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Abstract. During the 1970s and 1980s, West Africa has height changes. The basic analysis of in situ discharges con-
faced extreme climate variations with extended drought confirms the impact of the inner delta area, known as a signifi-
ditions. Of particular importance is the Niger basin, since it cant flooded area, on the discharge, characterized by a strong
traverses a large part of the Sahel and is thus a critical sourceeduction of the streamflow after the delta compared to the
of water for an ever-increasing local population in this semistreamflow before the delta. In the simulations, the flooding
arid region. However, the understanding of the hydrologicalscheme leads to a non-negligible increase of evaporation over
processes over this basin is currently limited by the lack oflarge flooded areas, which decreases the Niger river flow by
spatially distributed surface water and discharge measuret5 % to 50 % in the locations situated after the inner delta as
ments. The purpose of this study is to evaluate the abilitya function of the input rainfall dataset used as forcing. This
of the ISBA-TRIP continental hydrologic system to repre- improves the simulation of the river discharge downstream
sent key processes related to the hydrological cycle of theof the delta, confirming the need for coupling the land sur-
Niger basin. ISBA-TRIP is currently used within a coupled face scheme with the flood model. The deep aquifer reser-
global climate model, so that the scheme must represent theoir improves Niger low flows and the recession law dur-
first order processes which are critical for representing theng the dry season. The comparison with 3 satellite prod-
water cycle while retaining a limited number of parametersucts from the Gravity Recovery and Climated Experiment
and a simple representation of the physics. To this end, thé GRACE) shows a non negligible contribution of the deeper
scheme uses first-order approximations to account explicitlysoil layers to the total storage (34 % for groundwater and
for the surface river routing, the floodplain dynamics, andaquifer). The simulations also show a non negligible sensi-
the water storage using a deep aquifer reservoir. In the curtivity of the simulations to rain uncertainties especially con-
rent study, simulations are done at a 0.5 by’ Gpatial res-  cerning the discharge. Finally, sensitivity tests show that a
olution over the 2002—-2007 period (in order to take advan-good parameterization of routing is required to optimize sim-
tage of the recent satellite record and data from the Africarulation errors. Indeed, the modification of certain key param-
Monsoon Multidisciplinary Analyses project, AMMA). Four eters which can be observed from space (notably river height
configurations of the model are compared to evaluate the se@mnd flooded zones height changes and extent) has an impact
arate impacts of the flooding scheme and the aquifer on then the model dynamics, thus it is suggested that improving
water cycle. Moreover, the model is forced by two differ- the model input parameters using future developments in re-
ent rainfall datasets to consider the sensitivity of the modelmote sensing technologies such as the joint CNES-NASA
to rainfall input uncertainties. The model is evaluated usingsatellite project SWOT (Surface Water Ocean Topography),
in situ discharge measurements as well as satellite derivedhich will provide water heights and extentat land surface
flood extent, total continental water storage changes and rivewith an unprecedented 50-100 m resolution and precision.
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1 Introduction context, satellite remote sensing techniques (Alsdorf and Let-
tenmaier, 2003; Alsdorf et al., 2007; Wigneron et al., 2003;

Over the past 5 decades, West Africa has faced extreme cliGrippa et al., 2004) have become useful tools for hydrologic
mate variations with extended extreme drought conditionsinvestigations. For instance, efforts have already been done
most recently during the 70s and 80s (Ali and Lebel, 2009).to quantify the soil water content/groundwater using satellite
In this region, precipitation is closely linked with the mon- data (Rodell et al., 2009; Grippa et al., 2011). Satellite al-
soon, and better understanding and prediction are needdimetry has also been used for systematic monitoring of wa-
for improved water resource management. With an approxiter levels in large rivers, lakes and floodplains and several
mate length of 4180 km (2600 miles), the Niger river is the studies have demonstrated the capability of using these sen-
largest river in West Africa. It starts in the Guinea High- sors locally for estimating river discharge in large rivers, in-
lands in southeastern Guinea and ends in Nigeria, dischargzluding the Amazon River (Leon et al., 2008; Calmant et al.,
ing through a massive delta into the Gulf of Guinea within the 2008; Getirana et al., 2010), the Ganges-Brahmaputra (Papa
Atlantic Ocean. Itis a significant source of water and food for et al., 2010a) or the Lake Chad basin (Coe and Birkett, 2004).
West Africa which, as an agricultural region, is highly depen- Also, an advanced study of satellite altimetry by Enjolras
dent on the water availability and management practices. and Rodriguez (2009) intended to derive water surface eleva-

According to several studies (Coe, 1998; Andersen et al.tion of narrow river channels by using likelihood-estimation
2005; Dadson et al., 2010), the seasonal and interannual cyroblem. In parallel, globally applicable remote sensing tech-
cle of the Niger river discharge is influenced by the hy- niqgue employing a suite of satellite observations has been de-
drological processes, including overland processes (precipveloped and now provides estimates of the spatial and tempo-
itation, evaporation, stream flows, floods, infiltration, etc.) ral dynamics of surface water extent at the global scale over
and underground processes (groundwater and/or deep aquifére last 2 decades (Prigent et al., 2001, 2007; Papa et al.,
recharge). These processes are theorized to have feedback810b). In the future, the joint CNES-NASA Surface Water
with the climate, rainfall variability and the carbon cycle Ocean Topography (SWOT, to be launched in 2020) mission
(Houwelling et al., 1999; Matthews, 2000; Bousquet et al.,will measure the surface water height with an unprecedented
2006; Taylor, 2010; Taylor et al., 2011). Thus, a better param+esolution of 50 m over the globe (Alsdorf et al., 2007; Ro-
eterization of hydrological processes in atmospheric generatiriguez, 2009). This will enable a global scale near real time
circulation models (AGCMs) is necessary to obtain a bettermonitoring of the majority of the worlds rivers, lakes and
understanding of the feedbacks with the West African mon-reservoirs with spatial resolution of about one hectare (Lee
soon. This could then potentially translate into improved wa-et al., 2010; Biancamaria et al., 2010). Such data should sig-
ter resource management and climate prediction, at least atificantly accelerate the improvement of the representation
the regional scale (Gedney et al., 2000; Douville et al., 2000 0f hydrology for global scale models.

2003, 2004; Molod et al., 2004; Lawrence and Slater, 2007; The need for a better representation of the global water
Alkama et al., 2008). budget has resulted in numerous implementations of river
Currently, the representation of the surface component ofouting schemes into LSMs, and they vary widely in their
the hydrological cycle in AGCMs is done using continental complexity and degree of calibration. For water management
hydrological systems (CHSs) composed of land surface modapplications on the watershed scale, highly parameterized,
els (LSMs), which provide the lower boundary conditions for geographically specific models can be used to provide ac-
heat, momentum and mass. Some AGCMs go further and ineurate estimates of streamflow and reservoir status (Zagona
clude river routing models (RRMs) which are used to convertet al., 2001; Dai and Labadie, 2001; Habets et al., 2008). For
the runoff simulated by the LSMs into river discharge. RRMs global scale applications, however, computationally efficient,
transfer the continental freshwater into the oceans at specifieasily parameterized, comparatively simple and physically-
locations (as source terms for the ocean model componentpased routing methodologies are preferable. In fact, land
The evaluation of LSM-RRM systems is therefore a crucialwaters are supposed to play an important role in the atmo-
task. This is generally done using offline simulations drivensphere and ocean dynamics (Alkama et al., 2008; Dirmeyer,
by atmospheric forcing which is as realistic as possible. Suct2000, 2001; Douville, 2000, 2003, 2004; Gedney et al., 2000;
forcing data are usually generated using a combination of atKoster et al., 2000, 2002; Lawrence and Slater, 2007; Molod

mospheric model reanalysis or short term forecasts combinedt al., 2004). In AGCM applications, it is most important to
with satellite-based products which are calibrated or bias corelose the water budget and get a good representation of the
rected using gauge data (Dirmeyer et al., 2006; Sheffield efluxes of water into the atmosphere and ocean. An early influ-
al., 2006; Kim et al., 2009). These simulations are then evaluential effort at large scale routing was done by Vorosmarty et
ated with in situ river discharge data, which does not guaranal. (1989) who prepared a river routing network for the Ama-
tee that the spatiotemporal distribution of water storage overzon basin at a 0%resolution. Runoff produced by a water
and under the land surface is well represented. Over Wedbalance approach was routed through the network using a lin-
Africa especially, measurement data are difficult to accessar transfer model, with flow time calculated as a function of
due to geographical, geopolitical and economic issues. In thislow length, estimated subgrid scale sinuosity, and grid scale
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velocities estimated on the basis of mean downstream dismake the improved understanding of this basin a scientific
charge (Leopold et al., 1964). A similar linear transfer modeland socio-economic challenge. Moreover, its role in climate
was adopted by Miller et al. (1994) for application within change and its potential feedback with atmosphere are crucial
the Goddard Institute for Space Studies (GISS) General Cirissues. It is then important for a LSM to be able to reproduce
culation Model (GCM) at the global scale. In their formu- the key components of the water cycle and their evolution
lation, runoff produced by a GCM af 4 5° was routed to  which will enable the detection of big anomalies in clima-
the ocean through &% 2.5° network in which flow direc-  tologic applications. The purpose of this study is to evalu-
tion was determined by topography and velocity was a func-ate the performance of the ISBA-TRIP CHS model, includ-
tion of the slope. Because the scale of the implementatioring a flooding scheme and a new simple aquifer reservoir,
was quite coarse, slope based estimates of velocity were insver the Niger basin using comparisons with in situ mea-
tentionally calculated to yield low values, providing an im- surements as well as recently available satellite derived data
plicit correction for subgrid scale sinuosity and the time it from 2002—-2007. This period covers the core observation
would realistically take runoff to work its way through the period of the African Monsoon Multidisciplinary Analyses
river system. Sausen et al. (1994) implemented a linear routtAMMA) project (Redelsperger et al., 2006). More precisely,
ing scheme for the European Center Hamburg (ECHAM)the model is run in 4 different configurations (with/without
GCM, with transport parameters semi-objectively calibratedflooding scheme/aquifers) to evaluate the impact of floods
to match observed flow in major gauged rivers. In a study ofand aquifers on the Niger basin model configuration.
the Amazon River system, Costa and Foley (1997) adopted In this study, we first examine the routing scheme and
the velocity estimation procedure of Miller et al. (1994). As its ability to simulate discharge simulated by LSMs from
a refinement, they estimated the sinuosity coefficient indethe AMMA Land surface Model Intercomparison Project
pendently for each tributary within the Amazon basin, and (ALMIP). For this, TRIP was run in offline mode (default
they adjusted velocities as a function of stream order. Costanade with no feedbacks with LSMs) with total runoff from
and Foley (1997) further divided runoff into surface and sub-11 LSMs, including ISBA, as input data in order to explore
surface components and applied differential source retentiothe impact of routing alone on the river discharge. Secondly,
times to each. Further variants on the Miller et al. (1994)we evaluate the ISBA-TRIP CHS model in fully coupled
approach include the global hydrological routing algorithm LSM-RRM mode in four different configurations using two
(HYDRA, Coe, 2000), which was implemented at‘ar8so-  rainfall datasets. The evaluation is done using a large va-
lution and included variability in surface waters, and maderiety of data consisting of gauging measurements for dis-
some adjustments to the Miller et al. (1994) method forcharge and satellite-based products, such as water heights
calculating distributed velocities. Oki and Sud (1998) andand flooded areas. The study also attempts to give quantita-
Oki et al. (1999) continued this line of application through tive estimates of the contribution of the different water bud-
the development of the topographically corrected integratingget components over the basin using satellite data. In Sect. 4,
pathways for routing models, TRIP (Total Runoff Integrat- sensitivity tests were performed to determine the robustness
ing Pathways). Arora and Boer (1999) implemented a time-of the model and where the greatest uncertainties exist with
evolving velocity that depends on the amount of runoff gen-respect to model parameters. Finally, conclusions and per-
erated in the GCM land grid, using Mannings equation tospectives are given in Sect. 5.
estimate flow velocities for a river chanel with a rectangular
section.

Decharme et al. (2008, 2011) used the TRIP approach t® The ISBA-TRIP model
implement a flood routing scheme into the ISBA (Interac-
tion Soil Biosphere Atmosphere)-TRIP CHS. The scheme2.1 Review of the ISBA-TRIP model
accounts explicitly for the river routing, precipitation inter-
ception by the floodplains, the direct evaporation from thelSBA is a state-of-the-art land surface model which calcu-
free water surface, and the possible re-infiltration into the soillates the time evolution of the surface energy and water
in flooded areas. The regional and global evaluations of thisoudgets (Noilhan and Planton, 1989). In this paper, we use
scheme at a°lby 1° spatial resolution emphasized the im- the 3-layer force-restore option (Boone et al., 1999). It in-
portance of floodplains in the continental part of the hydro- cludes a comprehensive sub-grid hydrology to account for
logic cycle, through generally improved river discharges andthe heterogeneity of precipitation, topography and vegeta-
a non-negligible increase of evapotranspiration. However, ittion in each grid cell. A TOPMODEL approach (Beven and
was noticed that over some basins, including the Niger, theKirkby, 1979) has been used to simulate a saturated frac-
discharge was still overestimated (Decharme et al., 2011). Aion, fsa, Where precipitation is entirely converted into sur-
possible identified cause was that these regions might overliéace runoff (Decharme et al., 2006). Infiltration is computed
large aquifers that can be relatively uncoupled to the river. via two sub-grid exponential distributions of rainfall inten-

The difficulty of modelling the Niger basin and the current sity and soil maximum infiltration capacity (Decharme and
concerns about water resource management in West Afric®ouville, 2006).

www.hydrol-earth-syst-sci.net/16/1745/2012/ Hydrol. Earth Syst. Sci., 16, 1745-1773, 2012
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The TRIP RRM was developed by Oki and Sud (1998) at
the University of Tokyo. It was first used até¥#o-France to

3G _ G
convert the model simulated runoff into river discharge using| & = aQsb — Qout
a global river channel network at & fesolution. The origi- | 55 _ 05 + S, + (0L, — OF) — 08
nal TRIP model is only based on a single surface prognostig ¢ in out out in out @)
rgservow,S (kg), who;e discharge is linearly relate_d to the %_1; = oF + (P — I — E) — 0k,
river mass using a uniform and constant flow velocity.
In the ISBA-TRIP CHS, TRIP takes into account a sim- |28 — (1 — o) Qg — 053,

ple groundwater reservoi; (kg), which can be seen as a

simple soil-water storage, and a variable stream flow velocwherea represents the fraction of deep drainage going into
ity computed via the Mannings equation (Decharme et al.the groundwater reservoir while the rest of the drainage
2010; Appendix A). In addition, ISBA-TRIP includes a two- (1— «) goes into the aquifer. Unlike the groundwater reser-
way flood scheme in which a flooded fractiofigoeg, Of the voir, we assume that the aquifer reservoir local feedbacks are
grid cell can be determinated (Decharme et al., 2008, 2011)negligible, but contribute to the flow at the mouth of the river.
The flood dynamics are described through the daily couplingThe aquifer outflovaﬁﬂt (kg s~1) can be written as follows:
between the ISBA land surface model and the TRIP river

routing model, including a prognostic flood reservéirnkg). Qﬁﬂt = qu , 3)

This reservaoir fills when the river height exceeds the critical K

river bankfull height/:c (m) (Appendix B). The flood inter-  wheretaq (S) is a constant and uniform time delay factor,
acts with the soil hydrology through infiltratiod, (kg s~1), which represents the characteristic timescale for the aquifer
with the overlying atmosphere through precipitation inter- reservoir to drain laterally to the ocean (out of the basin).
ception P (kgs™1), and through free water surface evapo- This simple approach is currently motivated mainly by the
ration Ex (kg s ). These three terms are calculated by multi- lack of data describing the water table, which would be re-
plying, respectively, the total infiltration, precipitation inter- quired for a more detailed approach. Figure 1 illustrates the
ception and water surface evaporation over the grid cell byconfiguration of the ISBA-TRIP CHS model used in this
the ratio of flooded area to the grid area. This results in astudy.

system of three prognostic equations:
2.2 TRIP specific parameters

8G
9 = Qsb — Qout . L .
The baseline parameter values are presented in this section;
B = 05 + 05 + (0hy — OF) — 054 (1)  the sensitivity of the model to these parameters will be in-
oF - F vestigated in a subsequent section. For the model evalua-
9 = Qin + (Bt — It — E) — Qoup tion, the time delay parameters for the groundwater and deep

aquifer reservoirs are fixed to 30 days and 4 yr, respectively.
The aquifer parameter is initially fixed at 3/4 (which im-

here kgs™) is the deep drainage from ISBAQS
by QOsp (kgs ) | b g Aot plies that 1/4 of the drainage flows into the deep aquifer).

(kgst) the groundwater outflowQ?, (kgst) the sum of

the surface runoff from ISBA within the grid cell with the ThehaqL_Jifer rgjtar]ryoir is.defined equally in eag:h pixel.. d
water inflow from the upstream neighboring grid cells, and The river width is an important parameter because it mod-

03, (kgs1) is the simulated discharge whie” and 0, ulates both the river flow speed and the floodplain dynamics.
, n : ; : .
(kgs1) represent the flood inflow and outflow, respectively. !t 'S computed_ over the en_tlre TRIP netV\_/ork vVia an empir
See Appendix A and B for more details. ical mathematlcal_ form_ulatlon that describes a simple geo-
The global evaluation of the ISBA-TRIP CHS model at a morphologic relationship between W and the mean annual
1° by 1° resolution sudgested that the model may not tal(edischarge at each river cross section (Knighton, 1998; Arora
= oy >Ug9 y and Boer, 1999; Moody and Troutman, 2002; Decharme et
into account some important process such as the presen

C .
of large aquifers in certain regions (Decharme et al., 2011).65" 2011):

Also, by comparing the chemical composition of river water 05

and groundwater, Fontes et al. (1991) demonstrated that sigW = max (30’ B> Oy ) “)
nificant aquifer recharge occurs in the Niger Inland Delta re- 05 _ _ _

gion, especially during summer flooding. For these reasons, #here Oy” (m*s™1) is the annual mean discharge in each
simple linear aquifer reservoir was added to the model. Thisgrid cell estimated using the global runoff database from
reservoir was built on the example of the groundwater reserCogley (1979). As discussed in Decharme et al. (2011), the
voir, G, but with a significantly longer time delay factagg B coefficient can vary drastically from one basin to another

(s). This results in a new system of four prognostic equations{Knighton, 1998; Arora and Boer, 1999; Moody and Trout-
man, 2002). Decharme et al. (2011) proposed thaaries

according to climatic zone and fixe#l to 20 for monsoon
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River beight, b,
TRIP InTiltration 5000
e e i 4000
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A ISBA 3000

1 Drainage
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Giroundwater reaervolr |

Fig. 1. Schematic representation of the ISBA/TRIP (Oki et al.,

1999; Decharme, 2007) coupled system. The surface runoff calcu-
lated by the land surface model (ISBA) flows into the stream reserrig 2. ALMIP domain (stops at latitude 20N). The spacial res-
voir. The flood dynamic is described using a prognostic flood reser, tion is 0.5 x 0.5°. The white contour is the delimitation of

voir which fills when the river height exceeds a critical value and 4 Niger basin. The yellow squares are the stations where dis-
vice versa. The flood fraction is based on sub-grid topography. Fi-charge observations are available: (1) Banankoro (2) Koulikoro

n_al_ly, we add a linear aquifer reservoir so that the dgep drainage i%3) Ke Macina (4) Niamey (5) Ansongo (6) Kandadiji (7) Malanville
divided between the groundwater and the deep aquifer reservoirs. (8) Lokoja. The purple figures are the sites where height change ob-
servations are used for evaluation. The legend indicates the topo-

. - . . . graphical heights values (m).
basins and to 13 for semi-arid and arid basins. As the Niger

river flows through both such climate zones, two different
values are used within the Niger basthis 20 for the branch

of the river going from the river mouth {&\) to 12 N and

B is fixed to 10 for the remaining branch of the river. The 3 1 \ethodology

spatial distribution of the river width is shown in Fig. 3a.

The key parameter for the floodplain parameterization is|n order to determine the impact of the flooding scheme on
he, the critical river bankfull height (Decharme et al., 2008, simulated discharges, the TRIP routing model is used in off-
2011). In this study, as proposed by Decharme et al. (2011), ifine mode, uncoupled from a LSM and without floodplains.
is computed according to the river width via a simple power ALMIP |, which is a part of the AMMA project, was mo-

340" 350° 0° 10° 20° 30°

3 Model setup and experimental design

function: tivated by an interest in fundamental scientific issues and by
13 the societal need for improved prediction of the West African
he = W= () Monsoon (WAM) and its impacts on West African nations

(Redelsperger et al., 2006). As part of this project, ALMIP |
focused on better understanding land-atmosphere and hydro-
logical processes over Western Africa (Boone et al., 2009).
LSMs were run offline with prescribed atmospheric forcing
consisting in a combination of observations, satellite prod-
ucts and atmospheric model output data. All of the LSMs
used the same computational grid at a © §fatial resolution
d(see the domain on Fig. 2). The advantage of using ALMIP
data is that each LSM can simulate a different runoff re-
sponse, therefore we use an ensemble of inputs. In the current
Winouth — W study, 11 simulations are used over the 2002—-2007 period.
>, (6)  TRIP is used to compute daily outputs of discharges along
the river and water mass storage for each activated reservoir.
whereny, represents the Manningfactor of the grid cell, In addition, the ISBA-TRIP CHS coupled model is used
Nmax andnmin the maximum and the minimum values of the with and without the flooding scheme to quantify the impact
Manning friction factor (respectively equal to 0.1 and 0.04), of the scheme on the discharge and the surface energy bud-
Wmin (M) the minimum river width value an® oyt (M) the get. As the TRMM-3B42 rainfall (see next section for de-
width of the mouth in each basin of the TRIP network. tails) was used as forcing for the ALMIP experiment, the
same forcing is used for the ISBA-TRIP CHS simulation
with and without the flooding scheme. In the second part of
this study, the deep aquifer reservoir is implemented into the
ISBA-TRIP CHS model and deep drainage water is then dis-
tributed between deep soil layers and this aquifer reservoir

The spatial distribution of¢ is shown in Fig. 3b. However,
owing to both the uncertaintities in this parameter and its im-
pact on model results, sensitivity tests will be carried out us-
ing arbitraryhc + 20 % (Decharme et al., 2008), leading to
an increase or decrease in bankfull height up to 2 m.

Finally, as in Decharme et al. (2010), the Manning fric-
tion factor ny, varied linearly and proportionally tdv
from 0.04 near the river mouth to 0.1 in the upstream gri
cells (Fig. 3c):

Nriv = Amin + (Mmax — Mmin) (—
Wmouth — Wmin

www.hydrol-earth-syst-sci.net/16/1745/2012/ Hydrol. Earth Syst. Sci., 16, 1745-1773, 2012
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The model is run using two rainfall datasets (see next section
for details) to take rain uncertainty into account in a simple
manner, leading to 8 different simulations. Comparison with
both in situ and remote sensing data will allow us to evaluate
the simulated surface processes, the impact of the inclusion
of floodplains and aquifers, and the ability of the model to
estimate the river discharge.

3.2 Atmospheric forcing dataset to run ISBA-TRIP

The atmospheric state variables are based on the European
Centre for Medium Range Forecasts (ECMWF) ECMWF
numerical weather prediction (NWP) model forecasts for the
years 2002-2007. The forcing variables consist in the air
temperature, specific humidity, wind components at 10 m,
and the surface pressure, all at a 3h time step. Because of
the importance of having accurate incoming radiation fluxes
and precipitation, and because of the potentially significant
errors in these variables derived from NWP models over this
region (e.g. see Boone et al., 2009), merged satellite products
are used. The downwelling longwave and shortwave radia-
tive fluxes are provided by the LAND-SAF project (Geiger
et al., 2008). Two products are used for rainfall forcing. The
TRMM 3B42 product (Huffman et al., 2007) is used by de-
fault.

However, several studies have shown that RFE2 (Laws
et al., 2004) produces rainfall over the Sahel agrees better
with observed values than the other available rainfall prod-
ucts (e.g. Pierre et al., 2011), but it is at a time step which is
not well adapted to land surface modelling (daily time step).
Therefore, a second set of rainfall forcing data was created by
disaggregating the daily RFE2 to a three hour timestep using
the TRMM rainfall data. The monthly total RFE2 rainfall is
well preserved using this simple downscaling method. This
rain forcing is referred to as RFE-Hybrid (RFEH) herein. All
of the simulations presented in this paper were done using
the two datasets as forcing rainfall.

Fig. 3. Some TRIP parameters. Spatial distribution of the river 3-3 Evaluation datasets

width (up left), the river depth (up right) and the Manning coeffi-
cient (down).

Over the evaluation period (2002—-2007), the simulated dis-
charges are compared with daily gauge measurements along
the Niger river from the Niger Basin Authority (ABN) as part

(see details in Sect. 2). We then evaluate the ISBA-TRIP CHSpf their Niger-HYCOS Project. These data are available in

model in four different configurations:

Koulikoro, Banankoro, Ke-Macina, Kandadiji, Niamey, An-

—no flooding scheme and no agquifer reservoir SONgo, Malanville and Lokoja (see Fig. 2).

(NOAQNF);

Satellite-derived inundation estimates are used to evaluate
the spatial distribution and the time evolution of the flooded

— flooding scheme activated, no aquifer reservoir greas. Two different products are used. The first product is

(NOAQF);

— no flooding scheme, insertion of aquifer reservoir

(AQNF);

based on data from the MODIS multispectral imaging sys-
tem installed onboard the Terra and Aqua satellites. In this
study, the surface reflectance product (MODO9GHK) is used,
which is defined as the reflectance that would be measured at

— flooding scheme activated, insertion of aquifer reservoirthe land surface if there were no atmosphere. The spatial res-

(AQF).
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olution is 500 m for the corresponding MODIS images and
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the coverage is global (Vermote et al., 2002). In order to dedegos.obs-mip.fr/en/equipes/gohs/resultatgtiroweb). The
tect open water and aquatic vegetation in arid and semi aridvater level time series are based on altimetry measurements
regions, a classification is performed using the fact that watefrom ENVISAT satellite. Seven sites were chosen for the
surfaces do not reflect in the visible and near infra-red partvaluation, one upstream of the Niger inner delta, four down-
of the spectrum. A threshold value has been estimated fostream of the delta and two in the delta. The data are avail-
reflectance in the MODIS frequency band-5 1230-1250 nmable at a regular 35 days time step (with occasional missing
and for the NDVI index (Table 1) in order to delineate the data) from November 2002 to the end of 2007 (Calmant et
shallow, sediment laden, and open water over the Inner Nigeal., 2008).
Delta, and also in order to distinguish between aquatic veg- Total Water Storage (TWS) variations over the entire basin
etation and vegetation on dry land. It has been assumed thaire evaluated using data from the Gravity Recovery and Cli-
small values of surface reflectance in band-5 characterizenate Experiment (GRACE; Tapley et al., 2004). GRACE
open water, independent of the NDVI index. When the sur-provides monthly TWS variation estimates based on highly
face reflectance in band-5 increases to the median value, deccurate maps of the Earth’s gravity field at monthly inter-
pending on the NDVI index, it is assumed that there is avals at a resolution of approximately 300—400-km (Wahr et
partial coverage of dry land by water, aquatic vegetation oral., 2004; Swenson et al., 2003). The instrumentation and on-
vegetation on dry land. Finally, dry land is assumed whenboard instrument processing units are described in detail in
the NDVI is small and surface reflectance in band-5 is large.Haines et al. (2003). Here, we used 60 months (from Jan-
NDVI has been shown to be a robust index for monitoring uary 2003 to December 2007, excluding June 2003 and Jan-
temporal changes of the vegetation photosynthetic activityuary 2004 because products are not available) of the Re-
(Lyon et al., 1998; Lunetta et al., 2006). In the arid environ- lease 04 data produced by the Center for Space Research
ment, a high level of vegetation photosynthetic activity can (CSR at The University of Texas in Austin), the Release 4.1
only be sustained by the presence of surface water or groundiata produced by the Jet Propulsion Laboratory (JPL), and
water discharge. If dense enough, the aquatic vegetation anithe GeoForschungsZentrum (GFZ) Release 04 (more details
hydrophilic plants can mask underlying water and should beconcerning GRACE data are available online at http://grace.
included in the estimate of the total area of the floodwatersjpl.nasa.gov/data/). The combination of these data with those
The NDVI ranges from negative values (open water}th5 datasets described in the previous paragraphs above will al-
for dense vegetation. low us to evaluate the distribution of water in the different
The second product consists in global estimates of thelRIP reservoirs and to have a first estimation/validation of
monthly distribution of surface water extent at about 25 kmthe aquifer water storage variations.
sampling intervals. These data were generated from com-
plementary multiple satellite observations, including pas-
sive (Special Sensor Microwave Imager) and active (ERS4 Results
scatterometer) microwaves along with visible and near in-
frared imagery (advanced very high resolution radiometer4.1 Improvement of simulated discharges due to
AVHRR). These estimates were first developed over 1993— river flooding
2000 (Prigent et al., 2007), adjusted and extended over 1993—
2004 (Papa et al., 2010b) and recently recomputed for th&he evaluation of the simulated river discharge is important
entire period 1993-2007. This dataset has been extensivelfpr hydrological applications as well as for climate studies.
evaluated at the global scale (Papa et al., 2010b) and at rivdPrevious studies (Bonan, 1995; Coe et al., 2008; Decharme
basin scale, including the Niger river (Papa et al., 2008). Inet al., 2008, 2011; Alkama et al., 2010; Dadson et al., 2010)
the present study, this dataset is aggregated to ar@$s  have shown that the inclusion of a flooding scheme can im-
olution and referred to as PP. Because PP does not distirpact the hydrological cycle by increasing the average evap-
guish between the diverse anthropogenic and/or natural waeration and reducing the simulated discharge, which leads
ter bodies, while the ISBA-TRIP output must be comparedto a better estimation of the latter. Indeed, while an increas-
only with flooded areas, two additional datasets are usedng number of LSMs used for large scale hydrological or
to hybridize PP in order to conserve information on flood GCM applications use river routing, most of these models
inter-annual variability only: the Global Lakes and Wetland do not represent floodplains. Flooded zones can be signifi-
Database (GLWD; Lehner anddl, 2004) and the Monthly  cant sources of evaporation and have a role of surface water
Irrigated and Rainfed Crop Areas (MIRCA2000; Portmann storage, and their exclusion can result in an overestimation
et al., 2010) database. The corresponding final product i®f the discharge for basins with significant annual flooding.
named CPP in this study. The methodology is described inTo generalize this result, the TRIP RRM model was used in
detail by Decharme et al. (2011), and so it is not detailedoffline mode and without the flooding scheme (or aquifers)
here. to convert simulated runoff and drainage from 11 LSMs into
Water height changes over the basin are evaluated usdischarge. The LSMs considered for this study were part of
ing the HYDROWEB hydrological database (http://www. the ALMIP | project (Boone et al., 2009). The Fig. 4 shows
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Table 1. Threshold values used for the classification surface type used to monitor flood events. Band unit of reflectance is internal HDF-EOS
data format specific to the Modis data and do not correspond to usual reflectance unit.

Open water Mix water/Dry land ~ Aquatic vegetation Vegetation Dry land

Band5 <1200 >1200&<2700 >1200&<2700 >2700 >2700
NDVI No test <0.4 >0.4 >0.4 <0.4

the mean daily discharges simulated by the ALMIP modelswhile part infiltrates into the flooded soil thereby reducing
(black line) for several locations along the river. The blue the stream reservoir water storage and discharge. The Nash-
range is the difference between the minimum and the maxsSutcliffe coefficient or efficiency (eff) is also improved. Fi-
imum value of discharges simulated by the models and thenally, in Ke Macina, the discharge is deteriorated by the addi-
red line is the observed discharge. The corresponding statigion of the flooding scheme. Among the sites before the inner
tics are given in Table 2. Due to the bias in precipitations fordelta, Ke Macina is the closest to the delta. It is likely that the
years 2005 to 2007 (discussed in Sect. 4.4.), the statistics amodel floods occur too soon upstream of the delta. This can
calculated from 2002 to 2004 in order to better reflect thebe directly linked to a poor parametrisation or model param-
model performance. eter value (such as the river width) in this particular area. In
In terms of observed discharge, there is a clear changéhe 3 locations upstream of the delta, there is a significant
of behaviour after the delta (Niamey, ansongo, Kandadiji,decrease of the simulated discharge in 2005, 2006 and 2007
Malanville, Lokoja) compared to upstream of the delta (Ba- which is not observed. This reduction of the discharge is ob-
nankoro, Koulikoro, Ke Macina). Indeed, the discharge be-served for all the LSMs as well as for both configurations
fore the delta is almost twice higher than downstream of theof ISBA-TRIP (with and without floods) and is more likely
delta. This reflects the significant impact of the inner deltato be due to rainfall errors. This issue will be discussed in
on the discharge amplitude due to the floodplains. The firstSect. 4.4.
3 discharges on the Fig. 4 are located before the inner delta The impact of the flooding scheme on the surface energy
area (Banankoro, Koulikoro and Ke Macina). For these threebudget was also investigated where the total evaporation in-
locations, the discharge is reasonnably represented by theludes evaporation from the soil and flooded areas and tran-
ALMIP models. A bias in discharge is observed in 2005, spiration. The flooding scheme contributes to an increase
2006 and 2007 where the models simulate a smaller disin the evaporation mainly over the inland delta and in the
charge compared to the previous years. This can be due tsouthern part of the basin (+280 % with TRMM rainfall and
a bias in the rain forcing and will be discussed in Sect. 4.4.+200 % with RFEH), which are areas which generally expe-
However, for the sites located downstream of the inner deltaience significant floods (see Sect. 4.2.2).
area (Niamey, Kandadiji, Ansongo, Malanville and Lokoja) According to these results the floods occurring in the Niger
all of the ALMIP land surface models clearly overestimate inner delta region have an impact on the discharge, which
the discharge leading to poor results compared to the three Ids characterized by a decrease in its amplitude. The in situ
cations before the inner delta (see Table 2). In Malanville, thedischarge is among twice higher before the delta than after
mean simulated discharge is around 5 times higher than thgNiamey, Ansongo, Kandadji and Malanville) and increases
observed over this period. At the other sites (Niamey, Kan-again when reaching the mouth of the river (Lokoja) where
dadji, Ansongo, and Lokoja), the mean simulated dischargeseveral tributaries join the Niger river. In addition, the flood-
is 2 to 2.8 times higher than observed. However, the variabiling scheme allows a better simulation of the discharge after
ity of the discharge is generally well captured by the modelsthe delta, highlighting the importance of representing flood-
as pointed out by the correlation scores (see Table 1). Thelains in LSMs. However, some model deficiencies remain,
green line represents the discharge simulated by the ISBAsuch as a bias of discharge in Ke Macina (possibly due to
TRIP CHS model with the flooding scheme activated. The re-the previous cited reason), but also a bad reproduction of the
sults can be seperated into three classes. Fisrt, in Banankorecession flow during the dry season. In fact, the discharge
and Koulikoro (before the inner delta), the discharge and thusemains relatively high during the dry season compared to
the scores are not significantly changed, probably becausthe observations, which implies that there is too much wa-
no floods occur in these places. Second, after the inner delteer in the river. Several reasons for this can be identified,
(Niamey, Ansongo, Kandadji, Malanville and Lokoja), dis- such as underestimated evaporation, an underestimation of
charge has decreased considerably (50 %) in Niamey, Karthe water in flooded areas or the neglect of aquifers. Anthro-
dadji, Ansongo and Malanville and 26 % in Lokoja. The root pologic activities (dams, agriculture and water use for do-
mean square error (rms) has decreased considerably comestic consumption) are not explicitly accounted for and can
pared to the simulation without flooding scheme (see Ta-also explain the bias between observed and simulated dis-
ble 2). Indeed, part of the water in the floodplains evaporatescharge, especially during the dry season when the population
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Fig. 4. Daily discharges (2002—2007) simulated by ALMIP LSMs without floods (average, black line) and by ISBA-TRIP using the flooding
scheme (green). Observations are in red and the blue range is limited by the minimum and maximum discharge simulated by LSMs. The
TRMM-3B42 rain product is used as forcing input.

might need to extract more water from the river due to thelSBA-TRIP model and their respective impacts on some
lack of rain. In order to investigate the impact of aquifers variables involved in the water cycle (discharge, water level
on the discharge, a relatively simple and linear aquifer reserehanges, flooded fraction and total water storage). In order to
voir was added to the model (see Sect. 2.1 for details). Theake into account the rain uncertainties, two rainfall dataset
next section will focus on 4 different configurations of the are used as forcing (see Sect. 3.2 for details).
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Table 2. Daily statistic scores of the discharge for the ALMIP LSMs and ISBA/TRIP with and without flooding from 2002 to 2004. TRMM-
3B42 is used as forcing.

Corr. Ban Kou KeM Nia Ans Kan Mal Lok

ALMIP 097 083 05 0.8 0.73 0.73 0.82 0.78
ISBA-TRIPNF 0.98 0.9 0.7 0.76 0.73 0.74 0.75 0.81
ISBA—TRIP F 0.86 0.86 0.23 0.59 0.56 0.58 0.69 0.82
NS

ALMIP 0.9 063 -0.2 -—-2332 -23 —-19.31 -62.42 -2.95
ISBA—-TRIPNF 081 057 —-095 -246 —-229 -23.07 -57.08 -2.27
ISBA-TRIP F 069 07 -034 -052 -091 -037 —-442 0.02
RMS

ALMIP 058 0.76 0.6 3.54 4.04 3.61 5.25 1.66
ISBA-TRIPNF 0.81 081 0.76 3.63 4.36 3.93 5.03 151
ISBA-TRIP F 1.04 0.68 0.63 0.89 1.14 0.94 154 0.83

4.2 Separate impact of floods and aquifers on the Table 3). Upstream of the delta, the Nash-Sutcliff coefficient
Niger basin and the RMS are generally better without aquifers with both
forcing. With RFEH, the aquifers do not lead to a systematic

4.2.1 Discharge improvement of the scores; however, they do not lead to a

) significant degradation either.
A fourth reservoir was added to the ISBA-TRIP modeltorep-  gefore the inner delta, the introduction of aquifers im-

re.sent deep aquifer processes (_Sect. 2). T_his reservoir is SUBacts the discharge mostly by reducing the monsoon peak,
plied by a fraction of the soil drainage and it does not supplyresulting in a deterioration of the rms score. This deteriora-
water back the river. Indeed, the model simulates too much;gn, might be due to the “simplicity” of the aquifer reser-

water in the river, which could be due to the presence of large g parametrisation. Indeed, the aquifer is homogeneously
aquifers (Fontes et al.,, 1991; Decharme et al., 2011). Differyefined over all the domain and can generate biases in re-
ent values of the aquifer recharge factora(lwere tested  gigns where this aquifer either does not exist or has a minor
and only the most relevant result is kept for the evaluation,g|e

(see sensitivity tests in Sect. 4.6 for further details). In order pg\wnstream of the inner delta, the aquifer impacts mostly

to better understand the separated impacts of aquifers anghe recession flow in two manners: it lenghtens the period of
floods, four different configurations of the model are tested,4ximum discharge and reduces the low flows. This results

in this study: in a deterioration of the period except in Lokoja where the
—no flooding scheme and no aquifer reservoir period anq the recession law are improved (Fig. 5a). When
(NOAQNF); the model'ls forced by TRMM,.the presence of aquifers con-
siderably improves the recession during the dry season. The

— flooding scheme activated, no aquifer reservoir reduction of low flows is explained by the fact that the river
(NOAQF); empties faster after the rainy season which results in a more
realistic discharge during the dry season. In terms of statis-

— no flooding scheme, insertion of aquifer reservoir tics, the scores (ratio, rmse, eff) are similar or slightly de-

(AQNF); teriorated, except in Malanville and Lokoja where they are

. . . . . . improved. The correlation score, however, is improved at all

— flooding scheme activated, insertion of aquifer FESEIVOIN of the sites. The sensitivity of the model to the choice of the

(AQF). time delay factorraq and the fractionr will be presented in

Two different rainfall datasets are also used as forcing:seCt- 5. . .
TRMM-3B42, already used in the ALMIP | project and in The scores are greatly improved by the addition of the
the previous section; and RFEH (see Sect. 3.2). flooding scheme for the locations situated downstream from
Figure 5 shows the simulated discharge for the 4 conthe inner delta. The configuration with floods and aquifers
figurations when the model is forced by TRMM-3B42 and g_enerally leads to a good improvement of the scores in the
RFEH, respectively. Table 3 presents the statistical scores fopiteS located after the inner delta when the model is forced by
each configuration and the best scores are in bold type. Th_@e TRMM rainfal datgsets. Itis less obvious when the model
statistics are generally better when both floods and aquifers forced by RFEH rainfalls. However, when the aquifers de-
are represented in the model, especially downstream of thteriorate the scores, the deterioration is therefore small com-
inner delta when the model is forced by TRMM-3B42 (see Pared to the improvements (see Lokoja for example) and
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Fig. 5. Daily discharges (2002—2007) simulated by ISBA-TRIP in the 4 different configurations of the model. Observations are in red. The
TRMM-3B42 (2 left columns) and RFEH (2 right columns) rain product are respectively used as forcing input.

likely due to a bad parametrisation of aquifers in these re-discharge in Koulikoro decreases really fast at the end of the
gions. However, we recall that global applications do not aimrainy season, the discharge in Niamey remains at its max-
at calibrating input parameters but at detecting the key proimum value and even increases a little, resulting in a sec-
cesses which impact the evolution of the water cycle. Finally,ond peak of discharge. While the second peak corresponds
we notice that all of the configurations poorly reproduce theto the flood signal of the upper Niger basin delayed by the
discharge in 2005, 2006 and (to a lesser extent) in 2007.  inner delta and has been observed for decades, the first peak
To investigate the role of the inner delta over evapora-is likely related to increased contribution of the tributaries
tion, we looked at the relative difference of total evaporationlocated downstream from the delta that appeared in the re-
over the delta [13N-16" N; 3° W—6° W] between the simu- cent 10 to 15yr (Amogu et al., 2010). The transition between
lations NOAQNF and NOAQF when the model is forced by the monsoon and the post-monsoon regime is also visible if
TRMM (the results are similar withe RFEH). This is shown we look at the total evaporation simulated with and with-
on Fig. 6 (blue solid line). Moreover, we added the rela- out the flooding scheme over the delta. Indeed, during the
tive difference of discharge between Niamey and Koulikoro monsoon, there is hardly any difference of evaporation be-
(black solid line). Ke Macina is closer to the delta, but as tween the two simulations. But, during the post-monsoon,
many data are missing on this station, we looked at Koulikorothe model including floodplains simulates 30 % more evapo-
for the comparison. The dashed lines represent the absolutation than without the flooding scheme. The floodplains in-
discharge in Niamey (green) and Koulikoro (red). During the tensify the creation of evaporation over the delta and the time
monsoon, the observed discharge in Niamey is 40 to 80 %orrelation with the second peak of discharge in Niamey sug-
less than in Koulikoro, as noticed before. However, while thegest that they also have an impact on the recession flow by
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Table 3. Daily statistic scores of the discharge for the 4 configurations forced by TRMM-3B42 and RFEH from 2002 to 2004.

Corr. TRMM  Ban Kou KeM Nia Ans Kan Mal Lok
NOAQNF 0.98 0.9 0.7 0.76 0.74 0.73 0.75 0.81

NOAQF 0.86 0.86 0.23 0.59 0.58 0.56 0.7 0.82
AQNF 0.97 091 074 0.76 0.73 0.72 0.77 0.83
AQF 0.94 0.9 0.43 0.81 0.86 0.83 0.73 0.87
Corr. RFEH

NOAQNF 0.9 088 079 0.71 0.65 0.66 0.74 0.82
NOAQF 0.91 089 0.7 0.84 0.86 0.85 0.7 0.8
AQNF 0.89 0.9 082 0.7 0.63 0.65 0.75 0.83
AQF 0.92 091 0.78 0.84 0.86 0.85 0.74 0.87
NS TRMM

NOAQNF 0.81 0.57 -094 -24.62 -23.07 -26.86 -57.08 -2.27
NOAQF 0.69 0.7 -0.34 -0.53 -0.36 -0.91 -4.42 0.02
AQNF 0.94 0.8 0.17 -14.83 -13.88 -16.76 -35.98 -0.59
AQF 0.82 0.31 -0.43 0.49 0.64 0.41 -1.97 0.66
NS RFEH

NOAQ-NF -0.005 0.25 -0.58 -2.58 -2.1 -2.85 -10.17 -0.06
NOAQ-F -0.01 0.23 -1.09 0.69 0.7 0.71 -0.51 0.4
AQ-NF -0.02 -0.17 -0.81 -1.41 -1.18 -1.71 -6.31 0.48
AQ-F -0.03 0.15 -1.19 0.64 0.63 0.69 0.008 0.7
RMS TRMM

NOAQNF 0.81 081 076 3.63 3.93 4.36 5.03 1.51
NOAQF 1.04 0.68 0.63 0.89 0.94 1.14 1.54 0.83
AQNF 0.46 056 049 2.85 3.48 2.45 4.01 1.05
AQF 0.79 056 065 0.51 0.63 0.61 1.14 0.49
RMS RFEH

NOAQNF 1.88 1.08 0.69 1.36 1.41 1.62 2.2 0.86
NOAQF 1.88 1.1 0.79 04 0.44 0.44 081 0.65
AQNF 1.89 1.14 0.73 1.12 1.18 1.36 1.78 0.6
AQF 1.9 1.15 0.81 0.43 0.49 0.46 0.66 0.45

lengthening the period of maximum discharge. From 2005
to 2007, we notice a weaker evaporation over the delta than
during previous years. This is coherent with the simulated
discharge which is also very weak during these three years.

N 6000
0.6 - F
T - 5000
4.2.2 Flooded areas o4 ] :
] - 4000
The quantification of wetland extent is an important step to-
wards a better representation of surface water dynamics. Ir
this study, the time and spatial distribution of wetlands were
evaluated over the inner delta region, which is a large in- ]
undated area, and over the whole basin. Figure 7a and t = -0&
show the time evolution of the mean monthly flooded frac- S " SRR "
tion (in %) averaged over the inner delta region and over the Time (yesr)
Niger basin, respectively, with and without aquifers, when
the model is forced by TRMM. Figure 7c and d present Fig. 6. Time evolution of the relative difference of simulated total
the same results when the model is forced by RFEH. Onlyevaporation between the simulation NOAQ-NF(1) and NOAQ-F(2)
the two configurations with and without aquifers are shownWhen the model is forced by TRMM-3B42 (solid blue line). The
as there is no simulated flooded fraction without flooding "é!ative difference is the ratio ((2) (1))/((2) + (1)). Time evolution
scheme. The blue range on the Fig. 7a and c represents tr?é the re!atlve d'ﬁ?rence O.f Obse.rved d'scharge betw.een N'amey
. - . . and Koulikoro (solid black line). Time evolution of the discharge in
|r1terval between the mlnlmum and the maximum M,Od's de'Niamey (dashed green line) and Koulikoro (dashed red line).
rived (JFC) flooded fraction. Over the delta, the simulated
flooded fraction is generally included in this range, although

it tends to be on the low end when the model is forced by

0.0 F 3000

1 [ =000
—0.4 F

relative difference [solid]
Discharge {m3/s} [dash]

L 1000

e L) ~ L e —e LR
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RFEH. These results are reasonable since the Modis classi-
fication (JFC) fraction includes wetted vegetation and near-
surface saturated soils. With both rainfall datasets, the pres-
ence of aquifers results in a reduction of flooded areas. But
the impact of aquifers on the flooded fraction is more obvi-
ous for the simulation forced by TRMM rainfall. Indeed, the
aquifers greatly improve the period of the floods. However,
as shown in the figures, the CPP product is around 3 times
higher than the modelled values over the basin and 10 times
higher over the delta. This can be explained by the fact that
the multi-satellite method can encounter some difficulties
in accurately discriminating between very moist soils and
standing open water, likely overestimating the actual frac-
tion of inundations (Papa et al., 2010a, b). Model deficiencies
may also explain this bias. They can be related to routing
deficiencies due to a bad parametrization, or to LSMs defi-
ciencies in the calculation of floodplains evaporation and/or
infiltration.

Figure 8a and b show the time series of de-seasonalized
anomalies (obtained by subtracting the 12-yr mean monthly
value from individual months and then divided by the stan-
dard deviation) over the delta and over the basin, with and
without aquifers, when the model is forced by TRMM. Fig-
ure 8c and d present the same results when the model is
forced by RFEH. Over the delta, the Fig. 8a and c sug-
gest that the model and the data are in good agreement in
their time variations, with a better phasing between CPP and
ISBA/TRIP. Over the basin, the CPP and model anomalies
globally corroborate in phase and amplitude.

Figure 9a show the monthly relative CPP flooded frac-
tion averaged over the period 2002—2007. The monthly val-
ues have been divided by the maximum monthly value over
2002-2007 to determinate the main observed flooded areas.
According to these observations, the main inundations oc-
cur between July and December in three principal regions:
the inner delta in Mali, the Northern Nigeria and the South-
ern basin. Figure 9b shows the monthly spatial correlation
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between CPP and ISBA-TRIP when the model is forced byFig. 7. (3 Time evolution of the mean monthly flooded fraction (in
TRMM with floods and aquifers. Over the 3 principal inun- %) averaged over the inner deita region. The model is forced by
dated regions, the correlation is bigger than 0.4. This corre RMM-3B42. The blue range is the interval between the minimum
lation does not change significantly according to the config-2"d the maximum Modis classification (JFC) flooded fract(®.
uration of the model Time evolution of the mean monthly flooded fraction (in %) av-

The i t of | flooded th i eraged over the basin. The model is forced by TRMM-3B42.
€ iImpact of general flooded areas over tn€ evaporatioly; e eyolution of the mean monthly flooded fraction (in %) aver-

was investigated. For this, only the grid cells with a flooded ygeq over the inner delta region. The model is forced by RFEH. The
fraction higher than 15 % for the configuration NOAQF were p|ye range is the interval between the minimum and the maximum
considered. These cells represent 11% of the basin if theodis classification (JFC) flooded fractio) Time evolution of
model is forced by TRMM and 7 % of the basin if the model the mean monthly flooded fraction (in %) averaged over the basin.
is forced by RFEH rainfalls. Figure 10 presents the averaged he model is forced by RFEH.

relative difference of total monthly evaporation simulated on

these cells with (red) and without (blue) floodplains when the

model is forced by TRMM. The evaporation on flooded ar- 4.2.3 River height change

eas is generally higher with the flooding scheme than without

floods, especially during the monsoon and post-monsoon pefo complete the evaluation of surface water dynamics, the
riods (20 to more than 50 % higher). The same observationsiver height time changes are compared to estimates from
are done for the simulations forced by RFEH. the HYDROWERB hydrological database developed by the
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Fig. 8. (a) and (c) Time series of deseasonalized flood fraction anomalies (obtained by subtracting the 6-yr mean monthly value from
individual months and then dividing by the standard deviation) over the delta. The blue range on the left figure delineates the maximum
and minimum possible anomalies from Modis (JFC) products. The CPP product is orange. ISBA-TRIP without aquifers is in black and
ISBA-TRIP with aquifers is in green. The TRMM-3B42 is used as forcing(&rand RFEH is used fofc). (b) and(d) Time series of
deseasonalized flood fraction anomalies (obtained by subtracting the 6-yr mean monthly value from individual months and then dividing by
the standard deviation) over the basin. The CPP product is orange. ISBA-TRIP without aquifers is in black and ISBA-TRIP with aquifers is
in green. The TRMM-3B42 is used as forcing fo) and RFEH is used fdid).

LEGOS/GOHS (Calmant et al., 2008) which gives estima-and, if overestimated, results in an overestimation of water
tions of height changes at several points along the Nigeheight variation during rain events. Also, uncertainties in the
river (Fig. 11). The seven locations used for comparison aregiver bed slope can also result in an overestimation of the
noted in purple in Fig. 2. The bias error on the HYDROWEB water height changes in the valleys. Moreover, Yamazaki et
water levels measures is estimated to be around 20cm anal. (2011) showed the limitation of the kinematic wave ap-
the peaks of water height changes are within a range beproach. Indeed, when kinematic wave equation is used for
tween 2 and 4 m. Since our interest is to be able to reprodischarge calculation, the predictability of water surface el-
duce extreme events, this error is considered as reasonabévation becomes bad in flat river basins with floodplains.
for evaluating water height changes. The water level changeklowever, no attempt is made to calibrate these parameters
are represented in Fig. 11 for the four configurations whenhere, which would be a long and difficult process and which
the model is forced by TRMM-3B42 rainfalls. The statis- is not necessary for use in a GCM.

tical scores are represented in Table 4 for the two rainfall

datasets. The scores are generally _improved b_y the. Presenges  Total terrestrial water storage

of the flooding scheme. The addition of aquifers is more

relevant when the model is for TRMM rainfall than L L . .
elevant when the model is forced by ainiall tha For global applications, it is of interest to evaluate the time

RFEH. However, the' Scores are no't greatly.deterlorated b)(evolution of total water storage (TWS) in LSMs and the con-
the presence of aquifers and considerably improved at th?

other sites. Without floodplains, the peaks of water height r%?)t:/f/lg?hgfc?;:hacr(i)sno]r?%liwe?ntgeetgﬁlcgzgatiﬁi.ttlazlgrli)rc?u%:tzs
changes are overestimated. The model also overestimates t teat estimate thpe total water storage (TWS) chan ep loball
peaks of positive height changes which might be due to forc-_ ", . orag 9e g Y
; ; : L at 1° resolution (the blue range in the lower panels represents
ing anomalies (rain) or to model deficiencies. Indeed, the . . .
. . . the difference between the maximum and minimum monthly

surface runoff stream function might be false in some areas ) :
observation values) and the water storage change in all of the
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Fig. 9a.Spatial distribution of the normalized CPP flooded fraction averaged over 2002—2007 (the monthly value is devided by the maximum
monthly value between 2002 and 2007).

Table 4. Correlations of the river height changes (from 2002 to
2007).

Corr. TRMM 1 2 3 4 5 6 7
NOAQNF 0.77 043 042 03 053 054 06

NOAQF 056 038 048 0.36 0.5 0.6 0.69
AQNF 0.79 038 041 0.3 0.54 053 0.61
AQF 0.7 044 062 048 075 069 0.7
Corr. RFEH

NOAQNF 0.7 0.41 042 0.25 0.48 0.48 0.76
NOAQF 059 043 0.65 0.45 0.69 0.76 0.81
AQNF 0.73 039 041 024 049 0.48 0.79
AQF 0.68 04 0.63 045 0.67 0.74 0.84

-08 -06 —04 04 06 08

Fig. 9b. Spatial monthly correlation between ISBA-TRIP and CPP lower panels represents the mean water storage change of the
over 2002-2007. Niger basin in all of the ISBA-TRIP reservoirs. The upper
panels contain the water storage change in each reservoir (av-
eraged over the basin) and the middle panels present the time
reservoirs of the ISBA-TRIP model, averaged over the basinevolution of the rain, drainage, runoff and evaporation over
The left panels represent the inter-annual variations (monthlythe basin. On the figure, only the results for the configura-
means) and the right panels are the intra-annual variationson AQ-F forced by TRMM are shown but Table 5 presents
(2003-2007 average for each month). The blue curve on théhe correlations for each configuration. The comparison of
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Table 5. Correlations of the model TWS with GRACE TWS (from

mean —RFEH 2002 to 2007).
{mmm /day) —TRMM
060 3 Cor. TRMM CSR JPL GFZ
50 NOAQ-NF  0.82 0.82 0.77
0.40 - NOAQ-F 087 087 0.83
630 ] AQ-NF 0.84 083 0.79
; AQ-F 0.87 086 0.82
0.20
1 Corr. RFEH
0.10 3
o0 ] NOAQ-NF  0.82 0.83 0.79
. T T T T T T T T T T T
=002 2003 2004 2005 =006 2007 =008 NOAQ-F 0.86 0.87 0.83
AQ-NF 083 084 08
AQ-F 0.86 0.86 0.83

Fig. 10.Relative difference of evaporation between the two config-
urations NOAQ-NF and NOAQ-F. Only the cells with a monthly
flooded fraction higher than 15% over 2002-2007 are consideregrape 6. Contribution of the reservoirs for the configuration AQ-F

for the calculation. forced by TRMM (%).

) River Soil Floods Aquifer Groundwater
ISBA-TRIP water storage change with the GRACE products 13 49 4 17 17

over the Niger basin shows a very good correlation between
the simulation and observations (more than 0.78) indepen-

dantly of the configuration considered. The contributions Ofregion for the river and this difference probably explains the

each reservoir to th? total_ water storage change appear in tr\‘z?\ct that the discharge simulated when the model is forced
Table 6 for the configuration AQ-F. Although the uppermost by TRMM is generally bigger than the discharge when the

soil layers (approximately 1 to a few meters) comprise moSty, e is forced by RFEH, in particular, when there is no

of the total water storage change over the basin (49 %), ther’looding scheme (twice as large as than RFEH). Moreover,

contribution of the other reservoirs, such as the groundwate{he discharge simulated using TRMM rainfall has a longer re-

and the aquifer, are not negligible (17 % each). The contribu-esgi0n period, probably due to the fact that there is more wa-

tion of flqodgd Z0nes is. I?SS (4 %), but since their impact Oy going from the floodplains to the river after the flooding
evaporation is not negligible, they must be considered alsogga50n . Figure 13 also shows that in 2005, 2006 and 2007, the
These results emphasize the need for considering all Sucpy|aiive pias between the two datasets is no longer obvious.

reservoirs i_n LSMs in order to close the water budget. Gen'Looking at the discharge we can see that during these 2 yr,
erally, studies compare the GRACE water storage change tg,e 1 rainfall products produce a very similar discharge

the water storage change in the hydrologic soil layers Only’amplitude, which results in a big reduction of the discharge

i.e. the first soil meters (green curve in the last panel). How-5 o5 de simulated by TRMM in comparison with previous
ever, this approximation is likely less valid for regions with y o215 One possible cause for the reduction in input rainfall is
significant storage in flooded zones and deeper soil layer§, . he gauge analysis source was changed from the GPCC
since the contribution of these two reservoirs to the total Wa'Monitoring analysis to the Climate Prediction Center (CPC)
ter storage are not necessarily negligible. Climate Analysis and Monitoring System (CAMS) in May,

] ) 2005. This change was made to take advantage of the timeli-
4.4 Rainfall comparison ness in CAMS, but in retrospect it introduced a discontinuity

_ _ in the error characteristics of the gauge analysis (G. J. Huff-
A comparison of the rain datasets was done for ev-y4n personal communication, 2012).

ery year. The averaged monthly ratio for every year

(TRMM — RFEH)/(TRMM + RFEH), which represents the 4.5 Aquifer storage

relative bias of one dataset to the other, has been calcu-

lated when the monthly sum (TRMM + RFEH) is bigger than Over the Niger basin, it was noticed that the discharge was
1mm/day. The most significant differencies are observed durstill overestimated (Decharme et al., 2011). A possible identi-

ing the monsoon period and visible on Fig. 13 which presentdied cause was that these regions might overlie large aquifers
the previous ratio for the months of July, August and Septem-that can be relatively uncoupled to the river. The available

ber 2002-2007. The basin is delimitated by the black con-data concerning the aquifer storage are generally very lo-
tour. Of note, significant differences are seen in the uppercalized, making the comparison with such a global scale

basin. From 2002 to 2004, the TRMM rainfall gives 20 to model not relevant. Figure 14 shows the repartition of the

80 % more rainfall than RFEH. This area is the main sourceaquifer recharge over the basin when the model is forced by
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Fig. 11.Water level changes when the model is forced by TRMM.

RFEH. As expected, the aquifer recharge is very heterogerecharge. However, the analysis of total water storage have
neous over the basin and follows rain patterns. There is alsshown that its contribution to this total storage is not negligi-
more aquifer recharge when the model is forced by TRMM ble and must be taken into account to reproduce the evolution
than by RFEH. The aquifer reservoir is a relatively simple of the water budget.

single-parameter linear reservoir and thus cannot represent

high frequency fluctuations and distribution of the aquifer
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Fig. 12. Basin water storage change (mm déy of each reservoir (top). Time evolution of rain, runoff, drainage and evaporation over

the basin (middle). Basin water storage change (mnépin all reservoirs compared to GRACE datasets (down). The blue range is the
difference between the maximum and the minimum GRACE products values. Left panels represent interannual variations (monthly averages)
and right panels are the annual variations (each month is averaged over the whole 5yr period).

4.6 Sensitivity tests The impact of the river critical height¢, on the simu-
lated discharge was examined first. The river witdttis kept
Sensitivity tests were performed to determine the input pa-at the default value. Increasing the critical height by 20 %
rameters which have the most significant impact on the simuteads to 5% less flooded fraction over the inner delta and in
lations. For global simulations, it is preferable that the modelthe south of the basin. The evaporation also decreases over
is not sensitive to too many parameters since tuning is a longhe flooded zones by 4 to 12 % (relative bias). Conversely,
and fastidious process at the global scale and spatially diswhen decreasing the river height by 20 %, the flooded frac-
tributed global scale observational data is currently rathetion is 5% more over the same areas and the evaporation
limited. Generally, physiographic relationships or the deriva-js increased by 14 to 24%.The water height changes are
tion of secondary parameters are preferred. The sensitivity ofiso influenced by the critical height modification. Over the
the ISBA-TRIP model to several key input parameters wasy7 virtual sites, an increase b globally increases the water
investigated in this study in order to test their importance forheight changes (+30 %), while a decreasg ofecreases the
a single regional scale basin. The Table 7 presents the keyater height changes-(L6 %). This can be explained by the
input parameters and the variations applied. The RFEH rainfact that a river with a smalt; will be flooded earlier and
fall datasets were used for this study but the sensitivity testshe water will spread more rapidly over the surrounding area,
using TRMM-3B42 rainfall datasets lead to the same ten-making the river water level less sensitive to rain events. In
dancies with lesser extent when forced by RFEH. Both rain-terms of inter-annual discharge, increasing or decredsing
fall datasets were used for this study. However, as sensitivityespectively, increases or decreases the amplitude of the dis-
tests generally lead to the same tendancies according to theharge by 5 to 15 % (Fig. 15a and b). However, the annual
rainfall dataset used as forcing, the different figures show thesariability of the discharge is not changed by a modification
results for only one rain forcing.
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Fig. 13.Rainfall monthly averaged ratio (TRMM RFEH)/(TRMM + RFEH). The ratio is calculated only when the sum TRMM + RFEH is
bigger than 1 mm day?.
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JAN FEB MAR Table 7. ISBA/TRIP key input parameters and the variations ap-
‘ ‘ ‘ : ‘ , plied for sensitivity tests.
Casel hc Spatially distributed a. +20%
constant in time b-20%
Case2 W Spatially distributed a. +20%
constant in time b-20%
Case 2 nyy Spatially distributed a. +20%
constant in time b—40 %
Case4d 1 Constant in space and time t =60; 90

Case5 t3q Constantin space and timezraq=1; 16

Case7 « Constant in space and timea = %1, % %

run the model: one distribution in whichy, coefficient is
arbitrary reduced by 40 % and the other one in which it is
increased by 20%. In order to keep a value included in a
reasonable range (between 0.03 and 0.1), all the values out
of this range after modification are set equal to the closest
value in this range. Figure 16a shows the behaviour of the
discharge for each distribution af;,. Increasing the Man-
of the critical height. In Niamey, Ansongo and Kandadji, the ning coefficient delays the response of the river to rain events.
increase ofic leads to better statistical scores, which might Indeed, small values of the coefficient speed the rise in water
suggest that the model overestimates the flood extend in thedevel and increase discharge amplitude. Also, the decrease
areas. In contrast, in Malanville, the scores are better whemf the discharge after the rainy season is faster whgn
reducing the critical height, which suggests an underestimais smaller. We can also notice that wheg, is bigger, the
tion of flooding at this site. In Lokoja however, the scores model is better able to dissociate the different rain events
are better for the standard simulation. The impact of the riverand two peaks of discharge appear. Flooded areas and evap
width, W, was also investigated. The critical height is not oration are higher for large values o, as the water flows
changed. Increasin®’ increases the amplitude of the dis- more slowly in the river bed, generating smaller river height
charge by around 6 %, while decreasing arbitrdypy 20%  changes, and flooded areas empty to the river more slowly.
decreases the discharge by 9% (Fig. 15¢ and d). The wateFhe evaporation increases by 14 % over main evaporation ar-
height changes vary differently according to the site. For ex-eas whemy, is 20 % higher and decreases by 18 % when it
ample, for location 1 (see Fig. 2 for locations), a 20 % reduc-is 40 % smaller. Flooded areas are 15 % higher over the inner
tion of the river width reduces the mean water height changeslelta area when the Manning coefficient increases and 30 %
by 35 % over the studied period. However, for locations 2, 4,smaller when it decreases. The increase @f also delays
5, 6 and 7, the mean water height changes increase by 15 ¥he water height changes, while small values@f decrease
to 28 % and there is no change for location 3. Indeed, watethe peaks of river height changes. However, the impact of this
height changes depend on the topography which is modifiedtoefficient on the water height change is more or less signifi-
with river width variations. The evaporation over the flooded cant according to the observation sites, and for most of them
areas is reduced by 3 to 9 % whBhincreases and increased this impact is not obvious. Finally, these modificationa gf
by 4 to 16 % whenW decreases. There are no significant have no significant impact on the total water storage change.
impacts of W andi. on the total water storage change. In- Thus, the current distribution used in the model is the most
deed, the storage of the different reservoirs and the amountasonable according to the scores. The model is quite sen-
of drainage are only slightly changed by the modification of sitive to Manning coefficient, which seems coherent. Since
these parameters. this coefficient is used for the calculation of the flow speed,
The mean value of the Manning coefficient;y, is it will impact the discharge, but also the creation of floods.
around 0.075 and most of the pixels have values above 0.06 We also investigated the impact of increasing the ground-
(91 out of 110). Since the Niger basin covers a large areawater reservoir's time delay factor on discharge, which ex-
the soil properties are very heterogeneous all over the basiriends the time of exchange between the groundwater reser-
making it necessary to use spatial distributions of soil param+«oir and the river. Decharme et al. (2010) estimated that a
eters. Two new distributions af;, were created and used to time delay factor of the order of 30—60 days is generally

05 1 5 10 20 30 40 50 100

Fig. 14. Aquifer recharge distribution (mm th)
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used as forcing). The standard run stands for the simulation AQ-F with standard parameters (used for the simulations in previous sections).

1.Niamey

suitable for global simulations. The increase @mpacts the
discharge on the descending phase by deteriorating the re-

= o NRIV120% rallo=0.72 eff=05 rmse=0.5 cession law. The scores are not significantly changed by the
fepen il e e increase of. The total water storage is not highly dependant
E on t either (the mean variation represents about 5% of the
b 2000 ] mean water storgge change). .quever, pre\./ious're.:sults em-
a0 , phasized that this parameter is important since it increases
2 , ‘ N 4 the residence time of water storage in the basin and allows a
7 1000 L ‘ ‘ \ more realistic simulation of the discharge.
a N \v \N \&’ Finally, we investigated the impact of parameter related
0 T T l 1 to the aquifers. The reduction of the distribution factor
<002 2003 =004 2005 2006 2007 (which means an increase of the water going to the aquifer)
3 Tixne (year) decreases the discharge amplitude before the inner delta and
5.0 NRIV+20% accelerate the recession of the discharges after the inner delta
2 40 ZEE?V“’L’ (see Fig. 17). The scores are not significantly changed by the
o 304 i value ofa when the model is forced by RFEH and experience
AT H only few changes when forced by TRMM-3B42. The aquifer
s i M reservoir time delay factor has also no impact on the dis-
oAy \i AN charge as aquifers are assumed to be too deep and too slow to
< 0.0 4 f \ i impact directly the river discharge. Modificationsmf have
E 104 ‘\"';-4'/{3 S a negligible impact on the total water storage of the basin (the
oo I l ; mean variation represents less than 1Q% 'of the mean water
665 560 SHHE 5565 S storage change). However, the simulation is done over a rel-

time (year)

atively short period (5 yr) over which the aquifer time delay
factor might be less significant. Over longer periods of time,

Fig. 16.Impact of the Manning coefficient on the river discharges as for example for climatic studies, it is possible that water
and on the river height changes (RFEH is used as forcing). The Sta”storage by aquifers and water discharge to the ocean has a

dard run stands for the simulation AQ-F with standard parameter

Significant impact on the water budget, and thygcould be
(used for the simulations in previous sections). 9 P get bt

one key parameter contributing to the water balance.
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Fig. 17. Impact of aquifer distribution factog on the discharge
(TRMM is used as forcing). The standard run stands for the simu
lation AQ-F with standard parameters (used for the simulations in

previous sections).

5 Discussion

two after inclusion of floodplains in the model). However, it
seems that in ISBA-TRIP, floods occur too early upstream of
the delta, as suggested by the results in Ke Macina where the
simulated discharge starts to be reduced while it is not the
case in the observations. This might be due to poor values
of the river parameters, such as river width in this particular
region. The aquifer reservoir reduces the low flows and im-
pacts the recession law, especially when the model is forced
by TRMM. Moreover, its contribution to the total water bud-
get is not negligible, and thus the consideration of aquifer
processes is necessary to better simulate the evolution of the
water cycle components. And indeed, several studies qualita-
tively suggest the presence of a deep water storage reservoir.
The results also suggest that the coupled land surface and
river routing model provides a reasonable estimation of in-
land hydrological processes of the Niger basin when the
flood scheme is activated and a deep aquifer is considered.
Several diverse datasets have been used for model evalua-
tion such as river discharge, spatial and temporal evolution
of flooded areas and water height changes measured by satel-
lite. These data provide basic constraints for estimating the
sub-surface water storage and dynamics, but also the shallow
soil water content and the groundwater storage, which are
linearly related to the surface water. The comparison with
GRACE total water storage dataset also show a good ability
of the model to reproduce the evolution of total inland water.
Evapotranspiration is the remaining water budget com-
ponent, but large scale observations are not available. The
evaluation of this variable has been done within the con-
text of several other studies. The ISBA surface temperature
was evaluated using brightness temperatures from AMSR (de
Rosnay et al., 2009), which is related to the surface energy
budget and near surface soil moisture; and the monthly sen-
sible heat fluxes aggregated from local scale observations to
the ALMIP grid square were evaluated for a semi-arid re-
gion within the Niger basin (net radiation was imposed, thus
monthly Bowen ratios can be estimated; Boone et al., 2009).
Finally, regional scale water budget studies were performed
over West Africa using ISBA evaporation estimates (Mey-
nadier et al., 2010). All of the aforementioned studies imply
that monthly scale evaporation estimates are reasonable.

The presented study investigated the impact of a linear flood- Moreover, Mahe et al. (2009), estimated the water losses
ing scheme and a simple aquifer storage on the simulation obf the inner delta of the Niger river and their evolution
the Niger basin. The flooding scheme decreases streamflofvom 1924 to 1996. They estimated the total evapotranspi-
and increases evaporation over flooded areas. The impacts ddtion from the delta to be about 800 mnTyrover the pe-
floods on the water fluxes and storage terms are found to beiod 1924-1996, varying between 400 mm¥(1984) and
coherent with other studies (Coe et al., 2008; Decharme et al1300 mmyr! (1924). The total evapotranspiration calcu-
2008, 2011; Dadson et al., 2010), thus we further emphasizéated by ISBA over the period 2002—2006 is 662 mmlyr

the need for representing these processes in GCMs. Morewhich is contained in the range estimated by the previous
over, the observed data from the ABN have shown a clearstudy. They also related the water losses in the delta to the
change of behaviour of the discharge after the inner delteexpansion of the floodplains, highlighting the importance of
compared to the discharge before the delta (the discharge isonsidering floods in a LSM.

almost divided by two), highlighting the role of the delta in

However, some model deficiencies remain and can be due

the discharge reduction. This is coherent with the impact ofto different factors:
the flooding scheme on the simulated discharge (divided by
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— Abias in the runoff and drainage calculated by the LSM. The results of the simulations using both of these rainfall
Further improvements could be obtained by calibratingdatasets showed a significant overestimation of the discharge
the relevant parameters, but such a procedure is not reli@bout 5 times higher than with the RFEH forcing for both
evant to GCM modelling. CMORPH and PERSIANN forcing, and twice higher for

o i the TRMM forcing) at all discharge observation sites, even

— An over-simplified routing model. Indeed, global scale i the representation of floods and aquifers. This is con-
routing models are generally parametrized by geomor-gjsient with the work of Pierre et al. (2011) who showed that

phologic relationships, which is not always realistic. c\jorRpH dataset clearly overestimates precipitations over

Spatially distributed basin-specific parameters wouldy,o ganel. Improved spatially distributed remotely sensed

undoubtably improve the simulations. datasets which are more precise for hydrological applications

— Rain biases can also be the origine of model biases. Irfiré thus needed.
this study, we have seen that the generally accepted two

best rainfall datasets over this region give significantly
different results. 6 Conclusions and perspectives

Sensitivity tests have shown that a good routing modelThis study describes the evaluation of the ISBA-TRIP Conti-
is required to optimize the simulation errors. For example,nental Hydrologic System (CHS) over the Niger river basin,
Fig. 15 shows that while increasirtg in Niamey, Kandadji  using a prognostic flooding scheme and a linear deep aquifer
and Ansongo would improve the simulation score, it would reservoir. The simulations are done at a°Ody 0.5 res-
have the opposite effect in Malanville. Thus, improvementsolution over the 2002—2007 period. The flood scheme ac-
in remote sensing technologies should help to create maps afounts explicitly for the precipitation interception by the
spatial and temporal evolution of inland waters (river width, floodplains, the direct evaporation from the free water sur-
flooded areas expansion, river height) and thus compensatace and the possible re-infiltration into the soil. The deep
the lack of in situ measurements. These data will then eitheaquifer reservoir has no feedback with the river locally and
be used as input data and replace geomorphologic relationdrains water to the river mouth over a comparatively long
used currently to describe these parameters, or they will béimescale. The model has been developed for use in cli-
assimilated into the model to correct simulation errors. mate model applications (coupled to the ARPEGE RCM and

In GCMs, the input parameters, such as the Manning co-GCM at Méteo France) where the representation of processes
efficient, critical height, river width and depth, are defined such as evaporation from the continental surface and fresh-
by empirical relationships which might not give the best re- water fluxes to the ocean are fundamental to the global water
sults for all modelled basins, since the main objective of suchbudget. These applications especially aim at detecting strong
parameterizations is to give the best overall global resultsanomalies in the future climate, and for this reason we fo-
However, for regional or basin scale studies, these relationeused on evaluating the ability of the model to reproduce in-
ships lead to non-negligible known errors which could be re-land waters anomalies. The model was run in four different
duced using satellite data. Indeed, satellite data could be usezbnfigurations to evaluate the separated impacts of the flood-
to spatially distribute parameters by basin and then couldng scheme and the aquifer reservoir on the modelisation of
contribute to the development of a global database describinghe Niger basin. Moreover, two different rainfall were used
the major river characteristics, at least the stream width andhs forcing in order to take into account the impact of rain un-
the river bankfull height. This is an important step if GCM certainties on the simulations. The evaluation is done using
climate scenario output is to be used for water resource mana large variety of data, consisting of gauging measurements
agement at the regional scale. and satellite-derived products. This allows the spatially dis-

Input rainfall uncertainties can also be the cause of bi-tributed evaluation of the separation of the water storage into
ases in the simulations, as shown in Sect. 4.1 where thés different components and it gives a first estimate of aquifer
model, forced by two different rain datasets, gives signifi- dynamics over the basin.
cantly different results. In this paper, only the TRMM-3B42  Considering the relative simplicity of the routing channel,
and TRMM-RFE2-hybrid rain dataset, RFEH, were usedthe model provides a good estimation of the surface water
for the bulk of the validation. However, other rain datasetsdynamics: the spatio-temporal variability of the flooded ar-
were used as input rainfall to run the ISBA-TRIP model, eas, the river discharge and the river water height changes.
such as PERSIANN (Precipitation Estimation from Re- The flooding scheme leads to an increase of evaporation and
motely Sensed Information using Artificial Neural Networks, reduction of discharge after the inner delta area, testifying
http://chrs.web.uci.edu/persiann/) from the Center for hy-for the need to incorporate flood representations into land
drometeorology and remote sensing (CHRS) and CMORPHsurface models (LSMs). The behaviour of the observed dis-
(CPC MORPHing technique, http://www.cpc.ncep.noaa.gov/charge also suggest an impact of the inner delta, known as an
products/janowiak/cmorph.shtml) from the United Statesimportant flooded area, on the discharge. The aquifer reser-
National Oceanic and Atmospheric Administration (NOAA). voir impacts the representation of both low flows and the
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recession law during the dry season. Note that recently an opdver height, etc.) and thus compensate for the lack of in situ
tion to include a detailed representation of aquifers has beemeasurements at the global scale. The joint CNES-NASA
introduced into the ISBA-TRIP CHS (Vergnes et al., 2012). satellite project SWOT will provide water heights and extent
However, the quality of the input and observational data re-at land surface with an unprecedented 50-100 m resolution
quired to evaluate the scheme is currently lacking over theand precision (centimetric accuracy when averaged over ar-
Niger basin. For this reason we have opted for a more sim-eas of 1 km; Durand et al., 2010). These data will then either
ple linear reservoir approach in this study (consistent withbe used as input data and replace geomorphologic relations
the other TRIP reservoirs). However, the possible link be-used currently to describe surface parameters, or they will be
tween river height and aquifer storage will be explored us-assimilated into the model to correct model errors. Indeed,
ing remotely sensed data in future work. The comparisonsa small number of recent studies have begun to quantify the
with GRACE total water storage change (GFZ, CSR andbenefits of such a mission for land surface hydrology. For this
JPL) were used to evaluate the ability of the model to repro-purpose, synthetic water elevation data were created using
duce the evolution of the total inland water, and good overallthe JPL Instrument Simulator (Rodriguez and Moller, 2004)
agreement of total water stored with GRACE was found. Fi-and assimilated into CHS systems (Durand et al., 2008; Bian-
nally, the use of two different rainfall datasets as forcing hascamaria et al., 2010). In all of these studies, the assimila-
shown the sensitivity of the model to rain uncertainties. tion of synthetically generated SWOT measurements helped
Despite the fact that the main features of the river dy-to reduce model errors and improved river discharge simula-
namics and water budget terms are represented reasonaliipn. Other studies have used SWOT simulated data as inputs
well by this relatively simple system, some simulation defi- in algorithms to obtain estimates of river depth and discharge
ciencies remain. For example, the model has a difficulty in(Andreadis et al., 2007; Durand et al., 2010; Biancamatria et
terms of reproducing the discharge during the low flow pe-al., 2010, 2011). These preliminary results are promising and
riod or the two annual peaks of discharge (only one peak isshow the current need for such a mission, and the potential
reproduced by the model). These deficiencies might be duéor improving the representation of hydrological processes in
to precipitation uncertainties or LSM errors (in terms of sub- current models. Consequently, the next step of this work will
grid runoff, evaporation and soil water transfer physics, inputconsist of integrating synthetic SWOT data into a suitable as-
LSM physiographic parameters such as vegetation indiciessimilation system to determine their impact on the simulated
soil texture and depth, etc.): but the focus in this study isdischarge using the ISBA-TRIP CHS described herein.
mainly on river, floodplain and aquifer dynamics. Precipita-
tion uncertainties were briefly touched upon by using differ- _
ent input forcings, but few currently available rainfall prod- Appendix A
ucts are good enough to be useful for hydrological modelling
studies over this region (notably owing to large biases). Re-The TRIP river discharge and groundwater outflow
garding the RRM errors, Decharme et al. (2011) have dis- ) ) . )
cussed the questionable aspects of the flooding scheme sudi€ river discharge simulated by TRIP (51 1) is computed
as the empirical computation of the river width, the choice USing a streamflow variable velocity,(ms™), and via the
of the river bankfull height, the simplified geometry of river Manning’s formula:
stream and flood reservoirs, or the use of the Manning’s for- S v _ K23 12
mula for computing the mass transfer between them. MoreLout = 75 with v = o RS (A1)
over, sensitivity tests have shown the non-negligible impact "V
of some of the parameter values on simulations. HoweverwhereL (m) is the river length that takes into account a me-
the model has been developed for global climate applicationsndering ratio of 1.4 as proposed by Oki and Sud (1998),
at low resolutions and must be as robust as possible to be (mm~1) is the downstream river height loss per unit
applicable at global scale, and therefore has a limited numiength approximated as the river bed sloge(m) the hy-
ber of tunable parameters. However, upcoming advances idraulic radiusx (m—3s-1) a constant equal to 1, angy
remote sensing technologies should permit an optimizatiorthe dimensionless Manning friction factor which varies from
of the spatially distributed parameters of the model. In fact,the upstream part to the mouth of each basin. The river
forcing uncertainties, especially rain uncertainties, represenbed slope is indeed a critical parameter to compute veloc-
a limitation for model tuning at this scale. Moreover, they canity via the Manning formula. The STN-30p Digital Eleva-
compensate the non-representation of lakes and large pondson Model (DEM) provided at 0.5C by 0.5°C resolution
A global database describing the basin characteristics suchy the ISLSCP2 database (http://www.gewex.org/islscpdata.
as the river width and the bankfull height would be of great htm) has been used. The STN-30p DEM was heavily edited
interest for improving the model simulations. This likely de- to represent the actual elevation along the river network on a
pends heavily on advances in remote sensing technologiegjlobal scale, based on the aggregated HYDRO1 K DEM at
which should help to get maps of spatial and temporal evo-1 km resolution. Further adjustments were made to eliminate
lution of inland waters (river width, flooded areas expansion,some of the unrealistic rapid slope changes in the STN-30p
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DEM along the global river network. Yamazaki et al. (2009), stream to the floodplains or conversaly, andvoyt (ms™1)
included a realistic sub-grid-scale topography for a more reaare the flood inflow and outflow velocities, respectively, com-
sonnable representation of the river height loss. This inclu-puted using the Manning’s formula:

sion could be considered as a possible improvement of the

representation of the river bed slope in the TRIP model. The . s#{,ﬁm R%/3 (B3)
hydraulic radius is related to the stream water defpgim), Vinout = =~ Minout >

calculated from the stream water maSgkg), assuming a
rectangular river cross-section (Arora and Boer, 1999):

wheren; is the Manning roughness coefficient for the flood-
plains that varies according to the vegetation type (Decharme
W hs S etal., 2011), whil&in out (M m-1) andRin out (M) are the in-

R = Wt 2hs where  hs = L Wow’ (A2) " flow (or outflow) slope and hydraulic radius, respectively, at
the interface between the floodplain and the river stream.

wherepw (kg m~3) is the water density, ani (m) the bank- The flood inflow and outflow velocities computed using

full river width. the Manning’s formula require the hydrological slope be-

The TRIP groundwater outflow (Eq. 1) is computed using tween the floodplain and the river stream:
the following simple linear relationship proposed by Arora

. ~ __ max0,hs—hc—ht)

and Boer (1999): Sin = T Wt wp/ Wf)/zf
o G _ max0,ht+hc—hs) (B4)

08, =~ (A3) Sout = (W W) /2

T

wherer (s) is an uniform and constant time delay factor of ~ They also require the hydraulic radius assumed rectangu-
the groundwater reservoir which is fixed to 30 days. Thislar and calculated as follows:

groundwater reservoir does not represent the groundwater LixmaxO.e—hc)

dynamics but only delays the groundwater flow contribution | Rin = Zizxmax0.is—c)

to the surface river reservoir within a particular grid cell: the Lohe (BS)
deep drainage is fed into the surface reservoir with a timel Rout = 7525

delay factor ofr. More details can be found in Decharme et ,
al. (2010). whereW; (m), Lt (m) andhs (m) are the width, the length and

the depth (respectively) of the floodplairis, (m) the water
height of the stream reservol; (m) the critical height of the

Appendix B river bed, and¥ (m) the stream river width. The hf is calcu-
lated in each grid-cell with the help of the actual distribution
The ISBA-TRIP flood model of the local heightz; (m), determined ata 1 km by 1 km reso-

lution. The assumption is that each pixgliepresents a sub-
As shown in Fig. 1, a simplified rectangular geometry is as-pasin into a given grid-cell that can be potentially flooded.
sumed in TRIP to represent the cross section between thgach subbasin has a triangular form and is associated with
floodplain and the river reservoirs in each grid cell. River g fraction, f;, of the grid cell areaA. The h; is computed
flooding arises when the water height of the stream reservoiysing the local sloper; (°) and flow direction data given by

is higher than the critical bankfull heighte (m), and the  the HYDROL1 K dataset (Verdin and Greenlee, 1996):
flood outflow and inflow from this reservoir (Eq. 1) are given

by: = “tan 2 B
hi = lJ/aitan(zg0). (B6)

F _ Vin
Oin = W+ Wt M

(B1) where! (m) is the characteristic length of one pixel equal
of, = inmwf min (M, F), to 1000 m, andy; is equal to 1 if the local flow direction is
north, south, east, or west, and to 2 elsewhere. Therefore, for
whereWs (m) is the floodplain width, and; (kg) the poten-  each hi a potential mass of flood(#;) (kg), can be simply
tial inflow (positive M¢) or outflow (negativeMs). This out-  calculated using a discrete equation:
flow assumes an equilibrium state between the stream and
the floodplain water depth:

‘ Afih;
V(hi) = pw Y _ V; whereV; = fT (B7)
Ms = pw Lt W (hs — he — hy) , (B2) 0
whereLs (m) andis (m) are the length along the river and  The sub-grid distributions of the flooded fraction and the
the depth of the floodplaings (m) the water height of the flood depth allow to determingfood, and’ s at each time
stream reservoir, anid; (m) the critical bankfull river height.  step and in each grid-cell via the comparison between the wa-

W + W; represents the distance covered by from the  ter mass into the floodplain reservalt, computed by TRIP
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(Eq. 4) and the sub-grid distribution of this potential mass Acknowledgements. This work is supported by the African

V(h):

F=Vh)=

ﬁbmiZ i:ﬁ
0 (B8)

hi = h;.

When fiigod is known within the grid cellW; and L; are
simply calculated as follow:

Lf = maX(OOO:L Fa/ fﬂOOdA)
B9
Wf = _Afg?Od ’ ( )

wherer is the meandering ratio fixed to 1.4 as recommendec

by Oki and Sud (1998).
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evaporationFs, (Eq. 1) are estimated by ISBA; occurs if

the flooded fraction f;p0g, calculated according to the sub-

grid topography (Decharme et al., 2011), is superior to the
soil saturated fractionfsa; and depends on the soil max- References

imum infiltration capacity. In other words, the floodplains
cannot infiltrate the fraction of the grid-cell for which the

soil is saturated. To a first approximation, it allows to simply
represent the fact that the actual floodplains evolve according
to the presence of shallow aquifer and water table depth vari-
ations. More details can be found in Decharme et al. (2011).

Appendix C

List of acronyms.

AGCM
ALMIP
AMMA
CHS
GRACE
HYCOS
ISBA
Land-SAF
LSM
MODIS
NDVI
RFE2
RFEH
RRM
SWOT
TRIP
TRMM

Atmospheric General Circulation Models
AMMA Land Surface Model Intercomparison
African Monsoon Multidisciplinary Analysis
Continental Hydrologic System

Gravity Recovery and Climated Experiment
Hydrologic Observation System
Interactions Sol-Biospire-Atmospkre

Land Satellite Application Facility

Land Surface Model

Moderate Resolution Imaging Spectroradiometer
Normalized Difference Vegetation Index
Rainfall Estimates version 2.0

RFE-Hybrid

River Routing Model

Surface Water Ocean Topography

Total Runoff Integrating Pathways

Tropical Rainfall Measuring Mission
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