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Changes in terrestrial water storage vs. rainfall and
discharges in the Amazon basin

Frédéric Frappaitl,2), Guillaume Ramillierf1,2), Josyane Ronchalil (3)
(1) Université de Toulouse, CNRS, IRD, GET-OMP, 14 Avenue Edouard Belin,
31400 Toulouse, France
(2) Groupement de Recherche en Géodésie Spatiale
(3) Université Paris Diderot, LOCEAN, Sorbonne Paris Cité, Paris, France
Abstract: The present study examines how the interannual variability of rainfall
impacts the land water storage in the Amazon basin during the 2003-2010 time span at
monthly time-scale using respectively TRMM and GRACE satellite observations.
Monthly estimates of GRACE-based terrestrial water storage are compared to (i)
TRMM rainfall, (ii) in situ discharges at the outlet of the major sub-basins of the
Amazon over 2003-2010 to characterize the redistribution of precipitation on land
water. The time-variations of land water storage derived from GRACE are consistent
with those of rainfall and discharges at basin and sub-basin scales even, at interannual
time-scale (correlation generally greater than 0.7). The study of the relationship between
these two quantities reveals large differences in terms of rainfall amount, water storage,
time delays, resulting of the water transport among the sub-basins of the Amazon. The
analysis of GRACE data has permitted to identify the signature of the recent extreme
climatic events (droughts of 2005 and 2010, flood of 2009) on the land water storage, in
terms of spatial patterns and intensity. These results are in good agreement with what
was observed on independent datasets (water levels and discharges, vegetation activity,
forest fires, drought index), highlighting the interest of gravimetry from space missions

for the characterization of the interannual variability of the terrestrial water storage.



GRACE data offer the unique opportunity to monitor the hydrological cycle in

ungauged basins where reliable observations of rainfall and discharges are missing.
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1. Introduction

During the past few years, the Amazon basin experienced a succession of extreme
hydrological events characterized by two severe droughts in 2005 and 2010, and a large
inundation in 2009. Recent studies started to study these phenomenon, their causes and
impacts on the Amazonian hydrosystem and ecosystems by analgzsity and
satellite measurements of water levels, discharges, and rainfall, and relating them to
changes in climatic conditions (Marengb al, 2008a; 2008b; Saleslkat al, 2008;
Zenget al, 2008; Philippset al, 2009; Asneet al, 2010; Espinozat al, 2011; 2012

Lewis et al, 2011; Marengcet al, 2011; Tomasellaet al, 2011 Xu et al, 2011,
Marengoet al, 2012; Frappart et al., 2012).

However, these studies give an incomplete view of the terrestrial water cycle as they are
based either on the analysisiofsitu gauge records of water levels and discharges, or
on remotely-sensed observations of rainfall and vegetation activity. Direct information
on the impact of extreme events on storage in important hydrological reservoirs of the
Amazon basin such as its extensive floodplains and the aquifers is still lacking.

The Terrestrial Water Storage (TWS), which represents an integrated measurement of
the water stored in the different hydrological reservoirs, is the sum of the surface water,
root zone soil water, snowpack at high latitudes and groundwater. It represents a
valuable indicator of the changes that occur in hydrological conditions globally and at
basin scales. Nevertheless, TWS is difficult to measure due to the lack of coimplete
situ observations of the terrestrial hydrological compartments.

The Gravity Recovery And Climate Experiment (GRACE) mission, launched in 2002,
detects tinychanges in the Earth’s gravity field which can be related to spatio-temporal

variations of TWS at monthly or sub-monthly time-scales (see Ramétiet, 2008;



Schmidtet al, 2008; Frappart and Ramillien, 2012 for reviews). Previous studies based
on GRACE data provide important information on changes in TWS over the Amazon
(Crowley et al, 2008; Papat al, 2008; Cheret al, 2009; 2010; Xavieet al, 201Q
Frappart et al., 2012) or its largest tributaries as the Negro River (Frapp&rt2008;
2011a).

In this study, we propose to analyse the variations of the TWS based on the systematic
observations provided by the GRACE mission at basin and sub-basin, and monthly time
scales, as well as to correlate them with both rainfall from TRMMirasdu discharge
measurements at the outlet of the major sub-basins of the Amazon over the period 2003-
2010. Hence, we are able to characterize the redistribution of the rainfall forcing on
TWS. We focus our attention on the interannual variations of the maxima and minima

of TWS, and respectively relate them to drought and flood events.

2. Datasets and methods

2.1 TRMM 3B43 monthly rainfall

In this study, we used the 3B43 TRMM and other data sources monthly rainfall at a
spatial resolution of 0.25° from January 1998 to December 2010. This dataset is
obtained by combining satellite information from passive microwave imager (TMI) and
precipitation radar (PR) onboard the Tropical Rainfall Measuring Mission (TRMM), a
Japan-US satellite launched in November 1997, the Visible and InfraRed Scanner
(VIRS) onboard the Special Sensor Microwave Imager (SSM/I), and rain gauge
observations. It results from the merging of the 3B42 TRMM-adjusted merged infrared
precipitation with the monthly accumulated Climate Assessment Monitoring System or
Global Precipitation Climatology Center Rain Gauge analyses (3S45) (Hufiebahn

1995; 2007). Even if this product overestimates low rainfall, and underestimates large



rainfall (Aragadet al, 2007) and precipitation over mountainous areas (Laeadi,

2009; Condonet al, 2011), it has been frequently used for large-scale climatic studies
over the Amazon basin (Salesiaal, 2007; Philippset al, 2009; Lewiset al, 2011). It

is available on the Goddard Earth Sciences Data and Information Services Center (GES

DISC) websitehttp://daac.gscf.nasa.gov

2.2 Level-2 GRACE-derived water mass anomalies

The Gravity Recovery And Climate Experiment (GRACE) mission, launched in March
2002, provides measurements of the sp@tigporal changes in Earth’s gravity field.

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 (Ramefliet, 2008;
Schmidtet al, 2008; Frappart and Ramillien, 2012) with an accuracy of ~1.5 cm of
equivalent water thickness when averaged over surfaces of a few hundred square-
kilometres. In this study, we used equivalently monthly GFZ, UTCSR and JPL solutions
from February 2003 (data are missing for January 2003) to December 2010 in order to
analyse the time variations of the water mass changes in the Amazon basin.
Unfortunately, the GRACE solution suffer from the presence of an unrealistic high
frequency noise corresponding to north-south striping that is caused by orbit resonance
during the Stokes coefficients determination and aliasing of not well-modelled short-
term phenomena. To attenuate the noise in the Level-2 GRACE solutions, we used the
global solutions post-processing by an Independent Component Analysis (ICA)
approach based on the combination of GFZ/UTCSR/JPL solutions of the same monthly

period to isolate statistically independent components of the observed gravity field, and


http://daac.gscf.nasa.gov/

mainly the continental water storage contribution (Frappart et al., 2010; 2011a). These

data can be downloaded http://grgs.obs-mip.fr

2.3 Delineation of the Amazon sub-basins

We used the watershed delineation for the Amazon sub-basin systems based on
GTOPO30 DEM and a drainage network extracted from JERS SAR images from Seyler

et al. (2009), available on the ORE HYBAM portaht{p://www.ore-hybam.orgto

build masks at 0.25° of spatial resolution of the largest sub-basins of the Amazon. We
decomposed the Amazon drainage system into 8 large drainage areas (larger than
400,000 km? to be compatible with the low spatial resolution of the GRACE data, see
Table 1)- Andean encompassing Ucayali and Marafion flowing from the south, the
Japura and the Ica flowing from northwest, Solimées, Mamoré, downstream Madeira,

Negro, downstream Amazon, Tapajos, and Xingu basins; they are presented in Figure 1.

2.4Time series of monthly discharges

Time series of monthly discharges for the major sub-basins studied here are obtained
from either the Hybam observatory or from the Brazilian water agency or Agencia
Nacional de Aguas (ANA). For some stations, data are missing for a few months during
2002-2011. They are linearly interpolated to obtain complete time series of monthly
discharges. No data are available in Altamira (Xingu River) after February 2009. As no
discharge are measured in Manaus, the time series of river discharge is obtained by
difference between the monthly discharges in Jatuarana, the first station in the (Lower)
Amazon River, and Manacapuru, the station at the outlet of the Solimbes (see Figure 1).

Details about discharge stations can found in Table 2.


http://grgs.obs-mip.fr/
http://www.ore-hybam.org/

2.5Palmer Drought Severity Index
The Palmer Drought Severity Index (PDSI) is the most used index for the
characterization of a meteorological drought. It allows the estimate of the cumulative
departure (relative to local mean conditions) in atmospheric moisture supply and
demand at the surface incorporating antecedent precipitation, moisture supply, and
moisture demand into a hydrological accounting system @aal, 2004). It is
computed over global land areas using observed or model monthly surface air
temperature, and precipitation, plus other surface forcing data for computing potential
evapotranspiration from Penman-Monteith approach (the surface net radiation,
humidity, wind speed, and air pressure) (Dai, 2011). Here, we use the monthly grids of
October 2005 and October 2010 from the monthly self-calibrated PDSI with Penman-
Monteith potential evapotranspiration at 2.5° of spatial resolution over the period 1870-
2010 to validate the GRACE-based estimates of TWS during the droughts of 2005 and
2010. They are made available by Btal.(2004) at:

http://www.cqd.ucar.edu/cas/catalog/climind/pdsi.html

2.6 Time series of monthly rainfall and TWS
For a given montl, the average rainfall{VSrespectively) in a basin with surface area
S,is simply computed from the rainfall (respectively the water heigigsywith j = 1,
2, ..., expressed in mm/month (respectively mm of equivalent water height) iBside

and the elementary surfaBg¢ sing;oA06 (Ramillienet al, 2006):

N(t) = %?Zh(/lj ,0,,1)sin6, 5160 (1)

€S


http://www.cgd.ucar.edu/cas/catalog/climind/pdsi.html

where/; andg; are longitude and co-latitudé&}, andoJé are the grid steps in longitude

and latitude (generall§i= 60), andR. the mean radius of the Earth (6371 km).

2.7 STL decomposition
The time-series of monthly rainfall and TW§(t)) are decomposed into series into
trend (T (t)), seasonal§(t), and residualK(t) components using the non-parametric
STL approach (Clevelaret al, 1990):

h(t) = T(t) + S(t) +R(t) (2)

The STL method, based on locally weighted regression, is a robust and computationally
efficient approach commonly used for detecting non-linear patterns in trend estimates.
This iterative method consists of two recursive procedures nested one into another, and
referred as inner and outer loops. The trend and seasonal estimates are recursively
determined into the inner loop using smoothing techniques such as locally weighted
regression and low pass filtering (consecutive averages) at each iteration. Robustness
weights are estimated in the outer loop are used in the next run of the inner loop to
reduce the influence of outliers in the computation of the trend and seasonal signals.
This method was recently applied to the GRACE data for the characterization of the
interannual variability of the Greenland mass balance (Bergrearah, 2012. The
values of six parameters has to be chosen to start the STL decomposition: the number of
observationsN), the number of observations for each annual cyg)e the number of
passes in the innem;f and in the outem) loops, the smoothing parameters for the low-
pass filter ), the seasonal componeng)( and the trendx). The two first are given by
the length of the time series and its sampling frequency. 1@ andn,=12. To

reach the convergence of the method, we chegeandn,=5 following Cleveland et al.



(1990) suggestions. The low-pass smoothing parameter is chosen to be equal to the least
odd integer greater than or equahtoIn this studyn=13.nsis an odd integer that has

to be greater than 6. Because of the monthly resolution of the datasets, wassh8se
Finally, n; needs to be greater or equal than the least odd integer respecting this

threshold:

Here, we chosas=51.

2.8 Standardized anomaly indesof rainfall and TWS

The rainfall standardized anomaly index was defined by Lamb (1982) to study long

term rainfall variations:

(4.6)

))' |

where R(4,,6,,t) is the annual or the seasonal rainfall at grid element of coordinates (

| (1) = (4)

18 R(4.0.1) -
n

R
i=1 o R(& !gi

4.6;) for yeart, R(A,6) and o(R(4,6,)) are the annual or the seasonal average and

standard deviation over the reference periodafgrid element {i.2:), respectively,

andn is the total number of grid elements used in the computation.

In this study, this index was computed at regional, and pixel scale using the 3B43
monthly TRMM-derived gridded rainfall over the 2003-2010 period for the wet and dry
seasons. Regions (north and south Amazonia), and seasons (wet and dry) were defined
following Marengo et al. (2011): north Amazonia (respectively south Amazonia)
corresponds to latitude greater (respectively lower) than 7.5° S, and the rainy season
lasts from February to May (FMAM) in the north and from December to March (DJFM)

whereas the dry season lasts from July to October (JASO) for both north and south.



Similarly, the TWS standardized anomaly index was defined using the GRACE data:

|et) = & Z”: ex{(TWS4,,6,.1)) - ex{TWS4,6,))

& olex(TWS4.0)) ©

where ex{ TWS(4, ,6,,t)) is the extremumi.g., minimum or maximum) of TWS at grid

element of coordinatesi(. ;) for yeart, ex{iTWS 4 ,6,)) and o(ex{TWS(4,,6,))) are

the average and standard deviation of the extremum of TWS over the reference period

for a grid element4i-&:).

3. Results and discussion

3.1Basin and regional scale changes in rainfall and TWS

Time series of monthly average rainfall from TRMM 3B43 and GRACE-derived TWS
over 2003-2010, as well as the corresponding interannual trends computed using the
STL approach are respectively presented on figures 2a and 2b for the Amazon basin and
on figures 3 and 4 for its 8 major sub-basins. They are characterized by absgead

cycle at basin-scale that reaches ~400 mm, but also exhibit important interannual
variability corresponding to the extreme climatic events that occurred during the past
few years. The signature of the drought of 2010 clearly appears on the interannual trend
profiles of TWS and rainfall at basstale, but not the ones of the drought of 2005 and
the flood of 2009 (Figures 2a and 2b). The exceptional drought of 2010 is caused by a
huge decrease in the monthly rainfall occurring between 2008 and 2010 (-175 mm
during this period).

Large contrasts are observed among the sub-basins, both in terms of amount of rainfall

and amplitudes of TWS, and interannual variations (Figures 3 and 4). Decreases of

10



rainfall starting in 2004 and responsible for the drought of 2005, are observed in the
interannual trends on the south-central (Solim&es and Lower Madeira) and south-eastern
parts (Lower Amazon, Tapajos, Xingu), whereas a large decrease starting in 2009 is
present over all the sub-basins, causing the drought of 2010 (Figure 4). On the contrary,
the increase of rainfall that started in 2008 was responsible for the flood of 2009 in all
the sub-basins with exception of the Andean and the Negro sub-bakinsas
computed from the TRMM 3B43 monthly rainfall for both north (7.5°S < latitude <
5°N) and south Amazonia (20°S < latitude < 7.5°S) during the wet (FMAM in the north
and DJFM in the south) and dry (JASO for both regions) over the period 2003-2010
(Figure 5). Similarly,ltws was computed from GRACE solutions for maximum and
minimum of the water cycle (Figure 6). They both help in determining the intensity of
the event. The drought of 2005, which affected an area of 1.9 million km? (kewadis

2011), is characterized by large negative values ofghe south Amazonia for both
seasons, and a smaller negatiyealue in north Amazonia during the dry season, as
well as large negative values bfys for north and south Amazonia during the low
waters. Above normal rainfall observed over north and south (respectively north)
Amazonia are responsible for the flood of 2006 (2009), characterizathlyye positive
anomaly oflrwsduring high waters. The drought of 2010 (affecting an area of about 3.0
million km?2), with the largst negative anomalies of botlr and I+ws during the dry
season for north and south Amazonia over the observation period, can be considered as
widespread and extreme climatic events.

For all the sub-basins located or mostly located in Southern Anaazlo@ minimum of

TWS anomaly occurs in September-October 2010, whereas for the Negro and the

Lower Amazon basins, located in Northern Amazonia, it occurs in December 2009-

11



January 2010. This is consistent with the recorih gitu gauge stations in Tamshiyacu

— upper Solimdes (Espinozt al, 2011) and Manaus Negro (Marengbal, 2011),
assuming that surface storage represents a large part of the TWS. This assumption is
confirmed by previous studies showing that surface water st@asgstimated using
remote sensing techniques represents a half of TWS in the Negro basin (Feappart
2008; 2011a), and in the whole Amazon basin (Framgtaat, 2012). It also agrees well

with previous analysis of GRACE data and GLDAS/NOAH outputs showing that (i) the
TWS is equally partitioned between surface and sub-surface reservoirs and soil water
(Han et al, 2009), and (ii) modeling results from ensemble hydrological simulations
with river routing which found that surface water and shallow groundwater represent
73% of the TWS in the Amazon basin (Kehal., 2009). Contrary to what can be seen

on rainfall, the signature of the other large climatic events does not appear so clearly
neither on the TWS time-series nor on the associated interannual trends at sub-basin
scale.

Monthly rainfall are highly correlated to monthly anomalies of TWS at basin and sub-
basin scales (r>0.78 for all the basins, except for the Andean basins where r=0.68) due
to large seasonal variations (Table 3). The lower correlation value in the case of the
Andean basins can be accounted for the poor accuracy of TRMM 3B43 product over
mountainous areas located in these basins (Lagadb, 2009; Condoret al, 2011).
Changes in rainfall induce variations in TWS with a delay of two months for most of
the sub-basins, except the Negro River basin where the time lag is of one month (Table
3), and a delay of two or three months at interannual time-scale. These delays
characterize the transport processes in the hydrographic network slowed down by the

residence of water into the extensive floodplains present in the Amazon basin. The

12



phase differences between monthly rainfall and TWS anomalies are presented in Figure
7. The hydrological regime of the sub-basins is characterized by a strong hysteresis. For
all the basins mostly located in the southern hemisphere (Figures 7a to f), the minimum
(respectively maximum) of the rainfall is from July to September (respectively from
January to March). For the Negro and the Lower Amazon basins, located on both
hemispheres the temporal location of extrema is more variable. Minima (respectively
maxima) are occurring between September and February (April and July) in the Negro
basin, and between August and November (February to Mathe Lower Amazon

basin (Figures 7g and h).

A similar behaviour is observed 2 months later on the TWS for all the sub-basins
(except the Negro basin where the time-lag is of 1 month). These hysteresis cycles
present a strong interannual variability, especially in the basins with extensive
floodplains {.e., downstream part of the Andean basins, Solimdées, Mamoré, Negro,
Lower Amazon) where time residence of the water in the floodplains is highly
dependent on the interannual variability of the rainfall, and in the Andean basins where
the rainfall is not correctly estimated over mountainous areas.

A generally good agreement is found between TWS and river outflow-inflow at basin
scale (R0.8 except for the Negro basin where R=0.72, see Table 4). This lower
agreement is maybe due to the fact that river discharges at the outlet of the Negro are
not measured but too simply reconstructed as the difference between discharges
measured in Jatuarana (inlet of the Lower Amazon) and Manacapuru (outlet of th
Solimdes), generating uncertainties. TWS precedes river discharge of one month for the

whole basin andato months for the Solimdes.€., the major tributary to the Amazon),
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is in phase for the Andean basins, the Lower Madeira, and the Xingu, is delayed of one
month for the Negro, the Tapajos, and the Lower Amazon (Table 4).

At interannual time-scale, high correlations are also observed for most of the sub-basins
(R>0.85 and R=0.76 for the Negro basin), except for the Lower Amazon (R=0.63) and

the Lower Madeira (R=0.59) (Table 4 and Figure 8). The lower correlations for these
two latter sub-basins can be explained the locations of the discharge stations, several
hundred kilometres downstream the inlet of the Lower Madeira in the case of Porto
Velho, and 1,500 km upstream the mouth of the Amazon in the case of Obidos. In these
two cases, a large part of the basin is neglected, which can explain the low correlation
values.

Time shift between TWS and discharge varies from one month of advance to two
months of delay (Table 4). These differences in timing can be related to the presence of
floodplains in the sub-basins. For sub-basins covered with extensive floodplains
(downstream part of the Andean basins, Solimdes, and Mamoré), surface water is
dominating TWS and the water is delayed. So the time shift is positive or equal to zero
in the case of the Mamoré due to the relatively small area of this sub-basin and the
location of the discharge station several hundred kilometres downstream its outlet. The
exceptions are the Negro and Lower Amazon basins likely due to the aforementioned
problems of reconstructed river discharge and location of the gauging station. On the
contrary, for the Tapajos and Xingu rivers, the runoff is not delayed through
floodplains, so peak of discharge can occur before the peak of TWS.

In Figure 8, presenting the interannual variations of rainfall, TWS and discharges in the
different sub-basins of the Amazon, peaks of TWS and discharges are generally in

phase. For sub-basins covered with extensive floodplains (except the Negro), minima of
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discharge occur before the minima of TWS due to the stay of water in the floodplains
(Figures 8D, c, g, h). Large differences can be noticed between rainfall and the other
hydrological variables in 2006 and 2009 in the Andean basins (Figure 8a) at interannual
time-scale. If the previously mentioned poor accuracy of satellite-derived rainfall over
mountainous areas can account for these discrepancies, other factors can also be
mentioned. The so-called Andean basins are composed of different basins (Marafion,
Ucayali, Putumayo, and Japura) with different hydrological behaviours. They were
grouped in this study because of their individual limited spatial extension with respect
to the spatial resolution of GRACE products. Anomalies of rainfall or in timing of
rainfall in one or several sub-basins can be responsible for concordances occurring
downstream that can cause floods large enough to be detected by GRACE or to have a
signature in river discharges as in 2009, or lack of simultaneities with the opposite

effect as in 2006.

3.2 Spatio-temporal variations of rainfall and TWS

Maps of standardized anomaly of rainfall index were computed using TRMM 3B43
rainfall product over 2003-2010 for the wet (Figure 9) and the dry seasons (Figure 10).
The drought of 2005 was preceded by at least three years (2003 to 2005) of low rainfall,
especially during the wet season, over the whole basin, with a minimum for 2003
caused by El Nifio phenomenon, and a little recovery in 2004 due to warmer conditions
in Central Pacific (Zenget al, 2008). The negative anomalies of the standardized
rainfall index were located over a large part of the basin, except the north-west and the
southernmost part during the 2005 dry season, contrary to the situations in 2003 and
2004 where the negative anomalies are present over smaller regions. Its impact on TWS

can be seen on maps of standardized anomaly of TWS index for the high (Figure 11
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and low stages (Figure 12) of TWS-derived from GFZ ICA-400 km over the same time
span. Low maxima of TWS were observed over the eastern part of the basin in 2003 and
almost all the basin except the Tapajos and the Xingu in the south east, and the Japura
and Uaupés in the northwest in 2004, and the south of the basin in 2005. If low minima
of TWS are present in some areas in the north (Uaupés and Branco, the largest
tributaries to the Negro in 2003, Japura and Uaupés in 2004) and the Mamoré in 2003
and 2004, a large region in the south, encompassing the Marafion basin (Peru), the
Solimbes, the Madeira (Mamoré and Lower Madeira), and the central corridor of the
Amazon river exhibit large negative anomalie$Qfsin 2005.

Year 2006 was characterized by above normal rainfall, especially in the north.eest (
Japura and Ica basins), the wes.(Uaupés basin) and the nortle( Branco basin) of

the Negro basin, and the downstream part of the Lower Madeira, with the exception of
the southern tributaries of the Solimdes Riviex.,(Purus, Jurua, and Javari) for both
rainy and wet seasons. On the contrary, 2007 was a dry year over the whole Amazon
basin, with the exception of the Mamoré basin in the south, the north of the Negro basin
during the wet season, and the western part of the Solimbes and the north of the Negro
during the dry season. Extremum of TWS were above normal in the east and the centre
of the basin in 2006, and mostly negative in 2007, except the Mamoré, the Andean
basins and the Negro River during high water season, the upstream part of the Solimdes,
and the downstream Amazon during low water season. The maxima of TWS exhibit
zonal patterns in 2007 which are not present in the wet season rainfall.

Ir presents large positive anomalies over the Andean basins, the Mamoré and the south
of the Tapajos and the Xingu and negative spots over the central part of the basins

during the wet season, and large positive anomalies at the junctions of the Solimbes,
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Negro, and the Madeira and over the downstream part of the Lower Amazon in 2008.
Maxima of TWS are very high in the Mamoré and the Tapajos, and the north of the
Negro (Branco) and Lower Amazon, and low in the west of the Negro (Uaupés) during
the rainy season, and minima are high in the north, and low in the south, especially in
the southwest during the dry season.

Above normal (respectively below normal) rainfall are recorded along the central
corridor, the Solimdes and the west of the Mamoré, and the centre of the Andean basins
(the north and the south of the basin, especially in the Branco, the south of the Mamoré,
of the Tapajés, and of the Xingu) during the 2009 wet season. For the dry season,
positive anomalies dfz are present in the south central and eastern parts, and negative
ones especially in the north east and centre. As a consequence, very high maxima of
TWS are observed over most of the basin, except above 0° and below 15° S. The
minima of TWS are above normal in the south, and below normal in the north.

2010 is characterized by large negative anomalies of both rainfall and extremum of
TWS over the central corridor during the rainy season and almost the whole basin
during the wet season, with the exception of the north of the lower Amazon.
Correspondences are found between spatial patterns of rainfall during the wet
(respectively dry) season and TWS for high (respectively low) waters, owing that a part
of the differences between the two quantities can be attributed to runoff. In 2005, a large
decrease in rainfall during the wet season (following two years of low rainfall) affected
the south western part of the Amazon basin (Figure 9a, b and c), as reported by
Marengoet al. (2008b), which caused low maxima of TWS in the Mamore, and the
upstream parts of the Solimbes, the Lower Madeira, and the NEgese negative

values of thdrwsfor the maximum of the high water season (Figure afe consistent
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with lower-than-the-mean discharges observed in the upper Solimbes, the southern
tributaries of the Solimées (Purus and Jurud), the Japurd, and the upstream of the Negro
(Marengoet al, 2008a; Zengt al, 2008; Tomasellat al, 2011). Positive and close to

0 values ofirws (Figure 11 respectively found in the centre and the east of the basin
are in good agreement with above the mean and close to the mean discharge values
recorded in the middle and downstream Amazon (Tomasedh 2011), and the water

levels in Manaus (-60.01°, -3.11°) which were 1-2 m above normal from January to July
2005 (Marengeet al, 2008a). The spatial patterns of ITWS are also in good agreement
with patterns of anomalies of surface water storage obtained using multisatellite
observations during the 2005 drought ( Frapptsi, 2012).

The above normal rainfall that occurred from November 2008 to April 2009 along the
central corridor of the Amazon (Figure 99g), where the rainfall are the largest (Figueroa
and Nobre, 1990; Sombroek, 2001), were responsible for very high water levels (see for

instance the gauge records from ORE HYBAM availablettat//www.ore-hybam.org

over a large portion of the Amazon basin (Mareegal, 2012), causing large floods.

The signature of these floods can be seen in Figure 9g with large positive anomalies of
annual maxima occurring over the whole basin except the Caqueta (Colombia) and the
Branco (northern tributary of the Negro) in the north, and the south of the Mamoré, of
the Tapajos, and the Xingu. These maxima were especially lrigh>1.5)all along

the Solimbes-Amazon mainstem and the downstream Negro, where are located the
extensive floodplains, showing the importance of the storage in these hydrological
reservoirs during the high water, as already reported by Fragipatt(2008; 2011a

2012).
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In 2010, a large deficit of precipitation during the rainy season was observed in almost
all the region between 0° and -10° of latitude (Figure 9h). This is consistent with what
was observed at raingauges in the upper Solimdes (Espetoas, 2011). As a
consequence,rws for the annual maximum presents low values in the north of the
Andean basins, and all along the Solimdes-Amazon corridor, the southern tributaries of
Solim&es, Negro, the downstream of the Tapajoés and Xingu (Figure 11h). Lower than
normal discharges and water levels recorded in several locations of the Amazon basin
during the high waters period (see for instance Espimdzal, 2011 in the upper
Solimdes) account for a low water storage in the surface reservoir which strongly
impacted on the TWS measured by GRACE.

Minima of TWS give valuable information on the spatial distribution of gain and loss of
water in the soil, and, consequently, on aquifer recharge. The spatial patterns of extrema
of annual deviation of the minimum of TWS (Figure t@rrespond to regions of large
aquifer recharge according to the map of groundwater resources of Central and South

America made available by the WHYMAP projedtittp://www.whymap.orly Their

time variations also agree well with other hydrological and ecological parameters. For
instance, the large negatilig values observed in the centre and the east of the basin
(Figure 10¢ in 2005 were followed by very low minima of TWS over the whole basin
except the northwest of the Negro, and the south of the Xingu (Figure ld2sju
measurements of water levels and discharges exdsimtilar spatial distribution of the
drought intensity (Marenget al, 2008a; Zenget al, 2008; Tomasellat al, 2011).

Very similar spatial patterns can be seen comparingthefor the minima in 2005

with the PDSI of October 2005 (Figure 13a and b). Besides, regions of important tree

mortality reported by Philippst al. (2009) and large fire activity (Araga al, 2007;
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Zenget al, 2008), coincide with the spatial patterns observed of minima of TWS. On
the contrary, no direct relationship between extreme drought and vegetation activity can
be established as previously observed with the rainfall (Saé¢sda 2007; Samantat

al., 2010).

The 2010 dry season was the driest of the period withlfovalues all over the basin
except the downstream part of the Lower Amazon (Figure 10h), causing very low
minima of TWS on most of the Amazon basin (Figure)1Zhese results are consistent
with the extreme minima of water levels recorded all over the basin, as in Tamshiyacu
in the upper Solimdes (Espinoza et al., 2011), Manaus in the outlet of the Negro River,
Obidos at the confluence of the Amazon and the Tapajés (Maetrajp 2011), or at

other locations of the Amazon Basin (see the ORE HYBAM welisitg://www.ore-

hybam.ord. The drought of 2010 was more severe than the one of 2005 with PDSI

values corresponding to severe (-3<PDSI<-4), extreme (-4<PDSI<-5), and exceptional
(PDSI<-5) over the western and the southern part of the basin, coinciding with the
lowest minima of TWS (Figure 13c and d). The spatial patterns of the relative deviation
of annual minimum of TWS also agree well with patterns of tree mortality in the south

(see Lewiset al, 2011), and the widespread decline of greenness reported by alu

(2011) in the south and the west of the basin.

4. Conclusion

This study provides the first analysis of the changes affecting the TWS under the recent
extreme climatic events that occurred in the Amazon basin between 2003 ané 2010.
good agreement (with correlation coefficient generally greater than 0.8) was found

between the seasonal and the interannual variations of rainfall from TRMM 3B43
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product and GRACE-based TWS at basin and sub-basin scales. The variability of the
land water storage measured by GRACE is consistent with what was observed using
independent data at interannual time-scale and sub-basin spatial-scale. In particular, the
spatial patterns observed in the extrema of GRACE-derived TWS are consistent not
only with the ones from TRMM monthly rainfall product (this study), but also with
hydrological and ecological parameters (previous studies mentioned above and this
study), such am situriver levels and discharges, anomalies of surface water maps and
vegetation indexes, tree mortality, fire counts, and with PDSI. This study provides
important information concerning the response of TWS to rainfall forcing at basin and
sub-basin scaled.€., the water mass storage in the hydrological reservoirs and its
transport through the drainage system). Lags between the time variations of rainfall and
TWS, and of TWS and rivers discharges show differences in terms of hydrological
behaviour among the sub-basins related to the presence or the lack of extensive
floodplains along the mainstems. Similar spatial patterns were found between rainfall
and TWS at seasonal time-scale, especially for the extreme climatic events (droughts of
2005 and 2010, and flood of 2009).

These results highlight the capability of low-orbiting time-variable gravimetry missions
to detect the interannual variability of land water storage and the signature of extreme
climatic events such as floods and droughts. GRACE-based TWS data provide a unique
source of information for the study of the hydrological cycle in ungauged basins where
reliable observations of rainfall and discharges are missing. With the trecen
development of new methodologies to constrain regionally the recovery of continental

water time-variations using GRACE data (Ramillegral, 2012), improving the quality
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of the TWS estimates, finer-scale studies will be undertaken to characterize the

relationship between rainfall and land water storage.
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Tables

Tablel: Area of the Amazon basin and of the 8 sub-basins.

Basin Area (km?
Amazon 6,003,50(
Andean basins 1,221,00t
Solimobes 1,027,60(
Mamoré 917,50(
Lower Madeira 443,70(
Negro 736,90(
Tapajos 463,30(
Xingu 501,40(
Lower Amazon 680,70(
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Table 2 : Locations and availability of thie situ discharge stations used in this study.

Station Longitude (°)Latitude (°Basin Availability Source
Tabatinga  -69.952 -4.253 Andean basins 01/2002-07/201 Hybarr
Manacapuru -60.609 -3.316 Solimdes 01/2002-07/201 Hybarr
Porto Velho -63.9460 -8.7997 Lower Madeire 01/2002-07/201 Hybarr
Fazenda Viste-60.026 -4.898 01/2002-07/201

Alegre Lower Madeire Hybamr
Jatuarana  -59.643 -3.062 Lower Amazot 01/2002-07/201 ANA
Itaituba -55.982 -4.278 Tapajos 01/2002-07/201 Hybarnr
Altamira -52.03 -3.03 Xingu 01/2002-02/20C ANA
Obidos -55.6753 -1.9225 Lower Amazot 01/2002-07/201 Hybarr
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Table 3: Maximum correlation between monthly rainfall from TRMM 3B43 and
GRACE-based monthly anomalies of TWS post-processed using a Gaussian filter of
400 km of radius and ICA approach from GFZ and the corresponding time-lags in
months. p-values are lower than 0.01 for all the basins.

Basin Maximum correlation betweel Corresponding time-lag

rainfall and TWS (months)

and 95% confidence interval
Total Interannual Total Interannual

Amazon 0.93 0.81 2 3
(0.90-0.95) (0.73-0.87)

Andean basins 0.68 0.47 2 3
(0.56-0.79) (0.29 - 0.61)

Solimobes 0.92 0.91 2 3
(0.88 -0.94) (0.86 - 0.93)

Mamoré 0.88 0.67 2 3
(0.83-0.92) (0.54-0.77)

Lower Madeira 0.91 0.82 2 2
(0.87 -0.92) (0.75-0.88)

Negro 0.78 0.74 1 2
(0.69 - 0.85) (0.63-0.82)

Tapajos 0.88 0.76 2 3
(0.82-0.92) (0.65-0.83)

Xingu 0.87 0.77 2 3
(0.81-0.91) (0.66-0.84)

Lower Amazon 0.89 0.83 2 2
(0.84 - 0.93) (0.75-0.88)
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Table 4: Maximum correlation between GRACE-based monthly anomalies of TWS
post-processed using a Gaussian filter of 400 km of radius and ICA approach from GFZ
and the difference between river discharges inflow and outflow the corresponding time-
lags in months. p-values are lower than 0.01 for all the basins. * Monthly discharge in
Manaus has been computed as the difference monthly discharges in Jatuarana and

Manacapuru.
Basin River Maximum correlation between Corresponding
Inflow- TWS and discharge and 95% time-lag (months)
Outflow confidence interval
Total Interannual Total Interannual
Amazon up to Obidos 0.96 0.94 1 1
(0.93-0.97) (0.92-0.96)
Andean basins up to 0.88 0.87 0 1
Tabatinga (0.83—0.92) (0.81-0.91)
Solimbes Tabatinga - 0.89 0.95 2 1
Manacapuru (0.84-0.93) (0.95-0.97)
Mamoré up to Porto 0.97 0.95 0 0
Velho (0.96-0.98) (0.92-0.97)
Lower Madeira Porto Velho - 0.91 0.59 0 0
Fazenda  (0.87-0.94) (0.44-0.71)
Vista Alegre
Negro up to 0.72 0.76 -1 -1
Manaus* (0.60 - 0.80) (0.65-0.83)
Tapajos up to Itaituba 0.92 0.89 -1 -1
(0.89-0.95) (0.84 -0.93)
Xingu up to 0.90 0.85 0 -1
Altamira (0.85-0.94) (0.77 - 0.90)
Lower Amazon Obidos - 0.80 0.63 -1 -2
Jatuarana (0.81-0.91) (0.49-0.74)
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Figures

Figure 1. Map of the Amazon basin and of its 8 sub-basins: Andean basins (dark blue),
Negro basin (dark green), Solimdes (grey), Mamoré (light green), Lower Madeira
(yellow), Lower Amazon (orange), Tapajos (red), Xingu (brown)situ stations of

river discharges are located using black circles (Manaus is underlined as no
measurement is achieved here, but monthly discharges were reconstructed for the Negro
basin by difference between discharges in Jatuarana and Manacapuru).

Figure 2: Times series of a) monthly rainfall from TRMM 3B43, and b) GRACE-
based TWS post-processed using a Gaussian filter of 400 km of radius and ICA
approach from CSR (blue), GFZ (green), and JPL (red), and associated interannual
trends from STL decomposition (dotted lines), from 2003 to 2010 over the Amazon
basin.

Figure 3: Times series of monthly rainfall from TRMM 3B43 and associated
interannual trends from STL decomposition (dotted lines), from 2003 to 2010 over a)
Andean basins, b) Solimbes, c) Mamoré, d) Lower Madeira, e) Tapajos, f) Xingu, g)
Negro, and h) Lower Amazon sub-basins.

Figure 4: Times series of monthly rainfall from GRACE-based TWS post-processed
using a Gaussian filter of 400 km of radius and ICA approach from CSR (blue), GFZ
(green), and JPL (red), and associated interannual trends from STL decomposition
(dotted lines), from 2003 to 2010 over a) Andean basins, b) Solimdes, ¢) Mamoré, d)
Lower Madeira, €) Tapajos, f) Xingu, g) Negro, and h) Lower Amazon sub-basins.

Figure 5: Time variations of the standardized rainfall anomaly index from TRMM
3B43 rainfall product between 2003 and 2010 over north Amazonia during the a) wet
and the b) dry seasons, and south Amazonia during the c) wet and the d) dry seasons.

Figure 6: Time variations of the standardized TWS anomaly index from GRACE (GFZ
ICA 400 km) between 2003 and 2010 over north Amazonia for a) high and b) low
storages, and south Amazonia for ¢) high and d) low storages.

Figure 7: Scatterplots between monthly rainfall from TRMM 3B43 and GRACE-based
monthly anomalies of TWS during the period 2003-2010 over a) Andean basins, b)
Solimdes, ¢) Mamoré, d) Lower Madeira, €) Tapajos, f) Xingu, g) Negro, and h) Lower
Amazon sub-basins.

Figure 8: Time-series of interannual variations of monthly rainfall from TRMM 3B43
(grey), GRACE-based monthly anomalies of TWS (blue: CSR, green: GFZ, red: JPL),
and monthly discharge (black) during the period 2003-2010 over a) Andean basins
(discharge station: Tabatinga), b) Solimdes, c) Mamoré, d) Lower Madeira, e) Tapajos,
f) Xingu, g) Negro, and h) Lower Amazon sub-basins.

Figure9: Standardized rainfall anomaly index from TRMM 3B43 for the wet season
over the Amazon basin during the period 2003-2010.

31



Figure 10: Standardized rainfall anomaly index from TRMM 3B43 for the dry season
over the Amazon basin during the period 2003-2010.

Figure 11: Standardized annual maximum of TWS from GRACE (GFZ ICA 400 km)
over the period 2003-2010.

Figure 12: Standardized annual minimum of TWS from GRACE (GFZ ICA 400 km)
over the period 2003-2010.

Figure 13: Standardized annual minimum of TWS from GRACE (GFZ ICA 400 km)

for a) 2005, b) 2010, and Palmer Drought Severity Index for b) October 2005, d)
October 2010.
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