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SUMMARY

Traditionally, bathymetric and topographic measurements have been collected independently
to serve different purposes. As well, depth and height data were referred to different vertical
datums, which created inconsistency across the land-sea interface. With the growing number
of coastal applications, such as coastal zone management and marine boundary delimitation,
it is necessary that a seamless vertical reference surface be established. Unfortunately
establishing the relationships between the various vertical datums, and consequently the
seamless vertical reference surface, is not an easy task.

To tackle this subject, the FIG Working Group 4.2 (WG 4.2), Vertical Reference Frame, was
established. This paper summarizes the activities and findings of the Working Group and
discusses routes by which a vertical datum separation model could be developed. It also
provides some examples of countries that have already developed one. Thisis by no means a
complete survey of all modelling techniques used world wide and readers are invited to
contribute with additional examples/input to enable WG 4.2 to develop this subject further.

Workshop — Hydro /11
WSH3 Vertical Reference Frame & Marine Construction/Dredging

Ahmed El-Rabbany and Ruth Adams

WSH3.2 Relating Data to a Seamless Vertical Reference Surface

FIG Working Week 2004
Athens, Greece, May 22-27, 2004 © Crown Copyright 2004. All rights reserved.



Relating Data to a Seamless Vertical Reference Surface

Ahmed EL-RABBANY, Canada and Ruth ADAMS, United Kingdom

1. BACKGROUND

In the past, bathymetric and topographic measurements have been collected independently to
serve different purposes. Also, depth and height data were referred to different vertical
datums, which created inconsistency across the land-sea interface. With the growing number
of coastal applications, such as coastal zone management and marine boundary delimitation,
it is necessary that a seamless vertical reference surface be established. A seamless reference
surface, as the name indicates, means a continuous and time-invariant surface.

The creation of seamless data (i.e., data referred to a seamless reference surface) is,
understandably, far more than just joining more than one digital dataset together. Issues such
as datum types, projection, tempora changes, and error budgets (including accuracy, scale
and generalisation) must be considered. Ignoring these technical concerns will cause
geospatial datasets to end up as meaningless and unreliable.

Various IAG and FIG working groups have been established since the mid 80s to tackle the
problem of establishing a seamless vertical datum (Wells et al., 1996). More recently a new
FIG Working Group 4.2 (WG 4.2), Vertical Reference Frame, was established at the XXI|I
FIG International Congress, which was held in Washington, D.C., USA. The working group
will address a number of issues, including:

- Developing and promoting the understanding and realisation of a vertical reference frame;

- Examining the demand for a seamless vertical reference frame for use in hydrography,
marine navigation, and coastal resource management;

- Developing an inventory of vertical reference surfaces used in various countries of the
international community;

- Making some recommendations towards the establishment of a global seamless vertical
datum.

Readers are strongly recommended to read the initial papers from this Working Group as
background to this paper (Adams 2003, El-Rabbany 2003).

2. WHAT ISA SEAMLESS DATUM?

The fact that the topographic surface of the earth is highly irregular makes it difficult for
geodetic calculations to be performed. The surface of the earth can be approximated by the
geoid, which is the equipotential surface of the Earth's gravity field which best fits global
mean sea level, however it is not a suitable surface to which to measure. To overcome this
problem, geodesists adopt a smooth mathematical reference surface to approximate the
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irregular shape of the earth’s surface. This is the biaxial ellipsoid (Vanicek and Krakiwsky,
1986) or simply the reference elipsoid. The geoid surface is described by geoid heights that
refer to a suitable reference ellipsoid. Figure 1 illustrates these surfaces.
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Figure 1. (a) Reationship between the physical surface of the earth, the geoid and the ellipsoid. (b)
Ellipsoidal parameters.

An appropriately positioned reference ellipsoid is known as the geodetic (or horizontal)
datum (Vanicek and Krakiwsky, 1986). Further details can be found in the paper by El-
Rabbany (2003).

In the past, horizontal datums were non-geocentric and were selected to best fit the geoid in
certain regions of the world. These datums were commonly called local datums. Over 150
local datums are used by different countries of the world (El-Rabbany, 2002). With the
advent of space geodetic positioning systems such as SLR (Satellite Laser Ranging), VLBI
(Very Long Baseline Interferometry) and GPS, it is now possible to determine global three-
dimensional geocentric datums. Generally, local datums are shifted, rotated and have scale
differences with respect to geocentric datums. Therefore, unless proper datum shifts are
considered when fusing various datasets, serious navigation hazards should be expected.

Figure 2 shows an example of a horizontal datum shift in the River Thames, United
Kingdom. The portion of chart on the left is referred to the OSGB36 National Datum whereas
the one on the right is ETRF89 world geocentric Datum (compatible with WGS84 Datum).
The figure shows the difference in position with respect to the Thames Barrier for two vessels
that have identical coordinates. If the ship on the left went through the lowest barrier and
passed their position to the ship on the right without qualifying which horizontal datum they
were using there could easily be avessel collision or grounding.
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Figure 2: Portions of BA 3337 (previous and current edition).

3. WHAT ISA SEAMLESSVERTICAL DATUM?

In addition to the geodetic datum, the vertical datum is also used in practice as a reference
surface to which the heights (or depths) of points are referred. The vertical datum is often
selected to be the geoid for topographic (land survey) applications, whilst Chart Datum is
selected as the vertical datum for hydrographic applications. Figure 3 shows the number of
vertical datums in use by the UK Hydrographic Office.
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Figure 3: Different types of vertical datum (from UKHO publication 5011).
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Chart Datums are site-specific surfaces that vary from one location to another. They are
established based on the water level measurements at discrete locations (Wells et al., 1996).
Chart Datum is thus not a seamless reference surface. Chart Datums are defined differently
among the various hydrographic offices, such as an approximation to LAT (Lowest
Astronomical Tide) or MLLW (Mean Lowest Low Water). Depths may also be referred to
other variable reference surfaces such as MSL (Mean Sea Level). The geoid, on the other
hand, can be considered to be a seamless reference surface that could be used worldwide.
However, the present geoidal accuracy varies from one location to another, with the worst
accuracy in mountainous land areas and open oceans.

A seamless vertical datumis one that does not vary over time or location.

A stable reference surface which could be considered suitable for this is the WGS84 Datum
and this paper will henceforth use WGS84 in place of the wording “stable reference surface’.
However, it is recognised that many regions have realisations of WGS84 Datum, such as
ETRF89 in Europe and GDA9%4 in Australia, that are compatible with WGS84 Datum due to
their increased accuracy of definition. It should be noted that all defined reference surfaces
will vary over time due to continental drift, Post Glacial Isostatic Rebound etc and it is
important that all users are aware of this.

4. THE NEED FOR A SEAMLESSVERTICAL REFERENCE SURFACE

The development of a seamless vertical datum would benefit a number of applications such
as,

- Coastal zone management — in the assimilation of land and marine datasets (O’ Reilly et
al, 2001) and for flood monitoring/surge modelling.

- Marine boundary delimitation — to achieve consistency in baseline definitions derived
from low water features (El-Rabbany, 2003).

- Hydrographic surveying — to negate the need to measure tides and heave (O'Rellly et al,
1996).

- Defence capabilities — merging datasets on land, air and sea.

- ECDIS—for example in the provision of real-time and predicted depth under keel.

It would enable datato be held seamlessly with respect to WGS84 Datum but to be output on
avertical datum as selected by the user.

5. THE CHALLENGE

The challenge is not so much to develop a seamless vertical reference surface, but to develop
a way of relating current and future datasets to it in a seamless manner.

Development of a separation model(s) is key to this. However, thisis further complicated due
to the availability, volume, coverage and quality of both bathymetric and topographic data. It
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is known that many regions of the world were either inadequately surveyed or have never
been surveyed (see for example Barritt, 2001). Also auxiliary data, such as ellipsoidal heights
at respective Chart Datum points or a geoid model, is needed so that the transformation
function can be developed.

Several methods have been investigated to find the relationship between the Chart Datums
and the seamless vertical surface at the regional level (see for example O’ Reilly et al., 1996
in Canada; Hess at al., 2003 in USA; Solheim, 2003 in Norway; and Whitfield and Pepper,
2003 in UK). As would be expected, due mainly to the lack of data coverage, finding such a
relationship on aglobal basis is not an easy task.

Digital data volume is another challenging problem which requires extensive study. As stated
by Gesch and Wilson (2002), a 50-gigabyte dataset was used for the development of a
seamless model covering the Tampa Bay region.

6. METHODSUSED TO DEVELOP A VERTICAL DATUM SEPARATION MODEL
Thereis no single method to develop a vertical datum separation model.

In the ideal world all depth information would be resurveyed with respect to WGS84 Datum
but this is obviously impractical.

- The obvious starting point is to look at the locations where Chart Datum is established.
Are there known links to other vertical datums — for example to a local land datum? If
not, can these be established or measured? |s the vertical datum to which the Chart Datum
is linked WGS84 (or similar)? If not, how can it be defined? Are there suitable geoid
separation models available that may help?

For example, in the UK the relationship between Chart Datum and Ordnance Datum
Newlyn (ODN) is accurately known at discrete locations. ODN is the national land
levelling datum for the UK and its relationship to ETRF89 (an European realisation of
IRTF) can be found via the OSGMO02 geoid model (Forsberg et al, 2002). Hence the
relationship between Chart Datum and ETRF89 (ie WGS84) can be found for these
locations around the UK (Whitfield and Pepper, 2003). This approach would not be
possible but for the recent and accurate definition of the geoid via OSGM02.

However, in Canada, the Canadian Hydrographic Service chose to survey WGS84 heights
at known tidal locations to directly establish the separation between Chart Datum and
WGS84 (O’ Reilly et al, 1996, Parsons and O’ Reilly, 1998).

- Once the relationship between Chart Datum and the chosen vertical reference frame, such
as WGS84, is known for individual points the challenge is then how to (a) densify this
around the coast and (b) extrapolate it offshore.
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The United States National Oceanic and Atmospheric Administration (NOAA) has
developed a Chart Datum model in Tampa Bay and Delaware Bays using a hydrodynamic
tidal model and a known relationship to NAD83 (Parker, 2002, Hess et al, 2003). NOAA
is now using this methodology to extend it further round the coast of Continental U.S.
(Parker et al, 2003).

The problem of extrapolation offshore is challenging. There is a paucity of tidal
information out at sea and hence the nature of Chart Datum is less well known. In some
areas co-tidal charts exist. These define the behaviour of Chart Datum offshore with
respect to a tidal station onshore. However, in many cases, these are not now thought to
be the most accurate models of Chart Datum at sea and other techniques should be used
(Adams 2003).

A more modern method for defining Chart Datum offshore is with the use of satellite
altimetry and tidal models (O’ Reilly et al, 1996, Solheim, 2003).

The method employed to develop the vertical datum separation model can depend on many
factors such as:

- Availability of recent data— what vertical datum is the existing data referred to? What is
the reference surface that the data needs to be related to? Do measurements need to be
conducted to establish the relationship or do existing geoid models (for example) already
exist?

- For what purpose is the separation model? Is high accuracy needed, in which case
resurveying may be the suitable option, or is the model for deep water where vertical
accuracies are less critical? How accurate is the current depth data? For example, if the
depths are only accurate to +1m a model accuracy of sub centimetre is unnecessary.

- Doesthe model need to cover alarge or small area extent?

- Istheaimto develop a separation model from WGS84 to the minimum sea surface, or to
the current Chart Datum? In the UK, Chart Datum was defined many years ago and in
some places does not match LAT (or the minimum sea surface) precisely. Should a
model be developed using modern techniques which models the minimum sea surface as
it now exists, or should a model be derived which shows the relationship between Chart
Datum and WGS84? Figure 4 illustrates this. Or even, perhaps, should a minimum sea
surface be developed but then warped to fit the Chart Datum separation values known on
shore? By how much would this degrade the modern altimetry data?

- Bearing in mind that Chart Datum is unlikely to be exactly the same as the minimum sea
surface, should a ‘corrector surface’ be developed to transform between Chart Datum
and this minimum surface?

- What resources are available — time, money, people?

- Do other local, regional or national models already exist which can be linked to?

- How will the separation model be maintained? How often will Chart Datum and/or the
minimum reference surface be redefined?
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datum (Ordnance Datum Newlyn) and the geoid UK (from Illife and Ziebart, 2003)

7. CONCLUSION

The development of a vertical datum separation model is worthy of consideration where
datasets need to be combined which contain data referred to different vertical datums. It is
shown that the development of a seamless vertical reference surface would benefit a number
of applications, such as coasta zone management, marine boundary delimitation and
hydrographic surveying. The availability of such a reference surface is also necessary for the
development of the next generation ECDIS, which is expected to have significant economic
and safety impacts.

The challenge is not so much to develop a seamless vertical reference surface, but to develop
away of relating current and future datasets together in a seamless manner. Vertical datum
separation models are crucial to the future definition and modelling of Chart Datum.

This paper discusses routes by which a vertical datum separation model could be developed
and provides examples of countries that have done this. It discusses the challenges associated
with this such as perhaps a paucity of ellipsoidal height information, the limiting accuracy of
existing geoid models and extrapolation of tidal datum offshore. This is by no means a
comprehensive survey encompassing all modelling techniques used around the world.
Readers are invited to contribute with additional examples/input to enable WG 4.2 to develop
this subject further.

GLOSSARY

Chart Datum — Is selected as a surface that is so low that the tide will not frequently fall
below it, not so low as to be unrealistic and only gradually varying between adjacent datums.
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Technical Resolution A2.5 of the IHO (International Hydrographic Organisation) resolves
that LAT (Lowest Astronomical Tide) shall be adopted as Chart Datum where tides have an
appreciable effect on the water level.

ECDIS — Electronic Chart Display and Information System is an ECS, Electronic Chart
System, that has been type-approved by an IHO appointed type-approval authority and is
displaying ENCs (Electronic Navigational Charts) or a combination of ENCs and official
raster charts such as ARCS.

ETRF89 — European Terrestrial Reference Frame 1989 — a realisation of WGS84 Datum in
Europe.

GDA9Y4 — Geocentric Datum of Australia 1994 — arealisation of WGS84 Datum in Australia.
IAG — International Association of Geodesy

LAT — Lowest Astronomical Tide

OSGMO02 — Ordnance Survey Geoid Model — derived in 2002.

Satellite Altimetry — The use of data from satellites such as TOPEX/POSEIDON to
determine the mean sea surface at a particular point with respect to the ITRF/GRS80
ellipsoid.

REFERENCES

Adams, R. (2003). “Seamless Digital Data and Vertical Datums.” Proceedings of the FIG
Working Week, Paris, France, 13-17 April 2003.

Barritt, C. (2001). “The State and Coastal Surveying — Surveys for safety of navigation in
coastal waters.” Hydro International, Vol. 5, No. 5.

El-Rabbany, A. (2002). Introduction to GPS: The Global Positioning System. Artech House
Publishers, Boston, USA.

El-Rabbany, A. (2003). “Development of a Seamless Vertical Reference System: Challenges
and Opportunities.” Proceedings of the FIG Working Week, Paris, France, 13-17 April
2003.

Forsberg, R., G. Strykowski, J.C. Iliffe, M. Ziebart, P. Cross, C.C. Tscherning, P. Cruddace,
O. Finch, C. Bray and K. Stewart, 2002, OSGMO02: A New Geoid Model of the British
Isles, Proceedings of Gravity and Geoid 2002 - GG2002, 3rd meeting of the
International Gravity and Geoid Commission, August 26 -30, 2002, Thessaloniki,
Greece.

Gesch, D. and R. Wilson (2002). “Development of a Seamless Multisource
Topographic/Bathymetric Elevation Model of Tampa Bay.” MTS Journal, Vol. 35, No.
4,

Workshop — Hydro 9/11
WSH3 — Vertica Reference Frame & Marine Congtruction/Dredging

Ahmed El-Rabbany and Ruth Adams

WSH3.2 Relating Data to a Seamless Vertical Reference Surface

FIG Working Week 2004
Athens, Greece, May 22-27, 2004 © Crown Copyright 2004. All rights reserved.



Hess, K.W., D.G. Milbert, SK. Gill, and D.R. Roman (2003). “Vertica Datum
Transformations for Kinematic GPS Hydrographic Surveys.” Proceedings of the U.S.
Hydro 2003 Conference, Biloxi, Mississippi, USA, 24-27 March. CD-ROM.

[llife, J., M. Ziebart, (2003) “Vertical Datum Separation Model Scoping Study”. Contract
report for UK Hydrographic Office.

O'Relilly, C., S. Parsons and D. Langelier (1996). “A Seamless Vertical Reference Surface
for Hydrographic Data Acquisition and Information Management.” Proceedings of the
Canadian Hydrographic Conference ' 96, Halifax, N.S., pp. 26-33.

O'Reilly, Charles, Herman Varma and Glen King (2001). "The 3-D Coastline of the New
Millennium: Managing Datums in N-Dimension Space". Vertical Reference Systems,
International Association of Geodesy, IAG Symposia (124), February 20 - 23, 2001,
Cartagena, Colombia, ISBN 3-540-43011-3, Springer-Verlag Berlin, pp. 276-281.

Parker, B. (2002). “The Integration of Bathymetry, Topography and Shoreline and the
Vertical Datum Transformations Behind It.” International Hydrographic Review, Vol
3, No. 3.

Parker, B., K. Hess, D. Milbert and S, Gill (2003). “A National Verticah Datum
Transformation Tool.” Sea Technology, Vol 44, No 9, pp. 10-15. September 2003.
Parsons, S. A. and C. T. O'Reilly (1998). "The Application of GPS Derived Ellipsoidal
Heights to Hydrographic Data Acquisition and the Definition of Tidal Datums'.
Proceedings of the Canadian Hydrographic Conference '98, Victoria, British Columbia,

March 1998, pp. 256 - 266.

Solheim, D. (2003). “Height Reference Systems.” Presentation given at ABLOS Conference,
28-30 October 2003, IHB, Monaco (information received via personal
correspondence).

Vanicek, P. and E.J. Krakiwsky (1986). Geodesy: The Concepts. 2nd Edition, North Holland,
Amsterdam.

Wells, D., A. Kleusberg, and P. Vanicek (1996). A Seamless Vertical-Reference Surface for
Acquisition, Management and Display of ECDIS Hydrographic Data. Final contract
report for the Canadian Hydrographic Service, Department of Geodesy and Geomatics
Engineering Technical Report No. 179, University of New Brunswick, New
Brunswick, Canada, 64 pp.

Whitfield, M. and J. Pepper (2003). “Integrated Coastal Zone - Data Research Project.”
Proceedings of the U.S. Hydro 2003 Conference, Biloxi, Mississippi, USA, 24-27
March. CD-ROM.

BIOGRAPHICAL NOTES

Dr. Ahmed El-Rabbany obtained his Ph.D. degree in GPS from the Department of Geodesy
and Geomatics Engineering, University of New Brunswick, Canada. He is currently working
as an associate professor at Ryerson University in Toronto, Canada. He also holds an
Honorary Research Associate position at the Department of Geodesy and Geomatics
Engineering, University of New Brunswick, and an Adjunct Professor position at York
University. His areas of expertise include: Satellite positioning and navigation, Integrated
navigation systems, Geodesy and Hydrographic surveying. Dr. El-Rabbany has recently

Workshop — Hydro 10/11
WSH3 — Vertica Reference Frame & Marine Congtruction/Dredging

Ahmed El-Rabbany and Ruth Adams

WSH3.2 Relating Data to a Seamless Vertical Reference Surface

FIG Working Week 2004
Athens, Greece, May 22-27, 2004 © Crown Copyright 2004. All rights reserved.



published an easy-to-read GPS book, which received a 5-star rating on the Amazon website
and listed as a bestselling GPS book. He also published numerous refereed journal and
conference papers. Dr. El-Rabbany holds a number of national and international leading
professional positions, including, Councillor (Geodesy) to the Canadian Ingtitute of
Geomatics, and Chair, International Federation of Surveyors (FIG) WG-4.2: Vertical
Reference Frame. Dr. El-Rabbany has received a number of awards in recognition of his
academic achievements.

Ruth Adams works for the UK Hydrographic Office based in Taunton heading up the
Geodesy, Photogrammetry and Remote Sensing sections. During her career she has worked
closely with the Royal Navy hydrographic surveyors and has had periods of detached duty at
sea. Her geodetic and imagery expertise are particular strengths. Other career postings have
included Project Management and charting for the Fleet Air Arm.

She has a degree in Surveying Sciences from the University of Newcastle upon Tyne and is a
chartered surveyor with the RICS. She is the RICS UK delegate for FIG Commission 4,
Hydrography. She has presented at various conferences and frequently contributes to
surveying and hydrographic journals.

CONTACTS

Ahmed EI-Rabbany

Department of Civil Engineering (Geomatics Program)
Ryerson University

350 Victoria Street

Toronto, Ontario

CANADA M5B 2K3

Tel. + 1 416 979-5000, ext. 6472

Fax + 1 416 979-5122

Email: rabbany@ryerson.ca

Web site: www.civil.ryerson.ca

Ruth Adams MRICS

UK Hydrographic Office
Admiralty Way

TAUNTON

Somerset

TA12DN

UNITED KINGDOM

Tel. + 44 1823 337900

Fax + 44 1823 284077
Email: ruth.adams@ukho.gov.uk
Web site: www.ukho.gov.uk

Workshop — Hydro 1111
WSH3 — Vertica Reference Frame & Marine Congtruction/Dredging

Ahmed El-Rabbany and Ruth Adams

WSH3.2 Relating Data to a Seamless Vertical Reference Surface

FIG Working Week 2004
Athens, Greece, May 22-27, 2004 © Crown Copyright 2004. All rights reserved.



