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Abstract

Vertical land motion in insular areas is a crucial parameter to estimate the relative sea-
level variations which impact coastal populations and activities. In subduction zones, it
is also a relevant proxy to estimate the locking state of the plate interface. This motion
can be measured using Global Navigation Satellite Systems (GNSS), such as the Global
Positioning System (GPS). However, the influence of the processing software and the
geodetic products (orbits and clock offsets) used for the solution remains barely considered
for geophysics studies.

In this study, we process GNSS observations of Guadeloupe and Martinique network
(Lesser Antilles). It consists of 40 stations over a period of 18 years for the oldest site. We
provide an updated vertical velocity field determined with two different geodetic software,
namely EPOS (Gendt et al, GFZ analysis center of IGS—Annual Report. IGS 1996 Annual
Report, pp 169-181, 1998) and GINS (Marty et al, GINS: the CNES/GRGS GNSS scientific
software. In: 3rd International colloquium scientific and fundamental aspects of the Galileo
programme, ESA proceedings WPP326, vol 31, pp 8-10, 2011) using their Precise Point
Positioning modes. We used the same input models and orbit and clock offset products
to maintain a maximum of consistency, and then compared the obtained results to get an
estimation of the time series accuracy and the software influence on the solutions. General
consistency between the solutions is noted, but significant velocity differences exist (at the
mm/yr level) for some stations.
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1 Introduction

Nowadays, the Global Navigation Satellite Systems (GNSS)
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crust motion. Nevertheless, their use in some part of the
world remains challenging. It is the case of the Lesser
Antilles Subduction Zone, at the convergence of the Nord-
American Plate under the Caribbean Plate. This subduction
is singular on several aspects: it is one of the slowest in
the world (~2cm/yr), the lack of emerged lands prevents
the determination of a complete deformation profile like it
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can be done in other areas. Moreover, the islands of the
volcanic arc are located too far from the trench, prohibiting
most often the detection of significant velocity gradients with
respect to the stable plate. Because of these reasons, the
locking state deduced from GNSS observations, and thus
megathrust risk is uncertain. Symithe et al. (2015) estimated
with GNSS observations all along the volcanic arc a low
coupling rate but did not exclude a megathrust possibility
either. Since the estimation of a horizontal deformation rate
is a difficult task for this area, vertical motion observa-
tions can then become a proxy to help the assessment of
a potential strain accumulation (e.g. Mouslopoulou et al.
2016). Moreover, island areas are also threatened by the
sea level rise, and extra subsidence can be an aggravating
factor (Ballu et al. 2011). For these two reasons, measur-
ing vertical motion in the Lesser Antilles is crucial. Some
vertical movement assessments in this area were performed
in the past. Paleo-geodesy based on coral reef growth tends
to show a subsidence trend in Martinique and Les Saintes
Islands (south of Guadeloupe archipelago) (Weil-Accardo
et al. 2016; Leclerc and Feuillet 2019). This subsidence
is corroborated by GNSS observations for a few stations
within the vertical velocity ULR6 solution (Santamaria-
Goémez et al. 2017). However, an uplift with decreasing rate
for la Désirade Island (West of the Guadeloupe Archipelago)
was measured (Léticée et al. 2019). Even though GNSS
exploitation in this area is challenging, the islands are gener-
ally well instrumented, especially the two islands of Guade-
loupe and Martinique.

Therefore, this study has a double objective, technical and
scientific: on one hand, we estimate a denser vertical velocity
field using a maximum of GNSS data in the area. On the
other hand, we compare and quantify the differences between
the results (coordinates and velocities inferred from the time
series) obtained with two GNSS processing software using
homogeneous inputs.

2 Data

We considered the GNSS observations provided by three dif-
ferent station networks, namely the IPGP, the IGN/SONEL,
and the ORPHEON networks. Maps of these networks on
the two islands are represented in Fig.1. All three have
been deployed for different purposes. The IPGP (Institut
de Physique du Globe de Paris) network, maintained by
the two local volcanological and seismological observatories
has been deployed since the early 2000s (the first stations,
HOUE and SOUEF, were installed in 2000) for geodynamic
purposes. Some stations are installed in the vicinity of
the volcanic domes to monitor the volcanic activity and
the others are deployed to observe potential subduction
induced deformations. This network gathers nowadays 28
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stations, 20 in Guadeloupe and 8 in Martinique. Due to
the remote and/or extreme conditions for some sites, the
network is heterogeneous regarding the time series com-
pleteness and the continuity in time of the equipment used.
The IGN/SONEL (Institut national de l’information géo-
graphique et forestiére/Systeme d’observation du niveau des
eaux littorales) maintains 4 stations in the area (2 in Guade-
loupe and 2 in Martinique) mainly for reference frame
geodesy, with an application to sea level monitoring for the
two stations PPTG and FFT2 (Woppelmann et al. 2011;
Santamaria-Gomez et al. 2017). These stations are installed
in the vicinity of tide gauges to monitor their vertical motion.
The first station of this network is ABMF and was installed
in 2008. Finally, the ORPHEON network which consists
in 8 stations (5 in Guadeloupe and 3 in Martinique) was
installed in 2013/2014 for RTK surveying purposes, but the
notable continuity of the time series without any hardware
change make them suitable candidates for geophysics use.
These stations are provided within the framework of RENAG
(Réseau national GNSS permanent, e.g. Walpersdorf et al.
2018; Rabin et al. 2018). We processed the data from May
2000 (deployment of HOUE and SOUF) to end of August
2018 for the IPGP stations and end of November 2018 for
the other networks. The timeline of the used observations is
represented in Fig. 2.

3 Processing

The observation set described below was processed using
two different GNSS processing software, namely EPOS
(Gendt et al. 1998; Uhlemann et al. 2015) and GINS (Marty
et al. 2011; Loyer et al. 2012), but using a similar strat-
egy, equivalent models and identical product inputs. The
underlying idea is to quantify the intrinsic differences due
to different software. We used a Precise Point Positioning
approach with float ambiguity resolution. A PPP processing
is the most suitable one for this area because the reduced
number of IGS reference stations prevents efficient differ-
ential processing. Moreover, those reference stations can be
affected by the same tectonic processes as the geophysics
stations. Thus, IGS stations in the area (namely ABMF and
LMMF) are used here as “regular” stations. We considered
only GPS observations since most of the stations recorded
only this constellation during most of the period considered.
The orbits and clock offset products have been generated
beforehand by the GFZ Analysis Center in preparation of
the IGS Repro3 campaign (Minnel et al. 2020). These prod-
ucts are consistent with ITRF2014 (Altamimi et al. 2016).
Regarding the models used, we kept a consistency between
the two software configurations. The same antenna eccen-
tricities are used for both processings based on station site
logs.
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Fig. 1 Maps of the stations in

Guadeloupe and Martinique

Islands used in this study. The
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Fig. 2 Timeline of the daily observations processed from the three different networks available

Once the two daily coordinate sets are obtained, we
select the intersection of both to get equivalent time series
with the same daily coordinates. Indeed, some daily data
were not properly computed by one or the other software.
Stations STGO, SBLO and PDBO0 are completely excluded
because of a lack of observations. For each time series,
the corresponding velocities are determined using the trend
estimation software HECTOR (Bos et al. 2013). We model
the time series as combinations of a long term linear trend
and an annual+semi-annual periodic signal, along with white
and power-law noise. The term trend designates hereafter
the linear component. The discontinuities introduced in the
trend estimation are based on the material change site logs
(an antenna change is systematically considered as a dis-
continuity) and on a supplementary visual detection (Sakic
et al. 2019). The same discontinuities are applied for both
equivalent EPOS and GINS solutions.

4 Coordinate and Velocity Differences

To quantify the impact of the processings, we compute
the differences between the two coordinate sets for the
three topocentric components and the planimetric distance
(Euclidean norm of East and North components). These
differences are represented as a histogram in Fig. 3 and the
statistical indicators are given in Table 1. We remark that
the mean difference for the three components is not centered
on zero but is shifted by some millimeters. We also remark
that the Up difference doesn’t respect a Normal distribution,
which reflects the fact that the Up component remains the
hardest component to estimate with GNSS technique, mainly
because this geometrical parameter is highly correlated to
the clock offsets and tropospheric delay parameters. For
the planimetric distance, the mean difference is 12.33 mm
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Fig. 3 Differences of the three topocentric coordinates and the planimetric distance for the common daily points of the two estimated solutions

Table 1 Mean, median and standard deviation in millimeters for the
three topocentric coordinates and the planimetric distance for the
common daily points of the two estimated solutions

Component Mean Std. dev. Median
East —2.89 12.69 —2.92
North 1.96 4.17 2.08
Up 4.20 19.70 0.15
Plani. distance 12.37 9.91 9.66

but respects a Gamma distribution. Regarding the standard
deviations o, Oyo,r; 1S three times smaller than the og.,
which can be explained by the better resolution of this
component due to the general North-South trajectory of the
satellites.

We compute also the differences between the two sets of
estimated velocities obtained at the end of the processing,
represented in Fig. 4. For the absolute differences (Fig. 4a),
we observe notable differences at the mm/yr level for the
planimetric components, and for some stations a difference
over =1 mm/yr for the vertical component. Regarding the
relative differences (Fig.4b), we note differences on the
order of +10% for the planimetric component, but for the
vertical component, these differences can vary by more than
a factor of two (stations over 100%). Four stations have a
negative relative variation, which means that they have an
opposite velocity trend. Since the stations are sorted from
the most complete set of data to the sparsest one, we observe
no significative relation with the length of the time series.

5 Vertical Velocity Results

The vertical velocity values obtained for the two process-
ings are given in Table 2 and represented in Fig.5 for the
Guadeloupe Archipelago, Fig. 6 for the specific area of the
Soufriere Volcano, and Fig. 7 for the Martinique Island.

We note general subsidence for both islands. This
tendency is consistent between the two solutions. For the
Guadeloupe Archipelago, the subsidence is visible for most
of the stations, nevertheless, a more complex behavior
around the Soufriere area can be remarked, which might
be related to local volcanic deformation but also the frequent
hardware change due to the harsh conditions in the area
(humidity, corrosion and frequent thunderstorms). On the
Marie-Galante Island, South-West of the main island, the
MGLO station has a positive trend. Moreover, the four
stations TDBO, ABDO GOSI and DSDO, have opposite
trend depending on the solution. For GOSI and DSDO,
the velocities estimated in both cases are very close to
zero, which make this opposite trend not significant. For
GOSI, the different estimated velocities are still close to
each other (with overlapping formal sigmas) but a clear
velocity tendency for this station is also non-significant. The
case of TDBO is remarkable, since the time series is long
and almost complete but the difference between the two
solutions is important (4.6 mm/yr). A detailed view of the
raw time series and the estimated tendencies are shown in
Fig.8. We observe that the different scatter for both time
series lead to a completely different estimation of the trend
(using the strategy we selected). Station DHSO has a lot of
corrupted raw data, which lead to a reduced amount of usable
observation and an overestimated vertical velocity of almost
—2 cm/yr for one solution. A similar statement can be made
for FFEQ station on the main island, where several gaps in
the time series along with several hardware changes might
explain the positive trend estimated.

The mean velocity rate measured for all stations
on the archipelago, with the volcano area excluded, is
—1.60 £ 1.54mm/yr (lo) using EPOS solution, and
—2.17 £ 1.23 mm/yr (10) using GINS solution.

For the Martinique Island, the two solutions are also
consistent and general subsidence is observed except
for SAMO station. The mean velocity rate measured is
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Velocity differences between the two solutions
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Fig. 4 Velocity difference for the three topocentric coordinates of the two estimated solutions. The stations are sorted from the most complete to
the sparsest one. (a) Absolute velocity differences. (b) Relative velocity differences
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Table 2 Vertical velocities estimated for the Guadeloupe and Martinique network, for both EPOS and GINS solutions

EPOS solution ~ GINS solution
(mm/yr) (mm/yr)
Total Used Ratio Discont.
Station  Purpose Lat.  Long.  Start End days days (%) #) Vup oVu,  Vup aVup

ABDO T 16.47 298.51 2012-10-11 2018-08-30 2149 1843 85.76 1 —0.81 0.99 0.38 0.70
ABER S 16.47 298.49 2013-01-30 2018-11-25 2125 1792 84.33 0 —1.27 039 —0.67 0.51
ABMF R 16.26 298.47 2008-07-15 2018-11-25 3785 2926 77.31 2 —0.84 040 —039 042
ADEO T 16.30 298.91 2003-01-31 2015-02-24 4407 2504 56.82 1 —0.96 0.62 —0.37 0.58
AJBO \Y 14.81 298.88 2010-06-29 2016-11-14 2330 1525 65.45 1 —0.89 133 =035 1.36
AMCO V 16.05 298.33 2015-05-12 2018-08-30 1206 1086 90.05 0 —0.58 0.84 —1.52 0.97
BIMO T 14.52  298.93 2012-08-29 2016-12-30 1584 1399 88.32 0 —0.17 0.59 .12 0.71
BOUL S 16.13 29823 2013-01-31 2018-11-25 2124 1680 79.10 0 —340 093 346 0.95
CBEO T 16.07 298.39 2012-09-30 2018-08-30 2160 1740 80.56 0 =217 134 —093 145
DESI S 16.30  298.93 2013-02-04 2018-11-25 2120 1657 78.16 0 —0.41 042 —036 0.51
DHSO T 16.29 29823 2009-04-16 2018-08-30 3423 336 9.82 2 —1820 241 —829 3.80
DSDO T 16.31 298.93 2011-08-11 2018-08-30 2576 2253 87.46 2 —0.95 0.83 0.04 0.73
FFEO T 16.22  298.49 2003-01-26 2017-03-13 5160 1711 33.16 3 056 1.28 1.44 142
FFT2 R/T 14.60 298.94 2016-01-27 2017-12-12 685 642 93.72 0 —2.84 128 —332 1.56
FNAO T 15.88 298.42 2004-11-26 2012-07-25 2798 1486 53.11 2 —-213 111 —=0.78 0.99
FNGO T 16.06 29831 2014-12-17 2018-08-30 1352 1173 86.76 1 0.09 191 —129 144
FSDC T 14.73  298.85 2005-02-04 2016-12-30 4347 1831 42.12 3 =505 092 =370 1.12
GOSI S 16.21 298.52 2013-01-30 2018-11-25 2125 1796 84.52 0 —0.16  0.37 0.03 0.44
HOUE T 15.98 29830 2000-05-14 2018-08-30 6682 4543 67.99 3 —0.98 026 —1.08 0.30
ILAM T 14.77 299.12  2012-12-19 2016-12-30 1472 1308 88.86 0 —0.55 0.66 —0.09 0.66
LAMO V 14.81 298.84 2005-02-02 2016-12-30 4349 2045 47.02 6 —4.60 1.02 —3.27 0.80
LMMF R 14.59 299.00 2008-11-09 2018-11-25 3668 3247 88.52 2 —2.40 046 —241 041
LORI S 14.82 298.95 2013-02-06 2018-11-25 2118 1797 84.84 0 —-1.02 035 —1.17 0.39
MADO V 16.01 298.36 2016-11-22 2018-08-30 646 610 94.43 0 092 1.78 1.47 252
MAGA S 15.89 298.69 2013-02-02 2018-11-25 2122 1099 51.79 0 —093 053 -—1.14 0.50
MARI T 14.47 299.14 2013-02-06 2018-11-25 2118 1568 74.03 0 —243 040 —273 045
MGLO T 15.95 298.72 2013-08-20 2017-03-13 1301 1209 92.93 0 0.88 1.41 1.98 0.94
MLMO V 14.78 298.82 2011-10-06 2016-12-30 1912 1776 92.89 0 —0.85 093 044 1.24
MPOM T 14.44 299.14 2012-11-28 2016-12-30 1493 1170 78.37 0 —-191 076 —0.86 0.70
PAR1 \Y 16.03 298.31 2014-11-21 2016-12-30 770 748 97.14 4 0.65 4.85 1.01 3.81
PPTG R/T 16.22  298.47 2016-01-27 2018-03-09 772 718 93.01 0 =279 112 283 1.06
PSA1 \Y 16.04 298.33 2011-06-16 2018-08-30 2632 1970 74.85 9 —0.80 1.14 2.07 1.13
SAMO V 14.84 298.84 2013-10-30 2016-12-21 1148 1055 91.90 0 1.28 1.17 231 122
SOUF V 16.04 298.34 2000-05-13 2018-08-30 6683 4427 66.24 3 —1.23 031 —159 0.34
TARI1 \Y 16.04 298.33 2016-09-09 2018-08-30 720 659 91.53 10 —295 231 —1.80 297
TDOBO T 15.85 29836 2012-10-18 2018-08-30 2142 1762 82.26 2 310 334 —151 2.64
TRIL S 14.54 298.97 2013-02-05 2018-11-25 2119 1732 81.74 0 —1.42 036 —1.17 0.37

The used days column refers to the common number of days correctly processed in both solutions, and used for the velocity estimation. The
main purpose of each station in mentioned in the second column: we distinguish stations located in the vicinity of the volcano domes, and
installed for volcanic deformation monitoring (V), stations for tectonic deformation monitoring (T), stations for reference frame definition and
orbit determination (R), and stations for RTK surveying (S)
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Fig. 5 Vertical velocity field obtained for the two solutions processed
for stations located in Guadeloupe. A green arrow indicates an observed
uplift and a red arrow an observed subsidence. The red rectangle

(a)

indicates the area around the Soufriere Volcano, presented in detail in
Fig. 6. The volcano summit is represented with a brown triangle. Dashed
arrows have been shortened to stay in the frame. (a) EPOS solution. (b)
GINS solution

S A

(b)

Fig. 6 Vertical velocity field obtained for the two solutions processed for stations located in the vicinity of the Soufriere Volcano (Basse-Terre,
southern main Island of Guadeloupe). Dashed arrow has been shortened to stay in the frame. (a) EPOS solution. (b) GINS solution

—1.80 £ 1.36mm/yr (lo) using EPOS solution, and
—1.68 £ 1.23 mm/yr (1o) using GINS solution.

6 Comparison with Existing Solutions

To validate the consistency of our results, we compare
the vertical velocities we determined with existing
solutions for stations LMMF and ABMF (belonging to
IGS network). We consider the velocities provided by

SONEL for ULR6a (Santamaria-Gémez et al. 2017),
NGL14 (Blewitt et al. 2018), JPL14 (Heflin et al.
2019) and ITRF14 (Altamimi et al. 2016) solutions.
Values are given in Table 3. For LMMF, the estimated
velocities are consistent with each other (oy = 0.44 mm),
while for ABMF we remark more important differences
between each solution (oy = 0.79mm), just like
we have also differences between the values of this
work’s solutions. Nevertheless, the negative trend remains
significant.
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(a)

Fig. 7 Vertical velocity field obtained for the two solutions processed
for stations located in Martinique. A green arrow indicates an observed
uplift and a red arrow an observed subsidence. The volcano summit is

7 Discussion

Using two different solutions but based on the same geodetic
products and homogeneous models, we obtain significant
disparities in terms of coordinates difference repeatability,
especially on the East and Up components with a standard
deviation at the centimeter level. Regarding the estimated
vertical velocities using the same set of points and the
same discontinuities, the differences are also significant.
This result tends to motivate investigation on velocity com-
bination strategies between different processing centers, as
suggested and tested by Ballu et al. (2019) for instance,
where a joint least square modeling is developed to combine
equivalent time series from different Analysis Centers. A
combination based on a maximum likelihood estimation
would be also an relevant method.

Nevertheless, for the studied area of the Guadeloupe and
Martinique Islands, a negative velocity trend on the Up
component is observed for most of the stations, which might
suggest generalized subsidence of the area. This tendency is
clear for the Martinique Island, but more complex trends for
the Guadeloupe Archipelago can be observed, especially in
the area around the Soufriere Volcano. This result can also
be nuanced, since some stations have a positive trend, which
might be due to local effects. A positive trend can also be

(b)

represented with a brown triangle. Dashed arrow has been shortened to
stay in the frame. (a) EPOS solution. (b) GINS solution

due to an important number of discontinuities over the time
series period, like the stations PAR1 (furthermore located
inside the volcano area) and FFEO (outside the volcano area).
On another hand, a large number of discontinuities for the
same station seem to lead also to an overestimated negative
trend, like for instance the station LAMO, with a velocity
estimated over —3 mm/yr for six discontinuities referenced.
This statement reveals the necessity to maintain networks
with a minimum of hardware discontinuities, i.e. by reducing
the number of antenna changes. MGLO station, located on
the Marie-Galante Island, presents a singular behavior. It
is the only station clearly uplifting, with a quasi-complete
time-series of 3.5 years, without any visible discontinuity,
while the other station on Marie-Galante (MAGA) presents a
subsiding trend. Unfortunately, since this station belong to
the commercial ORPHEON network, we have only a few
metadata that prevent us to explain clearly this behavior.

We corroborate the paleo-geodesy studies carried out
in the region. The coral reef records in Martinique (Weil-
Accardo et al. 2016) and Les Saintes (Leclerc and Feuillet
2019) indicate also a subsidence but with a smaller order of
magnitude of few tenths of a millimeter per year, which can
be explained by the difference in the observation time spans
(only a few years for GNSS, ca. one century for the coral
records). According to those studies, long term subsidence
can have multiple origins: volcanic activity, crustal faulting,
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Fig. 8 Up component time series for the station TDBO0, where an oppo-
site velocity trend is visible. Blue dots represent the raw component
determined by both software, and green dots the corresponding esti-

Table 3 Comparison of vertical velocities for LMMF and ABMF of
this study with existing solutions

mm/yr LMMF ABMF Solution end
EPOS —2.40 £ 0.46 —0.84 £ 0.40 Nov. 2018
GINS —2.41 £041 —0.39 £0.42 Nov. 2018
ULRG6a —3.55£0.48 N/A Dec. 2014
NGL14 —2.70 £1.33 —2.37 £ 1.15 Apr. 2019
JPL14 —2.49 £0.54 —1.74 £0.88 Dec. 2019
ITRF14 —2.54 £0.21 —0.92 £ 0.37 Dec. 2014

subduction of the Tiburon ridge for the Saintes Islands
(Leclerc and Feuillet 2019), and a potential deep interseismic
loading for Martinique (Weil-Accardo et al. 2016).

We used only one software for velocity estimation since
we mainly focussed on the GNSS processing itself, but some
other velocity estimator software are available (e.g. Blewitt

(b)

mated trend. Red vertical bars represent the discontinuities considered.
(a) EPOS. (b) GINS

et al. 2016; Santamaria-Gémez 2019). The impact of the
velocity estimation software on solutions have been analysed
for instance by Mazzotti et al. (2020).

8 Conclusion

This work brings a comparison of the coordinate time series
obtained for the same dataset with two different software but
using consistent parameters. New homogeneously calculated
vertical velocity fields are made available for geophysical
modeling, with unprecedented density for the two Mar-
tinique and Guadeloupe Islands. A general subsidence trend
is observed for both islands.
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