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Abstract. Groundwater is a non-negligible component of the 1  Introduction
global hydrological cycle, and its interaction with overlying
unsaturated zones can influence water and energy fluxes béand surface processes considerably influence the global cli-
tween the land surface and the atmosphere. Despite its immate system (Dirmeyer, 2001; Dirmeyer et al., 2000; Dou-
portance, groundwater is not yet represented in most climatille, 2003, 2004; Koster et al., 2000, 2002). They can affect
models. In this paper, the simple groundwater scheme imthe water and energy exchanges between land surface and
plemented in the Total Runoff Integrating Pathways (TRIP) atmosphere, the ocean temperature and salinity at the out-
river routing model is applied in off-line mode at global scale let of the largest rivers (Durand et al., 2011), and the cli-
using a 0.8 model resolution. The simulated river discharges mate, at least at regional scales (Alkama et al., 2007; Dou-
are evaluated against a large dataset of about 3500 gaugile et al., 2000; Gedney et al., 2000; Lawrence and Slater,
ing stations compiled from the Global Data Runoff Cen- 2008; Molod et al., 2004). In climate models, these land sur-
ter (GRDC) and other sources, while the terrestrial waterface processes are parameterized in the continental hydro-
storage (TWS) variations derived from the Gravity Recov- logical systems (CHSs), which are composed of land surface
ery and Climate Experiment (GRACE) satellite mission help models (LSMs) generally coupled with river routing mod-
to evaluate the simulated TWS. The forcing fields (surfaceels (RRMs). LSMs provide the lower boundary conditions of
runoff and deep drainage) come from an independent simulatemperature and moisture for atmospheric processes in atmo-
tion of the Interactions between Soil-Biosphere—Atmospherespheric general circulation models (AGCMs), while RRMs
(ISBA) land surface model covering the period from 1950 convert the total runoff provided by LSMs into river dis-
to 2008. Results show that groundwater improves the efficharges in order to evaluate the simulated water budget and
ciency scores for about 70% of the gauging stations andransfer the continental fresh water to oceans, thereby closing
deteriorates them for 15%. The simulated TWS are alsdhe global hydrological cycle.
in better agreement with the GRACE estimates. These re- Despite its long response time, groundwater is an impor-
sults are mainly explained by the lag introduced by the low-tant component of the continental part of the global hydro-
frequency variations of groundwater, which tend to shift andlogical cycle. It represents about 30 % of the continental fresh
smooth the simulated river discharges and TWS. A sensitivwater reservoir, and its interaction with the soil surface is
ity study on the global precipitation forcing used in ISBA to likely to influence the soil moisture in unsaturated zones and
produce the forcing fields is also proposed. It shows that théhus the water and energy exchanges with the lower atmo-
groundwater scheme is not influenced by the uncertainties irsphere (Anyah et al., 2008; Fan et al., 2007; Shiklomanov
precipitation data. and Rodda, 2003). Moreover, it helps to sustain river base
flows during the dry season in temperate zones, whereas it
receives seepage from rivers in arid regions (Brunke and
Gonser, 1997).
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However, these groundwater processes are not yet ining the GRACE data to estimate TWS from basin (Crowley
cluded in most of the land surface parameterizations use@t al., 2006; Seo et al., 2006) to continent scale (Schmidt et
in climate models. Considering their importance, the needal., 2006; Tapley et al., 2004), as well as groundwater storage
to introduce them in CHSs has received increasing attentiowvariations (Rodell et al., 2007, 2009; Yeh et al., 2006) or hy-
during recent years (Alkama et al., 2010; Decharme et al.drological fluxes (Chen et al., 2006; Ramillien et al., 2006;
2010; van den Hurk et al., 2005; Maxwell and Miller, 2005; Swenson and Wahr, 2006; Syed et al., 2005). GRACE can
Yeh and Eltahir, 2005). The slow component of groundwa-also be used to evaluate simulated water storage (Alkama
ter is thought to play an important role in climate models et al., 2010; Decharme et al., 2010{i@ner, 2008; Ngo-
since they suffer from a lack of persistence in their land sur-Duc et al., 2007; Ramillien et al., 2008; Swenson and Milly,
face parameterizations (Fan et al., 2007; Lam et al., 20112006) or water table depth (Lo et al., 2010; Niu et al., 2007)
Weisheimer et al., 2011). For example, Fan et al. (2007) anin LSMs.
alyzed a large dataset of water table observations over the At the Centre National de Recherchest®brologiques
United States and found that the groundwater reservoir hagdCNRM), the ISBA-TRIP CHS is used in the CNRM-CM
the potential to increase soil moisture memory. Alkama et al.Earth system model (Voldoire et al., 2012). Recently, a sim-
(2010) compared global hydrological outputs from the Inter- ple representation of groundwater has been developed in the
actions between Soil-Biosphere—Atmosphere—Total RunofffRIP RRM and tested with success over France in off-line
Integrating Pathway (ISBA-TRIP) CHS to observed river mode (Vergnes et al., 2012). A simple methodology has been
discharges and terrestrial water storage (TWS) variations essonstructed to estimate the groundwater parameters and de-
timated from the Gravity Recovery and Climate Experiment lineate the aquifer limits. The main advantage of this method-
(GRACE) satellite mission. They concluded that the under-ology is that it uses lithological and hydrogeological infor-
estimation of the simulated continental evaporation and thenation available at global scale, which allows global appli-
overestimation of the simulated annual discharges could beations of the groundwater scheme. This study underlines
due to the lack of a groundwater reservoir. More recently,the impact of groundwater processes on the simulated river
Lam et al. (2011) demonstrated that groundwater was alischarges, and demonstrates the feasibility of using this
source of dry season evaporation and river base flow becauseheme at the resolution and time scales of climate models.
it introduced a memory effect in land surface processing. The main goals of the present paper are to present the

In this context, some attempts have been made to incorpoglobal evaluation of TRIP including explicit groundwater
rate groundwater processes in CHSs. Two-dimensional diffuprocesses. This evaluation is carried out af @esolution
sive groundwater models have been employed, but at smallarsing in-situ river discharges provided by the Global Runoff
scales and mostly for regional applications (Gutowski et al.,Data Centre (GRDC) completed with other national or re-
2002; Habets et al., 2008; Miguez-Macho et al., 2007; Yorkgional datasets, and GRACE TWS variation estimates over
et al., 2002). Such models are generally made for fine resthe largest river basins of the world. The model is forced
olution grids using many parameters calibrated against inby surface runoff and deep drainage derived from a pre-
situ measurements, and so are not yet suitable for large scakxisting ISBA simulation performed on the 1950-2008 pe-
application. Several studies have proposed adding a simpldod. The precipitation dataset fed into ISBA to produce these
pseudo-groundwater reservoir into RRMs for global applica-forcing fields comes from the Global Precipitation Climatol-
tions using a time delay factor only to delay the flow to the ogy Center (GPCC). Supplementary experiments using pre-
river, but without explicit groundwater dynamics (Alcamo et cipitation data from the Climate Research Unit (CRU) are
al., 2003; Arora and Boer, 1999; Decharme et al., 2010; Ngo-also presented in order to explore the model’'s sensitivity
Duc et al., 2007). Other approaches have proposed introdude precipitation.
ing a very deep soil layer in one-dimensional LSMs to act as
a groundwater component but neglect lateral diffusive flows
(Chen and Hu, 2004; Gedney and Cox, 2003; Liang et al.2 The TRIP model
2003; Lo et al., 2010; Maxwell and Miller, 2005; Niu et al., o )
2007: Yeh and Eltahir, 2005). T.he TRIP RRM was originally dgveloped at Tokyo Univer-

However, validating a groundwater model is not always Sy by Oki and Sud (1998). It is a simple RRM used to
feasible because in-situ observations are lacking at globafnvert the daily simulated runoff from ISBA into river dis-
scale. Moreover, the observed water table depth preseng@rges on a global river channel network at @esolution.
great spatial variability due to heterogeneities in geologi- | N€ original TRIP model used at&o-France is described
cal structures and the use of groundwater for human acin détailin Decharme et al. (2010). ,
tivities. Today, the GRACE satellite mission provides time- 1 RIP is based on a prognostic mass balance equation for
variable gravity field solutions which allow direct evaluation (€ stréam water mass, solved at a 60-min time step on each
of the simulated TWS variations, i.e. the evolution of the sum €€l Of the river network:
of snow, ice, surface water, soil moisture, and groundwatery g s s s
reservoirs. Previous studies pointed out the possibility of us-- - = Qin + Criv — Qour (1)
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S (kg) is the water masg25 (kg s~1) is the sum of the surface (a) River and groundwater connected

runoff from ISBA within the grid cell with the water inflow Altitude (m)

from the upstream neighboring grid cell®;, (kgs™) is

the groundwater-river exchanges afg,; (kgs™) the river ] H
) ; _ H

discharge into the downstream cell, computed as follows:

v I, |
qutzzsv 2 Znea -— y —>

wherev (ms1) is the streamflow velocity computed via 0
Manning’s formula (Arora and Boer, 1999; Decharme et al., (b) River and groundwater disconnected
2010), andL (m) the length of the river inside the cell.

In this study, the new version of TRIP including a sim-
ple groundwater scheme is used (Vergnes et al., 2012). The
simple groundwater scheme is based on the two-dimensional H
groundwater flow equation for the piezometric h¢adThis ,/
equation is solved using an implicit finite-difference numer-
ical method based on the MODCOU hydrogeological model

(Ledoux et al., 1989) with a time step of one day. It was Fig. 1. Groundwater-river interactions with river and groundwater

rewritten in spherical coordinates in order to take the sphera) connected angb) disconnected. The geometry of the river is
ical form of the Earth into account and to be solvable on theg|so shown.

regular longitude/latitude grids generally used in most CHSs:

wa—H = 2; [i ( Ty 8_H) as defined in Decharme et al. (2012); ands) is the co-
dt recos(¢) L3¢ \ cos(¢) ¢ efficient of the transfer time of water through the river bed
] oH _ sediment (Vergnes et al., 2012). The geometry of the river

+% <T¢COS(¢) %)] +dsb = griv- ) is summarized in Fig. 1. As previously note@;y is ex-

_ _ _ ressed in hs~1 when Eq. (3) is solved and therefore needs
Only the uppermost unconfined aquifer representing ont{’o be converted into kg@ before being used in Eq. (1). In
layer is solvedw (m3m~3) is the specific yield correspond-

) ) My | other words,03, = Qrivp with p (kgm~3) the water den-

ing dhler_e tg the ef(;gctwe porosny,.ag*d(.p are t?]e longitude sity. Equation (4a) corresponds to the case where the water
an atitude coordinates, respezcthll ym) is the mean ra- - sple is connected to the river and Eq. (4b) to the case where
dius of the EarthTy andT¢ (m<s™+) are the transmissiv-

., . ) . hey are disconnected. Each grid cell is considered as a river
ities alo_nlg Fhe longitude af?d latitude axes, respec_tlvely; aNGell in TRIP and can therefore exchange water as a gaining
qsb (m s ) isthe de_elp drainage from lSB_A per unit area_ of or losing stream. If the flow is from river to groundwater and
aquifer andgry (ms™") the groundwater-river flux per unit ;5 helow 10 cmQ?, is set to zero to avoid a completely

. . . . . I’iV
%rﬁ_?_\;l';hls equation is then discretized and solved¥sTh empty river and/or negative discharges. More details on the

concept and numerical method of the groundwater scheme
The conceptual approach to compute the groundwater

can be found in Vergnes et al. (2012).
river exchanges in As~1 is based on the following parame- g ( )

terization:
O — RC(H — Hyy) whereH > Zped (4a) 3 Experimental design
riv = .
RC(Zped— Hriv) WhereH < Zped (4b) 31 Parameters
with . . . . :
The elevationZ in Eq. 5b) is derived from the Global Multi-
RC- W (5a) resolution Terrain Elevation Data 2010 (GMTED2010) pro-
T vided at 30 arcseconds resolution (Danielson and Gesch,
Zped=Z — hc (5b) 2011). A first step consists in constructing this elevation at
Hiiv = Zped+ Min (e, hs) . (5¢) the intermediate resolution of 1/22The elevation of each

grid cell is computed as the mean value of the first decile
O (M3s1) represents the groundwater-river exchange;of the actual 30 arcseconds resolution topographic values
Zped (M) is the river bed elevatiorffy, (m) is the river stage  within the grid cell, ranked in ascending order. This global
elevation;Z (m) is the elevation in the grid celly (m) is elevation is then calculated at 0.by taking the average
the river width within the grid cellh (m) andhs (m) are  of all the 1/12 topographic values within each 0.grid
the river bankfull height and river water height, respectively, cell. It helps us to compute the river bed elevatitgq and
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reflect the altitude of the river in the grid cell. Previous results of WHYMAP in this region. In particular, we chose to keep
over France show that using such intermediate resolution alenly the sandstone aquifers in the region located under the
lows us to construct low-resolution elevation that gives moreGreat Lakes, embracing a part of the Mississippi watershed.
realistic simulated river discharges (Vergnes et al., 2012). Moreover, the carbonate-rock aquifers that are located in this
The river widthW is a parameter of primary importance region were removed since they tend to create karstic topog-
because it is used in the river flow velocity computation andraphy with rapid flow of water. Finally, the fraction of whole
in the calculation of the river conductance (RC) in Eq. (5a). continents covered by the final aquifer map is about 43 %
It is estimated over each basin via a geomorphological relaafter removing Antarctica and Greenland.
tionship using the mean annual discharges at each river cross The coefficientr varies arbitrarily from 30 days in major
section. More details about tH& calculation can be found river streams to 5 days in the upstream grid cells, through a
in Decharme et al. (2012). linear relationship with the river stream order SO given by
In Vergnes et al. (2012), a method for constructing the ge-the TRIP river network in each grid cell of a given basin
ometry of the aquifers and estimating the groundwater pa{Vergnes et al., 2012). This parameterization is introduced
rameters was tested with success at coarse resolution ovar order to take account of the supposed smaller thickness
France. Here, a similar method is used to define these paranof riverbed sediments in upstream grid cells, which tends
eters. The main advantage of this method is that it uses lithoto make the groundwater-river exchanges quicker than for
logical and hydrogeological information available at global downstream, large rivers. Finally, transmissivity and effec-
scale. Only major regional groundwater basins concerned byive porosity are estimated by taking mean values from the
diffusive groundwater movements are taken into account befiterature and chosen to be physically consistent for each unit
cause of the coarse resolution of the model at this scaleof lithology encountered over the aquifers (Fig. 2b). These
The global map of the groundwater resources of the worldvalues are summarized in Table 1. Note that the values de-
from the World-wide Hydrogeological Mapping and Assess- fined for the “Other rocks” type are given for information
ment Programme (WHYMAPhHttp://www.whymap.orj is only since these rock types hardly appear in Fig. 2b.
used as the primary information to delineate such domains.
This map is divided into three main hydrogeological units. 3.2 Experiments
The “major groundwater basins” concern the sedimentary
basins of permeable porous and fractured rocks, and alsAn off-line hydrological simulation with the groundwater
the alluvial plains with high permeability materials such as scheme (GW) was compared to a control experiment with-
gravel or sand, and are therefore to be simulated. The “locabut groundwater (NOGW). TRIP was integrated at(és-
and shallow aquifers” correspond to the old geological plat-olution using a 60-min time step over the 1950-2008 period.
forms or shields characterized by crystalline rocks with scat-The total runoff, i.e. surface runoff and deep drainage, came
tered, superficial aquifers, and are not considered. Finally, thérom a long-term ISBA simulation evaluated in Alkama et
“complex hydrogeological structures” group together com-al. (2011). This simulation was forced by the global meteoro-
plex aquifer systems. For example, karstic areas or orogenkgical forcing from Princeton Universityh{tp://hydrology.
belong to this category, but are generally not concerned byprinceton.edy (Sheffield et al., 2006), where the precipita-
regional groundwater flow and are assumed not to be simution is hybridized with the Global Precipitation Climatology
lated. Conversely, alluvial aquifers formed by the depositionCenter (GPCC) datasets since the GPCC climatology cer-
of weathered materials can be found in this category. Suchainly appears to be the best dataset for global hydrological
formations contain regional and continuous aquifer that mustpplications (Decharme and Douville, 2006). A second ISBA
be taken into account, as it is the case, for example, over theimulation was used in this study. It was performed over the
Rhone River basin in France (Vergnes et al., 2012). same period using the same meteorological forcing except
As a consequence, to deal with this “complex hydrogeo-for precipitation, which was hybridized with the Climate Re-
logical structures” category, two supplementary digital mapssearch Unit’s (CRU) precipitation dataset. The resulting ad-
are used. First, a slope criterion is applied to remove theditional total runoff forcing enabled a supplementary TRIP
mountainous cells. More details on the computation of thissimulation with groundwater (GWCRU) to be produced in
criterion can be found in Vergnes et al. (2012). Secondly, theorder to explore the sensitivity of the groundwater scheme to
global map of lithology from Mirr et al. (2005) helps us to re- precipitation.
fine the limits of the aquifers by keeping or removing some of TRIP computes water table heads and river discharges for
these complex areas. The final aquifer map &t eSolution  every day. In order to start the model at equilibrium, a simpli-
is shown in Fig. 2a (gray-shaded areas). Note that the aquifefied version of the groundwater scheme resolving Eq. (3) at
mask constructed over France from Vergnes et al. (2012) wasteady state was used to compute an equilibrium state of the
incorporated into the final global map. In addition, a more water table. This equilibrium state was reached using the an-
precise hydrogeological map over the United States (USGSnual average for 1950-1959 of the deep drainage from ISBA
http://www.nationalatlas.gov/index.htjnlvas used to refine and the river water heighits (Eg. 5¢) from NOGW. An addi-
the geometry of the aquifers because of the lower accuracyional spin-up was performed by TRIP over the same period
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(a) Modeled aquifers and river basin boundaries
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Fig. 2. (a) Modeled aquifers and river basin boundari®},sources and time lengths of the in-situ gauging stations with the aquifers defined
at 0.5 in gray-shaded zones, afg) global lithological map of Mrr et al. (2005) over these aquifers. The green contours delineate the major
river basins of the world.

and then the model was evaluated over the period from 1963.3 Evaluation datasets

to 2008. The monthly TWS variations simulated by ISBA-

TRIP were calculated in terms of anomaliesTWS incm) A list of about 3500 gauging stations distributed over

as the sum of total soil moistureW, snow water equivalent the globe was drawn up to evaluate the monthly simu-
AWs, vegetation interception W,, stream water contertS lated river discharges, with 1900 of them potentially im-

and groundwater reservokH, if necessary: pacted by the groundwater scheme (Fig. 2a). The major-

ity of these in-situ measurements were provided by the
ATWS= AW+ AWs+ AW, + AS+wAH. ©6) Global Runoff Data Centre (GRDC) (“The Global Runoff

The groundwater head variatiomsH needed to be multi- Data Centre”, 56068 Koblenz, Germany) and completed with
plied by the specific yield to be converted into groundwater other sources of data: the US Geological Survey (USGS)
storage variations. The TWS evaluation was then carried oustream flow data Http://waterdata.usgs.gov/nwis/swor

from August 2002 to August 2008. the US river basins, the R-ArcticNet database (University
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Table 1. Transmissivity (n% s 1) and effective porosity values by type of lithology. The percentage of modeled aquifers at global scale
covered by the different lithologies are also given. More information about the definition of each unit of lithology can be foureire,
(2005).

Transmis-  Fraction of

Rock type Porosity sivity  aquifer (%)
Consolidated Siliciclastic rocks (Ss) 0.07 0.02 23
sedimentary Mixed siliciclastic—carbonate rocks (Sm) 0.02 0.001 6
rocks Carbonate rocks (Sc) 0.03 0.005 14

] Unconsolidated to semi-consolidated rocks (Su) 0.05 0.01 15
Unconsolidated  jjyvial deposits (Ad) 0.1 0.05 26
sedimentary
rocks Loess (Lo) 02 01 6

Dunes sands (Ds)

Other rocks (Igneous (Pa, Pb, Va, Vb) or
metamorphic rocks (Mt), precambrian basement 0.01 0.001 10
(Pr), complex lithology (CI))

of New Hampshirehttp://www.r-arcticnet.sr.unh.edu/v4.0/ 4 Results

index.htm) for the high latitude basins, the HYBAM obser-

vations for the Amazon basirhitp://www.ore-hybam.oig 4.1 River discharges

and the French Hydro databadettp://www.eaufrance.jr ) ] )

Only the stations with observed periods of at least 10 yr werel "€ popular skill scores widely used in hydrology are used
selected. Moreover, when several gauging stations were |oto evaluate the simulated river discharges against measure-

cated in one grid cell, the one with the largest observedMents of gauging stations. The annual discharge ratio (Ra-
drainage area was kept. tio = QOsim/ Qobg) and the efficiency (Eff) criterion (Nash and
The simulated TWS estimates were compared to thesutcliffe, 1970), which measures the ability of the model to
GRACE estimates using a similar method to that in AlkamaCapture the daily discharges dynamics, are used. Eff can be
et al. (2010). TWS estimates are provided by GRACE inNegative if the simulated discharge is very poor, and is above
terms of monthly anomalies\TWS) based on highly ac- 0.5 for a reasonable simulation. The root mean square error
curate maps of the Earth’s gravity fields over spatial scaledRMSE) score is also given at each gauging stations. This
of about 300 km (Swenson et al., 2003; Wahr et al., 2004)Score helps to see how effectively the model is able to pre-
The present study used 74 months (from August 2002 to Aydict the rivgr disc_har_ges. The nearer RMSE is to zero, the
gust 2008, excluding the June 2003 product, which was noP€tter the simulation is. S .
available) of the Release 04 data produced by the Center for Figure 3 shows the global distribution of the differences
Space Research (CSR at the University of Texas at Austinpetween the GW and NOGW river monthly discharges
(Landerer and Swenson, 2012), 73 months (June 2003 an t€rms of annual ratio, efficiency, and monthly anomaly
January 2004 were not available) of the Release 4.1 datRMSE. All theses scores are computed in term of monthly
produced by the Jet Propulsion Laboratory (JPL), and 71valpes. The simulated NOGW Filscharges are globally over-
months (September and December 2002, June 2003, arfgftimated at 36 % of the gauging stations, with NOGW ra-
January 2004 products were not available) of the Geolios higher than 1.3 mainly located in the western part of
ForschungsZentrum (GFZ) Release 04. North America, in Africa, in Australia, and in South Amer-
The GRACE TWS estimates provided here were first fil- ica (Tocantins and& Francisco basins; Fig. 3a). In Fig. 3b,

tered in order to remove noise and errors in the gravity field@ Negative value of the annual ratio differen@w — 1| —
measurements. Several studies have shown that this filtetNOGW — 1 means that the GW ratio is better than NOGW.

ing may modify the signal by reducing the seasonal am-The annual ratios were generally not_ significantly impacted
plitude of the final TWS signal. Such modification could Py groundwater, except in some regions, such as the west-
lead to erroneous interpretation of the GRACE TWS esti-€n part of North America, where the NOGW overestimated
mates when compared to simulated TWS. In order to correcnnual ratios tended to be improved by GW (22.6 % of the
for this bias, the GW and NOGW TWS were smoothed us-Scores lower thar-0.05). Figure 3c points out some weak-
ing the same 300 km-width Gaussian filter as in Alkama etN€SSes in TRIP, with about 60 % of negative efficiency scores

al. (2010), which is similar to the one used for the GRACE for NOGW. Not surprisingly, these scores are located ap-
data products. proximately in the places where the ratios are also over-

estimated. Conversely, 18 % of the scores are above 0.5,
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(a) NOGW Annual Ratio (b) |GW-1|-INOGW-1| Annual Ratio Difference
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Fig. 3. Evaluation of the simulated monthly discharges with (GW) and without (NOGW) the groundwater s¢hgfitee NOGW annual

ratio and(c) efficiency in terms of absolute values as well(@sthe RMSE in terms of monthly anomalies are given at each of the 3500
gauging stationgb, d, f) The difference with the GW scores is also shown at each of the 1900 gauging stations potentially impacted by the
aquifers. The gray-shaded zoneghnd, f) represent the TRIP aquifer domain.

mostly in the eastern part of North America (Mississippi cesses or uncertainties in parameter estimations that will be
River basin), in the ParanRiver basin, and in some other discussed later.
places in Europe such as the Danube River basin or the East The unequal distribution of stations over the globe intro-
European Plain. duced some uncertainties in the conclusion of Fig. 3. Indeed,
These scores were improved for 73 % of the 1900 stationsabout 3 % of the 1900 gauging stations were located in Aus-
potentially impacted by groundwater in terms of efficiency tralia, 6 % in Africa, 8% in South America, 18% in Asia,
(efficiency difference greater than 0.05; Fig. 3d) and monthly19 % in Europe, and this percentage increased to 45% in
anomaly RMSE (RMSE difference less thaf.01; Fig. 3f). North America (Fig. 2a). The corresponding number of gaug-
Conversely, about 10% of these scores were deterioratedng stations for each continent can be found on Fig. 4. In
mainly in the upstream parts of the largest rivers, such aorder to have a better representation of the impact of ground-
the Mississippi River basin or the Pagabasin. Neverthe- water, Fig. 4 gives the distribution of the score difference
less, more than 50 % of the efficiency scores still remainecbetween GW and NOGW in terms of efficiency (Fig. 4a)
negative. This was mainly the case over basins where the arand monthly anomaly RMSE (Fig. 4b) over each continent.
nual ratios were overestimated. For example, Fig. 3a show#t confirms the relevance of using groundwater processes to
ambivalent results for North America, with the eastern partsimulate river discharges at continental scale. The continent
associated with good ratios and efficiencies as opposed twhere the simulated discharges were the least impacted by
the western part with overestimated ratios and negative efgroundwater processes was Asia, where 30% of the effi-
ficiencies. These poor scores persisted despite the positiveiency differences were betweer?.05 and 0.05, and where
impact of groundwater. These problems are probably due t&4 % of the monthly anomaly RMSE differences were be-
deficiencies in TRIP such as the absence of hydrological protween—0.01 and 0.01. Conversely, in Africa the scores were
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almost all improved. Some precautions must be exerciseaneanATWS is better reproduced by GW than NOGW com-
when interpreting these results. First, the stations are not alpared to GRACE in the Amazon basin, in Africa and over the
ways equally spatially distributed over each continent, andcoast of the Bay of Bengal. This is confirmed by the zonal av-
the percentage presented in Fig. 4 can be underestimated erage (column d) with a better agreement in the amplitudes of
overestimated relative to the actual situation. Secondly, thehe GW and GRACE peaks between latitude30® and 30.
efficiency scores of a large number of stations remain negaln addition, the scores given in columns (a) and (b) show that
tive since the improvements in terms of efficiency are smallthe spatial correlation and RMSE are better for GW in DJF
compared to the negative scores of Fig. 3. Neverthelessand JJA, while they are similar in MAM and SON.
for each continent, Fig. 4 confirms the global improvement Figure 7 summarizes the comparison between simulated
previously shown in Fig. 3. and GRACEATWS using the time correlation and RMSE.
Figure 5 compares the monthly anomalies and the annuaNOGW is well correlated with GRACE in tropical re-
cycles of the simulated and observed river discharges at thgions (Amazon, Congo or Ganges-Brahmaputra basins), in
stations closest to the mouths of the largest river basins dethe Siberian Plains, in Europe and over some places in
lineated in green in Fig. 2 and presented in Table 2. MonthlyNorth America, while correlation is weak over desert re-
anomalies are computed by removing the monthly mean angions such as the Sahel or the Gobi Desert (Fig. 7a). Con-
nual cycles from the time series of river discharges. Statisversely, the RMSE scores are poor over tropical regions,
tics are summarized in Table 3. The comparison between thavhile arid regions present relatively good scores (Fig. 7b).
GW and NOGW curves for each basin shows that ground+igure 7c shows the correlation difference between the GW
water globally tends to smooth the signal in terms of bothand NOGW simulated TWS. GW is globally better, espe-
annual cycle and monthly anomaly. Thus, the scores are imeially over the Paralm the Amazon and the Congo basins,
proved over the tropical basins (Amazon, Paradiger and  and also in Europe and over the downstream part of the Mis-
Ganges) except the Mekong River basin. Groundwater shiftsissippi basin. Deteriorations are, however, found in Arctic
the signal by about one month over the Amazon basin, butegions along the Ob, Lena and Mackenzie basins, and also
this effect seems to be too strong over the Ganges, wheri a small region in the western part of the United States.
the base flow is overestimated after (and before) the monThese conclusions also apply to the correlation differences of
soon season. Over temperate basins, the scores are improvéte ATWS monthly anomalies (Fig. 7e). These results sug-
for the Danube River, while no significant changes affect thegest some defect in the groundwater parameterization, which
Mississippi River. Nevertheless, base flow is slightly over- will be discussed later. In Fig. 7d, groundwater improves the
estimated with groundwater for the Mississippi case, whatRMSE over the downstream Amazon, in Central Asia and
is related to the deterioration already observed over Northalso in Europe. Conversely, the RMSE scores are deteriorated
America in Fig. 3. Over the Arctic Rivers, the scores are alsoover the Congo, Ganges and upstream Amazon basins. Else-
improved for each station presented here. In cases with owhere, no significant changes appear. The same conclusions
without groundwater, the peak due to the spring snow meltcan be drawn for the monthly anomaly RMSE differences
is one month late. Moreover, this peak is also overestimatedhown in Fig. 7f, even though the improvements are globally
for the Ob and Mackenzie Rivers, and underestimated foless pronounced.
the Yenisei and Lena Rivers. This is partly due to the ab- Figure 8 compares the monthly anomalies and the an-
sence of flooding in this TRIP version and deficiencies in thenual cycles of the simulated TWS with the GRACE esti-

meteorological forcing (Decharme et al., 2012). mates over the same 12 river basins as in Fig. 5. In addition,
the temporal correlation scores and RMSEs calculated over
4.2 Terrestrial water storage the whole GRACE period are given in Table 4. In general,

groundwater increases the memory of the system by shift-
Figure 6 shows the spatial distribution of the climatological ing the ATWS signal. Thus, annual cycles are better repro-
ATWS simulated by ISBA-TRIP and estimated by GRACE duced over tropical basins, in particular for the Amazon and
from August 2002 to August 200ATWS without ground-  Ganges basins and, to a lesser extent, over temperate basins.
water is shown in column () ATWS with groundwater However, groundwater deteriorates the annual cycles slightly
in column (b), and the GRACE estimates in column (c). over northern river basins (Ob, Yenisei, Lena and Macken-
The zonal averages are also given in column (d). Generallyie) since theATWS amplitudes are more underestimated
speaking, theATWS zonal average amplitudes are overes-for GW than for NOGW compared to GRACE. These results
timated by TRIP in December—February (DJF) and June-agree with Fig. 5. Statistics in Table 4 show that correlations
August (JJA) compared to the GRACE estimates, and underare improved in terms of botATWS andATWS monthly
estimated in March—-May (MAM) and September—Novemberanomalies for almost all tropical and temperate river basins,
(SON). These biases are partially corrected by the use of thevhile no significant improvements appear for the Mekong
groundwater scheme, particularly in MAM and SON. The and Arctic basins. Finally, the RMSE is improved for the
most important changes occur principally over tropical re- Amazon, Ganges, Mississippi and Danube, while no obvious
gions. In MAM and SON, the pattern of the spatial seasonalconclusions emerge for the remaining watersheds.
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Fig. 4. Histogram of the differences between GW and NOGW in termgpéfficiency andb) monthly anomaly RMSE for six continental
regions. In the left six panels, the corresponding number of stations is added in brackets beside the name of each continental region.

Table 2. Characteristics of the 12 largest river basins of the world shown in Figs. 5 and 8. The name, location, drainage area, coordinates,
observation period and data source are given.

Basin Downstream station  Area (I%r)n Lat. °N) Long. CE) Period Source
Amazon Obidos 4618750 —1.95 —55.51 1968-2008 HYBAM
Paraa Timbues 2346000 —32.67 —60.71 1960-1994 GRDC

Congo Kinshasa 3475000 —4.3 15.3 1960-2008 GRDC

Niger Niamey 700000 13.52 2.08 1960-2006 GRDC
Mekong Pakse 545000 15.12 105.8 1960-1993 GRDC
Ganges Farakka 835000 25 87.92 1960-1973 GRDC
Mississippi  Vicksburg 2964255 32.32 —-90.91 1960-2008 GRDC
Danube Ceatal Izmail 807 000 45.22 28.72 1960-2008 GRDC

Ob Salekhard 2950000 66.63 66.6 1960-1999 R-ArcticNet
Yenisei Igarka 2440000 67.43 86.48 1960-1999 R-ArcticNet
Lena Kusur 2430000 70.68 127.39 1960-2000 R-ArcticNet
Mackenzie  Mackenzie 1660000 67.45 —133.74 1972-2008 GRDC

4.3 Sensitivity to precipitation

In order to explore the sensitivity of TRIP to the precipi-
tation forcing used in ISBA to produce deep drainage andd
surface runoff, two supplementary experiments using TRIP1
with (GWCRU) and without (NOGWCRU) groundwater
were performed with the CRU precipitation dataset and com-

www.hydrol-earth-syst-sci.net/16/3889/2012/

pared with the GW and NOGW simulations forced by the
GPCC precipitation dataset. Such comparison is of interest in
groundwater modeling because the precipitation determines,
as well as topography and geology, the temporal and areal
istribution of inputs to the groundwater system (Dingman,
994). Figure 9 shows the global distribution of differences
between the discharges simulated with the CRU and GPCC
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Fig. 5. Basin-scale comparison (mm da¥) between the (right) annual cycle and (left) monthly mean anomalies of simulated and observed
discharges. Statistics for each station are shown in Table 3.
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bottom) DJF, MAM, JJA, and SON. The spatial correlation and RMSE are given for each feiddhe zonal averages are also shown in
the right panel: GRACE (black), NOGW (red) and GW (blue).

datasets in terms of annual ratio and efficiency. The mairthe CRU product even though the score differences are rel-
differences between the CRU and GPCC experiments appeatively weak, as it is shown in the histograms of Fig. 11a
in the western part of North America, in South America, in and b. Moreover, the spatial distribution of the correlation
South Africa, and in the Ob River basin. The ratios are im-differences is similar with or without groundwater (Fig. 11a
pacted by the choice of the precipitation dataset (Fig. 9a an@nd b). Conversely, the monthly anomaly RMSE is more im-
b). To some extent, this reflects the differences in the spatiabacted by meteorological forcing when groundwater is taken
distribution of precipitation between the two meteorological into account. Thus, the anomaly RMSE differences are more
products (Fig. 10). The histograms shown in Fig. 9a and bpronounced in Fig. 11d than in Fig. 11c. In particular, the
are symmetric and give no advantage to one or the other simehanges introduced by groundwater using the GPCC dataset
ulation. However, the simulated river discharges seem to bésee the GW results in Fig. 7) are amplified with CRU over
better reproduced with the GPCC dataset when the efficiencyhe Amazon and Ganges River basins. Conversely, GWCRU
difference scores are considered (52 % of the efficiency dif-gives better results than GW in terms of anomaly RMSE over
ferences lower than-0.05 with or without groundwater in  the Congo River. Apart from these differences, the sensitiv-
the histograms shown in Fig. 9c and d). Moreover, the spatialty to the meteorological fields is generally the same what-
distribution of the score differences is similar with (Fig. 9c ever the TRIP version used. Moreover, the comparison be-
and d) or without (Fig. 9a and b) groundwater. On one handtween GWCRU and GW shows that precipitation forcing can
this shows that the groundwater scheme does not seem to bmpact the simulated river discharges and TWS. It consti-
affected by the precipitation forcing, and on the other handtutes a non-negligible source of uncertainties in simulated
that precipitation seems to have a larger impact on the signahydrological outputs.
than the deep water transfer simulation.

Figure 11 compares the simulatad' WS of the CRU and
GPCC experiments. As for the river discharges, the GPCC
product gives some better scores in terms of correlation than
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Table 3. Statistics of NOGW and GW calculated over the observation period of each station shown in Fig. 5. Efficiency, ratio, correlation
and RMSE (mm dayl) are given, as are correlation and RMSE (mmdsyof the monthly anomalies.

Basin Experiment  Efficiency  Ratio Correlation RMSE Anomaly
Correlation RMSE
Amazon NOGW —0.44 1.05 0.57 1.01 0.47 0.44
GW 0.71 0.88 0.45 0.73 0.25
Paraa NOGW —-35.79 2.08 0.51 0.84 0.58 0.27
GW —20.67 0.68 0.65 0.77 0.15
Congo NOGW —11.54 1.78 0.66 0.89 0.58 0.25
GW —10.58 0.54 0.86 0.66 0.19
Niger NOGW —123.46 5.56 0.19 0.84 0.13 0.23
GW —62.69 5.60 0.33 0.60 0.21 0.16
Mekong NOGW 0.62 1.29 0.95 0.73 0.69 0.38
GW 0.64 0.71 0.37
Ganges NOGW 0.63 1.20 0.94 0.39 0.67 0.29
GW 0.83 0.26 0.73 0.17
Mississippi  NOGW 0.78 0.99 0.92 0.12 0.84 0.10
GW 0.80 0.90 0.11 0.85 0.09
Danube NOGW -0.16 1.11 0.80 0.28 0.78 0.19
GW 0.57 0.85 0.17 0.81 0.13
Ob NOGW —2.78 1.20 0.22 0.55 0.04 0.22
GW —1.08 0.33 0.41 0.09 0.17
Yenisei NOGW 0.37 0.73 0.68 0.53 0.52 0.18
GW 0.52 0.76 0.46 0.56 0.16
Lena NOGW 0.11 0.70 0.49 0.67 0.50 0.17
GW 0.31 0.60 0.59 0.53 0.15
Mackenzie  NOGW —2.89 1.01 0.44 0.54 0.25 0.17
GW —1.37 0.57 0.42 0.37 0.14
5 Discussion plitudes of the simulated and observed discharges in terms

of annual cycle and monthly anomalies. These results show
éhat the low-frequency variability of groundwater increases
the memory of the simulated surface storage to the benefit
of the river discharges (Fan et al., 2007; Lam et al., 2011;
Maxwell and Miller, 2005).
Groundwater has a positive impact on the simulated
TWS when compared to the GRACE estimates over

The results presented in this study confirm the relevanc
of taking groundwater into account in CHS for simulating
river discharges and TWS at the global scale (Alkama et al.
2010; Liang et al., 2003; Lo and Famiglietti, 2011; Maxwell
and Miller, 2005; Yeh and Eltahir, 2005). The groundwater

scheme introduces a new reservoir which delays and smoot ) L )
Y the 2002-2008 period. These positive impacts come with

the hydrological and TWS response. It impacts surface stor h . ; : d dwat irs. Th
age variability and thus simulated river discharges, and jm-CNanges In surface storage and groundwater reservoirs. 1nhe

proves the skill scores. About 73 % of the 1900 stream ﬂowgroundwater component appears 0 be as important as the

measurements potentially impacted by groundwater are im_surface storage component in the total TWS signal and helps
0 improve the seasonal mean variability ATWS. Thus,

proved by the groundwater scheme over the 1960-2008 evaf-h . introduced b q . icularl
uation period. In temperate and tropical river basins, wateil'® ime response introduced by groundwater is particularly

surplus is transferred from winter to summer, which resultsbeneflc(;alGover tr%plcal b_?zl_ns, Sucfh as th‘_’se 0; the Am?\'
globally in better simulated base flows during dry periods, ing/r\]/ and G?SSSE ?’V?/r;‘ h IS go;) colmpansonf et_vveerr:t €
particular over the Amazon and Danube basins. Another con- an A shows the relevance of using the

sequence of groundwater is to smooth the simulated riverdisgsRACE estimates to evaluate ground_water models. (N.|u et
., 2007). Even though GRACE constitutes only an indirect

charges, which results in better agreement between the anft
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way to evaluate the water table variability, it suggests thaterror. These uncertainties could explain the problems en-
the proposed groundwater scheme can provide a reasonabd®untered in the upstream part of the Amazon or Missis-
estimation of the spatio-temporal variability of water table sippi Rivers, as was the case for the Seine River basin in
head. The good results in terms of both simulated river dis-Vergnes et al. (2012). In particular, the deteriorations over
charges and TWS also confirm the suitability of the pro- North America are mainly located in the sandstone Penn-
posed methodology for simulating groundwater dynamicssylvanian aquifers. Our tests (not presented here) show that
at a global scale with a coarse resolution suited to climatewithout simulating aquifers over these regions, the simulated
modeling as already suggested in Vergnes et al. (2012).  river discharges in the upstream part of Mississippi River are
Nevertheless, some deficiencies appear throughout thibetter reproduced with groundwater. Nevertheless, the USGS
evaluation. Groundwater can deteriorate the river dischargaquifer map used to refine the mask of WHYMAP (see previ-
results andATWS over a few regions where aquifers are ous section) does not show any significant reasons to remove
normally defined, even if the NOGW scores were initially these sandstone aquifers, as also justified by the description
acceptable. For example, the efficiency scores of Fig. 3df this rock type from Miller (1999). This is the reason why
are deteriorated in the eastern part of the Mississippi Rivewe choose to keep them.
and in the upstream part of the Amazon and Paraasins. Other causes can be related to some important processes
These deficiencies point out some limitations in our simplenot represented in this version of TRIP. First, the overesti-
method for defining the geometry of the aquifer and the ge-mated annual ratios over the Niger and Pardasins are
ological parameters. Although WHYMAP is useful for de- partly due to the absence of flooding, which introduces a
termining the major aquifers, its low accuracy does not takesupplementary reservoir to store water and increase evap-
account of the complex structures encountered locally (karseration (Decharme et al., 2012). Over Arctic River basins,
tified areas, confined aquifers, etc.) and sometime leads to aDecharme et al. (2012) demonstrates that the delay between
overestimate of the size of the aquifer. Moreover, the coarse¢he peaks of the simulated and observed river discharges dur-
estimation of the geological parameters (transmissivity andng spring is reduced when flood storage is present in TRIP.
porosity) and the basic classification of the lithological map Moreover, the underestimation of simulated discharges over
(Durr et al., 2005) used here are other potential sources ofhe West Siberian basins could be attributable to the presence
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Table 4.Correlation and RMSE (cm) of the spatial meamWSs of NOGW and GW calculated over the whole GRACE period for each river
basin shown in Fig. 8. Statistics are also shown for the monthly anomalies.

Basin Experiment  Correlation RMSE Anomaly
Correlation RMSE
Amazon NOGW 0.89 5.42 0.74 2.16
GW 0.96 3.17 0.85 1.69
Paraa NOGW 0.87 241 0.65 1.74
GW 0.91 2.89 0.73 1.84
Congo NOGW 0.63 3.45 0.28 3.04
GW 0.69 3.58 0.36 3.21
Niger NOGW 0.87 2.50 0.53 1,19
GW 0.93 1.91 0.57 1.16
Mekong NOGW 0.83 5.35 0.53 2.58
GW 0.88 4.64 0.49 2.67
Ganges NOGW 0.86 4.72 0.45 2.88
GW 0.95 3.18 0.59 2.65
Mississippi  NOGW 0.80 2.80 0.51 191
GW 0.87 2.40 0.68 1.64
Danube NOGW 0.79 3.59 0.70 2.40
GW 0.87 2.94 0.82 1.94
Ob NOGW 0.84 2.76 0.85 1.08
GW 0.86 2.47 0.84
Yenisei NOGW 0.80 2.47 0.56 1.72
GW 0.81 2.38 0.55 1.73
Lena NOGW 0.73 2.94 0.83 1.69
GW 0.77 2.77 0.86 1.57
Mackenzie NOGW 0.73 3.02 0.08 1.94
GW 0.76 2.76 0.13 1.93

of permafrost not represented in ISBA, which prevents deemroundwater scheme presented in this study. This may ex-
drainage and favors the formation of surface water bodiegplain the errors observed for this watershed in terms of both
(Decharme et al., 2012). The groundwater modeling in thisTWS and river discharges. Finally, the capillary rise of the
region is also questionable since permafrost induces weak inwater table in the surface soil column of ISBA has not yet
teractions between river and groundwater (Kane, 1997; Yandpeen implemented, although several studies have pointed out
et al., 2002). It could explain thATWS deteriorations ob- that it can affect soil moisture, evaporation or even precipita-
served with GW in Fig. 7 over the Lena and Ob basins.tion (Anyah et al., 2008; Lo and Famiglietti, 2011; Maxwell
These results point out that groundwater processes could band Miller, 2005; York et al., 2002). This could have a cer-
neglected over these basins, at least for low-resolution anthin influence on the partition of precipitation between deep
large-scale studies. evaporation, surface runoff and deep drainage, and so could
Secondly, only one layer is modeled in the groundwateraffect the simulated river discharges and water tables.

representation of TRIP while, in reality, multi-layer aquifers ~ Anthropogenic influences are also not considered in TRIP.
can be present. Combined with the hypothesis of TRIP toFor example, the intensive use of water for human activi-
consider each grid cell as a river cell, this could explain someties explains the overestimation of simulated river discharges
deteriorations of the simulated discharge scores. For examever the Colorado River basins in the southwest of the United
ple, the well-known Guarani aquifer over the Pardrasin  States (Milliman et al., 2008). Man-made irrigation can al-
forms a complex multi-layer system comprising confined andter the river flow and increase the continental evapotranspi-
unconfined aquifers (Wendland et al., 2004). Such a comrvation, especially over South Asia or the Mississippi River
plex system is poorly represented by the one-layer simplgAlkama et al., 2010; Sacks et al., 2009; Thenkabail et al.,
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Fig. 9. Statistical comparison of the simulated discharges inferred from the CRU and GPCC precipitation datasets. The annual ratio differ-
enceqa) without and(b) with groundwater are given, together with the efficiency differerfcpwithout and(d) with groundwater.

(a) GPCC Mean Annual Precipitation mm day* tivity of TRIP to precipitation inputs, supplementary simu-
lations with the CRU precipitation dataset were performed.
The results show that the GPCC products give better overall
results than CRU either with or without groundwater. This is
in agreement with Decharme and Douville (2006), who show
that the GPCC climatology appears to be a better product
than CRU for global hydrological applications even though
some deficiencies in the GW experiment are corrected with
GWCRU. For example, the deterioration of TWS obtained
with GW over the Congo basin in Fig. 7f is partially cor-
rected with the CRU dataset in Fig. 11d. The score compari-
son between GPCC and CRU experiments also shows signifi-
cant differences. It confirms that the simulated TWS and river
discharges, and thus the quality of global hydrological simu-
lations, can be drastically affected by the uncertainties of the
s prescribed precipitation datasets (Decharme and Douville,
100w o 100°€ 2006; Fekete et al., 2004; Szczypta et al., 2011). This could
lead to a misinterpretation of results and the attribution of er-
rors to the model rather than to the forcing. It is important to
clarify that the results were obtained without calibration, as
porosity and transmissivity are set according to the rock type.

2009). Moreover, groundwater pumping can induce signifi-Even though potential tuning of these groundwater parame-
cant changes in tha TWS monthly anomalies. For example, ters and the other TRIP parameters is possible, it could to
Rodell et al. (2009) show that groundwater depletion over theSOme extent compensate for the uncertainties introduced by
Ganges-Brahmaputra basin is probably due to human activihe prescribed precipitation. Finally, the groundwater scheme
ities. Since such human groundwater pump|ng is not represeems not to be sensitive to the preClpltathﬂ fOfClng since the
sented in TRIP, the decreasing trend of thEWS monthly ~ score differences between the CRU and GPCC experiments

anomalies for the Ganges River basin in Fig. 8 is not captured'e similar with or without groundwater (Figs. 9 and 11). As

by the model. a consequence, it shows that precipitation seems to domi-
Some shortcomings of the model can also be explained b)mate the TWS and river discharge signals rather than lateral

the uncertainties of the meteorological forcing fields, espe-ransfer of groundwater flow.

cially precipitation, used to produce the deep drainage and

surface runoff fed into TRIP. In order to explore the sensi-

Fig. 10. (a) The GPCC mean annual precipitation gbjl the dif-
ference between the CRU and GPCC mean annual precipitations.
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Fig. 11.Score differences between the CRU and GPCC simulated TWS. Correlation differences arésghatinout and(b) with ground-
water, together with monthly anomaly RMSE differen¢eswithout and(d) with groundwater. Histogram (in %) of correlation differences
are also shown ifa) and(b).

6 Conclusions The comparison between the simulated and GRACE TWS
are also improved with the new groundwater scheme, espe-
cially over tropical basins (Amazon, Ganges, Niger). These

In this study, a methodology based on Vergnes et al. (2012}egyts are mainly explained by the lag introduced by the low-

has been used to construct a global groundwater model tgequency variations of groundwater, which tend to shift and

investigate the effects of groundwater processes on river dissmooth the simulated river discharges and TWS. These re-
charges and TWS variations at global scale. This groundwasyts suggest that the groundwater scheme could be able to
ter model is implemented in the TRIP river routing model nprovide a reasonable estimation of the spatio-temporal vari-
used for global hydrological and climate applications. The gpjjity of water table head, at least for a large-scale, simple
simulations are performed in off-line mode at 0%/ 0.5  model. Such affirmation needs nevertheless to be tempered,
resolution by using deep drainage and surface runoff comsjince the water table evaluation is only made indirectly by
ing from an independent ISBA simulation. The simulated comparison between satellite-based and simulated TWS.
river discharges are computed by TRIP and evaluated over ag previously suggested, this global evaluation points out
the 1960-2008 period against a dense network of abou§ome shortcomings in the proposed groundwater scheme.

3500 in-situ river discharge gauges distributed all over thegirst the lack of important hydrological processes could be

globe. The TWS simulated by ISBA-TRIP are computed partly responsible for the deteriorations of the simulated hy-

from snow mass, soil moisture, vegetation interception, riVerdroIogicaI outputs. The most important of them is certainly
water content, and groundwater, if necessary. The TWS varithe apsence of a flooding scheme which results in overes-
ations are then compared to the GRACE satellite-derivedjmated river discharges and unrealistic peak flows, espe-

TWS estimates for 2002-2008. cially over Arctic River basins. Other processes related to

The results presented in this study confirm the re|eVa”05§;roundwater and not taken into account by the model can
of introducing groundwater in CHS for simulating river dis- pe invoked: capillary rise of groundwater or presence of
charges and TWS in a climate model at global scale. Thanyti-layer aquifer. Moreover, the impact of human activ-
groundwater scheme of TRIP improves river discharges byties can be strong in certain regions with the presence of
introducing more memory into the system through its buffer-jrrigation, water pumping, or reservoirs and dams for hydro-
ing effect. Thus, it contributes in some extent to simulating g|ectric power. Secondly, the methodology for defining the
more realistic base flows. Nevertheless, this buffering eﬁeCTgroundwater model at global scale is also questionable with
is too strong over some large river basins (Ganges, MissiSregard to the coarse definition of the groundwater parameters
sippi). It reveals some deficiencies of our approach that will (transmissivity, porosity and river-groundwater coefficient)
be discussed later. In the regions where the ratios are imang the uncertainties in the delineations of aquifers. Another
proved, groundwater contributes to storage for some of thegyrce of error could be the precipitation forcing used to pro-

surplus of water and improves the simulated mean annuadjyce the total runoff. The present study compares the results
river discharges, even though they are still overestimated.
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obtained with two precipitation datasets coming from GPCCAIlkama, R., Decharme, B., Douville, H., Becker, M., Cazenave, A.,
and CRU. It shows that the uncertainties in the precipitation Sheffield, J., Voldoire, A., Tyteca, S., and Le Moigne, P.: Global
datasets can significantly change the resulting hydrological Evaluation of the ISBA-TRIP Continental Hydrological System.
responses and lead to misinterpretation of the results. Thus, Part I: Comparison to GRACE Terrestrial Water Storage Esti-
even though the standard TRIP parameters (river geometry GmOageds ?28 '1”1 %%OTX?H?/IT;ZW%?O‘]' Hydrometeor., 11, 583~
and slope) and/or groundwater parameters could be tuned t/g »dOL-10- L : : .

. ) . lkama, R., Decharme, B., Douville, H., and Ribes, A.: Trends in
improve the results, some precautions must be taken since

. Id h . duced by th bed Global and Basin-Scale Runoff over the Late Twentieth Century:
It could compensate the errors introduced by the prescribe Methodological Issues and Sources of Uncertainty, J. Climate,

precipitation. 24, 3000-3014¢l0i:10.1175/2010JCLI3921, 2011.

The next Step of this work will be to COUpIe the ground- Anyah, R. O., Weaver, C. P., Miguez-Macho, G., Fan, Y., and
water scheme with the ISBA LSM in order to simulate the  Robock, A.: Incorporating water table dynamics in climate
interactions between the deep water table dynamics and the modeling: 3. Simulated groundwater influence on coupled
overlying unsaturated soil. The goal will be to represent the land-atmosphere variability, J. Geophys. Res., 113, D07103,
impact of water capillary rise on the land surface energy and doi:200810.1029/2007JD009087, 2008.
water budgets. The ultimate objective will be to introduce Arora, V. K. and Boer, G. J.. A variable velocity flow routing
this new land surface component into the CNRM global cli- aIgF)rlthm for GCMs, J. Geophys. Res., 104, 30965-30979,
mate model (Voldoire et al., 2012) in order to assess the rel- d0|.199910.1029/1999J.D900905, 1999.
evance of groundwater processes for the simulation of bo,[hBrunke, M. and Gonser,_T.. The ecological significance of exchange

) processes between rivers and groundwater, Freshwater Biol., 37,
recent and future climates. 1-33,d0i:10.1046/j.1365-2427.1997.001431097.

Chen, J. L., Wilson, C. R., and Tapley, B. D.: Satellite Gravity Mea-
surements Confirm Accelerated Melting of Greenland Ice Sheet,
Science, 313, 1958-196@0i:10.1126/science.112900006.

Chen, X. and Hu, Q.: Groundwater influences on soil mois-

Centre National de la Recherche Scientifique (CNRS) of the tur_e and SPTface evaporation, J. Hydrol., 297, 285-300,
French research ministry. The authors wish to thank the GRACE, d0|:10.1016/].Jhydr(_)l.2004.04.0q.9004. .

GRDC, R-ArcticNet, USGS and HyBAm (especially Gerard Crowley, J. W., Mitrovica, J. X., Bailey, R. C., Tamisiea, M. E., and
Cochonneau) sampling teams for their field data collection effort. Davis, J. L.: Land water stc_;rage within the Congo Basin inferred
The CSR GRACE land data were processed by Sean Swenson, from GRACE satellite gravity data, Geophys. Res. Lett., 33, 2-5,
supported by the NASA MEASURES Program, and are available at d9'110'1029/20066LOZ?O?QOOS' . . .
http://grace.jpl.nasa.goDischarge observations over France were Danlel§on, J. J. and Gesch, D. B.: Global multl-re_solutlon terrain el-
provided by the French Hydro database (Midistde I'Ecologie; ~ Svation data 2010 (GMTED2010): US Geological Survey Open-

http://www.eaufrance.Jr The authors also wish to thank the BGR File Report, 2011.
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