). Though the impact of changes in infiltration with depth was stud-25

ied at different scales (Decharme et al., 2006; Chen and Kumar, 2001; Stieglitz et al.,
1995), the impact on ET has not been documented at the regional scale for West Africa
where the SM-ET link seems so determinant.

The developments in the horizontal part of ORCHIDEE focused on the simulation
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of river flows (Ngo-Duc et al., 2007, 2005) through the parameterization of different
reservoirs in an original routing scheme. This allowed for the validation of ORCHIDEE
against river discharges for the years 1951–2000 and the 10 world’s largest river basins
(Ngo-Duc et al., 2007, 2005). It showed that ORCHIDEE accurately simulates most of
the largest rivers, which means that the P-ET link is reasonably well represented at the5

regional scale. A routing scheme is an interesting way to test and validate land surface
processes at the regional scale. Decharme and Douville (2006) validated the outputs
of 6 GSWP2 models against 80 gauging stations in 33 basins over the globe, using the
TRIP (Total Runoff Integrating Pathways) routing model (Oki et al., 1999). At smaller
scale, Decharme et al. (2006) used river discharges from the Rhône-AGG database10

to validate new developments in the ISBA LSM. d’Orgeval and Polcher (2008) also
showed that the variability of large West African river discharges over the years 1951–
2000 is correctly represented by ORCHIDEE, and that precipitation changes explain
the main part of this variability. However, the differences in mean absolute discharge
were not analysed and the role of reinfiltration processes such as ponds (Peugeot15

et al., 2003; Cappelaere et al., 2003) or floodplains (Prigent et al., 2007, 2001) in West
African river basins was not thoroughly investigated.

Therefore, the aim of this article is to evaluate the large scale sensitivity of the hy-
drological cycle in ORCHIDEE to different infiltration processes over West Africa and
to validate continental scale simulations against river discharges.20

Section 2 is a description of the ORCHIDEE LSM with a special emphasis on the
new infiltration parameterizations introduced and their relevance for the West African
region. Section 3 focuses on the sensitivity of evapotranspiration to surface, rootzone
and deep-zone infiltration by sub-regions. The sensitivity of large river discharges to
the reinfiltration processes in river basins is presented in Sect. 4. A discussion on the25

validation of ORCHIDEE and the ways to improve simulations follows in Sect. 5 before
the conclusion in Sect. 6.
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2 ORCHIDEE land-surface model

2.1 Hydrological module

The hydrological module used in this article is fully described and tested in d’Orgeval
(2006). It is based on developments by de Rosnay et al. (2000, 2002). Partitioning
between surface infiltration and runoff is computed through a time-splitting procedure.5

This allows to solve the surface infiltration of precipitation with a finer timestep than
30 min. The spatial heterogeneity of the local maximum infiltration rates is approxi-
mated by an exponential probability density distribution (Decharme and Douville, 2006;
Yu, 2003). A vertical diffusion of water in the soil column is solved by the Fokker-Planck
equation with Van Genuchten (1980)-Mualem (1976) parameters. Bare soil evapora-10

tion is the maximum outward hydrological flux permitted by the diffusion if this flux is
inferior to potential evaporation. An adapted Monsi and Saeki (1953) law is used for
bare soil evaporation under vegetation. Root extraction is determined by an exponential
root profile (de Rosnay and Polcher, 1998) and free drainage is the boundary condition
at 2 m below the surface.15

13 different vegetation types are defined with parameters given in Table 1. The
default map is derived from the IGBP map with Olson classification (de Rosnay and
Polcher, 1998). Vegetation types are grouped into 3 ensembles (bare soil, trees, and
grass/crop). In each grid box, the hydrological balance is computed for three tiles corre-
sponding to the 3 different vegetation ensembles. 3 different soil types are defined with20

parameters given in Table 2. The default map is derived from a dataset by Reynolds
et al. (1999). The dominant soil type over a grid box is used for each tile in the grid box.

Three main parameterizations have been introduced to represent infiltration pro-
cesses that may be important to accurately represent the West African water cycle.
Parameters have been fixed in accordance with validations against Hapex-Sahel ob-25

servations (Goutorbe et al., 1994).
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2.1.1 Surface infiltration

Depending on the slope of the field, the runoff may reinfiltrate, especially through small
pond systems that are common in West Africa (Peugeot et al., 2003; Cappelaere et al.,
2003). In ORCHIDEE, reinfiltration is allowed in case of slopes s below smax=0.5%,
with reinfiltrated fraction given locally by:5

γs=max
(

0,1− s
smax

)
(1)

γs integration over the grid box gives the mean reinfiltration rate for the grid box γ̄s.

2.1.2 Deep-soil infiltration

The compactness of the soil increases with depth as the smallest particles tend to
percolate towards the bottom of the soil (Beven, 1982, 1984). In ORCHIDEE, the10

saturated conductivity Ks is modified in a similar way to what is done in Decharme
et al. (2006). The main differences are that Ks is constant from 0 to zlim=0.3 m, and
can be decreased by a factor 5 at most. This factor is chosen to roughly correspond to
a change of soil type from coarse to medium or medium to fine. The new conductivity
profile is given by:15

K ′
s(z)=Ks · max

(
1
5
,min

(
1, e− z−zlim

zs

))
(2)

zs=0.5 m is the characteristic depth of exponential decay for Ks, corresponding to the
same exponential decay as in Decharme et al. (2006). In order to avoid inconsistancy
in the Van Genuchten formulation, parameters n and α are also modified according to
a regression between each of their logarithm and log(Ks) based on their values given20

by Carsel and Parrish (1988) for the 12 USDA soil types.
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2.1.3 Rootzone infiltration

The presence of vegetation tends to increase the soil porosity in the rootzone and
therefore to increase infiltration capacity (Beven, 1982, 1984). For each vegetation
type v on a given soil type, a multiplicative factor Kv depending on depth z is defined
and the saturated conductivity is modified as follows:5

Kv (z)=max

((
Kmax
Ks

) 1−cv z
2

,1

)

K ′′
s (z)=K ′

s ·Π
13
v=1Kv (z)fv

(3)

Where Kmax=7128.0 mm d−1 is a constant taken as the maximum saturated conduc-
tivity value given by Carsell and Parrish, cv is the above-mentioned root coefficient for
vegetation type v (see Table 1), and fv is the fraction of vegetation type v on the tile.
This formula allows to increase exponentially the saturated conductivity for z< 1

cv
for10

each vegetation type v .

2.2 Routing module

The routing module is based on Hagemann and Dümenil (1998) and Miller et al. (1994).
Surface runoff, drainage and river fluxes are routed through three different reservoirs
in each sub-basin of each grid box.15

Every reservoir flows into the river reservoir of the next basin with a different time
constant. The basin map is based on STN-30 p (Fekete et al., 2000), at 0.5◦×0.5◦. This
simulates horizontal water movements in the large river basins and allows to compute
river discharges. This routing scheme is described more thoroughly in Ngo-Duc et al.
(2005, 2007) and is shown in Fig. 1.20
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2.2.1 Floodplains

A floodplain module is included in this version of ORCHIDEE to deal with swamp and
floodplains such as the ones observed in the Niger Inner Delta or in the Congo basin.
Parameters have been fixed through validations against satellite retrievals of climato-
logical floodplain heights (Gennero et al., 2006) and flooded areas (Prigent et al., 2007,5

2001) in the Niger Inner Delta for the period 1993–2000.
The maximum area for floodplains per grid box Smax is given by the aggregation

of fields “Reservoir”, “Freshwater marsh, Floodplains” and “Pan, Brackish, Saline wet-
lands” from the Global Lakes and Wetlands Database -GLWD- (Lehner and Doll, 2004).
In case Smax>0, Q from the preceding basin flows into the floodplain reservoir instead10

of the river reservoir.
The floodplain reservoir (see Fig. 2) is mainly characterised by its volume Vf p. In

order to compute the floodplain area Sf p, a hypothesis is made on the shape of the
bottom of the floodplain, in order to link the height of the floodplain hf p to its volume
Vf p and its area Sf p in case Sf p<Smax:15

Sf p=min

Smax, SB

(
hf p

h0

)β
 (4)

SB is the total basin area, h0=2 m is a constant. For floodplains, β=2 indicating a
convex bottom, and a floodplain that expands more quickly as it rises. Integrating Sf p
over h would provide Sf p as a function of Vf p.

Over the area Sf p the evaporation from the floodplain is at the potential level and the20

rainfall directly fills the floodplain reservoir. Optionally, water from the floodplain can
be reinfiltrated into the soil at an infiltration rate that equals hydraulic conductivity of
the first 2 cm of the soil (K2 cm). The impact of reinfiltration in the floodplain is tested in

Sect. 4. Finally, the floodplain flows into the river reservoir with a time constant τf p ·
Sf p

SB
,

which tends to zero when the floodplain is empty and to τf p when the floodplain is25
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spread out over the whole basin.

2.2.2 Ponds

An optional pond module is added in order to provide a first order simulation for small
ponds that reevaporate and reinfiltrate surface runoff over flat areas, such as the ones
documented in the Niamey region (Peugeot et al., 2003; Cappelaere et al., 2003).5

Parameters have been fixed to have pond areas of the same order as the ones given
by the “temporary wetlands” field in GLWD (Lehner and Doll, 2004). The principle
of this module is very similar to the floodplains’ one. When the module is activated,
reinfiltration is not put directly into the soil column (see Eq. 1). Instead, the reinfiltrated
fraction γ̄s goes into a pond reservoir (volume Vp). The relationship between pond area10

and height is the same as for floodplains (see Eq. 4), but for β=0.5 (concave bottom).
Ponds reinfiltrate into the soil at an infiltration rate that equals hydraulic conductivity of
the first 2 cm of the soil (K2 cm, same as for the floodplains).

3 Impacts of soil infiltration on evapotranspiration

3.1 Data and methodology15

The forcing used in this section is the baseline forcing B0 from GSWP2 – Global Soil
Wetness Project, Phase II (Dirmeyer et al., 2002) – covering 1986–1995 globally at
the 1◦×1◦ scale. Outputs from the 15 GSWP2 models and from the new version of
ORCHIDEE are used. Each model ran 10 y (1986–1995) of simulation after a free
number of years of spinup on 1983 and 3 consecutive y of spinup (1983–1985). The20

whole forcing (1983–1995) has a 3 h timestep and is based on NCEP/DOE (Kanamitsu
et al., 2002), as part of the ISLSCPII initiative. Participating models are presented in
Table 3. The version of ORCHIDEE used in GSWP2 (de Rosnay and Polcher, 1998) is
older than the one described in Sect. 2 and compared to the multi-model mean in the
next subsection.25
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West Africa will be considered as the land surface bounded by the latitudes 5◦ S
and 20◦ N, and by the longitudes 20◦ W and 30◦ E. This area is divided into 4 re-
gions for which the sensitivity to infiltration processes is separately analysed: equa-
torial (5◦ S–5◦ N), guinean (5◦ N–10◦ N), soudano-sahelian (10◦ N–15◦ N) and saharo-
sahelian (15◦ N–20◦ N). These regions correspond to specific geographic characteris-5

tics: the equatorial region is mainly covered by rain forest, the guinean region is a tran-
sition region composed of humid mountains and of drier plains, the soudano-sahelian
region is a semi-arid one with a strong seasonality of precipitation and vegetation. Fi-
nally, the saharo-sahelian region is the beginning of the desert.

In Sect. 3.2, the hydrological balance of ORCHIDEE is presented and compared to10

the GSWP2 multi-model average and to the spread between GSWP2 models (indicated
by the inter-model standard deviation around the average). This is used to give a
reference for the uncertainy in simulating the West African hydrological balance before
presenting the sensitivity experiments in Sect. 3.3.

3.2 Hydrological balance in ORCHIDEE simulations15

ORCHIDEE outputs for the control simulation (CTL) are compared to GSWP2 outputs
in Fig. 3.

The region where ORCHIDEE differs the most from the GSWP2 multi-model mean
is the equatorial region (5◦ S–5◦ N). It is the only one where the difference between
ORCHIDEE and the multi-model partitionings of precipitation into ET and total runoff20

(runoff and drainage) exceeds one standard deviation of the model outputs (shaded
area). ET from ORCHIDEE is far below the one from the other models, due to a much
lower average transpiration which leads to high drainage values. The main parameteri-
zations impacting the transpiration without impacting runoff are the change of infiltration
capacity with soil depth and the canopy structural resistance (see Table 1). This struc-25

tural resistance is the resistance to evapotranspiration due to the vertical structure of
leafs (in s m−1). It provides the link between potential evaporation above the vegetation
and maximum evapotranspiration at the leaf level.
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In the guinean region (5◦ N–10◦ N), the main difference is in the bare soil evapora-
tion, which is much lower for ORCHIDEE. These values are partly compensated by
higher transpiration, but overall ET is lower. The main parameterization in ORCHIDEE
determining bare soil evaporation without changing the rest of the infiltration processes
and evapotranspiration processes is the Monsi and Saeki (1953) law that determines5

bare soil evaporation under vegetation. The LAI map used has also a significant role
in determining the partitioning between bare soil evaporation – favoured by low LAI –
and transpiration – favoured by high LAI.

In the soudano-sahelian region (10◦ N–15◦ N), ORCHIDEE simulates a zonal av-
erage of each kind of ET close to the multi-model mean. Finally, ORCHIDEE gen-10

erally tends to produce more drainage and less surface runoff than the multi-model
mean. Therefore, the partitioning between surface runoff and infiltration might be a
high source of uncertainty in the soudano-sahelian region, even if ET is of the same
order. This partitioning between runoff and infiltration is currently mainly impacted by
the parameterization of flat areas.15

The differences between ORCHIDEE and the GSWP2 multi-model mean does not
imply that ORCHIDEE is wrong but they point out regions where the land-surface pro-
cesses are differently represented or calibrated in the different models.

3.3 Sensitivity experiments to soil infiltration

In order to explore more precisely the role of the different infiltration processes, some20

sensitivity experiments to the three infiltration parameterizations of this new version of
ORCHIDEE are performed in this sub-section, respectively called I1, I2 and I3. Two
additional experiments are done to compare the impact of infiltration parameterizations
to the parameterizations that play a dominant role in evapotranspiration processes. The
first experiment is on the role of bare soil evaporation (BS) and the second on the role25

of the canopy structural resistance (CR) which is a main limiting factor for interception
loss and transpiration at the leaf level. Table 4 presents the five resulting sensitivity
experiments. Each sensitivity experiment consists in a GSWP2 baseline simulation
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(forced by baseline forcing B0 from 1986 to 1995).
The ET anomaly between the control experiment (CTL) and each sensitivity experi-

ment is computed for the 4 different regions of interest (equatorial, guinean, soudano-
sahelian and saharo-sahelian: see Sect. 3.1) and results are presented in Fig. 4.

Sensitivity to bare soil evaporation (CTL-BS) is higher in the soudano-sahelian region5

than in other regions. This is due to the fact that LAI is much more variable there and
therefore the relationship between LAI and bare soil evaporation (Monsi and Saeki,
1953) is crucial. Impact of this change on the guinean region is much less important.

Reinfiltration for flat areas (CTL-I1) also has a dominant impact on the soudano-
sahelian region, but it plays an important role in the guinean region too. Indeed, there10

is a large guinean zone with low orography between 5◦ W and 5◦ E where the param-
eterization of reinfiltration significantly changes the partitioning between surface runoff
and infiltration.

On the opposite, the impact of roots on infiltration (CTL-I2) is slightly more important
in the guinean region than in the soudano-sahelian one. The impact of depth (CTL-I3)15

is even more important in the guinean region. Thoses two features may be linked to the
presence of vegetation with longer roots in the guinean region. This will be discussed
in Sect. 5.

Finally, the above-mentioned parameterizations have very little impact on the equa-
torial region, in which ET is mainly sensitive to the canopy structural resistance (CTL-20

CR).

4 Impacts of river reinfiltration on discharges

4.1 Data and methodology

In this section, simulations of ORCHIDEE are performed with the river scheme and
the floodplain module activated. The pond module is also used for the sensitivity ex-25

periment in Sect. 4.3. Forcing data is NCC (Ngo-Duc et al., 2005), which is based on
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NCEP reanalysis (Kalnay et al., 1996), corrected by CRU data (New et al., 2000). For
each simulated couple of year Y−Y+1, 8 y of spinup are performed for Y−3, and then
the model is run chronologically from Y−3 to Y+1.

Outputs are validated against African river discharges from the UCAR (University
Corporation for Atmospheric Research) database (http://dss.ucar.edu/datasets/ds552.5

1/). In order to get a more robust idea of ORCHIDEE performance, rivers from the
whole African continent are used here. The period used for validation consists in two
sets of years: 1954–1955 and 1971–1972. These two sets are chosen because they
are the years when most river discharges are available without missing values among
the African stations. Moreover, 1954–1955 is during a humid phase and 1971–1972 is10

the beginning of the drought that lasted until the beginning of the 90s. Therefore the
validation of ORCHIDEE on both periods gives an idea of its robustness. Multi-year
means of ORCHIDEE river flow outputs are compared to observations. The validation
chosen here only tests the annual averages of river discharges and does not allow for
the identification of errors in the annual cycle.15

In the UCAR database, river discharge stations are selected according to 4 criteria:

– The size of the catchment. ORCHIDEE’s basin map scale is 0.5◦×0.5◦, which may
lead to significant errors on the catchment area for small basins or for stations
that are close to a confluence. Therefore stations are discarded if their catchment
area is below 100 000 km2 or if ORCHIDEE’s error on the catchment area exceeds20

20%.

– Position on the river. If two stations are on the same river, and the behaviour of
ORCHIDEE is similar for both of them, only the downstream one is shown. For
example on the Niger basin, only Malanville and Koulikoro are kept.

– Floodplains surrounding the station. If the station is surrounded by floodplains25

(less than 100 km), the corresponding output from ORCHIDEE is the discharge
after a large simulated floodplain. In reality, the station might be between two
floodplains or before a floodplain, and therefore ORCHIDEE simulations may not
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be consistent with the observations. All the stations on the Chari are discarded
by this criterion.

– Availability of data over the 4 given years (1954–1955 and 1971–1972).

Only 8 African catchments correspond to the above criteria and are described in
Table 5.5

Two maps of the catchments simulated by ORCHIDEE are given in Fig. 5.
In the figures presented in the next sections, the mean difference over the 4 y be-

tween ORCHIDEE’s results and the discharge observations are presented for each
catchment in percent of the observed discharge. This mean difference will be called
“error” thereafter. Positive percentages indicate overestimations by ORCHIDEE. Then10

different sources of sensitivity are analysed. For each source, the change in discharge
that would come from a change of forcing, parameter or parameterization is computed.
If the change tends to compensate for the error, a “sensitivity bar” is drawn in the same
direction as the error bar. If the “sensitivity bar” is opposite, it means that the change
of forcing, parameter or parameterization tends to worsen the control result.15

Before the sensitivity tests to infiltration processes in floodplains and ponds, an anal-
ysis of the uncertainty linked to the LSM inputs is performed. The aim is to provide a
reference to compare with the sensitivity tests on river infiltration processes. The role
of three LSM inputs is tested here: precipitation, soil and vegetation.

To estimate the sensitivity to the precipitation forcing, it is not possible to perform20

a direct sensitivity experiment because only one forcing was available for both couple
of years (1954–1955 and 1971–1972). ORCHIDEE control simulations are forced by
NCC, which means that monthly precipitation values come from CRU (NCEP values
are corrected by CRU on a monthly basis). A precipitation dataset from IRD (Institut
de Recherche pour le Développement) is used to compare with CRU. This dataset25

consists in daily values of precipitation from 1968 to 1992, interpolated on a 1◦×1◦ grid
over West Africa (Le Barbé et al., 2002). For each West African basin (Table 5 and
Fig. 5), the average anomaly between IRD and CRU datasets over each basin and
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over the 25 y is computed. Then an analysis of interannual variability of precipitation
and total runoff is done in a simulation of ORCHIDEE forced by NCC from 1951 to
2000 (d’Orgeval and Polcher, 2008). The ratio Rσ=

σR
σP

between interannual standard
deviation of total runoff and precipitation is computed for each basin. This gives a first
estimate of the impact of a precipitation anomaly on total runoff anomaly in ORCHIDEE.5

The values for the four basins are between 0.9 and 0.95 and precipitation anomaly for
each basin is multiplied by Rσ in order to give an estimation of total runoff anomaly due
to the change of precipitation dataset. Finally, total runoff is integrated over the basin
area to give the discharge anomaly.

This discharge anomaly is a first guess of ORCHIDEE’s error due to the precipitation10

forcing. It is computed over a large period (1968–1992) to be more robust and coherent
with the IRD dataset, but it has to be noted that the uncertainty value is not computed
for the same years as ORCHIDEE’s error. Moreover, the uncertainty is given by the
biases in the multi-year average value of precipitation integrated over each basin. The
real uncertainty might be higher because total runoff anomalies do not respond linearly15

to precipitation anomalies. Therefore, there might be precipitation anomalies that com-
pensate for each other in the multi-year average or in the integration over the basin,
but which lead to total runoff anomalies that do not compensate. However, as the un-
certainty computation can not be significantly improved knowing the current availability
of data, the given value should be used as a first estimation.20

For soil types, the control simulation is performed with a dataset by Reynolds et al.
(1999). The sensitivity experiment is done by changing the soil map back to the Zobler
(1986) map which used to be the control one for ORCHIDEE (de Rosnay and Polcher,
1998). Limits of this sensitivity test is that both maps come from the same original FAO
database (Food and Agriculture Organization, 1978), the difference being in additional25

datasets used, and in the algorithm to convert the original database into FAO soiltypes.
For vegetation types, the default map is derived from the IGBP map with the Olson
classification (de Rosnay and Polcher, 1998). The sensitivity experiment consists in
changing the map to a map derived from Sterling and Ducharne (2006).
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4.2 Role of LSM inputs

Results are presented in Fig. 6. Two basins – Malanville and Dongola catchments-
have a discharge error beyond 90% of the observed discharge, four – Koulikoro, Bam-
boi, Edea, Chiromo – give an error between 30–60% and two below 25% – Kinshasa
and Luug. ORCHIDEE overestimates the river flows for 6 of them and underestimates5

2 of them – Bamboi and Chiromo. Results are fairly similar in both sets of years apart
from the discharges at Malanville. This means that the interannual variability of dis-
charge at this station is not well represented, which may be due to the parameterization
of floodplains (d’Orgeval and Polcher, 2008). Moreover, no link was found between the
main vegetation, soil, orography or other geographical parameters and the discharge10

error among the different basins, which means that ORCHIDEE does not have any
systematic bias depending on one of these simple parameters in this region.

Precipitation uncertainty is shown in Fig. 6 to be of major importance. It is even
larger than the model error at Malanville, it represents half of it in Koulikoro and Edea
catchments, but only 2.5% of the error at Bamboi. For the East African basins, IRD15

data is not available and the uncertainty could not be evaluated.
Uncertainty linked to the soil map seems to be significant only in Luug, where it is

close to half of the observed discharge. In the other catchments, it is not a first order
uncertainty: the discharge anomaly due to the change of soil map is below 10% of
the observed discharge. A closer analysis shows that Luug is the only basin where a20

significant part of the soil is classified as medium in one map and as fine in the other
(not shown).

Finally, the impact of vegetation change is around 50% of the observed discharge
for Kinshasa and Malanville. It is also close to 20% for Luug, and may account for
the discharge error. Uncertainty linked to vegetation is the highest for the large basins25

where bare soil is not dominant (Kinshasa and Malanville, but not Dongola).

2266

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/5/2251/2008/hessd-5-2251-2008-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/5/2251/2008/hessd-5-2251-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
5, 2251–2292, 2008

Sensitivity of the
West African

hydrological cycle

T. d’Orgeval et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

4.3 Sensitivity experiment to river reinfiltration

The aim of this subsection is to present the sensitivity of river discharge simulated
by ORCHIDEE to reinfiltration in African river basins. The two sensitivity experiment
performed are linked to the parameterizations of floodplains and ponds. The first one
consists in allowing the water in floodplains to reinfiltrate into the soil (see Fig. 2 and5

corresponding description). The second one consists in adding a pond module (see
Fig. 2 and corresponding description) to the routing scheme. Results are presented
in Fig. 7, where discharge error and precipitation uncertainty are also plotted as a
reference.

Reinfiltration in floodplains is a major source of uncertainty in the 3 largest catch-10

ments – Malanville, Kinshasa and Dongola, whereas it is negligible elsewhere. Indeed,
maximum floodplain areas Smax for these basins are much higher than for the other
ones: they represent more than 35 000 km2 for each of the three basins, whereas it
is less than 2000 km2 for the others. This represents a floodplain fraction superior to
1.5% of the catchment for the three large basins. The only other catchment which15

has a floodplain fraction larger than 1.5% is Koulikoro, but for a catchment size much
smaller. It can be infered that for a same maximum floodplain fraction, the impact is
more important in large catchments because the time of residence of water will be
longer in the large aggregated floodplains within the larger catchments. So the param-
eterization of floodplains has a strong impact on the simulated hydrological cycle of the20

largest basins and the most important factors are the residence time of water and the
surface covered, which will help to determine the additional ET. An example of annual
cycle simulated by ORCHIDEE is given for Malanville in Fig. 8. The annual cycle is
simulated by three versions of ORCHIDEE: without the floodplain module (this version
is not used in the rest of the article), with the floodplain module and with floodplain25

and reinfiltration process in the floodplain. This highlights the role of floodplain for this
particular basin.

Ponds seem to be a much less important component of the basin scale hydrologi-
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cal balances. However, their impact is non-negligible in the three most arid basins –
Malanville, Dongola and Luug. The other important factor is orography of these basins,
because the fraction of runoff that flows into ponds is directly linked to the average
slope in the grid box in our parameterization.

5 Discussion5

Section 3 has shown that infiltration processes have a variable role depending on the
latitude of the region considered in West Africa, which is mainly due to the zonality
of precipitation and vegetation. The regions of interest for the infiltration processes
clearly are the intermediate regions between the humid and arid ones. In the humid re-
gions such as the equatorial region, the atmospheric demand is the limiting factor, soil10

moisture being available in sufficient quantity. In the arid regions such as the saharo-
sahelian region, the limiting factor is precipitation, almost all of it being evaporated at
the surface. Therefore, in these two regions infiltration processes play a marginal role.

In the intermediate regions such as the guinean region and the soudano-sahelian
region, both atmospheric demand and precipitation have an impact. Therefore, infil-15

tration processes play an important role in determining the partitioning of precipitation
into evapotranspiration and total runoff. The guinean region is mainly influenced by
rootzone and deep-soil infiltration processes, whereas the soudano-sahelian region is
more sensitive to surface infiltration and evaporation processes. Reasons are linked to
the types of climate and vegetation: the guinean region is more humid, there is a lower20

proportion of bare soil and vegetation has longer roots than in the soudano-sahelian
region. On the one hand, the low proportion of bare soil naturally decreases the part of
bare soil evaporation and reduces the impact of surface infiltration. On the other hand,
the longer roots tend to increase infiltration into the rootzone and can extract water
from deeper layers in the soil where infiltration is slowed down by the increased com-25

pactness. These reasons account for the stronger impact of rootzone and deep-soil
infiltration parameterizations in the guinean region.
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Schematically, the partitioning of the throughfall (precipitation minus interception
loss) between evapotranspiration and total runoff first involves a partitioning between
bare soil evaporation, runoff and surface infiltration, and then a partitioning between
transpiration and drainage. In the guinean region, the partitioning of precipitation is
mainly sensitive to the second partitioning whereas in the soudano-sahelian region, the5

first partitioning also plays a significant role. Indeed, according to the GSWP2 multi-
model mean, bare soil evaporation plus runoff represent respectively 34% and 43%
of the throughfall in the guinean region and the soudano-sahelian (transpiration plus
drainage represent respectively 66% and 57% in the guinean and soudano-sahelian
region). In addition, root extraction in the soudano-sahelian region is more concen-10

trated in the first layers of the soil (not shown), which is another explaination for the
predominance of surface infiltration processes in this region.

In order to compare results from Sect. 3 and from Sect. 4, it is necessary to find
a classification for the basins studied similar to the classifcation of the different sub-
regions. Mean precipitation and total runoff are presented for each basin in Table 6.15

According to these figures, river basins can be classified as follows:

– Semi-humid basins (Edea, Koulikoro, Kinshasa) receive an average precipitation
above 4 mm d−1 and produce total runoff above 1 mm d−1 (river discharge repre-
senting ∼25% of the precipitation).

– Intermediate basins (Bamboi, Chiromo) receive an average precipitation close to20

2.5 mm d−1 and produce total runoff close to 0.2 mm d−1 (river discharge repre-
senting 5–10% of the precipitation).

– Semi-arid basins (Malanville, Dongola, Luug) receive an average precipitation
below 2 mm d−1 and produce total runoff below 0.1 mm d−1 (river discharge rep-
resenting ∼5% of the precipitation).25

No basin is classified as purely humid or arid, because the basins generally extend
over different region types and therefore are impacted by infiltration processes in inter-
mediate regions.
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In the semi-humid basins, ORCHIDEE overestimates river discharges by 20–50%.
However, almost half of the error can be explained by errors in the precipitation forc-
ing. For the Congo basin at Kinshasa, no analysis of the precipitation uncertainty was
computed but the low density of raingauges (mean number of raingauges per grid box
and number of grid boxes with more than two raingauges – see Table 6) indicates that5

the precipitation uncertainty should be very high. The parameterization of reinfiltration
in the Congo floodplains can also entirely explain the error. For the two other basins
(Koulikoro and Edea), surface infiltration have a negligible impact, which is consistent
with the fact that surface infiltration processes are not dominant in semi-humid areas.
The overestimated river discharge could be explained there by a too high canopy struc-10

tural resistance that would decrease transpiration. Increasing transpiration in the humid
regions by changing the canopy structural resistance would lead to reduced discharge
error. It would also lead ORCHIDEE to give closer results to the other LSMs in GSWP2
(see Fig. 3). However, the sensitivity to the vegetation map is high for example for the
river discharge at Kinshasa. So, the vegetation map may be responsible for part of the15

error.
In the intermediate basins, ORCHIDEE underestimates river discharges by 30–60%

and the sensitivity experiments performed do not indicate that the forcings or the river
reinfiltrations explain this error. It is possible that the parameterizations of rootzone
and deep-soil infiltration in ORCHIDEE which have been fixed according to Hapex-20

Sahel observations lead to an overestimated transpiration in the intermediate basins.
Interestingly, Fig. 3 also shows that transpiration is higher in ORCHIDEE than in other
LSMs for the intermediate regions such as the guinean region. However, there is no
element that leads to question the much lower bare soil evaporation in ORCHIDEE than
in other LSMs for this region. As infiltration processes are important in these basins,25

the soil map might be a significant source of uncertainty. Indeed, uncertainty linked to
the soil proved to be small but the sensitivity experiments conducted for this analysis
were not sufficient to draw any definitive conclusion because the different soil maps
used here are based on the same sources of information (the database from Food and
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Agriculture Organization, 1978).
In the semi-arid basins and especially in the large ones (Malanville and Dongola),

ORCHIDEE overestimates river discharges. However, this overestimation can be ex-
plained by the precipitation uncertainty, which is high in Malanville and should also be
a first order uncertainty at Dongola and Luug because the density of raingauges is5

quite low (see Table 6). Moreover, surface reinfiltration plays an important role in these
basins, which is consistent with the role of surface processes in semi-arid regions such
as the soudano-sahelian region. These reinfiltration processes may also explain a ma-
jor part of the error, and should be the focus for the large semi-arid basins. Errors in the
river discharge might also be explained by water storage and release in the basins at10

timescales longer than 2 y (the discharge being averaged over two couples of years).
These types of storage were shown to have a significant impact at small scale (Peu-
geot et al., 2003), but their role at large scale does not seem to be of major importance
(d’Orgeval and Polcher, 2008).

6 Conclusions15

In this article, new infiltration parameterizations in ORCHIDEE have been presented
and tested at large scale over the West African region. Three parameterizations for
soil infiltration aim at representing respectively the impact on infiltration of flat areas,
roots in the soil and changes in soil compactness with depth. Two modules to simulate
river reinfiltration in floodplains and ponds were also introduced.20

First, the sensitivity to soil infiltration parameterization was performed. It allowed to
classify the different impacts of infiltration: surface infiltration has a stronger impact
on the soudano-sahelian region whereas rootzone and deep-soil infiltration have a
stronger impact in the guinean region. Then ORCHIDEE simulations of river discharge
were compared to observed river discharge and the sensitivity to the river reinfiltration25

processes was tested. The results of the simulations led to a classification between
semi-humid, intermediate and semi-arid basins. The possible sources of improvement
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for the simulations in these three basin types lie respectively in the canopy structural re-
sistance, in the rootzone or deep-soil infiltration processes and in the river reinfiltration
processes. However, when calibrating ORCHIDEE over the semi-humid, intermediate
and semi-arid basins, the uncertainties respectively linked to the vegetation map, the
soil map and the long term storage processes have to be taken into account. Moreover,5

precipitation is a major source of uncertainty for the simulations in almost every basin
(to a lesser extent in the small guinean basins).

The validation of new parameterizations in any African region through integrative
measurements such as river flows faces many challenges because uncertainty linked
to the different inputs (e.g. soil, vegetation, precipitation) is high. Improving the obser-10

vation systems for these different inputs should be the first step for future validation
of infiltration processes in West Africa. The importance of uncertainty implies that the
model should be recalibrated with care to avoid over-parameterization. Indeed, if new
parameterizations were changed or added in order to reduce the error to a minimum
in the simulations performed, it would not necessarily lead to improved simulations be-15

cause the model would then be calibrated to compensate errors in the forcing or the
inputs. Therefore, the best way to get a robust validation for a LSM consists in com-
paring each error of the model to a measure of the uncertainty coming from different
sources.

The AMMA field experiment has allowed for the instrumentation of small catchments20

in 3 super-sites (Gourma, Niamey and High-Oueme) which will hopefully enable us to
perform the above-mentioned regional validation of parameterizations with more accu-
racy. These three sites correspond to semi-arid and intermediate basins, and should
therefore allow for some improvements in the parameterizations of surface, rootzone
and deep-soil infiltration. Reinfiltration in ponds could also be adressed with the obser-25

vations from the Niamey super-site in which pond systems are of major importance.
Finally, floodplain parameterizations will benefit from the ongoing satellite observations
of the floodplains’ size (Prigent et al., 2007) and height (Gennero et al., 2006).

At larger scale, the AMMA field experiment also covers the gradient between the
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guinean and the saharian regions through a transect around the Greenwich meridian.
Work accross scales with different types of modelling and observations at different
scales should help to improve the parameterizations cited above (de Rosnay et al.,
2006). So, the structuration of the AMMA project should increase our knowledge by
giving more insight into the link between various scales involved in surface-atmosphere5

feedbacks and by offering means to validate regional parameterizations of small scale
processes.
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Table 1. Vegetation types in ORCHIDEE and main parameters: H height (in m), c root coef-
ficient (in m−1) (de Rosnay and Polcher, 1998), rs structural resistance (in s m−1). ∗BS=Bare
Soil, BL=Broad-leaved, NL=Needleleaf, G=Grass, C=Crop, EG=Evergreen, RG=Raingreen.

V Ensemble Type∗ Climate H c rs

1 Bare soil BS 0 0 0
2 Tree BL/EG Tropical 45 0.8 100
3 Tree BL/RG Tropical 30 0.8 75
4 Tree NL/EG Temperate 20 1 50
5 Tree BL/EG Temperate 20 0.8 50
6 Tree BL/RG Temperate 20 0.8 50
7 Tree NL/EG Boreal 15 1 50
8 Tree BL/EG Boreal 15 1 50
9 Tree NL/RG Boreal 15 0.8 50
10 Grass/crop G/C3 Temperate 0.5 4.0 3
11 Grass/crop G/C4 Tropical 0.6 2.5 5
12 Grass/crop C/C3 Temperate 1.0 2.0 5
13 Grass/crop C/C4 Tropical 1.0 2.0 10
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Table 2. Parameters used in Van Genuchten equations for each soil type. Values are taken
from Carsel and Parrish (1988) for three defined USDA soil types. KS is the saturated conduc-
tivity and n and α are two parameters.

Type USDA name Ks n α
mm d−1 m−1

Coarse Sandy Loam 1060.8 1.89 7.5
Medium Medium Loam 249.6 1.56 3.6
Fine Clay Loam 62.4 1.31 1.9
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Table 3. Description of GSWP2 models. The time step is given in hours (h) or minutes (min).
Two models have a different time step for energy balance (E ) and soil hydrology (S) The struc-
ture indicates the number of layers for hydrology (H) and for temperature (T ). Parameters for
soil (S) come either from GSWP-2 (Sg) or from the model default configuration (Sd ). For vege-
tation (V ), two datasets were made available: IGBP (V i ) and SiB (V s), and some models used
default one (V d ). Only one model includes a dynamic vegetation (V ∗). More details are given
in Dirmeyer et al. (2006).

Name Institute Time step Structure Parameters Reference

BucketIIS U.Tokyo 3 h 1H 1T n/a Manabe (1969)
CLM2-TOP U.Texas 1 hE 10H 10T SdV d Bonan et al. (2002)

5 minS
Sland U.Maryland 20 min 1H 2T SdV ∗ Zeng et al. (2005)
HY-SSiB GSFC 30 min 3H 2T SdV s Mocko and Sud (2001)
ISBA CNRM 5 min 3H 2T SgV i Etchevers et al. (2001)
LaD GFDL 30 min 1H 18T SdV s Milly and Shmakin (2002)
MOSES2 Met Office 30 min 4H 4T SdV d Essery et al. (2003)
Mosaic NASA 30 min 3H 2T SdV s Koster and Suarez (1992)
NOAH NOAA 15 min 4H 4T SdV d Ek et al. (2003)
NSIPP-C. NASA 20 min 3H 6T SdV s Koster et al. (2000)
ORCHIDEE IPSL 30 min 2H 7T SdV d Krinner et al. (2005)
SiBUC Kyoto U. 1 h 3H 2T SdV d online
SSiBCOLA COLA 30 min 6H 6T SdV s Dirmeyer and Zeng (1999)
SWAP IWP 3 h 2H 1T SgV i Gusev and Nasonova (2003)
VISA U.Texas 3 hE 10H 10T SdV d Yang and Niu (2003)

5 minS

2281

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/5/2251/2008/hessd-5-2251-2008-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/5/2251/2008/hessd-5-2251-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
5, 2251–2292, 2008

Sensitivity of the
West African

hydrological cycle

T. d’Orgeval et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Table 4. Summary of sensitivity tests performed with ORCHIDEE.

Name Principle

BS Bare soil evaporation not allowed under vegetation
I1 Reinfiltration not allowed in flat areas
I2 Infiltration not increased by roots
I3 Constant infiltration with depth
CR Canopy structural resistance doubled
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Table 5. Stations from the UCAR database selected for ORCHIDEE validation. ∗Area is given
in 103 km2.

Name Station River Lon-Lat Area∗

WEST-AFRICAN CATCHMENTS

KoN Koulikoro Niger 7.5◦ W–12.9◦ N 120
MaN Malanville Niger 3.4◦ E–11.9◦ N 1000
BaV Bamboi B.Volta 2.0◦ W–8.2◦ N 134
EdS Edea Sanaga 10.1◦ E–3.8◦ N 132

CENTRAL AND EAST-AFRICAN CATCHMENTS

KiC Kinshasa Congo 15.3◦ E–4.3◦ S 3475
DoN Dongola Nile 30.5◦ E–19.2◦ N 2694
ChS Chiromo Shire 35.1◦ E–16.6◦ S 150
LuJ Luug Juba 42.3◦ E–3.6◦ N 179
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Table 6. Details on precipitation observations and mean total runoff given in mm d−1 over each
basin. ∗N=Mean number of raingauges in 103 km2, %N>2=Percentage of grid boxes where
N>2, P̄ mean precipitation and R̄ mean total runoff (runoff plus discharge) in mm d−1 averaged
over each basin and for the years 1954–1955 and 1971–1972.

Basin P̄ ∗ R̄ N∗ %N>2∗

KoN 4.0 1.2 23 100
MaN 1.0 0.07 10 65
BaB 2.5 0.15 31 100
EdS 4.6 1.3 11 100
KiC 4.0 1.0 2.7 46
DoN 1.7 0.08 6.7 85
ChS 2.2 0.20 8 100
LuJ 1.8 0.09 2.9 95
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Fig. 1. ORCHIDEE river routing scheme. The hydrology module computes the partitioning of precipitation (P)

into infiltration (I) and runoff (R) and then into evapotranspitration (ET) and drainage (D) for each grid point.

In the routing module, Each grid point is divided into successive basins (B, B′, ...) defined by their surface

(SB). Each basin includes 3 reservoirs (Vi, i = 1, 2, 3). The river reservoir (V1) receives flow from head waters

of the river (Qin). The runoff and drainage reservoirs (V2 and V3) receive runoff and drainage fluxes from the

hydrological module. The water flows out each reservoir (Qout
i , i = 1, 2, 3) to the next reservoir (Q′

in).

21

Fig. 1. ORCHIDEE river routing scheme. The hydrology module computes the partitioning
of precipitation (P ) into infiltration (I) and runoff (R) and then into evapotranspitration (ET ) and
drainage (D) for each grid point. In the routing module, each grid point is divided into successive
basins (B, B′, ...) defined by their surface (SB). Each basin includes 3 reservoirs (Vi , i=1, 2,
3). The river reservoir (V1) receives flow from head waters of the river (Qin). The runoff and
drainage reservoirs (V2 and V3) receive runoff and drainage fluxes from the hydrological module.
The water flows out each reservoir (Qout

i , i=1,2,3) to the next reservoir (Q′
in).
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Fig. 2. ORCHIDEE routing scheme with floodplain and pond modules. Optional features are in the dashed

boxes. In the hydrology module, the floodplain and the pond reservoirs (Vfp, Vp) are characterized by their

surfaces (Sfp, Sp) over which they receive precipitation (P), they evaporate at the potentiel rate (Epot), and

they infiltrate into the soil (I). In the routing module, the floodplain reservoir receives flow from head waters of

the river (Qin) and flows back (Qfp) into the river reservoir (V1). The ponds receive a fraction γs or the runoff

(R) whereas the runoff reservoir only receives the fraction 1 − γs. See figure 1 for more details.

22

Fig. 2. ORCHIDEE routing scheme with floodplain and pond modules. Optional features are
in the dashed boxes. In the hydrology module, the floodplain and the pond reservoirs (Vf p,
Vp) are characterized by their surfaces (Sf p, Sp) over which they receive precipitation (P ), they
evaporate at the potentiel rate (Epot), and they infiltrate into the soil (I). In the routing module,
the floodplain reservoir receives flow from head waters of the river (Qin) and flows back (Qf p)
into the river reservoir (V1). The ponds receive a fraction γs or the runoff (R) whereas the runoff
reservoir only receives the fraction 1−γs. See Fig. 1 for more details.
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Fig. 3. Zonal (20◦ W–30◦ E) and temporal (1986–1995) averages of (a) evapotranspiration (b)
bare soil evaporation, (c) interception loss, (d) transpiration, (e) drainage and (f) surface runoff
given by GSWP2 multi-model mean (in black) and by ORCHIDEE (in red). The shaded area
corresponds to multi-model mean plus or minus the standard deviation of GSWP2 model out-
puts.
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Sensitivity experiment
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Fig. 4. Relative mean evapotranspiration anomaly (1986–1995) between the control simulation
and each sensitivity experiment in 4 different regions defined by their latitude boundaries (zonal
mean between 20◦ W–30◦ E). The evapotranspiration change index gives the ratio (%) between
the evapotranspiration anomaly for the indicated region and the maximum evapotranspiration
anomaly among the 4 regions. The maximum evapotranspiration anomaly value is indicated
above each bar group.
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Fig. 5. Maps of the catchments simulated by ORCHIDEE for West Africa (left) and Central and
East Africa (right).
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Fig. 6. Errors and sources of uncertainty in ORCHIDEE simulations for 8 river catchments (see table 5), in

percent of observed discharge for 1954-5 and 1971-2. The end points of the black T-bars indicate individual

values of discharge errors for 1954-5 and 1971-2. Crosses indicate that no precipitation data was available to

evaluate uncertainty coming from the precipitation input.

26

Fig. 6. Errors and sources of uncertainty in ORCHIDEE simulations for 8 river catchments (see
Table 5), in percent of observed discharge for 1954–1955 and 1971–1972. The end points of
the black T-bars indicate individual values of discharge errors for 1954–1955 and 1971–1972.
Crosses indicate that no precipitation data was available to evaluate uncertainty coming from
the precipitation input.
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Fig. 7. Errors and sources of uncertainty in ORCHIDEE simulations for 8 river catchments (see table 5), in

percent of observed discharge. Crosses indicate that no precipitation data was available to evaluate uncertainty

coming from the precipitation input.
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Fig. 7. Errors and sources of uncertainty in ORCHIDEE simulations for 8 river catchments (see
Table 5), in percent of observed discharge. Crosses indicate that no precipitation data was
available to evaluate uncertainty coming from the precipitation input.
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Fig. 8. Mean annual cycle of river discharge at Malanville for the years 1954–1955 and 1971–
1972: Observed (black), simulated without floodplain module (red), with floodplain module
(green) with floodplain and reinfiltration (blue).
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