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River discharge is a critical component for understanding hydrological processes and sustainablemanagement of
water resources. The importance of discharge observation has increased due to its potential extreme variation
resulting from the projected climate change and stronger variability of precipitation and temperature in some
large basins. However, inherent difficulties in ground-based observations and decreasing number of gauge sta-
tions hinder accurate measurement of global river discharge and its spatio-temporal variations. Various remote
sensing methods have been examined as alternatives, however, they require ground measurements to convert
their proxy measurements into the actual river discharge. In this study, we estimate the discharge at the Óbidos
station and the mouth of the Amazon basin using the water storage variations derived from GRACE gravity data
without relying on any auxiliary ground observations. We extract the water mass signal along the main stem of
the river by applying the Empirical Orthogonal Function (EOF) for water storage variations over the basin. The
relative water storage variations along themain stem derived from the EOF decomposition are highly correlated
with in-situ discharge at the Óbidos. However, in high water season, the GRACE-based discharge is estimated
larger than the in-situ observations, and the difference is particularly significant during the 2009 extreme
flood season.We argue that the in-situ river discharge in 2009 was underestimated due to themissedwater vol-
ume for the flow detouring around the Óbidos gauge station during the high-flow event. Net river discharge of
the Amazon Basin to Atlantic Ocean is also estimated, and its annual discharge is about 23% larger than that of
the Óbidos. In particular, 2009 river discharge to Atlantic Oceans is estimated as 1050 Gton.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Continuous monitoring of river discharge is essential to understand
the hydrological cycle and to manage water resources and hydrological
disasters (Herschy, 2009; IPCC, 2014). Its variation with inter-annual
and longer time scales is also an integrated measure of global and re-
gional climate and hydrological changes (Knutti et al., 2004; Milly et
al., 2002; Nohara et al., 2006; Richey et al., 1989; Shabalova et al.,
2003). Discharge is usually measured across the stream at gauge sta-
tions with Acoustic Doppler Current Profiler (ADCP), which uses
sound waves to calculate current velocity profiles and water depth
(Kostaschuk et al., 2004; Simpson and Oltmann, 1993). However, limi-
tations of ADCP, such as high cost and difficulty of field experiment,
oftenmake frequent and automated dischargemeasurements infeasible
particularly for large rivers with complex flow paths. To acquire
continuous time series of river discharge at in-situ stations, continuous-
ly measured water level data are converted to discharge using the re-
gression analysis of an empirical relationship between discharge and
water level data called the rating curve. Based on the empirical relation-
ship represented by the rating curve, river discharge can be indirectly
‘estimated’ from water level observations.

However, the empirical relationship naturally varies over time due
to the geomorphological changes of river base by erosion and deposi-
tion (Jalbert et al., 2011). In addition, intermittent development of
new floodplain and formation of episodic braided channels in flood sea-
son further increase the uncertainty of the rating curve analysis (Alsdorf
and Lettenmaier, 2003; Di Baldassarre and Claps, 2010; Di Baldassarre
and Montanari, 2009; Leonard et al., 2000). This is particularly true for
the Amazon River because significant amount of water can flow outside
the poorly defined main river channel during flooding. Therefore, it is
difficult to estimate discharge during extreme floods, such as the recent
one occurred in the austral summer of 2009 (Filizola et al., 2014). Fur-
thermore, there exists additional uncertainty in the empirical relation-
ship for such high-record events because the ‘extreme’ events are
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inherently represented by a small number of samples and, furthermore,
themeasurements are often limited for safety reasons (Lang et al., 2010;
Petersen-Øverleir and Reitan, 2009).

As an alternative approach, satellite remote sensinghas been applied
for estimating river discharge (Alsdorf and Lettenmaier, 2003). For riv-
ers with well-established rating curves, remote observations of water
surface height can yield estimations of discharge from the empirical re-
lationship. Kouraev et al. (2004) and Zakharova et al. (2006) usedwater
heights derived from satellite altimetry to determine discharge in the
Ob and the Amazon basins, respectively. Getirana et al. (2009) com-
bined spatial altimetry data with a hydrologic model (MGB-IPH) to es-
timate discharge over the Northern Amazon basin and De Paiva et al.
(2013) evaluated performance of MGB-IPH by comparing the model
discharge with the satellite altimetry data and terrestrial water storage
(TWS) changes from the Gravity Recovery and Climate Experiment
(GRACE) mission over the Amazon River basin. Satellite imagery
methods based on optical, infrared and microwave radar imagery
(e.g., Moderate Resolution Imaging Spectroradiometer (MODIS),
Landsat and European Remote Sensing-synthetic aperture radar (ERS-
SAR)) are able to determine horizontal water extent that forms the
boundaries between water and land, and in turn can produce water
height in combination with high-resolution digital elevation model
(Smith, 1997; Xu et al., 2004). The imagery method is useful for rivers
in which discharge changes are relatively insensitive to water height
variation as in braided or temporarily flooded channels. In this case,
water extent vs. discharge rating curve is necessary to estimate dis-
charge from water extent (Smith, 1997). All the methods reviewed so
far require similar empirical relationship between water surface geom-
etry (height or extent) and discharge (Leon et al., 2006). Therefore,
those satellite-based discharge estimationmethods are also constrained
by the availability of the in-situ observation and accurate digital eleva-
tionmodel (Alsdorf et al., 2007; Bjerklie et al., 2003). Recently, attempts
have been made to estimate river discharge based on satellite remote
sensing without in-situ data (Gleason and Smith, 2014; Negrel and
Kosuth, 2012), yet those results are limited to recover variations of in-
situ data, particularly during the high water seasons.

River discharge estimation based on satellite gravity observations of-
fers an alternative method that does not require a priori empirical rela-
tionship because it uses the gravity changes induced by water mass
variations that has a direct association with discharge. Syed et al.
(2005) estimated discharge from theAmazon and theMississippi basins
based onwater storage variations observed by the GRACE time-varying
gravity in combination with precipitation and evapotranspiration com-
puted from the European Centre for Medium-Range Forecasts
(ECMWF) operational forecast analyses. They combined them in a
water balance equation (WBE) for river discharge (Rt) estimate as:

Rt ¼ Pt−Et−
∂St
∂t

; ð1Þ

where Pt and Et are accumulation of precipitation and evapotranspira-
tion, respectively, and ∂St is water storage variations over the whole
basin with the time period ∂t of one month for applying to GRACE esti-
mates. However, thismethod is susceptible to the errors in precipitation
and evapotranspiration from themeteorologicalmodel that typically in-
volves fairly large uncertainties, and time-derivative term ofwater stor-
age in WBE can cause cumbersome random noise (Sheffield et al.,
2009). Consequently, the WBE-based methods with external forcing
variables resulted in large discrepancies between in-situ data and esti-
mated river discharge data (Syed et al., 2005).

On the other hand, Riegger and Tourian (2014) showed that there is
a constant time delay between variabilities in basin-wide water storage
and river runoff, indicating that discharge can be estimated via total
water storage variations from GRACE and vice versa. Since the time
delay between discharge and total water storage is caused by the tran-
sition time from storage to runoff through a basin (Riegger and Tourian,
2014), water storage variations confined to a main stem is likely in-
phase with discharge variations and useful for discharge estimate.
Therefore, this study explores a method to estimate river discharge in
the Amazon River basin using water storage changes along the main
stem as a complementary in-situ gauge sampling.

In this study, we extract water storage changes along themain stem
of river using the Empirical Orthogonal Function (EOF) technique. The
EOF method is effective in separating error and signal of the GRACE
data (Wouters and Schrama, 2007) due to its capacity of finding spatial
correlation in spatio-temporal data (Navarra and Simoncini, 2010). The
water mass signal along themain stem recovered from the EOF analysis
(denoted by GRACE-EOF hereafter) may include not only the water
storage variation in themain stem,which is relatedwith river discharge,
but also variouswater balance components near themain stem, such as
surface runoff, soil moisture and groundwater. However, in the Amazon
River basin, the phase difference between the river storage and the
other water balance components is known to be shorter than a month
near themain stem (Alsdorf et al., 2010). As a result, water storage var-
iations on themain stem recovered fromGRACE-EOF can be assumed to
represent the temporal variability very similar to the river storage and
consequently be used to estimate river discharge variation.

2. Data and method

2.1. In-situ data for river discharge

We select the Óbidos station for the Amazon River discharge obser-
vation point, which is operated by the ORE-HYBAM project (www.ore-
hybam.org). In-situ data from the station is available since 1968. The
Óbidos station is the nearest gauge station on the main stem to the
mouth of the basin, although it is located approximately 800 km up-
stream from the outlet. The basin area above the Óbidos station is esti-
mated to comprise 80% of the whole Amazon Basin, and about 90% of
precipitation is captured in this basin area (Zeng et al., 2008). The Tapjos
and the Xingu Rivers, which are confluents with main stem below
Óbidos, contribute only 10% ofwater to totalmean discharge. Therefore,
many hydrologic studies on the Amazon basin have used hydrometric
data observed at the Óbidos station (Espinoza et al., 2009; Frappart et
al., 2013; Marengo, 2005; Marengo et al., 2012; Yoon and Zeng, 2010).

2.2. GRACE monthly gravity solutions

To investigate water mass change, monthly GRACE solutions, deter-
mined by the Center for Space Research (CSR), University of Texas at
Austin, are used in this study. The latest release (RL05) of GRACE
Level-2 data consists of fully normalized spherical harmonics (SH) grav-
ity coefficients up to degree and order 60, equivalent to a spatial resolu-
tion of around 3–400 km (Bettadpur, 2012). We use 124 monthly
datasets from January 2003 to December 2013, and interpolate linearly
for 8 missing months (Jun 2003; Jan and Jun 2011; May and Oct 2012;
Mar, Aug and Sep2013) in SHdomain, yielding 132monthly time-series
for 11 years. Due to the previously reported unreliability, the degree-2
zonal harmonic (C20) coefficients are replaced with results from Satel-
lite Laser Ranging (SLR) observation (Cheng and Tapley, 2004). Post-
glacial rebound (PGR) effects are corrected by the ICE-5G PGR model
(A. et al., 2013). Peculiar north-south patterns in GRACE gravity solu-
tions are parameterized by a polynomial fitting and removed from
GRACE gravity solutions (Swenson and Wahr, 2006). Finally, surface
mass change at latitude and longitude grid with 0.5° interval in terms
of equivalent water thickness (EWT) (Wahr et al., 1998) is computed
from the reduced SH. Since gravity variations associated with tides, at-
mospheric pressure and ocean bottom pressure are corrected during
the determination of GRACE gravity solutions, resulting EWT over the
Amazon basin nominally includes surfacewater in river, lake,floodplain
and subsurface water in soil and aquifer.

http://www.ore-hybam.org
http://www.ore-hybam.org
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2.3. Rotated EOF method

The EWT fields from the reduced GRACE SH data are still contami-
nated by the residual noise, which is commonly removed by Gaussian
spatial smoothing (Klees et al., 2008; Schmidt et al., 2008; Tamisiea et
al., 2007). However, the spatial averaging filters can cause signal loss,
termed ‘leakage error’ (Longuevergne et al., 2010; Swenson and Wahr,
2002). Moreover, after the spatial filtering, the spatial resolution of the
EWT field decreases, and this makes it difficult to identify water mass
signal of main stem. The EOF analysis is an alternative method for
GRACE data to separate signals from noise without diminishing the spa-
tial resolution (Wouters and Schrama, 2007).

The time-varying EWT fields over the Amazon basin can be
rearranged into a single matrix D with size n × p, in which n and p are
numbers of temporal samplings and grids, respectively. In the EOF anal-
ysis, D is decomposed into separate modes that are orthogonal to each
other using the singular value decomposition (SVD) (Jolliffe, 2002);

D ¼ USVT ð2Þ

whereV andU are orthogonalmatrices with size n× n and p× p respec-
tively. The ith columnvector ofV represents the ithmode spatial pattern
of the dataset and is usually named EOFi. Similarly, the ith columnvector
U (named PCi) shows temporal variations of the ith mode spatial pat-
tern. S is a rectangular diagonal matrix with size of n × p, and their ele-
ments on the main diagonal are singular values of D. The explained
variance (EV) of the ith mode is calculated as:

EV ¼ σ2
i =∑

N

k¼1
σ2

k � 100%; whereN ¼ min n;pð Þ: ð3Þ

Frappart et al. (2013) attempted to explain each mode as a corre-
sponding hydraulic parameter, such as surface runoff, groundwater
flow and water storage of floodplain. However interpretation of each
mode should be made with caution since the hydraulic components
can be correlated with each other in a given basin (Alsdorf et al.,
2010), and thus a particular hydraulic component cannot be accounted
for solely by a single EOF. This is because the 1st EOF mode is estimated
to represent a spatio-temporal pattern with the maximum EV, and the
2nd mode is simply determined to be the largest EV among many
modes orthogonal to the first one. Subsequent modes are also selected
by similar ways. Furthermore, water storage variations in basins are
not stationary. For example, a spatial pattern of water storage variation
migrates northward over the Amazon basin through a year. Therefore, a
particular hydraulic component tends to be projected on severalmodes,
and similarly one mode can include water storage variations forced by
various hydrologic components. This restriction is also true for
extracting river discharge signal that is confined along and around
river channels. The signal is expected to project into many EOF modes,
and thus interpretation of river discharge from a single EOF mode pos-
sibly causes additional uncertainty.

This EOF limitation can be addressed in part by rotating vectors v in
V matrix to construct new EOF modes,

W ¼ W sR; with Vs ¼ v1; v2; … vs½ �; ð4Þ

in which R is the rotation matrix and s is the number of EOFmodes that
are assumed to be signal, based on the variance fraction S in Eq. (2). This
modified version is called rotated EOF (REOF). Criterion of the rotation
is to find a new EOFmode (W) that is alignedwith the direction ofmax-
imum variance in a given grid point: this is equivalent to finding the
minimum number of new EOF modes that are sufficient to synthesize
the original values of a grid point. In other words, REOF finds a mode
to maximize the variance of certain grid points that are nearly zero in
other modes while EOF maximizes the EV of a mode over a given do-
main. For example, the water mass signal along a river channel that
was projected into many EOF modes are re-projected to a single
mode, and this new EOF mode has the maximum variance associated
with the signal from the channel.

There are several different cost functions to maximize the variance.
In this study, we use the VARIMAX method that is most widely used
(Hannachi et al., 2007). The cost function is

f w1; w2; … wsð Þ−∑
s

k¼1
p∑

p

i¼1
wi

k
4
− ∑

p

i¼1
wi

k
2

� �2" #
; ð5Þ

where wk
i are the ith grid-point value of the kth REOF spatial pattern

(REOF k). The rotation angles are iteratively adjusted until the cost func-
tion is converged.

2.4. Synthetic GRACE data

To verify the use of GRACE-REOF to estimate the Amazon River dis-
charge, it is necessary to test the method with synthetic GRACE data for
which the ‘truth’ discharge is known. The GRACE gravity solutions over
land include terrestrial water storage (TWS) changes reflecting the
mass variations of soil moisture, groundwater, snow (and ice), lakes
and water flow on river channels and floodplain (Cazenave and Chen,
2010). To simulate those TWS variations, model outputs from Global
Land Data Assimilating System (GLDAS) (Rodell et al., 2004) with
Noah land surfacemodel is used. GLDAS incorporates data assimilations
of four different model outputs. GLDAS/Noah is known to provide soil
water storage similar to the annual cycle of GRACE estimates (Han et
al., 2009).

The changes of total TWS for the Amazon basin can be partitioned
into soil moisture and surface water storage components (Han et al.,
2010). The soil moisture is simply given by the monthly GLDAS/Noah
outputs at each 1-degree grid cell. The surface water storage represents
mass variations associated with horizontal water transport through riv-
ers andfloodplains, but this component is notmodeled in theGLDAS be-
cause the system mainly focuses on the vertical water fluxes. To
simulate the lateral redistribution of water, a runoff routing method
based on a continuity equation (Oki et al., 1999) is used. This routing
method uses linear relationship between surfacewater storage and run-
off, and thus runoff at river channel (i.e., synthetic ‘true’ discharge to be
compared with the ‘estimated’ discharge from synthetic GRACE data)
can be simulated by scaling of corresponding surface water storage.
Han et al. (2010) solved the continuity equation for runoff routing in a
spectral domain within seasonal frequency band to examine annual
variations of surface water storage over the Amazon basin. In this
study, the surface water storage is simulated by the spectral routing
method (Han et al., 2010), but a complete set of spectra less than the
Nyquist frequency is used to construct the broadband runoff time series
at each grid cell. Three-hourly surface and subsurface runoff data from
the GLDAS/Noah are incorporated as input parameters for the continu-
ity equation, and simulated runoff time series at each grid cell and the
soil moisture variations from the GLDAS/Noah are aggregated into
total TWS over the basin.

Since the real GRACE data is contaminated by errors, it is necessary
to incorporate the TWS and GRACE errors in the synthetic GRACE-
REOF experiment. Errors in themonthly GRACE solutions aremainly at-
tributed to the measurement noise and the aliasing error from
unmodeled atmospheric and oceanic effects (Wahr et al., 2006). Those
errors can be suppressed significantly by a spatial averaging because
they are dominant over shorter wavelengths (Han et al., 2005; Seo
and Wilson, 2005; Wahr et al., 2006). Therefore, differences between
the real GRACE and its smoothed gravity solution may represent the
GRACE error fields (Seo et al., 2015; Velicogna and Wahr, 2013). How-
ever, the difference between smoothed and unsmoothed GRACE data
may also originate from true gravity variations since smoothing can di-
minish signals. Therefore, the residual mass variations from the
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difference over the Amazon basin are highly correlated with the simu-
lated TWS changes, and thus the correlated component are removed
from the differences for the GRACE error estimate. Finally, the TWS
changes from soil moisture and runoff and the estimated GRACE errors
are combined to produce the synthetic GRACE data.

To examine similarity between synthetic and real GRACE data in
spectral domain, we calculate degree amplitudes, which are the root-
mean-squared of SH coefficients (for details, see equations (2) and (3)
of Seo and Wilson (2005)). Fig. 1 shows degree amplitudes for the real
(black) and synthetic (green) GRACE data over the Amazon basin dur-
ing the study period from 2003 to 2013. The degree amplitudes for
TWS and estimated error are also exhibited in blue and red lines, respec-
tively. The green line (degree amplitude of synthetic GRACE data)
shows two peaks around degrees 8 and 57. The peaks at lower and
higher degrees are associated with TWS signal (blue) and GRACE error
(red), respectively. In addition, the black line is close to the green line,
and it indicates that synthetic GRACE data reproduces the real GRACE
data reasonably over the study area. Comparisons between synthetic
and real GRACE data in spatio-temporal domain are also made in EOF
analysis below.
3. Results

3.1. Recovering river discharge from the synthetic data

The synthetic GRACE data are reduced by the conventional GRACE
data procedures introduced in Section 2.2 except the PGR correction.
The PGR effect is negligible in low latitude, and thus it was not included
in the synthetic GRACE data. Reduced synthetic GRACE data are con-
verted into 0.5° grid data, and then decomposed into EOF modes over
the upstream of the Óbidos station in the Amazon basin using Eq. (2).
Figs. 2a and b exhibit the spatial patterns of the first two modes
(EOF1–2), and solid red and dashed blue lines in Fig. 2c show their cor-
responding time series (PC1–2). In Figs. 2a and b, the Amazon basin is
bounded in the thick black line, and a main channel and major tribu-
taries are mapped by thin black lines. The grey line marks the eastern
boundary of the Óbidos sub-basin whose discharge has been continu-
ously gauged at the Óbidos station (cyan triangle). The “ExVar” above
each panel denotes the EV of the corresponding EOF mode in Eq. (3).
Fig. 1.Degree amplitudes for real and synthetic GRACE data. The synthetic GRACE data are
shown in green, sum of the simulated TWS (blue) and estimated error (red). The degree
amplitude for the real GRACE data shown in black agrees well with the synthetic GRACE
data.
The first two modes account for 72.8% of the total variance, which im-
plies that the simulated TWS changes in the basin can be largely repre-
sented by the first two modes. The black line in Fig. 2c shows synthetic
river discharge variations at the Óbidos station. All time series in Fig. 2c
are normalized by its standard deviation.

The 1st mode shows the largest apparent anomaly along the main
stem (Fig. 2a, EOF1) while non-negligible anomaly is also observed
over the entire basin. This indicates that the 1st mode includes signals
associatedwith discharge on themain stemand other hydraulic compo-
nents. To understand this further, EOF1 and EOF2 are compared with
routed river flow and soil moisture variations in synthetic GRACE data.
Figs. 3a and b show root mean squared (RMS) amplitudes of routed
river flow and soil moisture variations in synthetic GRACE data. They
are smoothed to be comparable with GRACE spatial resolution. To com-
pare them with EOF1 and EOF2, the two modes are reconstructed, and
their RMSs are shown in Figs. 3c and d, respectively. The RMS map of
EOF1 (Fig. 3c) exhibits a similar spatial pattern to that of routed river
flow (Fig. 3a) while there is about 10–15 cmH2O anomaly throughout
the basin. This indicates that EOF1 includes multiple hydraulic compo-
nents such as discharge on the main stem, river flow on tributaries
and soil moisture variations. The similar situation is also true for the
2ndmode: the RMSmap of EOF2 (Fig. 3d) also shows an evident anom-
aly along themain stem as well as throughout the basin. This result im-
plies that discharge on the main stem is partly projected into the 2nd
mode. This combination of multiple TWS components in the 1st and
2nd EOF modes can be also inferred from PC1 and PC2 (Fig. 2c). Varia-
tions of PC1 are comparable to those of river discharge at theÓbidos sta-
tion, but their phases differ by 1– 2 months. This discrepancy leads that
PC1 does not represent temporal variations of discharge on the main
stem. The conclusion here is that conventional EOF decomposition is
limited to separate hydraulic components from total water storage.

Because this study aims to extract signal of water mass change from
amain stem, additional procedure is required to retrieve themain stem
signal from the leading two EOFmodes. As an alternative, the VARIMAX
method described in Section 2.3 is applied to obtain a signal over the
main stem area. TWS variations over the Amazon basin are recovered
using the 1st and 2ndmodes, and they are transformed into another co-
ordinate systembased on a basis rotation. The resulting REOFmodes are
shown in Fig. 4. The spatial pattern of REOF1 (Fig. 4a) and the RMSmap
from its reconstructed field (Fig. 3e) show a very similar structure to
that of the simulated routed river flow (Fig. 3a) without apparent
anomaly on tributaries. In addition, the REOF2 (Fig. 4b) and the RMS
map of its reconstructed field (Fig. 3f) do not show any evident anomaly
along the main stem. Consequently, TWS associated with discharge on
the main stem and soil moisture variations near the main stem are
mostly projected in REOF1. Because REOF1 includes both river dis-
charges and soil moisture variations that are in-phase with river dis-
charge, its RMS values are higher than those of routed river flow.

The effective separation of water storage signal of main stem is also
found in the temporal variation of 1st and 2ndmodes of the REOF. Solid
red and dashed blue lines in Fig. 4c show the temporal REOFmode 1 and
2 (RPC1 and RPC2), and solid black line is identical to that of in Fig. 2c.
They are normalized similar to Fig. 2c. RPC1 agrees remarkably well
with the synthetic river discharge at the Óbidos station except for
some negative peaks. The slight discrepancies during low water season
are likely due to (1) other TWS variations that are not completely sepa-
rated in the REOF and/or (2) GRACE noise that is particularly problem-
atic in the low-water seasons because the signal to noise ratio is
relatively low. Temporal variations of RPC2 precede those of RPC1 by
about two or three months. As shown in Fig. 4b, the REOF2 shows a
large north-south contrast in anomaly. This dipole spatial pattern and
its phase difference compared to water storage signal along the main
stem (i.e., discharge) are caused by soil moisture variations between
the Southern and Northern basins from GLDAS/Noah and are typical
spatio-temporal variations of water storage in the Amazon basin
(Marengo, 2005). In addition, REOF2 includes river flowon the Solimões



Fig. 2. EOF results for the synthetic GRACE data over the Óbidos sub-basin. (a) The first spatial pattern (EOF1) has a strong structure on the main stem. (b) The EOF2 is characterized by
northern-southern dipole pattern; one of them locates on themain stem. The unit for (a) and (b) is cm of equivalentwater thickness. (c) shows temporal variations of the normalized first
mode (PC1, red line) and second mode (PC2, blue), and normalized synthetic river discharge at Óbidos station (black line).
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River and the Madeira River that was depicted in EOF1. As a result, the
REOF effectively separates main stem signals from the synthetic data,
and thus RPC1 can be useful to recover river discharge of the basin.

The REOF method can be extended to estimate river discharge for
the entire Amazon basin. This is identical to the procedure described
above except for sampling GRACE over the entire Amazon basin (repre-
sented by thick solid line in Fig. 2) instead of the Óbidos basin. The ex-
amination is particularly important because in-situ discharge
observation at the outermost mouth of the Amazon basin has been ex-
tremely difficult due to the complex river bathymetry and the seawater
intrusion (Kosuth et al., 2000). Red line of Fig. 5 shows temporal varia-
tions of the 1st REOF on the synthetic GRACE data (RPC1) for the entire
Amazon basin. Black line exhibits simulated river discharge variations at
the basin mouth. Similar to the synthetic test for the Óbidos basin, the
two time series agree remarkably well with each other during the
study period. This result implies that total river discharge of the Amazon
basin, which has not been gauged by an in-situ station, can be deter-
mined by the GRACE gravity solutions.

3.2. Recovering river discharge from the real GRACE solutions

As examined with synthetic GRACE data, the REOF method is useful
to recover river discharge variations. In this section, the Amazon River
discharge is estimated from the real GRACE-REOF method and com-
pared with in-situ discharge data at the Óbidos station. The real
GRACE observations, however, include groundwater effect that the syn-
thetic GRACE data could not depict. Beighley et al. (2009) showed that
about 40% of the Amazon TWS is associated with groundwater varia-
tions, which is the similar amount compared to the surface water on
flood plains and channels. However, its contribution should be very
small near the basin outlet: the main stem region (20,700 km2) of the
basin only accounts for less than 3% of the entire Amazon area (Sippe
et al., 1998), and thus the groundwater contribution along the main
stem would be considerably smaller than surface water. Furthermore,
aswe discussed in the synthetic case, groundwater and other TWS com-
ponents which are significant over the entire basin can be effectively
separated from the river runoff at the main stem via EOF because their
spatial correlation and temporal variability differ from each other.

Using the Eq. (2), the gridded real GRACE data over the Óbidos basin
is decomposed into EOFmodes first. Fig. 6 shows the spatial patterns of
thefirst twomodes (EOF1–2) and their corresponding time series (PC1–
2). The first two modes account for 88.9% of the total variance, about
16% higher than the EV values from the synthetic data. This implies
that the real GRACE data may have higher signal to noise ratio than
the synthetic GRACEdata. The EOF1 and EOF2 (Figs. 6a and b, respective-
ly) showvery similar spatial patterns to those from the synthetic GRACE
data (Fig. 2): EOF1 exhibits large TWS pattern along the main stem
while non-negligible anomaly is apparent over the entire basin, and
EOF2 shows a clear north-south dipole pattern. Their corresponding
time series (PC1 and PC2 in Fig. 6c) are also very similar to the case of



Fig. 3.RMSamplitudesmapped for (a) the simulated the routed riverflowand (b) the soilmoisture content fromGLDAS/CLM, respectively. The routedflowparticularly highs inmain stem
while the soilmoisture shows strongRMSamplitude in the southern part of the basin. The twomaps are smoothedwith GRACE spatial resolution for comparing GRACE-EOF results (c-f for
EOF1, EOF2, REOF1 and REOF2, respectively). The white line shows the region of main stem.
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synthetic GRACE data. Variations of PC1 (solid red line) are close to
those of in-situ river discharge at the Óbidos station while there exists
phase difference of one or two months.

Similar to the synthetic GRACE data, the VARIMAX algorithm is used
to rotate the leading twomodes from the conventional EOF. Fig. 7 shows
the resulting REOF modes and it also exhibits similar spatial patterns
(REOF1 and REOF2 in Figs. 7a and b, respectively) and corresponding
time series (RPC1 and RPC2 in Fig. 7c) to those of the synthetic data
(Fig. 4). RPC1 (red) shows a similar phase to the in-situ discharge data
(black). In particular, negative peaks of RPC1 exhibit superior agreement
with the in-situ data to the case of synthetic test. This is probably due to
the signal to noise ratio in real GRACE data higher than that of synthetic
GRACE data.
In Fig. 7c, the positive peaks of RPC1 show apparent deviations from
the in-situ data. The most significant difference is found at the 2009
flood, which was called the once-in-a-century event in this basin
(Marengo et al., 2012). RPC1 data is consistent with this report while
in-situ discharge data at the Óbidos station (black) puts it as the 3rd
highest peak in 2003–2013. This discrepancy between the in-situ mea-
surements and the GRACE-REOF estimates is possibly due to the com-
plex floodplain developed during the 2009 flood, which was not
accounted for in the ground measurements. While the northern side
of the Amazon River at the Óbidos is well confined by the river bank,
the opposite side of the river is separated from the Curuaí floodplain
(one of the largest floodplain in the basin) merely by a narrow natural
levee. When the water level rises in flooding seasons, some part of the



Fig. 4.REOF results for the synthetic GRACE data over theÓbidos sub-basin. Panels here are similar to those in Fig. 2 except that they are yielded from the reconstruction of the two leading
EOF modes by rotating basis. REOF1 (a) is significantly confined in the main stem while REOF2 (b) has its main structure outside the main stem. (c) shows the temporal patterns of the
normalized first mode (RPC1, red line) and second mode (RPC2, blue). The black line is identical to in Fig. 2(c).
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main Óbidos channel can detour the Óbidos station through the Curuaí
floodplain forming new flow channels. According to Oltman (1968), the
bypassing water volume through the Curuaí varies from 0 to 10% of the
total discharge depending on the hydraulic conditions, such as surface
water slope and bed roughness of the floodplain. Since the in-situ
water level observation is a point measurement from the main river
Fig. 5. Comparison between normalized RPC1 time series (red) and outflow (black) at the basin
other.
channel, discharge data obtained in the Óbidos station may differ from
the actual water volume during the large flooding events. This possibil-
ity is supported by the MODIS imagery captured during the 2009 high-
flow season. Fig. 8 compares the MODIS satellite images around the
Óbidos station in June 2009 (a) and June 2010 (b), which represent
the once-in-a-century (2009) and an ordinary (2010) flooding events,
mouth of Amazon from the synthetic GRACE data. Two time series agrees well with each



Fig. 6. EOF results for the real GRACE data over the Óbidos sub-basin. (a) The first spatial pattern (EOF1) has a strong structure on the main stem. (b) The EOF2 is also characterized by
northern-southern dipole pattern. (a) and (b) are similar to (a) and (b) of Fig. 2, respectively. The unit for (a) and (b) is cm of equivalent water thickness. (c) shows temporal
variations of the normalized first mode (PC1, red line) and second mode (PC2, blue), and normalized in-situ observations at Óbidos station (black line).
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respectively. The location of the Óbidos station is marked by cyan trian-
gle. Fig. 8a clearly exhibits wide flow paths in the south, which is not
seen in the 2010 flood image. This implies that a large portion of total
discharge flowed through the southern floodplain in 2009 may be
missed in the in-situ discharge measurements at the Óbidos station.
On the other hand, Fig. 8b shows that most of discharge was confined
along the main stem. Similar differences between RPC1 and in-situ
data are also shown during flood season in 2012 and 2013, indicating
that in-situ observation may underestimate river discharge during
flooding.

When using REOF derived from theGRACE observation, on the other
hand, river discharge is determined over the whole basin with a focus
on themain stem area and thus it is not influenced by the local geomor-
phological variations. This indicates that the GRACE-REOF based dis-
charge estimates in 2009 may include the water volume that was
missed by the in-situ measurements during the peak flooding season.

Since RPC1 (red line in Fig. 7c) only shows normalized river dis-
charge, appropriate scaling of RPC1 is necessary to quantify the volume
of discharge in the basin. TheWBE-based discharge fromEq. (1) (denot-
ed by QWBE here after) is used to adjust amplitude of the RPC1. For pre-
cipitation and evaporation, ERA-Interim data (Dee et al., 2011) are used,
and the water storage variations are computed from GRACE data. To
suppress noise included in the GRACE data, reconstructed data from
the first two EOFmodes is used. The resulting QWBE (blue) is additional-
ly shown in Fig. 9. QWBE has the highermonth-to-month variability than
those of in-situ data and RPC1. The higher variability is likely associated
with errors in the reanalysis and GRACE after the first order time-
derivative. However, its overall pattern agrees well with RPC1 and the
in-situ measurement, and thus the QWBE estimate is useful to auxiliary
information for scaling of RPC1.

Fig. 10a shows RPC1 andWBE river discharge and the regression be-
tween the two. As shown in Fig. 9, Fig. 10a exhibits a similar variation
betweenWBE river discharge and RPC1. Based on the linear regression,
RPC1-based river discharge (denoted by QRPC1 here after) can be esti-
mated by adding a mean and scaling amplitude. Fig. 10b exhibits the
probability density of the difference between QWBE and QRPC1. The prob-
ability density in Fig. 10b is associated with misfits between the two
that is suspicious of error in QWBE estimate. The histogram is normally
distributed, and thus the higher temporal variations (discrepancy be-
tween QRPC1 and QWBE) are random noise rather than systematic errors.
Those results imply that the regression analysis between RPC1 andQWBE

is reasonably adopted for scaling of RPC1 data.
With the QRPC1 we can estimate the detouring water mass around

the Óbidos station during 2009. Rudorff et al. (2014) estimated that
about 2% of the annual discharge detoured around the main channel
in the year based on an inundation model. The approach based on
GRACE data yields that the 2009 annual discharge from QRPC1 is
6650 Gton, while in-situ discharge is 6250 Gton. The difference is
about 6% of annual discharge, and sizable portion of it is likely due to
the detouring water flow via the unaccounted floodplain. Fig. 9 shows
that discharge discrepancy between in-situ and QRPC1 is apparent since
2008. This is probably because the method for estimating discharge at
the station was adjusted to accurately determinewater volume passing
the channel (Ore-Hybam, personal communication, 2014).



Fig. 7. REOF results for the real GRACE data over the Óbidos sub-basin. REOF1 (a) is mostly confined in the main stem while REOF2 (b) has its main structure outside the main stem.
Normalized RPC1 (red in (c)) and RPC2 (blue in (c)) show temporal variations of REOF1 and REOF2, respectively. In particular, RPC1 represents temporal variations of water storage
along the main stem and its flood plain because its spatial pattern is strongly confined to the main stem. The black line in (c) represents normalized in-situ observations at Óbidos
station, identical to that shown in Fig. 6. The red shows the very similar variations to the black line except during high water season.
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Uncertainty of the discharge estimate QRPC1 largely originates from
two main sources: the GRACE measurement noise and imperfect REOF
mode separation between the water mass signal along the main stem
and from nearby area. Assuming that most of the measurement noise
is smoothed out in the course of the EOF decomposition, negligible
error from the noise would remain in QRPC1. However, imperfect mode
separation may result in spurious seasonal to longer-cycle errors of
QRPC1, which would be more dominant in the resulting uncertainty. In
order to quantify an approximate range of the uncertainty in QRPC1,
the Óbidos gauge data have been used. The root mean squared
Fig. 8.MODIS satellite images around the Óbidos station in June 2009 (a) and June 2010 (b). T
right) in this region. (a) clearly exhibits wide flow paths in the south implying a large portio
station. (b) shows that most of discharge was confined along the main stem, different with 20
difference (RMSD) between the gauge discharge and QRPC1 is 34.53
Gton/month in September–February (low flow season) and 65.02
Gton/month in March–August (high flow season). The higher uncer-
tainty in March–August is likely contributed by the larger in situ dis-
charge measurement error for high flow events. These separate
estimates can be considered as the upper bounds of the QRPC1 uncertain-
ty for low and high flow periods of the study basin.

The novel method introduced in this work can be also extended to
the entire Amazon basin. Red line in Fig. 11 shows the total discharge
over the entire Amazon basin estimated by the combination of REOF
he location of the Óbidos station is marked by cyan triangle. The river flows eastward (to
n of water volume may be missed in the in-situ discharge measurements at the Óbidos
09 flood image.



Fig. 9.Comparisons of normalized RPC1withQWBE and In-situ. Red and black lines are identical to those of (c) in Fig. 7. The blue line representing QWBE is computed by Eq. (1). QWBE has the
highermonth-to-month variability than those of in-situ data and RPC1, but its overall pattern agrees with RPC1 and the in-situ measurement. This implies that the QWBE estimate is useful
to auxiliary information for scaling of RPC1. The right vertical axis represents a physical unit of discharge in Giga-ton (=1012 kg) per month. In-situ discharge is initially recorded in cubic
meter per second (m3/s). To match it with RPC1 and QWBE, we multiply in-situ values by day of month and 86,400 s because RPC1 and QWBE is based on mass observations.
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and WBE of GRACE time-varying gravity, and black line shows the dis-
charge over Óbidos basin that is identical to black line in Fig. 8. Fig. 11
shows that the total discharge over Amazon basin is about 23% greater
than the Óbidos discharge, and during June 2009, it reached
1050 Gton, which is a unique event exceed 1000 Gton during the
study period. Blue line in Fig. 11 represents sum of in-situ discharge
from the Óbidos, Itaituba and Altamira stations. The latter two stations
are located at two rivers confluent below Óbidos station. The discharge
is much closer to red line than that of the Óbidos basin because it incor-
porates contribution of rest basin outside the Óbidos basin, but it is still
smaller than the red line because the three in-situ stations cannot ob-
serve net river discharge of the entire Amazon basin. Blue line precedes
black and red lines about one month because both additional discharge
data are gauged from southern basin, and contribution from northeast-
ern basin is missed because in-situ data is not available at the region.
Fig. 10. Results of regression between QWBE and RPC1. (a) RPC1 exhibits similar variations to Q
amplitude. (b) shows the probability density of the difference between QWBE and QRPC1. T
(discrepancy between QRPC1 and QWBE) are likely noise.
4. Discussions and conclusions

In this study, we develop a novel method to estimate river discharge
over Amazon basin using satellite gravimetric data. TWS recovered from
the GRACE gravity solutions are decomposed using the REOFmethod to
extract the signal mainly representing the river discharge along the
main channel. To verify the efficacy of the REOF decomposition to esti-
mate the river discharge, we first conduct a synthetic GRACE-REOF ex-
periment using simulated TWS from GLDAS in combination with a
simple runoff routing for the realization of river discharge. Estimates
of river discharge from the synthetic GRACE-REOF experiment agree
well with the synthetic truth discharge at the Óbidos station and the
outer-most Amazon River outlet.

The samemethod is applied to the real GRACEdata and its results are
compared with in-situ discharge observation at the Óbidos station.
WBE. Based on the linear regression, QRPC1 can be estimated by adding a mean and scaling
he histogram appears normally distributed, and thus the higher temporal variations



Fig. 11. Estimation of total discharge for theAmazonBasin. Red line shows the total discharge over the entire AmazonBasin estimated by the combination of REOF andWBEof GRACE time-
varying gravity. As a comparison, black line shows the discharge over Óbidos basin. The total discharge over Amazon Basin is about 23% greater than the Óbidos discharge. Blue line
represents sum of in-situ discharge from the Óbidos, Itaituba and Altamira stations. The latter two stations are located at two rivers confluent below Óbidos station. Like in Fig. 9,
physical units of in-situ discharge are converted into monthly outflow mass to compare with discharge based on REOF andWBE.

65J. Eom et al. / Remote Sensing of Environment 191 (2017) 55–66
While the overall time series of the GRACE-REOF and the in-situ dis-
charge values agree remarkably well, they show significant discrepan-
cies for a few high-water seasons. By showing the MODIS image that
captures a large-scale detouring of water flows around the gauging sta-
tion through the Curuaífloodplain,we suggest a possibility that a signif-
icant portion of the water volume was missed in the in-situ
measurements. This possibility may also be transferrable to the other
high-flow seasons. In our analysis, the watermass detouring the station
is about 6% of annual discharge of the basin in 2009.

Since the method developed here does not require in-situ observa-
tions, it can be extended to the other large basinswhere in-situ observa-
tions are not available at their basin mouths. We estimate discharge of
the entire Amazon basin, which was unknown due to complex channel
structure and ocean tidal effect. Annual discharge of entire Amazon
basin is about 23% greater than that of Óbidos basin, and during the ex-
treme flooding in 2009, it reached 1050 Gton, which is a unique event
that exceeds 1000 Gton during the study period.

Our approach can yield monthly river discharge estimates using the
monthly GRACE gravity solutions since May 2002. This alternative esti-
mate is particularly important under the decline trend of numbers of
gauge stations since 1980's (Shiklomanov et al., 2002). GRACE Follow-
On is planned to launch in August 2017 (Flechtner et al., 2014). There-
fore, it is expected that space-born gravity observations can provide
multi-decadal variations of river discharge at basin mouths which is
highly valuable for assessing the impact of regional or global climate
change but has not been possible by in-situ monitoring.
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