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Foreword
Navigation is one of the most fundamental skills required for a safe and enjoyable time on the water. To the newcomer, the jargon, strange instruments and wide variety of navigational techniques may at first seem daunting. Whilst the fundamentals of navigation have remained unchanged for centuries, the continuous development of new technology means that we have more tools than ever before to help us find our way. 
This book is designed to provide the reader with a sound understanding of the basic principles of navigation as well as providing insight into the ways in which electronic navigation can be used to best effect. The combination of both traditional and electronic navigational techniques will ensure the development of a ‘well rounded’ and competent navigator.
Melanie Bartlett is an RYA Yachtmaster Instructor, journalist and author with a wealth of knowledge across a wide variety of marine-related subjects. Her lifetime of experience in practical navigation along with her clear and effective style of communicating the subject will provide you with the perfect platform from which to develop your own navigational skills.
Richard Falk MRIN
RYA Director of Training & Qualifications
 

1 Introducing Navigation
Navigation can be defined as the process of planning and carrying out the movement of transport of all kinds from one place to another, or as controlling or directing travel.
Basic Principles of Navigation
It doesn’t have to be a terribly clever or high-tech process. Some of the most primitive animals on the planet navigate by setting off towards something that attracts them – such as a source of food or warmth – or away from something that repels them. If they bump into something on the way, they respond simply by changing direction and trying again until they find their way round the obstruction.
Humans start off in much the same way! By the time we have learned to walk, however, we have all started to develop much more sophisticated navigational techniques. Even a toddler is quite capable of finding their way around their home. They can get from one room to another and avoid some of the hazards on the way.
By the time the toddler has grown to be a teenager, they are almost certainly quite an accomplished navigator. Even if they thin they have no sense of direction, they could probably find their way around an unfamiliar town by following signposts or directions, and may well be able to use a simple map to create their own set of directions without having to ask anyone else.
By visualising the map as a diagrammatic bird’s eye view of the shopping mall, and themselves as an ant-sized creature walking around on it, it’s also easy enough for them to pick out a route from their starting point (between the shops coloured blue in the bottom left-hand corner of the map) to their destination (the sports shop, also coloured blue, near the top right-hand corner). They could, for instance, set off past the pet shop, turn right at the garden, and turn left at the café, expecting to find the sports shop on the right-hand side, about halfway between the café and the supermarket.
[image: An example shopping mall. ]
Figure 1
Alternatively, the teenager could go back out of the shopping mall, turn left past the florist and bike shop, turn left again into East Street, and go back into the mall between the toilets. This time, they need to turn right at the café instead of left, and walk past the key-cutter and shoe shop to the sports shop.
As adults, what may be quite an adventure for a thirteen-year-old has become so commonplace that for most of the time we work out where we are and how we are progressing almost without thinking about it. 
Navigating at sea seems very different. The principles, though, are surprisingly similar.
Suppose, for instance, that we are in Port Rampton, at Quarry Marina (represented by the magenta ‘boat’ symbol in the chart extract in Figure 2) and want to go to the visitors’ pontoons in the Farlow River (represented by the circular “V” symbols).
The marine chart, just like the map of the shopping mall, is a diagrammatic representation of the area, from which it’s easy to see that once we have gone under the bridge out of the marina we shall need to head out of Rampton Bay before turning left around the headland. Keeping roughly parallel to the coastline, we’ll go past the town of Port Rampton, heading towards another headland with a chapel on its tip, until we can turn left into the Farlow River. We’ll go under another bridge before finding the visitors’ pontoons on the left-hand side, at the apex of a right-hand bend.
Like the teenager in the shopping mall, we need to know where we are starting from and where we’re hoping to get to, and plan a route between the two.
There are three big differences between marine navigation and land navigation on roads or in shopping centres:
	At sea we can head in almost any direction without the constraints of kerbs or walls.

	The sea itself is moving, so we don’t necessarily move in the direction the boat is pointing.

	Hazards, such as rocks and sandbanks, are often hidden below the surface.

[image: A chart extract in Port Rampton at Quarry Marina (represented by a magenta boat symbol). ]
Figure 2
 

2 Position
Position is one of the fundamentals of navigation. You usually need to know where you are, you almost always need to know where you are trying to get to, and you definitely need to know where the hazards are that you are trying to avoid.
This doesn’t mean that your knowledge of position has to be particularly precise, or that it has to be expressed in technical-sounding language. To say that the Seven Stones Light vessel is ‘fourteen miles west of Land’s End’, for instance, probably means a lot more to most people than to say it is at 50° 03’.58N 006° 04’.28W. It is also a lot easier to remember, and less susceptible to human errors – such as writing 50° 05’.38N instead of 50° 03’.58N.
[image: The earth as a perfect sphere, whose surface is covered by an invisible network of lines. ]
Figure 3
On the other hand it is very useful to have a method of specifying a position anywhere on Earth that is unambiguous and can be understood by navigators of all nationalities, without any local knowledge whatsoever, yet can be as precise as we want it to be – to a matter of millimetres, if necessary. Latitude and longitude enable us to do just that.
[image: The earth with North and South Poles. ]
Figure 4
Latitude and Longitude
Our world is a ball of rock, just less than 13,000 kilometres in diameter, spinning through space. It is not a perfect sphere: apart from surface irregularities, such as hills, valleys, and seas, it is also slightly squashed. This distortion is only about a third of 1 per cent, so for many practical purposes it can be ignored, and we can visualise the Earth as though it were a perfect sphere whose surface is covered by an invisible network of lines, rather like the grid that is used to help find particular towns or villages in a road atlas (Figure 3).
Unlike the grid on a street map or road atlas, however, the graticule of latitude and longitude is not entirely arbitrary, but is based on a few natural reference points.
The most important of these natural references are the north and south Poles (Figure 4). They represent the ends of the Earth’s axis of spin. Exactly midway between the poles, at right angles to them, and running around the fattest part of the Earth, is the Equator.
Latitude
The formal definition of latitude is ‘the angle which the perpendicular to the Earth’s surface at a place makes with the plane of the Equator’. That can be difficult to visualise, so a useful working definition is:
Latitude is distance from the Equator, expressed as an angle, measured in degrees at the centre of the Earth.
Latitude by itself is no good at defining a particular position. Falmouth, for instance, is 50 degrees north of the Equator. So are Frankfurt, Prague, and Winnipeg, to name but three. If you were to join together all the places that share the same latitude, the result would be a line running round the world. It’s parallel to the Equator, so it’s called a parallel of latitude.
On most maps and charts, parallels appear as horizontal lines, running from side to side.
Longitude
The corresponding vertical lines are called meridians. They run from pole to pole, dividing the world into segments as though it were a giant orange (Figure 5).
The Equator was a pretty obvious reference from which to measure latitude. Unfortunately, none of the countless meridians which could be drawn from pole to pole stood out as an obvious candidate to be the prime meridian from which to measure longitude. Until the latter part of the 19th century, this meant that different countries adopted different prime meridians – usually based on their own capital cities. In 1884, however, an international conference agreed a world standard, taking one of the telescopes at Britain’s Greenwich Observatory as its reference point.
[image: The earth's meridians running from pole to pole. ]
Figure 5
The formal definition of longitude is ‘the angle between the plane of the Prime Meridian and the meridian of the place’.
Combining latitude and longitude enables us to specify particular positions. Frankfurt, for instance, is at 50°N 009°E, while Falmouth is at 50°N 005°W. Bear in mind, though, that the Earth is so big that 1 degree of latitude at its surface is over a hundred kilometres. To specify positions more accurately, each degree can be subdivided into sixtieths, called minutes. Each minute can be further subdivided, either into sixtieths called seconds or, more commonly, into tenths, hundredths, or thousandths.
The position of a buoy, for instance, may be given as 50° 04’.92N 005° 04’.88W. Notice that latitude is given first, followed by longitude, and that their directions (north or south and east or west) are always included.
Horizontal Datums
Over the years and across the continents and oceans numerous mapmakers and mathematicians have come up with their own ways of defining the shape of the Earth, while seafarers, navigators and surveyors have worked out their positions using whatever references were available, such as the visible horizon. The trouble is that because the Earth is not really a perfect sphere, spinning about a fixed axis, and because it is very difficult to measure ‘vertical’ accurately, they were using several different ‘centres’ on which to base their measurements of latitude and longitude.
This means that history has given us many different graticules of latitude and longitude – known as horizontal datums – which don’t quite marry up with each other. Until recently, for instance, charts of British waters were drawn using a horizontal datum known as Ordnance Survey Great Britain 1936 (OSGB 36), while charts of the rest of Northern Europe were based on one called the European Datum 1950 (ED 50). ED 50 is based on the assumption that the Earth is slightly bigger and slightly more squashed than the British model.
The result is that the latitude and longitude of a fixed object vary, depending on the horizontal datum to which they are referred.
Until relatively recently this was of little practical significance to navigators. The advent of space travel, intercontinental missiles and satellite navigation systems, however, brought with it the need for a worldwide standard. Fortunately, they also provided the means of achieving it.
The worldwide standard that is now most widely used for marine charts is known as the World Geodetic System 1984 (WGS 84). It’s not the only one: a few charts were based on its predecessor (WGS 72), and many new charts of European waters are drawn on a later datum called the European Terrestrial Reference System 1989 (ETRS 89). There are technical differences between WGS 84 and ETRS 89, arising from the fact that Europe and America are drifting apart (at the rate of a few centimetres per year).
For practical navigational purposes, the discrepancies between ETRS 89 and WGS 84 are negligible. As Figure 6 shows, however, the discrepancies between WGS 84/ETRS 89, ED 50, and OSGB 36 are quite enough to be significant.
Round Island lighthouse, for instance, is at 49° 58’.702N 6° 19’.335W, according to the OSGB 36 datum, but is at 49° 58’.797N 6° 19’.294W according to ED 50 – an apparent discrepancy of nearly 200 metres!
In some parts of the world, particularly parts of the Pacific Ocean, datum discrepancies can amount to 2 kilometres or more.
[image: The discrepancies between WGS 84 and ETRS 89. ]
Figure 6
Dealing with Datums
If you are navigating only by traditional methods, in which latitude and longitude are almost irrelevant, even these large datum discrepancies can usually be ignored altogether, just as they were in years gone by.
However, if you are using any kind of electronic ‘navigator’, such as a satellite navigation system or an electronic chart plotter, it is important to make sure that your positioning system and your chart are referring to the same datum.
On British Admiralty charts, the datum on which the chart is based is always stated in the information panel just below the title. You can’t change the datum of the chart, so you have to change the datum of your positioning system. There are usually two (sometimes three) options:
	Automatic.

	Arithmetic.

	Manual.

[image: An extract from RYA Training Chart 3. ]
Dealing with Datums – Automatic Conversion
GPS satellite navigation receivers invariably use WGS 84 as their ‘default’ datum. All but a tiny minority, however, can be set up to carry out an automatic conversion into any of several dozen (sometimes several hundred) alternative datums. The procedure for doing so varies from one model to another, so it is essential to check with the instruction manual to find out how to do it, and to make sure that the navigator is switched to the appropriate datum for the chart you are using at the time.
Suppose, for instance, you are planning a passage from the south coast of England to the Channel Islands. As part of the planning process, you are likely to want to store important positions such as harbour entrances in the navigator’s memory. These stored positions are known as waypoints, and are covered in more detail here. Your detailed charts of the south coast may well be drawn to the OSGB 36 datum, while your Channel Island charts are drawn on ED 50. This means that while you are dealing with the charts of the English coast, you should keep the GPS set up to display OSGB 36. When you turn your attention to the charts of the Channel Islands, however, you should also turn the GPS to ED 50.
If, at this stage, you refer back to an English waypoint that you stored as 50° 36’.57N 2° 26.49W, you may well find that it appears as 50° 36’.656N 2° 26’.486W. That is because the GPS set has converted it.
When you come to make the real passage, you again need to check that the GPS is set to the correct datum (OSGB 36) when you are leaving the English coast, and switch it over to the ED 50 datum somewhere in mid-Channel.
Dealing with Datums – Arithmetic Conversion
Charts drawn to any datum other than WGS 84 or ETRS 89 include a note explaining how to convert positions shown by a GPS set operating on its default datum (WGS 84) to the appropriate datum for the chart. It may, for instance, say:
SATELLITE-DERIVED POSITIONS
Positions obtained from satellite navigation systems are frequently referred to WGS Datum; such positions should be moved 0.06 minutes NORTHWARD and 0.08 minutes EASTWARD to agree with this chart.
Converting a position shown by a GPS set to one that can be plotted (marked) on the chart is a simple matter of following the instructions. Suppose the GPS display reads 50°49’.372N 1°16’.157E:
	50° 49’.372N	1° 16’.157E
	+ 0’.060N	+0’.080E
	50° 49’.432N	1° 16’.237E

 
The position should be plotted as 50° 49’.432N 1° 16’.237E.
In this particular case, the conversions had the same names (north and east) as the latitude and longitude. If the names are opposite – an easterly conversion being applied to a westerly longitude, for instance, the conversion has to be subtracted. Suppose the GPS display had read 49° 50’.372N 1° 16’.157W:
	49° 50’.372N	 
	1° 16’.157W
	+ 0’.060N	 
	- 0’.080E
	49° 50’.432N	 
	1° 16’.077W

 
The position should be plotted as 49° 50’.432N 1° 16’.077W.
Care is also called for when waypoints taken from an ED 50 or OSGB 36 chart are being applied to a GPS set that is referring to WGS 84 positions. Remember that the instructions on the chart show how to convert WGS positions to suit the chart, not vice versa. This means that to convert charted waypoints to WGS, the conversion instructions have to be reversed. For a waypoint at 49° 26’.340N 2° 21’.050W, for instance, the conversion would go like this:
	49° 26’.340N	 
	2° 21’.050W
	- 0’.060S	 
	+ 0’.080W
	49° 26’.280N	 
	2° 21’.130W

 
The fact that the conversions are only given to two decimal places makes them look somewhat imprecise compared with the three decimal places that are usually shown by a satellite navigator. Nevertheless, they have the advantage of having been calculated using significantly more sophisticated algorithms than those used by most civilian GPS receivers. The big snag with this arithmetical method is that it is tedious and very susceptible to human error. In general, it is better to rely on the automatic method.
Dealing with Datums – Manual Conversion
Some GPS sets also offer a position-offset or user-defined datum facility. In effect, this allows the user to give the GPS receiver the appropriate conversion data for a particular chart. The computer that is built into the GPS receiver will then take care of all the arithmetic.
This facility is useful if you are dealing with a chart whose horizontal datum is not specified or if it is one that is not recognised by your particular GPS. In such circumstances, it’s easy enough to find the appropriate conversion figures by comparing the actual position of some fixed landmark (such as a harbour wall) with its charted position. 
Generally, though, position offsets and user-defined datums should be used only as a last resort; it is too easy to apply them in the wrong direction or to continue applying them when they should have been switched off. 
Dealing with Datums – the Future
The problems posed by the use of different horizontal datums are gradually disappearing. Already, many charts have been redrawn to WGS 84 or to almost identical datums such as ETRS 89. Even now, though, charts of some of the remoter parts of the world are still based on surveys that were carried out in the 18th century, using sextants and lead lines. It is likely to be many years before these charts are converted and republished.
Summary
	Parallels and meridians form a worldwide grid system.

Parallels of latitude are invisible lines, parallel to the Equator.
Meridians are invisible lines from pole to pole, at right angles to the parallels.
	Position at sea can be expressed in terms of latitude and longitude.

The latitude of a place is its distance north or south of the Equator.
The longitude of a place is its distance east or west of the prime (Greenwich) meridian.
Latitude and longitude are both expressed as angles. 
	The Earth is not a perfect sphere, so it has many possible ‘centres’, and many possible grids of latitude and longitude that do not quite match up with each other.

 

3 Direction
Direction is another of the fundamentals of navigation. It is so important that navigators seldom refer simply to ‘direction’ as such, but use a variety of technical terms such as course, heading, bearing, and track to refer to specific types of direction – such as the direction from one object to another, or the direction a boat is pointing.
Even so, we don’t always need to express direction in particularly precise terms or in technical-sounding language. To say “the southbound tide starts a couple of hours before Low Water”, for instance, may be a useful and accurate generalisation. The more technical-sounding “the tide starts flowing 180° at Low Water -2”, on the other hand, would be wrong, because it implies a level of accuracy far greater than it actually achieves.
The formal definitions of north, south, east and west are all based on the Earth’s rotation:
	East is the direction in which the Earth rotates.

	West is the opposite direction to east.

	North is the direction from a point on the Earth’s surface towards the pole that would be on the left-hand side of an observer facing east.

	South is the opposite of north.

[image: A compass, with north, south, east and west. ]
Figure 7
As most of us would have to think very long and hard to work out which way the Earth spins, these definitions are of purely academic interest. It is far more useful simply to remember the diagram (Figure 7) or to visualise a simple compass card.
Different Kinds of Direction
As navigators, we have to deal with many different kinds of direction. To distinguish between them each one has a different name. Each of these technical terms has its own, specific meaning: course and heading for instance, are not interchangeable!
Bearing is the direction of one object from another.
Course is the direction the vessel is intended to be steered.
Heading is the direction in which the vessel is actually pointing at any given moment. It is very seldom exactly the same as the course.
Track Angle is the direction the vessel is actually moving over the surface of the Earth. The effects of wind and tide mean that it is not usually the same as the heading. In practice, the word ‘angle’ is often omitted. Ground Track, Course Made Good (CMG) and Course over Ground (CoG) all mean the same thing.
Water Track is used by marine navigators to refer to the direction the vessel is moving through the water. It is sometimes called Wake Course.
Directions between these four cardinal points can be given names, too (Figure 8). South-east, for instance, is midway between south and east, south-west is midway between south and west, and so on. Further sub-division produces eight quarter cardinal points, such as south-south-west, west-south-west. Even these can be sub-divided to produce 16 by-points, with names such as north by west – meaning ‘a little bit west of north’.
Directions could be specified to a precision of just over five degrees by a further subdivision into half points. It’s very difficult to steer a small boat any more accurately than this, so the points system survived in yachts and small commercial craft until the latter half of the 20th century. Cardinal points, half cardinals and quarter cardinals are still used for approximate directions (in weather forecasts, for instance) but for navigational purposes they have been almost entirely replaced by the three-figure notation.
[image: The directions between the four cardinal compass points. ]
Figure 8
Three-figure notation is now virtually universal. Directions are referred to as angles, measured in degrees, counting clockwise from north, so east is 090°, southeast is 135° and so on (Figure 9).
Directions should always be written and spoken as three distinct figures. This isn’t pure pedantry! Many small boat compasses are marked at 10-degree intervals, with the final zeros left off to save space, so if you ask a helm to steer “35” there is a very real risk that they will steer 350° (to the 35 mark) rather than the 035° you intended.
[image: A compass with three-figure notation. ]
Figure 9
Measuring Direction – in the Real World
In order to measure direction, any boat should carry at least one compass. Most carry two or more. One is usually fixed to the boat itself and is used to show the direction she is pointing, so it is called the steering compass. The other is a smaller, hand-held version used for measuring bearings, and is known as a hand-bearing compass.
Sometimes one compass can be used to do both jobs: a hand-bearing compass mounted in a suitable bracket, for instance, can be used as a steering compass, and is particularly suitable for cruising dinghies, small keelboats and RIBs. At the other extreme, many ships use a sighting arrangement called a pelorus or azimuth circle mounted on top of the main compass for taking bearings.
It’s not unusual, though, for even quite small yachts to have several compasses. A yacht with tiller steering, for instance, may well have one steering compass on each side of the cockpit; a flybridge motor cruiser usually has one at each steering position. There may also be one at the chart table or over the skipper’s berth, and another to control an autopilot. 
Magnetic Compasses
Although there are several alternatives available, the overwhelming majority of yachts and small motor boats use compasses that work by sensing the direction of the Earth’s magnetic field. Essentially, the Earth behaves as though there is a gigantic bar magnet embedded in its core. Of course, there isn’t really a magnet there, and it is still a matter of some conjecture exactly what is going on to produce the effect. Nevertheless, for centuries, navigators have been able to make use of the fact that a free-swinging, needle-shaped magnet will turn to point north-south.
Small compasses, such as the ones used for backpacking and orienteering on land, still use a single magnetised needle as a north pointer. Most marine compasses, however, use several magnets, or a single ring-shaped magnet mounted on a circular card. The card is marked with a scale of degrees or compass points, and is suspended in a bowl filled with a mixture of water and alcohol. Of course, there are many variations on this theme: some compasses are designed to be looked at from above; some are designed to be seen edgeways on, and there are even some that are intended to be viewed from underneath. The extent of the damping also varies: compasses intended for motor boats in particular are usually much more heavily-damped than those aimed at sailing boats in order to cope with the rapid pitching motion.
An alternative kind of magnetic compass, known as a flux gate, has no moving parts, but uses electronics to sense the direction of the Earth’s magnetic field. This has enormous advantages: a flux gate compass is compact, can easily be linked to other electronic equipment such as an autopilot or radar, and its output can be automatically processed to correct for errors. Because the sensor and display can be separate it’s even possible to reduce errors at source by mounting the sensor wherever it will be least affected by stray magnetic fields. Apart from its dependence on electrical power, the big weakness of a flux gate compass is that it is very susceptible to tilt. For every degree that the sensor is tilted, it can easily produce 2 degrees of direction error. This problem can be overcome electronically, but most flux gate compasses also have quite sophisticated stabilising arrangements.
How a Flux Gate Works
Like transformers, electric motors and petrol engine ignition systems, a flux gate compass depends on the intimate relationship between electricity and magnetism, and in particular on the fact that if you pass an electric current through a coil of wire that has been wound around a suitable metal core, the core will become a magnet. Which end is the south pole and which is the north pole depends on the direction of the current flow, so if you pass an alternating current through the coil, the poles change ends every time the current reverses.
If you wrap another coil around this electromagnet, the opposite happens: every time the polarity of the magnet changes it generates an electrical current in the outer coil.
In a flux gate there are two cores, side by side. Their inner (primary) coils are both made from a single length of wire, wound in one direction around one, but in the opposite direction round the other. The result is that when an alternating ‘exciter’ current is applied to them, they form a pair of perfectly matched magnets, pointing in opposite directions, and therefore cancelling each other out. In a magnetically ‘clean’ environment, this would mean that no current is ever generated in the outer (secondary) coil. When the cores are lined up with the Earth‘s magnetic field, however, this delicate balance is upset, producing pulses of electricity in the secondary winding. These pulses are most pronounced when the core is pointing north-south, and disappear altogether when it points east-west.
Practical flux gate compasses use several flux gates arranged in a circle, and work by comparing the voltage created in the output windings of each one.
Compass Errors
Variation
All magnetic compasses – needle, swinging card or flux gate – depend on the assumption that the Earth’s magnetic field is lined up with its north-south axis. Unfortunately that isn’t quite true: in 2003, the Earth’s magnetic North Pole was nearly 900 kilometres away from the real North Pole.
This means that there is a discrepancy between the north shown by a magnetic compass and the north represented by the meridians on a map or chart. The discrepancy is called variation (1) because it varies from year to year (as the magnetic North Pole moves) and from place to place.
Where is the North Pole?
The magnetic North Pole is constantly moving. Every day it traces out an oval path about 85 kilometres long. The centre of that oval path also moves. Its speed and direction vary but over the past century it has averaged about 40 kilometres per year. 
When it was first located, in 1831, it was at 70°N 97°W on the north coast of Canada. 
In 2003, it was at 72°N 112°W.
If it continues at its present rate, it could pass about 200km from the True North Pole in 2020, and reach Siberia by about 2050.
At the moment (2013) variation in parts of New Zealand is about 25°W, while in parts of Alaska and NW Canada it is over 20°E, but in southern Norway and the Netherlands it is zero. Around the UK it is greatest on the west coast of lreland (6°W) and gradually reducing.
The amount of variation can always be found by looking on the navigational charts, where it can usually be found in each compass rose (see here) or else in the information panel just below the chart title.
It will be given in the form 5° 15’W 2000 (9’E). This means that magnetic North was 5° 15’ west of True North in 2000, and was moving eastwards by 9 minutes per year (9’E). In 2003, therefore, it will have changed by 3 x 9’ = 27’.
As the variation was originally west, and the change is eastward, the variation must be reducing, so it has become 5° 15’W - 27’ = 4° 48’W (Note that there are 60 minutes in a degree). For practical navigation purposes, though, this level of accuracy is unnecessary, and the answer can be rounded off to 5°W.
What this means is that if you measure the bearing of a lighthouse as 130° using a hand-bearing compass, the True bearing of the lighthouse is 125°. If you then look at the chart and find that you need to steer 240° (True), it means that the helm, using a magnetic compass, needs to steer 245°.
Once you know about an error, you’re usually at least half way to correcting it, and in this case it is a matter of simple arithmetic:
To convert from Magnetic to True add easterly variation or subtract westerly variation.
To convert from True to Magnetic add westerly variation or subtract easterly variation.
There are several mnemonics to help remember this. One is the simple rhyme, Error west, Compass Best; Error east, Compass Least (best in this case meaning biggest!). Another is the ‘CadET rule’, which is a reminder that to get from C (Compass) to T (True) you have to ‘ad’ (add) E (Easterly errors).
Magnetic Anomalies
The Earth’s magnetic field is very weak, so it is easily distorted by large metal structures such as wrecks, pipelines, and jetties. Fortunately, these human-made structures are generally relatively small, so their effects on a compass are extremely localised. Various types of naturally occurring magnetic material can have a more pronounced effect, and cover a wider area.
Where such magnetic anomalies are known to occur, they are marked on the relevant navigational chart. There is very little you can do about magnetic anomalies, other than to be aware of their existence and to bear in mind that, if you are in an affected area, the compass will be less reliable than usual. It will not, however, spin on its axis or self-destruct!
Deviation
Significant magnetic anomalies are relatively rare, and their effects are generally short-lived. Almost every boat, however, includes a number of magnetic components, including a few such as electric motors and loudspeakers that include powerful magnets, and others, such as electric wiring, that sometimes generate magnetic fields. The boat, in other words, carries its own magnetic anomalies around with it. The individual components may be small compared with an undersea deposit of iron ore but they are very much closer to the compass, so they are responsible for a third type of compass error, known as deviation.
Deviation is almost always present to some extent, but it changes as the boat alters course and, to a lesser degree, as she heels or pitches. It is easy to see why, if you think of a boat with a magnetic object such as a radio mounted just ahead of the steering compass.
When the boat is heading north (Figure 10), the north-seeking pole of the compass needle is attracted towards the object. Of course, this doesn’t matter because that is the direction the needle should be pointing anyway. Much the same applies when the boat is heading south.
[image: The direction of the compass needle on a boat travelling north, east, south and west. ]
Figure 10
When the boat is heading east or west, however, you can visualise the compass needle being pulled in two directions at once, with the Earth’s magnetic field trying to keep it in north-south alignment while the magnetic object on board tries to turn it east-west. If the deviating object were to one side of the compass – a steel gas bottle in a cockpit locker, for instance – the principle would be the same, but its effect would be different: deviation would be negligible when the boat is heading east or west, and at its maximum when she is heading north or south.
Things that are directly underneath (or above) the compass have virtually no effect so long as the boat is upright. As she heels over, though, the geometry changes. An object that was originally below the compass moves to port when the boat heels to starboard, and vice versa. As soon as it is on one side of the compass rather than directly below, it starts to have a deviating effect, producing what is known as ‘heeling error’.
In real-life, most compasses are surrounded by many deviating influences, each of which has its own particular characteristics. Their combined effect, however, can be measured. A skilled compass adjuster can
Minimising Deviation
Checking for Deviation
	172° (True)
	+ 6° W
	178° (Magnetic)

	178°	(Magnetic)
	- 174°	(Compass)
	4°	

Correcting for Deviation
Deviation and Hand-Bearing Compasses
Deviation and Flux Gate Compasses
Combined Compass Errors
	Compass heading	150° (C)	
	Correct for Deviation	+ 5° E	(Add easterly error)
	Magnetic heading	155° (M)	
	Correct for Variation	- 6° W	(Subtract westerly error)
	True Heading	149° (T)	

	Westerly error	6°	
	Easterly error	5°	
	Combined error	1° W	
	Compass heading	150° (C)	
	Combined correction	- 1° W	(Subtract westerly error)
	True Heading	149° (T)	

Coping with Large Errors
	Westerly error	22°	
	Easterly error	2°	
	Combined error	20° W	
	True heading	070° (T)	
	Combined correction	+ 20° W	(Add westerly error when going from True to Compass)
	Compass Heading	090° (C)	(Add westerly error when going from True to Compass)

	True heading	090° (T)
	Correct for variation	+ 22° W
	Magnetic heading	112° (M)
	Correct for deviation	- 18° E
	Compass heading	094° (C)

Non-Magnetic Compasses
How a Gyro Compass Works
	Gyroscopic inertia

	Precession

How a GPS Compass Works
Measuring Direction – on a Paper Chart
	The meridians and parallels that make up the grid of latitude and longitude.

	Compass roses – representations of a compass card, dotted around the chart. All compass roses have a ring of graduations showing directions relative to True North. Some, but not all, have a second, inner ring showing graduations relative to magnetic north at the time the chart was produced. Some older charts have a third ring inside the other two, showing compass points.

	Protractors.

	Parallel rulers.

	Single-arm plotters.

	Breton-type plotters.

Protractors
To Measure the Direction of an Existing Line using a Clockwise Scale
To Draw a Line in a Particular Direction using a Clockwise Scale
To Measure the Direction of an Existing Line using an Anticlockwise Scale
To Draw a Line in a Particular Direction using an Anticlockwise Scale 
Parallel Rulers
To Measure the Direction of an Existing Line
To Draw a Line in a Particular Direction
Single-Arm Plotters
Breton-Type Plotters
To Measure the Direction of a Line 
To Draw a Line in a Particular Direction 
Summary
	Directions are usually given as angles, measured clockwise from North (000º).

	On charts, direction is indicated by the grid of meridians and parallels, and by circular compass roses.

	In the real world, direction is measured by compasses.
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NOT TO BE USED FOR NAVIGATION
DEPTHS IN METRES

SCALE 1:100 000 at Lat 46°00°

Depths are in metres and are reduced to Chart Datum, which
is approximately the level of Lowest Astronomical Tide.
Heights are in metres. Underlined figures are drying heights
above Chart Datum. Vertical clearance heights are above
Highest Astronomical Tide. All other heights are above Mean
High Water Springs.
Positions _are referred _to  WGS84
= SATELLITE-DERIVED POSITIONS note).

Navigational marks: IALA Maritime Buoyage System
s - Region A (Red to port): Region B (Red to Starboard) in the

Neptune Islands.
Projection: Mercator.
Sources: The origin, scale, date and limits of the
hydrographic information used to compile the chart are
shown in the Source Diagram. Depths in upright figures are
from older surveys.
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PIPELINES
Mariners are advised not to anchor or trawl
in the vicinity of pipelines. Gas from a
damaged oil or gas pipeline could cause an
explosion, loss of a vessel’s buoyancy or
other serious hazard. Pipelines are not

SATELLITE-DERIVED POSITIONS

* Positions obtained from satellite navigation
systems, such as GPS, are normally
referred to WGS84 Datum. Such pos
can be plotted directly on this chart.

NEPTUNE ISLANDS - BUOYAGE

The territorial waters of Neptunia fall
githin'_the | IALA" Maritime _ Buoyage
System - Region B (Red to Starboard).
Mariners are advised to exercise caution
when changing IALA regions.

always buried and may effectively reduce
the charted depth by up to 2 metres. They
may also span seabed undulations and cause
fishing gear to become irrecoverably
snagged, putting a vessel in severe danger.
See Annual Notice to Mariners No 24.
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