


IHR VOL. 32 · Nº 1 — MAY 2026 15https://doi.org/10.58440/ihr-32-1-a05

reference models exhibit more uniform spatial behav-
iour, but with consistently larger vertical offsets com-
pared to Site 1. The difference between DTU21 
and both EGM08 and VORF global is approximately 
35–40 cm, significantly exceeding the inter-model dif-
ferences observed in the Leeward Islands. Differences 
between VORF global and the MSS models at Site 2 
are comparable to those observed near Aruba, but 
slightly smaller than those near Curaçao.

Overall, the MSS comparison reveals a clear site 
contrast: Site 1 is dominated by nearshore and 
land-related artefacts, while Site 2 exhibits smoother 
spatial patterns but larger systematic offsets between 
global models.

4.2 Shore-based separation values
At Site 1, coastal Mean Sea Level-ellipsoidal separa-
tion values were calculated at five shore stations using 

static GNSS measurements processed with Trimble 
RTX, combined with a 30-day tide series corrected for 
barometric variation. These shore-based values offer 
a well-constrained local reference for validating ves-
sel-derived separation values in the Leeward Islands.

At Site 2, the ellipsoidal height of the Fort Bay tide 
gauge was established using ITRF to Saba Datum 
transformation parameters (Lesparre et al., 2023), 
with an approximate uncertainty of 10 cm due to lim-
ited benchmark availability. Therefore, shore-based 
validation at Site 2 relies on a single reference point, 
which has a higher associated uncertainty than those 
at Site 1.

4.3 Tide prediction and validation
At Site 1, the permanent tide gauge at Bullenbaai 
was validated by comparison with multiple temporary 
stations (ARUB, ANNA, WEST, BULL, and NEWP), 
providing confidence in the shore-based tidal refer-
ence used for separation analysis.

At Site 2, where predicted tides are required, com-
parison of measured and predicted tides at Fort Bay 
shows only minor differences between the DELTARES 
and FES2014 harmonic constituents, with the largest 
discrepancies occurring in long-period components. 
Despite limitations in resolving long-period variability, 
FES2014 exhibits slightly better agreement with ob-
served tidal records. Application of Glen’s Admiralty 
method (Glen, 1977) presented computational chal-
lenges, which were mitigated through a simplified 
polygon-based sampling approach applied to the 
vessel measurement locations.

These results indicate that tidal prediction consti-
tutes a more significant source of uncertainty at Site 2 
than at Site 1, where direct gauge-based validation is 
possible.

4.4 Uncertainty and data quality
The total vertical uncertainty of offshore separation 
measurements is estimated at 9.2 cm, including 
GNSS positioning accuracy, MRU performance, tidal 
zoning, and draught effects. This level of uncertainty 
aligns with hydrographic survey standards (NOAA, 
2021) and matches the performance of existing sep-
aration models (Abd Rahman & Md Din, 2020).

Data quality varied within Site 1, with MRU settling 
artefacts more prominent in the Curaçao dataset due 
to frequent vessel manoeuvres and variable survey 
speeds. Applying a 1-minute moving average filter ef-
fectively reduced noise and residual motion artefacts, 
enhancing the stability of the separation time series, 
while acknowledging a trade-off between noise sup-
pression and spatial resolution (Liibusk et al., 2022).

4.5 Regional and model-based variability
Comparison of vessel-derived separation values with 
shore-based references shows differences from 1 
to 14 cm before geophysical correction. After ac-
counting for Vertical Land Movement (Cadastral 
authority), Sea Level Rise (Maitland et al., 2024), and 

Fig. 7 Reference models Curaçao (Site 1).

Fig. 8 Reference models Aruba (Site 1).
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seasonal sea level variability (Maitland et al., 2024), 
residual differences decrease to 0–3 cm at ARUB, 
BULL, ANNA, and SABA, indicating strong agreement 
between vessel-based and shore-derived separation 
values at these locations. Higher residuals at WEST 
and NEWP remain, suggesting the presence of local 
systematic effects.

When vessel-derived offshore separation values 
are compared with global reference models, the 
closest agreement is observed with DTU21, while 
CNES2022 shows larger average differences, par-
ticularly near Curaçao. In all cases, the global models 
exhibit higher separation values than those derived 
from vessel-based observations. Differences be-
tween the epochs of MSS model development and 
the present study, especially regarding the assumed 
yearly Sea Level Rise, may contribute to these dis-
crepancies (Schaeffer et al., 2023; Andersen et al., 
2023). VORF global and EGM08 show significantly 
larger deviations from both vessel-based and shore-
based separation values, highlighting their limitations 
as vertical reference levels in the Dutch Caribbean.

5 Discussion and limitations
The results show that vessel-based GNSS posi-
tioning provides a reliable foundation for determining 
the Mean Sea Level (MSL)-ellipsoidal separation 

in the Dutch Caribbean, even in areas with limited 
geodetic infrastructure. The close agreement be-
tween vessel-derived and shore-based separation 
values, especially after adjustments for Vertical Land 
Movement (VLM), Sea Level Rise (SLR), and sea-
sonal variations, confirms the methodology's validity 
and supports its application in operational hydro-
graphic tasks.

A key outcome of this study is the strong site-de-
pendent contrast observed between the Leeward 
and Windward Islands. At Site 1 (Aruba and 
Curaçao), the availability of multiple shore-based tide 
gauges enabled rigorous validation of vessel-derived 
separation values. After geophysical corrections, re-
sidual differences were reduced to within a few cen-
timetres at most reference locations, demonstrating 
that vessel-based GNSS can reproduce coastal 
MSL references with high internal consistency. The 
remaining higher residuals at specific stations (WEST 
and NEWP) suggest the presence of local systematic 
effects, potentially related to site-specific sensor con-
figuration, benchmark stability, or local hydrodynamic 
influences.

In contrast, Site 2 (Saba and Saba Bank) presents 
a more challenging operational environment, where 
validation depends on a single tide gauge reference 
with higher transformation uncertainty and where 
predicted tides are necessary. Despite these limita-
tions, the vessel-derived separation values at Site 2 
demonstrate comparable agreement with the avail-
able shore reference after correction, indicating that 
vessel-based GNSS remains a feasible approach 
even in data-scarce offshore settings. This finding is 
especially relevant for remote island regions where 
installing and maintaining conventional tide gauge net-
works is impractical.

The comparison with global reference surfaces fur-
ther emphasises the benefits of the vessel-based ap-
proach. Among the evaluated global models, DTU21 
aligns most closely with vessel-derived offshore sepa-
ration values across both study sites, while CNES2022 
shows larger deviations in nearshore zones, especially 
near Curaçao. The significant differences observed for 
VORF global and EGM08 highlight their limitations as 
vertical reference proxies in complex island environ-
ments. These discrepancies are consistent with the 
known sensitivity of global models to coastal altimetry 
artefacts and variations in model epoch, particularly 

Site ID BM height (m) TG MSL (m) Offset (m) Separation (m) Remarks

ARUB -23.416 0.525 1.729 -24.620

WEST -25.568 0.596 1.136 -26.108

BULL -23.262 0.840 1.660 -24.082

ANNA -22.512 0.373 1.196 -23.335

NEWP -20.345 0.979 3.559 -22.925

SABA -42.220 0.000 0.088 -42.308 Offset with Saba datum calculated using 
BESTRANS parameters

Table 2 Measured MSL-ellipsoidal separation values.

Fig. 9 Reference models Saba and Saba Bank (Site 2).
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Dataset ARUB WEST BULL ANNA NEWP SABA

Aruba (vessel) (m) 0.040 - - - - -

ΔCuracao (vessel) (m) - 0.139 0.026 0.061 - 0.120

ΔSababank (vessel) - - - - - 0.012

VLM/year (m) 0.0007 0.0006 0.0006 0.0006 0.0006 0.0017

SLR/year (m) 0.00615 0.00615 0.00615 0.00615 0.00615 0.00615

ΔTime (year) 4 4 4 4 4 4

Seasonal effect (m) 0.02 0.00 0.00 0.00 0.02 0.01

Cumulative change (m) 0.0474 0.0270 0.0270 0.0270 0.0270 0.010

Residual difference (m) -0.0074 0.112 -0.001 0.034 0.093 0.002

Table 5 Achieved residuals of vessel-derived separation values compared to shore sites. The colored markings indicate the presence of a systematic error.

Fig. 11 Comparison of tidal measurements on Aruba and Curaçao (Site 1). Fig. 12 FES2014 Sampling polygons Site 2.

Comparison Average difference (m) Standard deviation (m)

Gauge – DELTARES -0.011 0.031

Gauge – FES2014 -0.004 0.024

FES2014 – DELTARES  0.007 0.021

Table 3 Comparison of predicted and measured tide at SABA (Site 2).

Dataset Number of data points Survey standard (m) A-priori SD (m) A-posteriori SD (m)

Aruba (vessel) 309,905 0.100 0.092 0.095

Curacao (vessel) 94,385 0.100 0.092 0.118

Sababank (vessel) 1,680,809 0.100 0.092 0.065

Dataset ΔDTU21 ΔCNES22 ΔVORF ΔEGM08

Aruba (vessel) (m) -0.010 -0.030 0.130 0.350

Curacao (vessel) (m) -0.050 -0.110 0.180 0.210

Sababank (vessel) (m) -0.031 -0.039 0.090 0.459

Table 4 Overview of a priori and a posteriori accuracy compared to the survey standard.

Table 6 Differences between vessel-derived separation values and global reference models.

Fig. 10 Comparison of tidal measurements on Curaçao (Site 1
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concerning assumed rates of Sea Level Rise.
Uncertainty analysis shows that the overall vertical 

uncertainty of about 9.2 cm matches that of current 
separation models and meets hydrographic survey 
standards. However, the results also highlight how 
vessel-based separation estimates depend on vessel 
dynamics and motion sensor performance. Increased 
noise and settling artefacts observed during 

manoeuvring, especially in the Curaçao dataset, em-
phasise the need for high-quality motion reference 
units and consistent survey speeds. While temporal 
filtering effectively reduces noise, it also lowers spatial 
resolution and cannot entirely counteract sensor limi-
tations in highly dynamic conditions.

Several limitations of the present study should be 
acknowledged. The reliance on real-time PPP solu-
tions limited access to raw GNSS observations for 
post-processing, which could otherwise enhance 
positioning accuracy and consistency. At Site 2, de-
pendence on predicted tides introduces additional 
uncertainty, especially in long-period tidal compo-
nents that are not fully captured by existing harmonic 
models. Moreover, the limited availability of long-term 
GNSS and tide gauge records restricts the ability to 
fully characterise local VLM and SLR trends, which 
are crucial for long-term vertical datum maintenance.

Despite these limitations, the findings demonstrate 
that vessel-based GNSS measurements offer a flex-
ible and scalable alternative to traditional tide gauge-
based vertical referencing. When combined with 
appropriate environmental corrections and uncer-
tainty assessment, this approach enables the gener-
ation of reliable MSL-ellipsoidal separation values in 
regions where conventional geodetic infrastructure is 
limited or absent. The results, therefore, support the 
establishment of a regional network of permanent tide 
gauges and GNSS stations in the Dutch Caribbean, 
which would further enhance separation accuracy, 
improve monitoring of VLM and SLR, and strengthen 
the link between marine and terrestrial reference 
frames.

Fig. 15 Measured separation values near Aruba (Site 1).

Fig. 13 Comparison of measured and predicted tide at SABA (Site 2).

Fig. 14 Noise reduction by 1-minute moving averaging.
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Fig. 17 Measured separation values near Saba and Saba Bank (Site 2).

Fig. 16 Measured separation values near Curaçao (Site 1).
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referencing in the Dutch Caribbean and highlight the 
importance of empirical, region-specific separation 
estimates.

The total vertical uncertainty of about 9.2 cm meets 
hydrographic survey standards and aligns with ex-
isting separation models. However, the analysis 
also shows sensitivity to vessel movement, sensor 
performance, and tidal modelling, especially during 
manoeuvres and in areas without permanent tide 
gauges. These issues highlight the need for high-
quality motion sensors, stable survey operations, and 
better access to post-processed GNSS data.

Overall, this contribution demonstrates that vessel 
based GNSS positioning provides a robust and op-
erationally viable approach for vertical referencing in 
coastal and island environments where traditional 
tide gauge networks are sparse or absent. To further 
improve accuracy and long-term consistency, estab-
lishing a permanent regional network of tide gauges 
and GNSS stations in the Dutch Caribbean is highly 
recommended. Such infrastructure would enhance 
monitoring of VLM and SLR, strengthen connections 
between marine and terrestrial reference frames, and 
support future hydrographic surveying, coastal devel-
opment, and climate change impact assessments.

By demonstrating the practical potential of vessel 
based GNSS for achieving consistent vertical con-
trol, this study contributes to improved coastal 
decision making and supports the development 
of informed sea level adaptation strategies in the 
Dutch Caribbean.

6 Conclusion
This study shows that vessel-based Global 
Navigation Satellite System (GNSS) positioning offers 
a practical and reliable method for determining the 
Mean Sea Level (MSL)-ellipsoidal separation in the 
Dutch Caribbean, even in areas with limited geodetic 
infrastructure. By combining legacy vessel-based 
PPP GNSS data with tidal observations, predicted 
tides, and satellite altimetry, the approach effectively 
connects offshore measurements with coastal ver-
tical reference systems.

The results indicate that vessel-derived separa-
tion values can match shore-based MSL references 
within a few centimetres after adjustments for Vertical 
Land Movement (VLM), Sea Level Rise (SLR), and 
seasonal variability. This agreement is strongest in 
the Leeward Islands (Aruba and Curaçao), where 
multiple shore-based tide gauges enable rigorous 
validation. At the Windward Islands (Saba and Saba 
Bank), where validation depends on predicted tides 
and a single tide gauge reference, the vessel-based 
method remains consistent within the achievable un-
certainty range, confirming its suitability in environ-
ments with limited data and operational challenges.

Comparison with global reference surfaces shows 
that DTU21 aligns most closely with vessel-derived 
offshore separation values across both study sites. 
Conversely, CNES2022 exhibits larger nearshore 
deviations, while VORF global and EGM08 display 
significant inconsistencies, especially in complex is-
land environments. These results underline the limi-
tations of relying solely on global models for vertical 

Hydrographic Surveying: clear advantages and hidden ob-

stacles [Conference presentation]. European Navigation 

Conference on GNSS 2014, Rotterdam, p. 11.

Liibusk, A., Varbla, S., Ellmann, A., Vahter, K., Uiboupin, R. and 

Delpeche-Ellmann, N. (2022). Shipborne GNSS acquisition 

of sea surface heights in the Baltic Sea. Journal of Geodetic 

Science, 12, 1–21. https://doi.org/10.1515/jogs-2022-0131 

Maitland, D. O., Taylor, M. A. and Stephenson, T. S. (2023). 

Investigation of Multi-Timescale Sea Level Variability near 

Jamaica in the Caribbean Using Satellite Altimetry Records. 

JMSE, 11, 1499. https://doi.org/10.3390/jmse11081499 

Schaeffer, P., Pujol, M.-I., Veillard, P., Faugere, Y., Dagneaux, Q., 

Dibarboure, G. and Picot, N. (2023). The CNES CLS 2022 Mean 

Sea Surface: Short Wavelength Improvements from CryoSat-2 

and SARAL/AltiKa High-Sampled Altimeter Data. Remote 

Sensing, 15, 2910. https://doi.org/10.3390/rs15112910 

Tegedor, J., Ørpen, O., Melgard, T., Lapucha, D. and Visser, H. 

(2017). G4 Multi-constellation Precise Point Positioning Service 

for High Accuracy Offshore Navigation. TransNav, 11, 425–429. 

https://doi.org/10.12716/1001.11.03.05

References
Abd Rahman, M. F. and Md Din, A. H. (2020). The Development 

of Continuous Hydrographic Datum Using Geodetic-Based 

Approaches: A Review. IOP Conf. Ser: Earth Environ. Sci., 540, 

012062. https://doi.org/10.1088/1755-1315/540/1/012062

Andersen, O. B., Rose, S. K., Abulaitijiang, A., Zhang, S. and 

Fleury, S. (2023). The DTU21 global mean sea surface and first 

evaluation. Earth Syst. Sci. Data, 15, 4065–4075. https://doi.

org/10.5194/essd-15-4065-2023 

Chen, C.-T. and Millero, F. J. (1977). Speed of sound in seawater 

at high pressures. The Journal of the Acoustical Society of 

America, 62, 1129–1135. https://doi.org/10.1121/1.381646 

EMODnet (2017). WP2.1: Assess consistency of the existing ver-

tical datum Vertical datums in the European coastal zone. In 

EMODnet Coastal Mapping – Final Report (Phase 2, version 

1.1).

Glen, N. C. (1977). The Admiralty Method of Tidal Prediction. The 

International Hydrographic Review, 54(1), 14. https://journals.

lib.unb.ca/index.php/ihr/article/view/23705 (last accessed 3 

April 2026).

Ligteringen, T., Loog, J. and Dorst, L. (2014). GNSS-Based 

AN ACCURATE MEAN SEA LEVELTO ELLIPSOID SEPARATION MODEL

https://doi.org/10.1515/jogs-2022-0131
https://doi.org/10.3390/jmse11081499
https://doi.org/10.3390/rs15112910
https://doi.org/10.12716/1001.11.03.05 
https://doi.org/10.1088/1755-1315/540/1/012062
https://doi.org/10.5194/essd-15-4065-2023
https://doi.org/10.5194/essd-15-4065-2023
https://doi.org/10.1121/1.381646 
https://journals.lib.unb.ca/index.php/ihr/article/view/23705
https://journals.lib.unb.ca/index.php/ihr/article/view/23705


IHR VOL. 32 · Nº 1 — MAY 2026 21https://doi.org/10.58440/ihr-32-1-a05

Author's biography
Merte P. J. Peeters is a Commanding Officer of a hydrographic survey vessel in the Royal Netherlands Navy 
and has been an IHO Category A certified hydrographic surveyor since 2010. His professional experience 
spans navigation, hydrographic operations, offshore surveying, and geospatial analysis, including roles as 
a survey party chief and GIS specialist with Boskalis Westminster. He holds a Master’s degree in Advanced 
Hydrography from MLA College (2025), where his thesis was recognised with the University of Plymouth 
Academic Partnerships Prize, THS-UKI Alan Ingham award, and second place in the IFHS Student Award. His 
work focuses on vessel-based GNSS positioning, vertical reference systems, and their application to hydro-
graphic surveying in data-sparse and climate-vulnerable coastal regions.

Merte P. J. Peeters 

AN ACCURATE MEAN SEA LEVEL TO ELLIPSOID SEPARATION MODEL


