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This study presents monthly estimates of groundwater anomalies in a large river basin dominated by
extensive !oodplains, the Negro River Basin, based on the synergistic analysis using multisatellite
observations and hydrological models. For the period 2003–2004, changes in water stored in the aquifer is
isolated from the total water storage measured by GRACE by removing contributions of both the surface
reservoir, derived from satellite imagery and radar altimetry, and the root zone reservoir simulated byWGHM
and LaD hydrological models. The groundwater anomalies show a realistic spatial pattern compared with the
hydrogeological map of the basin, and similar temporal variations to local in situ groundwater observations
and altimetry-derived level height measurements. Results highlight the potential of combining multiple
satellite techniques with hydrological modeling to estimate the evolution of groundwater storage.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The water cycle of large tropical river basins is strongly in!uenced
by seasonal and interannual variability of rainfall and stream!ow,
affecting all the components of the water balance (Marengo, 2009;
Ronchail et al., 2002). The Terrestrial Water Storage (TWS), which
represents an integrated measurement of the water stored in the
different hydrological reservoirs and is the sum of the surface water,
root zone soil water, snowpack and groundwater, is a good indicator
of the changes that occur in hydrological conditions globally and at
basin scales. Nevertheless, TWS is dif"cult to measure due to the lack
of in situ observations of the terrestrial hydrological compartments.

The Gravity Recovery And Climate Experiment (GRACE) mission,
launched in 2002, detects tiny changes in the Earth's gravity "eld
which can be related to spatio-temporal variations of TWS at monthly
or sub-monthly time-scales (Tapley et al., 2004). Previous studies
provide important information on changes in TWS over the Amazon
(Chen et al., 2009; Crowley et al., 2008). Variations in groundwater
storage can be separated from the TWS anomalies measured by

GRACE using external information on the other hydrological reser-
voirs such as in situ observations (Yeh et al., 2006), model outputs
(Roddel et al., 2009), or both (Leblanc et al., 2009). No similar studies
have been undertaken yet for large river basins characterized by
extensive wetlands or !oodplains.

Althoughwetlands and!oodplains cover only6%of theEarth surface,
they have a substantial impact on !ood !ow alteration, sediment
stabilization, water quality, groundwater recharge and discharge
(Bullock & Acreman, 2003; Maltby, 1991). Moreover, !oodplain
inundation is an important regulator of river hydrology owing to storage
effects along channel reaches. Reliable and timely information about the
extent, spatial distribution, and temporal variation of wetlands and
!oods as well as the amount of water stored is crucial to better
understand their relationship with river discharges, and also their
in!uence on regional hydrology andclimate. Remote sensing techniques
are a unique mean for monitoring large drainage basins climate and
hydrology where in situ information is lacking (as, for instance, over
!oodplains and wetlands or for groundwater monitoring).

In this study, a new technique is proposed to derive the spatio-
temporal variations of water volume anomalies in the aquifer of the
Negro River Basin, a large tropical basin dominated by extensive
!oodplains (see Fig. 1a and b for its location). The Negro River Basin,
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with a drainage area of 700,000 km2, is indeed the second largest
tributary to the Amazon River, covering 12% of the Amazon basin,
with a mean annual discharge of 28.400 m3·s!1 (Molinier, 1992;
Richey et al., 1989). The method is based on the combination of
multisatellite-derived hydrological products and outputs from global
hydrology models. Water storage anomalies in the different hydro-
logical reservoirs are removed from the TWS anomalies measured by
GRACE to isolate the groundwater anomaly storage over 2003–2004.
Results are both evaluated and validated using a hydrogeological map
of Brazil, in situ measurements of groundwater level variations in a
micro-catchment, and altimetry-derivedwater stages for zoneswhere
the aquifers reach the land surface.

2. Datasets

2.1. GRACE-derived land water mass solutions

The Gravity Recovery And Climate Experiment (GRACE) mission,
launched in March 2002, provides measurements of the spatio-

temporal changes in the Earth's gravity "eld. Several recent studies
have shown that GRACE data over the continents can be used to derive
the monthly changes of the total land water storage (Ramillien et al.,
2008, 2005; Schmidt et al., 2008) with an accuracy of ~1.5 cm of
equivalent water thickness when averaged over surfaces of a few
hundred square-kilometers. We used the Level-2 land water solutions
(RL04) produced by GFZ, JPL (for these two "rst products, January
2003, June 2003 and January 2004 are missing), and CSR (June 2003
and January 2004 are missing) with a spatial resolution of ~333 km,
destriped and smoothed by Swenson and Wahr (2006) with an
accuracy of 15–20 mm of water thickness. They are available at ftp://
podaac.jpl.nasa.gov/tellus/grace/monthly.

2.2. The multisatellite inundation extent

This dataset quanti"es at global scale the monthly distribution of
surface water extent and its variations at ~25 km of resolution. The
methodology which captures the extent (with an accuracy of ~10%) of
episodic and seasonal inundations, wetlands, rivers, lakes, and

Fig. 1. a) Overview map of South America with the location of the Negro River Basin (b). c) Map of the Negro River sub-basin extracted from SRTM DEM. Each thin line of black dots
represents an ENVISAT track. Yellow dots represent in situ gauge stations, and red dots represent altimetry stations. d), e), f) and g) Maps of amplitude of the annual cycle for TWS,
SW, RZ and GW respectively.
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irrigated agriculture over more than a decade, 1993–2004, is based on
a clustering analysis of a suite of complementary satellites observa-
tions, including passive (SSM/I) and active (ERS) microwaves, and
visible and near-IR (AVHRR) observations (Papa et al., 2008, 2010,
2006; Prigent et al., 2007).

2.3. Envisat RA-2 radar altimeter-derived water level heights over rivers
and wetlands

Santos da Silva et al. (in press) build 140 time series of water levels
derived from RA-2 ranges processed using the Ice-1 retracker over the
Negro River drainage basin (see Fig. 1c for their locations), for the
period 2002–2008, as suggested by Frappart et al. (2006a). The
uncertainty associated with the water level height ranges between 5–
25 cm for high water season and 12–40 cm during low water season
(Frappart et al., 2006a; Santos da Silva et al., 2010).

2.4. In situ surface water levels

We used daily measurements of water stage from eight leveled in
situ gauge stations from the BrazilianWater Agency (Agência Nacional
de Águas or ANA — http://www.ana.gov.br), see Fig. 1c for their
location.

2.5. In situ groundwater levels

The Asu micro-catchment, with a drainage area of 6.58 km2,
~90 km north-northwest of Manaus, was instrumented with dipwells
in 2001 (see (Tomasella et al., 2008) for a complete description of the
catchment instrumentation). We used the well measurements to
evaluate our estimates of the groundwater storage variations at that
location.

2.6. Root zone water storage outputs from hydrological models

Hydrological model outputs are widely used to analyze spatio-
temporal variations of water storage content at basin and global
scales. We used water storage in the root zone from the Land
Dynamics (LaD) model (Milly & Shmakin, 2002) outputs and from the
latest version (Hunger & Döll, 2007) of the WaterGAP Global
Hydrology Model (WGHM) (Döll et al., 2003).

2.7. Precipitation estimates from the Global Precipitation Climatology
Project (GPCP)

These data quantify the distribution of precipitation over the
global land surface (Adler et al., 2003). We used themonthly Satellite-
Gauge Combined Precipitation Data product Version 2 data, available
from January 1997 to present with a spatial resolution of 1° of latitude
and longitude. Over land surfaces, uncertainty in rate estimates from
GPCP is generally less than over the oceans due to the in situ gauge
input (in addition to satellite) from the GPCC (Global Precipitation
Climatology Center). Over land, validation experiments have been
conducted in a variety of locations worldwide and suggest that while
there are known problems in regions of persistent convective
precipitation, non precipitating cirrus or regions of complex terrain,
the uncertainty estimates range from 10 to 30% (Adler et al., 2003).

2.8. Hydrogeological map of Brazil

We used a hydrogeological map from the Brazilian Department of
Mineral Production (DNPM, 1983)which provides the boundaries and
the hydrogeological importance of the aquifers of the whole Brazil.
This map, holdings of ISRIC, is made available by the European
Commission — Joint Research Centre through the European Digital

Archive of Soil Maps (EuDASM) (Selvaradjou et al., 2005): http://
eusoils.jrc.ec.europa.eu/esdb_archive/EuDASM/EUDASM.htm.

3. Methods

3.1. Monthly water level maps

Monthly maps of water level over the !oodplains of the Negro
River Basin have been determined by combining the observations
from a multi-satellite inundation dataset, RA-2 derived water levels,
and the in situ hydrographic stations for the water levels over rivers
and !oodplains (see Fig. 1c for the location of altimetry-based and in
situ stations). For a given month during the !ood season, water levels
were linearly interpolated over the !ooded zones of the Negro River
Basin. A pixel of 25 km!25 km is considered inundated when its
percentage of inundated area is greater than 0. The elevation of each
pixel of the water level maps is given with reference to its minimum
computed over the 2003–2004 period. This minimum elevation
represents either the land surface or very low water stage of the
!oodplain. More details about the methodology used here can be
found in Frappart et al. (2006b, 2005, 2008, 2010).

3.2. GRACE leveling and time-shift

An optimum "lter method was developed by analyzing the
correspondence of GRACE basin-average water storage to the
ensemble mean of hydrological models (WGHM, LaD) and by
analyzing the error budgets (satellite/leakage errors) and amplitude
and phase biases for the different "lter types. For the Negro River
Basin, the destriped "lter with 300 km smoothing radius provides the
best results among six different "ltering methods and different
parameters (see Werth et al. (2009) for the "lters employed and the
values of the parameters that de"ne the degree of smoothing used).
Only a very small bias in the seasonal phase of storage changes
resulted due to "ltering. The GRACE products have been rescaled with
a factor of 1.061 to account for amplitude smoothing due to "ltering
determined from smoothed and unsmoothed basin-average model
ensemble time series of water storage.

3.3. Groundwater storage estimates

The time variations of the TWS expressed as anomalies are the sum
of the contributions of the different reservoirs present in a drainage
basin:

!TWS = !SW + !RZ + !GW !1"

where SW represents the total surface water storage including lakes,
reservoirs, in-channel and !oodplains water; RZ is the water
contained in the root zone of the soil (representing a depth of 1 or
2 m), GW is the total groundwater storage in the aquifers. These terms
are generally expressed in volume (km3) or mm of equivalent water
height.

The GW anomaly over 2003–2004 is obtained in Eq. (1) by
calculating the difference between the TWS anomaly estimated by
GRACE and the SW level anomaly maps previously derived from
remote sensing and the RZ anomaly derived from hydrological models
outputs. The TWS and RZ monthly anomalies are the average
anomalies of respectively the Level-2 GRACE CSR, GFZ and JPL
destriped and smoothed solutions at 300 km of averaging radius,
and the outputs from LaD and WGHM, respectively.

3.4. Water volume variations

For a given month t, the regional water volume of TWS, SW, RZ or
GW storage !V(t) in a basin with surface area S, is simply computed
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from the water heights !hj, with j=1, 2, . . . (expressed in mm of
equivalent water height) inside S, and the elementary surface Re2

sin"j!#!" (and the percentage of inundation Pj for SW):

"V t! " = R2
e "

j#S
Pj"hj #j;$j; t

! "
sin#j"$"# !2"

where #j and "j are co-latitude and longitude, !# and !" are the grid
steps in longitude and latitude (generally !#=!"), and Re the mean
radius of the Earth (6378 km). The surface and total water volume
variations are expressed in km3.

Error on anomalies of surface water volumes were computed in
the Negro Basin using Eq. (3):

dV = "
n

i=1
Sid"hi + dSi"hi! " !3"

where dV is the error on the monthly water volume anomaly (V), Si
the ith elementary surface, !hi the ith elementarywater level variation
between two consecutive months, dSi the error on the ith elementary

surface, and d!hi the error on the ith elementary water level variation
between two consecutive months.

The error sources include misclassi"cations, altimetry measure-
ments and the linear interpolation method. The maximum error on
the volume variation is monthly estimated as:

!Vmax $ !Smax"hmax + Smax! "hmax! " !4"

where: !Vmax is the maximum error on the water monthly volume
anomaly, Smax is the maximum monthly !ooded surface, !hmax is the
maximum water level variation between two consecutive months,
!Smax is the maximum error for the !ooded surface, and !(!hmax) is
the maximum error for the water level between two consecutive
months.

4. Results and discussion

Monthly estimates of water storage in the different hydrological
reservoirs are computed for 2 years (2003–2004) for which the
different datasets overlap in time. Maps of annual amplitudes of TWS,

Fig. 2. a) Map of annual amplitude of GW in the Negro River Basin. b) Hydrogeological map of Brazil from DNPM (1983).
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SW, RZ and GW are respectively presented in Fig. 1d–g. They were
obtained by "tting simultaneously the temporal trend, the amplitudes
of the annual and semi-annual cycles by least-square adjustment at
each grid point. The amplitude of the annual cycle for TWS is
maximum along the Negro River, and the downstream part of the
Branco River, and also over the non !ooded areas in the northwest of
the Branco River (see Frappart et al. (2005) for a classi"cation of the
vegetation and !ood extent in the Negro River Basin), reaching
300 mm in the downstream part (Fig. 1d). This area corresponds also
to the maximum of amplitude of the SW (Fig. 1e), clearly related to
substantial backwater effects produced at the Negro–Solimões
con!uence (Filizola et al., 2009). The amplitude of the annual cycle
for RZ (Fig. 1f) is small except in the upstream part of the Branco River
sub-basin, where large precipitation occurred without signi"cant
!ood events. The largest amplitudes of the annual cycle for the GW
(Fig. 1g) were observed along the Negro River stream, peaking at
250 mm, i.e., ~72% of the TWS, in the downstream part of the basin. In
contrast, small amplitudes were obtained in the Branco and Uaupes
Basins. The pattern of GW storage variations observed in Fig. 2a tends
to be similar to the hydrogeological structures of the Negro River
Basin (Fig. 2b). For important aquifers, higher yield, recharge and
drainage volumes and thus larger seasonal storage variations can be
expected than for local and unimportant aquifers with low porosity.
According to the hydrogeological map of Brazil (DNPM, 1983), the
lower part of the basin (longitude %!67° and latitude $0°), where
the amplitude of the GRACE-based GW seasonal cycle is the largest, is
characterized by continuous aquifers of medium hydrogeological
importance. The Uaupes Basin, which only contains local aquifers of
relatively small importance, and the Branco Basin, which presents a
mixture of local aquifers and small continuous aquifers of relatively
small importance, and zones with almost no aquifers, correspond to
the smallest amplitudes of the GW seasonal cycle. Note that a
secondary maximum of the amplitude of the GW seasonal cycle
(66°W, 2°N) can be observed in the upper part of the Negro River
which is in good agreement with the presence of two small aquifers of
medium importance (DNPM, 1983).

Fig. 3a shows the time variations (and deviation at each time step)
of the water storage anomalies in the TWS, SW, RZ and GW reservoirs
for 2003 and 2004. The deviations correspond to the extrema values

for the different water reservoirs and obtained as the monthly range
of variations of the GRACE-derived TWS from CSR, GFZ and JPL, of RZ
from LaD and WGHM outputs, the mean surface water volume
variations more or less the error computed using Eq. (4), the GW
extrema by difference of the formers. The TWS signal is dominated
during high waters (May to July) by SW variations. The RZ varies in
phase with both TWS and SW and the amplitude of its variations
represents a third of the amplitude of TWS variations, which is similar
to what was obtained by Kim et al. (2009) for the whole Amazon
basin. The resulting GW variations exhibit a more complex pro"le
with two peaks. Its time variations follow the bimodal distribution of
the precipitation resulting from the geographical location of the basin
in both hemispheres (Fig. 3b). A large variability, reaching several
months, is observed in the timing the extrema across the basin: GW
storage is maximum (minimum) in July–August (December–March)
in the western part (Uaupes and west of the Negro), in June–July
(February to April) in the center of the basin and the downstream of
the Branco, in August–September in the upper part of the Branco, and
in May–June (October to December) for the downstream part of the
Negro Basin. These results are consistent with in situ measurements
from sites located in the downstream part of the Negro Basin (Do
Nascimento et al., 2008; Tomasella et al., 2008) and closely related to
the timing of GW recharge and soil thickness. In Manaus, the time-lag
between the maxima of rainfall and GW is 3 months, which is similar
to what is observed with in situ measurements.

Fig. 4 compares in situ measurements of GW levels from the Asu
catchment and water levels from the Caapiranga and Morro da Água
Preta swamps with the estimated anomalies of GW.

The GW levels in the Asu micro-catchment (below 2 m) were
converted into GW storage using a speci"c yield of 0.17 as in

Fig. 3. a) Time variations of the water storage contained in the different hydrological
reservoirs: TWS (blue), RZ (green), SW (black), GW (red). b) Monthly distribution of
the rainfall (GPCP).
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Tomasella et al. (2008). Fig. 4a shows the 2003–2004 time variations
of the GW storage of the Asu catchment and the encompassing GRACE
gridcell. They show similar temporal variations. Very good agreement
is found between mid 2003 and 2004. Nevertheless, the increase in
GW starts later in 2003 for the in situ measurements and the
maximum value is three times lower. A less pronounced decrease can
also be observed for 2004. Two main factors can account for these
differences: the respective sizes (7 km2 against 10,000 km2), and the
fact that the Asu catchment is not directly connected to the Negro
River, so the recharge processes may be different.

The groundwater table permanently reaches the surface in several
parts of the Negro River Basin. Two of these regions, the Caapiranga and
Morro da Água Preta swamps (Fig. 1c), are !ooded and can be
monitored using radar altimetry. In these cases, we expect GW to
have similar time variations as surface water levels. Time series of SW
and corresponding GW anomalies over 2003–2004 are presented in
Fig. 4b and c for Caapiranga and Morro da Água Preta respectively.
Except for February 2004, where the SW derived from radar altimetry
present an abnormally low level (larger errors on altimetry-derived
stages during the low water season), due to the presence of dry land or
vegetation in the satellite "eld of view have also been reported by other
studies, see for instance Frappart et al. (2006a) or Santos da Silva et al.
(2010), both time series agreewell (R=0.76 for Caapiranga and0.73 for
Morro da Água Preta) and exhibit similar temporal patterns and
amplitudes. The comparisons in Fig. 4 give con"dence in the
groundwater variations derived by the approach presented here.

5. Conclusion

This study presents the "rst attempt to estimate time variations of
GW anomalies using GRACE-based TWS in combination with other
remote sensing measurements and model outputs for a large river
basin characterized by extensive inundation. Both spatial and
temporal patterns of ground water storage anomalies exhibit realistic
behavior. Comparisons with scarce in situ and satellite information
show good agreement, in spite of the difference in spatial scales. This
promising study will be soon extended to the entire Amazon basin
and for more years as all datasets will soon be available over a longer
period of time (2002 to present). Extending this method to
characterize the evolution of water storage in other large river basins,
especially in semi-arid regions, is also important as it will provide
regional estimates of groundwater variations, a key variable for water
resource management.

Acknowledgements

This work was partly supported by the Foundation STAE in the
framework of the CYMENT project and the ANR CARBAMA. Two
authors (F. Papa and W.B. Rossow) are supported by NASA Grant
NNXD7AO90G. The authors would like to thank the Centre de
Topographie des Océans et de l'Hydrosphère (CTOH) at Laboratoire
d'Etudes en Géophysique et Oceanographie Spatiales (LEGOS),
Observatoire Midi-Pyrénées (OMP), Toulouse, France, for the provi-
sion of the ENVISAT RA-2 GDR dataset. They wish to thank an
anonymous reviewer for helping us in editing the manuscript to
improve its quality.

References

Adler, R. F., Huffman, G. J., Chang, A., Ferraro, R., Xie, P. -P., Janowiak, J., et al. (2003). The
version 2 Global Precipitation Climatology Project (GPCP) monthly precipitation
analysis (1979–Present). Journal of Hydrometeorology, 4, 1147!1167.

Bullock, A., & Acreman, M. (2003). The role of wetlands in the hydrological cycle.
Hydrology and Earth System Science, 7, 358!389. doi:10.5194/hess-7-358-2003

Chen, J. L., Wilson, C. R., Tapley, B. D., Yang, Z. L., & Niu, G. Y. (2009). 2005 drought event
in the Amazon River basin as measured by GRACE and estimated by climatemodels.
Journal of Geophysical Research, 114, B05404. doi:10.1029/2008JB006056

Crowley, J. W., Mitrovica, J. X., Bailey, R. C., Tamisiea, M. E., & Davis, J. L. (2008). Annual
variations in water storage and precipitation in the Amazon Basin. Journal of
Geodesy, 82(1), 9!13. doi:10.1007/s00190-007-0153-1

Departamento Nacional da Produção Mineral/DNPM (1983). Mapa hidrogeológico do
Brasil, escala 1:5,000,000.

Do Nascimento, N. R., Fritsch, E., Bueno, G. T., Bardy, M., Grimaldi, C., &Mel", A. J. (2008).
Podzolization as a deferraltization process: Dynamics and chemistry of ground and
surface waters in an Acrisol–Podzol sequence of the upper Amazon basin. European
Journal of Soil Science, 59, 911!924. doi:10.1111/j.1365-2389.2008.01049.x

Döll, P., Kaspar, F., & Lehner, B. (2003). A global hydrological model for deriving water
availability indicators: Model tuning and validation. Journal of Hydrology, 270,
105!134.

Filizola, N., Spínola, N., Arruda, W., Seyler, F., Calmant, S., & Silva, J. (2009). The Rio
Negro and Rio Solimões con!uence point — Hydrometric observations during the
2006/2007 cycle. In Carlos Vionnet, Marcelo H. García, E. M. Latrubesse, & G. M. E.
Perillo (Eds.), River, Coastal and Estuarine Morphodynamics — RCEM 2009
(pp. 1003!1006). London: Taylor & Francis Group.

Frappart, F., Calmant, S., Cauhopé, M., Seyler, F., & Cazenave, A. (2006). Preliminary
results of ENVISAT RA-2 derived water levels validation over the Amazon basin.
Remote Sensing of Environment, 100, 252!264. doi:10.1016/j.rse.2005.10.027

Frappart, F., Do Minh, K., L'Hermitte, J., Cazenave, A., Ramillien, G., Le Toan, T., et al.
(2006). Water volume change in the lower Mekong basin from satellite altimetry
and imagery data. Geophysical Journal International, 167(2), 570!584. doi:10.1111/
j.1365-246X.2006.03184.x

Frappart, F., Martinez, J. M., Seyler, F., León, J. G., & Cazenave, A. (2005). Floodplain
water storage in the Negro River basin estimated from microwave remote sensing
of inundation area and water levels. Remote Sensing of Environment, 99, 387!399.
doi:10.1016/j.rse.2005.08.016

Frappart, F., Papa, F., Famiglietti, J. S., Prigent, C., Rossow, W. B., & Seyler, F. (2008).
Interannual variations of river water storage from a multiple satellite approach: A
case study for the Rio Negro River basin. Journal of Geophysical Research, 113,
D21104. doi:10.1029/2007JD009438

Frappart, F., Papa, F., Güntner, A., Werth, S., Ramillien, G., Prigent, C., Rossow, W. B., &
Bonnet, M. -P. (2010). Interrannual variations of the terrestrial water storage in the
Lower Ob' basin from amultisatellite approach. Hydrology and Earth System Science,
14(12), 2443!2453. doi:10.5194/hess-14-1-2010

Hunger, M., & Döll, P. (2007). Value of river discharge data for global-scale hydrological
modelling. Hydrology and Earth System Science Discussion, 4, 4125!4173.

Kim, H., Yeh, P. J. -F., Oki, T., & Kanae, S. (2009). Role of rivers in the seasonal variations
of terrestrial water storage over global basins. Geophysical Research Letters, 36,
L17402. doi:10.1029/2009GL039006

Leblanc, M. J., Tregoning, P., Ramillien, G., Tweed, S. O., & Fakes, A. (2009). Basin-scale,
integrated observations of the early 21st century multiyear drought in southeast
Australia. Water Resources Research, 45, W04408. doi:10.1029/2008WR007333

Maltby, E. (1991). Wetland management goals: Wise use and conservation. Landscape
Urban Planning, 20, 9!18.

Marengo, J. A. (2009). Long-term trends and cycles in the hydrometeorology of the Amazon
basin since the late 1920s.Hydrological Processes,23, 3236!3244. doi:10.1002/hyp. 7396

Milly, P. C. D., & Shmakin, A. B. (2002). Globalmodeling of landwater and energybalances:
1. The Land Dynamics (LaD) model. Journal of Hydrometeorology, 3, 283!299.

Molinier, M. (1992). Régionalisation des débits du basin amazonien. VII Journées
Hydrologiques, Régionalisation des débits en hydrologie et application au développe-
ment (pp. 489!502). Montpellier: ORSTOM.

Papa, F., Güntner, A., Frappart, F., Prigent, C., & Rossow, W. B. (2008). Variations of
surface water extent and water storage in large river basins: A comparison of
different global data sources. Geophysical Research Letters, 35, L11401. doi:
10.1029/2008GL033857

Papa, F., Prigent, C., Aires, F., Jimenez, C., Rossow, W. B., & Matthews, E. (2010).
Interannual variability of surface water extent at global scale. Journal of Geophyical
Research, 115, D12111. doi:10.1029/2009JD012674

Papa, F., Prigent, C., Durand, F., & Rossow,W. B. (2006).Wetland dynamics using a suite of
satellite observations: A case study of application and evaluation for the Indian
subcontinent. Geophysical Research Letters, 33, L08401. doi:10.1029/2006GL025767

Prigent, C., Papa, F., Aires, F., Rossow, W. B., & Matthews, E. (2007). Global inundation
dynamics inferred from multiple satellite observations. 1993–2000. Journal of
Geophysical Research, 112, D12107. doi:10.1029/2006JD007847

Ramillien, G., Famiglietti, J. S., &Wahr, J. (2008). Detection of continental hydrology and
glaciology signals from GRACE: A review. Surveys in Geophysics, 29(4–5), 361!374.
doi:10.1007/s10712-008-9048-9

Ramillien, G., Frappart, F., Cazenave, A., & Güntner, A. (2005). Time variations of the
land water storage from an inversion of 2 years of GRACE geoids. Earth and
Planetary Science Letters, 235, 283!301. doi:10.1016/j.epsl.2005.04.005

Richey, J. E., Nobre, C., & Deser, C. (1989). Amazon river discharge and climate
variability. Nature, 246, 101!103.

Roddel, M., Velicogna, I., & Famiglietti, J. (2009). Satellite-based estimates of
groundwater depletion in India. Nature, 460, 999!1003. doi:10.1038/nature08238

Ronchail, J., Cochonneau, G., Molinier, M., Guyot, J. -L., Goretti de Miranda Chaves, A.,
Guimarães, V., et al. (2002). Interannual rainfall variability in the Amazon basin and
sea-surface temperatures in the equatorial Paci"c and the tropical Atlantic oceans.
International Journal of Climatology, 22(13), 1663!1686.

SantosdaSilva, J., Calmant, S., Seyler, F., RottunoFilho,O.C., Cochonneau,G., &Mansur,W. J.
(2010). Water levels in the Amazon basin derived from the ERS 2 and ENVISAT radar
altimetry missions. Remote Sensing of Environment. doi:10.1016/j.rse.2010.04.020

Santos da Silva, J., Seyler, F., Calmant, S., Rottuno Filho, O.C., Roux, E., Araújo, A.A.M., &Guyot,
J.L. (in press). Water level dynamics of Amazon wetlands at the watershed scale by
satellite altimetry. International Journal of Remote Sensing.

1593F. Frappart et al. / Remote Sensing of Environment 115 (2011) 1588–1594

http://dx.doi.org/10.1016/j.rse.2010.04.020
http://dx.doi.org/10.1029/2008JB006056
http://dx.doi.org/10.1111/j.13652008.01049.x
http://dx.doi.org/10.1016/j.rse.2005.10.027
http://dx.doi.org/10.1111/j.1365-.2006.03184.x
http://dx.doi.org/10.1111/j.1365-.2006.03184.x
http://dx.doi.org/10.1016/j.rse.2005.08.016
http://dx.doi.org/10.1029/2007JD009438
http://dx.doi.org/10.1029/2009GL039006
http://dx.doi.org/10.1029/2008WR007333
http://dx.doi.org/10.1029/2008GL033857
http://dx.doi.org/10.1029/2009JD012674
http://dx.doi.org/10.1029/2006GL025767
http://dx.doi.org/10.1029/2006JD007847
http://dx.doi.org/10.1016/j.epsl.2005.04.005
http://dx.doi.org/10.1038/nature08238


Schmidt, R., Flechtner, F., Meyer, U., Neumayer, K. -H., Dahle, Ch., Koenig, R., et al.
(2008). Hydrological signals observed by the GRACE satellites. Surveys in
Geophysics, 29, 319!334. doi:10.1007/s10712-008-9033-3

Selvaradjou, S.-K., Montanarella, L., Spaargaren, O. and Dent, D. (2005). European Digital
Archive of Soil Maps (EuDASM) — Soil maps of Latin America and Carribean Islands
(DVD-Rom version). EUR 21822 EN. Of"ce of the Of"cial Publications of the European
Comunities, Luxembourg.

Swenson, S., & Wahr, J. (2006). Post-processing removal of correlated errors in GRACE data.
Geophysical Research Letters, 33, L08402. doi:10.1029/2005GL025285

Tapley, B. D., Bettadpur, S., Watkins, M. M., & Reigber, C. (2004). The Gravity Recovery and
Climate Experiment; mission overview and early results. Geophysical Research
Letters, 31(9), L09607. doi:10.1029/2004GL019920

Tomasella, J., Hodnett,M.G., Cuartas, L. A.,Nobre,A. D.,Waterloo,M. J., &Oliveira, S.M. (2008).
The water balance of an Amazonian micro-catchment: The effect of interannual
variability of rainfall on hydrological behaviour. Hydrological Processes, 22, 2133!2147.
doi:10.1002/hyp. 6813

Werth, S., Güntner, A., Schmidt, R., & Kusche, J. (2009). Evaluation of GRACE "lter tools
from a hydrological perspective. Geophysical Journal International, 179,
1499!1515. doi:10.1111/j.1365-246X.2009.04355.x

Yeh, P. J. -F., Swenson, S. C., Famiglietti, J. S., & Rodell, M. (2006). Remote sensing of
groundwater storage changes in Illinois using the Gravity Recovery and Climate
Experiment (GRACE). Water Resources Research , 42 , W12203. doi:
10.1029/2006WR005374

1594 F. Frappart et al. / Remote Sensing of Environment 115 (2011) 1588–1594

http://dx.doi.org/10.1029/2006WR005374
http://dx.doi.org/10.1029/2005GL025285
http://dx.doi.org/10.1029/2004GL019920
http://dx.doi.org/10.1111/j.1365-.2009.04355.x

	Satellite-based estimates of groundwater storage variations in large drainage basins with extensive floodplains
	Introduction
	Datasets
	GRACE-derived land water mass solutions
	The multisatellite inundation extent
	Envisat RA-2 radar altimeter-derived water level heights over rivers and wetlands
	In situ surface water levels
	In situ groundwater levels
	Root zone water storage outputs from hydrological models
	Precipitation estimates from the Global Precipitation Climatology Project (GPCP)
	Hydrogeological map of Brazil

	Methods
	Monthly water level maps
	GRACE leveling and time-shift
	Groundwater storage estimates
	Water volume variations

	Results and discussion
	Conclusion
	Acknowledgements
	References


