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2.Method to find direction, longitude and
latitude

0.1, Rayleigh scattering dominates, which makes the

The first step is to find the position of the sun. In

emergent ray polarized. When X is greater than 0.1 but

sunny days, sun can be easily seen. If it is in overcast

smaller than 50, Mie scattering takes the main place. In

weather, a method has been brought up to find where

sunny days, the radius of atmospheric aerosol particles

the sun is. Sunlight comes in one direction, which can

ccording to a legend, Vikings were able to navigate in the

is usually within the range of Rayleigh scattering,

be considered to be parallel since it comes from far

ocean even during overcast weather using tourmaline crystal.

which contributes to the blue sky. At the same time, the

away. According to Equ.1, the points of the biggest

polarization pattern is changed due to the scattering.

degree of polarization (when Ɵ is 90°)marks a great

Navigating with a polarizing material

Abstract

A

Utilizing the theory of Rayleigh scattering and the basic methodology
of astrometry, a navigation device, which contains a polarizer filter,
is designed and tested in realistic cases. The direction, longitude and
latitude of the observer’s location are gauged. Comparing with the real
value, this method is with considerable accuracy.

Considering the complexity of multiple scattering,
and since the contribution of high order scattering is
10

The incident sunlight can be decomposed into two

polarizing material, navigation, Vikings
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field components are E

Vikings lived in Nordic Europe a thousand years ago. A plenty of
works have been conducted to find out how Vikings were able to sail

Ɵ

S
r

and E . Scattering angle

is the angle between incident light and observing

direction (Fig.1).

circle resides is perpendicular to the direction of the
sun. So far as the circle is located, sun’s position can be
determined.
Normally we say, the sun rises in the east and sets
in the west, however, this is exact only when spring
and autumn equinox. For different time in a year and
different places on the earth, daily path of the sun
differs. With the known season, people who have long
lived in a certain place may roughly calculate the sun’s
track, therefore can identify the direction with the

across thousands of miles without conventional instruments. And the

position of the sun. But if not, here is another way to

most common explanation is that they used a sunstone (or tourmaline

figure out the direction.

crystal) , which has the property of double refraction and can be used

The circle changes with time, but rotates around

to observe the skylight polarization pattern, to find the position of the

the celestial point.

sun. They chose the sunstone probably because it could be easily found
almost the same principle as Vikings once used for orientation. The
device designed uses polarizer as the polarizing material. Our study

Fig.1. The model of Rayleigh scattering. and are two orthogonal components
of the incident ray, while accordingly, and are components of the scattering
ray. is the angle between incident light and observing direction.

The intensity components

[2- 4]

of the polarized

scattering ray in horizontal and parallel direction

Theory

and Il have the form:

1.Skylight polarization pattern
W hen sunlight travels through the atmosphere, scattering

. Of different types, we define

, where r is the

Ir

I l0cos 2θ ∝ I lS

equator, so our approach of orientation is to find one
circle at one time, and find the other circle at the

P( θ )=

I max ( θ )− I min ( θ )
sin 2θ
=
I max ( θ )+ I min ( θ ) 1+ cos 2θ

if one circle is found at eight o’clock in the morning,
another circle should be measured at four o’clock in the
afternoon.). The meridian, which tells north and south,
is in the surface bisectrix between the two surfaces.

I r0 ∝ I rS

We define P ( Ɵ ) as the degree of polarization:

phenomenon occurs. The radius of the scattering particles and the
[2-4]

The daily path of the sun on

corresponding time with the midday (That means,

mainly focuses on the feasibility to navigate in overcast weather and
its robustness in such situation.

[5,6]

the celestial sphere is a circle parallel to the celestial

in Iceland, where they often sailed by. Our experiments are based on

wave length of the incident ray determine the type of scattering
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orthogonal liner polarized component E and E , both
share half the intensity. And the scattering ray’s electric

Introduction
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smaller than the primary one, we only take the

primary scattering into consideration.
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circle on the celestial sphere. The plane which the great

(1)

Equ.1 shows that the degree of polarization gets its maximum
value when Ɵ reaches 90°.

A nother way is to f i nd the nor th poi nt, the
intersection point of the earth spin axis and celestial
sphere. Earth rotates around its axis, so stars rotate
around the north point. So does the sun. As sun
moves on the surface of celestial sphere, all the circles
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is the
equivalent radius of the scattering particle,
wave length of the incident ray. When X is smaller than
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concentrate at the celestial point, and rotate 15°per hour.

40 " per day, and the latter varies 3 per day. However,

If the north point can be determined by two circles that

the insignificant change during a single day is ignorable.

are already gauged, the circle’s path is easily calculated.
Adopted by the way introduced above, the direction can
be determined.
As for the latitude, if the sun is visible and the
direction is roughly known, things are much easier. We
[6]

have :

Therefore, equation 3 and 4 can be used to derive the
geographic longitude of the observing place.

Experiment
Besides theoretical works, a comprehensive set of
following experiments was conducted to testify the

sinθsinh −sinθ
cosA=
cosθcosh

method. A pool was chosen to be the test site, where we

(2)

In equation 2, A and h are, respectively, the azimuth
angle and altitude angle of sun.

is the declination of

sun, which can be derived from:

could see the whole sky. It was a cloudy day when the sun
was hardly visible. First we set one reference point in the

I max − I min
the polarization
I max + I min
form of all sky can be roughly drawn. To avoid the

With the formula P =

interference of the stray light, a dark chamber was
made.
The attempt to determine the longitude and latitude
requires more accuracy. In order to locate more
accurately, we chose a cloudy day when the sun was
visible and the shadows were obvious. We first set a
desk which toward the known direction, and used an
air level to ensure the desk was horizontal. A nail was
put on the desk, recording the shadow, which told the
azimuth angle and altitude angle of the sun.

Results
The curves in Fig.3 show the change of the degree
of polarization in different observing directions.
Experiments were carried out in three different days,
and in Fig.3 every two in a row were drawn from the
same day, at the corresponding time (as mentioned in
the method part) with each other. From each figure
we can see two peaks, of which two angles are used
to determine two points in the celestial sphere, and
further to draw the big circle. Direction is derived from
two circles drawn, and the results are shown in table 1.

middle of the poor, over against which was the position

0, and used a camera, with exposure configuration
360
π
2π
δ = −23.45o *cos[
∗(d +10 )∗
] = −23.45o *cos[ unchanged,
(d +10 )] to record the sky brightness behind the
365
365
180
polarizer. A polarizer was used to measure the degree
360
π
2π
5o *cos[
∗(d +10 )∗
] = −23.45o *cos[
(d +10 )]
365
180
365
of polarization in all directions. We rotated the polarizer
where d is the number of days calculated from the first

until it turned the darkest (judged by unaided eyes), took

day of one year. And Ø, is the geographic latitude of the

a photo, and rotated 90 degrees, took another photo.

observer.

Fig.2 shows the difference of the observed brightness.

But if the sun is invisible, the north point can come to
use. The altitude angle of the north point is the observing
place’s latitude.
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photos was taken. We have done a group per 15°, with the
analysis by Photoshop to evaluate the pictures’ contrast
of brightness, which we see is in proportion to the light

To determine the longitude, we have got the formula:
t = s0 +T −T −α

Then the whole device was rotated and another group of

intensity of the certain direction.

(3)

where t is the hour angle of the sun, that’s the angular
distance along the celestial equator from the observer's
h
40 m + d ∗ 3m 56s
meridian to the hour circle of the sun. And s0 =
is 6the

sidereal time: s0 = 6 h 40 m + d ∗ 3m 56s . T is Greenwich
Mean Time. −T is the geographic longitude.

α is

the right ascension of the sun, which can be got by:

Fig.2.a. Photos taken when the degree of polarization is relatively big and
small. Two areas from center of the view(far smaller than the whole visual
field), with the same pixel, are taken to do the analysis. Their average
brightness are relatively 244.10 and 186.24.

n
α = 24 h ∗
365 , n is the number of days counted from the
last spring equinox. And we have:

Result

14° West By South

(4)
14° West By South

Actually the declination and right ascension of the
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Fig.3.Three groups of experiments done in different days. Every two in a line were done at the corresponding time with each other. The graph shows the
change of degree of polarization as the observing angle alters. All the graphs show roughly the tendency of sine/cosine function. Each has two peaks
showing the biggest degree of polarization.

sun vary during the day, of which the former varies

Fig.2.b. Another group of pictures taken in a different direction and analyzed
with the same method. Brightness are relatively 253.89 and 216.65.

Times

Observing Angle

1

West

2

4° West By North

3

2° West By South

Average

0.7° West By North
14° West By South

Differences in geographic direction between experimental value and real value, of which the latter one is from GPS. The error is within 15 degrees and can be
reduced by average counting.
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incident light. The points of the biggest degree of

longitude, we did five measurements during one day.

Mie scattering takes the dominant position, suppressing

polarization form a great circle in celestial sphere.

Data is shown in table 2, and after calculation, the final

the polarization properties of Rayleigh scattering. As we

And the surface where the circle in is vertical to the

results are shown in table 3.

can see in Fig.3, the degree of polarization only reaches

line between the sun and observer. We have designed

a low level and doesn’t change much obviously, showing

a device to find out where the circle is, and figured out

that Rayleigh scattering is not the major mechanism,

how to find the sun’s position in overcast weather with

5

causing a significant deviation from the prediction of

the data. We worked out two ways theoretically and

[2] Yun Xue, LQ Chen, Kinematics of a Kirchhoff Elastic

57 12’1’’

our theory. In addition, the reflection of light between

conducted our experiments based on the first method.

Rod, Mathematics·Mechanics·Physics·Advanced

different layers of clouds and the experiment itself also

Finally we determined the geographic direction of

Technology research progress, 168~172(2006,11).

bring impart on the final results. However, as shown in

the observer’s place. The absolute error is within 15

Table 1, the results are satisfactory and can account for

degrees. Furthermore, we have worked on how to

the applicability of our method to some extent.

determine the longitude and latitude and figured out

Parameter

1

2

Altitude
angle

34 1’10’’

9 24’19’’

Azimuth
angle

268

297

3

4

53 28’16’’ 56 18’35’’
314

304

214

Azimuth angle and altitude angle measured in five different times during a day.
Table 3. Result of the latitude and longitude.
Result

Times

Latitude

Longitude

1

48°5’45” N

109°42’3” E

within 15° both for latitude and longitude. The ignorance

mechanics for dynamics of the Kirchhoff elastic
rod, Chinese Jou r nal of Physics, vol.55, No.8,
3845~3850(2006).

[3]LS Chen, The Analysis of Dispersing in Rigid Body for
Kineto-deformations of Spatial Bar, Robot, vol20, No.
5 ,391~394(1998).

sun is visible and invisible. We did the experiment in

[4]J.R . Gla dden , N. Z . Ha nd z y, A. Bel mont e, E.

the former case and found the accuracy was within 10

Villermaux, Dynamic Buckling and Fragmentation in

degrees.

Brittle Rods, PRL 94, 035503 (2005).

2

50°15’13” N

103°5’27” E

for the slight change of the declination and right

3

45°1’43” N

112°23’45” E

ascension during a day is a source of error, and the

4

38°34’17” N

124°15’4” E

uncertainty of measurement may also matters. However,

For future study, we can bring some betterment

[5]Kai Wang, Principle analysis of measuring the Young

5

33°23’4” N

127°14’1” E

for a rough location, it is quite satisfactory. Also, the

both to theory and the experimental device. The device

modulus of cylinder, Physics Experimentation vol.27

Average

43°4’1” N

115°20’4” E

results reveal that multiple measurements can reduce the

can be improved to rotate in all directions. For theory,

No.8 , 40~41(2007).

Real Value

39°6’16” N

117°9’47” E

error, which is within 10 degrees.

some small changes of variables and the interference

Standard Error

6.9776

10.1412

Experimental
Value

Results of longitude and latitude between experimental and real value. The
error is within 15 degrees and can be reduced by average counting.

Discussions
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From the table 3 shown below, there exist errors

two ways respectively apply to the situations where the

[1]Yun Xue, YZ Liu, LQ Chen, Methods of analytical

of multiple scattering and Mie scattering should

Back to Vikings
Vikings often sailed around the Arctic Ocean, where
the latitude is above 60 degrees. They usually sailed in

be taken into consideration. We also expect more
groundbreaking ways can come to surface, to help
better settle the problem.

summer, when the northern latitudes are experiencing

In the analysis above, according to equation 2, the

long days and short nights. In sunny days, Vikings may

curves shown in Fig.3 should be similar as sine/cosine

not use anything but with their experience they can find

I would like to express my sincere gratitude to

function. However, the observed curve is wavy, and we

the direction. But some fog sometimes rises from the sea

Professor Li Chuanyong, who gave me support as well

can only roughly see the tendency. However, the graphs

level, especially at sunrise and sunset, preventing them

as professional guidance. I also thank Professor Cao

still show the change of degree of polarization as the

to see the sun. During that kind of weather, according

Xuewei for his guidance to solve the problem. This

direction alters. The results are mainly affected by two

to legends, they usually used a sunstone to find the sun.

work was also helped by Qin Yujing and my team

factors, one is the interference of multiple scattering

And with the experience they have gained in the long

members, especially Sun Lu, who assisted me with the

among atmospheric aerosol particles, the other is Mie

run, they could locate quickly.

experiment.

scattering. Mie scattering doesn’t change the polarization
state of the scattering light, so we can’t use the polarizing
materials to detect if this kind of scattering dominates. In
cloudy days, as when we did the experiment, because of

Conclusions
When sunlight comes into the atmosphere, Rayleigh
scattering occurs, changing the polarization state of

Acknowledgement

2010 Problem 17 : Vikings

the considerable equivalent radius of the cloud particles,

Table 2. Result of the azimuth angle and altitude angle.
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