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Chapter 13 Sea Level Change
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Arctic and Indian Oceans, but decrease in the North and Equatorial 
Atlantic and in the Pacific. In addition to wind changes, the project-
ed loss of summer sea ice extent in the Arctic Ocean is very likely to 
increase overall wave activity there (Manson and Solomon, 2007; 
Overeem et al., 2011).

Model intercomparisons are starting to identify common features of 
global wave projections but in general there is low confidence in wave 
model projections because of uncertainties regarding future wind 
states, particularly storm geography, the limited number of model sim-
ulations used in the ensemble averages, and the different methodolo-
gies used to downscale climate model results to regional scales (Hemer 
et al., 2012a). Despite these uncertainties, it appears likely (medium 
confidence) that enhanced westerly surface winds in the SH (discussed 
in Chapter 12) will lead to enhanced wave generation in that region by 
the end of the 21st century.

A number of dynamical wave projection studies have been carried out 
with a regional focus. For the Mediterranean Sea, Lionello et al. (2008; 
2010) projected a widespread shift of the wave height distribution to 
lower values by the mid-21st century under an SRES A1B scenario, 
implying a decrease in mean and extreme wave heights. Caires et al. 
(2008) and Debernard and Røed (2008) reported a decrease (4 to 6% 
of present values) in the annual 99th percentile SWH south of Iceland 
by the end of the 21st century, and an increase (6 to 8%) along the 
North Sea east coast (SRES A2, B2, A1B scenarios). Grabemann and 
Weisse (2008) found increases (up to 18% of present values) in annual 
99th percentile SWH in the North Sea by the end of the 21st century, 
with an increase in the frequency of extreme wave events over large 
areas of the southern and eastern North Sea (SRES A2, B2 scenarios). 
Charles et al. (2012) projected a general decrease in wave heights in 
the Bay of Biscay by the end of the 21st century (SRES A2, A1B, B1 
scenarios), accompanied by clockwise rotations in winter swell (attrib-
uted to a projected northward shift in North Atlantic storm tracks) and 
summer sea and intermediate waves (attributed to a projected slack-
ening of westerly winds). Along the Portuguese coast, Andrade et al. 
(2007) found little projected change in SWH and a tendency for a more 
northerly wave direction than present (SRES A2 scenario).

In the Pacific, multi-model projections by Graham et al. (2013) (SRES 
A2 scenario) indicate a decrease in boreal winter upper-quantile SWHs 
over the mid-latitude North Pacific by the end of the 21st century asso-
ciated with a projected decrease in wind speeds along the southern 
flank of the main westerlies. There is a less robust tendency for higher 
extreme waves at higher latitudes. On the southeastern Australian 
coast, Hemer et al. (2012b) used multi-model projections (SRES A2 and 
B1 scenarios) to identify a decrease in mean SWH (<0.2 m) by the end 
of the 21st century compared to present due to a projected decrease 
in regional storm wave energy, and a shift to a more southerly wave 
direction, consistent with a projected southward shift of the subtropi-
cal ridge in the forcing fields.

13.8 Synthesis and Key Uncertainties

There has been significant progress in our understanding of sea level 
change since the AR4. Paleo data now provide high confidence that 
sea levels were substantially higher when GHG concentrations were 
higher or surface temperatures were warmer than pre-industrial. The 
combination of paleo sea level data and long tide gauge records 
confirms that the rate of rise has increased from low rates of change 
during the late Holocene (order tenths of mm yr–1) to rates of almost 
2 mm yr–1 averaged over the 20th century, with a likely continuing 
acceleration during the 20th century (Figure 13.27). Since 1993, the 
sum of observed contributions to sea level rise is in good agreement 
with the observed rise. 

Understanding of the components that contribute to total sea level 
rise has improved significantly. For the 20th century, the range from 
an ensemble of such process-based models encompasses the observed 
rise when allowances are made for lack of inclusion of volcanic forcing 
in AOGCM control simulations, natural climate variability, and a pos-
sible small long-term ice-sheet contribution. Ice-sheet contributions to 
the 20th century sea level rise were small, however, and this agreement 
is thus not an evaluation of ice-sheet models. Nevertheless, there has 
been significant improvement in accounting for important physical 
processes in ice-sheet models, particularly of the dynamical response 
of individual glacier systems to warmer ocean waters in the immediate 
vicinity of the outlet glaciers. Although there are as yet no complete 
simulations of regional ocean temperature changes near ice sheets 
and of the ice-sheet response to realistic climate change forcing, the 
publications to date have allowed an assessment of the likely range of 
sea level rise for the 21st century (Figure 13.27). 

Figure 13.27 |  Compilation of paleo sea level data, tide gauge data, altimeter 
data (from Figure 13.3), and central estimates and likely ranges for projections of global 
mean sea level rise for RCP2.6 (blue) and RCP8.5 (red) scenarios (Section 13.5.1), all 
relative to pre-industrial values.

Red = RCP8.5
Blue = RCP2.6

Depending on the carbon 
emissions scenario, globally 
averaged sea level could rise 
by 0.4 to 1.2 m by 2100.
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• Stockholm - Glacial Isostatic Adjustment (GIA; 
sometimes called Post Glacial Rebound or PGR): 
Site near Stockholm shows large negative trend 
due to crustal uplift.

• Nezugaseki - Earthquakes: This sea level record 
from Japan, demonstrates an abrupt jump 
following the 1964 earthquake.

• Fort Phrachula/Bangkok - Ground water 
extraction: Due to increased groundwater 
extraction since about 1960, the crust has 
subsided causing a sea level rise.

• Manila - Sedimentation: Deposits from river 
discharge and reclamation work load the crust 
and cause a sea level rise.

• Honolulu - A 'typical' signal that is in the 'far field' 
of GIA and without strong tectonic signals evident 
on timescales comparable to the length of the 
tide gauge record.

(PSMSL, 2015)

5Gastvortrag RWTH Aachen, 5. Dezember 2019, Aachen, Deutschland
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20th Century Sea Level Record from Tide Gauges

• Observed global mean sea level 
(from tide gauges) between 
1900 and 2001

• Red dots are from Church et al. 
(2004). Blue dots are from 
Jevrejeva et al. (2006). 

6

ANRV399-MA02-06 ARI 13 November 2009 17:23

have not functioned continuously over time, therefore large data gaps are observed for a significant
number of them. Others have functioned only for a limited time span.

Another well-known difficulty arises from the fact that tide gauges measure sea level relative
to the ground, hence they also monitor crustal motions. In active tectonic and volcanic regions,
or in areas subject to strong ground subsidence due to other natural causes (e.g., sediment loading
in river deltas) or human activities (e.g., ground water pumping and oil/gas extraction), tide gauge
data are directly affected by the corresponding ground motions. Post glacial rebound (also called
glacial isostatic adjustment, or GIA) is another process that gives rise to vertical land movement.
Thus correction is needed to interpret tide gauge measurements in terms of absolute sea level
change. In recent years, precise positioning systems, i.e., the global positioning system (GPS),
have been installed at a few tide gauge sites to monitor land motions. But the equipped sites
remain few and the GPS records minimal (Woppelmann et al. 2007). Geodynamic models of GIA
have been developed (e.g., Peltier 2004, Paulson et al. 2007) so that tide gauge records can be
corrected for this effect.

Several studies have concentrated on estimating past century sea level rise from historical tide
gauges. Some authors conducted careful selection of the tide gauges, considering only those located
in stable continental regions and displaying nearly continuous measurements over several decades,
leading them to keep only a small number of good quality records of limited spatial coverage (e.g.,
Douglas 2001, Holgate & Woodworth 2004, Holgate 2007). Other studies considered larger sets
of tide gauges, up to several hundreds, and developed either regional grouping or reconstruction
methods (see section 2.4) to provide an historical sea level curve (e.g., Jevrejeva et al. 2006, Church
et al. 2004, Church & White 2006).

Figure 1 compares two estimates of the global mean sea level since 1900 (i.e., yearly averages
from Church et al. 2004 and Jevrejeva et al. 2006). We note that between 1900 and 1930 the rate
of rise was modest. Since then the rate increased and amounted to 1.8 ± 0.3 mm year−1 over the
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Figure 1
Observed global mean sea level (from tide gauges) between 1900 and 2001. Red dots are from Church et al.
(2004). Blue dots are from Jevrejeva et al. (2006).
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Why monitor Vertical Land Motions at Tide Gauges ?

7

• Tide gauges (TG) 
measure local sea 
level
• Vertical land motions 
(VLM) are determined 
from CGPS and AG at 
or close to the tide 
gauge
• The change in sea 
level de-coupled from 
VLM can be inferredTide Gauge

Measurement

Vertical
Land

Motions
(VLM)

Change in
Sea Level
Decoupled
From VLM
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Altamimi et al. (2016)

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013098

Figure 1. ITRF2014 network highlighting VLBI, SLR, and DORIS sites colocated with GNSS.

The submitted solutions cover the entire observation history of each one of the four techniques. The VLBI
contribution involves 5789 session-wise solutions [Bachmann et al., 2015], [Nothnagel et al., 2015]; 407 sessions
involving only two stations were discarded from the ITRF2014 processing since they were not designed for
the TRF determination. The majority (86%) of the VLBI sessions includes a small number of stations, ranging
between 3 and 9. Three hundred ninety-one sessions involve 10–19 stations, eight sessions with 20 stations,
while two sessions exceptionally include 21 and 32 stations.

The ILRS solution comprises 244 fortnightly solutions, with polar motion and length of day (LOD) estimated
every 3 days for the period 1983.0–1993.0, using LAGEOS I satellite data, and 1147 weekly solutions with
daily polar motion and LOD estimates afterward, using data acquired on LAGEOS I and II and ETALON I and II
satellites [Luceri and Pavlis, 2016].

The IGS-submitted time series comprise 7714 daily solutions, resulting from the second reprocessed
campaign, and cover the time period 1994.0–2015.1 [Rebischung et al., 2016]. Two IGS analysis centers have
used available and exploitable GLObal NAvigation Satellite System (GLONASS) data in addition to GPS, namely,
the Center for Orbit Determination in Europe (CODE) and the European Space Operations Center (ESOC). The
starting dates of GLONASS observations are 2002 for CODE and 2009 for ESA when the constellation became
almost complete [Rebischung et al., 2016].

The DORIS contribution is a combined time series involving six ACs, using data from all available satellites
with an onboard DORIS receiver, and comprises 1140 weekly solutions, spanning the period 1993.0–2015.0
[Moreaux et al., 2016].

Figure 1 illustrates the full ITRF2014 network, comprising 1499 stations located in 975 sites, where about 10%
of them are colocated with two, three, or four distinct space geodetic instruments.

2.2. ITRF2014 Local Ties in Colocation Sites
The ITRF combination fundamentally depends on the availability of colocation sites where (1) two or more
geodetic instruments of different techniques are operated and (2) local surveys between instrument measur-
ing points are available. Local surveys are usually conducted using terrestrial measurements (direction angles,
distances, and spirit leveling) or the GPS technique. Least squares adjustments of local surveys are performed
by national agencies operating ITRF colocation sites to provide differential coordinates (local ties) connecting
the instrument reference points.

In addition to the local ties used in the ITRF2008 computation, a certain number of local ties used here are
new, resulting either from new colocation sites or from new surveys. Thirty-six new surveys were conducted
since the release of ITRF2008, and their determined local tie Solution Independent Exchange (SINEX) files,

ALTAMIMI ET AL. ITRF2014 6111

ITRF2014
1499 Stations
975 Sites
10% co-location Sites
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§ None of space geodetic techniques is able to

provide all the parameters necessary to completely

define a TRF 
• VLBI strength(orientation), SLR strength(geocentre) , GPS strength ( 

crustal movements)

§ To define an accurate ITRF (Source GGOS 2020):

< 1 mm reference frame accuracy 

< 0.1 mm/yr stability

§ Measurement of sea level is the primary driver improvement 
over current ITRF performance by a factor of 10-20.

• The co-location of different and complementary instruments  
is crucial for several reasons:

• Without co-location sites and highly accurate local tie information, 
it is impossible to establish a unique and common global 
reference frame  (TRF) for all major space geodetic  techniques
to answer  key geophysics science questions.

9
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Co-location of Geodetic Techniques

Copyright © National Academy of Sciences. All rights reserved.

Precise Geodetic Infrastructure: National Requirements for a Shared Resource
http://www.nap.edu/catalog/12954.html

94 PRECISE GEODETIC INFRASTRUCTURE

Current Status and Future Requirements of Co-location Sites

At the writing of this report (2010), there are 62 geodetic sites with two techniques, 15 sites 
with three techniques, and only two sites with all four techniques (see Figure 5.2).1 One of the two 
sites with four techniques, the site in Greenbelt, Maryland, includes an old VLBI mobile antenna 
with very poor performance. Among the 62 two-technique sites, 22 are GNSS/GPS-DORIS co-
locations, and DORIS is the third technique in nine of the sites with three techniques. There are 
only seven sites where VLBI and SLR are co-located, resulting in a very weak connection between 
these two techniques. In the ITRF construction, GNSS/GPS is now playing a major role connecting 
both techniques, as all SLR and VLBI sites are co-located with a permanent GNSS/GPS station 
(Altamimi and Collilieux, 2009). The drawback of this situation is that if there is any GNSS/GPS-
related bias, the ITRF-defining parameters would be contaminated (mainly the origin and the 
scale, as they are determined by SLR and VLBI). One of the major GNSS/GPS weaknesses is the 
existence of apparent station position discontinuities (which may be up to 5 centimeters in some 
cases) due to equipment changes (such as changes in the antenna, receiver, or radome) that affect 
more than 50 percent of the IGS network. Because of these weaknesses and the uncertainties of 
currently available local ties, the accuracy of the local ties with GNSS/GPS is probably at the level 
of 4 millimeters in the best cases.2

1ITRF Product Center: http://itrf.ensg.ign.fr/.
2Based on the difference between local tie measurements and geodesy estimates, assessed via the Weighted Root Mean 

Scatter of the tie residuals as results from the ITRF combination (Altamimi et al., 2002, 2007).

4 Techniques2 Techniques 3 Techniques

Current co-location Sites (2009)

FIGURE 5.2 The current distribution of co-location sites. Only two sites currently have all four geodetic 
techniques contributing to the ITRF co-located. SOURCE: ITRF Product Center, http://itrf.ensg.ign.fr/.
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Hartebeesthoek Radio Astronomy Observatory (HartRAO) HartRAO, NRF

Hartebeesthoek Radio Astronomy Observatory (HartRAO)

Ludwig Combrinck, Michael Gaylard, Jonathan Quick, Marisa Nickola

Abstract

HartRAO is the only fiducial geodetic site in Africa, and it participates in VLBI, GNSS, SLR, and
DORIS global networks, among others. This report provides an overview of steps taken during 2009
towards the repair of the 26-m radio telescope and the conversion of the 15-m Karoo Array Telescope
(KAT) prototype to a radio telescope capable of performing geodetic VLBI tasks.

1. Geodetic VLBI at HartRAO

Hartebeesthoek is located 65 kilometers northwest of Johannesburg, just inside the provincial
boundary of Gauteng, South Africa. The nearest town, Krugersdorp, is 32 km distant. The
telescope is situated in an isolated valley which a�ords protection from terrestrial radio frequency
interference. HartRAO uses a 26-meter equatorially mounted Cassegrain radio telescope built by
Blaw Knox in 1961. The telescope was part of the NASA deep space tracking network until 1974
when the facility was converted to an astronomical observatory. The telescope is co-located with
an ILRS SLR station (MOBLAS-6), an IGS GNSS station (HRAO), and an IDS DORIS station
(HBMB) at the adjoining Satellite Application Centre (SAC) site.

Figure 1. HartRAO fiducial site: space geodetic techniques of VLBI, GNSS, and SLR. (Credit: M. Gaylard)

74 IVS 2009 Annual Report

Hartebeesthoek, South Africa

Altamimi et al. (2011)
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UK South Atlantic Tide Gauge Network

• Established since 1985
• British Overseas Territories (BOTs) and 

Antarctica
• Affords long sea level records from an 

under-sampled region
• Used for:

• Monitoring ACC variability
• ‘Ground truthing’ satellite altimetry
• Understanding climate variability on various 

timescales incl. longer term changes
• Design and testing of tide gauge (TG) 

equipment for remote and hostile locations

GNSS

Gastvortrag RWTH Aachen, 5. Dezember 2019, Aachen, Deutschland
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Overview

• UK South Atlantic Tide Gauge 
Network
• GNSS Installations
• Benchmark Network
• Results

• GNSS Height Time Series
• Sea Level Observations

• Conclusions
Tide board installation at 
King Edward Point (KEP) 
Research Station, South 
Georgia Island in 2014.
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KEP Tide Gauge History 
• Early tide gauge 

data 1957-1959
• New tide gauge 

since 2008
• Right hand 

shows the 
recent TG data 
at the IOC Sea 
Level Station 
Monitoring 
Facility 
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Tectonic Plates and Continuous GNSS Stations

16

• Location of South Georgia (SG) 
Island and tectonic plates in the 
South Atlantic Ocean

• Transforms/fracture zones 
(green), ridges (red) and 
trenches (blue)

• continuous GNSS stations (red 
and yellow circles)

• King Edward Point (KEP)
• NSRT: North Scotia Ridge 

Transform, NGR: Northeast 
Georgia Rise, SN: the South 
Sandwich plate

NSRT NGR

Gastvortrag RWTH Aachen, 5. Dezember 2019, Aachen, Deutschland



South Georgia GNSS Network 
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The continuous GNSS Stations KEPA and KRSA

GNSS antenna and mast with unobstructed sky view 
on top of Brown Mt. Solar power system, enclosures 
with batteries and electronics, structural frame, radio 
antenna and weather station in 30m distance to mast.

Antenna location on bedrock. 

18

GNSS antenna and mast with obstructed sky due 
to Mt. Duse. Mains power and communications to 
KEP radio room in 120 m distance. Many problems 
since early 2017 with not all data having been 
recoverable. Antenna location on concrete 
monument in gravel beds.

KEPA KRSA

Gastvortrag RWTH Aachen, 5. Dezember 2019, Aachen, Deutschland



Other GNSS Installations
• Consortium of the 

University of Texas at 
Austin and Memphis 
University

• NSF Project
• Installed 3 stations in 

late 2014
• At periphery of main 

island

SOG1

SOG2

SOG3
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Geodesy
and 

Geospatial 
Engineering

Geodesy
and 

Geospatial 
Engineering Overview King Edward Point Research Station

KRSA

KEPA
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Benchmark Networks
• Two Benchmark 

networks were 

established: on 

Brown Mountain 

and at KEP

• At KEP to provide 

geodetic reference 

for the tide gauge 

and tie it to the 

GNSS station KRSA

• On Brown Mt. 

enable a tie if 

monument of KEPA 

gets destroyed by 

severe weather

KEP Benchmark Network

Gastvortrag RWTH Aachen, 5. Dezember 2019, Aachen, Deutschland
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Engineering Benchmark Network - Brown Mountain
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Previous 
GNSS Results 
(<2017)

• Based on global 
Bernese GNSS 
Software DD 
solution (IGS 
Repro 2 
Standards)

• Indicate general 
uplift of SG

• As expected, 
some vertical 
rate changes due 
to time series 
length

complete vertical time series trimmed vertical time series

Gastvortrag RWTH Aachen, 5. Dezember 2019, Aachen, Deutschland



Updated GPS Solution

PRIDE Software 
• Developed and maintained 

by The PRIDE Lab at the 
GNSS Research Center of 
Wuhan University

• Open source software 
• Follows Precise Point 

Positioning (PPP) strategy 
with integer ambiguity 
resolution (AR)

• The implementation of the 
AR, needs external phase 
bias products derived from a 
global network solution

• Based on PRIDE Software and follow IGS repro2 strategy
• Elevation angle cut off: 3 degrees
• Weighting: Elevation-dependent data weighting
• A priori hydrostatic delay, Vienna Mapping functions
• Satellite orbit and clocks products by IGS
• Solid Earth tides, Ocean tides, pole tides, relativistic 

effects IERS Conventions 2003
• Estimated parameters

• Station coordinates
• Receiver clocks
• 2-hour zenith tropospheric delays
• 12-hour horizontal tropospheric gradients
• Integer phase ambiguities

Gastvortrag RWTH Aachen, 5. Dezember 2019, Aachen, Deutschland



What do the latest GNSS 
Results show?

Offsets:
Nov 13, 2013: M7.7 Scotia Sea EQ, 60.274°S 46.401°W
Aug 19, 2016: M7.4 South Georgia Island Region EQ, 55.285°S 31.877°W
May 27, 2018: Reference Frame Change ITRF2008 to ITRF2014

Gastvortrag RWTH Aachen, 5. Dezember 2019, Aachen, Deutschland



Is the rate difference due to the different 0me 
spans for KEPA and KRSA?
• Using Dual-CGPS Station Analysis 

(Teferle et al., 2002) investigate 
relative motion KEPA to KRSA
• The vertical rate difference from 

the “absolute” results is
-1.1 ± 1.3 mm/yr
• The vertical rate difference from 

the “relative” results is
-0.4 ± 0.4 mm/yr
• Judging by the 1-σ uncertainties the 

rate differences may indicate some 
relative vertical motion but they are 
statistically not significant 
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What do the Precise Levelling Results show?

• Starting from KEPGO-KEP-004 towards the tide gauge (TG) we have stability up to KEPGEO-KEP-002
• UKHO-HD-9798 and the tide gauge, tide board and KEPGEO-KEP-001 are subsiding
• Subsidence can be computed to be between 2.9 to 3.6 mm/yr

Distance [m] from Campaign 2013 Campaign 2014 Campaign 2017a Campaign 2017b
Benchmark KEPGO-KEP-004 Height [m] SD [m] Height [m] SD [m] Height [m] SD [m] Height [m] SD [m]

KEPGO-KEP-004 0 3,7600 3,7600 3,7600 3,7600
UKHO-ISTS-061 68 3,0757 0,0003 3,0749 0,0001 3,0753 0,0001 3,0753 0,0001
KEPGO-KEP-003 140 2,7704 0,0006 2,7676 0,0002
KEPGO-KEP-002 174 2,8145 0,0007 2,8124 0,0002 2,8126 0,0002 2,8128 0,0002
UKHO-HD-9798 205 1,3465 0,0010 1,3396 0,0003 1,3350 0,0003 1,3349 0,0003
KEPGO-KEP-001 235 1,3229 0,0012 1,3154 0,0003 1,3089 0,0003 1,3087 0,0003
Tide Board 235 1,1531 0,0003 1,1469 0,0003 1,1466 0,0003
TG 235 0,6560 0,0012 0,6469 0,0005
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What is the TG Subsidence Rate?

Height changes at TG from 2013 to early 
2017. Over the 4 years the tide gauge 
subsided by 1.4 cm, which indicates an 
average subsidence rate of 3.6 mm/yr.
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KEP Benchmark Survey
and local Assistants
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What do the Sea Level Time Series Show?
Satellite Altimetry
KEP Tide Gauge

KEP tide gauge and satellite 
altimetry mission ground tracks for 
TOPEX/POSEIDON/- JASON (red 
lines) and Sentinel-3 (green lines -
for future reference) 

Sea level data for King Edward Point from daily mean tide gauge records 
(black line) and 10-day average satellite altimeter data (red line). Several 
data gaps in the tide gauge record are visible. The satellite altimeter data 
was provided by Brian Beckley and Xu Yang of NASA and was derived 
from the NASA MEaSUREs v4.2 data set of merged TOPEX/JASON/OSTM 
altimetry. No inverted barometer (IB) and dynamic atmospheric 
correction (DAC) combined correction were applied to the data. 
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A closer look at Sea 
Level ?
• Rate difference in the 

sea level records of
5.8 ± 1.7 mm/yr (2008-
2018)
• SL fall indicated by the 

TG would be in line 
with land uplift, but 
what about 
subsidence at TG?
• Local TG subsidence 

needs a larger regional 
uplift than indicated
• More investigations 

are needed 
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What about the RRS Sir David Attenborough ?

• New Royal Research Ship 
(RRS) owned by UK Natural 
Environment Research 
Council (NERC)
• Substantially larger vessel 

than the RRS James Clark 
Ross and RRS Ernest 
Shackleton which currently 
serve KEP
• Vessel requires a new KEP 

jetty
• New KEP tide gauge will be 

installed
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Conclusions
• We have updated the GNSS results since 2018
• The picture of uplift over South Georgia Island 

of 2-3 mm/yr continues while local subsidence 
of ~3 mm/yr at the tide gauge is indicated

• 2008-2018 altimeter and TG sea level rates 
differ substantially and cannot be explained by 
observed uplift/subsidence processes

• No new levelling information is available for 
2018 or 2019, but

• in the Austral Summer 2019/2020 works on a 
new jetty will start and a new tide gauge will be 
installed

• This highlights once more the importance of the 
levelling information connecting the tide gauge 
and the GNSS station and new campaigns will be 
necessary in the future 

Gastvortrag RWTH Aachen, 5. Dezember 2019, Aachen, Deutschland



Recent Activities on Tristan da Cunha Island: 
Geodetic Installations, Local Tie Measurements 

and their Analysis
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Overview

• Background
• Objectives
• GNSS Installation
• Tide Gauge Installations
• Benchmark Network

• Existing Benchmarks
• New and GNSS Benchmarks

• Tie Measurements – Site survey
• Results
• Conclusions and Outlook
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Tristan da Cunha Island

• Main island of the Tristan da 
Cunha archipelago
• 4 islands (3+1)
• Gough Island – 400 km south 

- IGS station 
(decommissioned) 

• Near circular volcanic island 
with ~12 km diameter
• Volcano with highest point 

at ~2000 m
• Last eruption 1961
• ~260 Inhabitants
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Tristan da Cunha - Logistics

Daily Mail (2014)

• No flight option
• 5-day ship journey from Cape Town
• Extreme weather conditions with 

rough seas - landing is only possible 
on average on 60 days a year
• Little geospatial information, only 

satellite imagery
• International scientific interest 

(CTBTO, British Geological Survey, 
IGN/CNES and NOC-UL)
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Objectives
• Establish a scientific, state-of-the-art GNSS station 

to measure vertical land movements for sea level 
studies (IGS TIGA WG and GGOS Theme 3 missions)
• Naturally GNSS enables a range of other scientific 

applications
• Establish two tide gauges to test which performs 

better in the remote location and hostile conditions: 
wave action
• Perform a site survey to reference
• Tide gauges with respect to existing and new benchmarks
• New GNSS Station TCTA (DOMES 30604M004) to current 

DORIS Station TRJB (DOMES 30604S003)
Orthophoto Drone Survey
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GNSS Installation
• First attempt in 2016
• Success in 2017
• Trimble NetR9 and Trimble 

TRM59900.00 + SCIS radome
(TCTA DOMES 30604M004)
• Antenna absolute calibration 

by Geo++ (GPS+GLONASS)
• Uses concrete pillar of 

decommissioned DORIS 
station TRIB
• RCV in enclosure with power 

and DSL Modem connected 
to comms box inside radio 
hut – LAN ready
• No data link at the moment ! 

DORIS BM 
Station TRIB 
(DOMES 
30604M001)
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Tide Gauge Installations
• OTT Radar gauge + OTT pressure 

gauge with sensors at roughly full 
tide and half tide levels

• Data logger, power system and 
communication module in nearby 
boat shed

Comms & Power System

Data Logger Module

Site developed and maintained by VLIZ for UNESCO/IOC disclaimer | contact

SEA LEVEL STATION MONITORING FACILITY

Intro Map Station lists Station details Services & FAQ GLOSS Catalog

[previous station] Station Tristan da Cunha  at GMT [next station]

[more details] [GTS message] [show data] [show on map] [monitor]

Station metadata
Code tdcu
Country UK
Location Tristan da Cunha
Status Down

Local Contact
National Oceanography
Centre ( UK )

GLOSS ID 266   [goto handbook]

QC data UHSLC 722 (2011-2013)
PSMSL 2164 (1996-2012)

Latitude -37.05
Longitude -12.3
Connection GTS message
GTS message
type SXXX32

Sensor 1

Type of sensor rad (radar)

Sampling rate
(min)

1

Sensor 2

Type of sensor pr1 (1st pressure)

Sampling rate
(min)

1

Sensor 3

Type of sensor pr2 (2nd pressure)

Sampling rate
(min)

1

Period Signals Data

2017-11-21

12h
day
7 days
30 days

rad

pr1

pr2

Remove outliers

Remove spikes

Relative levels= signal - average over selected period
Absolute levels= as received
Offset signals= relative signals + offset

Tip:use left icons to zoom & scroll

SEA LEVEL STATION MONITORING FACILITY http://www.ioc-sealevelmonitoring.org/station.php?code=tdcu

1 of 1 09/07/2019, 12:20

http://www.ioc-sealevelmonitoring.org/station.php?code=tdcu
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Benchmark Network

USGS

GLOSS Ball Mark

NOC Ball Mark

Tide Gauge Benchmarks

3D Model Bentley Context Capture
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Benchmark Network

USGS

GLOSS Ball Mark

NOC

Tide Gauge Benchmarks

3D Model Bentley Context Capture
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Benchmark Network

USGS

GLOSS Ball Mark

NOC Ball Mark

TRJB – DORIS BM 2

TRIB DORIS BM

DORIS Benchmarks at TRJB and TRIB
Tide Gauge Benchmarks

3D Model Bentley Context Capture
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Benchmark Network

USGS

GLOSS

NOC

TRJB DORIS BM 2

TRIB DORIS BM

DORIS Benchmarks at TRJB and TRIB
Tide Gauge Benchmarks

3D Model Bentley Context Capture
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Benchmark Network

USGS

GLOSS Ball Mark

NOC Ball Mark

TRJB

TRIB

DORIS Benchmarks at TRJB and TRIB
Tide Gauge Benchmarks

GNSS/new Benchmarks

1002

1003

1006
1005

TCTA

1001

1080
1060

3D Model Bentley Context Capture
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Site Survey
• Data Sets

• 3 x 24 hours of GNSS observations at TCTA and 1003 (DoY 279-
281, 2017)
• To provide absolute position of TCTA and azimuth TCTA-1003

• 1 x 1 hour of GNSS observations at 1002, 1003, 1004, 1005 and 
1006
• To provide approximate coordinates
• Tripods remained in place for site survey (except at 1005)

• Survey using Leica Total Station TS30
• 3 full rounds of horizontal directions, vertical angles and slope 

distances
• Precise levelling using Leica DNA03 and 3m Invar staff/3m 

telescopic staff
• Differences between forward and backward runs <0.2mm
• Bias between staffs when mixing of upright and inverted staff 

position
• Drone photogrammetry and terrestrial laser scan for 

documentation purposes 

Mast or DORIS Antenna

Total Station

Top
View
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and 
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Engineering Precise Levelling – Mixing of upright/inverted Staff

SFSSBS
⇒SBS = SFS cBS = cFS

Δh

Δh = (BS + cBS) - (FS + cFS) = BS - FS

αcBS
BS

cFSα
FS

SFSSBS
⇒SBS = SFS cBS = cFS

Δh

Δh = - (BS + cBS) - (FS + cFS) = - BS - FS - cBS – cFS

α
cBS
BS cFSα

FS
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α...collimation error

=2c

The same holds for a bias due to a levelling staff offset!



Precise Levelling
• Mix of staffs

• Normal levelling runs with 3m Invar staff –
high accuracy

• Sections to GNSS antenna, DORIS station and 
radar gauge with 3 m telescopic staff – lower 
accuracy

• Laboratory tests show bias between staffs 
when mixing upright and inverted position

• As a consequence, when using the telescopic 
staff, the height difference observed is too 
small, 2,15 ± 0,04 mm

y = 0.0144x + 2.2697
R² = 0.8581

y = -0.0043x + 2.1987
R² = 0.9146

2

2.1

2.2

2.3

2.4

2.5

2.6

2.7

0 5 10 15 20 25

Bias between Invar and telescopic staff @20℃ for 
given distances of 3.25, 13 and 20 m 

Collimation error corrected

Collimation error not corrected

Di
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m
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Sight Distance [m]
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Pre-processing and Least Squares Adjustment
Observation Pre-processing:
• GNSS 3-day solution of 

TCTA and 1003 (Azimuth) 
using Bernese GNSS 
Software v5.2

• GNSS 1-hour solutions of 
baselines TCTA to 1002, 
1003, 1005 and 1006 using 
Leica GeoOffice v8.2

• Terrestrial survey data were 
pre-processed in rmGeo
• Adjusted rounds of angles 

and slope distances
• Averaged height differences

• Least Squares Adjustment 
using GeoLab 2017 
V2017.2.6

-----------------------------------------------------------------------------
|             PARAMETERS               |             OBSERVATIONS             |
|-----------------------------------------------------------------------------|
|   Description    |      Number       |   Description     |      Number      |
|-----------------------------------------------------------------------------|
| No. of Stations  |          32       | Directions        |          34      |
| Coord Parameters |          70       | Distances         |          21      |
| Free Latitudes   |          19       | Azimuths          |           0      |
| Free Longitudes  |          19       | Vertical Angles   |           0      |
| Free Heights     |          32       | Zenithal Angles   |          21      |
| Fixed Coordinates|          26       | Angles            |           0      |
| Astro. Latitudes |           0       | Heights           |           0      |
| Astro. Longitudes|           0       | Height Differences|          53      |
| Geoid Records    |           0       | Auxiliary Params. |           0      |
| All Aux. Pars.   |           6       | 2-D Coords.       |           0      |
| Direction Pars.  |           6       | 2-D Coord. Diffs. |          14      |
| Scale Parameters |           0       | 3-D Coords.       |           6      |
| Constant Pars.   |           0       | 3-D Coord. Diffs. |          15      |
| Rotation Pars.   |           0       |                   |                  |
| Translation Pars.|           0       |                   |                  |
|                  |                   |                   |                  |
|                  |    -------- |                   |    -------- |
| Total Parameters |          76       | Total Observations|         164      |
|-----------------------------------------------------------------------------|
|                      Degrees of Freedom =        88                         |
-----------------------------------------------------------------------------
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Local Geodetic Datum Implementation

*COORDINATE SOLUTION OF TCTA_ARP (IGS14/ITRF2014 EPOCH 2017:279)  
*BERNESE GNSS SOFTWARE V5.2 PPP OVER 3 DAYS (DOYS 279-281)
3DC
XYZ  000 TCTA_ARP           4978463.5247      -1086616.9773    -3823205.2619   m  0
COV  CT DIAG                     1                                                        
ELEM                0.000001                0.000001                0.000001 

*AZIMUTH DERIVED FROM TCTA_ARP AND 1003 (IGS14/ITRF2014 EPOCH 2017:279)
*BERNESE GNSS SOFTWARE V5.2 PPP OVER 3 DAYS (DOYS 279-281)
3DD
PLH  000 TCTA_ARP     S 37  3 55.000588 W 12 18 44.943277      47.9919 m       0
PLH  000 1003_ARP     S 37  3 53.498850 W 12 18 44.188425      42.5524 m       0
COV  LG DIAG         
ELEM                0.000001                0.000001                    0.01 

Average
Coordinates
for TCTA

Azimuth
TCTA to 1003 
over 3 days

• Cartesian coordinates from TCTA and azimuth TCTA - 1003
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DORIS TRJB Coordinate Observation
DPOD2014 V1.0 @Epoch 2017 Doy 279

* PLH  000 TRJB         S 37  3 54.411577 W 12 18 44.639851      46.9286 m       0
GRP  DORIS TRJB DPOD2014 V1.0 @EPOCH 2017.76164
3DC
XYZ  000 TRJB              4978474.98663     -1086611.80654     -3823190.13201 m  0
COV  CT DIAG                     1   
ELEM                  0.0001                  0.0001                  0.0001 

TRIA
TRIB

TRJB

www.ids-doris.org
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Centering Equations

• Various centering equations were introduced into the adjustment, 
e.g. at TCTA and TRJB

*TCTA_ARP AND CENTER OF MAST (1035) ARE VERTICALLY ALIGNED
2DD
PL   00  TCTA_ARP     S 37  3 55.000588 W 12 18 44.943277      
PL   00  1035         S 37  3 55.000588 W 12 18 44.943277
COV  LG DIAG           
ELEM                0.000001                0.000001     

*TCTA_ARP AND 1030 (TRIB DORIS BM) ARE NOT FULLY VERTICALLY ALIGNED 
2DD
PL   00  TCTA_ARP     S 37  3 55.000588 W 12 18 44.943277                 
PL   00  1030         S 37  3 55.000300 W 12 18 44.943076
COV  LG DIAG
ELEM               0.0000250               0.0000250                         
* PL   00  1030         S 37  3 55.000588 W 12 18 44.943277                
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Statistics Summary
Stochastic model:
• Errors from pre-

processing where 
introduced a priori

• Variance factors of 
observation groups were 
equal at the beginning 
and updated accordingly:

• GNSS vectors

• DORIS coordinates

• Height differences

• Horizontal directions

• Vertical Angles

• Slope distances

• GeoLab 2017 uses theory 
for blunder detection as 
in Ghilani (2010)

-----------------------------------------------------------------------------
|                                     |                                       |
|     Residual Critical Value Type    |                Tau Max                |
|     Internal reliability            |                     No                |
|     External reliability type       |                   None                |
|     Reliability significance level  |                    1.0                |
|     Reliability power of test       |                     80                |
|     Residual Critical Value         |                 3.6666                |
|     Number of Flagged Residuals     |                      0                |
|     Convergence Criterion           |                 0.0001                |
|     Final Iteration Counter Value   |                      3                |
|     Confidence Level Used           |                95.0000                |
|     Estimated Variance Factor       |                 0.9036                |
|     Number of Degrees of Freedom    |                     88                |
|                                     |                                       |
-----------------------------------------------------------------------------

|                                                                             |
|                  Chi-Square Test on the Variance Factor:                    |
|                                                                             |
|                   6.8646e-01  <  1.0000  <  1.2437e+00  ?                   |
|                                                                             |
|                              THE TEST PASSES                                |
|                                                                             |
-----------------------------------------------------------------------------
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Network Solution

Scales:
Network 1:1000
95% Error Ellipses 1:1
95% Up Error 1:1

Scales:
Network 1:230
95% Error Ellipses 1:1
95% Up Error 1:1
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Extracted Main Coordinate Results
(Co-location GNSS – DORIS)

X-COORDINATE       Y-COORDINATE       Z-COORDINATE
CODE FFF STATION                 STD DEV            STD DEV            STD DEV
---- --- ------------ ------------------ ------------------ ------------------
XYZ      TCTA_ARP           4978463.5247      -1086616.9773      -3823205.2619 m       0

0.0009             0.0009             0.0009
XYZ      TRIB               4978462.2906      -1086616.7026      -3823204.2916 m       0

0.0038             0.0049             0.0045
XYZ      TRJB               4978474.9572      -1086611.8044      -3823190.1433 m       0

0.0020             0.0019             0.0020
XYZ      TRJB2GHZ           4978475.3368      -1086611.8873      -3823190.4369 m       0

0.0020             0.0021             0.0022

XYZ      1030 (DORIS BM)    4978461.9077      -1086616.6190      -3823203.9956 m       0
0.0022             0.0013             0.0023

XYZ      1010 (DORIS BM2)   4978472.2984      -1086611.2241      -3823188.0878 m       0
0.0018             0.0016             0.0018

Using these we can cross-evaluate vector results from this study 
with the previous ones, Poyard (2012). 
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DORIS TRIB-TRJB Vector Cross-Evaluation

Benchmark
Vector dX dY dZ dX dY dZ dX dY dZ 3D RMS
DORIS BM - DORIS BM 2 10,3904 5,3951 15,9064 10,3907 5,3949 15,9077 -0,0003 0,0002 -0,0013 0,0013

0,0027 0,0031 0,0030 0,0018 0,0021 0,0029
DORIS BM - TRJB 13,0470 4,8182 13,8525 13,0495 4,8146 13,8522 -0,0025 0,0036 0,0003 0,0044

0,0029 0,0031 0,0031 0,0030 0,0023 0,0030
DORIS BM 2 - TRIB -10,0074 -5,4787 -16,2025 -10,0078 -5,4784 -16,2038 0,0004 -0,0003 0,0013 0,0014

0,0024 0,0028 0,0027 0,0042 0,0052 0,0048
TRIB - TRJB 12,6647 4,9018 14,1486 12,6666 4,8981 14,1483 -0,0019 0,0037 0,0003 0,0042

0,0027 0,0028 0,0028 0,0043 0,0053 0,0049
All units are m.

Poyard 2012 This Study Difference

• Sub-mm to -1,3 mm agreement for DORIS BM – DORIS BM2 vector.  
• Overall 3D RMS ranges from 1,3 to 4,4 mm.
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Internal Vector Evaluation
• Several vectors can be evaluated for adhering to the given centering 

equations

• The solution suggests that
• TCTA – DORIS BM are not vertically aligned
• The handheld 1010RFL is not vertically aligned with DORIS BM 2.
• There is no 3 mm East offset for TRJB – DORIS BM 2 (Poyard, 2012)

Benchmark Vector dN dE dU
TCTA_ARP - 1030 (DORIS BM) 0,0122 0,0052 -2,0849
TCTA_ARP - 1035 (TCTA_BCR) 0,0000 0,0004 0,0350
TRJB - 1010 (DORIS BM 2) 0,0000 0,0000 -3,4104
TRJB - TRJB2GHz 0,0000 0,0000 0,4870
1010RFL - 1010 (DORIS BM 2) 0,0051 -0,0017 1,2999

All units are in m.
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Extracted Main Levelling Results
LATITUDE          LONGITUDE         ELIP-HEIGHT

CODE FFF STATION                        STD DEV           STD DEV      STD DEV
---- --- -------------------- ----------------- ----------------- ------------
PLH      TCTA_ARP             S 37  3 55.000588 W 12 18 44.943277      47.9920 m       0

0.0009            0.0009       0.0009
PLH      1001 (Rod Mark)      S 37  3 54.713534 W 12 18 44.921636      44.8213 m       0

0.0018            0.0012       0.0013
PLH      1010 (DORIS BM 2)    S 37  3 54.412446 W 12 18 44.640022      43.5017 m       0

0.0021            0.0017       0.0013
PLH      1030 (DORIS BM)      S 37  3 55.000193 W 12 18 44.943065      45.9071 m       0

0.0025            0.0012       0.0020
PLH      1040 (NOC Ball Mark) S 37  3 54.987178 W 12 18 45.068113      44.5356 m       0

0.0023            0.0014       0.0013
PLH  110 GLOSS (Ball Mark)    S 37  3 51.222914 W 12 18 46.192530      24.4629 m       0

0.0000            0.0000       0.0013
PLH  110 1060 (BM)            S 37  3 52.103319 W 12 18 47.577926      25.5697 m       0

0.0000            0.0000       0.0013
PLH  110 USGS                 S 37  3 51.958381 W 12 18 48.712091      25.4732 m       0

0.0000            0.0000       0.0013

Using these we can cross-evaluate height differences from this study with the 
previous ones, Poyard (2012). 
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Levelling Results – Cross-Evaluation
• Levelling results can be compared to two previous surveys in 2002 

and 2012 (Poyard, 2012) 
Benchmarks N# Difference

2002 Poyard 2012 This Study 2012-This Study
1030 (DORIS BM) 1
1001 (Rod Mark) 2 -1,0840 -1,0858 0,0018
1040 (NOC Ball Mark) 3 -0,2860 -0,2857 -0,0003
1010 (DORIS BM 2) 4 -1,0350 -1,0399 0,0049
1050 (GLOSS Ball Mark) 5 -19,0310 -19,0388 0,0078

Total 1-5 -21,4600 -21,4360 -21,4502 0,0142
Total 2-5 -20,3520 -20,3644 0,0124
Direct 2-5 (no DORIS BMs) -20,3515 -20,3584 0,0069
Direct 3-5 (no DORIS BMs) -20,0656 -20,0727 0,0071
All units are m.

Elevation Differences [m]
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Tide Gauge Benchmark Heights
LATITUDE          LONGITUDE         ELIP-HEIGHT

CODE FFF STATION                STD DEV           STD DEV           STD DEV
---- --- --------------------- ----------------- ----------------- ------------
PLH      1040 (NOC BALL MARK)   S 37  3 54.987178 W 12 18 45.068113      44.5356 m       0

0.0023            0.0014       0.0013
PLH  110 1050 (GLOSS BALL MARK) S 37  3 51.222914 W 12 18 46.192530      24.4629 m       0

0.0000            0.0000       0.0013
PLH  110 1060 (New TGBM)        S 37  3 52.103319 W 12 18 47.577926      25.5697 m       0

0.0000            0.0000       0.0013
PLH  110 1061 (PG TOP PLATE)    S 37  3 51.792237 W 12 18 47.593764      24.7625 m       0

0.0000            0.0000       0.0013
PLH  110 1062 (PG PLATE BOLT)   S 37  3 51.790781 W 12 18 47.601102      24.7811 m       0

0.0000            0.0000       0.0013
PLH  110 1063 (RG MAINTENANCE)  S 37  3 51.780521 W 12 18 47.592153      25.8099 m       0

0.0000            0.0000       0.0013
PLH  110 1064 (RG OPERATION)    S 37  3 51.756197 W 12 18 47.606775      25.8234 m       0

0.0000            0.0000       0.0014
PLH  110 1070 (USGS BM)         S 37  3 51.958381 W 12 18 48.712091      25.4732 m       0

0.0000            0.0000       0.0013
PLH  110 PG_Sensor_1            S 37  3 51.792237 W 12 18 47.593764      21.7280 m       0

0.0000            0.0000       0.0016
PLH  110 PG_Sensor_2            S 37  3 51.792237 W 12 18 47.593764      22.2845 m       0

0.0000            0.0000       0.0016
PLH  110 RG_Sensor S 37  3 51.756197 W 12 18 47.606775      25.5621 m       0

0.0000            0.0000       0.0017
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Conclusions
• The GNSS and tide gauge installations, the benchmark network and the site 

co-location survey on Tristan da Cunha have been presented
• The adjustment results have been cross-evaluated with the previous ones 

from Poyard (2012). This shows:
• 3D RMS agreements of 1.3 to 4.4 mm for various vectors
• Height differences between NOC BM – GLOSS BM of -20,0727 ± 0,0018 m, which 

differs by 7,1 mm from Poyard (2012).
• Cartesian coordinate vector TCTA_ARP – TRJB of dX= 11,4325 ± 0,0022 m

dY=   5,1729 ± 0,0021 m
dZ= 15,1186 ± 0,0022 m

• Height differences between the GNSS station and the new tide gauges have 
been determined at the few mm-level (not shown)
• For many GNSS@TG stations similar studies are missing / no levelling 

information is made available to the IGS TIGA Archive at www.sonel.org
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Outlook
• Installation of dedicated 

satellite communications

• Once routine data 

communication has been 

established - application for 

inclusion as IGS station

• Contributions to the ITRF

• Unfortunately: a move of the 

GNSS station might become 

necessary once a new radio 

hut has been erected 

TCTA 30604M004
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Thank you for your attention!

Geodesy and 
Geospatial 
Engineering
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