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Abstract
This article presents a curated database of the sea- level measurements acquired 
by the network of the five geodetic tide gauges managed over French Polynesia 
by the Geodesy Observatory of Tahiti from 13 June 2009 to 28 January 2021. A 
unique feature of this database, with respect to previous databases that host the 
same raw data, like the Intergovernmental Oceanographic Commission database 
(IOC,  www.ioc- seale velmo nitor ing.org)  and  the  database  of  ‘Réseaux  de  réfé-
rence  des  observations  marégraphiques’  (REFMAR,  http://refmar.shom.fr)  is 
that all the time- tags of the raw measurements (1-  or 2- min sampling) have been 
validated and, if necessary, corrected with a precision of 2 min (time shifts of up 
to 1 hr can be present in the raw data). Possible outliers have also been flagged, 
but  not  removed.  In  addition,  smoothed  hourly  data  are  also  provided,  along 
with tidal analysis results and estimations of the sea- level trends for the five tide 
gauges, with respect  to their  local geodetic datum. The database, entitled  ‘SEA 
LEVEL collected from TIDE STATIONS in South Pacific Ocean from 2009- 06- 13 
to 2021- 01- 28’, can be accessed on the NOAA data servers as  ‘NCEI Accession 
0244182’ and contains two subsets: The first one is relative to the original sam-
pling rate and the second one is relative to an hourly re- sampling with harmonic 
tide models for each tide gauge station.
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1   |   INTRODUCTION: SEA- LEVEL  
MONITORING IN FRENCH 
POLYNESIA

This study presents the results of the preprocessing, cal-
ibration, database encapsulation and preanalysis of  the 
sea- level  monitoring  of  the  five  stations  installed  and 
managed  by  the  University  of  French  Polynesia  (UPF) 
in  the  French  Polynesia  part  of  the  South  Pacific  area 
(Figures  1  and  2)  and  maintained  by  the  hydrographic 
and  oceanographic  survey  branch  of  the  French  Naval 
Hydrographic and Oceanographic Service (SHOM).

Spread  over  an  area  between  134°W– 155°W  lon-
gitude  and  7°S– 28°S  latitude,  French  Polynesia  also 
known  as  Tahiti  and  her  islands,  covers  a  vast  expense 
(5,500,000 km2) and remote (7,000 km from Los Angeles, 
4,000 km from Australia) of ocean  located  in  the middle 
of the South Pacific. This French overseas territory, with 
a large political autonomy, is made up of a swarm of 121 
islands or islets, including high volcanic islands (35) and 
low coral islands or atolls (86), which together represent a 
surface area of 3,668 km2 of emerged land (half of Corsica) 
and 12,800 km2 of lagoons.

These  islands,  lying  on  the  Pacific  lithospheric  in-
traplate, define five archipelagos dispersed along a general 
North- West, South- East direction:

•  The Society Archipelago (1,590 km2) composed of 14 
islands (9 high volcanic islands and 5 atolls), itself di-
vided into two groups: The Windward Islands with the 
capital  island of Tahiti  (itself  a double  island: Tahiti 
Nui and Tahiti Iti) and the Leeward Islands (including 

the  very  well- known  touristic  spot  of  Bora- Bora 
Island);

•  The  Tuamotu  Archipelago  including  79  atolls  spread 
over  an  area  of  850 km2  (three  main  atolls:  Rangiroa, 
Hao and Makemo);

•  The  Gambier  Archipelago  (31 km2),  a  half- drowned 
volcano,  made  up  of  9  volcanic  islets  (main  islet: 
Mangareva) that are the remnants of the lips of the cal-
dera, surrounded to the North and the East by a barrier 
reef;

•  The  Marquesas  Archipelago  (1,049 km2),  divided  into 
the  North  Marquesas  (main  island  Nuku  Hiva),  and 
some coral banks, and  the South Marquesas  (main  is-
land Hiva Oa), including several shoals;

•  The  Austral  Archipelago  covering  an  area  of  148 km2 
and including 6 high volcanic islands (principal island: 
Tubuai), one atoll and one quasi- island (Neilson reef).

Five geodetic tide gauges have been established since 
2007 by the Geodesy Observatory of Tahiti over four of 
these archipelagos (Figure 1 and Table 1, except for the 
Marquesas), with exact locations mainly dictated by lo-
gistical  issues  (essentially  presence  of  well- stabilized 
coastal facilities, frequency of airplane/boat links with 
Tahiti).  These  five  stations  mainly  focus  on  the  mon-
itoring  of  the  long- term  evolution  (over  many  years) 
of  mean  sea  level  (Cazenave  et  al.,  2018).  Other  tide 
gauges  exist,  maintained  by  the  University  of  Hawaii 
(UH)  and  the  French  Atomic  Energy  Commission 
(CEA), but they mainly focus on the monitoring of tsu-
namis (the typical duration of a tsunami event is a few 
tens of hours).

F I G U R E  1  The network of geodetic 
tide gauges in French Polynesia (red 
points). The area covered in this map is 
larger than Europe.
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2   |   STRUCTURE OF A SEA- LEVEL 
MONITORING TIDE GAUGE IN 
FRENCH POLYNESIA

All  the  five  tide  gauges  (see  Figure  1)  operating  in 
French  Polynesia  obey  the  guidelines  set  up  by  GLOSS 
(IOC, Manual and Guides, 2020). We also refer to Hague 
et al. (2021) and Marcos et al. (2021). Each tide station is 
maintained by SHOM following this schedule:

•  Typical  18- month  maintenance:  firmware  and  config-
uration upgrade, cable changes, troubleshooting, mea-
surements  and  reference  validation  (Van  de  Casteele 
test  over  12 hours,  see  Miguez  et  al.,  2008)  using  a 
Vegapuls61 mobile RADAR and data retrieval.

•  Three- year period maintenance: complete vertical  lev-
elling of the sea- level observation site, geodetic observa-
tion on benchmarks.

From the beginning of the network to 2020– 2021, we 
can summarize the acquisition process as follows:

•  Rangiroa,  Vairao,  Makemo:  hourly  satellite  data  trans-
mission with samples of 60 s every 2 minutes of averaged 
sea- level records from the two sensors with no time- tag 
transmitted  (60 s  average  of  4  instantaneous  measure-
ments done every 15 s). Only one over two of these 60 s 
data records is sent and stored locally on the tide gauge. 
Data are stored locally with a GPS time- tag. The Rangiroa 
tide  gauge  was  dismantled  in  January  2021  because  of 
the reconstruction of the dock on which it was located. 
Its identical reconstruction is scheduled for June 2022.

•  Mangareva/Rikitea:  satellite  data  transmission  every 
5- min  of  60 s  averaged  sea- level  records  from  the  two 
sensors with no time- tag transmitted (60 s average of 4 

instantaneous measurements done every 15 s). All these 
data records are stored locally on the tide gauge with a 
GPS time- tag.

•  Tubuai: satellite data transmission every 15 min of 60 s 
averaged sea- level records with no time- tag transmitted 
(60 s  average  of  4  instantaneous  measurements  done 
every 15 s). All these data records are stored locally on 
the tide gauge with a GPS time- tag.

From 2020 to 2021:

•  Vairao  since  18  September  2020:  hourly  satellite  data 
transmission  with  samples  of  60 s  every  2  min  of  av-
eraged sea- level records  from the  two sensors with no 
time- tag transmitted (one instantaneous measurement 
per  second). Only one over  two of  these 60 s averaged 
data records is transmitted, but all the 60 s averaged re-
cords are stored with GPS time- tags on the tide gauge.

•  Makemo  since  12/02/2020:  same  operating  mode  as 
Vairao.

•  Mangareva/Rikitea  since  24  April  2021:  satellite  data 
transmission every 5- min of 60 s averaged sea- level re-
cords from the two sensors with no time- tag transmitted 
(one instantaneous measurement per second). All these 
60 s averaged data records are stored locally on the tide 
gauge with a GPS time- tag.

•  Tubuai since 16 December 2020: satellite data transmis-
sion every 15 min of 60 s averaged sea- level records from 
the  two sensors with no  time- tag  transmitted  (one  in-
stantaneous measurement per second). All these 60 s av-
eraged data records are stored locally on the tide gauge 
with a GPS time- tag.

Additional  details  about  the  acquisition  and  prepro-
cessing are given in the following sections and additional 

F I G U R E  2  The typical tide gauge 
geodetic station of Tubuai (austral 
archipelago, see Figure 1 for location). 
One can see the RADAR altimeter 
(vertical cornet), the GOES UHF Yagi 
antenna on the roof as well as the GPS 
radome and a solar panel.
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information  about  the  stations  can  be  found  in  Barriot 
et al. (2011).

3   |   TIDE GAUGE RAW DATA AND 
TIME- TAGGING

The  sea- level  data  acquired  by  these  five  stations 
were  (and still  are) being  transferred  in  real  time by a 
UHF  radio- link  to  the  NOAA  (National  Oceanic  and 
Atmospheric  Administration  of  the  USA)  through  the 
GOES  satellite  constellation  (GOES  -   Geostationary 
Operational Environmental Satellite), but without nei-
ther GPS in situ time- tagging nor GPS positioning data, 
to save transmission bandwidth, and were ex situ time- 
tagged  again  upon  arrival  at  the  NOAA  datacentres. 
A  long- term  data  archive  is  provided  by  the  Sea  Level 
Monitoring Facility database of IOC (Intergovernmental 
Oceanographic  Commission,  www.ioc- seale velmo nitor 
ing.org).

This data transfer through the GOES satellite constel-
lation was the only way to have real time transfer during 
most of this data acquisition period, as the only undersea 
optical cable was running between Hawaii and Tahiti and 
data  transmission through commercial satellites was  too 
expensive.  All  the  raw  data,  including  in situ  GPS  time- 
tagging  and  positioning,  were  also  locally  recorded  on 
flash drives at  the  tide gauges and manually  transferred 
to  the  UPF  database  when  maintenance  took  place. 
Sometimes the local recording at the tide gauges was not 
operating, so the only source of data for this study was the 
IOC database, sometimes the GOES data link was not op-
erating, so the only source of data was the local records on 
the tide gauges.

We  started  our  validation  process  by  doing  a  cross- 
comparison  of  the  IOC  datasets  versus  the  raw  UPF 
datasets. We found that the time- tagging on the IOC da-
tabase was often off by  several minutes with  respect  to 
the GPS time- tagging done at the tide gauges, and some-
times  shifts  up  to  1 hr  were  found  (Table  2). We  there-
fore elected to retain the UPF dataset whenever possible. 
When the UPF and IOC time series have no overlap,  it 
was nevertheless always possible to check possible time 
drifts by considering  the coherence of  the phase of  the 
IOC  recorded  main  tidal  waves  with  a  reconstructed 
phase (see thereafter).

The  observation  time  corresponds  to  the  middle  of 
the time interval,  that  is,  it  is shifted of 30 s  for a one- 
minute integration period. This time shift is indeed neg-
ligible for long- period phenomena which are the main 
goal of these sea- level measurements. For tidal analysis, 
a  time shift of 30 s was  sometimes during  the analysis 
procedure.T
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4   |   DATA VALIDATION AND 
INTERMEDIATE DATABASE

The raw data cannot be directly inputted in a tidal analysis 
software. A preprocessing step is necessary, to identify and 
remove gross errors (incorrect or missing data producing 
spikes and gaps or timing problems). This preprocessing 
was done as part as the Tsoft tidal visualization/modelling 
environment,  developed  and  maintained  by  the  Royal 
Observatory  of  Belgium  (see  TSoft  manual,  Van  Camp 
&  Vauterin,  2005,  see  http://seism ologie.be/en/downl 
oads/tsoft). This software and the tidal analysis software 
ET34- ANA- V80 V80  (Ducarme  &  Schueller,  2018; 
Schueller,  2015;  Schueller,  2017)  are  using  specific  data 
presentations called ‘PRETERNA and ETERNA formats’, 
described in Wenzel, 1995, 1996. The procedure is divided 
into three data levels, as shown in Figure 3.

LEVEL  1  data  are  obtained  by  rewriting  the  original 
records  (UPF  or  IOC  data)  in  the  so- called  PRETERNA 
format  (Wenzel,  1995).  Between  LEVEL  1  and  LEVEL 
2,  the  data  sequence  is  checked,  and  preliminary  tidal 
analyses are performed on the less perturbed parts of the 
data  to  prepare  a  preliminary  tidal  model  and  to  detect 
timing  errors.  It  is  always  possible  to  detect  any  timing 
error  by  considering  the  coherence  of  the  phase  of  the 
main tidal waves with the phase computed from the UPF 
data, which were archived with the correct in situ timing. 

In  the  semidiurnal  band,  a  timing  error  of  2  min  pro-
duces a phase difference of one degree at  the  frequency 
of 2 cpd (cycles- per- day). If necessary, a time shift  is ap-
plied.  Corrections  are  applied  by  means  of  the  software 
Tsoft  and  a  ‘remove- restore’  procedure: The  preliminary 
tidal  model  is  subtracted  from  raw  data;  the  corrections 
are applied on the residuals and the corrected tidal signal 
is reconstructed by summing up again the removed tidal 
signal. The  outliers,  mainly  unwanted  ‘spikes’,  are  iden-
tified by eye and removed and small  interruptions (gaps 
no larger than 24 h) are automatically tagged and interpo-
lated with the same procedure.

Between LEVEL 2 and LEVEL 3, the data are averaged 
down to a 1- hr sampling rate. This averaging process fil-
ters out short period noise but maintains all signals with 
period  larger  than  the  lowest Nyquist period considered 
in  our  tidal  analysis  (2- hr  period).  Besides,  this  unifies 
datasets  acquired  in  the  same  station  but  with  different 
sampling  rates,  for  example,  1  and  2 min,  as  it  occurred 
in Mangareva and Tubuai. These LEVEL3 data are conve-
nient  for most applications except detection of  transient 
signals  such  as  tsunamis  or  sea  swells,  which  require 
a  higher  sampling  rate.  The  averaging  is  performed  by 
means of a standard least- squares low- pass filter provided 
by Tsoft. This filter has a cutoff frequency at 12 cpd and a 
half- a- length of 1 day,  that  is, 1,440 or 720 samples  for a 
1 min or 2 min sampling rate. The LEVEL3 provides the 

T A B L E  2   Number of time- tag errors (in minutes) per tide gauge identified in the IOC database records, with respect to the original or 
reconstructed time- tags

−23 mn 2 mn 7 mn 32 mn 47 mn 61 mn 62 mn

RANGIROA 0 0 0 0 0 0 555,711

TUBUAI 0 0 877,035 0 0 0 0

MAKEMO 0 7 0 44,760 490,260 0 0

VAIRAO 368,097 0 0 0 0 112,275 0

MANGAREVA 0 0 0 0 0 0 0

F I G U R E  3  Preprocessing dataflow. 
The Tsoft facilities used for corrections are 
put inside square brackets in the diagram. 
The PRETERNA and ETERNA formats 
are described in Wenzel (1995).
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final dataset from which the nontidal sea- level variations 
are derived from the tidal analysis performed by the soft-
ware  ET34- ANA- V80.  The  latest  version  of  the  software 
proposes  a  special  option  for  ocean  tides  analysis  and 
prediction in agreement with oceanographic conventions 
(i.e. phases refer to Greenwich and phase lags are counted 
positive,  the  changes  of  sign  of  the  tidal  potential  with 
latitude are not taken into account). This program can be 
downloaded from http://ggp.bkg.bund.de/etern a/.

These  tidal  residuals  outputted  by  this  tidal  analysis 
software are a preliminary representation of the variations 
of the Mean Sea Level (RSL) due, up to the first order, to 
meteorological phenomena and, up to the second order, to 
climate related effects.

To  perform  the  different  processing  steps  shown  on 
Figure 3, an intermediate database (see Annex) was set up 
to collate the raw and validated data as well as the analysis 
results and the nontidal sea- level fluctuations.

The conception of this intermediate database was de-
rived from the following considerations:

•  As  already  stated,  we  have  two  data  sources:  the 
University  of  French  Polynesia  and  ‘IOC,  Sea  Level 
Monitoring  Facility’  (www.ioc- seale velmo nitor ing.
org). As the initial presentation of the data is different, 
the  two sources were  treated separately until  the  final 
analysis.

•  There are two sea- level sensors (and therefore data for-
mats): RADAR and PRESSURE.

The  database  (annex)  was  organized  in  3  levels  cor-
responding  to  the  3  levels  of  data  processing  described 
above:

•  LEVEL 1: raw data converted in PRETERNA format

(sampling rate 1 min or 2 min);

•  LEVEL  2:  data  corrected  with  Tsoft  and  converted  to 
ETERNA format (Wenzel, 1995).

(sampling rate 1 min or 2 min);

•  LEVEL 3: data averaged to hourly values and tidal anal-
ysis residuals.

5   |   OCEAN TIDES RESULTS

The tidal regime is described by the form ratio F (van der 
Stok, 1897):

F =
K1 +O1
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F > 3 Diurnal 1 High, 1 Low per day;
0.25  F < 3 Mixed 2 Highs, 2 Lows per day, but of differ-

ent strengths;
F < 0.25 Semidiurnal 2 Highs, 2 Lows per day, similar 

strengths.
In French Polynesia, the form ratio F  is always lower 

than 0.2, corresponding to dominating semidiurnal tides. 
A detailed discussion of  the tidal signal can be found in 
Ducarme et al. (2022). We shall focus here on the internal 
coherency of the PRESSURE and RADAR records.

We  compared  the  results  of  the  RADAR  with  those 
of  the PRESSURE gauge (Table 3). The tidal amplitudes 
are in perfect agreement, except for Makemo and Vairao 
stations. This calibration difference is confirmed by a lin-
ear regression between the associated tidal models (noted 
Theo):

In Makemo: TheoPRESSURE = 1.0158 ± 0.003 * TheoRADAR 
(correlation coefficient r = 0.9980)

In Vairao: TheoPRESSURE  = 1.0118 ± 0.002  * TheoRADAR 
(correlation coefficient r = 0.9987)

In Makemo, a large phase difference of 4° (8 min of time 
difference) is observed. In Mangareva, also a difference of 
phase of 2.5° exists between PRESSURE and RADAR re-
cords, corresponding to a time difference of 5 min.

We  checked  also  the  stability  of  the  tidal  amplitudes 
and  phases  of  the  main  semidiurnal  waves  M2  and  S2 
(Table  4).  For  that  purpose,  we  cut  each  dataset  in  two 
consecutive blocks in time and compared the results. The 
differences in phase reach a level of 1° (2 min of time). We 
can thus expect a precision of 0.5° in phase on the com-
plete dataset. The amplitudes are perfectly stable for the 
stations of Makemo, Tubuai and Mangareva. For these sta-
tions, we expect a precision of 1% for the tidal predictions, 
that is, better than a centimetre precision. In Rangiroa and 
Vairao,  there  is  an  apparent  difference  of  amplitude  for 
the  M2  wave,  but  S2  is  always  stable.  A  change  of  cali-
bration is thus a very unlikely cause. This phenomenon is 
perhaps associated with a larger noise level around the M2 
frequency  compared  with  the  noise  level  around  the  S2 
frequency, probably linked to seasonal modulations. The 
precision of the tidal predictions is reduced to a centime-
tre precision for these stations.

6   |   NONTIDAL EFFECTS

The  PRESSURE  measurements  show  the  same  long- 
term fluctuations as the RADAR measurements, but are 
affected  by  jumps  and  a  steady,  and  sometimes  large, 
drift. For the determination of the mean sea level (RSL), 
we  therefore  only  considered  the  RADAR  data.  Both 
dataset  present  long- period  fluctuations  with  seasonal 
characteristics  (Figures  4  and  5).  The  relative  sea  level 

(RSL),  measured  with  respect  to  the  tide  gauge  setting 
and obtained from the RADAR measurements, are given 
in Table 5 and Figure 6. Their variations (ΔRSL) can be 
transformed into variations of the mean sea level (ΔMSL) 
if we can measure the vertical displacement of  the crust 
on the site (Δh), as we have.

ΔMSL = ΔRSL +Δh.

Almost  all  Polynesian  islands  are  subject  to  slow 
subsidence  (typically  at  the  level  of  millimetre  or  sub-
millimetre/year),  caused  by  the  thermal  contraction  of 
their underlying tectonic plates as they move away from 
mid- ocean  ridges,  as  well  as  evolution  towards  isostatic 
equilibrium  with  the  underlying  lithosphere/mantle. 
Δh values  reported  in  the  literature  (Becker et al., 2012; 
Fadil  et  al.,  2011;  Martinez- Asensio  et  al.,  2019)  are 
given in Table 6 for Papeete (close to Vairao) and Rikitea. 
Contradictions are present for Papeete. The treatment of 
the  GPS  observations  performed  at  the  stations  should 
provide Δh (and then ΔMSL) with respect  to  the world-
wide WGS84 ellipsoid, but at the moment the values that 
are reported in this work are with respect to each island 
local  datum.  This  extremely  complicated  and  delicate 
computer processing of the GPS data, again at the submil-
limetre level/year, is in progress and will be the subject of 
a dedicated publication. We refer to Adebisi et al. (2021) 
for a review on this subject.

At Rangiroa, a fast drift of 80 mm occurred in the be-
ginning of 2014. A one- year  interruption  in  the data ac-
quisition occurred between July 2014 and July 2015, and 
we  found  a  difference  of  50 mm  between  the  computed 
RSL values of the two blocks of data (before and after the 
gap).  A  global  adjustment  provided  the  following  value: 
RSL = 404.0 ± 1.2 mm with an RMS error on one observa-
tion m0 = 47 mm and a variation ΔRSL = +84.0 ± 3.0 mm 
over the time interval 2009– 2021. The short period noise 
reaches a ±40 mm amplitude with long period excursions 
up to ±100 mm.

At  Makemo,  the  RMS  error  on  one  observation  is 
large  (m0  =  100 mm).  It  is  associated  with  large  water 
level  rises, up  to 75 cm during  the winter  season, which 
are associated with sea swell crises (Figure 4). The mean 
value of the set is RSL = 655.5 ± 3.4 mm. Due to the large 
swell  yearly  modulation,  the  amplitude  of  Sa  reaches 
66 cm and the long- term trend is not well extracted with 
ΔRSL = −7.7 ± 4.9 mm.

At  Vairao,  an  unusual  event  happened  at  the  begin-
ning of 2014. There is always a large rise of the sea level 
starting  at  the  beginning  of  each  year,  which  was  more 
pronounced  at  the  beginning  of  that  year  (Figure  5). 
Later  on,  the  apparent  RSL  remains  quite  stable  with 
RSL = 530.9 ± 1.3 mm. The first part (2011/07– 2014/01) 
has a mean value (503.8 mm), 30 mm lower  than for  the 
following records. However, the global dataset 2011– 2021 
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provides  a  very  coherent  result,  RSL  =  518.0 ± 1.2 mm 
and ΔRSL = +36 ± 3 mm, with m0 = 50 mm.

At  Tubuai,  the  results  obtained  with  a  first  data-
set  (2010– 2014,  sampling  rate  2 min)  and  a  second  one 
(2015– 2020,  sampling  rate  1 min),  after  an  interruption 
of 14 months, are coherent within the associated 2σ error- 
range for what concerns the tidal signal, but an increase 
of 40 mm of the apparent RSL (Table 5) is certainly linked 
to a maintenance intervention at the restart of the station. 
Here  also  a  fast  drift  occurred  at  the  beginning  of  2014 
and  this  increase  is probably an artefact,  as a global ad-
justment provided the value RSL = 706.0 ± 2.1 mm with 
m0 = 74 mm and a variation ΔRSL = + 54 ± 5 mm over 
the time interval 2010– 2020.

The  large  sea- level  fluctuation  observed  in  the  be-
ginning  of  2014  for  Rangiroa,  Vairao  and  Tubuai  is  not 
affecting  the  RSL  value  on  the  complete  dataset  but  is 

hampering  the  determination  of  RSL  values  on  smaller 
blocks (Tables 4 and 5).

At Mangareva, the records at the UPF station are miss-
ing between 2017 and 2018. An unusual event happened 
at the beginning of 2018, but the RSL is the same for the 
two blocks (before and after the gap, see Tables 4 and 5) 
and we get for the complete interval 2012– 2020 a value 
RSL = 645.2 ± 2.0 mm. We tested the possibility to deter-
mine a temporal variation of the RSL. We got a variation 
ΔRSL  =  +7.4 ± 5.2 mm.  This  result  is  not  significant 
as the associated RMS error is very large. Fortunately, a 
sea- level monitoring station of the University of Hawaii 
(UH), labelled Rikitea in the IOC catalogue, is installed 
a  few 100 m apart  from  the UPF station  (see Figure 7). 
We downloaded the data relative to this station from the 
IOC database and a comparison is presented in the next 
section.

F I G U R E  4  Makemo tide station (RADAR sensor). Top: Residual signal showing nontidal sea- level variations. Bottom: Monthly values 
of the nontidal variations showing the seasonal variations associated with Sa = 5 cm.
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7   |   COMPARISONS BETWEEN THE 
RECORDS FROM THE TIDE GAUGE 
DATA MAINTAINED BY HAWAII 
UNIVERSITY AND THE UPF TIDE 
GAUGE IN MANGAREVA

Currently,  the  tide  gauge  of  the  University  of  Hawaii 
hosts three different instruments: A FLOAT sensor with 
an encoder, a PRESSURE gauge and a RADAR altime-
ter. The dataset covers the period 2008/07– 2021/04. The 
sampling rate is 5 min for the FLOAT sensor and 1 min 
for the two other sensors. We found that the PRESSURE 
sensor  was  badly  perturbed  between  2012  and  2019, 
so  we  ignored  these  measurements.  The  results  of  the 
FLOAT sensor and the RADAR are in very good agree-
ment. There is no difference in amplitude with the results 
of the UPF RADAR but only a slight phase difference of 
1° in the semidiurnal band. The nontidal variations are 
also in perfect agreement (Figure 8), as indicated also by 

the differences between sensors shown in Figure 9. The 
unusual  event  at  the  beginning  of  2018  disappears  on 
this graph. This clearly indicates that it was a real signal. 
The difference between  the sensor measurements  is of 
the order of 30 mm peak to peak at short periods. There 
is also a slight differential drift especially at the begin-
ning of the float sensor record.

A linear regression between the different datasets gives:
RADARUH = 1.0025 ± 0.0002*RADARUPF (correlation 

coefficient r = 0.999).
RADARUH  =  0.9999 ± 0.0002*FLOATUH  (correlation 

coefficient r = 0.999).
There is only a 0.3% calibration difference between the 

UPF and the UH RADAR measurements. The UH FLOAT 
sensor calibration agrees with the UH RADAR calibration.

Thanks  to  the  long  period  of  nearly  13 years  covered 
by the University of Hawaii tide gauges in Mangareva, it 
was possible to determine a secular trend, as the drift of 
the  RADAR  and  of  the  FLOAT  sensor  are  very  similar. 

F I G U R E  5  Nontidal sea- level variations at the Vairao tide station (RADAR sensor) showing up the annual signal and the January 2014 
unusual event. Top: Original sampling, bottom: Sliding monthly average.
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The variation of the RSL between 2008/07 and 2021/04 is 
+25.2 ± 3.23 mm from the RADAR data and 16.4 ± 3.1 mm 
for the FLOAT sensor data. The discrepancy is due to the 
anomalous drift at the beginning of the FLOAT sensor re-
cords (Figure 9).

8   |   CONCLUSIONS

This study provides cleaned, calibrated and with a verified 
time- tagging of sea- level data for the five tide gauge geo-
detic stations installed in French Polynesia (see Figure 1) 
for the period 2009– 2020. For preprocessing and analysis 
of the data, a three- level operational database was set up:

•  LEVEL 1 raw data with original sampling rate,
•  LEVEL 2 corrected data with original sampling rate,
•  LEVEL 3 hourly averaged data and tidal analysis residues.

The  database,  entitled  ‘SEA  LEVEL  collected  from 
TIDE STATIONS in South Pacific Ocean from 2009- 06- 
13 to 2021- 01- 28’, can be accessed on the NOAA National 
Centers  for  Environmental  Information  (NCEI)  data 
servers  as  ‘NCEI  Accession  0244182’  and  contains  two 
subsets:  The  first  one  is  relative  to  the  original  sam-
pling  rate  (LEVEL1  and  LEVEL2)  and  the  second  one 
(LEVEL3) is relative to the hourly re- sampling. The har-
monic tide model coefficients derived from the analysis 
of the hourly data subset are also provided for each tide 
gauge station.

The RADAR and PRESSURE gauge measurements of 
the five UPF/OGT tide stations have been both validated 
for  the precise measurement of  the tides and short- term 
phenomena such as tsunami waves. The RADAR dataset 
is the only one suitable for long- term analysis of Mean Sea 
Level (MSL) variations (see Figure 6). Of course, as who 
can do more can do less, RADAR measurements are also 
suitable for the study of short- term phenomena.

A metrological modelling of the absolute variations 
of  the  Mean  Sea  Level  (ΔMSL)  requires  the  establish-
ment of a common datum for the five tide gauges with 
respect to a reference ellipsoid (through GNSS position-
ing), as well as the modelling of long- term fluctuations 
affecting  measurements,  whether  of  instrumental  or 
geophysical  origin  (meteorological,  subsidence  of  the 
islands  Δh).  Nearly  all  atolls  and  islands  in  the  South 
Pacific are of volcanic origin and are subject to subsid-
ence during their lifetime, with vertical velocities rang-
ing from zero to a few mm/year (Fadil et al., 2011). This 
delicate  task has still  to be done. We nevertheless per-
formed preliminary separated adjustments of  the  rela-
tive  sea- level  trends  (ΔRSL)  for  each  station,  with  the 
following conclusions:T
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1.  In  Rangiroa,  there  is  an  apparent  upward  drift  of 
7.3 ± 0.3 mm  per  year,  for  the  period  2009– 2021,  but 
the time series presents a large interruption. This value 
is  large  compared  with  the  global  sea- level  rate  of 
change  derived  from  satellite  altimetry  (3.4 ± 0.4 mm 
from GFSC, 2021), but  there are perhaps  local  factors 

to  take  into  account,  like  a  local  subsidence  of  the 
tide  gauge;

2.  In Makemo, the sea level remains stable, but the RMS 
error m0 is very large. It is associated with large water 
level rises, up to 75 cm during the winter season, which 
seems  to  correspond  to  sea  swell  crises.  The  series 

F I G U R E  6  Nontidal variations shown at the same scale (500 mm full scale). From top to bottom: Rangiroa, Makemo, Vairao, Tubuai 
and Mangareva tide stations. The red arrows indicate an unusual fast sea- level rise at the beginning of 2014.
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T A B L E  6   Previous results found in the literature

Station

Papeete Rikitea

ΔRSLy (mm/year) Δh (mm/year) ΔRSLy (mm/year) Δh (mm/year)

Becker et al., 2012 34 years
2.9 ± 0.5

11.4 years
−0.4 ± 0.1

40 years
2.1 ± 0.4

Martinez- Asensio et al., 2019 1969– 2014
3.2 ± 0.4

2004– 2013
−1.9 ± 0.2

1968– 2015
1.7 ± 0.3

2000– 2016
−1.0 ± 0.4

Fadil et al., 2011 1998– 2009
−0.5 ± 0.1

ΔRSLy, Annual relative sea- level trend; Δh, Vertical motion rate from GPS observations.
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380 |   BARRIOT et al.

is  also  too  short  for  a  correct  determination  of  RSL 
variations;

3.  In  Vairao,  the  series  is  homogeneous  with  an  ap-
parent  upward  drift  of  3.8 ± 0.3 mm  per  year,  for  the 

period 2011– 2021. At  the Fare Ute Point  tide stations 
of  the  University  of  Hawaii,  situated  at  about  40 km 
from  Vairao  in  the  main  harbour  of  Papeete,  Becker 
et al. (2012) and Martinez- Asensio et al. (2019) report, 

F I G U R E  7  Locations of the tide 
gauges maintained by the University 
of Hawaii (UH) and the University of 
French Polynesia (UPF) in the island of 
Mangareva (Gambier archipelago). They 
are separated by less than 1 km. The first 
one (UH) is in a very calm fishpond, 
totally buffered from the lagoon, and the 
second one (UPF) is in the main harbour 
of the island, close to the boat terminal 
going to the airport.

F I G U R E  8  Residual signal in mm after subtraction of the tidal model at Mangareva/Rikitea for different sensors. Top: RADAR UH, 
middle: RADAR UPF, bottom; FLOAT sensor UH.
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   | 381BARRIOT et al.

respectively,  +2.9 ± 0.5 mm/year  and + 3.2 ± 0.4 mm/
year (Table 6). Δh values range between −0.4 mm/year 
and −1.9 mm/year.  These  results  are  compatible  with 
an absolute trend in sea level ΔMSL = 2.75 ± 1.46 mm/
year, between 1993 and 2019, estimated using observa-
tions from satellite altimeters (GFSC, 2021);

4.  In  Tubuai,  there  is  an  apparent  upward  drift  of 
4.9 ± 0.5 mm per year, for the period 2010– 2021, but the 
time series presents a large interruption;

5.  In  Mangareva,  the  2017  data  records  are  missing  in 
both  the  UPF  and  IOC  databases.  The  two  data  sec-
tions  (before  and  after  the  gap)  do  not  give  different 
RSL  values.  It  was  possible  to  determine  the  varia-
tion of the RSL between 2008/07 and 2021/04 by using 
the uninterrupted data of  the University of Hawaii at 
+2.0 ± 0.4 mm  per  year  with  the  RADAR.  Becker  et 
al. (2012) and Martinez- Asensio et al. (2019) report, re-
spectively, +2.1 ± 0.4 mm/year and +1.7 ± 0.3 mm/year. 
(Table 6). Δh value reported by Martinez- Asensio et al. 

is −1.0 ± 0.4 mm/year. The absolute  trend  in sea  level 
ΔMSL from 1993 to 2019 using observations from satel-
lite altimeters for this site is estimated at 2.76 ± 1.18 mm 
per year (GFSC, 2021).

In conclusion, there is a reasonable agreement between 
the sea- level rate of change determined with satellite al-
timetry and our result  in Vairao and  in Mangareva. Our 
values are larger in Tubuai and particularly in Rangiroa, 
but  these  datasets  are  less  reliable  as  they  present  large 
interruptions.
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APPENDIX A

A.1   |   Database for sea-  level 
monitoring
•  There  are  two  data  sources:  the  University  of  French 

Polynesia  and  ‘IOC,  Sea  Level  Monitoring  Facility’ 
(www.ioc- seale velmo nitor ing.org).  The  two  sources 
were treated separately until the final analysis.

•  There are two sensors: RADAR and pressure gauge. The 
measured values are different.

•  There are 3 levels of data processing (Figure A.1):

•  Level  1:  raw  data  converted  in  PRETERNA  format 
(Figure A.2)

(sampling rate 1 min or 2 min);
•  Level 2: data corrected using Tsoft in ETERNA format 

(Figure A.3)
(sampling rate 1 min or 2 min);
•  Level 3: data averaged to hourly values and analysis re-

sults (Figure A.4)

F I G U R E  A . 1 
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