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a b s t r a c t 

In large Tropical River basins such as the Amazon, groundwater plays a major role in the water and ecological 

cycles with large influences on the rainforest ecosystems and climate variability. However, due to the lack of 

monitoring networks, Amazon groundwater storage and its variability remain poorly known. Here, we provide 

an unprecedented direct estimate of the spatio-temporal variations of the anomaly of groundwater storage over 

the period January 2003 -September 2010 in the Amazon Basin by decomposing the total terrestrial water storage 

measured by the Gravity Recovery and Climate Experiment (GRACE) mission into the individual contributions 

of other hydrological reservoirs, using multi-satellite data for the surface waters and floodplains and models 

outputs for the soil moisture. We show that the seasonal variations of groundwater storage represent between 20 

and 35% of the terrestrial water storage seasonal volume variations of the Amazon. Larger seasonal amplitudes 

of groundwater storage ( > 450 mm) are found in the Alter do Chão and Iça aquifers in the central part of the 

Amazon Basin. Anomalies of groundwater storage exhibit a strong interannual variability (STD reaching 120 mm 

along the central corridor) during the study period in response to hydrologic variability and climatic events such 

as the extreme drought that occurred in 2005. 
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. Introduction 

Being the largest reservoir of freshwater on Earth, accounting for

ore than 30% ( i.e. , 8,000,000 to 10,000,000 km 

3 ) of global freshwater

esources, groundwater plays a key role in the terrestrial hydrological

ycle and in sustaining ecosystems ( Taylor et al, 2013 ). It is also the

ajor resource of freshwater supply for 40% of the world population

nd 50% of the world food production ( Seiler and Gat, 2007; Margat

nd van der Gun, 2013 ), becoming a strategic importance for global

ater and food security under global change. In the Amazon basin, the

orld’s largest river system, groundwater storage plays a central part in
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he ecological cycles and directly influences the rainforest ecosystems as

ell as climate variability ( Pokhrel et al., 2013 ). Strong memory effects

f Amazon groundwater system even convey climate anomalies over the

egion for several years ( Tomasella et al., 2008; Pfeffer et al., 2014 ). 

However, groundwater storage and its variations are still poorly

nown at large to global scales due to the limited extent and capability

f current monitoring networks and the difficulty to survey large and re-

ote areas. In the Amazon, most studies on hydrogeology of groundwa-

er reservoirs are carried out only at local ( Do Nascimento et al., 2008;

omasella et al., 2008 ) to regional scales ( Pimentel and Hamza, 2012;

feffer et al., 2014 ) limiting our understanding of the role of groundwa-
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Fig. 1. Map of the Amazon basin with its major tributaries within South America. The locations of the wells used for validation are represented using blue dots 

(a). Contribution (%) from surface, soil moisture and groundwater reservoirs to Total Water Storage Changes ( TWSC ) from GRACE (b). (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 

t  

w  

i  

e

 

t  

2  

c  

c  

d  

t  

o  

d  

i  

d  

a  

2  

(  

2  

a  

t  

l  

i  

a  

a  

e  

f  

b  

l  

o  

w  

l  

a  

2  

P  

h  

s  

d  

2  

t  

l  

i  

e  

b  

s  

f  

–  

a

2

 

o  

w  

t  

t  

G  

l  

t  

i

2

 

o  

d  

u  

p  

f  

S  

t  

t  

H  

N  

o  

m  

s  

v  

m  

t  

2  

2  

a  

u  

(  

b  

w  
er in the terrestrial water cycle. Only recently the influence of ground-

ater on terrestrial water storage in the Amazon Basin was character-

zed in an integrative model-based study of the groundwater for the

ntire basin ( Miguez-Macho and Fan, 2012; Pokhrel et al., 2013 ). 

In this context, remote sensing techniques offer a unique oppor-

unity for hydrologic investigations ( Alsdorf et al., 2007; Rast et al.,

014 ) and recent advances have demonstrated that water resources

an be monitored reliably from space. In particular, the Gravity Re-

overy And Climate Experiment (GRACE) mission, launched in 2002,

etects tiny changes in the Earth’s gravity field, which can be related

o spatio-temporal variations of terrestrial water storage at monthly

r sub-monthly time-scales ( Tapley et al., 2004 ). Analysis of GRACE

ata showed that the frequent extreme climatic events that occurred

n the Amazon Basin since mid-2000 ( e.g. , droughts of 2005 and 2010

roughts, flood of 2009) had a strong impact on terrestrial water stor-

ge ( Chen et al., 2009; 2010; Frappart et al., 2013a,b; Espinoza et al.,

013 ). If their signatures on surface water storage were widely described

 e.g. , Marengo et al., 2008, 2011; Tomasella et al., 2011; Frappart et al.,

012 ), their consequences on groundwater remain poorly known. Vari-

tions in groundwater storage can be separated from the terrestrial wa-

er storage anomalies measured by GRACE (see Frappart and Ramil-

ien, 2018 for a review on the use of GRACE for groundwater monitor-

ng) using external information on the other hydrological stores (snow

nd ice, soil moisture and surface water) from in situ ( Yeh et al., 2006 )

nd satellite ( Tian et al., 2017 ) observations, model outputs ( Roddel

t al., 2009; Jin and Feng, 2013 ), or both ( Leblanc et al., 2009 ). Very

ew studies ( e.g. , Frappart et al., 2011; Shamsudduha et al., 2012 ) have

een conducted yet in large river basins characterized by extensive wet-

ands and floodplains, due to the lack of reliable and timely information

n the spatio-temporal distribution of the extent and storage of surface

aters. In these basins, surface water stored in floodplains represents a

arge part of the terrestrial water storage ( e.g. , ∼50% of the water stored

nd 15–20% of the water that flowed out of the Amazon Basin between

003–2007 was stored in the Amazon floodplains ( Frappart et al., 2012;

apa et al., 2013 ). In spite of recent advances, the capability of global

ydrological models to simulate water storage in large floodplains are

till limited due to the lack of availability and accuracy of data as the

igital elevation model and computational expense ( Lehner and Grill,

013; Sampson et al., 2015 ). To overcome this limitation, our approach

akes into account the water stored in the surface reservoir using water

evel maps obtained by combining satellite altimetry and imagery. Us-

ng multi-satellite observations along with hydrological modeling, we

stimate the contribution of each hydrological reservoir of the Amazon

asin (surface water, soil moisture and groundwater) to terrestrial water
42 
torage variations and map, for the first time, the seasonal changes of

reshwater stored in the Amazon aquifers over the period January 2003

September 2010. We show that the exceptional drought of 2005 had

 large impact on groundwater storage. 

. Datasets 

To estimate groundwater ( GW ) storage anomalies, the contribution

f surface and soil moisture storages are removed from the terrestrial

ater storage (see Section 3 ). The data used for this purpose are mul-

isatellite surface water ( SW ) levels maps, soil moisture ( SM ) from Wa-

erGAP Global Hydrology Model, terrestrial water storage ( TWS ) from

RACE land water solutions processed with a regional approach. Ancil-

ary data ( i.e., in situ groundwater levels and groundwater storage from

wo global hydrological models) were also used for comparison and val-

dation of the results. 

.1. The multisatellite surface water level and storage maps 

Maps of water levels over the floodplains of the Amazon Basin were

btained by combining observations from a multisatellite inundation

ataset and altimetry-based water levels at monthly time-scale from Jan-

ary 2003 to September 2010. The approach used is the same as the one

resented in ( Frappart et al., 2012 ) but using a monthly climatology

or the surface water extent from the Global Inundation Extent Multi-

atellite (GIEMS) as this dataset is available only from January 1993

o December 2007 ( Papa et al., 2010; Prigent et al., 2007, 2012 ). Wa-

er levels from 984 ENVISAT RA-2 altimetry stations made available by

ydroweb ( http://hydroweb.theia-land.fr ) ( Santos da Silva et al., 2010;

ormandin et al., 2018 ) were interpolated with respect to the inverse

f the distance to the gridpoint over inundated surfaces from GIEMS

onthly climatology. Each monthly map of surface water levels has a

patial resolution of 0.25° and is referenced to EGM2008 geoid. Time

ariations of SW volume over the entire Amazon Basin for 1) the esti-

ates from Frappart et al. (2012) using monthly GIEMS inundation ex-

ent over 2003–2007 and 534 altimetry-based water levels (called C1),

) the estimates obtained using monthly GIEMS inundation extent over

003–2007 and 984 altimetry-based water levels from Hydroweb (C2)

nd 3) the estimates obtained using monthly GIEMS climatology of in-

ndation extent and 984 altimetry-based water levels from Hydroweb

C3) are presented in Fig. S1. They show very similar behavior, with

iases of − 55 and − 32 km 

3 , RMSE of 23 and 31 km 

3 , (to be compared

ith an annual amplitude of > 1000 km 

3 ), and correlation coefficients

http://hydroweb.theia-land.fr
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Fig. 2. Time variations of Total Water Storage (black) from GRACE regional solutions ( Ramillien et al., 2012 ), Surface Water (blue) from multisatellite observations 

( Frappart et al., 2012 ), Soil Moisture (green) from WGHM, Groundwater (red) when the contribution of SW and SM are removed from TWS for the Amazon (a) 

and some of its major tributaries: downstream Madeira (b), Negro (c) and Tapajos (d). Over 2003–2010 (left panel) and in terms of annual cycle (right panel). (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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f 0.997 and 0.998 found between C2 and C1 and C2 and C3 respec-

ively. These results confirm that the use of GIEMS monthly climatology

n order to retrieve time-series of SW volume over the whole period

f availability of the ENVISAT data provides acceptable estimates. The

rror on these estimates is lower than 17% (see supplementary infor-

ation for details on the error estimates). A map of minimum water

evels was estimated for the entire observation period using a hypso-

etric approach to take into account the difference of altitude between

he river and the floodplain (see Frappart et al., 2012 for more details).

his dataset is made available by Centre de Topographie des Océans et

e l’Hydrosphère (CTOH): http://ctoh.legos.obs-mip.fr . 
D  

43 
.2. WGHM and ISBA-TRIP hydrological model outputs 

The WaterGAP Global Hydrology Model (WGHM) is one of the most

ommonly used water balance model for the assessment of water re-

ources and water balances in large river basins. WGHM accounts for all

ain continental water storage components including groundwater, soil

oisture, snow, canopy storage, and surface waters in lakes, rivers, wet-

ands, and reservoirs. In this study, WGHM in the version STANDARD

ithin WaterGAP2.2 as described in Müller Schmied et al. (2014) was

pplied. For model calibration against observed river discharge time se-

ies, 1319 gauging stations worldwide, made available by Global Runoff

ata Centre (GRDC) in Koblenz, Germany ( http://grdc.bafg.de ), are

http://ctoh.legos.obs-mip.fr
http://grdc.bafg.de
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Fig 3. Anomaly of groundwater storage from well measurements (green), the 

decomposition method (blue), WGHM (red) and ISBA-TRIP (black) model out- 

puts at Asu catchment (Negro River). (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this arti- 

cle.) 
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sed in WGHM. Simulated water storage of SM and GW is provided

ith 0.5° of spatial resolution at daily or monthly time-scales. In this

tudy, we use the monthly SM and GW outputs from WGHM over 2003–

010 for estimating the GW component and comparison purpose respec-

ively. For evaluation purposes, we also used the simulated storage of

he SM and GW reservoirs from the ISBA-TRIP model ( Alkama et al.,

010; Decharme et al., 2010 ). 

.3. GRACE-derived land water mass solutions 

The Gravity Recovery And Climate Experiment (GRACE) mission,

aunched in March 2002, provides measurements of the spatio-temporal

hanges in Earth’s gravity field ( Tapley et al., 2004 ). Several recent

tudies have shown that GRACE data over the continents can be used

o derive the monthly changes of the total land water storage with

n accuracy of ∼1.5 cm of equivalent water thickness when averaged

ver surfaces of a few hundred square-kilometres (see Frappart et al.,

016 for a recent review). In this study, we used maps of equivalent wa-

er height derived from GRACE measurements using a regional approach

 Ramillien et al., 2011, 2012 ). This new strategy is based on the optimal

ocalization in space, instead of the best localization in spatial frequency,

nd leads theoretically to better spatial localization and resolution (see

reeden and Schreiner, 2008 ). Ramillien et al. (2012) demonstrated that

his regional method offers a reduction of north-south striping due to

oth the distribution of GRACE satellite tracks and the temporal aliasing

f correcting models that are present in the global GRACE solutions over

outh America ( Frappart et al., 2013a ), Australia ( Seoane et al., 2013 ),

nd Africa ( Ramillien et al., 2014 ). According to these three latter stud-

es, regional maps present more realistic spatial and temporal patterns

han the global solutions when compared to independent datasets of

ainfall, water levels and discharges, wetlands locations. 

.4. Masks of the sub-basin 

Masks at 0.25° of spatial resolution of the largest sub-basins of the

mazon were built using the watershed delineation for the Amazon

ub-basin systems based on GTOPO30 DEM and a drainage network ex-

racted from JERS SAR images from Seyler et al., (2009) . The Amazon

rainage system was decomposed into 8 large drainage areas (larger

han 400,000 km 

2 to be compatible with the low spatial resolution of

he GRACE data, see Frappart et al., 2013b ): upstream Solimões encom-

assing Ucayali and Marañon flowing from the south, and the Japura

nd the Iça flowing from northwest, downstream Solimões, upstream

adeira, downstream Madeira, Negro, downstream Amazon, Tapajos,

nd Xingu basins. 
44 
.5. In situ groundwater levels 

Groundwater levels are monitored in situ using wells. In the region

orth of Manaus, PVC 15 cm diameter dipwells were installed at depth

arying from 30 to 50 m, as described by Tomasella et al., (2008) and

arvalho (2012) . Along the Purus–Madeira transect, water level were

onitored using PVC tubes (3 cm diameter) installed at a maximum

epth of 7 m. All wells were monitored manually. Groundwater levels

ere recorded in situ from January 2004 to November 2005 and from

ugust 2010 to May 2011 at Asu catchment, and from September 2011

o December 2012 at the other measurement sites. The conversion from

ell depths to GW variations is performed using specific yield values

 S y ) of 0.17 in the Asu catchment ( Tomasella et al., 2008 ) and of 0.1

lsewhere. Their locations, altitude and the S y are given in Table S1. 

.6. Altimetry-based groundwater table maps 

The annual fluctuations of the groundwater base-level (GWBL) were

erived from the analysis of ENVISAT - satellite radar altimetry measure-

ents acquired from late 2002 to mid-2009 across the central Amazon

asin ( Pfeffer et al., 2014 ). The GWBL is the minimum height reached

ach year by the GW table during low water periods, when the GW ta-

le is connected to the water levels in rivers, lakes and floodplains (Fig.

 from Pfeffer et al., 2014 ). The GWBL is obtained through the inter-

olation of the annual minima identified in the ENVISAT time-series

xtracted from 491 VS located along rivers, lakes and floodplains of

he central Amazon [Pfeffer et al., 2014] . The GWBL maps acquired

rom 2003 to 2008 were validated against in situ observations of the

roundwater table depth ( Fan et al., 2013 ) and hydrological model

utputs ( Pfeffer et al., 2014 ). The GWBL data are available online at:

ttps://julia-pfeffer.weebly.com/data.html . In the following, we will

se GWBL anomalies, defined as the difference between he GWBL for a

iven year and the average GWBL computed over the 2003–2008 time-

eriod. The mean GWBL anomaly is indeed mostly representative of the

patial variations of the GWBL, forming a continuous drainage struc-

ure strongly driven by surface topography, while the GWBL anomaly

ighlights the fluctuations of the GWBL in time ( Pfeffer et al., 2014 ). 

.7. TRMM monthly rainfall 

Tropical Rainfall Measuring Mission (TRMM) 3B43 v7 product is

 combination of satellite information from the passive microwave

mager (TMI) and precipitation radar (PR) onboard TRMM, a Japan-

nited States satellite launched in November 1997, the Visible and

nfrared Scanner (VIRS) onboard the Special Sensor Microwave Im-

ger (SSM/I) and rain gauge observations. The TRMM 3B43v7 prod-

ct merges the TRMM 3B42-adjusted infrared precipitation with the

onthly-accumulated Climate Assessment Monitoring System or Global

recipitation Climatology Center Rain Gauge analyses ( Huffmann et al.,

995, 2007 ). It has a spatial resolution of 0.25° and a temporal

esolution of one month. It is available on the Goddard Earth Sci-

nces Data and Information Services Center (GES DISC) website:

ttp://disc.sci.gsfc.nasa.gov/ . In this study, data from 2003 to 2010

ere used. 

. Methods 

.1. Groundwater storage estimates using a decomposition method 

TWS is the sum of the contributions of the different storage compart-

ents: 

𝑇 𝑊 𝑆 = Δ𝑆 𝑊 + Δ𝑆 𝑀 + Δ𝐺𝑊 (1)

here SW represents the total surface water storage including lakes,

eservoirs, in-channel and floodplains water; SM is the soil moisture,

W is the groundwater storage in the aquifers. More specifically, SM

https://julia-pfeffer.weebly.com/data.html
http://disc.sci.gsfc.nasa.gov/
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Fig 4. Anomaly of groundwater storage from well measurements (green), the decomposition method (blue), WGHM (red) and ISBA-TRIP (black) model outputs. 

The well measurements are located at Asu catchment in the Negro Basin (a), at M01, M02, M10 in the Madeira Basin (b to d). (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this article.) 
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n our study is defined as the water content in the root zone as repre-

ented by the WaterGAP Global Hydrology Model. Root depth in this

odel is dependent on the land cover type with a maximum rooting

epth of 4 m ( Müller Schmied et al., 2014 ). Thus, when solving Eq.

1 ) for GW , this latter component may comprise water storage in the

nsaturated zone below the rooting depth in the case of deeper ground-

ater bodies. Because of their small contributions, we neglect here the

ariations of canopy storage and snow storage. The storage terms are

enerally expressed in volume (km 

3 ) or mm of equivalent water height.

W monthly storage anomalies at 1° of spatial resolution were com-

uted using Eq. (1) over 2003–2010, the period of overlap of all the

atasets. TWS monthly anomalies at 2° of spatial resolution come from

egional solutions computed over South America ( Ramillien et al., 2012 ,

ee Section 2.3 ), SW from monthly SW level maps at 0.25° of spatial reso-

ution obtained as the combination of GIEMS and altimetry-based water

evels from ENVISAT RA-2 (see 2.1), SM from WGHM monthly outputs

t 0.5° of spatial resolution (see Section 2.2 ). This direct resolution of

q. 1 will be referred in the followings as the decomposition method.

sing Eq. (1) , the error on GW storage variations ( 𝜎GW 

) can be expressed

s a function of the error on TWS ( 𝜎TWS ), SW ( 𝜎SW 

) and SM ( 𝜎SM 

) (see

rappart and Ramillien, 2018 ): 

𝐺𝑊 

= 

√ (
𝜎𝑇𝑊 𝑆 

)2 + 

(
𝜎𝑆𝑊 

)2 + 

(
𝜎𝑆𝑀 

)2 
(2) 

.2. Time series of water volume variations 

At basin scale, the time-variations of surface water volume is simply

omputed as in Frappart et al. (2012, 2015 ): 

 𝑆𝑊 

( 𝑡 ) = 𝑅 

2 
𝑒 

∑
𝑗∈𝑆 

𝑃 
(
𝜆𝑗 , 𝜑 𝑗 , 𝑡 

)(
ℎ 
(
𝜆𝑗 , 𝜑 𝑗 , 𝑡 

)

− ℎ min 
(
𝜆𝑗 , 𝜑 𝑗 , 𝑃 

(
𝜆𝑗 , 𝜑 𝑗 , 𝑡 

)))
cos 

(
𝜑 𝑗 

)
Δ𝜆Δ𝜑 (3) 

here V SW 

is the volume of surface water, R e the radius of the Earth

quals 6378 km, P( 𝜆j , 𝜑 j ,t), h( 𝜆j , 𝜑 j ,t), h min ( 𝜆j , 𝜑 j ) are respectively the

ercentage of inundation, and the water level at time t , the mini-

um of water level of the pixel of coordinates ( 𝜆j , 𝜑 j ), Δ𝜆 and Δ𝜑
45 
re respectively the grid steps in longitude and latitude. The mini-

um water level was determined using a hypsometric approach relat-

ng the percentage of inundation of a pixel to its elevation (see the

upplementary information from Frappart et al. (2012) available at

tacks.iop.org/ERL/7/044010/mmedia for more details). 

Accordingly, the time variations of volume of TWS and SM

 V TWS/SM 

(t) ) anomalies are computed following Ramillien et al. (2005) :

𝑉 𝑇𝑊 𝑆 ∕ 𝑆 𝑀 

( 𝑡 ) = 𝑅 

2 
𝑒 

∑
𝑗∈𝑆 

Δℎ 𝑇𝑊 𝑆 ∕ 𝑆 𝑀 

(
𝜆𝑗 , 𝜑 𝑗 , 𝑡 

)
cos 

(
𝜑 𝑗 

)
Δ𝜆Δ𝜑 (4)

here h TWS/SM 

( 𝜆j , 𝜑 j ,t) is the anomaly of TWS or SM at time t of the pixel

f coordinates ( 𝜆j , 𝜑 j ) . 

.3. The contributions of hydrological reservoirs to TWS 

The contribution of each hydrological component ( CTWS HR ) to TWS

 i.e., SW, SM , and GW ) is computed for each sub-basin as the ratio be-

ween the change in each hydrological reservoir and the change in TWS :

𝑇 𝑊 𝑆 𝐻𝑅 = 

𝑚𝑎𝑥 
(
𝑆 𝐻𝑅 

)
− 𝑚𝑖𝑛 

(
𝑆 𝐻𝑅 

)

𝑚𝑎𝑥 ( 𝑇 𝑊 𝑆 ) − 𝑚𝑖𝑛 ( 𝑇 𝑊 𝑆 ) 
(5)

The changes in each hydrological reservoir ( S HR ) and in TWS are ob-

ained as the difference between the seasonal extrema values averaged

ver the observation period (2003–2007). To smooth out possible out-

iers, the seasonal extrema are averaged over the range 85 to 100% of

easonal change. 

. Results 

A continuous mapping of groundwater storage at 1° of spatial res-

lution in the Amazon basin and for each of its major sub-basins (see

ig. 1 a for their locations) is presented at monthly time-scale over the

anuary 2003–September 2010 time-period in Fig. S2. Fig. 1 b presents

he contribution of each hydrological reservoir to TWS for eight major

ub-basins of the Amazon (see Hydrological reservoirs contribution to

WS in section Methods). For the whole Amazon basin, SW, SM and
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Fig 5. a) Minimum groundwater stock (GW) and groundwater base-level (GWBL) anomalies from 2003 to 2008. 
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W represent around 49%, 27%, and 24% of the seasonal TWS change

f 1800 km 

3 respectively. Our estimates agree well with the previous

tudies based on model outputs ( Güntner et al., 2007 ). Comparisons

etween GRACE data and model outputs showed that TWS is equally

artitioned between surface and sub-surface reservoirs, and soil water

s showed by Han et al. (2009) using GLDAS/NOAH, or that SW and soil

ater ( SM + GW ) represents 56% and 44% of TWS respectively based on
46 
he large-scale hydrologic and hydrodynamic model MGB simulations

 Paiva et al., 2013 ). Using LEAF HydroFlood, Pokhrel et al. (2013) found

 larger contribution from the subsurface storage (71%) than from SW

29%) to TWS . Using Eq. (2) , we estimated the error on the GW anoma-

ies determined using the decomposition method. Using classical errors

n TWS (15%) and SM (20%) and the maximum error on SW found in

rappart et al. (2012) (17%), we obtained an error of 18% on GW . 
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Fig. 6. Mean annual changes in the sub-surface – root zone and groundwater - (a) and groundwater (c) reservoirs and associated standard deviations (b and d) over 

2003–2010 using the decomposition method. 
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At sub-basin scale, we found that the contribution of GW to TWS

aries from 20% (downstream Solimões) to 70% (Xingu) consistently

ith what is currently known on the distribution of SW ( Frappart et al.,

012 ). These results are also in good agreement with the estimates from

okhrel et al. (2013) and Paiva et al. (2013) for subsurface ( GW + SM )

torage. 

Fig. 2 and Fig. S3 present the time variations of TWS, SW, SM and GW

ver 2003–2010 for the Amazon and its major sub-basins. In the sub-

asins covered with extensive floodplains ( i.e. , downstream Solimões,

pstream Madeira, Negro, downstream Amazon, see Fig. S4 for the spa-

ial distribution of the surface reservoir in the Amazon Basin), important

ime-lags can be observed between surface, shallow subsurface reser-

oirs and the groundwater, reaching an inverse of phase during some

ears. In the Negro basin, GW reached their maxima (minima) between

eptember (February) and November (March) respectively ( Fig. 2 c). A

ime-lag of three to four months is observed between the peaks of SW

nd GW in the Negro ( Fig. 2 c), upstream Madeira (Fig. S3c) and Down-

tream Amazon (Fig. S3e) basins, in agreement with smaller-scale ob-

ervations ( Lesack and Melack, 1995; Bonnet et al., 2008 ). According to

hese studies, extensive floodplains may delay water for several months,

hrough storage and percolation through the vadose zone to reach the

roundwater reservoir. In the case of the upstream Madeira, a decrease

f GW storage can be observed during the flood in 2006 and 2007, the

wo years presenting the largest SW (and SM ) storages of the study

eriod, suggesting that GW storage contributes to the flood. This en-

ogenous inundation process was reported in several studies ( Ronchail

t al., 2005; Bourrel et al., 2009 ). After the flood, GW storage is in-
47 
reasing up to similar or slightly above levels than the previous years.

uring the years with large flood events, GW storage exhibits larger am-

litude of variations. On the other hand, smaller seasonal cycle is ob-

erved for the GW storage in the Amazon ( Fig. 2 a) and the downstream

adeira ( Fig. 2 b) basins contrary to what can be observed in the other

ydrological reservoirs. As previously mentioned by Miguez-Macho and

an (2012) , the seasonality may be smoothed out ( e.g. , the upstream

adeira and the downstream Madeira in the case of Madeira, all the

ributaries of the Amazon) when spatially averaging over a large river

asin. In the sub-basins ( i.e. , upstream Solimões, downstream Madeira,

apajos, Xingu), the time-variations in all the hydrological reservoirs

re almost in phase. Soil water storage is first replenished after rainfall,

ollowed by deeper drainage that recharges the GW storage. In Fig. 2 d,

he maximum of SM occurs in March whereas the maximum of GW is

bserved in April for the Tapajos. The maximum of SW is reached in May

orresponding to the time necessary for water to cross the whole sub-

asin. In the Tapajos basin, the contribution of SW is low as there is no

xtensive floodplain along its stream. In the headwater basins ( i.e. , up-

tream Solimões Basin, Tapajos and Xingu), the seasonality of the TWS

s very similar to the one of the GW (Figs. S3a, 3d, and S3f). 

We performed an evaluation of the GW estimates from the decom-

osition method using sparse measurements of GW levels available at

everal locations in the Amazon Basin (see Supplementary information,

able S1 and Fig. 1 a for their locations). Except for the Asu catchment,

here in situ observations and our estimates are overlapping in time be-

ween 2004 and 2005 ( Fig. 3 ), it must be kept in mind that most in situ

bservations are available from 2011, so that the comparisons with our
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Fig. 7. Spatial and temporal components of the two first PCA modes of the GW estimated using the decomposition method. The first mode has an explained variance 

of 0.56 (a), and the second one 0.28 (b). 
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stimates are presented in terms of seasonal cycles with their associated

tandard deviation ( Fig. 4 and Fig. S5). 

Firstly, the time variations of GW between January 2004 and Novem-

er 2005 from the decomposition method exhibits an overall good agree-

ent with the in situ measurements acquired at the Asu catchment in

pite of the difference of spatial scale among them ( Fig. 3 ). Lower/larger

nnual amplitude of variations is observed in 2004/2005 respectively,

ith a shorter peak duration observed in both datasets for 2005. In 2005,

fter the annual peak, the GW from the decomposition method decreases

uch faster than in the observed dataset. 

Secondly, the seasonal GW variations from the decomposition

ethod, averaged over 2003–2010, present an amplitude of around

00 mm, with a maximum in June and a minimum in December-

anuary, for the gridpoints encompassing the Asu catchment (60.17°W,

.13°S), north of Manaus in the Negro Basin ( Tomasella et al., 2008 ),

nd the M01 site (59.837°W, 3.354°S), in the downstream Madeira

asin, directly affected by the water level fluctuations of the Amazon

iver ( Fig. 4 a and b). Overall, they compare well, both in amplitude

nd phase, to the GW variations observed at wells from the Asu catch-

ent, recorded from August 2010 to May 2011, and from the M01 site,

ecorded between September 2011 and December 2012. Other com-

arisons were performed for sites that are more representative of the

adeira Basin, where a good drainage occurs. For these sites, there is a

oticeable time-shift – in situ groundwater levels are one to two months

head of GW variations from the decomposition method-, but the ampli-

udes are of the same order of magnitude. Smaller differences in phase
48 
re observed for M07 (61.948°W, 5.256°S) site than for M02 (60.314°W,

.682°S), M03 (60.726°W, 4.147°S) and M10 (62.92°W, 6.571°S) sites.

he latter wells are affected by the presence of Janauari Lake (60.032°W,

.210°S) with an area of 0.79 km 

2 , and large flooding events during the

et season that both decrease the depth of groundwater below the ter-

ain surface and increase the storage variations compared with the sur-

ounding environment. Besides, it has to be kept in mind that the spa-

ial scale between the decomposition method estimates and the in situ

easurements are very different, and thatthe decomposition method is

imited by the very coarse resolution of both remote sensing products

0.25° and 2° for both GIEMS-altimetry and the GRACE regional solu-

ions respectively) and the WGHM outputs (0.5°), so that local effects

onitored at GW wells are unlikely to be detected in our dataset. Nev-

rtheless, quantitative comparisons are made between GW storage from

n-situ measurements and estimates from the decomposition method av-

raged over 2003–2010 and model outputs from WGHM and ISBA-TRIP.

s already mentioned, only one in situ site (Asu catchment) provides

ata from January 2004 to November 2005 which overlaps both our

stimates and the hydrological model outputsFor the other sites, as the

ime periods do not overlap, slight changes in temporality between the

ifferent sources can occur. Therefore, cross-correlations were first es-

imated. Using the time-delay corresponding to the maximum of corre-

ation, RMSE (mm) and RRMSE (%) were then computed. The ampli-

ude ratio between the decomposition or the model outputs and the in-

itu measurements, computed as the ratio between the maximum ampli-

udes of either the decomposition method or the model outputs averaged
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Table 1 

Statistical parameters resulting from the comparison between in-situ groundwater measurements 

and estimates from the decomposition method (GRACE), WGHM and ISBA-TRIP model outputs. 

RMSE and RRMSE were computed for the time-delay ( Δt) corresponding to the maximum of 

the cross-correlation function. 

2004–2005 Average 

Asu Asu M01 M02 M03 M07 M10 

GRACE R 0.77 0.97 0.94 0.88 0.95 0.97 0.95 

Δt (months) 0 0 0 2 2 2 1 

RMSE (mm) 58 69 39 171 109 41 49 

RRMSE (%) 22 15 18 21 17 11 13 

Amplitude ratio 1.21 0.58 1.27 0.53 0.71 1.30 1.14 

WGHM R 0.79 0.94 0.97 0.91 0.99 0.96 0.92 

Δt (months) − 1 − 1 − 1 − 1 1 1 0 

RMSE (mm) 53 118 36 265 205 115 107 

RRMSE (%) 23 26 17 32 32 30 28 

Amplitude ratio 0.46 0.25 0.54 0.16 0.2 0.35 0.38 

ISBA-TRIP R 0.67 0.98 0.96 0.89 0.95 0.93 0.94 

Δt (months) − 2 − 2 − 2 0 0 1 0 

RMSE (mm) 87 102 22 267 197 106 99 

RRMSE (%) 34 26 11 32 31 28 26 

Amplitude ratio 0.86 0.35 0.77 0.16 0.24 0.40 0.43 

o  

T  

s  

f  

t  

a  

W  

m  

c  

d  

u  

f  

R  

a  

w  

a  

o

 

G  

n  

a  

y  

s  

a  

r  

r  

g  

n  

a  

c  

m  

o

 

(  

2  

t  

v  

t  

t  

l  

e  

1  

i  

e  

Table 2 

Comparison of the phase of the minimum GWS 

to the GWBL. 

Bias (months) RMSE (months) 

ALL YEARS − 0.01 1.55 

2003 0.13 1.71 

2004 − 0.12 1.49 

2005 1.02 1.1 

2006 − 0.47 1.47 

2007 − 0.57 1.71 

2008 − 0.05 1.32 
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ver 2004–2005 (only for Asu catcment) and 2003–2010 (all the sites).

he maximum amplitude of in-situ data, was also estimated. All the re-

ults are presented in Table 1 . Direct comparison over Asu catchment

or 2004–2005 shows a good agreement between our estimates from

he decomposition method and this very local measurement ( R = 0.77

nd RRMSE = 22%) with no time-lag. Similar results are obtained with

GHM outputs ( R = 0.79 and RRMSE = 23%) with a time-lag of one

onth. Lower agreement is found with ISBA-TRIP outputs. Very high

orrelation values, generally higher than 0.9, are obtained for both the

ecomposition method and the model outputs. All the sources exhibit

p to two months compared with in-situ data (between 0 and 2 months

or the decomposition method, − 1 and 1 for WGHM, − 2 and 0 for ISBA).

RMSE are generally lower than 20% using the decomposition method

nd higher than 25% for WGHM and ISBA-TRIP (except for M02 well

ith RRMSE of 17 and 11% respectively). In general, amplitude ratios

re also closer to 1 with the decomposition method than with the model

utputs. 

To be compared with GWBL anomalies, we computed the minimum

W anomaly in a similar manner (minimum GW for a given year mi-

us the average GW minima over 2003–2008). A positive (negative)

nomaly means therefore, that the GW minimum is higher (lower) this

ear than average over the 2003–2008 time period. As shown in Fig. 5 ,

imilar patterns are found in the minimum GW and GWBL anomalies

t annual and interannual timescales, despite the difference in spatial

esolution between the two products: 2° resampled at 1° for the GRACE

egional solutions and hence for the GW anomalies and 0.25° for the

roundwater base level. The dipole between drier conditions in the

orth and wetter in the south clearly appears on both datasets in 2003

nd more clearly in 2004. The signature of the 2005 extreme drought is

learly visible in the south west of the study area, with extremely low

inimum GW and GW BL anomalies, followed by a progressive increase

f both quantities during the three following years. 

The minimum GW and GWBL anomalies also agree in phase

 Table 2 ). The is on average no biases between both anomalies, except in

005, when the minimum GW anomaly occurred one month later than

he GWBL . Larger phase differences are observed locally, with RMSE

alues of about 1.5 month. Such differences should be expected given

he temporal resolution (one month) of GRACE data, and therefore of

he minimum GW anomaly, and the revisit time of the ENVISAT satel-

ite (35 days). Besides, the GWBL anomaly is more prone to detect local

ffects, at the scale of the river, or floodplain cross-section (from 1 to

0 km), than the minimum GW anomaly displaying patterns with a typ-

cal length scale of a 100 km or more. The 2005 bias could however be

xplained by the extreme conditions encountered during the drought.
 a  

49 
ndeed, during low-water periods, the GW contributes to aliment rivers,

akes and floodplains, and therefore to maintain the water-level in sur-

ace water bodies, while the GW stocks continues to drop ( Lesack and

elack, 1995 ).The first maps of seasonal amplitude of subsurface ( SM

nd GW ) and GW storages from October 2003 to September 2010, and

heir associated deviations are shown in Fig. 6 . They exhibit quite simi-

ar spatial distributions with lower seasonal amplitude for the GW com-

onent ( Fig. 6 a and b) but a larger deviation ( Figs. 6 c and d). Maps

f annual amplitude and associated standard deviation are presented in

ig. S6 for SW and SM storages. The spatial patterns of seasonal ground-

ater changes, averaged over October 2003- September 2010, revealed

hat the largest storage variations (greater than 450 mm) are located in

entral Amazonia, between 65°W and 55°W, and 0° and 7.5°S, in the

ownstream parts of the Solimões, Negro and Madeira sub-basins, and

he upstream part of the Amazon where extensive floodplains are located

 Fig. 4 c and Fig. S3 for the spatial distribution of the floodplains in the

mazon Basin). It corresponds to the Amazon sedimentary basin, where

he Alter do Chão and Iça aquifers are located (see Fig. S6 for their

ocations). The largest inter-annual variability is also observed in the

mazon central corridor along the mainstem, from Tabatinga (69.9°W,

.25°S) to Obidos (55.68°W, 1.92°S) ( Fig. 6 d). It can reach 120 mm in

he south of the Amazon mainstem and corresponds to the Alter do

hão and Iça aquifer systems. Important seasonal variations (greater

han 350 mm) are also present in the south (Tapajos and Xingu) and

orth (Negro upstream) eastern parts of the basin. For the latter one,

hey can be related to the Boa Vista aquifer (see Fig. S7 for its loca-

ion). On the contrary, the western part of the basin is characterized by

ower mean seasonal changes (less than 300 mm) even in the upstream

adeira Basin ( Fig. 4 c). In terms of inter-annual variability, a secondary

aximum, centered in 62°W and 15°S, also appears and corresponds to

he Parecis aquifer ( Fig. 6 b and see Fig. S7 for its location), a very porous

nd highly productive aquifer. Our results exhibit similar patterns when
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Fig. 8. Spatial and temporal components of the two first PCA modes of the rainfall estimated from TRMM 3B43 product. The first mode has an explained variance 

of 0.52 (a), and the second one 0.19 (b). 
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ompared to the map of the groundwater resources of Central and South

merica, that provides groundwater recharge estimates, and provided

y the Worldwide Hydrological Mapping and Assessment Programme

WHYMAP, http://www.whymap.org ) from the Geosciences and Natu-

al Resources (Bundesanstalt für Geowissenschaften und Rohstoffe —

GR). Besides, the regions of highest variability correspond to areas

here the porosity of the soil from GLHYMPS ( Gleeson et al., 2013 )

s greater than 25%. We can notice that the porosity decreases along

he Amazon mainstem as does the seasonal amplitude of GW (Fig. S8a)

nd its inter-annual variability (Fig. S8b). 

A principal component analysis (PCA) was finally performed on the

emporal anomaly of Amazon GW storage obtained using the decom-

osition method from October 2003 to September 2010. The two first

odes explained around 85% of the total variance. Their spatial and

emporal components are presented in Fig. 7 . The first mode, that ac-

ounts for 56% of the explained variance, presents a decrease of the GW

torage over the whole period in the southern part of the basin, that is

specially large in the south western part of the Alter do Chão aquifer

 Fig. 7 a). An exceptionally low water storage can be seen in southern

emisphere spring 2005 resulting from the extreme drought of 2005

 Tomasella et al., 2011 ), followed by a large maximum in 2006 due to

he larger than usual flood that occurred this year. Similar observations

ere made on the GWBL derived from radar altimetry along the cen-

ral Amazon ( Pfeffer et al., 2014 ) that showed a large negative anomaly

roundwater base level in 2005 followed by a slow rise from north to

outh starting in 2006. 

On the one hand, positive and negative peaks are also observed in

009 and 2010 corresponding to the exceptional flood and drought that
50 
ccurred those two years respectively. As the maximum of the 2010 was

ecorded in October 2010, its impact on GW cannot completely be ob-

erved in our dataset that stops in September 2010. On the other hand,

he second mode ( 𝜎2 = 0.28) exhibits an increase in groundwater stor-

ge in the north eastern part of the Alter do Chão aquifer ( Fig. 5 b), with

 large peak during the 2006 flood. This is also in good agreement with

he results from Pfeffer et al. (2014) that shows an increase of GWBL

rom north to south. In parallel, PCA is also performed on the temporal

nomaly of rainfall in the Amazon Basin. The first two modes, which

patial and temporal components are presented in Fig. 8 , account for

6% and 19% of the explained variance respectively. Very similar pat-

erns can be observed between the spatial modes of the GW and rainfall

nomalies, with differences that mostly occurred in the western part

f the basin explained by inaccuracies of TRMM rainfall product over

ountainous areas, as already reported in several studies ( e.g. , Mourre

t al., 2016; Satgé et al., 2016; Erazo et al., 2018 ). 

. Discussion and conclusion 

Differences were found in the partition of sub-surface storage in SM

nd GW components between the results presented in this study and

arlier results. Compared with other studies, our results showed a lower

ontribution of the SM to the subsurface storage. The WGHM model is

ne of the only global hydrological models that takes into account all

he different water storage reservoirs on the continents (except ice and

laciers), with its surface reservoir containing a floodplain sub-reservoir.

s a consequence, less water is attributed to SM component than in other

ydrological models (see RRMSE (%) between ISBA-TRIP and WGHM

http://www.whymap.org
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utputs using WGHM as the reference in Fig. S9). Very large differences

an be seen over the Andean part of the basin as well as, generally, along

he rivers where are located the floodplains due to very large values

f SM for ISBA-TRIP. This is due to i) the absence of use of stations

or calibration of the ISBA-TRIP model out of Brazil and ii) the lack

f a floodplain reservoir in the ISBA-TRIP model. This reinforces the

hoice of the WGHM model for simulating the SM reservoir. On the

ther locations, RRMSE is generally lower than 40%. The depth of the

oot zone in WGHM has typical values around 1 or 2 m and may reach

 m for tropical evergreen broadleaf forest ( Müller Schmied et al., 2014 ).

ut, in the Amazon Basin, the root zone can extend to depths greater

han 4 m in the lowland tropical forests ( Nepstad et al., 2004; Markewitz

t al., 2010 ). This could explain a possible underestimation of the SM

omponent causing an overestimation of the GW variations (see Table S1

resenting the depth of the water table for the wells used for comparison

ith our estimates). In the Negro sub-basin, root zone depths up to 5 m

ere estimated during the extreme drought of 2010. Nevertheless, in the

egions where GW storage variations are the largest, a good agreement

as found between our estimates and in situ measurements ( Fig. 3 a and

). 

The monthly maps of anomaly of GW provide a new and unprece-

ented information on the dynamics of water storage in the aquifer of

he Amazon Basin. They suggest that the drought of 2005 induced an

nter-annual anomaly in GW storage visible up to the end of the observ-

ng period in the southwest of the Alter do Chão aquifer ( Fig. 5 a). This

upports the mechanism of persistence of rainfall deficit in the GW stor-

ge ( Bierkens and vand den Hurk, 2007 ). They also help for a better un-

erstanding of the relationship between SW and GW reservoirs. Accord-

ng to the water balance equation, changes in TWS represent, at basin-

cale, the difference between the rainfall, the evapotranspiration and the

unoff (difference between outflow and inflow). In most of headwater

atchments ( i.e. , upstream Solimões Basin, Tapajos, Xingu) changes in

WS against time are dominated by the GW reservoir. TWS and outflow

inus inflow are well correlated ( Frappart et al., 2013b ). This suggests

hat in headwater sub-basins with no extensive floodplains, groundwa-

er is the major contributor to discharge, confirming results from hy-

rological modeling ( Miguez-Macho and Fan, 2012 ). In the other sub-

asins, the contribution of GW to TWS is lower. SW storage is in phase

ith TWS whereas a phase shift of several months is observed with GW

 Fig. 2 and Fig. S2). The time-lags observed between SW and GW need

o be further investigated and could provide important information on

he exchanges (infiltration and seep) between GW and SW . 
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