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The Transverse Mercator Projection

The familiar Mercator projection used on so many world maps is a cylindrical projection, meaning the globe is
encircled by an imaginary cylinder touching at the equator, and the earth is projected onto the cylinder.
Contrary to a lot of geography texts, the projection is not what would result from placing a light at the center
of the earth and projecting the surface onto the cylinder. (That projection, called the cylindrical gnomonic,
results in extreme distortion in polar areas and has virtually no practical uses.) The term "map projection”
actually means any mathematical transformation of the globe onto some other surface, including many that
can't be physically realized by any actual optical projection system.
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The Mercator projection is a conformal projection, meaning that angles and small shapes on the globe project
as the same angles or shapes on the map. The price paid by all conformal projections is great variation in
scale away from the central portions of the map. Greenland on a Mercator map looks as big as South
America, though it has actually only 1/8 the area. However, a small portion of the Greenland coast (or any
small region, in fact) has the same shape on the map as it does on the ground.
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Within ten degrees or so of the equator, the scale error on a Mercator
map is only a percent or so, so in that region a Mercator map is about as
accurate as a map can get. There's no reason the cylinder has to touch at
the equator, though. To map Argentina and Chile, which are long and
oriented north-south, a good choice would be a Mercator projection

f' 'whose cylinder touches the earth along a meridian of longitude (65
degrees west will do nicely). Such a projection is called a Transverse
Mercator projection (shown at left).

The cylinder might also be oblique; for example to map the plate margins
around the north Pacific, you might use a cylinder touching along the
great circle from San Francisco to Tokyo. This would be an Obligue
Mercator projection.

; ; e Left: cylinder for a normal Mercator projection
L

e Right: cylinder for a Transverse Mercator projection.

Because the Transverse Mercator projection is very accurate in narrow zones, it has become the basis for a
global coordinate system called the Universal Transverse Mercator System or UTM System. The globe is
subdivided into narrow longitude zones, which are projected onto a Transverse Mercator projection. A grid is
constructed on the projection, and used to locate points. The upside of the grid system is that, since the grid is
rectangular and decimal, it is far easier to use than latitude and longitude. The downside is that, unlike
latitude and longitude, there is no way to determine grid locations independently.
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e a. A cylinder touching the globe at the central
meridian of a longitude zone lies entirely outside
the earth, and areas away from the central
meridian project larger than on the globe.

¢ b. A cylinder that touches the outer edges of the
zone lies entirely inside the earth within the zone,
and areas within the zone project smaller than their
true size on the globe.

e c. The scale is actually set to be the best overall
compromise. We not only want the grid to be
useful for specifying location, but we want
distances measured on the grid to be as close as

c possible to distances on the ground.

The scale along the central meridian of each zone is 0.9996 of true scale. True scale occurs about 180
kilometers east and west of the central meridian.

Grids and Geoids

Latitude can be determined by astronomical observations. So can longitude provided you also have an
accurate timekeeping standard. Drop an explorer in a completely unknown - even unexplored - place with the
appropriate instruments, and he can determine his location exactly in terms of latitude and longitude. That's
how Amundsen and Scott knew they were at the South Pole (Scott also knew because he could see
Amundsen's Norwegian flag). But a UTM grid is a completely artificial construct; the only way to plot a UTM
grid on a map is to calculate how the grid relates to latitude and longitude, then superimpose the grid on the
map. The calculation is going to depend somewhat on the assumptions you make about the shape of the earth,
because on an ellipsoidal earth, degrees of latitude vary slightly in length (a bit longer at the poles). In theory,
NATO and the former Warsaw Pact both used UTM grids and therefore their grids should have been
identical. In reality, grid coordinates on maps made by the two sides could differ by up to several hundred
meters because the maps were made using slightly different models for the shape of the earth (called geoids).
Several hundred meters over the 10,000 kilometers from equator to pole isn't much, except if you're trying to
locate, say, a minefield.

How Grid Systems Are Organized

All UTM grid systems divide the globe into narrow longitude zones. Both NATO or Warsaw Pact systems use
zones six degrees wide. Along the central meridian of each zone, the grid coincides with the meridian. East
and west of the central meridian the grid and meridians do not coincide because meridians converge.

The Metric System was defined so that the distance from equator to pole should be exactly 10 million meters
or 10,000 kilometers. It isn't exactly, because the model for the shape of the earth in those days wasn't
perfectly accurate, but it's quite close (actually about 10,002 kilometers). So all UTM grid systems, NATO or
Warsaw Pact, begin counting from zero at the equator.

The beauty of using longitude zones six degrees wide is that, at the equator, a zone is about 40,000/60 or 667
kilometers wide. Thus it is possible to create numbering systems so that distances on the grid in kilometers
have at most three digits.
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The NATO System

Like so many things in cartography, the UTM system was inspired by the military. Some scientists object to
using it for that reason. My philosophy is that if you refuse to use a useful tool because of its origins, you
probably have other problems that will keep you from being an effective scientist.

Maps in the U.S., Canada, and many western European countries use a grid system common to NATO, the
North Atlantic Treaty Organization.

Grid Zones
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The map above shows how the NATO UTM system divides the earth into 60 longitude zones, each six
degrees wide. The numbering begins at Zone 1 at 180 degrees west and proceeds eastward. To find the grid
zone for any longitude:

o Treat west longitude as negative and east as positive.
e Add 180 degrees; this converts the longitude to a number between zero and 360 degrees.
¢ Divide by 6 and round up to the next higher number.

For example, Green Bay, Wisconsin is at 88 degrees west, or -88 degrees. Adding 180, we get 92 degrees
(Green Bay is 92 degrees east of the International Date Line). 92/6 = 15.33, which we round up to 16. So
Green Bay is in Zone 16. This information will usually be somewhere on just about every topographic map.

Latitude is also divided into zones, but less regularly. Zones are lettered from A at the South Pole to Z at the
North. The circle south of 80 degrees is divided into two zones, A and B. Thereafter zones are 8 degrees
wide. Zone M is just south of the equator and N is north. Zone T, between 40 and 48 degrees north, includes
Green Bay. Zone X, from 72 to 84 degrees north, is 12 degrees wide and zones Y and Z cover the north polar
region north of 84 degrees. I and O are not used because they can be too easily confused with numbers.
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In the unlikely event you ever have to use the UTM grid on a map of the polar regions, those areas are
covered by a different conformal projection called the Polar Stereographic. Since compass directions have
little meaning at the poles, one direction on the grid is arbitrarily designated "north-south" and the other
"east-west" regardless of the actual compass direction. The UTM coordinates are called "false northing" and
"false easting."

Grid North

Since meridians converge, the UTM grid coincides exactly with compass directions only along the central
meridian of each zone. For Green Bay, in zone 16, that meridian is 87 degrees west. Elsewhere, the grid
makes an angle to the meridians, and at the edges of the zone it's pretty noticeable. It's important to note
whether azimuths are being plotted with respect to true north (meridians) or grid north (the north-south lines
of the grid). This information, along with the direction of magnetic north, is plotted on most topographic
maps. Military people, who work with UTM grids all the time, tend to rely on grid north. Scientists in the
field, who are more likely to use the UTM grid only for recording locations, might opt to use whatever is most
convenient.

Exercise: What is the largest possible difference between grid north and true north (except in the polar
zones)? Answer below.

100-kilometer Digraphs

NATO maps subdivide grid zones into 100-kilometer squares, which are labeled with two-letter designations
called digraphs. The actual lettering scheme is complex, but is designed so that the same digraph is not
repeated within 15 degrees in any direction.

The longitude zones in the UTM system are extremely important because the whole map projection changes
at the boundary. The latitude zones are comparatively unimportant because the projection cylinder used in
any zone circles the entire globe. They are used principally to give a rough idea of latitude. So digraph letters
change at the boundaries of grid zones, but not at latitude zones.

Determining Grid Coordinates

o + On NATO-style maps, the fundamental unit is
the 100-km square. Imagine that Point X lies
72417 of the way across the square from west to
east, and .43762 of the way up from south to
e +44%m north. The digraph identifier for this square is

DQ.

mm__ +43km Og many maps, on'e—kilometer grid squares are
72km 73km printed. The one-kilometer grid square
S * containing Point X is shown at lower right.
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We could give the locations of point X accurate to the nearest meter by saying it is at .72417 east, and .43762
north, just like reading Cartesian coordinates. The decimal point is cumbersome and unnecessary, so we omit
it. We give the coordinate as 72417 43762, understanding that the first five digits are the fraction of the way
across and the second is the fraction of the way up.
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To specify the location accurate to only ten meters, we would say 7241 4376, understanding that the point is
somewhere between .7241 and .7242 of the way across, and somewhere between .4376 and .4377 of the way
up. A location accurate to 100 meters would be 724 437, and a location accurate to a kilometer would be 72
43,

Do you round? Depends on the application. If you want the best estimate for a given level of accuracy and
you don't expect to have to refine it, then probably. If your project supervisor says don't round, then don't
(not rounding is the norm in the military). If you want to specify something as being within a box of a certain
size, then no. Especially with one-kilometer squares, don't round. One kilometer squares are printed on many
maps. Point X above is between 72 and 73 kilometers from the west edge of the grid square, and 43 and 44
kilometers from the bottom. It is in grid square 72 43. Rounding the value 43762 to 44 would put you in the
next grid square north.

e Grid coordinates always have an even number of digits. The first half is the easting or fraction of the
way east across the 100-km square, the second is the northing or fraction of the distance north across
the square.

e The number of digits indicates the level of accuracy. Take the number of digits in each portion of the
coordinate. Raise 10 to that power and divide 100 km (100,000 meters) by the result to find the level of

accuracy. Example: 3 digits. 10°=1000. 100,000/1000 = 100. Hence 3 digits for each portion (6 digits
overall) means 100-meter accuracy.

e To remove ambiguity, always include the digraph. Point X, to 100-meter accuracy, is at DQ 724 437

¢ In cases where information is being reported to someone far away, it may be necessary to include the
zone designators as well

e Often coordinates are run together, like DQ724437. No problem; simply count the digits and split them
in half.

e Never round 1-kilometer grid locations because the identifier refers to a specific grid box on the map.

The Global UTM System

The NATO system relies on labels for 100-kilometer grid squares. If your map doesn't have the labels, then
what? The system used in many scientific reports (and was used by the former Warsaw Pact) divides the
earth into longitude zones but relies on purely numerical coordinates within each zone.

Distances are simply measured northward, starting at zero at the equator. Modern U.S. topographic maps
include tick marks along the margin for plotting a UTM grid, and the north-south tick marks might look like

this: *373. The large 73 is the distance in kilometers north from the bottom of the local 100-kilometer grid
square, and the small 48 is hundreds of kilometers from the equator. So that tick mark is 4873 kilometers
north of the equator (strictly true only along the central meridian).

East-west distances are measured from the central meridian. The central meridian is designated 500
kilometers. Since six-degree longitude zones are at most 667 kilometers wide, the kilometer value east-west
can never be lower than 166 or greater than 834 - in other words, always three digits.

In this system, the coordinates are of unequal length. Also, the order is reversed: the north-south value comes
first, then the east-west. NATO coordinates are read in the same order as Cartesian coordinates, global UTM
coordinates are read in the same order as latitude and longitude.

For measurements to better than one-kilometer precision, add extra digits:

Precision North-South Digits

East-West ‘
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| | Digits
’1 kilometer ’ 4 ’ 3
’100 meters ’ 5 ’ 4
’10 meters ’ 6 ’ 5
’1 meter ’ 7 ’ 6

What Happens at the Equator?

The metric system was set up so that the distance from equator to pole would be exactly 10,000 kilometers.
So ideally, you could start measuring kilometers beginning with zero at the South Pole, hitting 10,000 at the
equator, and 20,000 at the North Pole. To avoid using five digits, we allow the figures to "roll over" like an
automobile odometer. The South Pole would be 0000, one kilometer south of the equator would be 9999, the
equator is 0000, one kilometer north is 0001 and so on. One kilometer from the North Pole would be 9999
and the North Pole itself would be 0000.

And that's just how it's done, except that we define the equator as 0000, number north and south from there,
and don't worry about any minor discrepancies at the poles. You do, of course, have to distinguish a
coordinate in the northern hemisphere from an identical one in the southern, but that's almost never a
problem in practice.

The actual distance from equator to pole is about 10,002 kilometers, but because the scale along the central
meridian is smaller than true scale, the northing value at the north pole would be only 9998 if the grid
continues all the way from equator to pole. Counting would begin at 0002 at the south pole. In reality, I don't
know how the polar grids are reconciled. The northernmost topographic sheet for Greenland stops at 84
north, and none of the maps I found for Antarctica had UTM grids. I suspect that, since the polar
stereographic grids would line up with UTM grids only at the four meridians 0, 90, 180 and 270, the count
starts (or ends) at zero at the poles and simply breaks off like any other zone boundary at 84 degrees.

Appendix: The Digraph Lettering System

I and O are omitted since they can be confused with numbers, and for north-south designations W-Z are
omitted as well. Thus there are 480 possible letter combinations rather than the 676 if all letters were used.

The first letter of a digraph denotes its east-west position in its longitude zone. Since zones extend at most
333 kilometers east and west of the central meridian, we need at most 4 letters for each side or eight total.
Thus we can use the 24 letters in blocks of eight. One zone will have digraphs beginning with A-H, the next
with J-R and the last with S-Z. Then the cycle repeats.

For north-south designations (the second letter), lettering begins at the equator with A and F in alternate
zones. Since north-south letters alternate in a cycle of two but east-west letters in a cycle of three, the same
lettering repeats only after six zones. The grid square (actually part of a grid square) whose lower left corner
is at the equator and 180 degrees west is AA.

Exercise: What is the digraph for Green Bay, Wisconsin (44.5N, 88W)?

Answer: Green Bay is in Zone 16 ( (180-88)/6 = 15.33, rounded up to 16). That means we have gone through
five cycles of east-west lettering and are starting on a sixth. Hence the first letters of the digraph are A-H,
with A-D west of the central meridian and E-H east of it. Green Bay is only a degree west of the central
meridian of 87 degrees, and the formula for a degree of longitude is 111 kilometers times the cosine of
latitude. In this case that degree translates to only 79 kilometers from the meridian. This is less than one grid
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square, so the first letter of the digraph is D.

A degree is about 111 kilometers (40,000/360) so 44.5 degrees equals 4940 km. Since Zone 16 is an even
number, the second letter of the digraph will begin with F at the equator. 4940 kilometers is two complete
cycles of lettering, plus 940 kilometers, or the tenth 100-km grid square starting with F. That's Q, so the
correct digraph is DQ.

Warning! There's an older system printed on many U.S. maps, in which the digraph for the same 100-km
square is DE. Be careful to ascertain which system is used on your maps!

Exercise: What is the digraph for Berlin, Germany (52.5N, 13.5E)?

Answer: The zone is (180+13.5)/6 = 32.25, or 33. That's the end of 11 north-south lettering cycles, so the
digraphs in this grid zone begin with letters S-Z. S-V are west of the central meridian, W-Z east of it. The zone
extends from 12-18 degrees east, so the central meridian is 15 east. Berlin is 1.5 degrees west of the meridian,
giving it a digraph letter U or V. It's a close call (it's actually U).

52.5 degrees is about 5830 km. Zone 33 is an odd number, so the second letter of the digraph starts with A
at the equator. We are only 170 kilometers shy of 6000 kilometers or three complete lettering cycles, putting
us in the second grid square before the end, meaning the second digraph letter is also U. Thus the digraph for
Berlin is UU.

Warning!

Older maps have a variety of grid systems and lettering schemes. Be very cautious about grid references on
maps over 10-15 years old!

Answer to Question:

Consider what happens to Zone 30 at the North pole. We'll ignore the way NATO maps handle the poles for
this purpose. The zone is bounded by meridians 0 and 6W. The central meridian is 3W. Since all the
north-south grid lines are parallel to 3W, they will make an angle of 3 degrees with the bounding meridians.
As we go toward the equator, the angle gets less. Thus, the maximum difference between grid north and true
north is 3 degrees.

Convert Between Geographic and UTM Coordinates
Help! My Data Doesn't Look Like A UTM Grid!

Go to Field Methods Page

Return to Professor Dutch's home page
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