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A methodology for long-term offshore
structural health monitoring using
stand-alone GNSS: case study in the
Gulf of Mexico
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Abstract

This article presents a robust methodology for long-term offshore structural health monitoring (SHM) using the Global
Navigation Satellite Systems (GNSS). The methodology relies on recently developed regional reference frames and
single-receiver phase-ambiguity-fixed Precise Point Positioning techniques. The stable Gulf of Mexico Reference Frame
2020 (GOM20) provides a robust and consistent reference system for long-term offshore SHM in the Gulf of Mexico
(GOM). Continuous GNSS observations (DEVI, 2010-2020) on a fixed platform in the Eugene Island 330 oil field are
used to illustrate the methodology. The platform was installed in 1982 in 82-m water about 130 km away from the
Mississippi Delta coastline. The major monitoring items include horizontal movements, seafloor subsidence, structure sub-
mergence, and seasonal oscillations. The stand-alone GNSS monitoring achieves 3- to 4-mm root-mean-square accuracy in
the horizontal direction and 7 mm in the vertical direction for daily positions in the GOM region. According to this study,
the GNSS antenna (DEV1) has moved 6 cm toward the northeast with respect to GOM20 since 2010; the ongoing struc-
ture submergence rate in the Eugene Island 330 oil field area is approximately |5 mm/year, a combination of seafloor subsi-
dence (12 mm/year) and sea-level rise (2.6 mm/year) with respect to GOM20. The submergence in the future 40 years
(2021-2060) would be greater than 0.6 m, likely between 0.8 and 1.0 m, but is unlikely to exceed 1.3 m. The peak-to-
trough amplitudes of the seasonal movements at the top of the platform are below 5 mm in all three directions, comparable
with the seasonal movements recorded by onshore GNSS in the Louisiana coastal region. The methodology introduced in
this article can be applied to SHM in other offshore regions where stable regional reference frames are available.
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Global Navigation Satellite Systems, offshore platform, structural health monitoring, stable regional reference frame, sea-
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Introduction

Motivation

Offshore platforms are the critical infrastructure for
offshore oil and gas exploration and production. As
the offshore infrastructure ages and grows ever more
complex, the need for long-term, continuous, and
robust structural stability and integrity monitoring is
imperative to ensure optimal performance and the
potential for life extension. Long-term stability moni-
toring of civil engineering structures is an essential ele-
ment of the broad structural health monitoring (SHM).
SHM has become a multidisciplinary and cross-
disciplinary research field encompassing civil engineer-
ing, mechanical engineering, structural dynamics, sur-
veying, signal processing, computational hardware and

fields yet to be defined."” Global Positional System
(GPS), Global Navigation Satellite Systems (GNSS) in
general, has become a crucial tool for onshore SHM.* ¢
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As of the 2010s, the applications of GNSS in SHM
are primarily limited to kinematic positioning for
short-term monitoring (a few hours to days), studying
the dynamic behaviors of structures (e.g., long-span
bridges, high-rise buildings).”'* Static GNSS tech-
niques have been widely applied in long-term geological
hazards monitoring (e.g., volcanos, faulting, landslides,
subsidence) during the past two decades. In contrast,
GNSS techniques have rarely been used for long-term
offshore SHM. The reasons will be discussed later. This
study aims to promote the application of long-term
GNSS monitoring techniques in offshore SHM.

Common problems

GNSS receivers record complex observations of ranges
and phases between the GNSS antenna and each of
visible satellites, and the positions of these satellites.
Surveying-level GNSS receivers do not directly provide
position measurements. Extensive calculations are
required to obtain high-accuracy high-precision coordi-
nates of a GNSS antenna. GNSS positioning algo-
rithms generally implement two approaches to
achieving high-precision GNSS positions: relative and
absolute positioning.'*'> A relative positioning method
uses simultaneous observations from two or more
GNSS units; at least one of these antennas should be
fixed at a known location. The position of a rover sta-
tion can be determined relative to the fixed station by
applying a carrier-phase double difference (DD)
method. In contrast to the DD method, the absolute
method involves only one GPS station to determine its
coordinates with respect to a global reference frame.
Several investigators have compared the performance
of the two methods in SHM.'*"'® The DD method has
been successfully applied in onshore and near-offshore
(e.g., <50 km) SHM.""?' However, it is a challenge to
apply the DD method for far-offshore (e.g., >100 km)
and long-term (many years to decades) SHM.

The DD method requires at least one reference
GNSS, which is required to collect data simultaneously
with the rover station. The rover’s positions cannot be
solved at the time that the base GNSS has no data.
The accuracy of the rover’s positions heavily depends
on the distance between the reference and rover, known
as baseline. However, deep-water (e.g., deeper than
100 m) offshore platforms are often at several 100 km
away from the coastline. The accuracy and precision of
DD positioning degrade with the increase in the base-
line length.** The costs for operating reference stations
in a long term (many years to decades) could also be
high. Furthermore, the stability of the reference station
itself needs to be justified independently. In practice,
the assessment of the stability of reference stations
could be tricky and complex since many coastal regions

are suffering from coastal subsidence associated with
onshore and offshore fluid (groundwater, oil, and gas)
withdrawals, as well as natural compaction of unconso-
lidated young sediments.”*** Subsidence at rover sites
will be underestimated if the reference station is
subsiding.

The continuity and stability of reference stations
and the baseline length have become key issues limiting
the applications of GNSS (specifically, the DD posi-
tioning method) in offshore SHM. This article aims to
introduce a methodology that does not require any
land-based reference GNSS for conducting high-
accuracy and long-term offshore SHM. The method is
simply called stand-alone GNSS monitoring.

Needs of offshore SHM within the Gulf of Mexico

The Gulf of Mexico (GOM) region is one of the most
important petroleum production regions in the world
due to giant oil and gas reservoirs along the coast and
offshore. The U.S. portion of the GOM offshore region
has been the heart of the U.S. energy industry, making
up about 15% of total U.S. crude oil production and
about 5% of total U.S. dry natural gas production as
of 2021.%° Oil and gas structures in the GOM region
have created a large and complex network of standing
structures, interconnected by hundreds of miles of pipe-
lines (Figure 1). Over 6000 oil and gas structures (rigs
or platforms) have been installed in the GOM since the
first offshore drilling began in 1942. These structures
range in size from single well caissons in shallow water
(a few meters) to extensive, complex facilities in deep
water over 3000 m. As of 2020, about 3500 platforms
stand in the U.S. portion of GOM (Figure 1), and over
3200 platforms remain active.*

Many offshore platforms in the GOM were built in
the 1970s and 1980s, approaching 40 years or even
older as of the 2020s. They have reached or exceeded
their original design life. Conducting continuous and
high-accuracy SHM is essential for the safe operation
of these offshore oil and gas facilities.

Case study data

The National Geodetic Survey (NGS) and the
Louisiana State University (LSU) installed two GNSS
stations (DEV1 and DEV2; Figure 1) on two platforms
near the Louisiana coast in 2009 for water vapor stud-
ies.”” The raw data are available through the LSU
Center for Geolnformatics and NGS. DEVI is
installed on a fixed platform in the Eugene Island
block 337 (abbreviated as E.I. 337) (Figure 2), a por-
tion of the Eugene Island 330 oilfield. The fixed plat-
form (E.I. 337-A) was built in 1982, about 130 km
away from the frontier of the Mississippi Delta and
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Figure |I. Map showing the locations of the 55 reference stations for realizing the stable Gulf of Mexico Reference Frame 2020
(GOM20), and offshore platforms and pipelines in the Gulf of Mexico (GOM).

The offshore platforms and pipelines are obtained from the Bureau of Ocean Energy Management.2® The extension of the Gulf Coast Aquifer is
provided by the U.S. Geological Survey.” The base map is generated with the bathymetric data provided by the General Bathymetric Chart of the

28
Oceans.

270 km southwest of New Orleans. The water depth is
approximately 82 m at this site. The actual deck height
was about 15 m above the water level (as of the late
2010s), standing on six steel legs piled into the seafloor.
According to the NGS Online Positioning User Service
solution, the elevation of the GNSS antenna is 34.38 m
(as of April 2020), referred to the North American
Vertical Datum of 1988 (NAVD 88). The first produc-
tion started in October 1984. DEV1 has been continu-
ously operated for about one decade (2010-2020),
providing an outstanding opportunity to develop the
methodology for offshore SHM.

Both GNSS receivers at DEV1 and DEV?2 sites were
configured to collect satellite signals at a rate of 1 s per
sample. This allows research to study the kinematic
movements of the platforms, particularly during hurri-
cane seasons. For static positioning to get daily solu-
tions, the 1 s per sample data were resampled to 15 s
per sample for data archiving, and post-processing
software packages further down sample the 15 s per
sample data by a factor of 4 or even larger. To get
high-accuracy positions, the final satellite orbit data
provided by the International GNSS Service (IGS)
(https://igs.org/products) rather than the satellite posi-
tions recorded in the GINSS receivers are used.

DEV2 was installed on a platform within the West
Cameron Block 560 in early 2010. Unfortunately, this
station was decommissioned for uncontrollable reasons

in early 2012. The GNSS observational history at
DEV2 was approximately 2 years. Figure 3 illustrates
the 2-year displacement time series derived from DEV2
and DEV1. The detailed methods for GNSS data pro-
cessing will be discussed in the next section. It appears
that the measures at DEV2 are noisier than the mea-
sures at DEVI1. It is likely that the DEV2 antenna
(therefore the platform) experienced slightly larger
oscillations than the DEV1 antenna. The decadal
GNSS data at DEV1 indicate that the platform experi-
enced a few millimeters per year horizontal movements
and over 1 cm/year vertical movements during the past
10 years. Unfortunately, it is hard to detect the gradual
movements at a few millimeters per year within a 2-
year time window, as shown in Figure 3. In general, it
requires over 3 and 5 years of continuous GNSS obser-
vations to achieve submillimeter per year (<1 mm/
year) uncertainty (95% confidence interval (CI)) for
horizontal and vertical site velocity estimates,
respectively.*®

Methodology

In geodesy and surveying engineering, the term GNSS
has become the standard generic term for high-
accuracy satellite positioning systems, including GPS,
GLONASS, Galileo, BeiDou, and other regional
satellite-navigation systems. The DEVI site was
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Figure 2. The Eugene Island block 337 platform A (E.I. 337-A) and the permanent GNSS antenna DEVI. (a) A westside view of the
platform; (b) a top view of the platform; (c) the locations of the GNSS antenna (DEV 1) and the weather sensor; (d) a top view of
the GNSS antenna (Trimble Zephyr Geodetic Il) and the weather sensor.

Source: Photos (a), (b), and (c), courtesy of Mr. Rick Ducote at Fieldwood Energy, LLC; photo (d), courtesy of NGS CORS.

CORS: Continuously Operating Reference Stations; NGS: National Geodetic Survey; GNSS: Global Navigation Satellite Systems.

equipped with the Trimble antennas and receivers and
recorded GPS signals throughout its entire history
(2010-2020). DEV1 started to record GLONASS sig-
nals in 2018. This study only used GPS signals in calcu-
lating the daily positions. The methodology developed
through this article is applicable to the observations
from other satellite systems. Accordingly, the umbrella
term GNSS is used throughout this article.

The stand-alone positioning has been successfully
utilized in long-term geological hazards monitoring®' >
and onshore SHM'®* because of its operational sim-
plicity and the consistency of the positioning accuracy
over time and space. The methodology proceeds in five
steps: (1) obtaining the Earth-Centered-Earth-Fixed
(ECEF) Cartesian coordinates (X'YZ) with respect to a
global reference frame from GNSS raw data, (2) trans-
forming the ECEF-XYZ coordinates from the global
reference frame to a regional reference frame, (3)

removing outliers and steps and converting the ECEF-
XYZ coordinates to a site-specific topocentric coordi-
nate system: East-North—-Up (ENU), (4) conducting
decomposition analysis for the ENU time series, and
(5) projecting future structure submergence.

Regional reference frame

GNSS positions are initially provided ECEF-XYZ
coordinates with respect to the current global geodetic
reference frame, which is the IGS 2014 (IGS14) as
2021.°7 IGS14 is based on the International Terrestrial
Reference Frame 2014.%® In general, a global geodetic
reference frame is a no-net-rotation reference frame,
which is realized by minimizing the overall horizontal
movements of a group of selected reference stations dis-
tributed worldwide. As a result, GNSS-derived site
movements with respect to a global reference frame are
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dominated by long-term drift and rotation of tectonic
plates. For example, GNSS stations in the GOM region
retain about 2 cm/year horizontal movement toward
the southwest with respect to IGS14 (see Figure 1), and
approximately 1 mm/year upward movement. The
common motions, also referred as background signals,
at a few centimeters per year often obscure site-specific
ground or structural displacements (or deformation) at
a few millimeters per year. To precisely monitor land
subsidence, faulting, and sea-level rise (SLR) within the
GOM region, the author and his team established the
stable Gulf of Mexico Reference Frame in 2020, abbre-
viated as GOM20.> GOM20 will be periodically
updated (every 4-5 years) and synchronized with the
future updates of the IGS reference frame.

GOM20 is realized by 55 long-history (>8 years,
13.5 years on average) permanent GNSS stations fixed
on the Gulf Coastal Plain, a stable portion of the
North American plate (Figure 1). Those stations were
selected from over 1000 Continuously Operating
Reference Stations (CORS) within the pan GOM
region. They were not affected by localized fault move-
ments and land subsidence. The frame stability of
GOM20 is approximately 0.3 mm/year in the horizon-
tal (north-south (NS), east-west (EW)) directions and
0.5 mm/year in the vertical direction. The regional ref-
erence frame minimizes the regional common move-
ments, such as the secular movements of the North
American plate, glacial isostatic adjustments, and the
part of natural subsidence. Thus, it highlights the
local-scale movements, such as the anthropogenic sub-
sidence, faulting, and structural deformation.

A sophisticated regional geodetic infrastructure
includes three components: a dense continuous GNSS
network (hardware), a stable regional reference frame
(firmware), and software packages for millimeter-accuracy
positioning (software).***" The hardware means long-
term continuous GNSS stations in the region and their
recorded datasets. The firmware is developed from the
hardware but is relatively independent. It requires a long-
term (e.g., >7 years) accumulation of continuous GNSS
observations from a regional CORS network to establish
a rigorous regional reference frame.*>*

Daily PPP solutions

Precise Point Positioning (PPP) is a typical absolute
positioning method, which solves millimeter-accuracy
positions from a single GNSS unit.** PPP heavily relies

on precise GNSS satellite clock and orbit corrections,
generated from a network of global GNSS stations.
The recently developed single-receiver phase-ambigu-
ity-fixed PPP algorithms have significantly improved
the positioning accuracy.*>*® The initial coordinates of
the PPP solutions are aligned to the global reference
frame that defines the global coordinates of satellite
orbits, which is IGS14 as of 2021.

The PPP method has been integrated into several
scientific GPS software packages, such as the GipsyX/
RTGx (previously GIPSY/OASIS) software developed
by the Jet Propulsion Laboratory, United States
(JPL),*” the Bernese GNSS software developed by the
Astronomical Institute of the University of Bern,
Swiss,*® and the PRIDE software* developed by the
Wuhan University, Wuhan, China . In this study, we
use the single-receiver phase-ambiguity-fixed PPP
employed in the GipsyX/RTGx (V 1.7) software pack-
age for daily GNSS data positioning. The detailed
setup for the PPP processing is the same as the setup
for the HoustonNet GNSS data routine processing.”

Reference frame transformation

In geodesy, the Helmert transformation is often used to
transform a set of points (described by three vectors) at
a specific epoch from one reference frame into another
reference frame. The Helmert transformation is also
called as a seven-parameter transformation, which can
be described as:

Vi=C+sRV (1)

where V't is the transformed vector; V' is the original
vector; s 18 a scale factor; C is a translation vector com-
prising three translations (shifts) along the x, y, and z
coordinate axes, and R is a rotation matrix comprising
three rotations along the three coordinate axes. For
the coordinate transformation of positional time series,
two approaches have been applied in practice, a daily
seven-parameter method and a total seven-parameter
method.'"** This study employs the total seven-
parameter method, which utilizes the rates of three
rotations and three translations along the three coordi-
nate axes, and a time that aligns the two reference
frames.>”

The PPP processing generates the ECEF-XYZ coor-
dinates with respect to the global reference frame
1GS14, which can be transformed to GOM?20 accord-
ing to the following equation®”:

X(® Ty - (t—to) 1 Rz -(t—1t) —Ry-@t—ty) X(0
Y@ =|Ty-@t—ty) |+ | —-Rz-@t—1t) 1 Ry -(t—1t) | X|Y® (2)
ZW {gomo LTz~ 1) Ry-(t—t) —Rx-{—1t) 1 Z® | 16514
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Table |. Seven parameters for ECEF-XYZ coordinate
transformation from IGS14 to GOM20.

Parameters* Units IGS14 to GOM20
to year 2015.0

T m/year 7.1281610E-004
T, m/year 5.6136741E-004
T, m/year 2.9287337E-003
R, rad/year —4.0941604E-010
R, rad/year —3.1975595E-009
R, rad/year —2.3610546E-010

ECEF: Earth-Centered-Earth-Fixed; GOM20: Gulf of Mexico
Reference Frame 2020; IGS|4: International GNSS Service 2014.
*Seven parameters for transforming ECEF-XYZ coordinates from
IGS14 to GOM20 according to Equation (2).3°

GNSS-Derived Displacements (GOM20): DEV1 vs. DEV2
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Figure 3. GNSS-derived three-component displacement time
series at DEVI and DEV2 during the lifetime of DEV2 (2010—
2012). The displacements are derived from the daily Precise
Point Positioning (PPP) solutions with respect to the stable Gulf
of Mexico Reference Frame 2020 (GOM?20).

GNSS: Global Navigation Satellite Systems.

where X (9)igsi4, Y (Oicsi4, and Z()igsi4 are the geo-
centric XYZ coordinates (at epoch ¢) of a site at time ¢
with respect to IGS14; X(f)gom, Y (#)Gomze, and
Z(t)gompo are the XYZ coordinates of the site at time ¢
with respect to GOM?20. The units of these XYZ coor-
dinates are meters. #y is 2015.0, the epoch that aligns

the coordinates with respect to 1GS14 and GOM?20.
Ty, T',, and T’, are constant parameters indicating the
rates of three translational shifts along the x, y, z coor-
dinate axes; R'y, R'y, and R’, are the rates of three rota-
tions between two reference frames around the x, y, z
coordinate axes. Positive indicates the counterclockwise
rotations. These seven parameters: ty, 7'y, 1"y, T'-, R',,
R',,and R'., are listed in Table 1. It is worthy to note that
these seven parameters are independent of the individual
reference stations. Users do not need to handle any refer-
ence GSS data in their data processing, and do not need
to worry about the future operational status (will be con-
tinued or decommissioned) of these reference stations.

To study displacements at the Earth’s surface, the
ECEF-XYZ coordinates are converted to a geodetic
coordinate system (longitude, latitude, and ellipsoid
height) referencing to the Geodetic Reference System
1980 ellipsoid . The longitude, latitude, and ellipsoidal
height are then converted to a site-specific topocentric
coordinate system (ENU) for tracking displacements in
the NS, EW, and up—down (UD) directions. The dis-
placement in the UD direction represents the change of
ellipsoid heights over time. In practice, the vertical dis-
placement (subsidence or uplift) obtained from ellipsoid
heights is the same as the vertical displacement derived
from orthometric heights.’' The following matrix equa-
tion is used to calculate the ENU displacement time
series at each site:

E() —sin A COS Ay 0
N(@) | =| —cosAg-sing, —sinAg-sing, cos@,
U@ COSAg-COS(Q, SiNAg-cosqp, Sin@,
X —Xo
X| Y —Y
Zt) — Zoy
(3)

where Ay and ¢, are the initial geodetic longitude and
latitude, respectively, of the site corresponding to the
initial XYZ coordinate (Xy, Yy, Zp).

Figure 4 illustrates the ENU displacement time
series at DEV1 with respect to the global reference
frame IGS14 and the regional reference frame
GOM?20. The horizontal site velocities are
3.9 £ 0.5 mm/year (NS) and —8.8 *£ 0.2 mm/year
(EW) with respect to 1GS14, and 4.9 £ 0.5 mm/year
(NS) and 2.5 * 0.2 mm/year (EW) with respect to
GOM20. Throughout this article and unless specifi-
cally stated otherwise, the uncertainty of a site velocity
(rate) is quantified using =95% CI, which is often con-
sidered as a very likely range. The velocities in the EW
direction are significantly different, approximately
1 cm/year. The IGS14 velocity of 8.8 mm/year toward
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Displacement Time Series (DEV1): GOM20 vs. IGS14
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Figure 4. GNSS-derived three-component (ENU)
displacement time series at DEV| with respect to the global
reference frame IGS14 and the regional reference frame
GOM20.

GNSS: Global Navigation Satellite Systems; ENU: East—-North—-Up;
GOM20: Gulf of Mexico Reference Frame 2020; IGS14: International
GNSS Service 2014.

west does not reflect local movements. The site veloci-
ties with respect to GOM20 indicate that the DEV1
antenna has moved about 6 cm toward the northeast
direction since 2010. The vertical displacement rates
with respect to 1GS14 and GOM20 are —12.8 = 0.4
mm/year and —11.7 £ 0.4 mm/year, respectively. The
site velocities with respect to GOM20 can be tied to a
physical object, the stable Gulf Coastal Plain (see
Figure 1). However, the site velocities with respect to
IGS14 cannot be tied to any specific physical objects.
It could be problematic to assess the stability of civil
structures using site velocities with respect to 1GS14.
GNSS users are obliged to select the right reference
frame for their specific monitoring purposes.

Identification of outliers and steps

Although the positional accuracy and precision (repeat-
ability) of GNSS solutions have been improving over

time, certain large variations are often superimposed
into the daily coordinate time series. These obvious
anomalies are often referred to as outliers. They do not
reflect the actual physical motions of the antenna.
Removing outliers is necessary before conducting fur-
ther data processing and analysis, particularly for
assessing site velocities obtained by a least squares
regression. The operation of permanent GNSS stations
often involves antenna and receiver changes, as well as
the update of receiver firmware and the replacement of
antenna cables. These changes could result in abrupt
steps in the GNSS position time series. The operator of
DEV1 maintains a detailed field log, tracking all
antenna, receiver, cable, and firmware changes. No
considerable steps (>5 mm) are detected after correct-
ing all equipment-change-related position shifts.

In this study, the outliers are identified and removed
in the IGS14-XYZ time series before conducting refer-
ence frame transformation and calculating the ENU
position time series. The method employs multi-step
processes to progressively identify and remove outliers,
not just a single threshold. The detailed method is
addressed in a recent publication.”® About 50 daily
positions among 2948 days (1.5%) are removed as out-
liers. Further analysis indicates that the majority of
outliers occurred in those days that only had a few
hours of observations (e.g., less than 4 h). Equipment
maintenance and loss of power supplies were the main
reasons causing these short observations. Extreme
weather conditions could also cause outliers, such as
heavy rainfalls accompanied by the passage of weather
front continuing for several hours.”!

Decomposition and seasonal modeling

Seasonal oscillations, both in the horizontal and verti-
cal directions, have been widely observed from onshore
GNSS-derived displacement time series. The seasonal
motions are often associated with seasonal changes of
temperature, terrestrial hydrosphere, atmospheric pres-
sure, precipitation (soil moisture), fluctuation of
groundwater levels, and modeling errors in GNSS
positioning. The step-free GNSS time series y(i) can be
decomposed into four components:

y@ =L@ +NL@+SG +r@ 4)

where L(i) represents a linear trend, NL(i) represents a
nonlinear trend, S(i) represents the seasonal compo-
nent, and r(i) represents the residuals. The linear trend
is obtained by applying an ordinary least squares
regression on the entire time series. The nonlinear com-
ponent is obtained by applying the locally weighted
scatterplot smoothing on the de-linear-trended position
time series.’> The seasonal component can be modeled
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Decomposition of GNSS-Derived Daily Displacement Time Series: DEV1(UD)
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Figure 5. The decomposition results of the GNSS displacement time series (DEVI, UD) with respect to GOM20. The details of
these parameters are addressed in the reference.® (a) Displacements y(j) and the linear component L(i), (b) nonlinear component

NL(i), (c) seasonal component S(i), and (d) residuals r(j).

GNSS: Global Navigation Satellite Systems; GOM20: Gulf of Mexico Reference Frame 2020; UD: up—down.

by a combination of annual and semi-annual sinusoids
with constant amplitudes and phases:

S;=a+cycos QmX(t; — tg)) +dy sin QuX(t; — tp))
+cpc08 (A X(t; — 1)) +do sin (A X (t; — 1))

(5)

where #; represents the time at epoch i (observation
day) with a unit in decimal years. ¢y, is the first
observation day. a is a constant coefficient. ¢;,d,cs,
and d, are coefficients of the annual and semi-
annual signals. These coefficients are obtained by
calculating the Fourier series coefficients of the
GNSS time series after removing the linear and
nonlinear trends.

The amplitude of the annual seasonal signals can be

measured by p; =+/c} +d?; the semi-annual amplitude
can be measured by p, = \/c3 +d3. The peak-to-trough
(P2T) amplitude of the seasonal signals can be esti-
mated by P=2X/p? +p3. Figure 5 depicts the decom-
position results of the vertical component of DEV1. An
open-source Python module for decomposing the daily

GNSS time series is available to the public through the
Package Installer for Python (PIP).>

Uncertainty assessments

The accuracy of both positioning and site velocities has
been continuously improved over the past decades
because of advances in GNSS hardware (receivers,
antennas, satellites), software, and the availability of
regional reference frames. PPP results in 24-h average
positions from the daily observational files. Each file
of each station is processed independently. Thus, the
daily positions are insulated from potential data prob-
lems or real movements at other days or other stations.
This is a big advantage of the stand-alone positioning
method compared to the relative positioning method.
However, it does not mean that the PPP daily positions
are statistically independent. In fact, the errors super-
imposed into the GNSS time series are autocorrelated;
that is, the error in each measurement is correlated
with the errors in other measurements. The autocorre-
lated errors complicate the uncertainty analysis of both
positions and site velocities.*
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Repeatability of daily positions. The root-mean-square
(RMYS) of the de-linear-trended GNSS time series is
often used to assess the repeatability of GNSS posi-
tioning.>* The RMS estimate is also called RMS accu-
racy since it somehow indicates the repeatability of the
displacement measurements. The RMS accuracy has
improved significantly during the past two decades
with the continuous improvement of global and
regional geodetic infrastructures. Bertiger et al.*’
reported that the GipsyX-PPP daily resolutions achieve
approximately 2-3 mm global RMS accuracy in the
horizontal direction and 6—7 mm in the vertical direc-
tion. According to the previous study in the GOM
region,'>*" the accuracy of the PPP solutions in the
GOM coastal region is slightly worse than the global
average, mostly because of the humid climates. The
RMS accuracy for the daily positions at DEVI1 is
4 mm in the NS direction, 3 mm in the EW direction,
and 7 mm in the vertical direction (Figure 4).

The uncertainties of site velocities. For long-term site sta-
bility assessment and risk analysis, users mostly rely on
GNSS-derived site velocities, not the absolute positions
or displacements. Site velocities have become the pri-
mary products for long-term GNSS monitoring.
Nevertheless, a site velocity must be used with a full
understanding of its uncertainty. Uncertainties of field
measures and modeled parameters are always critical
for offshore structural reliability assessment.”” In gen-
eral, accurate positions do not guarantee to obtain reli-
able velocity estimates. The uncertainty of a site
velocity estimate does not entirely depend on the hard-
ware (antennas and receivers), but largely relies on the
length of the time span of observations and the stabi-
lity of the regional reference frame.

There are sophisticated mathematical methods for
calculating the linear trend and its uncertainty for sta-
tionary time series in statistics. However, GNSS time
series often exhibit nonstationary behaviors, such as
nonlinear motions, seasonal motions, and random
walks. Consequently, the uncertainty estimated with
the conventional method is unrealistically small and
significantly underestimates the real uncertainty. In
practice, different scaling and approaches have been
developed by different research groups to correct the
velocity uncertainty. There is considerable disagree-
ment over the uncertainties of GINSS-derived site velo-
cities, which leads to confusions, even controversies,
over the interpretation of site or structural stability.
The author recently published an analytical methodol-
ogy for determining the uncertainty of GNSS-derived
site velocity.*® This method accounts for the autocorre-
lation among GNSS-derived daily displacement time
series. An effective sample size (Nesr) rather than the

total sample size (N) is used for calculating the stand
error of the linear trend. The uncertainty is quantified
by £95% CI of the estimated linear trend, which is
estimated by 1.96 times the stand error plus the abso-
lute value of the rate of the nonlinear trend. The uncer-
tainty of the site velocity at DEV1 is 0.5 mm/year in
the NS direction, =0.2 mm/year in the EW direction,
and *£0.4 mm/year in the vertical direction (Figure 4).

Results

Seasonal deformation

Seasonal signals observed at onshore GNSS fixed on
ground surface have been heavy investigated by geo-
physicists. According to a recent investigation con-
ducted by the author, the uncertainty of the amplitudes
of GNSS-derived seasonal signals is below 2 mm in the
Houston metropolitan region, Texas.”®

Figure 6 depicts the seasonal ground movements at
DEVI and two onshore GNSS (LMCN and LACC) .
LMCN and LACC are about 160 km away from
DEV1 (Figure 1). LMCN is installed on the northeast
wing of the Y-shaped two-story building on the cam-
pus of the Louisiana University Marine Consortium,
Cocodrie, Louisiana. LACC is a permanent GNSS
installed on the northwest wing of the Y-shaped build-
ing. The distance between LMCN and LACC is about
60 m. The P2T amplitudes of the seasonal signals at
DEV1 are comparable to the amplitudes observed at
LACC and LMCN, except in the EW direction of
LMCN. The seasonal amplitudes in the three direc-
tions of LACC and the NS and vertical direction of
LMCN are comparable with the amplitudes of other
GNSS in this area. A further investigation indicates
that the LMCN antenna is adjacent to a piece of men-
tal roof above the front hallway. It is likely that the sig-
nificant periodical variations (P2T, 8 mm) in the EW
component of LMCN were caused by site-specific mul-
tipaths rather than real oscillations of the antenna.

Figure 7 depicts the vertical P2T amplitudes and site
velocities (2010-2020) at about 100 coastal GNSS sites
around the Mississippi delta and Louisiana coastal
areas. Most GNSS stations are installed on the ground
or one- to two-story office buildings. The GNSS raw
data are primarily from NGS and UNAVCO. The
IGS14-XYZ coordinates of a few stations are obtained
from the Nevada Geodetic Laboratory.”” The vertical
P2T amplitudes at most GNSS sites are below 5 mm,
comparable with the seasonal movements at the off-
shore platform (see Figure 6). The seafloor may experi-
ence periodical movements with the fluctuation of oil
and gas production. The platform frame could also
experience periodical deformation corresponding to the
seasonal temperature changes. Both may contribute to
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Seasonal Displacements at Offshore GNSS: DEV1
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Figure 6. (a) Three-component seasonal signals derived from the offshore GNSS data (DEV1); (b) three-component seasonal

signals derived from onshore GNSS data (LMCN and LACC).
LMCN and LACC are on the same building and about 60-m apart.
GNSS: Global Navigation Satellite Systems.

the minor seasonal motions at DEVI1. Overall, the
amplitudes of the seasonal movements at the top of the
offshore platform are similar to the amplitudes of the
seasonal movements at onshore GNSS sites. That is to
say, the seasonal movements of the platform frame are
below the level that can be detected confidentially by
the stand-alone GNSS technique.

Horizontal movements

The antenna of DEV1 has moved approximately 6 cm
toward the northeast (6 mm/year) since 2010, as
depicted in Figure 4. DEVI1 experienced obviously
more significant horizontal movements than those
onshore GNSS, as shown in Figure 7. The gradual hor-
izontal movements at the GNSS antenna (DEVI)
could comprise the horizontal movement of the plat-
form frame and the tilt of the frame over time. Seafloor
subsidence associated with fluid (oil, gas, water) with-
drawals could induce seabed movements toward the
center of subsidence bowl. Uneven subsidence within

the footprint of the platform could tilt the platform
frame.

Seafloor subsidence

The production from hydrocarbon reservoirs decreases
fluid pressure in the pore space and increases the stress
on the rock formation. Depending on the rock
strength, the increased stress could induce compaction
of the reservoir, which ultimately transfers to the sea-
floor. Seafloor subsidence has been a significant con-
cern for the long-term operation of offshore oil and
gas facilities. Accurate and continuous seafloor subsi-
dence monitoring provides valuable insights for asses-
sing the safety of offshore infrastructure (platforms,
pipelines), optimizing well and reservoir management,
and supporting efficient hydrocarbon production
decisions.

The vertical and horizontal displacement time series
at DEVI1 show steady displacements over the past
10 years without abrupt positional changes (Figure 4).
The average subsidence rate is about 1.2 cm/year
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Figure 7. Velocity vectors and P2T amplitudes (vertical) at permanent GNSS stations (2010-2020) within the Mississippi delta and

offshore.

The red vectors indicate vertical movements, and the blue vectors indicate horizontal movements. The color of the filled circle represents the P2T
amplitudes of the vertical seasonal ground movements at the GNSS site. The red lines represent fault lines in the GOM coastal region.

Source: Data from American Association of Petroleum Geologists®.

GNSS: Global Navigation Satellite Systems; GOM: Gulf of Mexico; P2T: peak-to-trough.

(2010-2020) with respect to GOM?20. The platform
was built in 1982 and the GNSS (DEV1) was installed
in the end of 2009. The vertical loading had been stabi-
lized during the three-decade operation before 2009.
Thus, the vertical elastic shortening of the platform
structure should have ceased before the installation of
DEVI. In general, inelastic structural deformation
often tends to be nonlinear over time. The high linear-
ity of the vertical displacement time series at DEV1, as
depicted in Figure 5(a), suggests that inelastic deforma-
tion of the platform frame would be minor even if it
did occur. Accordingly, the GNSS-recorded subsidence
should be dominated by the seafloor subsidence, com-
prising natural compaction of unconsolidated young
sediments and the anthropogenic compaction of the oil
and gas reservoir. Natural subsidence refers explicitly
to the gradual compaction of unconsolidated sedi-
ments under the weight of overlying sediments and the
gravity of itself.

The subsidence rates at onshore GNSS sites within
the Mississippi delta and adjacent areas are depicted in

Figure 7. The subsidence rates at most sites are below
3 mm/year (2010-2020) with respect to GOM?20. Only
a few sites in the frontier of the Mississippi Delta plain
recorded subsidence rates larger than 3 mm/year. For
example, the subsidence rate is 5.5 £ 0.3 mm/year at
LMCN (2010-2020), 6.4 £ 0.3 mm/year at GRIS
(2010-2020), 3.0 = 0.3 mm/year at BVHS (2010-
2020), and 3.0 £ 0.4 mm/year at LAGM (2014-2020) .
According to numerous investigations, the ongoing
subsidence in the frontier of the Mississippi Delta
region is dominated by the natural compaction of
young and shallow sediments, particularly the young
Holocene sediments brought to the delta area by the
Mississippi river.”> %> DEVI is located on the south
edge of the Louisiana shelf, over 130 km away from
the frontier of the delta area. The thickness of
Holocene sediments in the south edge of the shelf area
is less than 10 m,* which are older and thinner than
the Holocene sediments in the frontier of the delta
area. Vertical displacement associated with deep-seated
tectonic movements could also cause gradual land
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subsidence.®* However, there are few active faults

within the Louisiana shelf area (Figure 7).
Accordingly, the natural subsidence on the continental
shelf would be considerably slower than the ongoing
natural subsidence in the frontier of the delta area,
which is about 3—6 mm/year.

DEV1 site is adjacent to the Gulf Coast Aquifer sys-
tem (see Figure 1). The depth of unconsolidated sedi-
ments in the south portion of the aquifer system
retains consistency over space. The average rate of nat-
ural subsidence along the 600-km TX coastline is
1.4 mm/year with respect to GOM?20.°> The half-
century tide gauge data (the 1960s—2010s) and GPS
data at Sabine Pass (near TXSP, see Figure 7) indicate
that the ongoing natural subsidence in the Texas-
Louisiana board coastline area is approximately
2 mm/year with respect to GOM20.% The thickness of
unconsolidated sediments at the DEV1 site is compara-
ble with the thickness of unconsolidated sediments in
the coastal area. Accordingly, the rate of ongoing natu-
ral subsidence at DEV1 would be similar to the natural
subsidence in the Texas-Louisiana coastal area,
approximately 2 mm/year. The remaining 1 cm/year
among the total subsidence (1.2 cm/year) might be
contributed by anthropogenic subsidence in respond-
ing to the reservoir pressure decrease caused by hydro-
carbon withdrawals.

Submergence

The combination of seabed subsidence and SLR causes
offshore structures to submerge into the water gradu-
ally. A direct consequence of the submergence is the
gradual reduction in the air gap between the average
sea level and the base of platform structures, which
causes wave-in-deck (WID). The wave force generated
from hurricane winds presents one of the greatest risks
for physical damage to offshore platforms. Deck height
is one of the most important characteristics in deter-
mining the safety of offshore platforms. Current regu-
lations used in the design of offshore platforms often
require a minimum air gap of 1.5 m between the
expected magnitude of a 100-year wave height (as a
function of water depth) and the underside of the low-
est deck of the platform.®®

According to our recent investigations,39 the aver-
age SLR rate during the past five decades within the
GOM is 2.6 mm/year with respect to GOM?20. The
peak production of oil and gas in Eugene Island 300
oil field area occurred during the 1970s-1990s%"; the
production since the 2000s is much lower than its peak
production period. The seafloor subsidence from the
1980s to 2000s was likely more rapid than the GNSS-
recorded subsidence (12 mm/year) during the 2010s.
So, the ongoing 15 mm/year submergence rate is a

lower estimate of the overall submergence rate. That is
to say, a minimum of 60-cm submergence had occurred
for the E.I. 337-A Platform during its 40-year history
(1982-2021).

The loss of air gap has become a major concern for
offshore operators within the GOM. Many platforms
in the GOM have gone well beyond their expected life.
The E.I. 337-A platform is near the very end of its
operational life, as of 2020. Two platforms (E.I. 330-C
and E.I. 330-B) in the Eugene Island 330 field were
raised 4.25 m in 2007 using the deck-raising technology
to restore the air gap.®® There are many younger plat-
forms in the Eugene Island area, and more platforms
will be installed in the future. Projecting future submer-
gence based on what we learned from the seafloor sub-
sidence monitoring at DEV1 would be useful for the
planning of future operation of offshore structures
within the GOM.

The global sea level has been rising since the mid-
1800s, and the rising rate has accelerated in recent
decades due to global warming.®” In general, faster
SLR rates are projected for scenarios with higher rates
of global carbon dioxide emission. Projecting the
future sea level is indispensable for projecting future
offshore platform submergence. A wide range of pro-
jections of global sea level is scattered throughout jour-
nal articles and governmental assessments, such as the
Intergovernmental Panel on Climate Change and the
National Oceanic and Atmospheric Administration
(NOAA) reports. In this study, the global SLR scenar-

ios for the United States National Climate
Assessment’? is used:
GMSL(#) =0.0017¢ + bt (6)

where global mean sea level (GMSL) is the eustatic
SLR in meters, as a function of 7, the years starting at
1992.0. b is a constant number for a specific probabil-
ity level. The projection explores three SLR scenarios:
intermediate-low, intermediate-high, and highest,
which reflect different degrees of global ocean warming
and ice sheet loss. This projection model was developed
by the Climate Program Office at NOAA. It has been
employed in a variety of coastal engineering assess-
ments and planning processes at the federal, state, and
local levels.”"> Zhou et al.®® adjusted the model to
project coastal submergence (SM) along the GOM:

SM(#) =b(t — 2020.0) (r — 1964.0) +0.0017(z — 2020.0)
+c(t —2020.0) +d(r — 2020.0)

(7)

where SM(¢7) is the coastal or offshore structure sub-
mergence in meters as a function of ¢, a decimal year
beyond 2020.0. By assuming that the SLR within the
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GOM follows the same accelerating pattern with the
global sea-level changes, we use the same b values that
NOAA applied for their GMSL scenarios’:
2.71X107° m/year? for the intermediate-low scenario,
8.71xX107° m/year? for the intermediate-high scenario,
and 1.56X10~* m/year? for the highest scenario. ¢ is a
constant rate representing the rate of the submergence
with a unit of meters per year. Assuming the seafloor
subsidence in the Eugene Island oil field would retain
the current rate of 12 mm/year (with respect to
GOM20) in the next a few decades, then ¢ could be
approximated by (12.0+2.6)X1073 m/year. d repre-
sents the difference between the rate of the GMSL rise
and the rate of regional SLR with respect to GOM20.
The base sea-level rate used in equation (7) is the cur-
rent GMSL rise rate, best estimated by 2.0 mm/year
from the 1970s to 2010s.°® The average SLR rate
(2.6 mm/year) within the GOM is slightly faster than
the global average. So, d is estimated by
6.0X10~* m/year.

Figure 8 illustrates the observed and projected sub-
mergence at the Eugene Island 330 oil field area. The
lowest scenario is based on a constant submergence
rate of 15 mm/year, which comprises the average sea-
floor subsidence rate (12 mm/year) and the average
regional SLR rate (2.6 mm/year) with respect to
GOM20. Within the next 40 years, the lowest scenario
will result in 0.6-m submergence; the intermediate-low
scenario will result in approximately 0.8-m submer-
gence; the intermediate-high scenario will result in
approximately 1.0-m submergence; the highest scenario
will result in approximately 1.3-m submergence. These
projections provide a set of plausible trajectories for
platform operators in the Eugene Island area to pre-
pare for the future risks associated with WID damages.
The highest scenario should be considered in planning
critical and long-life offshore facilities in this area.

Conclusions and discussion

This article documents the details of the stand-alone
GNSS monitoring methodology for offshore SHM.
The stand-alone GNSS monitoring does not require
installing any reference stations in the field and does
not need to integrate any reference data in the data
processing. Thus, the stand-alone GNSS monitoring
method remarkably reduces field logistics costs and
substantially improves the robustness of offshore
SHM. According to this study, the RMS accuracy of
daily positions is about 3-4 mm in the EW and NS
directions and 7 mm in the vertical direction; the
ongoing seafloor subsidence rate in the Eugene Island
330 oil field area is about 12 mm/year referred to the
stable Gulf Coastal Plain, comprising approximately

Observations and Projections: Platform (El 337) Submergence
NOAA SLR Scenarios
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Figure 8. Observed (2010-2020) and projected (2021-2060)
structure submergence at the DEV| site. The projections for
the future sea levels are based on the three global sea-level
rise (SLR) scenarios for the United States National Climate

Assessment, National Oceanic and Atmospheric Administration
(NOAA).”®

10 mm/year anthropogenic subsidence and 2 mm/year
natural subsidence; the ongoing structure submergence
rate is approximately 15 mm/year; the Eugene Island
337-A platform has lost a minimum of 60-cm air gap
during its 40-year history (1982-2021). A module for
projecting future structure submergence is established
through this study. According to this module, the
structures in the Eugene Island 330 oil field area would
submerge at least 60 cm in the next 40 years (2021-
2060), likely between 0.8 and 1.0 m, but unlikely to
exceed 1.3 m.

The methodology presented in this article has the
potential for broad applications in other offshore
regions where rigorous stable regional references are
available. The geodesy research and surveying commu-
nities have installed over ten thousands of CORS
around the globe since the early 1990s.°” We are wit-
nessing an exponential explosion in the number of
CORS stations and the volume of continuous GNSS
data. These long-term (e.g., >7 years) GNSS stations
have accumulated fundamental datasets for establish-
ing a series of regional or local-scale reference frames
in the coastal regions around the globe. The author
and his collaborators have established the stable
Caribbean Reference Frame 2018 (CARIBIS),” the
stable North China Reference Frames (NChinal6 and
NChina20),”*”> the stable Northeast China Reference
Frame,’® and the stable South China Reference Frame
2020 (SChina20).”” These regional reference frames will
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enable long-term offshore SHM within the Caribbean
Sea, the Yellow Sea, the Bohai Bay, and the South
China Sea, respectively. It is expected that this study
will promote the applications of high-accuracy GNSS
in offshore structures (e.g., platforms, wind turbines)
health monitoring worldwide.
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