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Smart measurements
of the heavens

Get your students to use their smartphones
for some hands-on astronomy.
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By Gerhard Rath, Philippe Jeanjacquot, Eleanor Hayes
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Exactly where are you at this moment? One way to find

out would be to use the satellite positioning function (often v Physics
known as GPS) of your mobile phone. In the past, though, v~ Maths

you might have relied on the stars to tell you where you were

— especially if you were a sailor at sea in a largely featureless v Astrophysics
landscape. v Space

In this article, we describe some of the early developments in _

navigation based on the stars, and show how these traditional v History

techniques can be reproduced in the classroom using simple
apps on a smartphone. Your students can then use the GPS

v’ Ages 14-16

Ever wanted to know where you are? Use the Sun

or the stars to calculate your latitude using just

your smartphone, some sticky tape and a drinking I
straw. These activities could be used not only for ‘
a physics lessons on astrophysics or space, but

also in an interdisciplinary lesson on history and

early navigation, or mathematics and the uses of
trigonometry.

The article also provides an interesting pan-
European project idea, whereby schools at different
latitudes do the same experiment and use their
results to calculate the circumference of Earth.

Image courtesy of Djexplo; image source: Wikimedia Commons

Figure 1A: Lines of latitude run Figure 1B: Lines of longitude run

parallel to the equator (E), beginning from pole to pole (N and S), Graham Armstrong, UK
at 0° at the equator and reaching starting at 0 ° at the Royal Obser-

maxima of 90° at the North Pole vatory, Greenwich, in London, UK.

(N) and -90° at the South Pole.

www.scienceinschool.org | Science in School | Issue 36 : Summer 2016 | 37



Astronomy/space science, Earth science, Mathematics, Physics | TEACH

Seasonal configuration of
Earth and Sun Earth’s orbit

Figure 2. At the March and September equinoxes (A and G, respectively), the equator (E) is the closest part of
Earth to the Sun. At other times of year, the tilt of Earth’s axis of rotation means that either the northern or
the southern hemisphere is closer to the Sun (B and D, respectively).

function on their smartphones to check
the accuracy of their work before
considering potential sources of error.

Suitable for students aged 1418, the
two activities link history, astronomy,
geography and mathematics:
determining your latitude (figure 1)
using the Sun, and determining your
latitude using the star Polaris. Details
of a collaborative activity between
schools, to calculate the circumference
of Earth, can be downloaded from the
Science in School website"'. The three
activities require little more than a
smartphone and take no more than an
hour each.

Determining your latitude
using the altitude of the Sun

‘What is noon?” may seem like an odd
question. Surely noon is 12 o’clock
midday? Strictly speaking, though,
solar noon is the moment when the
Sun crosses your meridian, or line of
longitude, and will usually appear

to be either due north or due south.
This is when the Sun is at its highest
point in the sky and shadows are at
their shortest. It is at this moment that
the position of the Sun can be used
to determine your latitude, or angular
distance from the equator.

How does this work? Let us consider
the situation at one of the equinoxes
(approximately 20 March and 23
September each year), when the plane
of the equator runs through the centre
of the Sun (figure
* A: Imagine you are standing on the
equator, latitude 0°, at noon: the Sun
is directly overhead. If you measured
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the altitude of the Sun (its angle of
elevation above the horizon), you
would find it to be 90° (figure 3A).
Subtracting this number from 90°
gives 0°, which is your latitude.

(We stated that at noon, the Sun

is usually either due north or due
south. At the equinoxes, it is directly
overhead.)

e B: A friend of yours is standing at the
North or South Pole (latitudes 90° N
or 90° S, respectively). At that same
moment, she would see the Sun lying
directly on the horizon: an altitude of
0° (figure 3B). Subtracting that from
90° gives 90°, which is her latitude.

e C: Another friend is on the same
meridian as you are, but at a latitude
of 30° N. Because he is on the same
meridian, it is also noon for him, but
he would observe the Sun at an alti-
tude of 60° above the horizon (figure
3C). Subtracting that from 90° gives
30°: his latitude.

Latitude = 90° - altitude of the Sun at
noon at the equinox
(Equation 1)

How can we use this knowledge in
practice? In the 15th and early 16th
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Figure 3. At the equinoxes, latitude can be calculated by subtracting the Sun’s noon altitude from 90°.
A: At the equator, the Sun is directly overhead (altitude = 90 °; latitude = 0°).

B: At the poles, the Sun lies on the horizon (altitude = 0 °; latitude = 90°).

C: At a latitude of 30°, the Sun’s altitude is 60 °.
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centuries, many navigators used
mariner’s astrolabes to measure the
Sun’s altitude and thus calculate their
ship’s latitude. The mariner’s astrolabe
was essentially an inclinometer:
suspended in the vertical plane, it was
pointed at a celestial body, for example
the Sun. A rotating alidade was used to
read the altitude of the celestial body
from the scale around the outer ring
(figure 4).

While a mariner’s astrolabe is
comparatively simple to build*?, it

is also easy to use a smartphone to
measure the altitude of the Sun with the
aid of an inclinometer app. Before we
do this, however, we need to introduce
a refinement so that our calculations
work all year round.

Due to the tilt of Earth’s rotational axis
(23.45°) and the fact that Earth orbits
the Sun, it is only at the equinoxes that
the Sun appears directly above the
equator. Starting at the March equinox,
the position of the Sun at noon appears
to move north of the equator, reaching
a maximum angle of +23.45° at the
June solstice, returning to 0° at the
September equinox, and moving south
of the equator to reach -23.45° at the
December solstice. This angle is known
as the Sun’s declination

(figure 5).

Thus the Sun’s noon altitude, which

early navigators measured with a
mariner’s astrolabe and which we can
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Figure 4. Suspended from a ring, the marine astrolabe hangs in a vertical plane. The navigator would align
the plane of the astrolabe to the direction of the object of interest, e.g. the Sun or another star. The alidade
was rotated to point at the star and the altitude was read off the scale around the astrolabe.

measure with a smartphone, depends
on both the time of year — and therefore
the Sun’s declination — and our latitude
(figure 6):

Altitude of the Sun at noon = 90° +

declination - latitude

(Equation 2)

Or, rearranged:
Latitude = 90° - altitude of the Sun at
noon + declination
(Equation 3)

To determine the declination of the Sun,
early navigators used tables of data or
sophisticated mariner’s astrolabes with
the declination of the Sun marked on
the rotating disc. We can obtain the
same information from a planetarium
app, after which we can measure

the Sun’s elevation to determine our
latitude.

Figure 5. As Earth orbits the Sun, the position of the Sun at noon rises and sinks with respect to the equator. A: At the March equinox, the Sun lies directly above the
equator (declination 0°); B: at the June solstice, it appears directly over the Tropic of Cancer (declination 23.45 °); at the September equinox, the declination returns to
0°; and C: at the December solstice, the Sun lies directly above the Tropic of Capricorn (declination -23.45 °).
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Materials

Each group of students will need:
* Smartphone with an inclinometer
app and a planetarium app installed

e Drinking straw
e Sticky tape
e Spirit level (optional)

Procedure

To determine their latitude, your
students will need to:

1. Use sticky tape to fasten the
drinking straw along one side of the
smartphone (figure 7). This is the
alidade.

2.

Use the planetarium app to
determine the local time of solar
noon and the Sun’s declination.

Depending on your location within
your time zone, solar noon may be
as early as 11.30 am, and because
of daylight saving, it could be as late
as 1.30 pm.

Holding the smartphone with
the drinking straw on the upper
edge, point the straw at the Sun.
When the shadow of the straw is
at its smallest, the smartphone is
correctly aligned (figure 7).

Figure 7. Measuring the Sun’s elevation. When the shadow of the straw is at its smallest,
the smartphone is correctly aligned.
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Figure 6. The relationship between latitude, the
Sun’s altitude at noon, and its declination.

A: At the equator (latitude 0 °). Except at the equi-
noxes, the Sun is not directly overhead at noon
but somewhat closer to the horizon. This angular
difference determines the Sun'’s declination (5):
positive when the Sun lies due north or — as in
this example — negative when it lies due south of
the equator. The Sun’s altitude (o) is its elevation
above the horizon, thus 90° -a + 6 = 0°, the
latitude of the equator.

B: At an unknown latitude (L). The Sun’s declination
(8) is the same as at the equator and has a neg-
ative value. Using this figure and the measured
elevation of the Sun above the horizon (o), we
can calculate 90° - a + & = L°, the latitude of our
location.

4. Using the inclinometer app, read
off the angle of elevation of the
Sun.

5. Use equation 2 to estimate the
latitude.

Alternatively, to enable the students to
point their smartphones more precisely
at the Sun and thus measure the
elevation of the Sun more accurately,
they could build a support that can

be placed on a tripod. Full details of
materials and construction are available
online*s.

Discussion

Ask your students to compare their
results with the exact latitude given by
the GPS function on their smartphone
or by using the planetarium app. How
accurate was their calculated value?
What sources of error might there be?

Of course, the accuracy depends on
the precision of the students” work, e.g.
how exactly the straw was aligned with
the edge of the phone or whether the
shadow was really at its smallest. For
maximum accuracy, the measurements
should be taken at noon, but a few
minutes either side will not affect the
estimate much because when the Sun
is at its highest, its change in altitude is
slowest.

Smartphones are able to measure slope
angles with a precision of 0.1°, which
is not bad. It could be interesting,

www.facebook.com/scienceinschool
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Figure 8. A long-exposure photograph of Polaris
(centre). While other stars appear to rotate around
the poles, Polaris appears fixed.

however, to calibrate the inclinometer
app with a spirit level to see if a reading
of 0.0° truly is horizontal.

You could also ask your students why
they think that although latitude could
be determined in the ancient world,

it was only in the 18th century that it
became possible to measure longitude.

The answer lies with Earth’s rotation:
360° in one day or about 15° every
hour. Thus by comparing the local
time with the time at a reference point
of known longitude, it is possible to
determine your longitude. Local time
could be estimated from the Sun,

but the difficulty was the time at the
reference point: a clock that kept time
accurately, even on board a moving
ship, was only invented in 1759, by
John Harrison.

Determining your latitude
using the altitude of Polaris

In the previous activity, we measured
the altitude of the Sun at local noon: as
the Sun crosses your meridian. It is at
this moment — and only at this moment
— that the Sun will appear to be either
due south or due north. If your students
were to calculate their latitude from the
Sun at other times of day, their results

Image courtesy of Gerhard Rath, based on an image from Stellarium

Figure 9. Locate Ursa Major, then extend an imaginary line from the furthest

two stars of the tetragon.

could be wildly inaccurate. Fortunately,
there is another method that is not so
time critical — although it only works in
the northern hemisphere and needs to
be done after dark — relying on Polaris,
the North Star.

While the positions of other stars seem
to change during the night, Polaris
appears to remain fixed in the north
(figure 8), because its position is in line
with Earth'’s rotational axis. If you were
to stand at the North Pole (latitude 90°
N), Polaris would appear to be directly
above you, at an altitude of 90°. At the
equator (latitude 0°), in contrast, Polaris
would appear to be on the horizon, at
an altitude of 0°. Thus the altitude of
Polaris is equal to your latitude: if you
were in Paris, at a latitude of around 49°
N, you would measure the altitude of
Polaris as about 49°.

Latitude = altitude of Polaris
(Equation 4)

Early navigators used a marine astrolabe
to navigate by the stars, as they did
when navigating by the Sun. Again, we
can use a smartphone.

Materials

e Smartphone with an inclinometer
app and a planetarium app installed

e Binoculars (optional)

e Torch (optional)

Procedure

It is simpler to calculate your latitude
from Polaris than from the Sun: it is not
necessary to consider the declination,
because the position of Polaris remains
unchanged throughout the year.

How can you find Polaris? Look for the
constellation of Ursa Major, also known
as the Big Dipper or the Plough (figure
9). Extend an imaginary line upwards
from the furthest two stars of the
tetragon, extending about seven times
their distance. The first bright star along
that line is Polaris, which is part of Ursa
Minor, the Little Dipper. Alternatively,
you can use the planetarium app and
the search function.

Because it is much fainter than the
Sun, observations of Polaris can be
made directly, without an alidade,
but its faintness also makes it rather
difficult to locate. It can help to train
your measuring skills by practising on
brighter objects such as planets or the
Moon.

Ask your students to:

1. Hold their smartphones with the
long side uppermost, then point it
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directly at Polaris, looking along the
face of the phone.

They will need some ambient light
for this, to recognise the edge of the
phone in the dark.

6. Using the inclinometer app, read
off the angle of elevation of Polaris.
This is the estimate of your latitude.

Alternatively, working in pairs, they
can use binoculars. One student
should point the binoculars at
Polaris so that the star is in the
centre of the visual field (rest the
binoculars on, for example a wall to
keep them steady). Another student
should rest the smartphone on the
binoculars and determine the angle
of elevation using the inclinometer
app. If necessary, calibrate the
binoculars: lay them on a horizontal
surface, place the smartphone on
top and check the angle on the
inclinometer app.

Discussion

Ask your students to look up the altitude
of Polaris in the planetarium app. How
accurate was their measurement? How
does their estimated latitude compare
to the exact latitude given by the
planetarium app or the GPS function on
the smartphone? What sources of error
can they think of, in addition to the
ones discussed in the previous activity?

Although Polaris is a bright star, it is
considerably fainter than the Sun,
which makes it harder to get an
accurate reading of its altitude.

Another source of error is the
position of Polaris. We said that
Polaris would appear to be directly
above you if you stood at the North
Pole: at an elevation of 90°. In

fact, its elevation would be 89.3°,
which introduces an error of 0.7°
into your students’ calculations,
corresponding to about 100 km.

This method works best at medium
latitudes. Very far north, it is hard

to point at the star, which appears
above your head. Near the equator,
Polaris appears close to the horizon,

which means there are disturbances
introduced by the atmosphere.
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Web references

w1 Download instructions for a collaborative
activity between schools, to calculate the
circumference of Earth, from the Science in
School website. See: www.scienceinschool.
org/2016/issue36/isky

w2 Build your own simple mariner’s astrolabe
using instructions from the US National
Oceanic and Atmospheric Administration.
See: http:/oceanservice.noaa.gov or use the
direct link: http:/tinyurl.com/zybuewb

w3 Learn how to build a support to attach your
smartphone to a tripod, and thus measure
the elevation of the Sun or Polaris more
accurately. See: http:/usuaris.tinet.cat/
pcompte/mobile

w4 The iStage 2 publication can be found on
the Science on Stage website. See: www.
scienceonstage.de or use the direct link:
http:/tinyurl.com/q65zxuc
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Resources

The Instructables website offers step-by-step
instructions for locating Polaris. See www.
instructables.com or use the direct link:
http:/tinyurl.com/jyx4c9g

Several inclinometer apps for smartphones are
available online:

For iOS: Angle Meter (free and easy to use).
See https:/itunes.apple.com/fr/app/
angle-meter-free/id436775826

For iOS: Theodolite (€6; very accurate and
has a 4X digital zoom). See: https:/itunes.
apple.com/us/app/theodolite/id339393884
For Android: Théodolite Droid (free and easy
to use). See https:/play.google.com or use
the direct link: http:/tinyurl.com/prf5860

Star Chart, a planetarium app for smartphones, is
free and easy to use:

For iOS: https:/itunes.apple.com/us/app/
star-chart/id345542655

For Android: https:/play.google.com or use
the direct link: http:/tinyurl.com/78gafég

Philippe Jeanjacquot's video explaining the
Eratosthenes activity (in French) is available
on Youtube. See: http:/bit.ly/
JEA-eratosthene
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