
 
 
Originally published as: 
 
 
 
 
 
Schmidt, R., Petrovic, S., Güntner, A., Barthelmes, F., Wünsch, J., Kusche, J. (2008): 
Periodic Components of Water Storage Changes from GRACE and Global Hydrological 
Models. - Journal of Geophysical Research, 113, B08419 
 
 
DOI: 10.1029/2007JB005363 

http://www.gfz-potsdam.de/index.html


JOURNAL OF GEOPHYSICAL RESEARCH, VOL. ???, XXXX, DOI:10.1029/,

Periodic components of water storage changes from GRACE

and global hydrology models
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Abstract. We analyse spatio-temporal variations of surface mass anomalies induced by
hydrological mass redistributions at the Earth’s surface. To this end, we use a suite of
global hydrological models as well as products from the Gravity Recovery and Climate
Experiment (GRACE) satellite mission. As a novelty we identify dominating periodic
patterns that are not restricted to the fundamental annual frequency and its overtones,
using a method that combines conventional empirical orthogonal functions (EOF) anal-
ysis with a determination of sine waves of arbitrary periods from the principal compo-
nents. We assess the significance of the derived spectra in view of correlated errors of
the GRACE data by means of a Monte-Carlo technique. This allows us to create filtered
GRACE time series including only the significant terms, which will serve for basin-specific
calibration of hydrological models with respect to the dominant periodic water storage
variations. The study reveals that besides dominating annual signals, semiannual (found
only in a few basins), and also long-periodic waves in the range of 2.1 to 2.5 years con-
tribute to periodic water storage variations. An interpretation and a preliminary expla-
nation of these spectra is included. Comparisons of the spectra obtained from GRACE
and global hydrological models exhibit in many river basins a systematic advance of the
phases of annual terms of the hydrological models as compared to GRACE in the range
of 1 to 6 weeks. This indicates deficiencies of the hydrological models w.r.t. runoff rout-
ing in the river network and/or water retention in lakes and wetlands.
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1. Introduction

The main objective of the twin satellite Gravity Re-
covery and Climate Experiment (GRACE, Tapley and
Reigber [2001]) is the detection of time-variable gravity
signals related to mass redistributions at, on and below
the Earth’s surface caused by ongoing geophysical and cli-
matological processes. The mission’s actual sensitivity to
processes such as continental hydrology (e.g. Tapley et al.
[2004], Wahr et al. [2004], Schmidt et al. [2006]), post
glacial rebound (e.g. Tamisiea et al. [2007]), changes in
the polar ice sheets (e.g. Velicogna and Wahr [2006] , Sas-
gen et al. [2007]) and mass transport in the oceans (e.g.
Chambers et al. [2004]) has been widely demonstrated in
the recent past.

The ultimate goal is to allow for the quantification
of the mass redistribution related to the individual phe-
nomena to improve the modeling and understanding of
the various processes. A still unresolved key question in
this context is the signal separation of the individual con-
tributions contained in the integral satellite gravity ob-
servations. As a preparatory step it is helpful to derive
the characteristic spatio-temporal morphology of the sur-
face mass anomalies traceable in time series of GRACE
gravity models and for the processes to be detected.

To this end we propose an analysis method to derive
such features from time series of surface mass anomalies
in the space domain with a focus on periodic components
due to continental hydrology. It combines a decomposi-
tion of the spatio-temporal signal using well-known Em-
pirical Orthogonal Functions (EOFs) with a frequency
analysis method which allows for the determination of
harmonic (i.e. sine and cosine) waves with arbitrary pe-
riods. As basic result we obtain characteristic spectra of
periodic mass variations contained in the GRACE data
and in independent global hydrology models. Based on
these it is possible to identify the hydrological compo-
nents contained in the GRACE data. Further, the de-
rived spatio-temporal behavior in terms of EOF modes
give insight into the processes driving continental hydrol-
ogy. Finally, the method allows for an effective filtering of
the GRACE estimates of surface mass anomalies, i.e. it is
possible to remove significant portions of spurious signals
caused by the correlated GRACE model errors. This is
an important task in the context of the actual usage of the
GRACE data for the numerical validation and calibration
of global hydrology models using GRACE. The proposed
method is not limited to the examination of hydrological
mass redistributions performed here and may therefore
be valuable to further applications in other fields.

The paper is structured as follows. In section 2 we first
present the input data for the analysis, which are time
series of spatial grids of surface mass anomalies for 18 ma-
jor river basins and over all continents (subsection 2.1).
This is followed by a brief description of our methodol-
ogy, i.e. we discuss the features of the EOF technique as
relevant here (subsection 2.2) and give a description of
the frequency analysis method used to derive the spec-
tra (subsection 2.3). The accuracy of the GRACE-based
spectra is assessed by means of a Monte-Carlo method
based on correlated errors of the GRACE gravity models
(subsection 2.4).

In section 3 and its subsections we present represen-
tative results for the EOF decomposition and the subse-
quent frequency analysis according to the characteristic
periods that are found. This includes a discussion on
the hydrological interpretation of the detected spectra,
which are dominated by annual waves but also reveal
some long-periodic fluctuations. For the latter compar-
isons to periodicities derived from climatological indices

are carried out. In section 4 we derive filtered GRACE
signals reconstructed from selected components (consid-
ered significant) and discuss the potential contributions
of such data for calibrating hydrological models. Section
5 gives conclusions and an outlook.

2. Data and Methodology

2.1. Input Data and Preprocessing

Input data for our analysis are time series of spatial
grids of surface mass anomalies from GRACE gravity
fields and from water storage fields of various global hy-
drology models. These series are derived from time series
of coefficients of spherical harmonics describing the grav-
ity potential in both cases.

For GRACE such gravity potential coefficients are de-
rived by the groups of the GRACE Science Data Sys-
tem (SDS) from the inter-satellite measurements, which
are related to the gravity variations along the satellites’
orbit (see e.g. Reigber et al. [2005]). In the following
we use our own RL04 monthly model series generated
at GFZ Potsdam (GFZ-RL04), considering the period
02/2003 - 12/2006. The series consists of 45 monthly
gravity models, excluding June 2003 and January 2004
where no gravity field models are provided in GFZ-RL04
due to GRACE data gaps. In the period 07-10/2004 we
use the constrained gravity field model versions provided
by GFZ. These are regularized to compensate for the
degraded ground track coverage due to the gradual en-
try/return into/from a 61(revolutions in)/4(sideral days)
repeat orbit pattern in September 2004.

For hydrology four state-of-the-art global hydrology
models are considered: the WaterGAP Global Hydrol-
ogy Model (WGHM, Döll et al. [2003]), the H96 model
[Huang et al., 1996], the Land Dynamics (LaD) model
[Milly and Shmakin, 2002], and the Global Land Data
Assimilation System (GLDAS, Rodell et al. [2004]). The
original hydrological data are provided in all four cases
in terms of the total water storage variations on global
grids. These are already available as monthly means, ex-
cept for GLDAS where we use a series with a time step
of 1 day. To obtain monthly sets for GLDAS as well,
these maps are averaged. All the monthly maps are then
expanded into sets of spherical harmonics describing the
gravity potential (e.g. Wahr et al. [1998]).

This is done to allow for a common preparation of time
series of grids of surface mass anomalies from GRACE
and hydrological data sets. Each of the monthly spheri-
cal harmonic data sets is referenced to the individual long
term mean for the period 2003-2006 to derive residual
time-variable quantities. From these residual spherical
harmonic coefficients time series of surface mass anoma-
lies on 0.5◦x0.5◦ grids are computed, applying the rela-
tions given by Wahr et al. [1998]. In order to suppress
the artifacts in the GRACE data sets, known as striping,
the Gaussian averaging filter in the spectral domain as
described by Jekeli [1981] is used. For consistent treat-
ment, it is applied to both the GRACE and the hydro-
logical data sets.

To study a potential impact of the averaging radius
on the obtained spectra different filter radii ranging from
300 to 750 km were used. However, as the results for the
estimated periods and phases do not vary significantly
with the filter radius we present in the sequel mainly
results for the radius of 500 km which can be regarded
as representative.

It is known that the Gaussian averaging filter is not
optimal to suppress or remove the correlated errors of
the GRACE-based surface mass anomalies and more re-
fined methods (e.g. Swenson and Wahr [2006] or Kusche
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[2007]) will be used in follow-on work. A more general
concern in this context is the fact that any of the fil-
tering techniques to reduce the correlated errors in the
GRACE-based data introduces an attenuation of the sig-
nal amplitude. This is crucial when it comes to the actual
application of the GRACE data in the course of hydro-
logical model improvement or calibration where such an
attenuation should be avoided. However, as we obtain
consistent results with respect to the determination of
signal periods and phases for different Gaussian averag-
ing radii, the impact from the signal amplitude attenua-
tion does not seem to be critical. Hence, the issue of an
appropriate amplitude filtering is not considered further
in this paper.

Since in this study the focus is laid on continental hy-
drology we extract from the global grids the data points
located over land and data points located within 18 se-
lected river basins worldwide (cf. Fig. 1). The size of
the basins ranges from 5.9 · 106 km2 for the Amazon to
85 · 103 km2 for the Po basin, which is at the limit of the
resolution of the GRACE mission. For reasons of space
we present in detail only the results for four selected re-
gions: the total continental area to study periodic mass
variations induced by hydrology on the global scale; the
Amazon basin as the world’s largest drainage basin; the
Ganges basin where in addition to annual terms also
semiannual components are found, and the Mississippi
basin which reveals an unconventional spectrum in the
temporal mass redistributions compared to the majority
of the investigated basins. Since the results with any of
the hydrological models are in general very similar, we
present mainly results of WGHM as a representative hy-
drological data set.

2.2. Empirical Orthogonal Functions (EOFs)

For studying the temporal characteristics of the spa-
tial variability of surface mass anomalies from GRACE
and the hydrology models, the well-known EOF analysis
allows for a proper pre-processing of the data. We use
conventional EOF analysis (e.g. Preisendorfer [1988] or
Wilks [1995]), where decomposition into the mode-wise
pairs of eigenvectors (evs) and associated principal com-
ponents (pcs) is based on the signal variance-covariance
matrix of the input data.

To get a first impression of GRACE’s capability to
trace mass redistributions caused by hydrology, simple
comparisons of the evs and pcs can be performed. The
idea is to look for equivalent features in the evs and pcs
of corresponding modes. Finding such common features
implies common causes of the observed data variability,
since the input data series from GRACE and from the
hydrological models are independent.

Figure 3 shows results for the first three modes for
data points from WGHM and GRACE over the conti-
nents (a) and inside the Amazon basin (b) as two typical
examples. Note that in both cases the evs from WGHM
and GRACE have been normalized to make the results
from the two sets comparable. To improve readability
they were scaled by a factor of 1000. As it can be seen,
one obtains a very good agreement of evs and pcs in the
first two modes for both displayed cases. To illustrate the
agreement of the first two modes correlation coefficients
of the evs and pcs were computed, which are large for
both the evs and pcs.

Similar results are obtained for the other basins and it
is instructive to study the characteristics of the temporal
variability of the spatial patterns described by the pcs.

2.3. Search for Arbitrary Periods in Principal
Components

The results for the first two modes in Fig. 3 already
indicate a dominance of annual periodicities. Therefore
we look for periodic variations as they seem to dominate
the temporal variability of the surface mass anomalies.
Since the input data sets are driven by climatological
processes that show variability in the signal amplitude,
the signal phase and also the signal period both in space
and time, we estimate all three quantities simultaneously.

Based on the ideas described in Mautz and Petrovic
[2005], we estimate the amplitudes Ak, phase lags ϕk and
frequencies ωk = 2πfk = 2π/Tk of the model consisting
of terms

yk(t) = Aksin(ωkt + ϕk) (1)

from the principal components y(t) of individual domi-
nant modes. For discrete data this problem can be trans-
formed into a least squares adjustment problem with the
observation equations:

yi = A0 + Dt +

n∑

k=1

Bk cos(ωkti)

+

n∑

k=1

Ck sin(ωkti) + vi, (i = 1, . . . N). (2)

where in addition to the amplitudes Ak and phase lags
ϕk (contained in the Bk and Ck), also the unknown fre-
quencies ωk = 2πfk = 2π/Tk (i.e. the periods Tk) and
the trend parameter D are to be determined. The latter
is estimated to avoid aliasing of secular signals into the
periodic terms.

The major advantage of the approach proposed by eq.
(2) is that the signal energy is mapped into few but rep-
resentative frequencies, as it allows for the estimation of
arbitrary periods in addition to the signal amplitudes and
phases. This is in contrast to classical Fourier analysis
where the signal energy is forced into a fixed basic pe-
riod plus multiples of the associated basic frequency and
only the signal amplitudes and phases are treated as un-
knowns. If this basic period differs from actual periods
contained in the original signal (which is often the case
when analyzing real world data), quite a large number
of multiples of the basic frequency is needed to repre-
sent this signal. However, since in such a case some (or
even all) terms included in the resulting frequency model
do not correspond to the periodicities of the given signal,
some (or even all) terms found by a Fourier-like approach
will have only little or even no physical meaning and are
not well suited for an interpretation. In this way, the
apriori postulation of specific periods to be searched for
is in general not very useful (cf. Jochmann [1993]) and
the proposed non-standard approach offers an alternative
to classical Fourier analysis.

Equation (2) represents a highly non-linear least
squares problem for the determination of the periods
Tk = 2π/ωk. In order to apply standard local opti-
mization methods very accurate initial values for the to
be estimated parameters are necessary. However, these
can only be provided by global optimization methods,
which require high computational effort (e.g. Horst and
Pardalos [1995]). Since the observation equations (2)
are non-linear only in periods, it is possible to eliminate
the remaining unknowns, which are then computed after
the determination of the periods. A reasonable strategy
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based on a sequential algorithm is sketched in Fig. 2. The
stability of the used sequential emulation of the common
adjustment of all parameters was extensively investigated
in (Mautz [2001], Mautz [2002]). Another critical point is
the time-consuming global optimization step, especially
in case of time series containig numerous epochs. How-
ever, in the present study, due to only 45 epochs, a simple
systematic search performed well.

There are some consequences of the proposed data
analysis strategy that need to be considered in the in-
terpretation of the results in the later sections, and that
can be easily veryfied by simulations. The first is that dis-
tinct temporal structures such as variations with different
periods are not necessarily mapped by EOF into separate
modes. This depends on the spatial patterns associated
with these periodicities by the EOF. If the distinct tem-
poral patterns belong to the same spatial pattern, then
they must be mapped into the same mode. However,
if the associated spatial patterns differ, then they are
mapped into different modes.

The second is that temporal patterns with identical pe-
riods but with different phases and amplitudes can only
be distinguished if they are connected to different spa-
tial patterns and are consequently mapped into different
modes. This means that it is possible to find several iden-
tical periods in the pcs, e.g. the annual, as long as these
belong to different spatial patterns of variability. In the
ideal case they may be attributed to distinct features of
the underlying physical processes. On the other hand, it
is possible to find different periods, e.g. the annual and
the semiannual, in the principal component of the same
mode. This means that both temporal patterns are as-
sociated with the same spatial variability pattern. This
could be due to a non-harmonic behavior of the variabil-
ity, thus requiring several harmonics of different periods
to allow for a sufficient approximation of the given data.
However, such behavior could also be implied by overlap-
ping physical processes.

2.4. Accuracy Assessment of the Spectral Parameters
from GRACE

In contrast to the hydrological data sets, where only
little is known about the data accuracy, it is possible
to assess the accuracy of the GRACE derived ampli-
tudes, phases and periods. It can be done on the basis
of the available GRACE gravity field model error esti-
mates provided together with the gravity field models by
the GRACE science data teams. In this study we use
a Monte Carlo method for error propagation (Gundlich
et al. [2003], Kalos and Whitlock [1988]), considering the
spatial correlation of the GRACE gravity field errors.

Based on a scaled version of the full variance-
covariance matrix of the monthly GRACE gravity model
for August 2003 we create 200 spatial grids of noise in the
surface mass anomalies for each of the 18 considered river
basins. These grids are obtained through a rigorous error
propagation of 200 realizations of correlated model errors
via the Monte Carlo method. The noise grids are added
to GRACE time series of grids of surface mass anoma-
lies that are synthesized from the strongest periods found
in the pcs of the EOF analysis. To this end we replace
the original principal components of the modes of inter-
est by the harmonic model from eq. (2) evaluated at the
epochs of the input data using the amplitudes, periods
and phases and then perform the inverse EOF transfor-
mation for these modes. In this way we obtain a filtered
time series of 45 months of GRACE-based surface mass
anomalies, containing a set of well-defined variations con-
tamined by authentic noise. Applying the EOF and the
frequency analysis to this data one can derive the stan-

dard deviations of the empirical distribution resulting for
the amplitudes, periods and phases.

Since we do not know as yet whether the considered
harmonic terms found in the pcs are really significant, the
whole procedure must be repeated several times taking
into account more or fewer terms (but the same noise
data). This is done to avoid an over- or under-noising
until the results confirm the assumption on the significant
periods.

The applied GRACE model errors are currently con-
sidered as conservative estimates. The reason is that
the scaling of the variance-covariance matrix is ob-
tained through comparisons to the residual variability of
monthly GRACE models in the space domain, which still
contains plausible physical signal that is interpreted as
error (see e.g. Wahr et al. [2006], Schmidt et al. [2007]).
On the other hand, the results there, but also in Hor-
wath and Dietrich [2006], reveal that the obtained spatial
distribution of errors based on such rescaled covariance
matrices may only represent propagated errors due to
GRACE observation noise characteristics and the sam-
pling geometry. Further important contributions due to
so-called aliasing errors, visible in the spatial distribu-
tions of the residual GRACE signal, are seemingly not
well represented by the rescaled covariance information
at present. The investigation of the potential causes of
and the assessment of these aliasing errors is still ongoing.
Part of these errors seem to be induced by deficiencies in
the background models e.g. describing short-term mass
variations in the atmosphere and the oceans applied dur-
ing the gravity recovery process (see e.g. Reigber et al.
[2005]).

3. Application to Continental Grids and
River Basins

As shown in Petrovic et al. [2007], the EOF analysis
of grids with data points over the continents respectively
inside river basins reveals that in the general case 80%
and more of the total variability observed in GRACE and
water storage of hydrology models is contained in the very
first three to five modes. This is highlighted by Tab. 1,
which shows the decrease of the contribution to the total
signal as the mode number increases. It is also obvious
from the plots shown in Fig. 3 (a) and (b). Hence, we
limit the frequency analysis of the pcs and the accuracy
assessment for the GRACE data to these lower modes.

Tables 2 to 9 summarize the periods detected in the
pcs for the selected regions. In analogy to EOF, the re-
sults are tabulated in descending order, i.e. from the
strongest to the weakest periodic component. This rank-
ing is derived based on the percentual contribution of the
harmonic component to the total variability of the input
grid data, i.e. from the ratio (varharm/vartotal) · 100
[%]. vartotal denotes the variance of the original total
signal (which includes noise) and varharm is the signal
variance of the spatial signal reconstructed from the har-
monic components only. The latter is computed for each
harmonic term as described in subsection 2.4 by replac-
ing the original principal component y(t) by the periodic
yk(t) in the inverse EOF transformation.

For the GRACE-based results the accuracy assessment
according to subsection 2.4 is displayed in Tab. 2 to
Tab. 9 as well. For the interpretation of the errors of the
amplitudes one has to note that the tabulated values have
relative units, since absolute signal amplitudes are only
given after the synthesis of the eigenvectors and principal
components. However, the actual absolute amplitudes
vary only with the relative amplitudes derived from the
principal components multiplied by evs. In this way the
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given relative error values hold for the errors of absolute
amplitudes as well.

In the following interpretation of the detected periods
it should be clear that they were determined from a finite
data time interval. In this way, there is some uncertainty
of the detected periodic terms with respect to an extrap-
olation to intervals outside the data period. This holds
especially for parameters of signals with longer periods.
One might therefore prefer to use a prefix like quasi for
the estimated terms (e.g. quasi–annual). However, in a
strict sense it is never justified to call systematic com-
ponents estimated from an always finite data interval by
their proper mathematical denominations. We therefore
ignore such a distinction in the parameter names.

3.1. Detection of Annual Signals

The most dominant feature to be observed are annual
periodic variations, which are found in virtually all of
the investigated basins. In most of the areas considered
in this study about 70-80% of the total variability seem
to be represented by such annual waves. Only in the
Mississippi basin we observe a weaker contribution of an
annual term to the total variability (only about 40–45%
cf. Tab. 8 and Tab. 9), which seems to be an exception.

The accuracy assessment of the GRACE-based results
indicates a very good resolution of the annual terms, even
for the results for the Mississippi basin. For the global
case as well as for the Amazon or the Ganges basin the
standard deviations of the derived annual periods and
their phases are at the level of or even below one day.
This is a relative error of about 0.2% for these parame-
ters. The relative error of amplitudes is of the order of
1–2% for these basins. Even for the Mississippi the rel-
ative errors of the periods, phase and amplitudes of the
annual term are still 0.9%, 3.4% and 4.7%, respectively.

As outlined in subsection 2.3 the detection of several
annual signals in different modes is not surprising. This is
caused by the spatial variability of the signal amplitudes,
phases and periods inside the region of interest. For the
example of the Amazon shown in Fig. 3 (b) these are
well explicable by the distribution of the rainfall inside
this basin. While the seasonality of rainfall is out of phase
in the northern and southern Amazon, the basin average
tends to be dominated by the southern Amazon because
of its larger size [Zeng , 1999]. For the basin-average in
the Amazon, the rainfall maximum is in February while
the maximum of water storage is delayed by 1–2 months,
peaking in March/April (Zeng [1999]; Chen et al. [2005];
Güntner et al. [2007])). This annual variation of total
Amazon water storage is represented by the annual pe-
riod in mode 1 with a phase of about 114 days (cf. Tab.
4). Spatially it coincides with the largest water storage
variations focused in the eastern and south-eastern parts
of the basin (Fig. 3 (b), mode 1) as a combined effect
of rainfall-induced soil moisture and groundwater vari-
ations and seasonally varying storage in surface water
(river and inundation areas). The latter component ob-
tains a maximum in this lower part of the basin due to
river flow convergence from upstream areas. The second
annual period found in the analysis is due to the differ-
ent phasing of water storage variations in the northern
and southern part of the Amazon. These variations are
induced by the rainfall seasonality governed by the sea-
sonal north-south migration of the Intertropical Conver-
gence Zone (ITC). As shown by Güntner et al. [2007]
(Fig. 6 there), minimum water storage in the northern
part is from December to February while it is from July-
September in the southern part. This north-south distri-
bution that roughly oscillates around the Amazon main
channel is directly reflected in the annual period of mode

2 (cf. Fig. 3 (b)) and its corresponding phase of about
200 days (minimum in January, cf. Tab. 4).

In this way finding several annual periods associated to
different spatial patterns inside one basin is not an arti-
fact, but is a consequence of the processes governing the
mass redistributions. Corresponding explanations may
hold for other basins, but which are still to be studied in
detail.

3.2. Detection of Semiannual Signals

Semiannual variations are only found in few investi-
gated river basins. The contribution to the total variabil-
ity is small, but can be determined significantly according
to the obtained standard deviations. See for example the
semiannual term for the Ganges shown in Tab. 6 and
Tab. 7. We note that this semiannual term is found
in the principal component of mode 1 and it thus has
the same spatial variability pattern as the annual term.
From the viewpoint of harmonic analysis, the detected
semiannual signal could be regarded as a simple mathe-
matical correction of the dominating annual term. It is
therefore difficult to attribute the semiannual signal to
some uniquely defined physical cause. Finding the semi-
annual term in a separate mode would exclude such an
explanation based on overtones. On the other hand, sev-
eral physical causes exist that may explain semiannual
oscillations indeed. For example, they may be caused by
a bimodal rainfall distribution within the year, such as
known for the central tropical parts of the Congo or Nile
basin. Indeed semiannual signals for the named basins
are found both from GRACE and the hydrological models
(not shown). Additionally, it should be noted that water
mass variations on the continents are due to variations
in different storage compartments, such as ground water,
surface water and snow. These compartments are char-
acterized by different water residence times and phases
and may overlay in a complex way to give total mass
variations. For example, in high-latitude basins such as
the Ob and Yenisei river basins, there is the main stor-
age peak in winter due to snow accumulation, and a sec-
ond maximum (of much smaller amplitude) in summer
caused mainly by surface water storage (Güntner et al.
[2007]), presumbly leading to the semiannual periodicity
found there. In this sense, the significant semiannual sig-
nal found for the Ganges basin may be caused by snow
storage in the Himalayas and Central Asia to the North
and Northeast of the basin which leads to a maximum
of storage around February, fitting to the phase of the
semiannual period in mode 1 (cf. Tab. 6 respectively
Tab. 7). Chowdhury and Ward [2004] stress the impor-
tance of Himalayan snowpack and ice as a long-term and
partly seasonal water reservoir for the Ganges basin.

3.3. Detection of Longer Term Periodic Signals

The results of the frequency analysis in Tab. 2 to 9 also
show long-periodic variations in the range of 2 years and
more. Similarly to the semiannual signals these represent
only small contributions to the total variability, again at
the level of a few percent. The obtained standard devi-
ations for the GRACE-based estimates are much larger
than for the annual and semiannual terms. For example,
for the 2.1-yearly term found for the continental data set
the error estimate for the period is about ±1.2 months
(relative error ≈ 5%) and for the phase about 0.6 month
(relative error ≈ 2%). For the Amazon basin the period
and the phase of the 2.5-yearly oscillation are more ac-
curate than for the global case but with still much larger
standard deviations than for the annual terms (σT=2.5y ≈

27 days → relative error ≈ 3%, σϕ=2.5y ≈ 19 days → rel-



X - 6 SCHMIDT ET AL.: PERIODIC WATER STORAGE CHANGES AND GRACE

ative error ≈ 2%). For the long-periodic term in the
Mississippi basin we obtain comparable values for the
relative error of about 3.5% for both period and phase.
For the amplitudes we also obtain a larger relative error
than for the annual terms. For example for the global
case, the Amazon, and the Mississippi the relative error
of amplitudes is about 8%.

This illustrates the difficulties in clearly identifying
such terms, in particular in view of the rather short pe-
riod covered by GRACE so far. However, for several
reasons they may be plausible nevertheless. First, it is
possible to reproduce very similar values from longer time
series (i.e. 12 years) of the hydrological models. For
example, the long-periodic wave of about 2.5–2.8 years
found on the global scale in GRACE and the hydrologi-
cal models for the GRACE period (cf. Tab. 2 and 3) is
also retrievable in hydrological models for the longer data
period. The same holds for the long-perodic term found
in the Amazon basin. An exception is the long-periodic
wave of about 2.5 years in the Mississippi basin. That
one is detected in the GRACE and the hydrology models
only over the GRACE period, but not from the 12 years
time series of the hydrological data. At present, potential
causes of this very feature found for the Mississippi basin
are unclear.

As a second argument for the plausibility of the de-
tected terms may lie in the statistical significance of the
results. Although the estimates of these terms are less
accurate than those for the annual and semiannual sig-
nals, the accuracy assessment indicates a still significant
detection of the long-term periodics. But also from the
hydrological perspective such long-term variations are in-
dicated. There are numerous studies reporting on quasi-
biennial variability of hydro-meteorological variables in
the range of 2–3 years, such as Poveda and Mesa [1997]
for South-American rainfall records, Rajagopalan and
Lall [1998] for precipitation in the U.S. or Krokhin and
Luxemburg [2007] for Sibirian and eastern Asian precip-
itation and temperature which is related to ENSO (El
Nino Southern Oscillation) variability. These authors
also cite several studies with analogous results for vari-
ous hydroclimatological variables worldwide. Given that
precipitation is a main driving force for the hydrolog-
ical cycle on the continents, similar variations can be
expected for other water cycle components such as wa-
ter storage and river discharge. Güntner et al. [2007]
showed marked coherence of interannual spatio-temporal
variations in water storage at the scale of continents with
ENSO-related climate indices. For the Amazon basin,
Zeng et al. [2008] showed large interannual variability of
water storage composed of long-term decadal variations
associated with major recharge or discharge periods of
basin-wide water storage, superimposed by higher fre-
quency variations at the annual or biannual scale which
they relate with major El Nino or La Nina events. Simi-
larly, for the Mississippi basin, Zeng et al. [2008] revealed
considerable interannual variations at time scales shorter
than 7 years that were related to drought and wet pe-
riods. For river discharge, Labat et al. [2005] and Labat
[2008] summarized the dominant frequencies of interan-
nual varitions in the discharge of large rivers worldwide
and found good coherence with climate indices such as
the Southern Oscillation Index (SOI) and the North At-
lantic Oscillation (NAO).

Within this study we have made a preliminary
analysis for some available climatological indices for
the GRACE time span using our frequency ap-
proach. These include the Southern Oscillation In-
dex (SOI) downloaded from the website of the Bu-
reau of Meteorology of the Australian Government

(http://www.bom.gov.au/climate/current/soihtm1.shtml),
the Pacific Decadal Oscillation Index (PDO) from the
website of the Joint Institute for the Study of the Atmo-
sphere and Ocean (http://jisao.washington.edu/pdo/PDO.latest)
and the North Pacific Oscillation Index (NPO) from the
website of the National Center for Atmospheric Research
(http://www.cgd.ucar.edu/cas/jhurrell/indices.data.html).
In addition to a rich spectrum for short periodic terms
(below 1 year), we find annual and long-periodic terms
with 1.5-, 1.9- and 4.6-yearly periods, which do not agree
too well with the long-period terms detected for hydrol-
ogy in this study. This has to be investigated further.

3.4. Detection of Trend Signals

There are various studies that highlight GRACE’s sen-
sitivity to trend signals. These are induced by diverse
processes like the melting of glaciers in the polar regions
(e.g. Velicogna and Wahr [2006]), post-glacial rebound
(e.g. Tamisiea et al. [2007] ) or the mass redistributions
caused by the Sumatra-Andaman earthquake (e.g. Han
et al. [2006]). An indication of the detection of such sig-
nals with GRACE and the presence of comparable secu-
lar changes in continental hydrology may be given by the
plots of mode 3 for the global grids shown in Fig. 3 (a).
In the context of the determination of the periodic terms
considered here, we always estimate trend signals simul-
taneously (cf. eq. (2)) to avoid aliasing in the estimates
for the periodic terms. However, we leave the investiga-
tion and interpretation of these trends for a later study.

4. Reconstruction of Filtered GRACE
Time Series of Surface Mass Anomalies

Filtering of the GRACE data, in the sense of a signal-
noise separation, is an important task for the actual us-
age of the GRACE data for the calibration of geophysical
and climatologically driven models like global hydrology
models. Using the approach to construct the harmonic
signals described in subsection 2.4 it is possible to create
such filtered GRACE time series of surface mass anoma-
lies. To this end we use the harmonic components of the
pcs for the EOF synthesis that 1) are found also in the
hydrology data and 2) which are significant according to
the accuracy assessement.

In this context the detection respectively the presence
of two or more nearby periods (like the annual), that
might look like doublet periods, may be of some concern.
Recalling the features of the EOF model to describe the
variability of spatial data (cf. subsection 2.2 and 2.3),
finding nearby periods is only possible for pcs of different
modes. That is to say, harmonic oscillations with nearby
periods in the EOF model are only possible if they are
associated to different spatial variability patterns (or evs,
respectively). This distinction originates from the input
data, i.e. from given variations of the period, the phase
and the amplitude inside the region of interest.

Let us for simplicity first assume that there are only
two periodic terms with identical periods, coming from
two different modes, i.e. associated with two different
patterns. It can be shown using very simple mathemat-
ics that the EOF-based model of the spatial data vari-
ability can be transformed into a point-wise model which
associates to each point inside the considered region a
one-dimensional wave with the given period. For each
point the amplitude and phase depend on its position in-
side the region. This transformation can be performed in
both directions exactly.

If we additionally allow a small variation of the period
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inside the region, i.e. from point to point, there is no
exact transformation between the two described repre-
sentations. However, having in each grid point an oscil-
lation, all of them having nearby periods and arbitrary
amplitudes and phases, it is possible to approximate all
of them, i.e. over the whole of the region of interest, by
two or more periodic terms and associated patterns in the
EOF model. The transformation in the other direction
is also approximate. It is clear that at the level of the
point-wise data real doublets are never possible.

A main result of the present study is that only two pe-
riodic waves and their associated patterns are sufficient to
approximate the point-wise variations of periods, phases
and amplitudes of dominating annual oscillations inside
the considered regions.

This can be easily demonstrated. For the global case,
we reconstruct maps of surface mass anomalies for only
the two relevant periods for GRACE and WGHM. Then,
to the resulting 45 grids of surface mass anomalies we
fit the model based on equation (2) to each grid point,
i.e. we estimate for each data pixel an amplitude, period
and phase. In such a way it is possible to represent ap-
proximately 99.7% of the variability contained in the two
region-wide annual waves by one single amplitude, period
and phase at each location. Global plots of the estimated
amplitudes, periods and phases (not presented) show the
coincidence with the expected regions of surface mass
variations from hydrology, and the signal phases corre-
late well with the principal climatological zones of the
Earth. To illustrate the agreement of the reconstructed
data for GRACE and WGHM we display the differences
of derived annual periods and phases in Fig. 4 (a) and
(b), respectively. For the annual periods it can been seen
that the agreement is within ± 4 days in most regions of
the continents, which is quite remarkable.

For the phases the agreement between GRACE and
WGHM, displayed in Fig. 4 (b), is at the level of ± 1
month. A closer investigation of the orange to red ar-
eas in Fig. 4 (b) indicates a systematic offset of about 1
month in many regions of the continents. That is to say,
the variations of surface mass anomalies from WGHM
are seemingly about 1 month ahead of the GRACE esti-
mate in these regions. There are also regions where the
GRACE phases are ahead of WGHM (green to blue ar-
eas in Fig. 4 (b)). However, a large portion of these may
be explained by instabilities for the phase estimates from
GRACE and WGHM at the border of the catchment ar-
eas and in the areas where the signal amplitude reduces
below the GRACE sensitivity (e.g. the deserts in North-
ern Africa, Arabia, the Middle East, Western China and
Mongolia). Together with potential inaccuracies of the
hydrological models in such areas an unambiguous inter-
pretation of the differences between the phases derived
from GRACE and hydrological data in these regions is
difficult. On the other hand, since an advance of the sig-
nal phase of the annual terms is detectable for all the
tested hydrology models in common regions, it seems to
be a systematic feature. For illustration, Tab. 10 shows
the estimates for the first two annual terms for the Ama-
zon basin for the LaD, H96 and GLDAS hydrology mod-
els. Comparing with the GRACE and WGHM results in
Tab. 4 and Tab. 5, respectively, the offsets GRACE mi-
nus hydrology model are always positive and range from
8 (WGHM) to 29-36 days (LaD, H96 and GLDAS) in
that basin. The smaller difference for WGHM could re-
sult from the explicit modeling of surface water storage
which is not included in the other considered models.

In a next step we extend the harmonics used for the
synthesis to additional terms that can be considered plau-
sible and/or significant. As a typical example we use the

Amazon, where at least the first four harmonic terms dis-
played in Tab. 4 fullfill this criteria. The first and the
third column in Fig. 5 show the resulting 12 monthly
grids for the year 2005 from these four terms, i.e. two
annual plus a 2.5-yearly and a 1.3-yearly signal. These
explain 92% of the total variability of the input data.
As discussed in section 3 the reconstructed grids clearly
display the variations induced by the rainfall seasonality
governed by the seasonal north-south migration of the
ITC.

In the second and the fourth column of Fig. 5 residual
mass anomalies are shown. These are derived as the dif-
ference of the original grid of surface mass anomalies of
each month minus the reconstructed signal. The distribu-
tion of the residual signal is quite interesting. It reveals
a north-south oriented pattern, which resembles the typ-
ical feature of the correlated errors of the GRACE-only
gravity models. This result gives indication that a proper
signal-noise separation is achieved by this approach.

It is clear that the residual signal may still contain
traces of hydrological signal and cannot be interpreted as
pure errors. However, since the amplitude of the residual
signal is small, it explains only 8% of the total variability
which includes noise as well, the potentially neglected hy-
drological signals should be very small. Vice versa, the
reconstructed signal from the selected harmonic terms
may also contain some small portions of the error sig-
nals. However, the accuracy assessment shows, that the
relative contributions of errors in the derived dominating
terms are much smaller than in the residual part. In this
way the construction of filtered surface mass anomalies
from the dominating terms will be useful for the valida-
tion and calibration of hydrological models.

For illustration of that we create basin averages of
surface mass anomalies in the Mississippi for the origi-
nal Gaussian grids and for the reconstructed signal (cf.
Fig. 6). For the latter we choose the first two domi-
nating terms from Tab. 8 (i.e. the annual term and the
2.5-yearly one) according to the above criteria on signifi-
cance and plausibility. The basin averages of the surface
mass anomalies are computed as weighted mean over all
data points inside the river basin. Figure 6 (a) and (b)
depict the original time series of the (Gaussian averaged)
basin averages from GRACE (dashed line in Fig. 6 (a))
and WGHM (dash-dotted line in Fig. 6 (b)). These
curves exhibit some general agreement, but also substan-
tial differences, e.g. at the beginning of year 2003, where
GRACE observes larger signal variations that are not
present in the WGHM data. In addition, the variations
in GRACE have an overall larger amplitude than the cor-
responding variations in WGHM.

The reconstructed signals for GRACE is shown in
Fig. 6 (a) as solid line with circles and for WGHM in
Fig. 6 (b) as solid line with triangles, respectively. The
filtered WGHM signal is computed from the first two
harmonic terms listed in Tab. 9. After a scaling of the
amplitude of the reconstructed WGHM curve, to match
the amplitude of the filtered GRACE signal, we obtain
the curves displayed in Fig. 6 (c). As it can be seen
the rescaled version of the WGHM-based time series and
of the GRACE-based data exhibits a fairly good agree-
ment except for a phase bias of about 1.4 months, the
feature which was already highlighted before. To verify
that this is not specific to WGHM we also look at the
other hydrology models and obtain: GRACE - GLDAS
≈ 0.1 months, GRACE - H96 ≈ 0.7 months and about
1.3 months for GRACE - LAD. Suppressing the phase
bias for the WGHM case by shifting the rescaled WGHM
curve onto the GRACE filtered signal curve we get Fig. 6
(d) which reveals an almost perfect agreement of the two
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data sets after these transformations.
These results are even more remarkable as in the Mis-

sissippi basin the given changes in surface mass anoma-
lies are far less dominated by harmonic variations (the
two strongest terms only explain some 55% of the total
variability) than in the case of the majority of the other
basins where even better results can be obtained. In this
way the results for the Mississippi clearly demonstrate
the capability of the proposed procedure to efficiently
extract patterns of harmonic mass variability, which will
serve in turn for the basin-specific calibration of hydro-
logical models with respect to the dominant periodic vari-
ations of water storage.

5. Conclusions and Outlook

In this contribution we have derived characteristic
spectra of periodic respectively quasi-periodic surface
mass variations induced by continental hydrology observ-
able in time series of GRACE gravity and global hydrol-
ogy models. To this end we apply a combined EOF and
frequency analysis method, where the latter allows for
the determination of arbitrary periods from the tempo-
ral patterns of the derived EOF modes. This constitutes
an interesting alternative to conventional, Fourier-based
frequency analysis of data, as it may allow for a more
adequate description of time variability contained in geo-
physical data. For the GRACE-based spectra we perform
an accuracy assessment using available GRACE error es-
timates via a Monte-Carlo simulation.

Concerning the characteristic features of hydrologi-
cally induced mass redistributions, we can conclude that
these are dominated by annual variations and that they
are accurately determined by GRACE. Such terms ex-
plain about 60% to more than 90% of the total data vari-
ability, which are well determined in the GRACE data.
The relative errors of the annual periods and phases are
small and seem to be at the level of about ± 1 day for
most of the basins.

For the phases of the annual terms we observe a
systematic delay between GRACE-based surface mass
anomalies and the hydrology models. Depending on the
model and the region, the phases from the hydrological
models are about 1 to 6 weeks ahead of the GRACE es-
timate. This difference may point to systematic deficien-
cies in hydrological modeling. For example, water storage
in surface water bodies will cause a delay of freshwater
runoff from the continental areas. However, processes
of runoff routing in the river network and lake/wetland
water retention are not taken into account by the hy-
drological model versions used in this study, except for
WGHM.

The fact of finding several annual terms (but associ-
ated with different spatial patterns) per region is a con-
sequence of the spatial variability of the underlying pro-
cesses and is not an artifact of the method. This could be
clearly demonstrated for the Amazon, where the detected
two annual terms are well explainable by the temporal
distribution of the rainfall and its migration with the In-
tertropical Convergence Zone. For other basins similar
explanations still have to be investigated.

Semiannual terms do not play a significant role, at
least on the global scale. On the level of drainage basins
only in a few regions, e.g., for the Ganges, the Nile, the
Congo, and the Ob, semiannual variations are traceable.
However, since their contribution to the total variability
is in general small, a clear separation as for the dominant
annual terms is difficult. Potential hydrological causes of
such signals may originate from a bimodal rainfall distri-
bution in tropic areas, but could also arise from a com-

plex overlay of mass variations in the different storage
compartments such as ground water, surface water and
snow. In the case of the Ganges the influence of changes
in the Himalayan snowpack is speculated, but this has to
be investigated further.

Moreover long-periodic signals with periods of 2 years
and more are observed. As for the semiannual signals
these provide only very small contributions to the total
variability making a detection difficult. In connection
with the short data period covered by GRACE so far,
a separability of such features may be limited. This is
clearly reflected in the error estimates, which are larger
than those of the annual and seminannual terms.

On the other hand, in many cases the detected
long-periodic signals can be still considered significant
and thus may represent plausible hydrological signals
nevertheless. In various contributions to the hydro-
climatological literature several authors discuss such vari-
ations, which may be related to long-term mass redistri-
butions caused be climatological variations like the El
Nino Southern Oscillation. It seems that such signals are
implicitely contained in the hydrological models via the
climatological input data, as we retrieve quite compara-
ble long-term periods from short and long term (12 years)
model data series. In addition, these are consistent with
the estimates obtained from GRACE for many basins,
which could be seen as another hint to long-term mass
redistributions. However, from preliminary comparisons
with spectra derived from available climatological indices
we cannot infer a definite connection to such climatolog-
ical variations.

Finally, in combination with the results from the accu-
racy assessment of GRACE-based spectra, it is possible
to derive filtered GRACE surface mass anomaly data.
These are reconstructed via the inverse EOF transforma-
tion where the original principal components are replaced
by harmonic terms that 1) are found consistently also in
hydro-climatological models and that 2) are significant
according to the error estimates. Such anomaly data,
revealing a distinct signal-noise separation, will be of
benefit for calibration and validation purposes of hydro-
climatological models. As the method is not restricted to
the presented study case of hydrology, it may be of gen-
eral interest for a wide set of geophysical applications in
the context of an assimilation of GRACE-based surface
mass data.
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J. Wünsch, GeoForschungsZentrum Potsdam, Telegrafen-
berg, D-14473 Potsdam, Germany. (wuen@gfz-potsdam.de)

J. Kusche, GeoForschungsZentrum Potsdam, Telegrafen-
berg, D-14473 Potsdam, Germany. (jkusche@gfz-potsdam.de)



X - 10 SCHMIDT ET AL.: PERIODIC WATER STORAGE CHANGES AND GRACE

Table 1. Variances and cumulative variances (in %) from
EOF analysis of GRACE-based data grids of surface mass
anomalies for some drainage basins.

Mode No. Continents Amazon Ganges Mississippi
var cum var cum var cum var cum

1 58.6 58.6 77.0 77.0 87.3 87.3 62.3 62.3
2 11.9 70.5 17.3 94.2 9.1 96.4 14.5 76.8
3 6.5 77.0 2.7 97.0 1.4 97.8 8.2 85.0
4 3.5 80.6 1.0 97.9 1.0 98.8 6.8 91.8
5 2.1 82.7 0.5 98.4 0.6 99.4 2.4 94.2

Table 2. Results of frequency analysis for grid points over all continents
for GRACE – significant periods. Unit of period and phase is [days]. The
unit of the amplitudes is relative.)

No. Mode Period T Phase ϕ Amplitude A [%] of total

1 1 363.2 ± 0.3 99.3 ± 0.4 13.96 ± 0.08 57.9
2 2 353.9 ± 0.7 359.8 ± 0.9 6.00 ± 0.08 11.3
3 4 768.5 ± 37.8 130.6 ± 18.7 3.09 ± 0.27 1.9

Table 3. Same as Table 2 but for WGHM – four strongest
periods.

No. Mode Period T Phase ϕ Amplitude A [%] of total

1 1 364.2 83.2 10.29 67.8
2 2 352.6 344.6 4.49 13.2
3 3 404.8 395.8 1.58 3.7
4 5 870.6 47.9 1.18 1.5

Table 4. Results of frequency analysis for grid points inside the Amazon
basin for GRACE – significant periods. Unit of period and phase is [days].
The unit of the amplitudes is relative.

No. Mode Period T Phase ϕ Amplitude A [%] of total

1 1 359.8 ± 0.6 114.5 ± 0.8 7.34 ± 0.08 73.0
2 2 355.6 ± 0.7 201.6 ± 0.9 3.28 ± 0.04 16.1
3 1 943.3 ± 26.5 603.8 ± 18.7 1.10 ± 0.09 1.7
4 3 462.3 ± 6.2 387.8 ± 4.5 0.59 ± 0.07 1.3
5 1 501.9 ± 45.3 496.0 ± 40.3 0.94 ± 0.10 1.2

Table 5. Same as Table 4 but for WGHM – five strongest
periods.

No. Mode Period T Phase ϕ Amplitude A [%] of total

1 1 359.4 105.2 4.62 73.5
2 2 352.2 193.8 1.83 12.5
3 1 1036.6 440.8 1.01 4.4
4 1 485.6 466.6 0.97 2.4
5 1 272.1 136.7 0.54 1.3
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Table 6. Results of frequency analysis for grid points inside the Ganges
basin for GRACE – significant periods. Unit of period and phase is
[days]. The unit of the amplitudes are relative.

No. Mode Period T Phase ϕ Amplitude A [%] of total

1 1 362.7 ± 1.0 265.1 ± 1.4 2.69 ± 0.06 79.0
2 1 183.4 ± 1.0 57.9 ± 2.3 0.71 ± 0.05 4.6
3 2 352.7 ± 5.1 358.6 ± 13.2 0.60 ± 0.06 4.6

Table 7. Same as Table 6 but for WGHM – three strongest
periods.

No. Mode Period T Phase ϕ Amplitude A [%] of total

1 1 362.1 254.2 2.06 90.0
2 1 181.5 56.9 0.55 4.8
3 2 179.3 53.5 0.20 1.1

Table 8. Results of frequency analysis for grid points inside the Missis-
sippi basin for GRACE – significant periods. Unit of period and phase is
[days]. The unit of the amplitudes are relative.

No. Mode Period T Phase ϕ Amplitude A [%] of total

1 1 360.0 ± 3.2 91.1 ± 3.1 1.29 ± 0.06 43.5
2 1 905.0 ± 32.0 899.4 ± 32.9 0.85 ± 0.07 9.3
3 1 484.4 ± 5.4 474.4 ± 9.9 0.50 ± 0.06 3.5

Table 9. Same as Table 8 but for WGHM – three strongest
periods.

No. Mode Period T Phase ϕ Amplitude A [%] of total

1 1 362.0 49.8 0.98 38.8
2 1 923.6 908.8 0.67 18.7
3 2 2114.5 380.1 0.61 18.0

Table 10. Same as Table 4 but for LaD, H96 and GLDAS
– two strongest periods.

Model No. Period T Phase ϕ Amplitude A [%] of total

H96 1 363.0 78.2 3.92 85.9
2 359.5 166.3 1.36 10.4

LaD 1 362.1 80.5 4.70 78.9
2 353.7 165.6 2.01 14.2

GLDAS 1 363.0 85.6 4.21 80.2
2 358.8 170.6 1.68 12.4
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Figure 1. Location and distribution of 18 drainage basins investigated.

input: ti, y(ti) (i = 1, . . . , N), ε

n = 0, y0(ti) = 0 (i = 1, . . . , N), εn = 2ε

εn > ε

z(ti) = y(ti)− yn(ti) (i = 1, . . . , N)

global optimization

find ωn+1 from z(t)

use linearity

compute: Bn+1, Cn+1

common adjustment (local optimization)

compute: A0, D, B1, . . . , Bn+1,
C1, . . . , Cn+1, ω1, . . . , ωn+1

n:=n+1

compute: yn(ti) (i = 1, . . . , N), εn

output: A0, D, B1, . . . , Bn, C1, . . . , Cn,
ω1, . . . , ωn, εn

Figure 2. Sequential search algorithm for the determination of arbitrary periods.
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Figure 3. (a) Eigenvectors and principal components of the first three modes (left to right column) for the
GRACE and the WGHM time series of grid points over continents. The values labeled corr give the correlation
coefficients between the corresponding eigenvectors respectively the corresponding principal components. (b)
Same as (a), however, EOF applied to grid points located within the Amazon basin.
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(a) (b)

Figure 4. (a) Differences of pixel-wise annual periods derived from the annual harmonic terms found in GRACE
versus corresponding terms found in WGHM. Units are days. (b) Same as (a) but for annual phases. Units are
months.
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Figure 5. Synthesis of GRACE-based surface mass anomalies in the Amazon based on principal components
replaced by the harmonic model of equation (2) based on the first four harmonic terms from Tab. 4. In the first
and third column from left the reconstructed signal is shown for the months January to June 2005 and July to
December 2005, respectively. The second and fourth column show the residual signal computed as the difference
of the original GRACE data grid minus the reconstructed signal shown in columns one and three (from the left).
Units: cm water column.
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Figure 6. Time series of basin averages for the Mississippi basin from Gaussian averages of surface mass anomalies
in terms of the equivalent height of a water column. Filter radius 500 km. Units cm. (a) The original data series
and the reconstructed version for GRACE where the latter one is based on the annual and long-periodic harmonic
terms displayed in Tab. 8. (b) Same as (a) but for WGHM. The harmonic terms for WGHM are taken from
Tab. 9. (c) The reconstructed signals shown in (a) and (b), but the amplitude of the WGHM curve has been
scaled to match the amplitude of the filtered GRACE signal curve. (d) The same as (c), however, the WGHM
curve has been additionally shifted to match the filtered GRACE signal curve.


