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Abstract

There are small pieces of evidence, suggesting that South America’s hydrological cycle is changing, which impacts

its water availability and, consequently, the Earth’s surface due to its elastic response to the surface mass loading/
unloading. Therefore, we analyzed 3 to 15 years of vertical crustal displacements (VCDs) due to mass loadings using
292 Global Positioning System (GPS) stations in South America, which are essential for studies related to tectonic
phenomena, for example. Thus, we investigated whether the intra-annual variabilities of the displacements could be
reduced using modeled VCDs and inverted displacements from Gravity Recovery and Climate Experiment (GRACE)
harmonic solutions (Release 06). The modeled VCDs come from the combination of nontidal atmospheric and ocean
loadings with the hydrological loadings from the land-surface model (GLDAS) and reanalysis (MERRA). We found that
the highest amplitudes of VCDs of the annual signals are concentrated mainly over the Amazon Rainforest and Brazil-
ian Highlands. However, the results also show different behavior throughout other physiographic provinces of South
America, which shows low water capabilities as “sensed” by GRACE and described by the GLDAS and MERRA models.
Accordingly, when we disregard the stations over the Andes Mountains and Patagonia in the analysis, the highest
reduction in the variability of GPS-observed VCDs is achieved while using GRACE (79% of the sites), MERRA (75% of
the sites), and GLDAS (74% of the sites). For these stations, the amplitudes (and phases) of the annual signals depicted
by the geodetic sensors generally agree, while those from GLDAS and MERRA explain only approximately 50% of the
deformation. However, in the southwest region of South America (between the latitude bands of —40° to — 30°), GPS
annual signals, which reached up to 11 mm, are much larger than those from GRACE and the models due to the exist-
ence of lakes that are not resolved in global analysis. These inconsistencies between GPS-observed VCDs and those
derived from GRACE and the other models require further investigation, specifically for Chile.
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Introduction

South America is known for its complex dynamic pro-
cesses related to topographical, geological, geophysi-
cal, hydrological, and climate features (Hinze et al. 1982;
Hughes et al. 2009; Solman 2013; Flament et al. 2015;
Novello et al. 2018). For example, the continent is of
interest in investigating the magnitude and distribution
of crustal deformations and their implications in different
fields of study, such as geodesy, hydrology, geophysics,
and climate change (e.g., Ferreira et al. 2018). First, this
is because of the critical rates of crustal deformation in
the Andes dominated by the different phases and wave-
lengths of the earthquake deformation cycle (Khazaradze
and Klotz 2003; Melnick et al. 2017). Second, the conti-
nent has the largest availability of water resources in the
world. Moreover, South America also hosts some of the
world’s regions with the highest water scarcity (e.g., Buy-
taert and Breuer 2013) and exhibits diverse patterns of
weather and climate features (e.g., Eichler and Londono
2013).

Crustal deformations of South America have been
investigated in the last two decades using geodetic obser-
vations over specific regions (see, e.g., Bevis et al. 2004,
2005; Davis et al. 2004; Galvan et al. 2015; Moreira et al.
2016). However, despite the importance of understand-
ing the effect of surface mass loadings, no study has
thoroughly investigated the associated vertical crustal
deformation (VCD) variability in the continent’s broad-
scale domain. Currently, the primary techniques for
measuring the VCDs include the Global Positioning
System (GPS) and, less frequently due to their necessary
complex infrastructure and high costs, Doppler orbitog-
raphy and radio-positioning integrated by satellite, satel-
lite laser ranging, and very long baseline interferometry.
Among all space geodesy techniques dedicated to posi-
tioning, only GPS is widespread through South America
(e.g., Jin and Zhu 2003; Ray et al. 2007).

Nevertheless, the geodetic techniques mentioned above
are insufficient by themselves for recovering individual
local loadings due to mass transport phenomena in the
atmosphere, ocean, cryosphere, and continental hydrol-
ogy. Thus, the Gravity Recovery and Climate Experiment
(GRACE) and the combined loading models (CLMs)—a
combination of nontidal atmosphere and ocean loadings
and continental water storage loading—have become
suitable datasets for modeling VCDs induced by the dif-
ferent surface mass variations. Several studies have been
conducted in areas with strong hydrological signals using
GRACE and GPS techniques to determine VCDs (see,
e.g., Fu et al. 2012; Chanard et al. 2014; Tiwari et al. 2014;
Pan et al. 2016).

For example, Hao et al. (2016) found a high correlation
between GRACE-derived seasonal VCDs and those from

Page 2 of 16

GPS-modeled annual and semiannual displacements
across the southeastern Tibetan Plateau, which mainly
reflected the hydrological loadings. Likewise, consist-
ent seasonal movements between GPS and GRACE have
been demonstrated in West Africa (Nahmani et al. 2012),
the Nepal Himalayas (Fu and Freymueller 2012), and in
China (Hai-hua et al. 2010). In particular, Gu et al. (2017)
have found that the VCDs captured by GPS, GRACE, and
CLMs demonstrate high consistency at 224 continuous
GPS stations across China. Accordingly, Li et al. (2016)
have found that the annual variability from GRACE, com-
pared to the loading models, better explains the annual
signal in the global set of GPS stations considered in their
study. Nevertheless, Li et al. (2015) found that of the 344
selected global stations that belong to the International
Global Navigation Satellite Systems Service (IGS), more
than 77% have their variability reduced in the weekly
GPS series by using surface-loading models. Using inputs
from the revised version of the Modern-Era Retrospec-
tive Analysis for Research and Applications (MERRA),
termed MERRA-Land (Reichle et al. 2011), and from
Global Land Data Assimilation System (GLDAS)-Noah
(Rodell et al. 2004) data, the best improvements deter-
mined to be from stations across North America and
Eurasia.

Many studies have highlighted the importance of the
hydrology of South America in the GRACE data vari-
ability (e.g., Humphrey et al. 2016), which makes this
region an exclusive case study for the development of
new methodologies (Ramillien et al. 2011). Although the
relationship between GPS and GRACE has been studied
globally with highlights on the role of South America
(e.g., Tregoning et al. 2009), few have investigated the
overall performance of GPS, GRACE, and CLMs in the
different physiographic regions for the determination of
VCDs altogether. For example, Davis et al. (2004) have
found a high correlation of annual hydrological varia-
tions between GRACE and GPS-derived VCDs over the
Amazon River Basin. The study conducted by Moreira
et al. (2016) compared the hydrological loading from
GPS, GRACE, and a deflection model related to surface-
loading effects also in the Amazon River Basin. Addition-
ally, a related study by Galvén et al. (2015) was based only
on 34 stations using multiannual GPS time series pro-
vided by the South American Geocentric Reference Sys-
tem (SIRGAS) and the surface-loading information from
GRACE. Notably, SIRGAS is a densification of the Inter-
national Terrestrial Reference Frame (ITRF) and, as such,
it is of paramount importance for the determination of
the velocities of tectonic plates (cf., Sinchez and Drewes
2016). Since some regions of the continent are facing
decreases (e.g., Eastern Brazil) and increases (Amazon
Basin) in the continental water storage variability (Rodell
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et al. 2018; Getirana 2016; Sun et al. 2016a), the stability
of the coordinates is influenced by these changes.

Therefore, this study investigates the performance
of GRACE-derived VCDs and those based on CLMs
(MERRA-Land and GLDAS-Noah) to reduce the vari-
ability in a GPS time series over South America. First, our
contribution emphasizes the creation and presentation
of a new extensive database containing 292 GPS stations
distributed all over South America covering the years
2002 through 2016. This new database allowed us for
the first time to determine and analyze the VCDs in all
physiographic provinces of South America (e.g., Brazilian
Highlands and Andes Mountains). Second, we empha-
sized the presentation of the performance of this new
database when compared with the VCDs inverted from
GRACE monthly solutions and those based on CLMs on
an annual time scale. Intra-annual (seasonal) analysis is
essential to update the coordinates in the context of SIR-
GAS, for example, since it could impact the coordinates’
long-term stability if comparing different seasons.

To this end, we structured the remainder of this study
as follows: “Materials and methods” section presents a
description of the datasets and methods, followed by the
results in “Results” section. In “Discussion” section, the
discussions of the results are presented, which is followed
by a summary and our conclusions in “Conclusions”
section.

Materials and methods

GPS time series

We used the time series data of 292 GPS stations located
in South America (Fig. 1) from the Nevada Geodetic
Laboratory (NGL) data processing (Blewitt et al. 2018).
The data processing model used by NGL is precise point
positioning with ambiguities resolution performed with
GIPSY/OASIS-II (version 6.1.1). For GPS data process-
ing, the NGL used the GPS fiducial-free orbit products
of Jet Propulsion Laboratory—]JPL (Bertiger et al. 2010)
and applied the models as recommended by the conven-
tions of the International Earth Rotation and Reference
Systems Service—IERS (Gérard and Luzum 2010). The
global mapping function (Boehm et al. 2006) was used
to model the tropospheric refractivity by applying humid
zenith tropospheric delay and horizontal gradients esti-
mated as stochastic parameters every 5 min (Bar-Sever
et al. 1998).

The motions of the station due to the oceanic loading
(tidal) were calculated using the coefficients given by the
ocean-tide-loading provider hosted at Chalmers Univer-
sity (Scherneck 1991), which applied the FES2004 tidal
model. It is noteworthy that the total effects of atmos-
pheric (tidal and nontidal) and nontidal oceanic loading
reductions were not available while processing the GPS
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data and needed to be handled as post-processing pro-
cedures. Here, we considered the correction for atmos-
pheric tide loading based on the amplitude and phase
of the predicted deformation of the S; (diurnal) and S,
(semidiurnal), which were based on the proposed IERS
conventions (van Dam and Ray 2010). Overall, this cor-
rection due to the diurnal and semidiurnal atmospheric
tidal deformations reached values of approximately
1.2 mm and 0.2 mm at stations near the latitudes 0° and
55°S, respectively. This has been reported by Jin et al
(2008), among others. Finally, the ambiguity resolution
was applied to the double differences of the estimated
one-way bias parameters (Blewitt 1989), using the wide-
lane and phase bias method, which connects individual
stations to the stations of the IGS as further described by
Bertiger et al. (2010).

The final daily solutions are linked to the geodetic ref-
erence frame of the IGS08, which is derived from the
latest release of the ITRF 2008 (ITRF2008) as further
explained by Rebischung et al. (2012), and both frames
share the same underlying origin, scale, and orientation.
The ITRF2008 origin is defined in such a way that it has
no net translational motion regarding the mean of the
satellite laser ranging (SLR) time series (Altamimi et al.
2011). Given that the SLR is a good sensor of center of
mass (CM) of the total Earth system, that is, the solid
Earth and its fluid envelope (Dong et al. 2003), the ori-
gin of the IGS08 resembles the CM frame in the long-
term sense. However, for seasonal and other short time
scales, the origin of the IGS08 is indistinguishable from
the center-of-figure (CF) frame as it is considered here,
since we removed from the daily positions the long-term
trends and offsets (“Analysis of VCD time series” section).

The observation period spans from June 2002 through
February 2016, and all GPS time series are greater than
3 years in length (the majority has more than 7 years)
with less than 3 months of missing data. The average
error for the observed VCDs at each GPS station used
does not exceed 5 mm, and 90% of them do not exceed
3 mm. Furthermore, outliers were removed based on
the 3-0 rule. Finally, the daily series were averaged on
a monthly basis, regardless of whether full or partial
monthly data were used in creating the GRACE monthly
gravity field. This is necessary to allow a comparison of
GPS with results from GRACE and CLMs.

Vertical displacements inverted from GRACE solutions

We used data corresponding to 163 GRACE monthly
solutions between April 2002 and June 2017, which are
represented in a set of spherical harmonic coefficients
provided by the Center for Space Research (CSR), the
University of Texas at Austin (Save et al. 2018), in its
Release 06 up to degree and order 96. Because GRACE
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Fig. 1 South America and its main physiographic regions, with the 292 GPS stations (green circles) used to quantify the crustal deflections due
to the loadings. The numbers within the white circles are the river basins’identifications (ID), which are associated with their individual names as
follows: Amazon (01), Atrato (02), Barima (03), Bio—Bio (04), Chubut (05), Colorado (06), Corantijn (07), Essequibo (08), Gallegos (09), Grande River (10),
Lagoon Mirim (11), Lauca (12), Magdalena (13), Maroni (14), Negro (15), Orinoco (16), Oyapock (17), Palena (18), Parana (19), Parnaiba (20), Patia (21),
Salgado River (22), Sdo Francisco (23), Sinu (24), Titicaca (25), Tocantins (26), Tumbes (27), Uruguay (28), and Zarumilla (29)
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does not provide the degree-one coefficients (Cy0, C1,1,
and S1,, i.e., the reference frame), and the degree-two
coefficients (Cy) present relatively high uncertainties,
we replaced them with those computed by solutions from
Swenson et al. (2008) and Sun et al. (2016b), and Cheng
and Ries (2017) in their Release 06 version, respectively.
Since the nontidal atmospheric and oceanic loadings
were not reduced from the GPS time series (“GPS time
series” section), we restored these signals removed dur-
ing the dealiasing process of GRACE solutions. We used
Release 06 of GRACE’s Atmosphere and Ocean Dealias-
ing Level-1B (AOD1B) solution (Dobslaw et al. 2017)
with the GRACE spherical harmonic solutions to main-
tain consistency between VCD inferred from GRACE
and GPS (given that tidal atmospheric has been reduced
from GPS data, see “GPS time series” section). Note that
the periodic signals due to the atmospheric tides and
their associated oceanic response have been removed
using twelve frequencies (the most relevant ones) from
AOD1B RL06 (Dobslaw et al. 2017). Consequently, load-
ing deformations due to nontidal atmospheric, ocean,
and continental hydrology signals will be present in the
GRACE-derived VCDs as computed in the following.

Vertical crustal displacements (Ar) due to changing
mass loading can be expressed in terms of residual spher-
ical harmonics coefficients of the gravity field and load
Love numbers as follows (e.g., van Dam et al. 2007):

/

60
Ar(0,2,t) =R "
76, 4, t) ;1

n
AC,u(t) cosmi
Tk mzo[ um (L)

+ AS;,,(t) sin mAlPy,,, (cos 0).

In Eq. (1), 0, 4, and t are the colatitude, longitude,
and time, respectively; R is the average Earth radius
(6371 km), Py, are the fully normalized Legendre func-
tions of degree n and order m; ACy,;, and AS,,;,, represent
the residual of filtered spherical harmonics coefficients
(mainly describing variations in the gravity field due to
hydrology and nontidal atmospheric and ocean signals)
from which the average between 2002 and 2017 was
removed. In this study, the convolution-filter coefficients
DDK5 (Kusche 2007) were applied to spherical har-
monic coefficients (for both geopotential coefficients and
AODI1B coefficients) to reduce the contribution of noise
at high degrees (cf., Swenson and Wahr 2006). The load
Love numbers /), (elastic deformation load Love num-
ber) and k), (elastic gravity load Love number) are those
defined in a Gutenberg—Bullen (G-B) Earth model pro-
vided by Farrell (1972) given in the reference frame of the
center of mass of the solid Earth without mass load (CE).
To be compatible with the other loading products, the
degree-one Love numbers were transformed to the CF
frame as (Blewitt 2003):
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where I/, is the degree-one load Love number for the lat-
eral variations due to the mass loading.

Note that Eq. (1) presents the VCDs due to the fluctua-
tions in continental hydrology and the polar ice sheets as
well as by (nontidal) changes in atmospheric and oceanic
mass distribution. Furthermore, Eq. (1) is developed up
to degree and order 96, so it retains contributions only
of the long-wavelength of the vertical deformations. Con-
sequently, the GRACE inverted VCDs lack components
with scales of less than approximately 210 km (at the
equator).

Combined loading models (CLMs)

Continental water storage, atmospheric (nontidal), and
nontidal ocean loading are mainly considered in surface-
loading models because these effects are present in the
GPS and GRACE datasets as described in “GPS time
series and Vertical displacements inverted from GRACE
solutions” sections, respectively. However, continental
water storage is a dominant source of mass variations
at the seasonal timescale (see, e.g., Velicogna et al. 2001;
Nahmani et al. 2012). Thus, considering the definition of
continental water storage (e.g., Cazenave and Chen 2010)
and the availability of the hydrological fields present
in the land-surface models, it is assumed that only soil
moisture, snow/ice cover, and canopy storage describe
the continental water storage. Groundwater storage and
surface waters (e.g., lakes and rivers) are usually absent in
the most hydrological models due to the scarcity of inde-
pendent knowledge records. We have appropriately used
the loading surface models at the regular 0.25°x 0.25°
global grids provided by the International Mass Loading
Service (IMSL, Petrov 2015). The IMSL provides hydro-
logical loading models based on MERRA (Rienecker et al.
2011) and GLDAS-Noah (Rodell et al. 2004). We have
used the loading products based on both models since
the forcing data and snow models employed by these
products vary considerably (cf., Broxton et al. 2016),
which impact the amplitudes of modeled VCDs.

The atmospheric-loading deformation is calcu-
lated based on the reanalysis numerical weather model
MERRA version 2 (MERRA-2, Gelaro et al. 2017) under
the inverted-barometer hypothesis (the total pres-
sure variations at the ocean bottom remain constant).
Atmospheric-loading fields based on MERRA-2 are rec-
ommended for applications that require long-term sta-
bility. The loading displacements based on MERRA2
have a horizontal resolution of 2 arc-min (0.033 arc-
degrees) global grid with a time step of 6 h. The nontidal
ocean loading was computed from the Ocean Model for
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Circulation and Tides (OMCT) released by the German
Research Centre for the Geosciences (GFZ) (Thomas
2002). Specifically, IMSL provides the loading based on
bottom-pressure fields computed with the OMCTO05
model (Dobslaw and Thomas 2007), which is represented
using the spherical harmonic coefficients. The nontidal
ocean loading displacements are on a regular 2 arc-min
(0.033 arc-degree) global grid with a time step of 6 h. This
series has harmonic variations at diurnal and semidiurnal
frequencies removed.

The data were harmonized at the same epoch of those
from the space-borne geodetic sensor (GPS and GRACE)
solutions through a monthly average. For estimating the
seasonal vertical movements from CLMs, we performed
the summation of continental water storage, and nontidal
atmospheric and ocean effects. We generated two com-
bined models, one including the continental water stor-
age effects of the GLDAS-Noah (hereafter only GLDAS)
model and the other including the MERRA-Land (here-
after MERRA) model, which are referred to hereaf-
ter as CLM-GLDAS and CLM-MERRA, respectively.
Therefore, they are the two CLMs used here to express
the modeled VCDs. The time series associated with the
surface-loading models are linked to the CF reference
frame for a consistent comparison with GPS and GRACE
solutions.

Analysis of VCD time series

To describe the VCD time series, we used the extended
linear trajectory model—ELTM (Bevis and Brown 2014),
which describes the temporal variations in the ellipsoi-
dal height (also the other components), as well as the
trend, acceleration, seasonal oscillations, step functions
(abrupt changes arising from earthquakes or equipment
changes), and post-seismic signals as:

np+1
W)=Y pilt — o)~ 1+ZbH(t—t,)
i=1 j=1

np
=+ Z [k sin(wgt) + cx cos(wit)]
k=1

+ Zat log (1 + ) 3)

On the RHS of Eq. (3), the first term is a polynomial
trend model in which #, is the order of the polynomial.
Here, we used 1, = 1, which provides p; = (%), ie, the
ellipsoidal height in the reference epoch ¢, p2 = & is the
velocity, and ¢ is the time in years. The second term on
the RHS of Eq. (3) provides the Heaviside function (step
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function), in which b; characterizes the jump that occurs
at time # as an instantaneous displacement in terms of
ellipsoidal height. The Heaviside function is given as

0t—-t<0
H(it)=4 5t—t=0. (4)
lt—t]’>0

The third term in Eq. (3) shows the model of annual
displacement cycle where nr is the number of frequen-
cies and wy = 27z/ Tk, in which 7; = 1year (annual cycle),
=1 / 2 year (semiannual cycle), etc. Finally, since some
stations are susceptible to post-seismic deformations
(western South America), the last term in RHS of Eq. (3)
models after slip contributions that generate transient
displacements, where a; is the magnitude of the exponen-
tial decay due to the post-seismic change in the period
At; in years since the ¢ earthquake event occurred, and
the decay time T was configured with default value 7 =1
year, achieving an excellent fit to the data. Note that this
model is insensitive to the effect of assigning a moder-
ately erroneous value to the T parameter (cf., Bevis and
Brown 2014).

The parameters of the ELTM can be estimated by
least-squares adjustment. For most stations used here, it
is sufficient to consider 7, = 1 for the polynomial term
in Eq. (3) (Bevis and Brown 2014), whereas the hypoth-
esis of sustained accelerations in some stations should be
investigated; such investigation would require, n, =2,
providing p3 = h as the acceleration. Furthermore, we
applied the full Eq. (3) only to the stations most affected
by the Maule earthquake (February 27, 2010, Chile). For
the other stations, we applied only the first three terms of
the RHS of Eq. (3).

We considered the periodic components of the VCD
series by estimating their amplitudes and phases using
weighted least squares via the functional model repre-
sented by Eq. (3). Specifically, we estimated the annual
and semiannual amplitudes and their respective phases
of GPS height residuals, GRACE, and CLMs radial dis-
placements. Note that during the study period, the least-
square fit identified many jumps caused by antenna
changes (15 jumps) or earthquakes (52 jumps), which
were then corrected from the GPS time series. We com-
puted the Lomb-Scargle periodogram (Horne and Bali-
unas 1986) for each GPS time series and stored the five
most representative (characteristic) frequencies for each
time series. This analysis (not presented here) revealed
that the annual components are the most representative,
and semiannual components have considerably weaker
amplitudes than the annual components.
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Consistency analysis of different loading products

To evaluate the consistency of the GRACE, CLM-
GLDAS, and CLM-MERRA time series concerning the
GPS solutions, we used the reduction in the root-mean-
square (RMS). Note that we did not use the weighted
RMS (WRMS, van Dam et al. 2007) because the uncer-
tainties for CLMs are not available, and those for GRACE
are generally the formal errors as provided for the
spherical harmonic coefficients. The percentage of RMS
reduction (RMS,¢q) reflecting the degree of agreement
between GPS and “modeled” (i.e., GRACE or CLMs) was
estimated as:

RMS (AKEPS) — RMS (AKSPS — Armod)

RMSrea %) RMS (AKSPS)
l

(5)

where RMS (AhiGPS) is the signal RMS for GPS, and
RMS (AhiGPS — Arl.m‘)d) is the signal RMS of the GPS-
GRACE residuals or the signal RMS of the GPS-CLMs
(i.e., “mod” stands for CLM-GLDAS or CLM-MERRA)
residuals. Larger positive RMS reduction values indicate
better agreement between model-based VCD and GPS-
VCD. Conversely, larger negative RMS reduction values
indicate worse agreement. For sites for which the RMS
reduction values are negative, the agreements between
GPS and other data sources are generally weak. It is
noteworthy that in Eq. (5) we have considered Ak =~ Ar,

x 100,
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that is, the variations in ellipsoidal height (A/) approxi-
mate the variations in the radial displacement (Ar), since
in an extreme case the relative difference is less than
Ah (5.6 -107°); that is, it is negligible (Ferreira et al.
2018).

Results
Consistency analysis of the different loading products
Figure 2 shows the displacements observed at the NAUS
station located in the Amazon Basin (ID 01 in Fig. 1),
specifically at the confluence of the Solimdes (the upper
Amazon River) and the Negro at the Brazilian city of
Manaus (the NAUS site is identified in Fig. 1). Figure 2
additionally shows the VCDs derived from GRACE and
predicted by the CLMs. An annual signal was clearly vis-
ible in the observed as well as the loading derived from
GRACE and CLMs. It seemed that the GRACE signal
was in phase and has the closest amplitude, as did those
from the GPS displacements. However, for the CLMs
considering GLDAS and MERRA, there seemed to have
an overall underestimation of the amplitude; this might
be due to the missing water storage components in the
hydrological models (e.g., surface and ground water
storages). The RMS reductions were 69.9%, 17.4%, and
17.0% for GRACE, CLM-MERRA, and CLM-GLDAS,
respectively.

Further, Fig. 2 also presents the series of the VCDs at
the MTSF (Tocantins Basin, ID 26 in Fig. 1) and APSA

50

GPS

Vertical crustal displacements (mm)

0

-25
2002 2004

CLM-MERRA. The three stations are identified in Fig. 1

time (years)
Fig. 2 Vertical crustal displacements at NAUS, MTSF, and APSA stations, Brazil, observed from GPS and predicted from GRACE, and CLM-GLDAS and

2010 2012 2014 2016 2018
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(South Atlantic, at the Amazon River Estuary) stations
(both are indicated in Fig. 1). The overall RMS reduc-
tions for the variability at MTSF were 71.7%, 47.2%, and
30.6% for GRACE, CLM-GLDAS, and CLM-MERRA,
respectively. Again, CLMs underestimated the over-
all amplitudes of the VCDs, whereas a slight improve-
ment for NAUS stations was observed. The APSA site
presented the best reduction in the RMS of the VCDs
considering CLM-MERRA (61.5%) and CLM-GLDAS
(60.1%), whereas the reduction considering GRACE
still showed some improvement (33.9%). A sound
agreement was noted between GPS-observed VCDs
and those derived from GRACE and the CLMs regard-
ing the correlation coefficients (CCs) for the three sta-
tions shown in Fig. 2. For example, NAUS presented
1.0 for GPS vs GRACE, 0.9 for GPS vs CLM-GLDAS,
and 0.8 for GPS vs CLM-MERRA; these figures were
1.0, 0.9, and 0.8 at MTSF, and 0.9, 0.9, and 0.9 at
APSA, respectively. To summarize the results for the
292 GPS sites, Fig. 3 (top panels) shows the correla-
tion coeflicients at zero phase lags of GRACE (Fig. 3a),
CLM-GLDAS (Fig. 3b), and CLM-MERRA (Fig. 3c)
concerning the GPS series.

The correlation between GPS with GRACE time series
revealed that approximately 45% (131 stations) of the sta-
tions had correlation coefficients higher than 0.6. The
correlation values higher than 0.6 passed Student’s ¢ test
with a significance level of 5%, while only 4% of the 292
stations failed. These stations presented correlation val-
ues that did not exceed £0.1. Among these 131 stations,
42 showed a good correlation coefficient (0.6—0.7), while
the 89 remaining showed a correlation coefficient higher
than 0.7. In general, the stations with the highest corre-
lations were in the Magdalena (ID 13), Orinoco (ID 16),
Parana (ID 19), Amazon (ID 01), Sdo Francisco (ID 23),
Parnaiba (ID 20), and Tocantins (ID 26) Basins. However,
isolated stations in other regions with significant correla-
tion values (e.g., coastal region, 4°S to 8°N) could also be
observed (see Fig. 3a).

The correlation between the GPS and CLM-GLDAS
(Fig. 3b) time series revealed that approximately 43% (125
stations) of the stations reached a correlation coefficient
greater than 0.6. The correlation values greater than 0.6
passed Student’s ¢ test with a significance level of 5%, and
in this case as well as GRACE-VCD, only 5% of the 292
stations did not pass the ¢ test. Correlation coefficient
values for these stations did not exceed +0.1. Moreover,
40 stations showed a good correlation (0.6-0.7), and 85
stations showed a higher correlation (>0.7). Concerning
the spatial distribution of the stations with better correla-
tions than 0.6, no pattern was apparent with distribution
throughout the entire continent (see Fig. 3b). Almost the
same pattern occurs between GPS and CLM-MERRA;
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approximately 41% (121) of the stations reached a corre-
lation coefficient greater than 0.6, and 82 of these were
higher than 0.7.

The GPS and CLM-MERRA correlation values greater
than 0.6 passed the ¢ test with a significance level of 5%,
and only 4% of the 292 stations did not pass the t test;
these stations showed correlation coefficient values that
did not exceed £ 0.1. Note that this was not surprising, as
both time series (CLM-GLDAS and CLM-MERRA) were
highly coincident over most places, excluding the Parana
River Basin (ID 19), northern Chile and Argentina, and
from 16°S to 5°N along the Peruvian coast and the Ecua-
dorian Andes.

Figure 3 (bottom panels) also shows the percentage
reduction concerning RMS values when VCDs derived
from GRACE (Fig. 3d), CLM-GLDAS (Fig. 3e), and
CLM-MERRA (Fig. 3f) were considered in the GPS-VCD
series as per Eq. (5).

When we applied the reduction of GPS series with
GRACE data for the 292 GPS sites across South America
(Fig. 3d), we found 201 sites with positive RMS reduction
values. Many of these positive RMS reductions values
(163 of 202 sites) were in the range of 0 to 40%. The nega-
tive values (91 sites) were mainly in the range of —20 to
0% (74 of 91 sites), which were smaller than the positive
values. The spatial distribution of the stations with posi-
tive RMS reduction values was homogeneous through-
out the South American continent. However, the higher
values (RMS,4>30%) were concentrated in the Amazon
(ID 01), Tocantins (ID 26), Parana (ID 19), Sdo Francisco
(ID 23), Paranaiba (ID 20), and Uruguay (ID 28) Basins.
On the other hand, a set of stations (~50 stations) with
negative RMS reductions values were concentrated in the
coastal region of northern Chile and southern Peru (see
Fig. 3d).

However, when we applied the reduction in GPS
series considering the values of CLM-GLDAS (Fig. 3e),
we found 214 sites with positive RMS reduction values.
Among the 214 stations that achieved positive RMS
reduction values, 197 stations were between 0 and 40%,
and 54 of 78 stations with negative values were between 0
and —20% (see Fig. 3e).

When we reduced the GPS series with the CLM-
MERRA time series (Fig. 3f), we found 222 stations with
positive RMS reduction values, of which 175 stations
presented values between 0 and 30% positive RMS reduc-
tion and of the 70 stations with negative RMS reduction
values, 50 had values between 0 and —20% (see Fig. 3f).

In the case of the RMS reductions values for CLM-
GLDAS and CLM-MERRA, the spatial distribution of the
stations with positive RMS reduction values was homo-
geneous throughout the South America continent, and
negative RMS reduction values were sparsely distributed.
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a CC (GPS vs GRACE)

b CC (GPS vs CLM-GLDAS)
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Fig. 3 The top panels show the correlation coefficients (CCs) between GPS and GRACE (a), between GPS and CLM-GLDAS (b), and between GPS

and CLM-MERRA (c). The bottom panels show the spatial distribution of the root-mean-square (RMS) differences in percentage using the three
loading corrections GRACE (d), CLM-GLDAS (e), and CLM-MERRA (f) per Eq. (5)

Overall, the stations that presented the highest per-
formance regarding positive RMS values were located
between latitudes higher than 16°S and longitudes
greater than 67°W (east of —67°); that is, the 187 GPS
sites were located mainly in the Amazon Rainforest and
Brazilian Highlands. Table 1 summarizes the results
considering all stations (292 stations) and those placed
around the Amazon Rainforest and Brazilian Highlands
(187 sites).

The best performance concerning the mean of the
RMS reduction values was found for the GRACE time
series (28.5%), followed by CLM-GLDAS (22.4%) CLM-
MERRA and (21.5%) as shown in Table 1. This was also
the case for correlations; the GRACE time series pro-
duced the best values (113 of 187 stations with cor-
relations greater than 0.6 with a mean value of 0.78),
followed by CLM-GLDAS (80 of 187 stations with cor-
relations greater than 0.6 with a mean value of 0.76). The
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Table 1 Summary of the reduction in the root-mean-
square (RMS,4) and correlation coefficient (CC) values
for all stations (292 sites) and for those selected
after removing stations with latitudes less than 16°S
and longitudes east of 67°W (187 sites)

Source All stations (292) 187 stations

RMS, .4 CC>0.6 RMS, 4 CC>0.6
GPS/GRACE 201 (24.0%) 131(0.77) 148 (285%) 113(0.78)
GPS/CLM-GLDAS 214 (21.6%) 125(0.76) 137 (22.4%) 80(0.76)
GPS/CLM-MERRA 222 (205%) 121 (0.75) 141 (21.5%) 75(0.75)

However, only stations with reduction in the RMS (RMS 4> 0%) and CC values
larger than 0.60 were used to summarize the mean values (in parentheses)

worst series was that of CLM-MERRA (75 of 187 stations
with correlations greater than 0.6 with a mean value of
0.75). On the other hand, the stations that presented the
worse performances regarding RMS reduction values for
GRACE, CLM-GLDAS, and CLM-MERRA were concen-
trated in Colombia, on the coast of Brazil, and the coast
in the north of Chile and south of Peru.

Characterization of seasonal displacements at the GPS
sites

The results for annual components based on Eq. (3)
are shown in Fig. 4. According to the results obtained
from the GPS series (Fig. 4a), the most significant
annual amplitudes (twice the mean annual amplitude,
i.e.,>10 mm) were mainly concentrated north of parallel
20°S, that is, in basins of the Amazon River (basin ID 01
in Fig. 1) and Tocantins River (basin ID 26 in Fig. 1).

In the case of the annual vertical deformations
obtained from the inversion of the GRACE spherical
harmonic coefficients using Eq. (1), the results showed
that the most substantial annual amplitudes (>8 mm) are
also identified in the Amazon (ID 01), Tocantins (ID 26),
Parana (ID 19), and Paranaiba (ID 20) River Basins (see
Fig. 4b). In the case of CLM-GLDAS (see Fig. 4c), larger
annual amplitudes (>5 mm) were found in the eastern
Amazon (ID 01), Tocantins (ID 26), Parnaiba (ID 20),
and only two stations located in the Parana (ID 19) River
Basin. For the CLM-MERRA (see Fig. 4d), the annual
deformations reached the highest values (>5 mm) pre-
dominantly in the basins of Amazon River (ID 01) and
Tocantins River (ID 26), and scattered stations in the Par-
naiba River (ID 20), two stations, and Parand River (ID
19), three stations.

In general, for the CLM-GLDAS (Fig. 4c) and CLM-
MERRA (Fig. 4d) models, the stations located in the
physiographic region of Amazon Rainforest and Brazil-
ian Highlands presented the large annual seasonal vari-
ations of VCDs and reached values up to 10 mm (Fig. 4c,
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d, respectively). These regions of South America are
characterized by annual total rainfalls up to 3000 mm
and 1600 mm, respectively; the former is located mainly
in the Intertropical Convergence Zone (ITCZ), which
is characterized by heavy rainfall over the Amazon
Rainforest.

It should be noted that GPS and GRACE time series
revealed that the station that reached the most signifi-
cant annual amplitude was located in the central Amazon
Basin (Manaus); CLM-GLDAS and CLM-MERRA reveal
two stations located in the Amazon Basin. The maximum
annual amplitude values of VCDs were those observed at
the Manaus (central Amazon Basin) site, which reached
30, 24, 9, and 8 mm, for GPS, GRACE, CLM-GLDAS,
and CLM-MERRA, respectively.

Overall, the mean values for annual amplitudes of
the VCDs for GPS, GRACE, CLM-GLDAS, and CLM-
MERRA are 5.2, 4.4, 2.5, and 2.4 mm, respectively.
Thus, in general, the annual VCDs in South America
recovered by the monthly GRACE solutions reached
85% of the GPS signal. In the case of CLM-GLDAS and
CLM-MERRA, they reached only 48% and 46%, respec-
tively. However, in a detailed analysis of the data, GPS
and GRACE coincided more closely when the ampli-
tudes were larger, north of 20°S. Greater disagreement
occurred over southern South America, south of 30°S,
and along the western South American coast. This was
also the case for the behavior of annual phases (direc-
tion of the arrows). However, depending on the loca-
tions of the GPS stations throughout Chile, Peru,
Ecuador, Colombia, and Venezuela, the results varied
greatly (phase shift values between GPS and GRACE
are not shown). Of note, there was generally little agree-
ment between the phases of GPS and GRACE in these
locations.

Discussion

One main goal of our experiment was to understand
the role that lateral transfer of masses due to the cou-
pled contributions of nontidal atmospheric, oceanic, and
hydrological mass variations play on GPS stations spread
over South America. Thus, we compiled a database with
292 GPS stations suitable for studies of the crustal defor-
mations (Fig. 1). The variability was investigated over
South America considering its physiographic regions and
the main river basins. Understanding the contribution of
mass loadings on the stations that compose the SIRGAS
is essential for consistent maintenance of this regional
reference system as local densification of the ITRF
(Sanchez and Drewes 2016). Hence, our study was the
first attempt to investigate VCD’s variabilities throughout
the whole continent over approximately 15 years (2002
through 2016) for many stations.
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a GPS annual signal b GRACE annual signal
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Fig.4 Annual amplitudes and phases of a GPS height residuals, b GRACE inverted VCDs, ¢ CLM-GLDAS modeled VCDs, and d CLM-MERRA modeled
VCDs. The lengths of the arrows represent the annual amplitudes of the deformations in mm, and the directions present the phases where the peak
values of the loadings are counted counterclockwise from the north (January)
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Previous studies, for example Moreira et al. (2016),
have reported VCDs up to 10 cm (based on model) in
the Amazon River, which shows the importance of the
hydrology of the basin on the GPS networks dedicated
to geodynamic studies. In this regard, we analyzed the
characteristics of the annual VCD derived from GRACE,
CLM-GLDAS, and CLM-MERRA time series (Fig. 4).
Overall, at the annual time scale, the VCD captured by
GPS, GRACE, and CLMs showed consistency, and inter-
estingly, there is a correlation with the physiographic
provinces. For the GPS time series (Fig. 4a), we found
that the highest amplitudes of annual vertical deforma-
tions are concentrated in the Amazon and Tocantins
River Basins. This is further emphasized by Fig. 5a, which
depicts the summary of Fig. 4, that is, the zonal distribu-
tions of the annual amplitudes for GPS, GRACE, CLM-
GLDAS, and CLM-MERRA.
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For the GRACE time series, these occur at the Amazon,
Tocantins, Parand, and Parnaiba River Basins (Fig. 4b).
Likewise, for the CLM-GLDAS and CLM-MERRA time
series, the most considerable annual vertical deforma-
tions occurred in the eastern Amazon, Tocantins, Par-
naiba, and scarcely in the Parana River Basins (Fig. 4c,
d). Specifically, over those basins, the variability of the
stations located therein mainly reflects the hydrological
loadings. It was evident that seasonal signals due to the
atmospheric loading appear in most stations, apart from
the western coastal region of South America, which com-
prises the Andes Mountains. Furthermore, the influence
of nontidal ocean mass distribution reached approxi-
mately 0.4 mm for only 4% of the stations in South
America, and the impact for inland stations is less than
0.3 mm, which is negligible compared with the atmos-
pheric and hydrological loadings.

a Annual amplitudes

b Correlation coefficients

¢ Reduction of the RMS

1 6 1 1 1 1 1 1 1

o GPS

@ GRACE
@ |® CLM-GLDAS ||
O CLM-MERRA

Latitude (deg)
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Amplitudes (mm)
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Fig. 5 The latitudinal distributions of a annual amplitudes of GPS, GRACE, CLM-GLDAS, and CLM-MERRA, b correlation coefficients of GPS vs GRACE,
CLM-GLDAS, and CLM-MERRA series, ¢ reductions of the GPS signal using RMS (%) computed for the monthly time series of all 292 stations
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However, as can be observed from Fig. 5a, our results
show that GPS depicted relatively large amplitudes in
the regions encompassed by the latitude bands of —40°
to —30°. Nevertheless, the amplitudes shown by GRACE,
CLM-GLDAS, and CLM-MERRA reached up to half
of those from GPS (Fig. 5a). Regarding the CLMs and
the performance of the GLDAS and MERRA, it is well
known that they poorly represent other sources of load-
ing, especially their distributions (soil moisture, ground-
water, snow, and ice). It is noteworthy that those residual
mass distributions are scarcely observed in most regions
of the globe, and their induced residual deformations are
significant enough to be found in the GPS series. GRACE
in its turn is influenced by errors in the monthly field-
solution estimates, small-scale features in the load field
not captured, and leakage problems. The GPS stations are
highly sensitive to local loading effects and to isolated sta-
tions with large annual amplitudes such as those shown
in Fig. 5a over Chile (also Fig. 4a). For example, in the
case of a station located at southwestern Chile (LAJA),
we found the annual amplitude of VCD up to 11.2 mm
based on GPS. This variation is associated with fluctua-
tions dominated by the Earth’s local elastic response to
the changing weight of water in the Laja Reservoir (Bevis
et al. 2004). Of course, this local signal could not properly
be recovered by the other datasets used here (compare
the annual amplitudes in Fig. 5a).

Excluding this region of Chile from our analysis, we
found a good correlation on the agreement between
GPS and GRACE data with the other physiographic
provinces of South America (Table 1 and Fig. 5b). Fur-
thermore, with the exception of south of 16°S and west
of 67°W (along the southern Andes), that is, for 187
GPS sites, the greatest RMS reductions in GPS series
are reached while using the GRACE time series (79%
of the 187 sites), followed by CLM-MERRA (75% of the
187 sites) and CLM-GLDAS (74% of the 187 sites), as
can be observed in Fig. 5c and Table 1. Regarding the
correlation coefficient, GRACE time series reached
the best values (113 of 187 stations with correlations
greater than 0.6), followed by CLM-GLDAS (80 of 187
stations with correlations greater than 0.6), and the
worst series were those of CLM-MERRA (75 of 187 sta-
tions with correlations greater than 0.6). However, at
these sites, the excellent agreement between GPS and
GRACE data at the annual time scale are not matched
by the data from hydrological models (Fig. 5a), which
account for only half of the amplitudes detected by the
space-borne geodetic sensors (GPS and GRACE).

The agreement of the models is the reason why in all
292 GPS sites throughout the whole of South Amer-
ica, the most successful source regarding RMS reduc-
tion values was CLM-MERRA (76% of the 292 sites),
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followed closely by CLM-GLDAS (73% of the 292
sites), and the worst performance was obtained by the
GRACE (69% of the 292 sites) time series (see Table 1
and Fig. 5¢c). However, considering all 292 stations with
correlation coefficients greater than 0.6, GRACE pre-
sented the best results (131 stations) followed by CLM-
GLDAS (125 stations), and the worst performance was
associated with CLM-MERRA model (121 stations),
which is related to good performances at stations
located in the Amazon Rainforest and Brazilian High-
lands (Fig. 3a—c).

More than 100 stations used here (a total of 292 GPS
stations) are in a region associated with very active tec-
tonic interaction between the Nazca and South Ameri-
can plates (Fig. 1). In this region, the loading effects due
to the dynamics of the artificial reservoirs (e.g., Lake
Laja) are significant and not present in the global solu-
tions (Fig. 5a, approx. latitude 37.39°S). Apparently, the
CLM-GLDAS and CLM-MERRA do not present the
contributions of the reservoirs, and the lack of in situ
observations over these regions might compromise the
performance of the models in reducing the variability
observed by the GPS. This could be the fundamental
cause of disagreement in the GPS time series concern-
ing the series of GRACE and CLMs in the southwest
region of South America, and it deserves further inves-
tigation. Thus, prospective studies using the database
generated here will allow other investigations to eluci-
date these differences much more clearly. (For example,
on the west side of South America, on either side of the
Andes, where evidently tectonics plays a crucial role.)
Further study will better elucidate what happens at sites
located to the east, where hydrological models do not
manage to predict what is shown by the GPS-VCDs
correctly (Fig. 5a). To this end, poroelastic effects due
to the lowering of groundwater aquifers (e.g., Tan et al.
2016) do not seem to be apparent in the GPS-VCDs
over South America (Ferreira et al. 2019). However,
few stations demonstrate significant anti-correlation
with significant amplitudes, which could indicate phase
lags between those displacements observed by GPS and
those derived from GRACE and CLMs. These deserve
further investigation, although there seems to be no
area of heavy groundwater abstraction in the continent
(e.g., Campuzano et al. 2014).

Conclusions

In this study, we analyzed VCDs due to surface mass
loadings (atmospheric, oceanic, and hydrological masses)
using data from GPS, GRACE, and data derived from
combined models (CLM-GLDAS and CLM-MERRA),
over the main physiographic provinces of South America.
It is important to maintain and update reference systems
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such as the SIRGAS, which is a regional densification of
the ITREF. In this regard, all known time-variable signals
must be reduced from the GPS observations (or another
space geodesy technique). Thus, our findings suggest: (i)
The reduction in the variability of the GPS ellipsoidal
height is possible with GRACE-derived radial displace-
ment, which explains approximately 79% of these vari-
ations. This is followed by CLM-MERRA with 75%, and
CLM-GLDAS with 74%. However, these results were
possible only for stations located in the physiographic
provinces of Amazon Basin and Brazilian Highlands,
where the major river basins such as the Amazon and
Tocantins are located. If all 292 GPS stations are con-
sidered, these figures change to 69%, 73%, and 76%, for
GRACE, CLM-GLDAS, and CLM-MERRA, respec-
tively. This indicates that the mass radial displacements
inverted from GRACE data are consistent with GPS only
for large basins, and there are relatively strong seasonal
variations. (ii) For southwest South America, specifically
over Chile, there are strong seasonal variations of VCDs
in the GPS series that are not presented in the GRACE
monthly solutions. Furthermore, the two loading models
(CLM-GLDAS and CLM-MERRA) explained only up to
50% of the amplitudes detected by GPS over this region.
Thus, models and GRACE-derived VCDs should be
used with caution to remove seasonal signals in the GPS
observations to extract other signals over South America.
In addition, specifically over Chile, one must consider the
contributions of surface reservoirs such as Laja, Pangue,
Ralco, and Angostura. Further work will concentrate on
building a local hydrological model by assimilating sur-
face water compartments, which might help improve the
results.
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