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Introduction
It’s hard to argue that astro navigation is essential. You could buy a perfectly good GPS set for the money you might spend on astro reference books alone, and several back-ups for the price of a decent sextant.
But there is something enormously satisfying about handling a sextant, and using a piece of Georgian technology for its intended purpose. And there’s a kind of freemasonry about astro: a sense that until you’ve been initiated into its secrets and mysteries, you’re not quite a proper Navigator.
The funny thing is that although a lot of astro jargon has an almost mystical ring about it, most of us already know the “secrets” on which the whole science of astro navigation is based.
[image: A large number of yellow and white stars on a black background. ]
Celestial navigation. This video contains dialogue. 
 

Chapter 1: Five-Minute Astro
The basics
Imagine, for a moment, that you are somewhere in open water, with a single bright star directly overhead. 
Astronomers have spent centuries watching, recording, and predicting the movement of stars, and the results of their efforts are published in star charts and almanacs. So if you can identify which star you are looking at, you can find out where it is.
And if you know where the star is, you know where you are.
But suppose the star isn’t directly overhead?
If it’s almost directly above you, then you must be somewhere fairly close to the spot at which it is directly overhead. And if it’s low on the horizon, then you must be a long way away.
If we could measure, accurately, the angle between the star and our zenith (a point in the sky that is immediately overhead), we could be more precise than “fairly close” or “a long way away” because – as a rule of thumb – every degree corresponds to sixty miles.
[image: The earth is depicted by a blue semi-circle at the bottom of the image. The sky above it is black. There are two straight white lines shown along the surface of the earth – these are labelled “Horizon”. The middle of each line touches the earth, while the ends of the lines are above the surface. From the centre of each line, another straight line extends away from the earth. The left-hand line has an arrow pointing towards the earth and is labeled “from Star”. It’s pointing directly to centre of the line from a point directly overhead, indicating the zenith. The right-hand line is at an approximately 45-degree angle, indicating that the star is sinking towards the horizon and that you’re moving further away from it. ]
As you move away from the point at which a star is directly overhead, the star appears to sink towards the horizon.
Unfortunately, it’s very difficult to be absolutely certain where the zenith is. But it’s relatively easy to measure the angle between a star and the horizon, to a high level of accuracy.
Suppose, for instance, that there’s a star directly over London, and another directly over New York, and that to us they appear to be 70° above our north-east horizon and 50° above the horizon in the north-west (see illustration).
Zenith distance. This video contains dialogue. 
Being seventy degrees above the horizon means that the London star is twenty degrees away from directly overhead. Using the “one degree is sixty miles” rule, this means that we must be somewhere on the perimeter of a circle whose centre is directly below the star, and whose radius is 1200 miles.
Applying the same logic to the New York star means that we are also on another circle whose radius of 2400 miles and whose centre is in New York.
There are only two places where we can possibly be on both circles at once – and as one of them is off Iceland and the other is off the Azores, it shouldn’t be too difficult to tell which is which!
[image: A realistic image of the earth with topography. The Atlantic Ocean is in the centre of the image. A yellow star is positioned over London on the right of the image and another is positioned over New York on the left of the image. A yellow semi-circle is drawn partly around the London star, with a radius of 1200 miles and its centre over London. Another yellow semi-circle intersects the first, whose radius of 2400, with New York as its centre. The two semi-circles intersect just off Iceland and off the Azores. ]
So the principle of astro navigation is quite straightforward:
Measuring the altitude of a body above the horizon tells us how far we are from the point at which that body is directly overhead.
To put it into practice, there are just three problems to overcome:
	measuring the angle between the heavenly body and the horizon to an accuracy of a fraction of a degree. 

	knowing where the heavenly body was at the moment the angle was measured. 

	drawing circles with radiuses of hundreds of miles. 


Chapter 2: All Done By Mirrors – The Sextant
The most fundamental measurement in astro navigation is the angle between the horizon and a heavenly body such as the sun, or a star – known as its altitude. Mariners have used all sorts of contraptions for the purpose, but for the past two and a half centuries, the first choice has been a sextant.
[image: A black sextant from the side. Nine parts of the instrument are labelled, with arrows pointing to each one. One blue line crosses the image horizontally and it contains a blue arrow which points from left to right. The line is positioned across the horizon glass and the telescope. A second blue line starts at the top left of the image, extends diagonally downwards towards the index mirror, then “bounces” back towards the horizon glass. The labels read: 1 index mirror. 2 index shades. 3 horizon glass. 4 telescope. 5 horizon shades. 6 index arm. 7 scale. 8 micrometer. 9 clamp. ]
How a sextant works
Light from the sun, star, or planet is reflected from the index mirror (1), through various removable shades (2), to the horizon glass (3), which reflects it into the telescope (4). 
On a “split view” sextant, the horizon glass is half mirror and half plain glass, so the user, looking through the telescope, can see the reflected image of the heavenly body in the silvered half, but can also see the horizon through the plain glass. Another set of shades – the horizon shades (5) – is provided to reduce glare from the surface of the water.
On an “all-view” sextant, the horizon glass isn’t split. Instead, it has an all-over coating that reflects like a mirror, but lets you see through it at the same time.
Whichever type of horizon glass you have, the end result is that you can look in two directions at once, adjusting the angle between the two lines of sight by moving the index arm (6), and reading off the angle on the scale (7) and the micrometer drum (8).
Every complete turn of the micrometer drum moves the line of sight by just one degree, so it’s very good at making small, precisely controlled movements. But it would be tedious – to put it mildly – if it took fifty turns of the micrometer to change the angle by fifty degrees. To save time and temper, the micrometer can be disengaged by squeezing the clamp (9). The index arm then pivots freely until the micrometer is re-engaged by releasing the clamp.
Shooting the sun
To “shoot” the sun, hold the handle of the sextant in your right hand, set the index arm to approximately zero, and adjust the telescope to suit your eyesight by focusing it on some distant object such as the horizon.
Swing most of the index and horizon shades into place, and then look through the telescope, straight at the sun. You should see two images, probably not quite lined up with each other.
Now comes the tricky bit: squeeze the clamp on the index arm, and push it away from you, simultaneously tilting the body of the sextant downwards until the telescope is looking straight at the horizon. You will almost certainly have to move some of the horizon shades out of the way, but the idea is to keep the reflected image of the sun in view until it is superimposed on the direct image of the horizon. 
[image: A mainly green image with a black tinged outline. This depicts the view through a sextant telescope. The sun is positioned in the middle of the image horizontally, just off to the left of centre vertically. The ocean is directly below it. ]
Then let go of the clamp, and turn the micrometer drum to tweak the two images until the sun appears to just touch the horizon. Check that the sextant is vertical by rocking it gently from side to side: the reflected sun should just brush the horizon in the middle of each swing, without dipping below it.
Shooting stars or planets
The principle of shooting stars or planets (or the moon) is, of course exactly the same, except that you don’t need the shades. The main difference is that small and relatively dim objects are much more difficult to keep in view as you bring the reflected image down to the horizon. One solution is to use the sextant “upside down”.
1. Set it to zero, and adjust it to suit your eyesight as usual, but hold it in your left hand, with the index mirror at the bottom and the micrometer and clamp at the top. 
2. Find the star or planet in the telescope, then squeeze the clamp and push the index arm away from you. This time, though, do not tilt the sextant downwards but keep the telescope pointing straight at the star or planet. The idea is that you are going to bring the horizon up to the star, instead of bringing the star down to the horizon.
3. As soon as you’ve got the star and horizon in view simultaneously, you can turn the sextant up the right way, and carry on as usual. 
Reading the Sextant
Reading a sextant is a three-stage process, involving the main scale, the micrometer drum, and the Vernier scale.
	The main scale gives the number of whole degrees

	The micrometer shows the number of minutes (sixtieths of a degree) and

	The Vernier indicates the number of tenths of a minute 

In the photograph, for instance, the reading on the main scale is just past 57. 
[image: A close-up of the index arm of a black sextant. The reading on the main scale is just past 57, while the micrometer shows 15 and the Vernier indicates 0.6. ]
Take the reading on the micrometer drum that is alongside the “zero” mark of the Vernier scale. In this case, the reading is between 15 and 16, so the micrometer reading is 15’. 
For tenths of a minute, look for the mark on the Vernier scale that is closest to being lined up with a mark on the micrometer drum. In the photo, it’s the 0.6 mark, so the sextant reading is 57°15’.6.
Adjusting a Sextant
It only takes a few minutes to check and adjust a sextant, but the results are well worth it. 
Perpendicularity
Perpendicularity checks that the index mirror is perpendicular to the frame. 
	Remove the telescope, and squeeze the clamp in order to set the index arm to about twenty degrees. 

	Then hold the instrument with its frame roughly horizontal and the index mirror nearest to your eye, so that you are looking past the index mirror, towards the “zero” end of the scale beyond it. At the same time, you‘ll see the other end of the scale reflected in the mirror. 

	The two parts of the scale should line up with each other to form a smooth, even curve. If they don‘t, tweak the adjusting screw on the index mirror until they do.

[image: A close-up of the index mirror and horizon glass of a black sextant. A hand is holding the sextant just below the index mirror. Two blue lines with arrowheads originate from the same point, just off the top-right of the index mirror. One arrow head points to the reflection of the scale in the mirror, and the other arrow head points towards the other end of the scale on the index arm. ]
Side error 
Side error arises when the horizon glass is not perpendicular to the frame. The effect is to offset the reflected image sideways from the direct image.
By day, the simplest way to check and correct side error is to fit the telescope back onto the sextant, and look through it towards the horizon. Adjust the index arm by twiddling the micrometer screw until the direct and reflected images of the horizon are perfectly lined up with each other. Then tip the sextant on its side: the two images of the horizon should stay lined up with each other. If you see two horizons, move them back into line with each other by adjusting one of the two screws on the horizon glass. Usually (but not always), the one that handles side error is the one furthest from the main frame of the sextant.
[image: A view of the ocean and the horizon through a sextant telescope showing side error. The black edges of the telescope are shown surrounding the photo. The image is split into two – one half at the top left and one half at the bottom right, with an out-of-focus diagonal line separating the two. The horizon on the left half of the image is slightly higher than that on the right. ]
At night, a better way is to fit the telescope and look through it towards a bright star. Adjust the index arm by twiddling the micrometer screw until the direct and reflected images of the star are side by side, then adjust the screw on the horizon glass until they are perfectly superimposed on each other.
[image: A view of the ocean and the horizon through a sextant telescope showing side error. The black edges of the telescope are shown surrounding the photo. The image is split into two, vertically, with an out-of-focus vertical line separating the two. The horizon on the left half of the image is higher than that on the right. ]
Index error
The third and most important sextant check is for index error. It happens if the mirrors aren’t parallel to each other when the instrument reads zero. It’s worth getting into the habit of checking it every time you use the sextant.
Set the index arm so that it is reading precisely zero, with the mark on the index arm against the zero mark on the scale, and the micrometer also reading zero. Then, holding it in the usual operating position – look at the horizon. If you see two horizons, try to make them coincide by tweaking the remaining screw on the horizon glass. 
At night, you can achieve the same thing (and with even greater precision) by lining up the two images of a star instead of the horizon.
There’s no need to remove index error altogether. When you’ve got it nearly right, tweak the micrometer screw until the two horizons coincide, and note the reading. This residual “index error” can always be applied as a correction to the eventual sight.
[image: A close-up of the index arm of a black sextant. The reading on the main scale is just 0. The micrometer and the Vernier also show 0.]
Notice that in the photo, the main scale appears to be reading 0, but the micrometer says 54’. To set the sextant to read precisely 00’, we would have to increase the reading by 6’. In other words, this sextant is under-reading by 6’, so we have to add 6’ to every measurement.
Index error is often described as being “on the arc” or “off the arc”. If the error is “on the arc”, it means that the index arm is “on the arc” (i.e. showing a positive reading) when it should be zero. In the photograph, where it is showing a negative reading, it is “off the arc”. The words “on” and “off” make it easy to remember how to perform the correction:
	If the error is off, add it back on

	If the error is on, take it off 

Tricks of the trade
	In clear weather, make the horizon even crisper by taking sights from as high on the boat as possible

	In mist or haze, make the horizon closer and clearer by taking sights from as low in the boat as possible

	Except for a noon sight, take several sights of the same body in quick succession, and take an average of the results 

	Generally, take star or planet sights as soon after sunset or as late before sunrise as possible, when the horizon is clearest

Within a couple of days of full moon, it may be possible to take star or planet sights by moonlight – but only when the moon is high in the sky.
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