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Abstract The Puerto Rico and Virgin Islands (PRVI) are located within the complex plate
boundary zone between the North American and Caribbean plates. This region faces
multiple natural hazards, such as earthquakes, tsunamis, landslides, hurricanes, and
flooding. The islands are part of the Greater Antilles island chain, which is one of the
earliest places that employed Global Positioning System (GPS) technology in plate tec-
tonics and natural hazards studies. A dense Continuously Operating Reference Stations
(CORS) network with 24 permanent GPS stations is currently operated by a joint effort of
academic, government, and local land surveying communities. This region has been
regarded as one of the densest CORS coverage regions worldwide. This article summarized
the current GPS geodetic infrastructure in the PRVI region, which includes three com-
ponents: a dense CORS network that is open to the public, a stable local reference frame
that is updated in time, and sophisticated software packages for GPS data processing that
are freely available to the academic and research community. This article focused on
establishing a local reference frame, the stable Puerto Rico and Virgin Islands reference
frame of 2014 (PRVI14), which is essential for precisely delineating local ground defor-
mation over space and time. Applications of the geodetic infrastructure for precise faulting,
landslide, and sea-level monitoring were illustrated in this study. According to this study,
the St. Croix Island is moving away from the Puerto Rico and Northern Virgin Islands
toward southeast with a steady velocity of 1.7 mm/year; the Lajas Valley in southwestern
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of Puerto Rico may be experiencing a north—south direction extension (1.5 mm/year) and a
minor right-lateral strike slip (0.4 mm/year) with respect to the PRVI14 reference frame;
the current absolute sea-level rise rate in the PRVI coastal region is about 1.6-2.0 mm/
year.

Keywords GPS - Local reference frame - Natural hazards - Puerto Rico - Virgin Islands -
Faulting - Landslide - Sea-level rise

1 Introduction

The Puerto Rico and Virgin Islands (PRVI) region is located within the complex plate
boundary zone between the North American and Caribbean plates. The North American
plate moves westward relative to the Caribbean plate at a rate determined from GPS
geodesy of 2 cm/year (Jansma et al. 2000; Calais et al. 2002). The PRVI region is a part of
the Greater Antilles island chain, which is located in a 250-km-wide, east-west trending
zone of complex transpressional deformation. Geodesy and seismicity data suggest the
existence of a Puerto Rico—northern Virgin Islands microplate that is relatively rigid and
internally seismically quiescent (Masson and Scanlon 1991; Jansma et al. 2000). The PRVI
block is delimited by the Puerto Rico Trench to the north, the Muertos Trough to the south,
the Anegada Passage to the east, and the Mona Passage to the west (Masson and Scanlon
1991; Jansma and Mattioli 2005; Benford et al. 2012; Huérfano et al. 2005). The main
island of Puerto Rico is a rectangular-shaped island that extends approximately 200 km
from east to west and 60 km from north to south. The Virgin Islands are about 100 km east
of Puerto Rico and consist of about 80 islands and cays. The PRVI region referred to in this
article covers an area of about 40,000 km? (Fig. 1). The PRVI region is densely populated,
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Fig. 1 Map showing the locations of current GPS, tide gauge and seismic stations in the Puerto Rico and
Virgin Islands region. PR represents the Puerto Rico Island, VI represents the Virgin Islands, WB represents
the Whiting Basin, VIB represents the Virgin Islands Basin, SCB represents the St. Croix Basin
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with almost four million people inhabiting the islands. The integration of geological risks
and human settlement makes this region especially vulnerable to natural hazards. This
region has a long history of destructive earthquakes, tsunamis, hurricanes, and landslides
(McCann 1985; Lander et al. 2002; Pielke et al. 2003; Wang 2012; Wang et al. 2011).

A seismic, tide gauge, and high-rate GPS integrated natural hazards monitoring network
(Fig. 1) has been established in the PRVI region by a joint effort of academic, government,
and private sectors. The Puerto Rico Seismic Network (PRSN) at the University of Puerto
Rico (Mayaguez) is the regional authority for monitoring earthquakes and tsunamis in the
PRVI region. The integrated multi-hazard observational network has become a funda-
mental infrastructure for conducting natural hazards monitoring, research, and education in
the PRVI region. A detailed introduction about the seismic monitoring infrastructure can
be obtained from Clinton et al. (2006). This study aims to introduce the GPS geodetic
infrastructure and its applications for monitoring neotectonic faulting, landslide, and long-
term sea-level changes. A mature GPS geodetic infrastructure would include three fun-
damental components: a network of Continuously Operating Reference Stations (CORS)
that is open to the public, a stable local reference frame that is updated in time, and
sophisticated software packages for GPS data processing. A precise local reference frame
is essential for precisely delineating local ground deformation over time and space. This
study aims to establish a stable local reference frame using the long-term (>5 years) GPS
observations in the PRVI region.

The term GPS has been replaced by the term “Global Navigation Satellite Systems
(GNSS)” in the satellite positioning community. GNSS is used as an umbrella term for all
current and future global satellite-based radio navigation systems, such as the United
States NAVSTAR Global Positioning System, Russia’s Global Navigation Satellite
System (GLONASS), Europe’s Galileo, and China’s BeiDou satellite positioning systems.
Generally, the term GPS is specific to the GNSS controlled by the USA. All the PRVI
stations have the capability of recording GLONASS signals. In fact, several PRVI stations
are recording GLONASS observations. As of 2015, most applications in natural hazards
study primarily rely on the United States’ GNSS signals and the most sophisticated soft-
ware packages (e.g., GIPSY/OASIS, GAMIT/GLOBK) currently only handle GPS signals.
It is for this reason that this study uses the term GPS. Only GPS signals were used in this
study.

1.1 The PRVI GPS network

GPS stations were installed in the northeastern Caribbean as early as 1986 for the purpose
of studying plate tectonics (Dixon et al. 1991). These sites were reoccupied several times in
the following years (Dixon et al. 1998). Jansma and Mattioli have maintained a campaign
GPS observation network in the PRVI region since the 1990s (Calais et al. 2002; Jansma
et al. 2000; Jansma and Mattioli 2005). As of May 2015, there are 24 CORS in the PRVI
region that are open to the public (Fig. 1; Table 1). Eight CORS were installed by the
Puerto Rico Seismic Network (PRSN) at the University of Puerto Rico at Mayaguez
(UPRM). The installation was primarily funded by a National Science Foundation (NSF)
Major Research Instrumentation (MRI) project (EAR-0722540). Each UPRM CORS is co-
located or closely spaced (<2 km) with a permanent seismic station or a tide gauge station.
Daily 15-s sampled raw GPS data are archived at the UNAVCO public data archiving
facility (http://facility.unavco.org/data). UNAVCO is a nonprofit university-governed
consortium that facilitates geoscience research and education using geodesy. A private
surveying company, HLCM Group Inc. (http://www.hlecmgroup.com), also installed eight
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CORS in the PRVI region for land surveying applications. All data from these HLCM
stations are freely available to the public through the CORS data archiving facility (http://
geodesy.noaa.gov/CORS) operated by the National Geodetic Survey (NGS) at the National
Oceanic and Atmospheric Administration (NOAA). Several other agencies, such as the US
Coast Guard, Federal Aviation Administration (FAA), Jet Propulsion Laboratory (JPL),
NGS, and UNAVCO, also operate several continuous GPS stations in the PRVI region
(Table 1).

Figure 2 illustrates the site views at four typical PRVI CORS: BYSP, MAYZ, PRAR,
and CRO1. BYSP is located in the Bayamdn Science Park near San Juan and is co-located
with a strong motion seismic station. This site has become a very popular site for con-
ducting K-12 education and outreach activities for earthquake and tsunami hazards edu-
cation in Puerto Rico. The antenna monument of BYSP is a short-drilled braced GPS
monument that was designed by UNAVCO for the Plate Boundary Observatory (PBO)
project (UNAVCO 2014). Seven UPRM CORS and the PBO station P780 use the short-
drilled braced monument (Yang et al. 2015). MAYZ is located on a concrete platform at
the Mayaguez port. It is co-located with a tide gauge station operated by PRSN and

B

Fig. 2 a A site view at the GPS (BYSP) and strong motion accelerometer co-located site in the Bayamén
Science Park, Bayamé6n, PR. The antenna monument is the typical PBO short-drilled braced monument
designed by UNAVCO. b A site view at the GPS (MAYZ) and tide gauge co-located site in the Mayaguez
port, Mayaguez, PR. ¢ A typical building-based GPS station (PRAR) installed by the HLCM Group Inc. in
Arecibo, Puerto Rico. d A site view at the IGS permanent reference station CRO1 (1995-2014) on the St.
Croix Island
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NOAA. PRAR is located in Arecibo, Puerto Rico. It is a typical building-based CORS
installed and operated by the HLCM Group Inc. CRO1 was installed by the Jet Propulsion
Laboratory (JPL) in 1995. It has the longest history among the 24 PRVI CORS. JPL is a
federally funded research and development center and NASA field center located in
Pasadena, California.

1.2 GPS data processing software

Surveying-level GPS units record satellite signals (e.g., pseudo-ranges and phase cycles of
L1 and L2 carriers) but do not directly provide high-precision positions. In order to obtain
centimeter positional measurements, complex calculations are required. High-precision
positions can be calculated in real time or after the data have been collected by post-
processing. In general, post-processing achieves higher precision than real-time processing
because more information is available for post-processing than for real-time processing
(Aponte et al. 2009). Real-time processing techniques are essential for real-time moni-
toring and early warning of natural hazards, such as landslide monitoring and tsunami early
warning. The private land surveying company, HLCM Group Inc., operates a real-time
kinematic (RTK) virtual reference station (VRS) network for real-time land surveying
(http://hlcmgroup.com/services.html). The RTK VRS system can be adapted to real-time
landslide monitoring in this region. The PRSN is in the process of integrating a real-time
GPS positioning system into its earthquake monitoring and tsunami early-warning pro-
gram. Post-processing is often used in the research community. Several sophisticated
software packages for GPS data post-processing have been developed by different inter-
national research groups. In general, there are two GPS data post-processing approaches:
relative positioning and absolute positioning. The advantages and disadvantages of these
two post-processing approaches were discussed in previous publications (Grinter and
Roberts 2011; Rizos et al. 2012; Wang 2013a).

The typical relative positioning approach uses the carrier-phase double-difference (DD)
method, which fixes differenced phase ambiguities to integer values between stations and
between satellites (Blewitt 1989; Dong and Bock 1989; Eckl et al. 2001; Herring et al.
2010). The DD method uses simultaneous observations from two or more GPS receivers; at
least one of these receivers is in a known position with respect to a specific reference
frame. The GAMIT/GLOBK software package developed and maintained by the Mas-
sachusetts Institute of Technology (MIT) is a typical post-processing package that
implements the DD method (Herring et al. 2010). The GAMIT/GLOBK software package
is freely available to the research community. There are several online post-processing
services that also implement the DD method in their data processing, such as the Online
Positioning User Service (OPUS, http://www.ngs.noaa.gov/OPUS/) operated by NGS at
NOAA of USA and the online GPS processing service operated by the Geoscience Aus-
tralia (AUSPOS, http://www.ga.gov.au). OPUS had been demonstrated as a reliable and
precise post-processing approach for landslide surveying in the PRVI region (Wang 2013b;
Wang and Soler 2012, 2014).

Precise point positioning (PPP) is a typical absolute positioning approach for GPS data
processing. This method uses un-differenced dual-frequency pseudo-range and carrier-
phase observations along with precise satellite orbit and clock information to determine the
position of a stand-alone GPS station (Goad 1985; Zumberge et al. 1997; Kouba and
Springer 2001; Ray et al. 2004; Kouba 2005). The absolute positioning approach solves for
the position of a single GPS station without using any synchronous observations from other
ground GPS stations, while using precise satellite ephemeris and clock information.
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Several software packages that employ the PPP processing strategy have been developed,
such as the GIPSY-OASIS software developed and maintained by JPL (https://gipsy-oasis.
jpl.nasa.gov), the NRCan PPP software developed and maintained by the Natural
Resources Canada (http://webapp.geod.nrcan.gc.ca/geod), the Bernese software developed
and maintained by the Astronomical and the Physical Institutes of the University of Bern,
Switzerland (http://www.bernese.unibe.ch), and the GAPS software developed and main-
tained by the University of New Brunswick (http://gaps.gge.unb.ca).

This article applied the single-receiver phase-ambiguity-fixed PPP method implemented
in the JPL’s GIPSY-OASIS software package (V6.3) (Bertiger et al. 2010). The PPP
resolution applies the wide-lane and dual-frequency phase bias (WLPB) estimates for
resolving the single-receiver phase ambiguity. The WLPB estimates are obtained from a
global network of ground GPS stations. JPL’s Final orbit clock and WLPB products are
used in this study. The theoretical foundation of the PPP method is documented in
Zumberge et al. (1997). The precision of the PPP solutions has been dramatically increased
during the last decade. This is primarily attributed to highly precise satellite orbit and clock
data provided by the International GNSS Service (IGS) (Dow et al. 2009), and new
algorithms are used to resolve phase ambiguity with a single receiver (Bertiger et al. 2010).
Other major parameters and key models applied in the PPP processing include the VMF1
troposphere mapping model (Boehm et al. 2006), second-order ionospheric delay (Kedar
et al. 2003), ocean tidal loading model FES2004 (Lyard et al. 2006) calculated through the
free online service operated by Onsala Space Observatory, Sweden (http://holt.oso.
chalmers.se/loading), and tropospheric gradients (Bar-Sever et al. 1998; Lee et al. 2013;
Morel et al. 2015).

The initial PPP solutions were in the loosely constrained frame of JPL’s fiducial-free
GPS orbits. They were transformed into the global reference frame IGb0O8 using daily
7-parameter transformations that are delivered with JPL’s orbit products. IGb0S8 is a minor
update of the IGSOS8 reference frame. The update is to restore a few of the IGSO8 reference
stations that had become unusable for operational reference frame alignments due to
position discontinuities. IGbO8 replaced IGSO0S starting with products of GPS week 1709 (7
October 2012) (IGS Reference Frame Working Group 2012). The term IGb0S has not been
widely used by GPS users outside the geodesy research community. Most publications
associated with the applications of GPS still use the term IGS08 although their positions
are referenced to IGbOS in the strict sense. For this reason, we use the term IGSO8 rather
than IGbO08 in this article. The GIPSY processing and reference frame transformation were
conducted within a geocentric Cartesian coordinate system (X, Y, Z). In order to track land
surface deformation, the geocentric (X, Y, Z) coordinates were converted to cartographic
coordinates (northing, easting, and ellipsoidal height) referred to the GRS-80 ellipsoid. An
outlier detection and removing algorithm was applied to clean the positional or dis-
placement time series in this study. On average, approximately 7 % of the total samples
have been removed as outliers. The details of this approach were addressed in Firuzabadi
and King (2011) and Wang (2011). According to our previous study and the results from
this study (Table 3), the single-receiver phase-ambiguity-fixed PPP solutions (24-h aver-
age) are able to achieve 2-3 mm horizontal and 6-9 mm vertical precision (RMS) in the
PRVI region.

1.3 PRYVI reference frame of 2014 (PRVI14)

GPS data alone are not sufficient by itself to precisely delineate long-term ground defor-
mation. In order to measure any change in the relative positions of sites on a dynamic
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earth, a reference frame needs to be specified. The fact that GPS ground stations are located
on moving lithospheric tectonic plates considerably complicates the reference frame issue.

In general, a global- or continental-scale reference frame is achieved with an approach
of minimizing the overall horizontal movements of a large number of selected reference
stations (DeMets et al. 2000, 2007; Larson et al. 1997; Altamimi et al. 2011; Wang et al.
2015). In the case of IGS08, 232 globally distributed and well-performing GPS stations
were used (Rebischung et al. 2012). As a result, there are few “stable” (velocity equals
zero) stations with respect to a global reference frame. The GPS stations in the PRVI
region have a horizontal velocity of approximately 1.6 cm/year with respect to the global-
scale reference frame IGS08 and 1.9 cm/year with respect to the regional-scale reference
frame NAD83 (Fig. 3). NAD83 frame is a reference system that is relative to the fixed
North American plate. It is mainly applied for land surveying and maintained by NGS
(Snay and Soler 2000). It has been updated for several times, and the most recent real-
ization is NAD83(2011) at epoch 2010.00. A reference frame covering a large area may be
compromised by inter-plate as well as intra-plate motions. Slow ground deformation
associated with local faulting and landslide creeping could be biased by plate motions. A
preliminary local reference frame for the PRVI region was determined by Wang et al.
(2014) with limited data (2009-2012). This study updated the previous reference frame
with two additional years (2013 and 2014) of GPS observations and a better geographic
configuration of reference stations.

The main physical and mathematical properties of a reference frame are the origin, the
scale, the orientation, and the change of these parameters over time. In surveying and
geodesy, a local reference frame is often tied to a well-established global reference frame
with several common points. These common points are also called frame points or ref-
erence points. The velocities of these common points are minimized to zero over time with
respect to the local reference frame. Such a local reference frame is also called a
stable local reference frame, which is essential for precisely delineating long-term ground
motions associated with landslide, subsidence, and faulting activities. In surveying and
geodesy, the Helmert transformation method is often used to transform a set of points at a
specific epoch from one reference frame into another one, within a three-dimensional
space. For daily GPS positional coordinate transformation from the PPP solutions, the

17
-68’

Fig. 3 Horizontal velocity vectors of CORS in the PRVI region with respect to three reference frames: a
global reference frame (IGS08), a regional reference frame (NADS83), and a local reference frame (PRVI14)
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geocentric coordinates of a site with respect to a local stable reference frame can be
approximated by the following formulas (Snay 1999; Soler and Snay 2004; Pearson et al.
2010; Pearson and Snay 2013):

Local = Ix(#) + [1+ ()] - X()16508 + Rz (1) - Y (t)16508 — Ry (1) - Z(t)1650s
Y()poca = Ty (1) — Rz(t) - X(t)igsos + [L +5(t)] - ¥ (t)igsos + Rx (1) - Z(gsos

Z(t) Lo = Tz(t) + Ry () - X(t)1s05 — Rx (1) - Y ()igsos + [1 + 5(1)] - Z(t)16s0s-

Here, Tx(t), Ty(r), and T(t) are translations at a specific epoch 7 along X-, Y-, and Z-axes;
Rx(t), Ry(t), and Rz(¢) are counterclockwise rotations about these three axes; s(f) is a
differential scale change between IGS08 and the local reference frame. In practice, there

Fig. 4 Plots showing the data .Data Availability of 10 Reference Stations
availability of ten reference (Vertical Displacements Referred to PRVI14, Unit: cm)
stations for realizing the

stable Puerto Rico and Virgin 2
Islands reference frame of 2014 _
(PRVI14). Each subplot depicts 2L
the vertical positional time series 5
of each reference station with
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are two approaches to perform the Helmert transformation: daily 7-parameter transfor-
mation and 14-parameter similarity transformation. For the 7-parameter method, the 7
parameters (Tx(), Ty(t), Tz(t), Rx(t), Ry(t), Rz(t), and s(t)) for each epoch (day) are
calculated from the positional coordinates (X, Y, Z) of these reference stations with respect
to both source and target reference frames at the same day. For the 14-parameter trans-
formation, these 7 parameters for each day are calculated by a linear regression method,
which can be written as:

H(t) = H(to) + H - (t — t0).

Here, H(?) represents the seven Helmert transformation parameters at a specific epoch; #
denotes an initial epoch (e.g., 2013.0); H' represents the rate of the change of each
parameter over time. In practice, H' is regarded as a constant that can be obtained from the
Helmert parameters on two selected epochs 7, and ¢;:

H(t) — H(t)
h —h '

H =

In this study, #, and #; are set as 2015.0 and 2009.0, respectively. The detailed method
for calculating the 14 parameters is addressed in Wang et al. (2013b, 2014).

The selection of reference stations is critical for establishing a precise local reference
frame. In general, the selection is primarily based on data availability (e.g., >5 years), site
stability, and overall geographic distribution. It is difficult to determine the stability of a GPS
site at the level below 1 mm/year prior to having a precise stable local reference frame.
Accordingly, a trial-and-error approach is used in this study to refine the selection of reference
stations. Initially, fifteen stations with a history over 5 years were selected as reference
stations, and the 14 parameters for reference frame transformation were calculated. It turned
out that three stations (PRMI, CROI, and VIKH) had considerably larger horizontal veloc-
ities than the other twelve stations with respect to the initial local reference frame. These three
stations were removed from the selected reference stations, and the 14 parameters were
recalculated. Any station that had a horizontal velocity larger than 0.5 mm/year with respect

Table 2 Fourteen parameters

5 N . Parameters Unit 1GS08 to PRVI14 1, = 2013.0
for Helmert reference frame
transformation from IGS08 to
PRVI14 Ti(to) m 0.0
T(to) m 0.0
T(to) m 0.0
R (ty) radian 0.0
Ry(10) radian 0.0
R_(1y) radian 0.0
s(to) unitless 0.0
dT, m/year 4.77E-3
d7,, m/year 1.07E-2
dT, m/year 2.68E—02
dR,* radian/year —3.95E-09
dR* radian/year —7.14E—-09
dR* radian/year 4.54E—09
* Counterclockwise rotations of ds 1/year 0.0

axes (X, Y, Z) are positive
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to the resulted local reference frame was removed from the group of reference stations, and
the 14 parameters were recalculated again. Finally, ten CORS were selected as reference
stations after several trials and considering the overall geographic distribution. All reference
stations have continuous observations for at least 5 years. The locations and data availability
of these ten reference stations are illustrated in Table 3 and Fig. 4. The average three-
component velocities of these ten reference stations with respect to the PRVI14 are 0.4 mm/
year in the east-west (EW), 0.2 mm/year in the north—south (NS), and 0.5 mm/year in the
vertical components (Table 3). The 14 parameters for the updated PRVI reference frame

The Displacement Time Series at BYSP with Respect to
IGS08, NAD83, and PRVI14
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Fig. 5 Geodetic displacement time series at BYSP with respect to three different reference frames: a global
reference frame (IGS08), a regional reference frame (NADS83), and a local reference frame (PRVI14). The
linear velocity (v) and its corresponding two times “standard error” (2¢) for each displacement time series
are marked aside. Statistically, “v £ 2¢” indicates that there is a 95 % possibility that the true velocity
would be within the interval between v — 2¢ and v + 2¢, assuming that the uncertainty (error) fits normally
distributed white noise
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(PRVI14) are listed in Table 2. The horizontal velocity vectors of all CORS in the PRVI
region with respect to PRVI14 are plotted in Fig. 3.

Figure 5 depicts the long-term displacement time series at BYSP with respect to three
reference frames with different scales: a global reference frame (IGS0S8), a regional ref-
erence frame (NADS83), and a local reference frame (PRVI14). It is clear that BYSP is
stable with respect to the local reference frame (PRVI14, 0.2 mm/year in horizontal plane)
while keeps moving with respect to both the global (IGS0S8, 1.6 cm/year in horizontal
plane) and regional (NADS83, 1.9 cm/year in the horizontal plane) reference frames. We
use “standard error” to assess the precision (uncertainty) of the linear regression in this
study. The standard error (o) is the standard deviation of the sampling distribution of a
statistic, mostly the mean or the root-mean-square (RMS). For the linear velocity regres-
sion analysis conducted in this study, the term “standard error” indicates standard devi-
ation of the underlying errors (uncertainties) of the estimated linear velocity. The linear
velocity (v) and its corresponding two times “standard error” (2¢) for each displacement
time series are marked on each subplot. Statistically, “v & 2¢” indicates that there is a
95 % possibility that the true velocity would be within the interval between v — 2¢ and
v + 20, assuming the error fits normally distributed white noise. The precision (20) of the
horizontal velocity estimations with respect to all three reference frames is 0.04 mm/year.
The 14-parameter transformation processing did not improve the precision of velocity
estimates since a linear regression model was applied to the changes of the scale, three
translational, and three rotational motions in time. A linear model employed in the frame
transformation would remove certain common linear movements but not periodical sea-
sonal motions. In contrast, a daily 7-parameter reference transformation processing may
improve the precision of velocity estimates because certain localized common motions
(mostly seasonal motions) would be removed during the transformation (Blewitt et al.
2013; Rebischung et al. 2012; Altamimi et al. 2011). The difference between the 14-pa-
rameter and daily 7-parameter reference frame transformation approaches implies that the

Table 3 Velocities and repeatability (RMS) of the PPP solutions of ten reference stations with respect to
PRVI14

Stations Geodetic coordinates Site velocity Repeatability of PPP
solutions
Longitude Latitude  Ellip. height NS EW UD NS EW UD
©) ©) (m) (mm/ (mm/ (mm/ (mm) (mm) (mm)
year) year) year)

PRIC —66.9995  18.34223 22.8537956 0.1 0.1 —-0.8 2.7 2.8 8.9
PRGY  —66.81443 18.05095 18.05095177 0.2 0.7 0.0 29 2.8 9.4
P780 —66.57913 18.07503 18.07502617 0.1 0.0 —0.1 2.6 2.4 8.7
PRAR  —66.64742 18.45048 18.45047792 —0.1 —0.6 0.6 2.5 22 8.2
MIPR —66.52696 17.88622 17.88622395 —0.1 04 —0.1 1.9 1.9 6.6
BYSP —66.1612  18.40784 18.40783715 —0.1 0.2 0.0 24 2.1 7.7
PRLP —65.86826 18.1949  18.19490096 0.3 0.1 1.0 2.7 2.8 9.3
CUPR  —65.28252 18.30744 13.30743945 —0.2 —0.1 -0.9 2.3 22 6.8
VITH —64.96921 18.34333 18.34333171 0.1 0.0 0.0 3.1 23 8.1
ABVI —64.33248 18.72968 16.26230587 —0.2 —0.4 0.2 2.0 1.9 6.1
Average (RMS) 0.2 0.4 0.5 2.5 2.4 8.1
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14-parameter approach would be a better choice for studies focusing on regional seasonal
or other periodical motions.

1.4 Neotectonic faulting

Numerous bedrock faults have been mapped in Puerto Rico, most notably the Great
Southern Puerto Rico fault zone and the Great Northern Puerto Rico fault zone, as well as
smaller faults such as the Cerro Goden, Punta Algarrobo near Mayaguez, Punta Guanajibo
faults, and South Lajas fault (DeMets et al. 2000; Jansma et al. 2000; Mann et al. 2002;
Jansma and Mattioli 2005; Prentice and Mann 2005). Figure 3 indicates that only three
GPS stations (PRMI, VIKH and CRO1) show considerable (>1 mm/year) horizontal
movements with respect to the PRVI14. All other stations are almost stable (<0.5 mm/
year) with respect to the PRVI14. The average horizontal velocity of these ten reference
stations with respect to the PRVI14 is about 0.4 mm/year (Table 3), which implies that the
rigidity of the Puerto Rico Island is at the level of approximately 0.4 mm/year.

Figure 6 illustrates the three-component displacement time series at PRMI and CROL1.
PRMI is located on the Magueyes Island, a small island (about 0.07 km?) 2 km south to the
southern boundary of the Lajas Valley. CROL1 is located on the St. Croix Island, which is
geographically a part of the Virgin Islands (VI). The horizontal components of PRMI
depict a horizontal velocity vector of 1.6 mm/year toward the southwest, which might be
associated with the neotectonic faulting within the Lajas Valley in the southwestern Puerto
Rico (Fig. 7). The Lajas Valley is an east-west trending depression zone, 30 km long
bounded by hills on its northern and southern edges. This area has the most frequent

Neotectonic Motions with Respect to the Local Reference Frame (PRVI14)
PRMI (lvlagueyes Island, PR) CRO1 (St. Croix Island, V[)
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Fig. 6 Three-component displacement time series at PRMI and CROL1. Both sites indicate steady horizontal
movements that associated with current neotectonic motions (or strain accumulation)
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onshore microseismicity in the PRVI region (Asencio 1980). Previous researchers have
recognized possible Quaternary fault control for the Lajas Valley on the basis of geo-
morphology (Joyce et al. 1987) and seismic reflection profiles (Meltzer and Almy 2000).
Displacements along the EW-striking faults were inferred to be normal with a component
of strike slip (Meltzer 1997; Almy et al. 2000; Prentice et al. 2000). Prentice and Mann
(2005) excavated a trench across a scarp near the southern edge of the Lajas Valley that
exposed a narrow fault zone disrupting alluvial deposits. Trenching across the fault scarp
showed that the South Lajas fault is an active Holocene structure, with movement within
the past 5000 years. Huérfano et al. (2005) established left-lateral stress pattern in Lajas
Valley and northeast-southwest extension within the southwest coast region of Puerto Rico
on the basis of the microseismic activity analysis. Roig-Silva et al. (2013) proposed a
major through-going left-lateral strike-slip fault zone that cuts across the Lajas Valley. ten
Brink and Lopez-Venegas (2012) stated that the PRMI station was moving to the southwest
at a rate of 2.3 mm/year relative to the Caribbean plate and suggested a boundary between
Hispaniola and the PRVI region that lied north of PRMI. GPS measurements presented in
this study indicated that PRMI is moving to the southwest with respect to the PRVI14
reference frame. This implies the occurrence of northeast-southwest extension in the
southwest Puerto Rico. The extension may suggest that the Lajas Valley currently expe-
riences a north—south direction extension (1.5 mm/year) and minor right-lateral strike slip
(Fig. 7). The current GPS geodetic infrastructure in the PRVI region provides a higher
precision for neotectonic faulting study than the limited geodetic resource of a decade ago
(DeMets et al. 2000; Jansma et al. 2000; Mann et al. 2002; Jansma and Mattioli 2005).
The two CORS (CRO1 and VIKH) on the St. Croix Island show identical velocity
vectors of 1.7 mm/year toward southeast with respect to the PRVI14 (Fig. 3). The antenna
of VIKH is mounted on the side wall of a one-floor concrete building. The antenna of
CROL1 is mounted on a concrete monolith that was poured to a depth of 3.5 m and extended
0.64 m above the ground surface (personal communication with Mr. David Stowers at the
Jet Propulsion Laboratory, 2015). CROL1 has a history of 20 years (1995-2015). VIKH has
a history of 9 years (2006-2015). The consistent velocity vectors from these two stations
suggest the ongoing extension of the Virgin Islands basin, which is consistent with the
result presented by Jansma and Mattioli (2005). The Virgin Islands basin has a rhomboidal

-67.25° -67° -66.75° -66.5°

Fig. 7 GPS derived horizontal velocity vectors (red arrow) showing the possible extension of the Lajas
Valley. The CORS (cyan circle) PRMI is proximal (0.5 km apart) to a long-history tide gauge station
(yellow star). The red dashed line represents the South Lajas Fault presented in Prentice and Mann (2005).
The black dashed line represents the North Boqueron Bay-Punta Montalva Fault Zone presented in Roig-
Silva et al. (2014)
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shape with a long axis of about 80 km in a nearly east-west (EW) direction and a short axis
of about 20 km in a nearly north—south (NS) direction. This basin has a complex bathy-
metry with the deepest water reaching a depth of over 4500 m below sea level. Recent
seismic activities demonstrate that the Virgin Islands basin area is tectonically active (Reid
and Taber 1920; Frankel et al. 1980; ten Brink et al. 2011; Liu and Wang 2015). Previous
investigations based on high-resolution bathymetry data, seismic survey data, and geologic
study suggest that the sedimentary structure within the Virgin Islands basin is characterized
by a complex system of strike-slip faults (Raussen et al. 2013). Barkan and ten Brink
(2010) stated that the seismic reflection profiles across the Virgin Islands basin have an
asymmetric sediment fill, which thickens to the south. This result implies that the Virgin
Islands basin is a half graben structure and its southern boundary of the basin could have
been more active than the northern boundary throughout the geologic history. The 1867
Virgin Islands earthquake (M7.5) occurred in this basin (McCann 1985; Barkan and ten
Brink 2010). The main shock generated a tsunami with waves that were recorded at several
island locations across the eastern region of the Caribbean, most notably on the islands of
St. Thomas and St. Croix (Reid and Taber 1920). Previous investigators proposed different
tectonic mechanisms to explain the origin of the basin and the present faulting motions
within the basin. Three controversial faulting motions have been suggested: (1) left-lateral
(Hess and Maxwell 1953; Donnelly 1964; Mann and Burke 1984; Lithgow et al. 1987; Gill
et al. 1999; ten Brink 2005; Raussen et al. 2013), (2) right-lateral (Nemec 1980; Matthews
and Holcombe 1976; Jany et al. 1990; Masson and Scanlon 1991; Loureiro 2014), and (3)
northwest-southeast direction opening across the basin (Murphy and McCann 1979; Speed
and Larue 1991; Feuillet 2002; Mann et al. 2005). GPS velocity vectors obtained from this
study suggest that the current neotectonic motions (or strain accumulation) within the basin
are comprised of two components: an extension (0.9 mm/year) along the north—south
direction and a left-lateral strike slip (1.4 mm/year) along the east—west direction with
respect to the PRVI14 (Fig. 6). The quantitative results from the long-term GPS mea-
surements provide critical information for assessing the present seismic risk in the PRVI
region.

The vertical displacement time series at PRMI and CRO1 show a steady 0.2 mm/year
subsidence rate with respect to the PRVI14, which falls below the precision limit (0.5 mm/
year) that can be distinguished by the current local reference frame (PRVI14). For this
reason, we do not intend to interpret vertical motions in this article.

1.5 Landslide monitoring

Mountainous terrain and a tropical climate make the PRVI region highly susceptible to
landslide hazards. One of the most catastrophic landslides in the USA occurred in
Mameyes, south of Puerto Rico in October 1985 (Silva-Tulla 1986). The death toll that
resulted from the Mameyes landslide was over 100 people. This was the worst loss of life
that resulted from a single landslide in US history (Jibson 1986, 1989). Long-term con-
tinuous monitoring of ground movements is essential for identifying suspected landslides,
predicting the behavior of active landslides, and assessing the potential for landslide
hazards. GPS technologies have been frequently applied for the purpose of landslide
monitoring worldwide. GPS landslide monitoring projects have conventionally been car-
ried out using the differential positioning method. This method could achieve sub-cen-
timeter accurate result if the baseline is short (e.g., <50 km). The authors conducted GPS
monitoring on several landslides in Puerto Rico during the period from 2009 to 2011
(Wang et al. 2011; Wang 2012; Wang et al. 2013a). In order to monitor a sliding mass, at
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Fig. 8 Plots showing the PONC: Landslide Displacement Time Series
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least one reference station had to be installed outside of the suspected sliding mass. The
rover data could not be processed without simultaneous data from the reference station. It
happened for several times that the field efforts were ruined by unrealized power or cable
connection problems at the reference station.

This study established the stable local reference frame based on the 6 years of data
accumulation (2009-2014) in the PRVI region. Precise landslide monitoring can be con-
ducted with the local reference frame and without specific reference stations in the field.
Figure 8 illustrates the three-component displacement time series derived from GPS
observations at a landslide site in Ponce, Puerto Rico. This landslide has been carefully
investigated in our previous publications (Wang 2012; Wang and Soler 2012). We
reprocessed the landslide data with the PPP method and transformed the displacement time
series (IGS08) to the local reference frame (PRVI14). The cyan points shown in Fig. 8
represent solutions from the differential method that used one rover station and one ref-
erence station in the field. The baseline between the reference station and the rover station
was 113 m. The short baseline resulted in extremely high precision (repeatability) of the
double-differencing (DD) solutions. According to our previous study, the DD solutions
achieved 0.3 mm horizontal precision and 0.9 mm vertical precision (RMS) (Wang 2012).
The red crosses shown in Fig. 8 represent the PPP solutions with respect to the PRVI14.
The comparison indicates that the two methods resulted in the same interpretation on the
kinematics of the landslide although the differential method resulted in a higher precision.
The PPP processing and the local reference frame (PRV14) combined method demon-
strates a more efficient approach of conducting landslide surveying than the conventional
DD method. No reference stations are needed for conducting millimeter-level landslide
monitoring in the PRVI region from now on.

1.6 Absolute sea-level monitoring

The National Ocean Service of NOAA and the Puerto Rico Seismic Network (PRSN)
operate a real-time sea-level monitoring system that comprises 16 tide gauge stations along
the coasts of Puerto Rico and the US Virgin Islands (see Fig. 1). A tide gauge is commonly
used to measure sea level in coastal areas. Sea level measured by a tide gauge is the height
relative to the level of a geodetic benchmark on the nearby land, so vertical motion of land
will cause a relative sea-level change. This makes it impossible to distinguish whether the
water is rising or the land is subsiding from the tide gauge measurements alone. All tide
gauge sites in the PRVI region are co-located or proximal (<5 km) to at least one CORS.
The absolute ground altitude change can be measured by GPS, and then, the absolute sea-
level change can be calculated from the tide gauge measurements. The PRSN is in the
process of integrating the real-time GPS and tide gauge data into its tsunami warning
program. A tsunami early-warning system consists of two important components: tsunami
early-warning and tsunami verification following a tsunami warning. The early-warning
system is primarily based on real-time seismic observations to identify tsunamigenic
earthquakes. The tsunami verification system is based on real-time absolute sea-level
measurements from the tide gauge system. It is critical to verify or cancel the predicted
tsunamis based on the observed absolute sea-level observations. Gradually more GPS
instruments will be added to the existing tide gauge sites in the Caribbean region, and the
co-located GPS and tide gauge system is expected to provide absolute sea-level mea-
surements in real-time (Braun et al. 2012; Feaux et al. 2012; Mattioli et al. 2012). The
NOAA Tsunami Warning Centers and the PRSN are exploring ways to operationally
integrate GPS observations into the early-warning system.
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The GPS and tide gauge integrated system is also significant for delineating long-term
sea-level changes. A significant proportion of the global population, including those in
many of the world’s large cities, are located close to coastal areas. This section illustrates
the potential application of the PRVI GPS geodetic infrastructure in long-term sea-level
rise monitoring. Figure 9 illustrates the relative sea-level measurements from two tide
gauge stations in the PRVI region. The tide gauge on the Magueyes Island has a continuous
recording history of 60 years (1955-2015). It is approximately 0.5 km apart from the
CORS PRMI (2006-2015). The tide gauge on the St. Croix Island has a continuous
recording history of 38 years (1977-2015), which is approximately 3.5 km to the CORS
VIKH (2006-2015) and 19 km to the CORS CRO1(1995-2015). The monthly sea-level
data are obtained from the Permanent Service for Mean Sea Level (PSMSL, http://www.
psmsl.org) (Holgate et al. 2013), a public sea-level data archiving facility based in
Liverpool at the National Oceanography Centre (NOC) of the UK Natural Environment
Research Council (NERC).

The relative sea-level measurements were decomposed to three components: nonlinear
trend, seasonal, and remainder (Fig. 9). The Seasonal Trend Decomposition using Loess
(STL) program was applied to extract seasonal information from the original sea-level
data. The STL is a filtering procedure employing a locally weighted regression (Loess) for
decomposing a time series into nonlinear trend, seasonal, and remainder components

STL Decomposition of the MSL Measurements at Two Long-Term Tide Gauge Stations
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Fig. 9 Plots showing STL decompositional sea-level measurements from two tide gauge stations on the
Magueyes Island (left) of Puerto Rico and the Lime Tree Bay of St. Croix Island (right). The top subplots
depict original sea-level measurements (dark), the nonlinear trend (red) obtained from the seasonal signals
removed sea-level measurements, average seal-level change rate (blue) obtained by applying a linear
regression model to the nonlinear trend, and closely spaced GPS vertical measurements (cyan). The middle
subplots show the seasonal signals. The bottom subplots show the residual after removing the nonlinear
trend and the seasonal signals
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(Cleveland et al. 1990). Loess is a method for estimating nonlinear relationships (Cleve-
land and Grosse 1990; Cleveland and Devlin 1988). STL is a very versatile and robust
method for decomposing time series. The average sea-level change rate was obtained by
applying a linear regression model on the nonlinear trend component, the red line in the top
row of Fig. 9. The tide gauge measurements indicate an average relative sea-level rise of
1.6 £ 0.08 mm/year in the Magueyes Island coastal area and an average relative sea-level
rise of 2.0 £ 0.22 mm/year in the St. Croix Island coastal area with respect to the ground
surface at each tide gauge site. Long-term continuous measurements from the two GPS
stations indicate that there are no considerable vertical ground motions (—0.2 £ 0.1 mm/
year in PRMI, —0.2 4+ 0.04 mm/year in CRO1) at both the tide gauge sites though both
GPS sites experience steady horizontal motions (Fig. 6). Thus, the average sea-level rise
rates obtained from the tide gauges represent the absolute sea-level rise rates.

2 Discussion and conclusions

This article summarized the current GPS geodetic infrastructure in the PRVI region, which
is comprised of three fundamental components: (1) the CORS network that is operated and
maintained by the joint efforts of the PRSN, the private land surveying company HLCM
Group Inc., UNAVCO, NGS, Coastal Guard, FAA, JPL, and other agencies; (2) the
stable local reference frame (PRVI14) that will be incrementally improved and periodically
updated to synchronize with the update of the IGS reference frame; and (3) the sophisti-
cated GPS data processing software packages (e.g., GIPSY, GAMIT) that are freely
available to the research community. The primary product from present study is the
stable Puerto Rico and Virgin Islands reference frame (PRVI14), specifically the 14
Helmert transformation parameters for converting coordinates from IGS08 to the
stable local reference frame (PRVI14) (Table 2). The PRVI14 provides a consistent and
stable reference with which geometric results can be produced and compared over space
and time. The local geodetic infrastructure provides a platform for multiple natural hazards
studies. This study illustrates its initial application in neotectonics, landslide, and sea-level
studies. A better understanding of neotectonics in the PRVI region will improve regional
seismic hazard assessment. The geodetic infrastructure will also be useful for hydrologists
to study ground deformations from fluid withdrawal, aquifer deformation, seasonal
hydrologic and atmospheric pressure loading, for geomorphologists to study coastal ero-
sion and wetland loss problems along the PRVI coasts, and for engineers to monitor long-
term stabilities of local dams, sea walls, high-rise buildings, and long-span bridges.

The precision of GPS has continuously improved during the past two decades. From this
investigation, the single-receiver phase-ambiguity-fixed PPP daily solutions are able to
provide 2-3 mm repeatability for horizontal and 69 mm repeatability for vertical mea-
surements in the PRVI region. The local reference frame (PRVI14) will be able to identify
ground movement as slow as 0.4 mm/year and 0.5 mm/year in horizontal and vertical
directions within a period as short as 5 years, respectively. The way to process GPS data in
the office directly impacts the way to collect data in the field. The combination of the PPP
processing and the local reference frame provides an efficient way of conducting ground
deformation monitoring with a stand-alone GPS unit in the field without installing any
reference stations.

In this study, the realization of IGSO8 solutions was performed on a local computer
installed with the GIPSY/OASIS (V6.3) software. Fortunately, several free online PPP
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services are also available to the geodesy research and application communities, such as
the Automatic Precise Positioning Service provided by the JPL (APPS, http://apps.gdgps.
net/apps_file_upload.php) and the CSRS-PPP Online Service provided by the Natural
Resources Canada (http://webapp.geod.nrcan.gc.ca/geod/tools-outils/ppp.php?locale=en).
Occasional users may conveniently upload their GPS data (RINEX files) manually through
the Web site of APPS or CSRS-PPP. Positions with respect to the IGSOS8 reference frame
are available in minutes by e-mail. The global positions can be transformed to PRVI14 by
using the 14 parameters and formulas provided in this article. Thus, a technician with basic
GPS and computing knowledge will be able to conduct millimeter-level ground defor-
mation monitoring using a stand-alone GPS unit. This approach would significantly reduce
costs and logistics for natural hazards monitoring and surveying. Therefore, it is an
attractive alternative to the conventional survey techniques. A great number of CORS have
been installed worldwide during the past decades, which have accumulated fundamental
data for establishing stable local reference frames in different regions. It is hoped that this
study will promote the applications of the GPS techniques in natural hazards research and
mitigation in the PRVI region and other natural hazard-prone areas.
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