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A B S T R A C T

Monitoring vertical land motion is of crucial interest in observations of long-term sea level

change and its reconstruction, but is among of the most, yet highly challenging, tasks of

space geodesy. The aim of the paper is to compare the vertical velocity estimates of Tahiti

Island obtained from five independent geophysical measurements, namely a decade of

GPS and DORIS data, 17 years sea level difference (altimeter minus tide gauge (TG)) time

series, ICE-5G (VM2 L90) Post-Glacial Rebound (PGR) model predictions, and coral reef

stratigraphy. Except for the Glacial Isostatic Adjustment (GIA also known as PGR) model,

all the techniques are in a good agreement and reveal a very slow subsidence of the Tahiti

Island averaged at �0.5 mm/yr which is barely significant. Nevertheless, despite of that

vertical motion, Tahiti remains an ideal location for the calibration of satellite altimeter

measurements.

� 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

Le suivi des déplacements verticaux absolus est un prérequis dans la reconstruction des

variations à long terme du niveau de la mer, mais s’avère être l’une des tâches les plus

difficiles de la géodésie spatiale. Nous comparons ici les estimations de la vitesse verticale

de l’Île de Tahiti obtenues à partir de cinq mesures géophysiques indépendantes : dix ans

de données GPS et DORIS ; dix-sept ans de mesures altimétriques différentielles (entre les

séries temporelles d’altimétrie et de marégraphie) ; les prévisions du modèle ICE-5G

(VM2 L90) du rebond postglaciaire (PGR) ; et pour finir la stratigraphie des récifs

coralliens. Sauf pour l’ajustement isostatique postglaciaire (GIA, également connu sous

l’acronyme PGR), toutes les techniques sont en bon accord et révèlent une subsidence lente

de l’le de Tahiti que nous estimons à �0.5 mm/an, ce qui est à peine significatif. Malgré ce

faible mouvement vertical, Tahiti reste un endroit idéal pour l’étalonnage des mesures

altimétriques.
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1. Introduction

The Tahiti Island, located in French Polynesia in the
South Central Pacific Ocean (Fig. 1), is an inactive volcano
that belongs to the Society hotspot chain. This volcanic line
lies on a 74 Ma old seafloor and moves in agreement with
the northwestward motion of the Pacific Plate. The
geomorphological evolution of this �1.5 Ma old edifice is
characterized by: (1) a volcanic construction with two-
shield stage; and (2) erosive processes including giant
catastrophic landslides common for many intra-oceanic
volcanoes (Clouard et al., 2001; Hildenbrand et al., 2008).
This volcanic complex is undergoing a postshield erosion
phase dominated by the rainfall and windward effects of
tropical climate as well as the long-term dissection guided
by structural geological discontinuities of the eruptive
system (Hildenbrand et al., 2008). There is also evidence
that Tahiti is subsiding since at least the last 20 ka. Indeed,
the Integrated Ocean Drilling Program Tahiti Sea Level
expedition around the edifice revealed expanded strati-
graphic reef sections that developed in response to
subsidence at relatively low rates �0.4 to �0.15 mm/yr
(Bard et al., 1996; Cabioch et al., 1999; Camoin et al., 2007;
Montaggioni et al., 1997).

This article aims to search for reconciling the coral reef
stratigraphy estimates and the present study of the
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Fig. 1. Geographical locations of the GPS stations involved in the GAMIT-GLOBK

Géodésique de Tahiti, two GPS stations (THTI and TAH1), and DORIS beacon (PAU

also co-located. In the NW Coast of Tahiti, FAA1 GPS station is maintained by Mét

reprocessed products.

Fig. 1. Situations géographiques des stations GPS traitées à l’aide du logiciel G

stations GPS (THTI et TAH1) et une balise DORIS (PAUB) sont co-localisées à l’Ob

sont aussi co-localisés dans le port de Papeete. Située sur le littoral nord-ouest

observations de FAA1, ni celles de PAPE ne sont incluses dans les produits retr
present-day vertical land motion of the Tahiti Island using
GPS, DORIS, satellite altimetry, and tide gauge observa-
tions. The crustal uplift or subsidence rate is an important
component not only for absolute sea level reconstruction
but one needs it to account for in landscape evolution
modeling, in particular, it must be included in the mass
balance relationship. Such estimates may also provide new
constraints for studies of the mechanical behavior of the
oceanic lithosphere that deforms in response to surface
loads.

With the significant improvements in GPS, DORIS,
Satellite Laser Ranging (SLR), and Very Long Baseline
Interferometry (VLBI) global networks and data analysis
(e.g., Collilieux et al., 2007; King et al., 2008; Willis et al.,
2009), height time series of geodetic stations are used
extensively to: (1) investigate many geophysical processes
such as local crustal deformation, sea-level changes, and
glacial isostatic adjustment (GIA); (2) to validate and
improve atmospheric, oceanic, and hydrological loading
models; and (3) to strengthen the terrestrial reference
frame representation.

More recently, on a regional and global scale, GPS and
DORIS have achieved a level of maturity suitable for the
comparison of high-precision vertical velocity fields to
independent vertical rates derived from TG’s only (Bouin
and Wöppelmann, 2010), and from combined altimetry
processing. DORIS beacons are indicated by triangles. At the Observatoire

B) are co-located. At the Papeete port, PAPE GPS station and tide gauge are

éo-France weather service. Neither FAA1 nor PAPE are included in the MIT

AMIT-GLOBK. Les balises DORIS sont indiquées par des triangles. Deux

servatoire Géodésique de Tahiti. La station GPS (PAPE) et un marégraphe

de Tahiti, la station GPS (FAA1) est maintenue par Météo France. Ni les

aités de MIT.
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Fig. 2. Height time series of THTI and TAH1 GPS stations derived from 07-

HPT GAMIT-GLOBK daily solutions with respect to ITRF2005 reference

frame. The time series are conventionally offset by 120 mm for clarity. The

Linear trends and uncertainties are estimated with respect to

white + flicker noise error models using CATS software (Williams, 2008).

Fig. 2. Séries temporelles de la composante verticale des stations GPS

(THTI et TAH1) résultant des solutions 07-HPT journalières de GAMIT-

GLOBK, suivant le repère de référence ITRF2005. Les séries temporelles

sont arbitrairement décalées de 120 mm pour mieux distinguer les

profils. La tendance linéaire et les incertitudes sont estimées selon le

modèle de bruit blanc + scintillation en utilisant le logiciel CATS

(Williams, 2008).
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and TG data (e.g., Cazenave et al., 1999; Kuo et al., 2004;
Ray et al., 2010). In a few cases, vertical DORIS and
GPS results were also compared to postglacial models
(e.g., Amalvict et al., 2009; Kierulf et al., 2009; King et al.,
2010).

The OGT (Observatoire Géodésique de Tahiti) is one of
the few geodetic observatories continuously operating
three co-located space geodetic techniques: two GPS
stations (THTI and TAH1), a DORIS beacon (PAUB), and
an SLR system (THTL). We take advantage of the
availability of 12 years of GPS and DORIS observations,
17 years of satellite altimetry data, and 35 years of TG sea
level records to monitor the vertical displacement of the
Tahiti Island using different software packages. Further-
more, direct comparison with independent source mea-
surements based on coral reef stratigraphy (e.g., Bard et al.,
1996, Pirazzoli and Montaggioni, 1988), and GIA models
(e.g., Peltier, 2004) is also of great importance. We should,
however, mention that a single measure of absolute
gravimetry was made at the OGT observatory in June
2003 by the École et Observatoire des Sciences de la Terre
(EOST) of Strasbourg (France).

Although, SLR is the most appropriate, among the space
geodetic techniques, to accurately determine the vertical
component (Degnan, 1993), the THTL time series have
unfortunately undergone many gaps due to hardware
failures and weather conditions, and thus are deemed
insufficient in this study as this large number of breaks
would create some significant uncertainties in the derived
velocity, depending on the type of noise involved
(Williams et al., 2004).

The satellite geodesy data used and their processing
strategies are first described. The results are then
presented and discussed.

2. Data sets and analysis

2.1. GPS vertical motion estimation approaches

The GPS data come from the International GNSS Service
(IGS) stations (Dow et al., 2009), including Tahiti IGS
stations (Fig. 1), and cover the time span from the
beginning of 1998 to the end of 2009. Two strategies
and software packages are used to process the GPS data. In
the first strategy, an analysis of GPS phase data from over
300 stations is performed by MIT analysis center using
GAMIT-GLOBK software (Herring et al., 2009; King and
Bock, 2006) in a two-step network approach (Dong et al.,
1998), and in a consistent way all over the considered data
span.

In the first step, GPS phase observations are used from
each day to estimate station coordinates, tropospheric
zenith delays, horizontal gradients, and orbital and Earth
Orientation Parameters (EOPs). Those daily products are
submitted for ITRF2008 (Altamimi et al., 2011), and made
publicly available at (ftp://everest.mit.edu/pub/MIT_GLL/).

In the second step, we use the loosely constrained
estimates of station coordinates, orbits, and EOPs and their
covariance matrix from each day, as quasi-observations in
a Kalman filter to estimate a consistent set of coordinates
and velocities.
To account for time-correlated sources of error in the
station position estimates, including monument instability
and signatures in the time series that may be due to errors
in modeling the orbits or atmosphere, we calculate a
unique noise model for each station. The algorithm used to
model the data noise spectrum assumes that each time
series can be adequately modeled using a First-Order
Gauss Markov (FOGM) process noise described in the
following equation (Gelb, 1974):

’xx tð Þ ¼ s2e-bjtj

where wxx(t) is the FOGM autocorrelation function, s2 is
the long-term variance, and b�1 is the correlation time.
Since GLOBK uses a random walk (RW) process noise
model (which is a special case of the FOGM model where
the correlation time b�1 is infinite, we estimate a RW
process noise model for each station from its time series
(Fig. 2) by averaging the residuals over increasingly longer
intervals (Herring et al., 2009). These RW process noise
values are then used in the forward run of the GLOBK
Kalman filter (using the same data set used in the time
series) to estimate site velocities and realistic uncertain-
ties.

The terrestrial reference frame of our 14-HPT velocity
estimates is defined in the second step, in which
generalized constraints are applied (Dong et al., 1998)
while estimating Helmert’s parameter transformations
(HPT: three translations, three rotations, and scale factor
and their rates of change) between our loosely constrained
GPS analysis and the known ITRF2005 (Altamimi et al.,
2007a) positions and velocities of 60 IGS stations. The
obtained vertical GPS velocities with associated uncer-
tainties are provided in the appendix in the electronic
supplement (Appendix A).

ftp://everest.mit.edu/pub/MIT_GLL/
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Fig. 3. Comparison between the 07-HPT and 14-HPT height rate solutions by a linear fit and a histogram of the velocity difference (see Appendix A).

Fig. 3. Comparaison entre les solutions de déplacement vertical 07-HPT et 14-HPT par ajustement linéaire et histogramme des différences de vitesse (voir

Appendix A).
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In Fig. 3, we compare the GLOBK daily solutions (07-
HPT) and the GLOBK weekly combined solution (14-HPT)
shown in Appendix A. The mean difference between the
two solutions is 0.09� 0.45 mm/yr. Although more than 97%
of the 07-HPT vertical velocities agree with the 14-HPT
vertical velocities within� 1.0 mm/yr, there are a few
stations for which the difference between the two solutions
exceeds 1 mm/yr (e.g., GOUG, QAQ1, TSKB, USUD.
[Appendix A]). This discrepancy may be due to, but not
limited to the reference frame scale factor and its associated
rate estimation.

In the second strategy, only GPS data from FAA1, PAPE,
TAH1, and THTI are processed with respect to the Precise
Point Positioning (PPP) mode (Zumberge et al., 1997) of
GIPSY-OASIS II (Webb and Zumberge, 1995) using JPL
reprocessed products (ftp://sideshow.jpl.nasa.gov/pub/
JPL_GPS_Products/Final/). We estimate station positions
and clocks, phase biases, and tropospheric delays and
horizontal tropospheric gradients. The a priori zenith
hydrostatic delay (ZHD) is calculated based on the station
height and thus regarded as constant, while the zenith wet
Table 1

Height rates and 1-sigma uncertainties estimates of FAA1, PAPE, TAH1,

and THTI GPS stations, relative to the ITRF2005 reference frame. GPS data

are analyzed with respect to the Precise Point Positioning (PPP) technique

of GIPSY-OASIS II using JPL reprocessed products. HPT denotes the

Helmert’s Parameter Transformation (07-HPT: three translations, three

rotations, and one scale factor).

Tableau 1

Déplacements verticaux et incertitudes estimés pour les stations GPS

(FAA1, PAPE, TAH1 et THTI), suivant le repère de référence ITRF2005. Les

données GPS ont été analysées en mode PPP de GIPSY-OASIS II, à partir des

produits retraités de JPL. HPT sont les paramètres de transformation de

Helmert (07-HPT : trois translations, trois rotations et un facteur

d’échelle).

GIPSY-OASIS II PPP MODE

Site 07-HPT Hgt Rate (mm/yr) Data Span (yrs)

FAA1 �0.60� 1.60 4.02

PAPE �0.40� 0.80 6.85

TAH1 �0.40� 0.60 9.70

THTI �0.25� 0.50 10.85
delay (ZWD) and the horizontal tropospheric gradients
(north GN and east GE) are modeled as Random Walk (RW)
variables with variance of 3 cm=

ffiffiffi

h
p

for ZWD and 0.3
cm=

ffiffiffi

h
p

for GN and GE, and are estimated every 5 min as
time-dependent parameters (Bar-Sever et al., 1998). The
resulting daily solutions are aligned to the ITRF2005
reference frame using Helmert’s parameter transforma-
tions (JPL x-files) (Table 1).

The estimated site positions are projected in the local
north, east and up components (Fig. 4) (usually this
reference frame is referred as the NEU frame), cleaned to
remove outliers using TSVIEW software (Herring, 2003),
and analyzed using CATS software (Williams, 2008) for
their noise properties, linear velocities, and periodic
signals.

It is now well known that the measurement noise
associated with GPS positions is time correlated (e.g.,
Langbein and Johnson, 1997; Mao et al., 1999; Williams,
2003). In addition to white noise, the main process
affecting GPS position time-series is almost a flicker noise
(Amiri-Simkooei et al., 2007). Therefore, the model
parameters (linear terms, annual and semi-annual periodic
signals, and their associated uncertainties) are estimated
using a white + flicker noise error models (Table 1).

Solid Earth and pole tide corrections following the IERS
Conventions 2003 (McCarthy and Petit, 2004), ocean
loading corrections using the FES2004 ocean tide model
(Lyard et al., 2006), antenna phase center models (Schmid
et al., 2007), and the Global Mapping Function (GMF)
(Boehm et al., 2006) are taken into account in both
software packages.

2.2. DORIS vertical motion estimation approach

DORIS is a French tracking system originally designed
for precise orbitography of altimeter satellites (e.g., Willis
et al., 2006). It is an uplink Doppler system with a dense
and homogeneous tracking network (Fig. 1), allowing
almost continuous observation for Low Earth Orbiting
(LEO) satellites. It quickly became very useful for high-
precision geodesy, including determination of vertical

ftp://sideshow.jpl.nasa.gov/pub/JPL_GPS_Products/Final/
ftp://sideshow.jpl.nasa.gov/pub/JPL_GPS_Products/Final/
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Fig. 5. Height time series of (PAQB + PATB) DORIS beacon derived from

ignwd09 IGN/JPL weekly solutions with respect to the ITRF2005 reference

frame. The Up rate indicates the linear trend. Antenna change on October,

3rd, 2007 (dashed line) presented an offset of (10.04� 2.30) mm in the

considered time series.

Fig. 5. Série temporelle de la composante verticale de la balise DORIS

(PAQB + PATB) résultant des solutions hebdomadaires ignwd09 de l’IGN/

JPL, suivant le repère de référence ITRF2005. « Up rate » indique la

tendance linéaire. Le changement d’antenne (3 octobre 2007, en ligne

pointillée) a créé un saut de 10,04� 2,30 mm dans la série temporelle

considérée.

[()TD$FIG]

Fig. 4. Height time series of FAA1, PAPE, TAH1 and THTI GPS stations

derived from GIPSY-OASIS II PPP daily solutions with respect to ITRF2005

reference frame. The Linear trends and uncertainties are estimated using

white + flicker noise error models (see text).

Fig. 4. Séries temporelles de la composante verticale des stations GPS

(FAA1, PAPE, TAH1 et THT1) résultant des solutions journalières de GIPSY-

OASIS II PPP suivant le repère de référence ITRF2005. Les tendances

linéaires et les incertitudes sont estimées selon le modèle de bruit blanc+

scintillation (voir texte).
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crustal motions (e.g., Mangiarotti et al., 2001; Ray et al.,
2010; Soudarin et al., 1999).

DORIS data over 1993–2009 on all available satellites
(SPOT2, SPOT3, SPOT4, SPOT5, TOPEX-Poseidon, Envisat)
are processed by the IGN group in a free-network approach
using the GIPSY-OASIS II software (Willis et al., 2010a).
Jason-1 data are not used in the current solution due to the
problem related to the South Atlantic Anomaly (Lemoine
and Capdeville, 2006; Willis et al., 2004). Daily stations
positions and EOP are combined on a weekly basis,
projected and transformed into the ITRF2005 reference
frame using 07-HPT estimation strategy.

The DORIS beacon (PAPB), initially installed in 1995, has
been moved by a few hundred meters in 1998 to the OGT
observatory building (PAQB). It has been upgraded to a
third generation one (PATB) on October, 3rd, 2007 (Fagard,
2006). The Starec antenna, and supporting plate and tower
were changed. On November, 18th, 2009, the station
became the fourth Master Beacon in the DORIS network
(PAUB). While the name is different (PATB and PAUB), in
such a case, the antenna and its reference point remain the
same. The clock used to time tag the DORIS measurements
is changed to a better frequency standard. The GPS station
THTI is located a few meters away (DX =�1.119 m,
DY = 6.358 m, DZ =�2.363 m). However, the GLOSS #140
tide gauge is located on the coast about 6 km away
(DX = 623.406 m, DY =�3,773.553 m, DZ = 4,636.646 m).
GLOSS stands Global sea level observing system and is a
worldwide programme for tide gauge observations
(Woodworth et al., 2009).

Weekly station position time series were used for PAQB
and PATB DORIS stations (Fig. 5). These solutions are
derived from the latest IGN/JPL solutions known as
ignwd09 (Willis et al., 2010a) and made available at the
International DORIS Service (IDS) (Tavernier et al., 2002;
Willis et al., 2010b) (ftp://doris.ign.fr/pub/doris/products/
sinex_series/ignwd) and (ftp://cddis.gsfc.nasa.gov/pub/
doris/products/sinex_series/ignwd). We do not consider
PAPB located a few hundred meters from the OGT
observatory since there may have local effects, and PAUB
because it had too little data available at the time of this
study (some months more that do not change the slope
itself, but need to introduce a potential bias change of
equipment). So it will be useful in the future.

The ignwd09 solution strengths are essentially related
to the new models used and the analysis strategy adopted
for the whole processing period. Strictly speaking,
improvements come from the new gravity field model
GGM03S (Tapley et al., 2005), the solar radiation pressure
fixing (Gobinddass et al., 2009a,b), the hourly atmospheric
drag parameter estimation (Gobinddass et al., 2010), the
tropospheric Global Mapping Function (GMF) (Boehm
et al., 2006), and the 108 degrees elevation cut-off angle.

2.3. Vertical land motion from altimetry data and tide gauge

records

The Tide gauges (TG) constrain the relative sea level
(RSL) change, which is the variation in the position of the
sea surface relative to the solid earth. Given the absolute
(geocentric) sea level rate (ASL) (i.e. with respect to the
earth’s center of mass within a well-defined terrestrial
reference frame), it might be possible to estimate the
vertical motion ḢTG of the benchmarks to which TG’s are
referenced, and then ḢTG can be written as:

ḢTG ¼ ASL� RSL

ftp://doris.ign.fr/pub/doris/products/sinex_series/ignwd
ftp://doris.ign.fr/pub/doris/products/sinex_series/ignwd
ftp://cddis.gsfc.nasa.gov/pub/doris/products/sinex_series/ignwd
ftp://cddis.gsfc.nasa.gov/pub/doris/products/sinex_series/ignwd
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Fig. 6. Left: Monthly Papeete (Tahiti) tide gauge sea level time series computed by PSMSL for the period (1975–2002), and recently by UHSLC for the period

(1975–2010). Time series are shifted for clarity. Right: Sea level time series extracted from near-global gridded arrays of altimetric data every 10 days from

UCB (http://sealevel.colorado.edu), and monthly from CSIRO (SLR) (http://www.cmar.csiro.au/sealevel/). The standard errors associated with the trends are

derived from the time series using a white noise model only using CATS software (Williams, 2008). The El Niño events (1982–1983 and 1998–1999) are

clearly apparent in the time series.

Fig. 6. À gauche : Séries temporelles mensuelles du niveau de la mer du marégraphe de Papeete (Tahiti), calculées par PSMSL pour la période 1975–2002, et

plus récemment par UHSLC pour la période (1975–2010). Les séries temporelles sont arbitrairement décalées pour mieux distinguer les profils. À droite :

Séries temporelles du niveau de la mer extraites des grilles globales d’altimétrie, avec un pas de temps de 10 jours provenant de UCB, (http://

sealevel.colorado.edu), et avec un pas de temps mensuel de CSIRO (SLR) (http://www.cmar.csiro.au/sealevel/). Les incertitudes associées aux tendances

linéaires sont calculées d’après un modèle de bruit blanc en utilisant le logiciel CATS (Williams, 2008). Les événements El Niño (1982–1983 et 1998–1999)

apparaissent nettement dans les séries temporelles.
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The RSL trend is estimated from Papeete TG data. Used
here are monthly mean sea levels from the archive of the
University of Hawaii Sea Level Center (UHSLC) from July
1975 through December 2009 (Fig. 6), a seven years
extension of the Revised Local Reference (RLR) data set of
the Permanent Service for Mean Sea Level (PSMSL)
(Woodworth and Player, 2003). Both UHSLC and PSMSL
records are checked and corrected for local datum changes.

The ASL trend can be regarded as the mean value of the
absolute 20th century global sea level (AGSL) which is
Table 2

Comparison between Papeete Tide Gauge vertical rates (ḢTG) from our study an

correction is applied to Papeete TG, since Ponte (2006) has proved that this sign

important to not ignore in Papeete case. The one-sigma uncertainty of ḢTG is a

Tableau 2

Comparaison entre déplacements verticaux du marégraphe de Papeete (ḢTG), o

représentent l’effet du Baromètre Inverse. La correction IB n’est pas appliquée au

négligeable (d’environ 0,1 mm/an pour les séries temporelles de l’altimétrie de C

Papeete. L’incertitude de ḢTG est associée à la série temporelle de RSL.

ASL (mm/yr) ASL Ref. RSL (mm/yr) RSL Ref.

2.3� 0.4 CSIRO (SLR) WT-IB 2.4� 0.2 UHSLC

2.2� 0.4 CSIRO (SLR) WO-IB 2.4� 0.2 UHSLC

2.1� 0.3 UCB WT-IB 2.4� 0.2 UHSLC

1.8� 0.5 Bindoff et al. (2007) 3.0� 0.3 PSMSL

1.7� 0.3 Church and White (2006) 1.8� 0.5 Church et al. (20

1.8� 0.5 Ray et al. (2010) 2.5� 0.5 Ray et al. (2010)
estimated from a large number of a globally well-
distributed TG’s with complete long term records and
corrected for vertical land motion using the most recent
GIA models (e.g., Peltier, 2004). Following this approach,
Bindoff et al. (2007) found an AGSL value of 1.8� 0.5 mm/yr
for the period 1961–2003, which is consistent with previous
estimated rates (Church and White (2006), 1.7� 0.3 mm/yr,
and Douglas (2001), 1.8� 0.5 mm/yr). Bouin and Wöppel-
mann (2010) supposed that the difference between the RSL
trend measured by an individual TG and the global mean
d others. WT-IB and WO-IB mark the Inverted Barometer IB effects. No IB

al is too small (about 0.1 mm/yr on the CSIRO altimetric time series), but

ssociated to the RSL time serie.

btenus dans notre étude et ceux issus d’autres travaux. WT-IB et WO-IB

marégraphe de Papeete, puisque Ponte (2006) a montré que ce signal était

SIRO), mais il est important de la prendre en considération dans le cas de

RSL Data Span ḢTG (mm/yr) Source

1975–2010 �0.1� 0.2 This Study

1975–2010 �0.2� 0.2 This Study

1975–2010 �0.3� 0.2 This Study

1975–2002 �1.2� 0.3 Bouin and Wöppelmann (2010)

06) 1950–2002 �0.1� 0.5 This Study

1995–2009 �0.7� 0.5 Ray et al. (2010)

http://sealevel.colorado.edu/
http://www.cmar.csiro.au/sealevel/
http://sealevel.colorado.edu/
http://sealevel.colorado.edu/
http://www.cmar.csiro.au/sealevel/
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Fig. 7. (Top) Altimetric and tide gauge sea level at Papeete, Tahiti island. (Middle) Difference between altimetric and tide gauge sea level time series, each

point representing 10-day estimate. Multi-satellite trend is for the entire time series, while TOPEX/Poseidon trend ends at the Jason-1 first cycle (15 Jan

2002). (Bottom) Satellite mission start and end dates.

Fig. 7. (En haut) : Séries temporelles du niveau de la mer de Papeete (Tahiti), à partir de l’altimétrie et du marégraphe. (Au milieu) : Différence entre ces

deux séries temporelles, avec un intervalle de temps de 10 jours. La tendance « multi-satellites » représente la série temporelle complète, tandis que celle de

TOPEX/Poséidon se termine au premier cycle de Jason-1 (15 janvier 2002). (En bas) : Début et fin des missions des satellites.
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value AGSL is mainly due to the TG vertical motion and not to
local ASL variations that are significantly different from
1.8� 0.5 mm/yr.

The ASL trend can be also derived from satellite
altimetry measurements. In fact, the University of Color-
ado at Boulder (UCB) Sea Level Change (Leuliette et al.,
2004) and the Australian CSIRO Sea Level Rise (SLR)
provide 10 days and monthly near-global gridded arrays of
altimetric time series respectively. Time series are
computed from TOPEX/Poseidon (T/P), Jason-1, and
Jason-2, which have monitored the same ground track
since 1992. In average, the vertical velocity of Papeete TG is
�0.2� 0.2 mm/yr relative to the ASL trends computed from
The CSIRO and UCB altimetry time series (Table 2).

The ASL and RSL trends can also be taken from a
reconstruction of global mean sea level using TG’s sea level
time series. Church and White (2006) made a reconstruc-
tion back to 1870 and found a sea level rise from January
1870 to December 2004 of 195 mm, and a 20th century ASL
trend of 1.7� 0.3 mm/yr. Church et al. (2006), on shorter
global sea level reconstruction (52 years), reported that an
RSL of Papeete TG is to be at the level of 1.8� 0.5 mm/yr,
which yields a subsidence rate consistent with CSIRO and
UCB data (Table 2).

To compute the vertical land motion, Ray et al. (2010)
followed the approach developed by Mitchum (1998) to
monitor the stability of satellite altimeters with TG’s. It
consisted of differencing the TG sea level time series with
an equivalent from satellite altimetry, while assuming that
the difference will be dominated by vertical land motion at
the TG benchmark, provided that both instruments
measure an identical ocean signal (Fig. 7). Based on this
approach, the height rate of Papeete TG is�0.7� 0.5 mm/yr
which is, within one sigma uncertainty, consistent with rates
derived from CSIRO and UCB data, but we note however that
Ray et al. (2010) ASL trend is slightly lower than CSIRO and
UCB, thing that may be due to, but not limited to intersatellite
calibration biases (e.g., Leuliette et al., 2004). Indeed, if we
consider only the T/P satellite, the vertical land motion of
Papeete TG is in the order of �0.2� 0.9 mm/yr (Fig. 7).

All Papeete TG vertical rates reported in Table 2 are
consistent except the vertical rate that came from Bouin
and Wöppelmann (2010). The main cause for this
discrepancy is due to the difference between the UHSLC
and PSMSL RSL’s (which is about �0.6 mm/yr).

3. Vertical motion rates comparison

The estimated vertical rates based on GPS, DORIS,
Satellite altimetry, tide gauge, coral stratigraphy, and GIA
are shown in Table 3.

Vertical velocities for Tahiti inland GPS stations (THTI
and TAH1) are similar following the 14-HPT and 07-HPT
estimation algorithm, with respect to GAMIT-GLOBK and
GIPSY-OASIS II softwares (Appendix A and Table 1). Coastal
GPS stations (FAA1 and PAPE) show slightly greater
vertical land motion values than the inland ones (Table
1), but this could be explained by the nature of the land
where the GPS stations were deployed: the site of FAA1
was an ancient ‘motu’ called Tahiri, a tiny sandy-coral
island, before the International Airport of Faa’a was built in
the 1960s whereas the PAPE station was co-located on the
tide gauge pier so directly above the lagoon. Of course,
differential movements exist within a volcano, and here,
this could be due to local instable type of land. However,
we believe the overall submillimeter rate, an order of
magnitude found in previous geological studies for several
inactive oceanic volcanoes in postshield stage, here



Table 3

Estimated vertical crustal motions from GPS, DORIS, TG sea level, coral reef stratigraphy, and GIA. GG and GOA denote GAMIT-GLOBK and GIPSY-OASIS II

packages. The�0.5 mm/yr subsidence rate is the mean of the TAH1, THTI, FAA1 and PAPE estimates claimed in this paper. CATREF software is developed and

maintained by the IGN analysis center (Altamimi et al., 2007b). Dist. denotes the distance between the given measurement technique and the Papeete tide

gauge.

Tableau 3

Déplacements verticaux estimés à partir de GPS, de DORIS, du niveau de la mer, de la stratigraphie et de GIA. GG et GOA se réfèrent aux logiciels GAMIT-

GLOBK et GIPSY-OASIS II. La vitesse de subsidence �0,5 mm/an est la moyenne des vitesses verticales des stations TAH1, THTI, PAPE et FAA1. CATREF est le

logiciel développé par le centre d’analyse IGN (Altamimi et al., 2007b). Dist. représente la distance entre la technique de mesure donnée et le marégraphe de

Papeete.

Data Hgt Rate (mm/yr) Dist. (km)

GPS THTI: GG and GOA �0.25� 0.50 6

GPS TAH1: GG and GOA �0.30� 0.60 6

GPS THTI: CATREF/ITRF2008 �0.04� 0.20 6

GPS FAA1: GOA �0.60� 1.60 5

GPS PAPE: GOA �0.80� 0.80 0

DORIS PAQB + PATB: GOA �0.27� 1.10 6

TG Sea level Papeete: GLOSS #140 �0.20� 0.30 0

Stratigraphy Pirazzoli and Montaggioni (1988) �0.15 2

Stratigraphy Bard et al. (1996) �0.25 2

GIA Peltier (2004): ICE-5G (VM2 L90) +0.17 –
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obtained by the GPS estimates, is a precious indication of
the vertical motion of the inner and coastal parts of the
Island of Tahiti.

We also attempt to compare the 07-HPT GLOBK height
rates with the ITRF2008, which includes DORIS, SLR, and
VLBI techniques (Fig. 8). The number of common sites is
206. More than 95% of the 07-HPT vertical velocities agree
with the ITRF2008 within� 1.5 mm/yr, which confirm the
consistency between the 07-HPT and the ITRF2008 vertical
velocity fields.

In particular, THTI is almost fixed following the
ITRF2008 (Table 3), which is understood if we know
already that present-day uncertainty in the ITRF reference
frame scale factor is to be of order 0.1 ppb/yr, which
translates to about 0.6 mm/yr in the vertical.

It must be noted that the DORIS vertical rate is in
excellent agreement with the GPS-derived rate, while no
attempt was done to due the DORIS terrestrial reference
frame toward the GPS terrestrial reference frame, except to
express both results independently into ITRF2005. Fur-

[()TD$FIG]

Fig. 8. Comparison between the first release of the ITRF2008 vertical rate and t

velocity difference are based on 206 GPS stations.

Fig. 8. Comparaison entre les vitesses verticales de la première version de l’IT

l’histogramme des différences de vitesse prend en compte 206 stations GPS.
thermore, recent vertical DORIS rates were provided for
high-latitude tracking stations in Norway (Kierulf et al.,
2009) and in Antarctica (Amalvict et al., 2009), for which
more DORIS data are available due to the accumulation of
satellite tracks of almost polar orbits (SPOTs and Envisat).
For Tahiti, less data are available due to its latitude, and
DORIS data are less numerous than for high-latitude
stations. Vertical results may then be more difficult to
obtain in Tahiti. Finally, the specific of the Tahiti station in
a tropical area does not seem to degrade the derived
vertical velocity. This probably comes from the way the
tropospheric parameters were estimated in the GPS and
DORIS data processing.

Moreover, Tahiti GPS subsidence is also very consistent
with vertical motion derived from other measurements
that are independent to reference frame scale factor,
mainly the stratigraphy and the TG sea level. Vertical rates
obtained from Tahiti corals sea-level records are not below
�0.44 mm/yr and do not exceed �0.15 mm/yr (Bard et al.,
1996, Cabioch et al., 1999; Camoin et al., 2007, Mon-
he 07-HPT height rate solution. The linear trend and the histogram of the

RF2008 et de la solution 07-HPT. Le calcul de la tendance linéaire et de
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taggioni et al., 1997; Pirazzoli and Montaggioni, 1988)
(Table 3). Papeete TG vertical land motion supports this
within one sigma uncertainty.

The predicted present-day radial motion of + 0.17 mm/
yr from the ICE-5G (VM2 L90) PostGlacial Rebound model
represents a slow uplift for the study area corresponding to
the ‘far-field’ component of the solid Earth deformation in
response to ice sheets mass redistribution causing changes
in sea level (i.e. surface ocean loading). Consequently, any
redistribution of mass on or within the Earth will perturb
the geopotential and thus affect the ocean surface. Our GPS
vertical motion rates (mean value of four estimates is
�0.5 mm/yr, see Table 3) may reflect the sum of local effect
(land compaction), effects of volcano loading and eventu-
ally neighbour loads and thermal plate contraction plus the
GIA component.

We also need to point out that the implicit terrestrial
reference frame used for geophysical models, such as GIA,
may not be rigorously the same of the various ITRFs (Argus
et al., 2010). However, as the large geocenter drifts are
usually observed in the Z component, this frame difference
will not affect the vertical velocity of this specific location
in French Polynesia. However, for plate motion discussion,
such imprecision in terrestrial reference frames should be
taken into account.

4. Discussion and conclusion

Given such a low subsidence rate, there remains at least
one important signal to investigate carefully in the future.
In fact, space geodetic applications necessitate to model
the tropospheric delays (related to atmospheric water
vapor content or refractivity) as good as possible to obtain
highly accurate positioning estimates. The models com-
monly used in the existing orbitography software packages
cannot help to reconstruct complex refractivity fields
which are likely to occur during extreme weather events
such as storms and intense precipitations, in particular in
the tropical Tahiti Island. Indeed, Hobiger et al. (2009)
showed significant improvement in terms of GPS station
height repeatabilities using a fine-mesh numerical weath-
er model. In addition, the long-term atmospheric contri-
bution can have a significant impact on the estimated
linear trends of the vertical component. Nilsson and
Elgered (2008) reported, for numerous GPS sites in Finland
and Sweden, linear trends of zenith wet delays for 10-year
periods reaching annual submillimetric rates in absolute
values. As pointed out by Trenberth et al. (2003), these
trends also tend to be higher in the Pacific Ocean than in
Europe.

The above overall estimates of vertical land motion for
Tahiti (mean value of �0.5 mm/yr, see Table 3) provide
solid evidence on the present low subsidence rate which
turns to be consistent with the rates independently
derived from geological and coral reef records (Bard
et al., 1996, Leroy, 1994, Montaggioni et al., 1997; Pirazzoli
and Montaggioni, 1988). Note that the coral reef records
concern the Last Glacial Maximum and Holocene reefs. To
discuss the reliability of such estimate, we comment the
results obtained for the Hawaiian GPS sites. This is justified
by the similar geological settings characterizing Big Island-
Kauai and Mehetia-Maupiti Islands sequences, given the
age of the oceanic lithosphere at the time of volcanic
loading and the 0 to 4-6 Ma hotspot tracks, while the two
volcanic alignments have differences in terms of dimen-
sion, spatial distribution or volcanic formation rate. First
the HILO, MKEA and UPO1 sites located in the Big Island
(Appendix A), a large active volcano, exhibit well similar
relatively high subsidence rates (�2.5 to �1.5 mm/yr)
presented in previous work by Caccamise et al. (2005)
using GPS data as well as geological study by Moore
(1987); second, the other Hawaiian stations located in
inactive volcanoes (HLNC, LHUE, KOK1), except the KOKB
and MAUI sites, show clear submillimeter rates. The
interesting point is that the postshield erosional Hawaiian
Islands and Tahiti which ages are greater than 1.5 Ma old
are rather subsiding at submillimeter rate. Instead,
Caccamise et al.’s (2005) estimates from short 6-year time
span gave millimeter rates probably less reliable than ours.
Considering the volcanic evolution of oceanic islands, the
construction is often completed in less than 1–3 Myr for
the Hawaiian and Tahitian Islands (this can be greater than
12 Myr as for the Canarian Islands (e.g., Carracedo, 1999).
There are three phases, the shield-stage that builds up the
bulk of the volcano structure during a few of hundred
thousands of years accompanied eventually by huge
landslides, the transition called the postshield capping
stage and the posterosional stage. The differential subsi-
dence rate is somehow related to the evolutionary stages
but possibly modulated by plume-plate interaction and/or
flexural lithospheric deformation caused by surrounding
loads (Watts and ten Brink, 1989; Watts and Zhong, 2000;
Wessel and Keating, 1994; Zhong and Watts, 2002) and
erosional mass redistributions, the thermal cooling con-
tribution being negligible for relatively old plates. Finally,
the estimates of magnitudes of the vertical motion are in
good agreement with the conclusions of the recent studies
on the history of the subsidence of the Maui-Nui Complex
(Maui, Molokai, Lanai and Kahoolawe) and Hawaii Island,
based on submerged terraces that are mostly drowned
reefs developed over the past 2 Ma (Faichney, 2010;
Faichney et al., 2010). Faichney (2010) estimated the initial
subsidence rates around 1 mm/yr for the Maui-Nui
Complex but also supported that the Maui-Nui complex
(since the initial stage) slowly subsides as the lithosphere
flexes in response to the volcanic loading of the complex
itself and the Big Island of Hawaii.
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