
CHAPTER 2 – GEODESY AND POSITIONING
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2.1
INTRODUCTION

In the late nineteenth century, geodesy was defined as “the science of the measurement and mapping of the Earth’s surface” (Helmert, 1880). As the Earth’s surface is to a great extent formed by the gravity field and as most geodetic measurements depend, directly or indirectly on this field, the definition of geodesy includes the determination of the gravity field, on and above the Earth’s surface. Moreover, because of advances in geodetic technology, principally due to the refinement of a variety of space geodetic techniques, the classical definition has been extended to include the temporal variations of the shape of the Earth’s surface and its gravity field. That is, geodesy is no longer only relevant to three-dimensional positioning and mapping, but also to the determination of the time-varying components of the Earth’s geometry and its gravity field. In this extended definition, geodesy is both part of the geosciences and is an engineering science (including surveying, mapping and navigation), and it can be further divided for pragmatic purposes into “global geodesy” and “geodetic high-accuracy positioning”. Over the past two decades, there has been a clear trend towards unique global models, and the adoption of local or national datums and reference surfaces that are derived from or linked to global reference frame definitions and gravity field solutions.
2.2
MODERN SPACE GEODESY

The importance of Earth observations, provided with increasing spatial and temporal resolutions and with better accuracy, should be seen in the context of not only supporting scientific understanding of the Earth and as a foundation for mapping of features on, or near, the Earth’s surface and the sea floor, but also in supporting fundamental societal activities such as managing natural resources, environmental protection, disaster mitigation and emergency response (Grejner-Brzezinska and Rizos, 2009). Although the latter applications of geodesy are not explored further in this section, it is necessary to draw attention to the characteristics of “modern geodesy”, as the enhanced capabilities of space geodesy underpin what is now considered the primary mission of geodesy: the definition and maintenance of precise geometric and gravimetric reference frames and models, and the provision of high accuracy techniques for users in order to connect to these frames.

The International Association of Geodesy (IAG) has established services for all the major satellite geodesy techniques (IAG, 2012): International Global Navigation Satellite System (GNSS) Service (IGS); International Laser Ranging Service (ILRS); International Very Long Baseline Interferometry Service (IVS); International Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS) Service (IDS); International Earth Rotation and Reference Systems Service (IERS); and International Gravity Field Service (http://www.igfs.net/). These services generate a wide range of products, including precise satellite orbits, ground station coordinates, Earth rotation and orientation values, gravity field quantities and atmospheric parameters. Of particular reference to Law of the Sea (LOS) matters is geodesy’s contribution to the definition of national and international datums and the geoid, and to GNSS-based precise positioning.
2.2.1
International Terrestrial Reference System

Although modern geodesy is now equipped with an array of space technologies for mapping and monitoring the geometry of the surface of the solid Earth and the oceans, as well as its gravity field, the fundamental role of geodesy continues to include the definition of the terrestrial and celestial reference systems. These reference systems are the foundation for all operational geodetic applications for mapping and charting, navigation, spatial data acquisition and management, as well as for the scientific activities associated with geodynamical studies and the geosciences, and in particular in support of global change studies (Grejner-Brzezinska and Rizos, 2009).
The locations of points in three-dimensional space are most conveniently described by Cartesian coordinates: X, Y and Z. Since the start of the Space Age, such coordinate systems are typically “geocentric”, with the Z-axis aligned with either the Earth’s conventionally defined or instantaneous rotation axis. Because the Earth’s geocentre, or centre of mass, is located at one focus of a satellite’s orbital ellipse, this point is the natural origin of a coordinate system defined by satellite-based geodetic methods. However, until about the 1980s, with the first use of the Global Positioning System (GPS) for the establishment and/or renovation of national geodetic surveys, national datums were not geocentric.

The International Celestial Reference System (ICRS) forms the basis for describing celestial coordinates, and the International Terrestrial Reference System (ITRS) is the foundation for the definition of terrestrial coordinates to the highest possible accuracy. The definitions of these systems include the orientation and origin of their axes, scale, physical constants and models used in their realisation, e.g., the size, shape and orientation of the “reference ellipsoid” that approximates the geoid (Section 2.2.2) and the Earth’s gravity field model. The coordinate transformation between the ICRS and ITRS is described by a sequence of rotations that account for precession, nutation, Greenwich apparent sidereal time, and polar motion, which collectively account for variations in the orientation of the Earth’s rotation axis and its rotational speed.

While a reference system is a mathematical abstraction, its practical realisation through geodetic observations is known as a “reference frame”. The conventional realisation of the ITRS is the International Terrestrial Reference Frame (ITRF), which is a set of coordinates and linear velocities (the latter due mainly to crustal deformation and tectonic plate motion) of well-defined fundamental ground stations. In the case of the ITRF these are the observatory stations of the IGS, ILRS, IVS, IDS ground networks, derived from space-geodetic observations collected at these points, and computed and disseminated by the IERS (2012). The solid surface of the Earth (including the sea floor) consists of a number of large tectonic plates (and many smaller ones whose boundaries are less well defined) that slide across the Lithosphere, in the process colliding with other plates (see Figure 2.1). The speed of the plates may be as high as a decimetre or more per year, though typically tectonic plate motion is of the order of a few centimetres per year relative to a fixed coordinate framework. That framework is realised by the fixed axes of the ITRF – defined in an inverse sense by tracking the orientation of the axes relative to the Earth’s (moving) crust, and tracking of the location of the origin of the Cartesian system with respect to the (moving) geocentre, using geodetic techniques.
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Figure 2.1 – Global model of the Earth’s tectonic plates with estimated velocities (ITRF2008, 2012).

There have been several different realisations of the ITRF since 1989, each designated as ITRFyyyy where yyyy refers to the year of release. Since 1997, it generally also refers to the reference epoch year for station coordinates and velocities. Initially computed on an annual basis, since 1997 the new ITRF realisations have been released by the IERS at 3-5 year intervals, with the latest being ITRF2008 (2012). Although each successive ITRFyyyy is more internally accurate and contains the coordinates and velocities of more fundamental ground stations than the previous one, the primary difference in the coordinates of the ground stations between different ITRFs reflects the motion of stations due to crustal deformation and plate tectonics between the reference epochs of the two frames. The linear velocity of a ground station can be used to propagate the coordinates of that station backwards or forwards in time (see Section 2.3.2).
A modern datum (or reference surface from which to measure position relative to) is defined by the 3D, or 2D if only the latitude and longitude are used to define horizontal position on an ellipsoid (see Section 2.2.3), coordinates of a global, local or national network of fundamental stations at an instant in time. It may be the same epoch year as the ITRFyyyy reference frame, or any arbitrary epoch. Note that today it is comparatively easy to compute the coordinates of any ground station in a geocentric reference frame such as ITRF, at that instantaneous epoch of measurement, using Global Navigation Satellite System (GNSS) technology such as GPS and GLONASS. However, coordinates must still be transformed into the datum system, even if the datum is actually based on the current ITRF realisation, because the epoch year will be different. Datums are discussed further in Section 2.3.

2.2.2
The Geoid

The word geoid is used to designate that special equipotential or geopotential surface which coincides with, but is not exactly equivalent to, the mean sea level (MSL) surface of the oceans in an average sense. It is that surface to which the oceans would conform over the entire Earth, if free to adjust to the combined effect of the Earth's mass attraction and the centrifugal force of the Earth's rotation, the forces of which are collectively referred to as the Earth’s gravity field.

Although the above definition refers to sea level, conceptually the geoid extends under the continents and differs from a best fitting ellipsoid by vertical distances that are up to one hundred metres or so (see Figure 2.2). Ignoring for the moment that soundings on charts are referred to a low water chart datum, the geoid is the reference surface for heights used in mapping. As such, the geoid is often called a vertical datum and the heights referred to it are commonly known as heights above mean sea level. The practical realisation of the vertical datum is typically achieved by accepting a mean sea level at the locations of tide gauges along the coast for the area of coverage of the vertical datum. This realisation carries with it some inherent errors due to the existence of sea surface topography (SST) that may reach well over one metre, and which varies with location and time. SST is a result of the stationary mean sea level not being in equilibrium in a gravity sense, due to standing steric effects, and any wind or tidal effects. Furthermore, the local MSL is determined indirectly, by analysing the tide gauge record at one or several sites for a certain time period, and is thus tacitly valid for that time period. However, for all intents and purposes MSL on average is well approximated by the geoid surface.

Note that the term vertical datum is, in some surveying circles, used to mean one control point or benchmark, or a network of benchmarks, with an arbitrarily selected zero point. This usage is somewhat confusing and should be avoided in discussions concerning charts, maritime datums or tidal height systems. The geoid is, of course, not the only vertical datum used in practice for maritime applications. Chart datums, treated in Section 2.4.1, are examples of vertical datums used for nautical charting. Other definitions of a world height datum, and the means of realising it in practice are now being investigated by the IAG (see Section 2.4.2).

Before discussing the geoid itself, the two basic height definitions, as they are used in geodesy, are reviewed. Orthometric heights are the standard heights used in surveying practice and in land mapping. The orthometric height of a point is defined as the length of the section of the plumb line between the geoid and the point. Thus, clearly, the orthometric height of any point located on the geoid equals zero. Dynamic heights are used whenever it is necessary to deal with phenomena where the laws of physics play a dominant role. This situation is encountered, for instance, in hydrological investigations. Dynamic height is defined in such a way that all points are on the same level surface. Thus, all points on an equipotential surface of the Earth’s gravity field have the same dynamic height. If one point has a larger dynamic height than another point, a fluid will flow from the higher point to the lower point. This is not the case with orthometric heights. The dynamic height of any point located on the geoid is also equal to zero. Readers interested in learning how levelled height differences obtained from field measurements are transformed into orthometric or dynamic heights should consult such standard geodesy texts as Vaníček and Krakiwsky (1986). Section 2.3 introduces yet another height, the geodetic or ellipsoidal height, which refers to the reference ellipsoid of a horizontal datum and is commonly used when GNSS-derived 3D Cartesian coordinates are converted to the latitude, longitude and geodetic height system (see Figure 2.6).
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Figure 2.2 – Earth Gravity Model EGM2008 geoid heights, derived from a combination of surface gravity data principally on land, satellite altimetry over ocean areas and an analysis of the observed orbit perturbations of many near-Earth satellites (EGM2008, 2012).

The geoid is probably the most important surface in geodesy. Two broad families of techniques are used for geoid computations and, correspondingly, two categories of results are available: global solutions and regional solutions. Global solutions are available in terms of equations involving a number of functions and their spherical harmonic coefficients, whereas regional solutions are typically given by numerical values on a geographical grid. In both cases, the geoid is described at each point by its departure, called the geoid(al) height or geoid(al) undulation, from the reference ellipsoid of a horizontal datum. When one wishes to use the geoidal height, it is thus absolutely essential to know to which reference ellipsoid it is referred.

The short, up to several hundred kilometres, wavelength features of the geoid derived from terrestrial or airborne observations of gravity acceleration are now quite well known, with errors at the sub-decimetre level across many of the land areas of the world. At sea, the geoid can be measured directly by satellite altimetry. Several satellite altimetry missions have been flown, with the most recent missions, the Jason altimetry satellite and follow-on missions, yielding the most accurate map of the sea surface yet. Because satellite altimetry measures the height of (instantaneous or mean) sea level above a reference ellipsoid, the geoid obtained from this system is only approximate, accurate to perhaps a metre due to the SST, i.e., the separation of mean or instantaneous sea level from a geopotential surface such as the geoid. Data from satellite gravity mapping missions such as CHAMP, GRACE and GOCE are rapidly improving our knowledge of the geoid shape, with geoid models now available even reflecting the temporary changes in the long wavelength gravity field features (thousands of kilometres) due to ground and surface water transport. The most recent general purpose global gravity field model is EGM2008 (2012).

2.2.3
The Reference Ellipsoid

The geoid is a very irregularly shaped surface (Figure 2.2) and therefore for geodetic and mapping purposes it has been necessary to use a simplified geometric shape – the ellipsoid, which closely approximates the shape of the geoid (Figure 2.3) for all calculations. In the past, there were a number of different “reference ellipsoids” in use, most of which were satisfactory approximations of the geoid, or MSL, in certain regions of the world but not in others (Figure 2.4). The IAG recommends the use of the “GRS80” reference ellipsoid. However, the slightly different WGS84 ellipsoid is also commonly used. The size and shape of these ellipsoids of revolution are defined by two parameters: the semi-major axis (‘a’) and the semi-minor axis (‘b’), or sometimes by the flattening parameter (‘f’), of an ellipse (Figure 2.3). Rotating the ellipse about its semi-minor axis will then producing the 3D ellipsoid figure. A reference ellipsoid with its centre at the geocentre best fits, in a geometric sense, the geoid globally – resulting in the maximum separation of these two surfaces being of the order of 100 metres (Figure 2.2). The geoid height is mathematically defined as so many metres above (+N) or below (‑N) a given ellipsoid (Figure 2.5):

h = H + N

where:


h = geodetic height (height above the ellipsoid)


H = height above MSL


N = geoidal height 
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Figure 2.3 – A meridian section of the Earth showing the various physical and mathematical surfaces used in geodesy.
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Figure 2.4 – Geocentric and non-geocentric regional ellipsoids. Meridian cross-section showing ‘best fit’ region of use.
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Figure 2.5 – Geodetic height (h), orthometric height (H), geoid height (N) and their interrelations.

2.3
GEODETIC DATUMS

We may distinguish between non-geocentric datums and geocentric datums. In the case of the former, the origin of the Cartesian coordinates is arbitrarily located to satisfy some local condition of best fit of the geoid to the reference ellipsoid upon which coordinate calculations are performed (Figure 2.4), while the latter implies the origin is at the Earth’s centre of mass. Furthermore, the definition of a reference ellipsoid for geodetic computations also provides a convenient means of expressing horizontal positions, in terms of geodetic latitude (() and longitude (λ) (Figure 2.6). In this context, the reference ellipsoid is also sometimes referred to as the horizontal datum. Vertical datums are dealt with in Section 2.4.
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Figure 2.6 – The reference ellipsoid, illustrating the relation between Cartesian coordinates (X, Y, Z) and the geodetic coordinates (, ( and h in a geometrical relation only – the origin of the axes and reference ellipsoid may be geocentric or non-geocentric.
(Animation: http://www.iho.int/iho_pubs/CB/C_51_ANIMATIONS/Figure2_6.ppt)

Map datums are invariably defined at the national or local level, and they are for the most part 2D or horizontal datums. A national datum is a mathematical means of expressing the positions of all ground stations, terrain and natural or manmade features of interest to a national mapping or charting authority, as well as the coordinates of a user navigating with the aid of that State’s charts, in relation to an unambiguously defined reference ellipsoid. The map datum of one country will invariably be different from that of another country. In the past, the differences between such map datums were much greater than at present, with the coordinates of the same point being shifted by perhaps hundreds of metres, or more, because the origin of the reference ellipsoid and the orientation of its semi-major/minor axes were different (Figure 2.4). The adoption of the geocentre as the origin of national datums means that the differences between national datums is now at the metre-level at most, largely reflecting the different epoch year at which the coordinates of fundamental ground stations were fixed. A list of national datums is given in Appendix B.1 of WGS84 (2012). Note that many are more than two decades old, and hence are non-geocentric. Maps of land surfaces, and modern medium and large-scale nautical charts indicate the geodetic datum used.

As already mentioned, for the reference ellipsoid of a selected size and shape to be of use as a coordinate reference surface, its position and orientation with respect to the Earth have to be also uniquely defined. A geocentric Cartesian system is used today because GNSS positioning techniques express coordinates in such datums (Section 2.5). In fact, the reference ellipsoid and its location and orientation are currently very strongly constrained due to the almost universal use of ITRF as the basis for national datums. In such a case, the reference ellipsoid is actually a surface of convenience for the ITRF, and not fundamental to its definition as was the case in the past (Section 2.3.1). That is, it is the origin and orientation of the Cartesian axes relative to the physical Earth that is critical, and their changes with time. Apart from the reference ellipsoid’s centre being defined as being at the geocentre, its semi-major axis is coincident with either the rotation axis of the Earth at the epoch year or its conventional definition, as indicated in Figure 2.7.
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Figure 2.7 – Geocentric reference ellipsoid, the basis of ITRF and geocentric datums derived from it.

The horizontal geodetic coordinates ( and (, and the geodetic height h, can be readily converted to Cartesian coordinates X, Y, Z. The inverse conversion (i.e., from Cartesian coordinates to geodetic coordinates) is less straightforward; see for example Vaníček and Krakiwsky (1986). All conversions assume the relationships between Cartesian axes and reference ellipsoid axes as illustrated in Figure 2.6, and that the size and shape of the reference ellipsoid is known.

Currently, the most commonly used reference ellipsoid is either that of the GRS80 or WGS84 model (See Appendix A of WGS84 [2012] for a list of reference ellipsoids used in the past for geodesy and mapping). It must be emphasised that the reference ellipsoid is used as the basis for computations involving geodetic latitude and longitude, such as computing the distance between two points on the ellipsoid defined by their horizontal coordinates or defining the straight or shortest line between two points as is sometimes required in LOS matters. Furthermore, all points to be displayed on a map or chart must have horizontal coordinates expressed in relation to the datum’s reference ellipsoid in order for these coordinates to be correctly transformed into map projection coordinates (see Section 3.5). Note that a map projection is always necessary whether a paper chart or an electronic chart is used. GNSS-derived Cartesian 3D coordinates must first be transformed into geodetic latitude and longitude before they can be transformed into the required chart map projection for the purposes of navigation or mapping.

2.3.1
Non-Geocentric Datums

Although such datums were, and in many cases still are, of local or regional extent, of most interest to LOS matters are the datums that underpin a State’s charting. They have limited areal coverage and the geometric relationship of the reference ellipsoid relative to the Earth’s centre of mass and rotation axis is illustrated in Figure 2.3.

How were such non-geocentric datums established in practice? These non-geocentric geodetic datums used ellipsoids of various shapes and sizes, positioned and oriented with respect to the Earth in some well-defined manner. Classically, this definition had been done with the following specifications:

· The ellipsoid normal to be oriented. This is done by specifying the latitude and longitude of some so-called datum point.

· The orientation of the datum point’s ellipsoid normal with respect to the local gravity vertical. This is done by specifying the deflection of the vertical components at the datum point.

· The geoid-ellipsoid separation at the datum point. Often selected to equal zero.

· The orientation of the datum with respect to the Earth. This is done by selecting a value for the geodetic azimuth of a line of the network originated at the datum point.

After the coordinates of the datum point were determined or assigned, and the orientation and location of the non-geocentric reference ellipsoid was defined using a procedure such as that outlined above, geodetic control survey principles could be employed to determine the coordinates of a network of geodetic control points. This was accomplished via the complex analysis of distance and angle measurements made between the control points. With the advent of satellite positioning techniques, first the Transit Doppler System during the 1960s and 1970s, and later GPS, the ground station coordinates could be determined directly. However, until the national datum itself was redefined using modern geodetic principles, these satellite-derived coordinates were merely transformed into quasi-observations and incorporated into the geodetic control network adjustment process. The result was a set of coordinates of the geodetic network stations that realised the non-geocentric datum that was the basis of that State’s maps and charts.

What are the implications of the use of non-geocentric datums for LOS matters? Figure 2.8 shows how land surveys of the coordinates of a State’s normal baselines were traditionally undertaken by making direct connections to the established geodetic control network, via distance and angle observations from the control points to the baseline points.

Furthermore, as a consequence of the use of coordinate systems based on different non-geocentric datums, the same point shown on charts compiled by different countries may be assigned different values of latitude and longitude. These differences could have a significant effect on the positions. To avoid any possibility of cartographic incompatibility when positioning maritime boundary delimitations, it is recommended that a common geodetic datum be adopted. The transformation models that can be used to convert coordinates in a non-geocentric datum to that of the global WGS84 geocentric datum are available for all major national datums (see Section 2.3.3).
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Figure 2.8 – Determination of normal baseline control points by survey from the geodetic control network (from Thamsborg, 1983).

At the present time, it is preferable that both: (a) the geocentric datum(s) is (are) used for maritime boundary delimitation, and (b) GNSS techniques are employed to determine the coordinates of the delimitation points.

2.3.2
Geocentric Datums
Geocentric datums may be globally applicable, such as WGS84 and ITRF, or they may be only relevant with respect to a national datum. However, unlike non-geocentric datums, each of which was defined at a local or regional level completely independently of other datums, all national geocentric datums are ultimately derived from, or aligned with, a particular ITRF frame.

The ground stations that realise an ITRF reference frame are not necessarily located in sufficient number or density to satisfy the needs of a particular State. A national geocentric datum is therefore typically realised by the coordinates of a much larger set of geodetic control points, though perhaps not at the same density as the traditional control networks referred to in Section 2.3.1, and implied by Figure 2.8. A national datum is said to be defined by, or aligned to, an ITRF frame through the adoption of the fixed coordinates of the subset of ITRF stations that may be located within the borders of that State and surrounding it. The dense national geodetic control network coordinates are computed by connecting to the selected ITRF regional network stations referred to above, using GNSS geodetic survey techniques (see Section 2.5). These fixed ITRF stations are sometimes also referred to as fiducial stations.

Note that the reference epoch year for the particular ITRF frame may not be the same as that of a national geocentric datum that is derived from that ITRF frame. For example, older fiducial coordinates can be propagated forward in time using published velocity values. These can then be held fixed in subsequent datum adjustment computations, involving the combination of traditional terrestrial geodetic observations (of distance and angle) and GPS-derived relative coordinates, that output a homogeneous set of coordinates for all geodetic control stations on the same geocentric datum.

The ITRF coordinates can be changed to account for site motion using the relations:
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where:

Xt1, Yt1, Zt1 = station’s ITRF coordinates at year t1
Xt0, Yt0, Zt0 = station’s ITRF coordinates at epoch reference year t0
Vx, Vy, Vz = station’s ITRF velocity components at epoch reference year t0
The first global geodetic datum was defined in 1960 by the United States, and was known as the World Geodetic System (WGS60). For the first time it was possible to have a truly geocentric worldwide coordinate system for global mapping, charting and navigation. Refinement of the model has been continuous, and the most recent version of the system is WGS84 (2012). The broadcast ephemeris of GPS is expressed in the WGS84 datum, hence all coordinates determined using absolute GPS techniques are automatically provided in the WGS84 datum. (Other GNSSs such as Russia’s GLONASS, the E.U.’s Galileo and China’s Compass/BeiDou have slightly different implementations of geocentric datums, differing from ITRF by no more than a few centimetres.)

In 1983, an agreement was reached within the International Hydrographic Organization (IHO) to adopt WGS84 as the global datum for nautical charts, though more correctly it is the datum for the horizontal representation of points on a chart. The height datum on charts is defined differently as discussed in Section 2.4.1.

It must be emphasised that the coordinates of the same point in, say, the U.S., expressed in the different geocentric datums – national datum (NAD83), ITRF datums (ITRF97, ITRF2000, etc.) and WGS84 (or other GNSS geodetic datums) differ by at most a metre or so, and even less if expressed in the same epoch year. Hence, although a transformation model is still required for geodetic applications, for mapping purposes, for maritime boundary delimitation and for other LOS matters, there is no such need as all geocentric datums can be considered equivalent.

2.3.3
Transformation between Geodetic Datums

To convert coordinates from one datum to another, it is necessary to know the datum transformation parameters. Usually the transformation can be represented by a Helmert or similarity transformation, in which case the parameters consist of three translation components ((x, (y, (z), three rotations ((x, (y, (z) and a scale correction (see Figure 2.9). The rotations are usually small enough to allow the use of small angle approximations of sine and cosine functions, and sometimes may be neglected completely.

The parameters of the transformation between two geodetic datums are determined empirically from the coordinates of a set of identical points on both datums. These positions are always distorted due to the inevitable presence of both systematic and random errors, and hence the determination of transformation parameters must be done carefully. It is recommended that the transformation parameters relevant to a State’s datum be obtained from the appropriate national mapping or charting agency. There are also published 14-parameter transformation models that incorporate time-rate-of-change of the standard 7 similarity transformation parameters. With such a model, it is possible to both accommodate epoch year differences between datums, as well as origin, orientation and scale effects.

Apart from transformations involving national datums, there are also parameters available that permit coordinates to be transformed between the different ITRF realisations, as well as between WGS84 and ITRF (IERS, 2012).

A set of transformation parameters for many of the world’s datums, past and current, in the form of X, Y, Z geocentre offsets are listed in Appendices B and C of WGS84 (2012). If one wishes to transform between Datum A and Datum B, and there are no official transformation parameters or model available, it is possible to transform from Datum A to WGS84 (i.e., geocentric datum), and then to transform from WGS84 to Datum B using the published origin offsets. The values of the origin offsets in the WGS84 (2012) publication are expressed to the nearest metre, and although not accurate enough for geodetic purposes, they are adequate for LOS and mapping applications.
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Figure 2.9 – Similarity transformation model relating two geodetic datums. (Animation: http://www.iho.int/iho_pubs/CB/C_51_ANIMATIONS/Figure2_9.ppt)

2.4 
VERTICAL DATUMS

While advances in geodesy in the last few decades have resulted in a significant simplification in the procedures for determining position, the issue of vertical datums remains complex. Sections 2.2.2 and 2.2.3 introduced the concepts of the geoid and the reference ellipsoid, both of which can be used as datum surfaces for zero height (Figure 2.5). Heights above the geoid may be expressed as orthometric or dynamic heights. Heights above the reference ellipsoid are geodetic or ellipsoidal heights. However, the operational definitions of both the geoid and the reference ellipsoid are surfaces of best fit to MSL over the whole Earth. The geoid is a physical surface, i.e., an equipotential surface of the Earth’s gravity field. The ellipsoid is a mathematical surface that has no reality, but is used as a computational convenience.

For land height systems, the geoid and MSL are assumed to coincide at the fundamental benchmark(s) or tide gauge(s) that define(s) a State’s geodetic height datum to which heights on land maps are referred (see Figure 2.10). A high water level, determined by some procedure that samples the high tide, may define the so-called hydrographic shoreline, where land mapping transitions to marine charting. In some countries a high water level marks the limit of land property that can be registered in a cadastre (register of rights of property owners). Chart datum is discussed in Section 2.4.1.
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Figure 2.10 – Vertical datums for mapping and charting (courtesy Australian Hydrographic Office). 
(Animation: http://www.iho.int/iho_pubs/CB/C_51_ANIMATIONS/Figure2_10.ppt)

Sea level and land heights undergo secular changes at varying rates, as well as periodic changes (see Lambeck, 1988). While sea level rises globally by a few millimetres per year, the land rise or subsidence may reach several centimetres per year or more, particularly in active tectonic regions or where water or hydrocarbons are being pumped out of the ground. This may seem trivial along most coasts, but when the coast has a low gradient, the effect of such changes may be significant. For example, through the post glacial rise of the Earth’s crust in the Hudson Bay area, Canada is steadily gaining many hundreds of square kilometres of territory each year (Walcott, 1972).

As with all datum issues, transformations between different kinds of vertical datums must be handled with care. Furthermore, as in the case of 3D reference frames and datums, a distinction must be made between definitions of datums that are theoretically rigorous, but which in reality cannot be realised with precision, as in the case of the geoid. However, even though the practical realisation of a tidal datum is challenging, for LOS applications, such as maritime boundary delimitation, consistency and traceability of datum definitions is more important than accuracy in an absolute sense.

2.4.1
Chart Datum

To provide the mariner with a margin of safety in terms of depth measurements, all charted depths are referred to chart datum, which is equated to the datum of tidal predictions and defined by the IHO as a plane so low that the tide will not frequently fall below it (see Figure 2.10). Thus, unlike heights on land maps, which are normally referred to MSL as a proxy surface for the geoid, depths on charts are referred to a low water level. For the determination of chart datum, it is necessary to observe heights of points above the low water. Thus, the height of low water below MSL must be determined. This is done by analysing the records of tide gauges from the vicinity of the area of interest, which may require a specific expertise that is generally available within a State’s hydrographic survey authority or harbour port authorities.

At many coastal sites, such as major ports, tide gauges are operated continuously. These sites, which are variously called primary control tide gauge stations or reference ports, have been in continuous operation at many sites around the world. The extensive data that have been gathered at these sites provide a sound basis upon which to establish an accurate chart datum elevation. However, it is often impractical to operate permanent tide gauges at all locations where chart datum is required. Therefore, secondary stations are established at various points between the primary stations. Chart datum at these sites is derived using much shorter periods of data, often as little as one month. These data are analysed through comparison with simultaneous observations at a nearby primary tide gauge. Obviously, an adequately dense network of primary stations is vital, because these comparisons can only render accurate results if the tidal characteristics at the primary and secondary stations are very similar and there are no significant local effects due to river discharges, shoal areas, etc. Along extensive and diverse coastlines, the remoteness of a secondary port from a suitable primary station is often a problem, which can sometimes adversely affect the accuracy of chart datum determination.

Note that the local sea level variations are caused not only by ocean tides, also called astronomical tides in hydrography, but also by other phenomena such as storm surges, currents, wind action, barometric pressure variations, thermohaline changes, etc. Even though these non-tidal variations may be occasionally as large as the tidal variations, they are not generally considered in analyses. For more detailed discussion, the reader is referred to oceanographic textbooks such as Warren and Wunsch (1981).

Establishing a suitable chart datum can be complicated because low water is not a fixed level. The range of the tide varies from day-to-day, month-to-month, and year-to-year. The factors primarily responsible for these variations are mainly associated with lunar and Earth movements including:

· Phase of the Moon, i.e., alignment of the Moon and the Sun produces larger tides and vice-versa.

· Elliptical orbits of the Moon and Earth, i.e., larger tides when the Moon is closer to the Earth and vice-versa.

· The Moon’s changing declination, i.e., the closer the Moon is to being over the equator in its orbit, the more similar the morning and afternoon tides will be and vice-versa.
Tidal ranges can also vary within relatively short distances along a coastline, due largely to coastal configuration. Theoretical lunar tides are modified by coastal physiography, sometimes dramatically.
Owing to the many varied tidal characteristics existing throughout the world, a precise, scientific definition for chart datum, which could be used universally, has not been agreed upon. Over the past 200 years, different countries have adopted different methods for computing chart datum, depending usually on the type of prevailing tide. In accordance with an IHO Resolution of 1926, chart datum should:

· Be so low that the water will but seldom fall below it.
· Not be so low as to cause the charted depths to be unrealistically deep.
· Vary only gradually from area to area and from chart to adjoining chart, to avoid significant discontinuities.

In very basic terms, a chart datum can be defined as the mean of specific low waters over an extended period of time. The time period should ideally be 19 years or more, in order to include all the significant astronomical variations described above. Opinions vary, however, in terms of which low waters should be used to arrive at this mean value, and as a result different definitions are in use. For example, some countries define chart datum as the mean of all the lower low waters (MLLW) over a specified 19 year period. Others use a chart datum called lower low water large tides (LLWLT), which is defined as the average of the lowest low waters, one from each of 19 years of prediction. Yet others use the lowest low water spring tide (LLWST), which is the average of the lowest low water observations of spring tides, over a specified period. The most conservative use the lowest astronomical tide (LAT), which is the lowest level that can be predicted to occur under average meteorological conditions and under a combination of astronomical conditions (see Figure 2.10).

2.4.2
Global Gravity Field Models and the World Height Datum

The proliferation of vertical datums around the world and the difficulty in transferring heights between these datums has led to renewed efforts by the IAG towards the unification of these datums and the creation of a World Height System (WHS). These efforts were originally led by IAG’s Inter-Commission Project 1.2 (ICP1.2): “Vertical Reference Frames” (Ihde, 2007) and are currently continued by Theme 1: “Unified Global Height System” of the IAG’s Global Geodetic Observing System (GGOS). There are still many difficult problems to be resolved by these efforts, such as the realisation of a unified global reference surface for physical heights, the relation of tide gauge records to this reference surface, the separation of sea level changes and vertical crustal movements at tide gauges, and the connection with the terrestrial horizontal reference system.

The selection of the zero-height surface or datum, and its potential value Wo, is the most important one that needs to be resolved first. Since as already mentioned in Section 2.2.2 this surface is typically selected to be the geoid as best approximating the mean sea surface at rest, one important question is how to best compute an accurate global static geoid, its Wo, and its temporal variations. Furthermore, since physical heights (orthometric or dynamic) depend on the differences between the potential of the geoid Wo and the potential WP of points on the Earth’s surface (this difference is called the “geopotential number” CP), a second important question is how to best compute precise potential differences or precise WP values.

For a World Height System, as well as for datum unification, it is recommended that WP values, and the global datum surface itself, be obtained by use of a global gravity field model that is independent of inconsistencies in local and regional data. This implies the use of one of the satellite-only global geopotential models (GGMs) such as those produced from a combination of GRACE and GOCE satellite data only (Section 2.2.2). To reach cm-level accuracy for the geoid surface of the vertical datum, the GGM has to be augmented with local or regional gravity data.
It is clear from the above discussion that the definition of a WHS involves a geometrical and a physical component, related to h and N, H, respectively (from Figure 2.5). The geometrical component is provided by the ITRS and the fundamental parameters of a reference ellipsoid (Section 2.3). The coordinates are the ellipsoidal heights h and their time variability dh/dt. The physical component is provided by the conventional Wo value, with coordinates provided by the potential differences or geopotential numbers C and their time variability dC/dt. Although orthometric or normal heights can be used as the vertical coordinates, C is preferred in order to avoid the various approximations involved in estimating heights from geopotential numbers. The adoption of the zero-tide system is strongly recommended in height system definition and realisations.

The realisation of the WHS by a network of physical points (stations) with precisely determined geopotential numbers and geocentric coordinates referred to ITRF will provide the International Vertical Reference Frame (IVRF). The equipotential surface of the Earth’s gravity potential with a conventional value Wo that will serve as the zero-height surface for physical heights will define the World Height Datum. Then vertical datum unification could be accomplished simply by estimating the potential differences between the various local/regional height datums and the global one. Currently, countries such as New Zealand have already adopted geoid-based vertical datums. Canada and the USA have decided to do the same in 2013 and 2022, respectively. Scientific associations and space agencies are promoting the establishment of geoid-based vertical height systems internationally by taking advantage of the new GOCE-based GGMs that provide 1-2 cm geoid accuracy with 100 km spatial resolution. Therefore, the establishment of a WHS for heights, similar to the ITRF for 3D geometric coordinates that will comprise a geoid-based global height datum may soon be a reality.
2.4.3
Implications for Maritime Boundary Delimitation

The fact that there are different levels of chart datum means that adjacent or opposite States may use different levels at which to establish their baselines. Consequently, differences in the development of equidistance lines can result. It is necessary to take into account the possibility of different datums existing between opposite or adjacent States, such as the case when one State may utilise Mean Lower Low Water Springs (MLLWS) as the height datum that defines the maritime boundary normal baseline, while another State may utilise Lower Low Water Large Tides (LLWLT). In such a situation, a low tide elevation could be identified on the chart of one State, but not on the other.

Considerable differences may also occur in areas where rocks, islands or reefs, exposed at low tide, are used as baseline points. The choice of the level of chart datum may decide whether they are charted as features permanently below water and thereby eliminated from boundary delimitation calculations, or whether they are charted as low tide elevations for possible inclusion in such calculations.

Just as the precise definition of chart datum is crucial in boundary delimitation, so too is the accuracy of the data used in the actual calculations. The accuracy of the vertical datum depends on:

· The length of the tidal records.

· The remoteness of the area to be delimited from the secondary station, i.e., the closest place where the tide has actually been observed.

· The remoteness of that secondary station from the primary station.
In arriving at a reliable, accurate chart datum it is essential to have a good knowledge of the nature of the water level fluctuations for that area. This knowledge is obtained through water level observations of at least one year, but ideally much longer. It also implies an appropriately dense network of tide gauge stations, as mentioned in Section 2.4.1.

The suitability for boundary delimitation purposes of a chart datum that has been derived from, e.g., only 30 days of data, or of a chart datum derived for a location which is remotely situated from a primary tide gauge location, may sometimes be questionable in terms of accuracy. When datums have been properly established it is the practice to provide one or more reference monuments or benchmarks, permanently set in the ground, ideally in bedrock, in order that the elevation may be recovered at some later date. However, in certain parts of the world, care must be taken, if there is a very lengthy period between measurements, that the level of the land and the level of the sea have not moved relative to each other due to isostatic uplifting of the land, or subsidence of the land due to fluid extraction, or other geodynamic phenomenon.

2.5
SATELLITE POSITIONING

Global Navigation Satellite Systems (GNSSs) are comprised of satellites, ground stations and user equipment, and are now used to support many activities within today’s society. The U.S. Global Positioning System (GPS) is the best-known GNSS. All discussion of positioning and datum principles, operational techniques, and user applications will proceed in this text using GPS as the exemplar. Note that although we will use the phrase GPS positioning in this chapter, it must be understood that the phrase will be interchangeable with the phrase GNSS positioning when the other GNSSs, specifically Russia’s GLONASS, the European Union’s Galileo and China’s Compass/BeiDou, become fully operational and gain the trust of users.
2.5.1
Introduction to GPS

The only continuously fully operational satellite-based Positioning, Navigation and Timing (PNT) system is GPS. The first GPS satellite was launched in 1978, and GPS as a PNT system was declared operational with 24 orbiting satellites in 1995. For more details about GPS, the reader is referred such textbooks as Hofmann-Wellenhof et al. (2008) and Leick (2004), while the current status of GPS can be monitored via the web site NavCen (2012). GPS has revolutionised first the disciplines of geodesy and surveying (from the early 1980s), and subsequently has made a considerable impact on all navigation communities, as the availability of satellite signals and appropriate user receiver equipment improved (since about the mid-1990s).

The GPS satellite constellation, at time of writing, consists of 32 active satellites of various models (NavCen, 2012), significantly more than the 24 satellites required for the system’s Final Operational Capability. The orbital configuration comprises four near circular orbital planes, each inclined at about 55° to the equatorial plane, with nominally six satellites per plane. The satellites orbit at approximately 20,200 km above the Earth’s surface, with resultant orbital periods of approximately 12 hours.

GPS is a one-way ranging system, using satellites at known positions continually transmitting time synchronised signals. It is a 24 hour, global, all weather service, accessible to an unlimited number of military, civilian and commercial users with access to the open-sky. Fundamentally, GPS is a timing system. Orbiting precise atomic clocks, at known positions, transmit known signals to user receivers to synchronise low quality receiver clocks. This time synchronisation allows for the measuring of signal travel time from satellite to receiver, which is converted to range or distance. These satellite-to-receiver ranges are used in a variety of processing modes, providing few metre-level to mm-level absolute or relative positioning. All GPS receivers are capable of making pseudorange (also called code) measurements, and, in addition, receivers used for high accuracy (sub-metre) applications also make carrier-phase (also called phase) measurements. Both types of measurements are made on the tracked microwave L-band frequencies transmitted by the satellites. PNT accuracy is dependent on such factors as measurement type, quality of receiver hardware, algorithm design, and mode of operation (see Section 2.5.2).
The GPS constellation has operated for several decades without any gaps in operational status, and while it is beyond the scope of this section to provide detailed review material on GPS, the following points concerning the GPS signals and measurements are useful for subsequent discussions:
•
The majority of the GPS satellites broadcast two signals in the L1 (1575.42 MHz) and L2 (1227.60 MHz) frequency bands.
•
As GPS signals are of the type known as Code Division Multiple Access (CDMA), each satellite is distinguished from the other by a special ranging code that is modulated on the L-band carrier waves.

•
The phase measurements are approximately one thousand times more precise than the code measurements.

•
Simultaneous measurements of code or phase made on two frequencies permit the ionospheric measurement bias to be determined and subsequently removed, hence improving positioning accuracy (see Section 2.5.2).
•
Civilian navigation receivers currently only can make code or phase measurements directly on the L1 signal using the C/A-codes. This means that such receivers are unable to correct for delays to the signal as it passes through the ionosphere, which is now one of the two dominant causes of error for such users, the other being multipath.
•
High-quality geodetic receivers make code and phase measurements on both the L1 and L2 frequencies, and are comparatively expensive due to: (a) their dual-frequency, phase-tracking capability, (b) high quality antennas, and (c) sophisticated measurement processing software.

· Military receivers can access the ranging codes on both the L1 and L2 frequencies, which enable them to correct for ionospheric errors and achieve higher accuracy and reliability of PNT results.
· Those GPS satellites launched since 1999 have commenced broadcasting on a third L5 frequency (1176.45 MHz).
2.5.2
GPS Positioning Modes

At its most basic level, a GPS, and in fact any GNSS, positioning mode or technique is classified according to whether it provides absolute or relative positioning results. These are each briefly discussed below.
Single Point Positioning (SPP) is the operational mode for which GPS was originally designed. Standard civilian receivers currently deliver real-time, horizontal, absolute accuracy performance of the order of 5-10 m in the GPS reference frame (i.e., WGS84, Section 2.3.2). Vertical accuracy is typically 2-3 times worse than horizontal accuracy. The civilian users achieve such an accuracy using the GPS Standard Positioning Service (SPS) (NavCen, 2012), whether the user is stationary or moving. Code measurements made on only the L1 frequency are the basis of the SPS, and, as the name of the service implies, the vast majority of GPS user equipment falls in this category, including receivers installed on ships to support marine navigation.

Differential GPS (DGPS) can overcome some of the limitations of SPP by applying corrections to the basic code measurements at the user receiver to mitigate or eliminate some of the more serious satellite system and atmospheric biases, based on a second receiver, a base or reference station, making similar measurements at a known point. The relative positioning accuracy achievable can range from the metre-level down to a few decimetres, depending on the quality of the receivers, distance between the user receiver and the reference receiver generating the correction data, and the particular DGPS technique and perhaps the DGPS correction service that is used.
Guidelines and specifications relating to the use and transmission of real-time DGPS corrections are defined by the International Association of Lighthouse Authorities (IALA), the International Maritime Organization (IMO) and the Radio Technical Commission for Maritime Services (RTCM). DGPS supports navigation in challenging areas, such as approaches to ports and harbours and inside them, in reef or shoal areas, where vessel separation schemes may be in force, and for positioning of a vessel undertaking hydrographic or scientific research.

Relative GPS refers to the most accurate of the positioning techniques, using the DGPS principles with one or more reference stations relative to which receiver coordinates are computed from phase measurements besides the noisier code measurements. Geodetic applications have been using GPS extensively since the early 1980s to address regional and global reference frame applications that do not require real-time results, nor need to account for the user receiver being in motion. Relative GPS has therefore mainly supported national renovated geocentric datums and global datum definition, such as the ITRF realisations (see Section 2.3.2) and maintenance, as well as Earth science users, but at ever increasing levels of accuracy. Currently, relative positioning accuracies are typically at the few parts per billion of the inter-receiver distance (or a few millimetres of error over a one thousand kilometre baseline, i.e., the 3D vector connecting the reference station to the user receiver). Hence GPS geodesy underpins the definition of modern geocentric datums, permits control surveys to be conducted to extend or densify a State’s geodetic control network, and is used to monitor the stability of tide gauge sites or datums (Section 2.4.3). More details on relative GPS as used in geodesy can be found in, e.g., Rizos and Brzezinska (2009).
Real-Time Kinematic (RTK) is a relative positioning technique that can achieve centimetre-level accuracy in real-time, using pairs of receivers, even if the user receiver is moving, i.e. kinematic. Operational efficiencies and high accuracy are assured when both code and phase measurements are made on both L1 and L2. Hence RTK techniques require expensive, compared to single-frequency SPP/DGPS receivers, dual-frequency instrumentation and specialised phase baseline processing algorithms. A detailed description of the different modes and algorithms of phase-based positioning are given in, e.g., Rizos (2010a).
A critical enabler for the RTK technique is the widespread establishment of permanent, continuously operating reference stations (CORS) at the necessary density. Depending upon whether single-base RTK or so-called network RTK techniques are used the separation of CORS ranges from about 30 to 100 km. Most CORS providing RTK services are commercial operations, and a user must be a subscriber to the service. The RTK technique is commonly used for precision hydrographic, harbour and offshore engineering applications, including precision navigation of large vessels when there is little keel clearance, for dredging operations, and various engineering and construction tasks. For such near-shore, or even internal waters applications it is not difficult to ensure CORS deployment satisfies the baseline length constraints for efficient and reliable RTK. However, RTK techniques cannot be used when operating more than a few tens of kilometres offshore. As with DGPS techniques, the datum of the resulting coordinates is that on which the CORS coordinates are defined.

Precise Point Positioning (PPP) is a newer processing technique, which applies very accurate GPS satellite orbit and clock information computed separately from global CORS networks to a single high-quality receiver via specific processing algorithms, in order to produce decimetre to centimetre-level coordinates without any baseline constraints. The technique is now an industry standard for hydrographic surveys and marine construction, given its accuracy and performance near and far from shore. Coordinates are computed in the datum of the satellite orbit and clock products, typically ITRF. Efforts to further improve this technique are ongoing (Bisnath and Gao, 2009).
2.5.3
The Future of GNSS

By the year 2020 it is expected that the number of GNSS satellites broadcasting navigation signals will double from the current number of about 70 satellites, to over 140 satellites (see, e.g., Rizos, 2010b). Extra satellites improve continuity. GPS, GLONASS, Galileo and Compass/BeiDou being independent systems mean major system problems, unlikely as they are, have a very remote possibility of occurring simultaneously.
Extra satellites and signals can improve accuracy, thus:

•
More satellites being observed means a given level of accuracy can be achieved faster.

•
More signals means more measurements can be processed by the receiver’s positioning algorithm.

•
Position accuracy is less susceptible to the influence of satellite geometry.
•
Vertical accuracy will approach the performance of horizontal positioning.

•
The effects of multipath and interference/jamming could be mitigated through implementation of receiver autonomous integrity monitoring (RAIM) type satellite signal selection algorithms, ensuring that only measurements of high quality are processed.

Extra satellites and signals can improve efficiency. For phase-based positioning to centimetre accuracy, extra satellites and signals will significantly reduce the time required to resolve carrier-phase ambiguities.

Extra satellites and signals can enhance signal availability at a particular location, crucial for users wanting PNT solutions in areas that do not satisfy the open-sky conditions, though this is not as serious an issue for maritime users.

Extra satellites and signals can improve reliability:
•
Extra measurements increase the data redundancy which helps identify measurement outliers.
•
The current L2 GPS measurements are noisier and less continuous than those which will be made on either of the new signals L2C or L5, hence dual-frequency operation will be enhanced in future.
•
More signals mean that service is not as easily denied due to interference or jamming of one frequency or set of signals, which may prevent the making of critical pseudorange and/or carrier-phase measurements on one or more GNSS.

Finally, any discussion of mixing different satellite navigation signals so that users can improve the performance of their receivers invariably raises the issue of interoperability and compatibility. Interoperability is defined as the ability of GNSS services to be used together to provide the user better capabilities than would be achieved by relying solely on one service or signal. At the very least, this term would imply the same or very similar transmitted frequencies, but ideally the broadcast of the family of spreading codes by all GNSS. Compatibility is defined as the ability of GNSS to be used separately or together without interfering with each individual service or signal. The degree of interoperability and compatibility that will be achieved in a multi-GNSS world is still unclear.
2.6
SURVEYS AND COMPUTATIONS

In order to determine maritime boundaries, it may be necessary to perform surveys both on land and at sea, as follows:

· Geodetic and topographic surveys.

· Tidal and oceanographic surveys.

· Bathymetric/hydrographic surveys.

· Geoscientific surveys.
This section will focus on land operations that make use of geodetic methodologies. The use of geodetic and topographic surveys and calculations may be required in the following cases:

· Determination of the low water line, which defines a coastal State’s normal baseline and/or the base points of a straight baseline.
· Positioning and/or verification of the geodetic coordinates of points and benchmarks.
· Conversion from one geodetic datum to another, or definition of a common datum.
· Determination of the datum that was used for original positions, and which may not have been properly or adequately documented.
· Readjustment of ancient and/or distorted surveys.
· The determination of areas.
2.6.1
Determination of Baselines

Generally, the baseline from which territorial waters are measured corresponds to the low water coastline that is indicated on the official nautical charts of the coastal State (see Chapter 4). Situations arise where the coastline is not defined clearly, or where it is improperly described on official charts on account of marked variations due to recession or other phenomena, such as erosion or accretion. In that case, a new geodetic survey may be desirable to determine the positions of the points that define the low water line. Before starting, the State should decide which system of baselines it wishes to adopt, i.e., normal or straight. If both will be used, the State needs to determine the sections of coast to which each will apply. All necessary documents that relate to the coastal zone of interest should be assembled, i.e., charts, list of geodetic points, aerial photographs, etc. It is also important to verify that tidal stations exist and that they are operating in that zone. It is necessary to define the vertical datum (see Section 2.4), as well as the horizontal datum (see Section 2.3) in use.

Field reconnaissance is used to identify and select those points along the coast that will be used to define the baseline. Such points may consist of turning or terminal points of a straight baseline system, or they may describe the low water line that defines a normal baseline. Off-lying rocks, islands and low tide elevations are particularly important in this respect. It is also necessary to locate all geodetic control points in the area, which may be used to reference the baseline points.

Where the coastline is deeply indented or fringed with islands with numerous embayments, headlands and off-lying rocks and islands, and when it is planned to use a system of straight baselines, care must be taken to carry out a detailed reconnaissance in order to select the proper points. An accurate, large-scale chart is most desirable for this purpose, but if one is not available, other maps, aerial photographs or satellite imagery may be used.

The field reconnaissance may involve many hundreds of points. A field survey is not normally carried out, but it is advantageous if some of the points can be connected to the geodetic network and become themselves geodetic reference points.

Article 7 of the LOS Convention indicates the required geographical conditions that must be satisfied prior to employing straight baselines. However, considerable interpretation has taken place on paragraph 3 concerning the stipulation that “the drawing of straight baselines must not depart to any appreciable extent from the general direction of the coast”. Figure 2.11 demonstrates just some of the possible choices that may exist on a fictitious length of coastline.
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Figure 2.11 Different interpretations of general direction of the coast and selection of straight baselines. 

(Animation: http://www.iho.int/iho_pubs/CB/C_51_ANIMATIONS/Figure2_11.ppt)
It may be necessary to establish horizontal control by means of geodetic measurements when determining the position of the low water line, or of the points that define the straight baselines. A study of existing charts and maps, complemented by field observations, is essential for examining the configuration of the land and coastline, and to note the existence of established geodetic control points and benchmarks.

In most countries, a system of primary first order control (defining the foundation points in the national datum) will already have been established. Monuments made of concrete, bronze or other permanent substance will mark the physical positions of this control. Increasingly States are establishing networks of CORS as a means of both physically marking geodetic control points as well as providing an easy means of connecting to the datum using differential or relative GNSS techniques (Section 2.5.2). From these points, lower order control points must be established in order to define precisely the geographical location of the coastline and other features of importance to the delimitation.

Horizontal control may be extended from the primary control by any of several methods. Historically, this has been achieved through triangulation, traversing, and trilateration, but GNSS methods are used exclusively today (Section 2.5.2). The use of phase-based techniques, i.e., relative GNSS or PPP ensures horizontal accuracies at the decimetre-level or better. This is sufficient for determining the coordinates of baseline points in a State’s national datum.

A few words about vertical measurements and the necessary vertical control are also in order. Geodetic vertical control consists of a network of levelling benchmarks the orthometric heights of which, as already indicated in Section 2.4, are referred to the geoid via the local mean sea levels.
The location of the low water line will require careful tide measurements in areas where the coast is gently sloping, because any error in vertical measurement may result in a considerable horizontal displacement. It is important to obtain the exact height above low water datum of all off-lying rocks, sandbars and other features. At the same time the tidal range must be precisely determined in order that it will be known if these features are above or below high water. Whether or not a feature is a low tide elevation (see Article 13) or a feature permanently above high water may assume considerable importance. It is thus necessary to pay maximum attention not only to the trend of the tide, but also to the possible influence of meteorological factors on sea level. Such influence is greater in shallow waters and in coastal areas that feature low gradients.

Determining the coastline becomes more difficult in zones having large differences in tide and where ice and storm surges may exist. By the end of the survey, the coastline will be represented as a continuous polygon line with straight legs of varying length depending on the configuration of the coast. Photogrammetric processing of airborne or satellite imagery (remote sensing) may be used in addition to the geodetic methods to define precisely the entire extent of the low water line, thereby providing details between the surveyed points. 
Remote sensing “… embraces all methods of acquiring information about the Earth’s surface by means of measurement and interpretation of electromagnetic radiation either reflected from or emitted by it” (Kraus, 2007). Contemporary remote sensing sensors can be categorised as:
1. Optical (visible and infrared region of the electromagnetic spectrum)
2. Microwave (active: Synthetic Aperture Radar, altimeter; passive: scatterometer)
3. LIDAR (LIght Detection And Ranging)
Some of the products that can be obtained from remote sensing are Digital Terrain Models (DTMs) and Digital Surface Models (DSMs). The former strictly refers only to the bare terrain (topography), after eliminating heights of buildings, trees, etc., while the latter strictly refers to the uppermost surface of topography and culture (buildings, vegetation, etc.) as seen on an aerial photograph or detected from the first return pulse of a laser scanner (Newby, 2012).
Based on remote sensing observations, coastline points for areas with limited or even no access can be determined by the following specific image processing steps:

1. Orthorectification (the process of removing the effects of image tilt and terrain effects resulting in a planimetrically correct image) using a DTM or DSM
2. Coastline extraction using a specific edge detection algorithm or a combination of various ones
3. If necessary, manual coastline refinement by digitalisation in order to overcome uncertainties to obtain the mean low water spring or, mean lower low water or, lower low water large tides, lowest low water spring tide
4. Determination of the most significant coastline points suitable for the corresponding situation
2.6.2
Determination of Areas
In the application of the LOS, the areas of closed polygons limited by meridian lines, parallels, great circles or geodesics are of primary interest. For very small areas, straight lines in the projection plane can usually serve as an acceptable approximation, and the area they enclose can be determined by the coordinate formula, e.g., Richardus (1984). On the sphere, the area of any closed polygon can be precisely determined by considering the spherical excess, provided that the angles between the polygon sides are known.

Although the reference surface for applying the LOS is an ellipsoid, the spherical approximation of the area will be sufficient for small closed polygons. Then the radius of the sphere corresponding to the so-called Gaussian curvature should be chosen. For explicit formulas the reader is referred to, e.g., Kimerling (1984). However, as angles are not measured in modern space methods, these quantities must first be determined from the coordinates of the polygon points.

Another approximate method is to perform the area calculation by the coordinate method in an area preserving (equality) projection. The disadvantage is that geodesics are not straight lines in such a projection plane, which inevitably leads to approximation uncertainties that increase with the size of the area. As an example, Gillissen (1994) used this method with Abel’s equality projection. Alternatively, if the polygon lines are loxodromes, the polygon is composed of straight lines in Mercator’s projection; however, as this projection is not area preserving, the calculated area will again be in error.

Sjöberg (2006b) extended Kimerling’s method to a series solution to the desired accuracy for a geodetic polygon of any size. Alternatively, the series derived by Danielsen (1989) for the area under the geodesic could be useful. Baeschlin (1948) presented a closed but approximate equation for the area of an ellipsoidal triangle. Also, for any closed polygon on the ellipsoid, limited by meridian lines and parallels, the area can be exactly determined by adding closed expressions for the areas of blocks; see, e.g., Baeschlin (1948). Finally, Sjöberg (2006a) presents practical formulas for the numerical computations of areas, arc lengths, etc., related to geodesics.
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