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A B S T R A C T

The Maule Earthquake (Mw = 8.8) of February 27, 2010 is among the strongest earthquakes that occurred in
recent years throughout the world. The crustal deformation caused by this earthquake has been widely studied
using GNSS, InSAR and gravity observations. However, there is currently no estimation of the possible vertical
deformations produced by co-seismic and post-seismic effects in segments of the Chilean Vertical Reference
Frame (CHVRF). In this paper, we present an estimation of co-seismic and post-seismic deformations on the
CHVRF using an indirect approach based on GNSS and Gravity Recovery and Climate Experiment (GRACE) data
as well as by applying a trajectory model. GNSS time series were used from 10 continuous GNSS stations in the
period from 2007 to 2015, as well as 28 GNSS temporary stations realized before and after the earthquake, and
34 vertical deformation vectors in the region most affected by the earthquake. We considered a set of 147
monthly solutions of spherical harmonic gravity field that were expanded up to degree, as well as order 96 of the
GRACE mission provided by Center for Space Research, University of Texas at Austin (UT-CSR) process center.
The magnitude of vertical deformation was estimated in part of the Chilean vertical network due to the co-
seismic and post-seismic effects. Once we evaluated the hydrological effect, natural and artificial jumps, and the
effect of glacial isostatic adjustment in GNSS and GRACE time series, the maximum values associated to co- and
post-seismic deformations on orthometric height were found to be ∼−34 cm and 5 cm, respectively. Overall,
the deformation caused by the Maule earthquake in orthometric heights is almost entirely explained by the
variation in the ellipsoidal heights (over 85% in co-seismic jump); however, coseismic jump in the geoid reached
−3.3 mm, and could influence the maintenance of a modern vertical reference network in a medium to long
term. We evaluated the consistency for a segment of the CHVRF after the earthquake and recommended pre-
cautions for using the CHVRF in the region.

1. Introduction

Three of the fundamental objectives of Geodesy are the definition
(System), realization (Frame) and maintenance of the International
Height Reference System (IHRS), which is consistent with Theme 1 of
the Global Geodetic Observing System (GGOS) project (Ihde et al.,
2015). The goal of establishing the IHRS is to remove inconsistencies
among heights in the geometric and in the Earth’s potential field spaces.
Consistent height information will eliminate complications in civil
constructions around the world that link data from different height
zones, and will facilitate interpretation of sea level records at globally
distributed tide gauges. However, several geodynamic aspects must be
considered when establishing and maintaining the Vertical Reference

Frame.
For instance, the quantification and modeling of geodynamic effects

are fundamental for the precise determination of heights of points and
their trajectory in time, which allow a correct interpretation of these
phenomena. One important aspect is linked to co-seismic and post-
seismic deformations, associated with large earthquakes. Recent dis-
cussions have been based on the modern tools of Geodesy (Sun, 2014),
which analyze the geometric space (Du et al., 2013) or the geopotential
space (Li and Shen, 2012), but do not provide a link between the two
spaces. However, this link is fundamental for understanding the im-
plications of co-seismic and post-seismic effects on vertical reference
surfaces and associated frames.

The Maule Earthquake (MW = 8.8) event in February of 2010 is one
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of the largest seismic events that has occurred in recent years in South
America. To date, more than 200 scientific publications are available in
the field of Geodesy, Geophysics, and Geology related to the Maule
Earthquake, most of which are based on different types of geodetic
observations (e.g., GNSS, InSAR, and satellite gravimetry). For re-
ference, we emphasize the following studies: an estimation of the dis-
tribution of co-seismic and post-seismic slip to assess the spatial
variability of frictional properties on the south-central Chilean mega-
thrust (Lin et al., 2013); the convergence of the Nazca and South
American plates reported by Moreno et al. (2011); the magnitude and
distribution of the slip effect quantified by Pollitz et al. (2011); co-
seismic gravity change observation via satellite gravimetry presented in
Heki and Matsuo (2010); and discussion on the behavior of short and
long term changes in gravity produced by the Maule Earthquake by
Tanaka and Heki (2014).

Rivas (2010) furthered the studies of Maule Earthquake and pre-
sented its implications on the official cartography of Chile. More re-
cently, Sánchez and Drewes (2015) presented an estimation of post-
seismic horizontal deformation based on the least squares collocation.
However, most of the studies related to this event refer only to the
geometrical aspects in the context of the Earth’s crust deformations.
However, there are no studies available to date on the implications of
the co-seismic and post-seismic vertical deformations of the Maule
Earthquake regarding the maintenance and evolution of the Chilean
Vertical Reference Frame (CHVRF) and the long changes of the geoid in
the region.

Thus, in this contribution, we present an estimate of deformation in
part of the CHVRF generated by co-seismic and post-seismic effects
associated with the Maule Earthquake based on the integration of GNSS
and GRACE observations, taking the contribution of the hydrological
effect and Glacial Isostatic Adjustment (GIA) into account as well as
considering a trajectory model c.f. Bevis and Brown (2014).

An indirect alternative estimate the orthometric heights, dis-
regarding the deflection of the vertical, is through the relation
(Hofmann-Wellenhof and Moritz, 2005):

= −H h N , (1)

where H, h and N are the orthometric, ellipsoidal, and geoid heights,
respectively. Linear trends of those quantities may be expressed as:

= −H h N˙ ˙ ˙ , (2)

where Ḣ , ḣ and Ṅ are the linear trends in orthometric, ellipsoidal, and
geoid heights, respectively. Here, it is proposed that the orthometric
height at any epoch (t) can be expressed more rigorously as:
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where t0 is the epoch of definition, the dot over the respective heights
represent the linear trends, the subscript “osck”, “jumpj” and “transi” are
the amplitude of k= 1, ..., nf periodic components (e.g., annual and
semi-annual hydrologic effects), possible j = 1, ..., nj jumps associated
with natural or instrumental effects (e.g. co-seismic effect; change of
GNSS antenna), and post-seismic deformation term for i = 1, ..., nT,

respectively.
Previous studies in North America have considered the changes in

the geoid heights, but only by quantifying their linear temporal varia-
tions (see, e.g., Rangelova et al., 2012, 2010). For instance, Jacob et al.
(2012) quantified the impact of hydrologic effects, earthquakes, vol-
canic, and the post-glacial uplift effect on the geoid, noting the im-
portance of considering these effects for the implementation of a dy-
namic geoid in North America. Furthermore, Panet et al. (2007) and De
Linage et al. (2009) have also attempted to separate the gravimetric
signal from co- and post-seismic effects associated with the 2004 Su-
matra-Andaman earthquake using GRACE observations, and modeling
the co-seismic effect by using normal modes summation. Conversely,
trajectory models for modelling the surface crust deformations have
been developed, which are generally based on GNSS time series data.
However, none of these studies have analyzed the variations of the
geoid and ellipsoidal height using an integrated approach.

Thus, in this contribution, we estimated the changes in part of the
CHVRF generated by co-seismic and post-seismic effects associated with
the Maule Earthquake based on the integration of GNSS and GRACE
observations. To do so, we have considered the contribution of the
hydrological effects and Glacial Isostatic Adjustment (GIA) on the
monthly geoid changes derived from GRACE measurements. Finally, a
trajectory model as proposed by Bevis and Brown (2014) was con-
sidered in order to parameterize accelerating patterns of displacement,
specifically, the post-seismic transient deformation in coordinate time-
series.

2. The Maule Earthquake and the CHVRF

It is of special importance in Chile to control crustal dynamic phe-
nomena and its implication on several scientific and practical applica-
tions. In this context, it is mandatory to modelling the deformation on
the CHVRF due to the co- and post-seismic effects. This is important in
order to establish the temporal evolution of the CHVRF for a consistent
integration of its segments and its relationship with the regional vertical
networks of the neighboring countries as well as the IHRS.

Due to Chile’s unique geographic features, such as its size and shape,
the CHVRF is measured in seven different segments related to the tide
gauges of Arica, Antofagasta, Valparaiso, San Antonio, Talcahuano,
Puerto Montt, and Punta Arenas (Maturana and Barriga, 2002). Only a
few of these segments were re-measured with the goal of updating the
heights of the network after strong earthquakes, for example, the 1960
Valdivia earthquake (Mw9.5), the 1965 La Ligua Earthquake (Mw7.4),
and the 1985 Algarrobo Earthquake (Mw8.0) events. However, there
has been no recent re-leveling of the segments of the CHVRF near the
epicenter of the Maule Earthquake. This is mainly due to the expensive
costs of the spirit leveling procedure on a large and involved region.
Thus, exploring indirect alternatives for estimating deformations on the
CHVRF has become vital.

Although Chile is known to be a highly seismic country, there is no a
specific model built aiming to update the positions in the vertical
geodetic networks. Nonetheless, there are regional velocity models that
are primarily utilized for updating the horizontal components (e.g., east
and north coordinates) considering only linear trends. Velocity models
have been developed in South America based on GNSS observations
through different research projects, such as the VElocity MOdel for
South America and the Caribbean (VEMOS) by Drewes and Heidbach
(2012) and, more recently, VEMOS2015 proposed by Sánchez and
Drewes, (2016). Consequently, there is currently no procedure for
modelling the vertical deformations, which is the issue considered in
this study.

Since GNSS and geoid time series contain signals of various geo-
physical phenomena (e.g., hydrological loading, post-glacial uplift, and
earthquake deformations), we have considered them in the present
study while modelling the deformations in a segment of the CHVRF.
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3. Data and methods

We created the strategies for modeling the Maule Earthquake effects
on the CHVRF by considering geometric and physical effects. Thought,
considering that there is a consensus surrounding the CHVRF as a
normal-orthometric height system, Eq. (2) can be used to determine
true variations in the network due to the estimated temporal variations
of the ellipsoidal and geoid/quasigeoid heights. The linear change of
the geometric component (ḣ) can be estimated by GNSS surveying
obtained via time series provided by institutions and geodetic and
geophysical projects. In this study, we used GNSS time series obtained
from permanent stations (see Table 1), campaign point positioning (see
Fig. 1) in the Maule region before and after the seismic event.

For the physical component (Ṅ ), the gravimetric mission Gravity
Recovery and Climate Experiment (GRACE) provides temporal varia-
tions of the Earth’s gravity field with sufficient precision for the pur-
poses discussed herein, and temporal resolution available weekly and
monthly (see, e.g., Bruinsma et al., 2010; Tapley et al., 2004).

3.1. Estimation of Earthquake Signature in GNSS-based measurements

GNSS positioning is currently a widely-used technique in geos-
ciences due to its capability in determining coordinates in a global
geocentric system, and for providing consistent time series of station
positions with accuracy at the millimeter level. It is sufficient for
modelling several geodynamic processes. In this study, we used two sets
of GNSS stations. The first set included 28 temporary GNSS stations
occupied in observing campaigns before and after the Maule earth-
quake. We used these stations for estimating the co-seismic effects. A
second set of permanent GNSS stations (see Table 1) furnished position
time series in the period 2007–2015 (see Fig. 1), which allowed us to
analyze the co-seismic and post-seismic effects associated with the 2010
Maule Earthquake.

The GNSS data processing was performed with Bernese 5.2 soft-
ware. We used GPS precise orbits came from International GNSS Service
(IGS). We used the Vienna Mapping Function (Boehm et al., 2006) to
model the tropospheric refraction, as well as absolute phase center
antenna correction (Schmid et al., 2007). Ionosphere delays were re-
moved by ion-free dual frequency combination strategy. The geocentric
Cartesian coordinates from the time window of 2007–2014 were
transformed to geodetic coordinates (φ, λ, h), and only the ellipsoidal
height was used to study the displacements due to co and post-seismic
effects. Finally, outliers were removed based on the 3σ-rule.

We also used the vertical co-seismic deformations published by
Vigny et al. (2011) in order to supplement our GNSS data source, and to
get a better representation of the distribution of co-seismic jumps as-
sociated to Maule Earthquake. These complementary solutions came
from continuous GNSS stations and survey campaign GNSS data. For
continuous stations, the co-seismic jumps were determined as the

Table 1
GNSS stations used and institutions responsible for the operation.

GNSS Station name Responsible institution

NIEB, LLFN, LNQM, UDEC, ANTC,
VALP and LAJA

Ohio State University (OSU)

PMO1 German Research Centre for Geosciences
(GFZ)

CONZ The Transportable Integrated Geodetic
Observatory (TIGO)

SANT NASA Jet Propulsion Laboratory (JPL)

Fig. 1. The map of the study region, including to-
pography and bathymetry based on SRTM30_PLUS
(Becker et al., 2009). The green, red and blue squares
represent the benchmarks of the CHVRF, temporary
GNSS stations, and GNSS stations available in Vigny
et al. (2011), respectively. The black triangles re-
present the permanent GNSS stations, and the red
star represents the location of the epicenter. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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difference between the day before and the day after the earthquake. For
survey sites, we have determined the co-seismic displacements by ex-
trapolating the last known position before the earthquake to the date of
the re-survey after the earthquake using the inter-seismic rate, and by
comparing the latest to the present positions [for more details, see the
supplementary material from Vigny et al., (2011)].

On April 17 of 2011, the IGS changed the Reference System for GPS
precise orbits from IGS05 to IGS08. Because we do not have a set of
local precise transformation parameters (translation, rotation and scale)
necessary to update from IGS05 to IGS08, the effect of the datum
change on the heights was considered to be a “jump” within the tra-
jectory model as explained in Sub-section 3.3. In general, we found a
systematic average jump of around −13 mm associated with the epoch
of datum change. In addition, all earthquakes and GNSS antenna
changes occurred during the study period in the stations were modelled
through the trajectory model. To identify the epoch of the earthquake
and/or an antenna, receiver, or firmware change, we used the catalog
published in the US Geological Survey’s website.

Furthermore, we also considered the most important shallow
earthquakes in the region besides the Maule Earthquake that occurred
between January 2010 and May 2012 (see Fig. 2). The effects of five
considered earthquakes on the continuous GNSS time series have values
of approximately± 10 mm (see Fig. 2).

3.2. GRACE-based monthly gravity field solutions

GRACE monthly solutions from August 2002 to March 2016 were
used in the analysis linked to the geopotential space. We used data
corresponding to 147 monthly solutions of spherical harmonic coeffi-
cients (Level 2 products) Release 05 (RL05), developed up to degree
and order (d/o) 96. These monthly solutions are based on a set of
spherical harmonic coefficients provided by the Center for Space
Research, at The University of Texas at Austin (UT-CSR), and are freely
available at ftp://podaac-ftp.jpl.nasa.gov/allData/ (Bettadpur, 2012).
The particular choice of the UT-CSR solutions was made because they
showed more accuracy relatively to other GRACE process centers (i.e.,
GFZ, GRGS, and JPL) based on the noise decoupling problem (cf.,
Ferreira et al., 2016). In the RL05 monthly solutions, the degree-1
coefficients (C1,0, C1,1 and S1,1) were replaced by the results in Swenson
et al. (2008), because GRACE gravity solutions do not provide those
coefficients, which represent the changes in the geocenter due to mass
redistribution in the Earth system. The inclusion of these coefficients
would represent impacts on the amplitude of the annual and semi-an-
nual GRACE-derived fields (Andam-Akorful et al., 2015). Because the
GRACE-derived C2,0 coefficient as well as the coefficients C2,1, C2,2, S2,1
and S2,2 present relatively high uncertainties, they were replaced by the
values derived from Satellite Laser Ranging (SLR) (Cheng and Tapley,
2004).

GRACE gravity fields at high-order coefficients exhibit a high level

of noise, which are known as “stripes” in the spatial domain (Swenson
and Wahr, 2006). Therefore, in order to obtain coherent results, it is
necessary to remove these stripes in post-processing by reducing cor-
related errors with minimal impact on the real signal. These correla-
tions can be reduced by using either an empirical method based on a
polynomial fit (Swenson and Wahr, 2006), or an a priori synthetic
model of the observation geometry (Kusche, 2007). In this study, the
convolution filter coefficients (Kusche, 2007), were applied to original
GRACE-derived Stokes’s coefficients. Here, a weight factor
a= 1 × 1011 was adopted to smooth the monthly solutions called
DDK5, and the level of smoothing approximately corresponded to a
Gaussian smoothing radius of 240 km.

With respect to the GRACE uncertainty level (for the functional
geoid height), it was estimated using the root-mean-square (rms) of the
geoid heights over the Pacific Ocean as suggested in Chen et al. (2010).
For a given month, the latitudes of 56°S and 17°S (the same latitude
zone as the study region) and longitudes of 180°W and 90°W defined
the geoid heights over a geographical region. This was necessary, as the
calibrated errors of the spherical harmonics based on the UT-CSR so-
lution up to d/o 96 were not available. While the estimation of GRACE
errors could be improved by using the full covariance matrix (Jensen
et al., 2013) and errors in the background models (Forootan et al.,
2014), a comparison of the GRACE measurements with true observa-
tions would be more interesting for validation purposes (Ferreira et al.,
2016). Nevertheless, the approach of Chen et al. (2010) provides an
approximate measure of GRACE-derived geoid fields’ errors since the
signal variations over the oceans is zero. Thus, any value different from
zero reflects the error in GRACE measurements as well as the de-
aliasing products (e.g. ocean model).

The mass variation near the surface can be expressed as time
changes in geoid height (Ṅ ) given by (Wahr et al., 1998):

∑ ∑= +
=

∞

=

N θ λ t R δC t mλ δS t mλ P θ˙ ( , , ) [ ( )cos ( )sin ] (cos ),
n m

n

nm nm nm
0 0

(4)

where θ, λ, and t are the co-latitude, longitude, and time, respectively,
R is the mean radius of the Earth (6371 km), δCnm and δSnm are the
residual Stokes coefficients obtained as the difference between the each
monthly solution and the long term mean. Pnm are the associated Le-
gendre functions of degree n and order m. Eq. (4) was used for com-
puting the geoid changes for the period of August 2002 to March 2016.
Subsequently, 147 GRACE-derived geoid height monthly fields were
resampled for exactly the middle of each month and the data of the
missing months were linearly interpolated.

3.3. Estimation of earthquake signature in geodetic measurements

As mentioned in Section 1, the main goal of this work is to estimate

Fig. 2. Magnitude of the jumps produced by the main shallow minor earthquakes during the study period.
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the deformation of CHVRF generated by co-seismic and post-seismic
effects associated with the Maule Earthquake based on GNSS and
GRACE observations. (All the quantities involved in the estimation of
the co-seismic and post-seismic, i.e., ellipsoidal heights, orthometric
heights, and geoidal undulations have been reduced to the zero-tide
system). We considered the Maule earthquake, the hydrological loading
and the GIA effects as predominant in the geodetic signal. Conse-
quently, the modelling of these effects is necessary in calculating the
impact of the Maule earthquake on orthometric heights. The hydro-
logical loading can be considered from global hydrological models (e.g.,
Global Land Data Assimilation System − GLDAS). However, these
models do not perform well in South America, principally due the lack
of ground measurements (e.g., Chen et al., 2009).

Therefore, we assumed that the amplitudes and phases of the sur-
face deformation due to hydrological loading came mainly from sea-
sonal components, which generally repeat in consecutive years.
(Noteworthy, signals encountered in hydrology, e.g., rainfall, have
transient features, which lead to non-stationary processes). Then, we
used a harmonic function with annual and semi-annual components in
order to model the hydrological effects. (Time localized basis functions
would have been preferred). We considered that the vertical deforma-
tion influenced by the GIA came from Earth’s overall response to
changes in ice-load after the last glacial period according a global
model. It should be noted that several GIA models exist today, such as
the ICE-3G (Tushingham and Peltier, 1991) and the ICE-4G (Peltier,
1994). However, we chose the recent model proposed by Geruo et al.
(2013), as it represents the state-of-the-art in global estimation of the
GIA effect. Its advantages include new results for compressible Earth,
and it utilizes an elastic structure and viscosity profile with a con-
tinuously varying radius along the mantle, unlike older versions. For
ellipsoidal and geoid heights, the uplift variations in the lithosphere
(ḣGIA) and linear trends in the geoid (ṄGIA) filtered with a DDK5 were
applied (compatible with GRACE filter scheme).

We considered the impact of the earthquake on the CHVRF bench-
marks in the following way:

= +
≈ −

= + + − + +

H t H t H
δH δh δN

h h h N N N
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Where tand tR is a specific epoch and reference epoch respectively, and
δH, δhGPS, δNGRACE indicates the temporal variations (linear and non-
linear) associated with the effects of the earthquakes (E), glacial iso-
static adjustment (GIA) and hydrological variations (HYD), on the or-
thometric, ellipsoidal and geoid heights respectively.

For modelling the trend of seasonal hydrological effects and (co-)
post-seismic effects simultaneously on geodetic (GNSS and GRACE)
time series, we used the following trajectory model (Bevis and Brown,
2014):

∑

∑ ∑

= + − + −

+ + + +

=

= =

h t h h t t h Ω t t

S ω t C ω t a Δt T

( ) ˙ ( ) ϑ ( )

[ sin( ) cos( )] log(1 ),

R R
j

n

j j

k
k k k k

i

n

i i i

1

1

2

1

j

T

(6)

where hR is the ellipsoidal height in the reference epoch, ḣ is the ve-
locity,t and tR are the time in years and the reference time, Ω is the
Heaviside function, ϑhj characterizes the jump which occurs at time tj as
an instantaneous displacement, Sk and Ck are the coefficients for com-
puting the amplitude ( = +A S Ck k k

2 2 ) for each of the two frequencies
(here annual and semi-annual waves), ai is the magnitude of the ex-
ponential decay due of the post-seismic change in the period Δt in years
since the iearthquake occurred, and the decay time T was configured
with default value T = 1 year, reaching a good fit to the data. The total
number of jumps and post-sesimic effects are described bynj and nT,
respectively. This study only modelled the post-seismic effect of the
Maule earthquake, i.e., nT = 1. It is noteworthy that in the estimation
of the parameters based on the GRACE time series, the term Δti, is
constant (∼6.0 years from 2010 Maule Earthquake); this is because
each series has the same length, which is not the case of the GNSS time
series. Note that this model is insensitive to the effect of assigning a
moderately erroneous value to the T parameter (Bevis and Brown,
2014). Our interest was in modelling the height motion of the station
beyond understanding the physical causes. The parameters of the tra-
jectory model were estimated by least squares adjustment.

4. Results and discussion

The parameters of Eq. (6) were estimated by a least squares ad-
justment within a Gauss Markov Model. It is possible to see from
Table 2 that, for almost all GNSS stations, remarkable hydrological and
(co-) post-seismic effects are present in the series. The hydrological
effects associated to annual and semi-annual amplitudes reached
∼9 mm and ∼3 mm at LAJA and LLFN stations, respectively. The
maximum co- and post-seismic effects reached values of approximately
−340 mm and 52 mm at the UDEC and ANTC stations, respectively
(see Fig. 3). In addition, LAJA and LNQM stations present significant
post-seismic deformation (> 20 mm). The rest of the stations did not
reveal considerable exponential viscoelastic relaxation after the earth-
quake (< 20 mm).

The result of the logarithmic transient term associated to post-
seismic change during at the period observed in the GNSS stations
showed heterogeneous results. For the ANTC, LAJA and LNQM stations
located in the Andes Mountains, the values of the total post-seismic
change revealed uplifts of about 24 mm to 52 mm, while CONZ and
VALP stations located on the coast, showed subsidences of approxi-
mately −8 mm to −3 mm (Table 2).

Regarding the analysis of the geoid time series, the co-seismic effect
caused a subsidence in the geoid that reached −3.3 mm in the SANT
station. The hydrological contribution reached a maximum amplitude

Table 2
Linear trend of the GIA, GNSS linear trend, co-seismic jump, annual (A1) and semi-annual (A2) amplitudes, parameters associated with post-seismic change, time from the earthquake
occurrence (Δt), and total post-seismic change.

Station ḣGIA [mm] ḣ [mm/year] hϑ 1 [mm] A1 [mm] A2 [mm] a1 [mm] Δt [year] +a Δt Tlog(1 )i i i [mm]

ANTC 0.4 2.37 −33.75 8.38 1.09 71.70 4.28 51.81
CONZ 0.3 −1.70 −49.43 4.72 0.43 −10.51 4.28 −7.60
LAJA 0.4 2.99 −31.95 9.03 0.21 33.71 4.08 23.80
LLFN 0.5 5.14 −11.25 3.88 2.57 13.20 4.03 9.26
LNQM 0.5 2.79 −12.96 6.86 1.19 36.78 3.83 25.15
NIEB 0.4 6.40 −21.65 5.68 0.75 −0.57 4.21 −0.41
PMO1 0.3 4.60 −4.59 6.07 1.92 5.68 3.75 3.84
SANT 0.3 4.0 −25.71 1.4 1.4 26.7 3.04 16.2
UDEC 0.3 −0.6 −340.24 5.2 0.7 15.5 4.22 11.2
VALP 0.3 1.8 −127.45 3.6 2.1 −3.6 4.28 −2.6
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of ∼1.2 mm and 0.3 mm in terms of annual and semi-annual periods at
the LLFN and NIEB stations, respectively (see Fig. 4 and Table 3).

The GIA uplift effects showed values of approximately 0.1 mm/year.
The geoid post-seismic rate reached values of about 2.4 mm (see
Table 3). Furthermore, no significant correlation can be observed with
respect to the post-seismic values found in the GNSS time series (cor-
relation coefficient 0.49 in a1 parameter). Possible reasons are non-
regular seasonal changes, large inter-annual variations, difficulty in
separating the hydrological signal, the presence of other processes such
as afterslip on the plate interface and viscoelastic relaxation, and the
increase of errors in the GRACE observations over time (Fig. 4).

Nevertheless, one of the reasons why the signal from the Maule

earthquake (shallow Earthquake, depth ∼30 km) over GRACE ob-
servations is not as intense as that reflected on the Earth’s surface by
GNSS measurements seems to be due to the fact that a large part of the
earthquake signal is located on the surface, and at short wavelengths
(> degree and order 96) where GRACE observations are not sensitive.
Examples of earthquakes of similar magnitude (e.g., Japan Tohoku-Oki
earthquake of 9.0 Mw), explored by GOCE observations with better
spatial resolution have shown geoid height variations between 0.8 to
−1.2 cm (Fuchs et al., 2013).

On the other hand, we compared the velocities from VEMOS2015
with those estimated herein, and obtained an rms of 8.2 mm/year. We
attributed these differences mainly to correction models, fiducial

Fig. 3. Time series for the GNSS stations of UDEC and ANTC, which show the largest jump and post-seismic effect in ellipsoidal heights.

Fig. 4. Time series of the geoid heights for all stations considered in this study. The black line represents the trajectory model (Eq. (6)) and vertical grey line represent the Maule
Earthquake epoch. The error bars represent the GRACE errors estimated as the root-mean-square (rms) of the geoid heights over the region 90°W–180°W and 17°S–56°S.

Table 3
Parameters to geoid time series and GIA effect.

Station ṄGIA [mm/year] Ṅ [mm/year] Nϑ 1 [mm] A1 [mm] A2 [mm] a1 [mm] +a Δt Tlog(1 )i i i [mm]

ANTC 0.11 −0.26 −3.12 0.99 0.23 2.77 2.35
CONZ 0.10 −0.23 −2.61 0.89 0.25 2.66 2.25
LAJA 0.11 −0.27 −3.16 1.00 0.22 2.78 2.35
LLFN 0.12 −0.22 −2.11 1.15 0.26 2.41 2.04
LNQM 0.12 −0.25 −2.66 1.11 0.24 2.63 2.23
NIEB 0.12 −0.18 −1.47 1.12 0.27 2.11 1.79
PMO1 0.13 −0.19 −1.10 1.14 0.25 1.81 1.53
SANT 0.10 −0.24 −3.33 0.33 0.15 2.59 2.19
UDEC 0.11 −0.24 −2.73 1.01 0.25 2.67 2.26
VALP 0.01 −0.22 −2.98 0.30 0.16 2.49 2.11
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stations used in the network adjustment, models used in the velocity
estimation and the data periods used. For example, Sánchez and Drewes
(2016) have reported that the period associated with post-seismic signal
was removed from the weekly normal equations, and only constant
velocities are estimated for constructing the VEMOS2015. Due to the
heterogeneous distribution, a low number of continuous GNSS stations
and the low adherence of velocities estimated with those of the
VEMOS2015 models, it becomes complicated to fill the velocity term in
the trajectory model (Eq. (6)) in the study region.

The co-seismic jump on the ellipsoidal heights and the geoid height
was calculated by (6), and the results are presented in Table 4.

The co-seismic effects on the ellipsoidal heights, which are generally
implied to quantify uplift/subsidence, show maximum and minimum
subsidence values of approximately −34 cm and −0.3 cm at the sta-
tions of UDEC and PMO1, respectively (see Table 5).

To measure the correlation between the deformation occurring at
the Earth’s surface and at the geoid, we estimated the correlation
coefficient with the GNSS and GRACE time series. Before estimating the
correlation, we harmonized the GNSS time series, i.e., by applying a
low pass filter using a one month window average and by removing the
effects caused by other minor earthquakes as well as jumps by the an-
tenna change, assuming that these are not present in the signal inverted
from GRACE measurements. Overall, the results revealed a low corre-
lation with the highest value of about 0.7 for the VALP station and the
lowest of 0.0 for the NIEB station. We believe that most of the surface
variations occur in a time and space domain of short wavelength fre-
quencies, which are not reached by GRACE based modelling (see
Table 5).

Co-seismic effects on orthometric heights (ϑ H (k)) were calculated
using the following expression (see Table 4 and Fig. 5):

= −H k h k N kϑ ( ) ϑ ( ) ϑ ( ) (7)

where ϑh(k) and ϑN(k) are the co-seismic effect in ellipsoidal heights
and geoid at the k–th station, respectively. It should be noted that the
co-seismic effect on the ellipsoidal height was calculated from the
equation (6) for the ten continuous GNSS stations and calculated as the
difference between the heights estimated before and after the earth-
quake in the case of observations from GNSS measurement campaigns.

The stations located between −38° < φ < − 34° experienced a
higher co-seismic subsidence from 20 cm, up to 60 cm (see Fig. 5). The
post seismic effect was calculated from the ten continuous GNSS sta-
tions. It should be noted that a short post seismic effect (2010–2015)
was estimated in this study. This could remain for years, but with a rate
of change lower than that of our analysis period.

We observed that, after removal of the hydrologic effect on GNSS
and GRACE time series, the time series of orthometric heights did not
present significant periodic components.

The CHVRF design is based on a set of lines of leveling densified
from west to east direction and it is based on many segments which
each of them is associated with a specific tide gauge, without connec-
tion among them. Thus, considering the characteristics of the CHVRF
and the co-seismic deformation, which are also predominantly dis-
tributed at west-east direction, the co- and post-seismic effects due to
the Maule Earthquake on CHVRF translates only in modelling this effect
without considering the influence of the systematic errors in the net-
work. These systematic errors are mainly due to the constrained ad-
justment considering each tide gauge; each tide gauge materializes a
different equipotential surface of zero height (local geoids).

According to our results, the CHVRF should introduce kinematic
aspects in their maintenance, such as using a trajectory model similar to
the one presented here (Eq. (6)). Exchange rates experienced in the
ellipsoidal heights from different geodynamic phenomena must be
considered for determining orthometric heights, with the purpose of
predicting heights and maintaining a modern multi-purpose heights
system. On the other hand, the geoid is sensitive to mass changes such
as those caused by the Maule Earthquake, though deformations reach
only a couple of millimeters. As GRACE solutions are limited in terms of
spectral/spatial resolution (d/o 96 equivalent to half-wavelength of
about ∼200 km), ground- and air-borne gravity measurements could
improve the estimation of geoid height changes. Thus, the majority of
the signal contained in the short wavelengths of Earth’s gravity field
would be better recovered. In this sense, the results can be considered
preliminary and must be interpreted with caution. We estimate that it is
only possible to reach variations of the geoid that could influence the
Vertical Reference Frame within the considered region by following
longer periods (> 5 years) than those used in the present analysis. In
the period considered here, we can ponder that most of orthometric
height variations can be explained by the ellipsoidal height changes
observed with GNSS.

5. Conclusion and future prospects

In this study, we have presented the first estimation of the impact of
the 2010 Maule Earthquake deformation on the CHVRF, considering an
indirect strategy based on GNSS and GRACE observations, and a tra-
jectory model. The earthquake generated an important co-seismic
subsidence as observed at almost all stations considered in this study,
which must be considered when updating the heights associated with
the segments of CHVRF in the study region.

It was observed that the deformation signal associated with the
segments of the CHVRF due to the earthquake was almost completely
recovered (∼85%) by the variations in the ellipsoidal heights derived
from GNSS. However, the variations experienced in the geoid due to
earthquakes, GIA and hydrologic effects, should be considered in long
periods (> 5 years) for the purpose of achieving the maintenance re-
quirements of the modern vertical geodetic network with a relative
accuracy of the order of 3 ppm.

The co-seismic and post-seismic effects associated with the Maule
Earthquake showed predominant discontinuity characteristics in the
east-west direction near the epicenter. It should be noted that the be-
havior of the stations located farther from the epicenter do not ne-
cessarily reveal the Maule Earthquake signal, as they may contain su-
perposing effects from other phenomena.

Our results show the possibility of an indirect temporal analysis of

Table 4
Co-seismic jump in mm for all stations.

Station

hϑ Nϑ Hϑ

ANTC −33.75 −3.12 −30.63
CONZ −49.43 −2.61 −46.82
LAJA −31.95 −3.16 −28.79
LLFN −11.25 −2.11 −9.14
LNQM −12.96 −2.66 −10.30
NIEB −21.65 −1.47 −20.18
PMO1 −4.59 −1.10 −3.49
SANT −25.71 −3.33 −22.38
UDEC −340.24 −2.73 −337.51
VALP −127.45 −2.98 −124.47

Table 5
Correlation coefficients (ρ) between ḣ an Ṅ .

Station

ρ

Station

ρ

ANTC −0.3 NIEB 0.0
CONZ 0.3 PMO1 −0.1
LAJA −0.3 SANT −0.6
LLFN −0.1 UDEC −0.3
LNQM −0.5 VALP 0.7
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orthometric heights realized through the combination of velocities,
periodic components, jumps and post-seismic relaxation based on GNSS
and GRACE observations integrated into a trajectory model with
moderate spatial resolution. The methodology presented here could be
used to update a height system, especially in regions with a pre-
dominant seismic activity and hydrological signal.

We recommend a validation study of the proposed methodology,
based on re-leveling some of the leveled lines in the study region in
association with gravity for obtaining the effects in the geopotential
space.

Regarding the poor and heterogeneous distribution of GNSS stations
to model the effects associated with short wavelengths, we are studying
the possibility of recovering temporal deformation models through the
combination and interpolation of GNSS (2D + 1D) and InSAR (1D)
observations and a jointly inversion with GRACE observations over the
study region.

Finally, according to the estimation and analysis of the space-time
deformations of the segments of the CHVRF presented here, we advise
taking precautions when using the data, because the introduced dis-
tortions of deformation of the network could be greater than the tol-
erances accepted in some applications, such as civil engineering pro-
jects.
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