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Design of skylight polarization measurement system
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Abstract: According to the principle that light polarization can be expressed with a Stokes vector, a
new system to measure the polarized skylight distribution is developed. The system is composed of a
computer,a modified equatorial mount,an optical fiber spectrometer and an improved astronomical tel-
escope mounted with a rotatable linear polarizer. The spectral resolution of this system is 1.4 nm for
the measurement when wavelength ranges from 400 nm to 900 nm. Using modified equatorial mount,
the system can scan the points of celestial hemisphere at azimuth ranges from 0°to 180° and elevation
0° to 90° at an angular resolution of 2. 5°, For a full-angle viewing field of 4. 5°, this system can meas-
ure the radiance intensity, the Degree of Linear Polarization (DOLP), and the Angle of Linear Polari-
zation (AOLP) of the celestial. The calibration results show that the repeatability of intensity meas-
urements is 99% in spectral ranges from 450 nm to 500 nm, and (954+3) % from 500 nm to 900 nm.
The uncertainty of DOLP is less than 2% in spectral ranges from 400 nm to 750 nm, especially 1. 2%
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at 475 nm. The angle error of AOLP is smaller than 2°.
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leigh scattering

1 Introduction

Polarization is one of the important characteris-
tics of skylight to explain natural phenomena,
and to indicate the atmospheric turbidity and

surface properties'!.

Furthermore, it has be-
come apparent that many animals are sensitive to
the polarization of skylight, such as birds, hon-
eybees and ants™*. The desert ant Cataglyphis
can orient itself by means of the sun and the po-
larized light patterns in the sky (Wehner 1982).
As various parameters known to influence the
degree of polarization in the earth’s atmosphere,
such as the reflection of ground, the content of
water vapor, dust and haze, it is important to
provide data to evaluate how skylight polariza-
tion might be advantageous for orientation. So
we designed and built a measurement system of
skylight polarization.

Measurements of skylight polarization were
made by various means®®. Brines & Gould
(1982 ) wundertook measurements at several
points of the firmament by means of a point-
source scanning polarimeter™™. They could
measure points at every 5° in azimuth and eleva-
tion of a half hemisphere of the sky. Such a po-
larimeter has an advantage of scanning a given
area of the optical environment and then measur-
ing the polarization sequentially in many direc-
tions. However, scanning a larger area with this
point-source polarimeter is troublesome and
time-consuming. By contrast with this, using

full-sky imaging polarimetry, the spatial distri-

bution of polarization can be determined™"’ easi-

ly and quickly.

In the present work, we measured the sky-
light polarization by using the system. Radiance
the Degree of Linear Polarization

(DOLP), and the Angle of Linear Polarization

intensity,

(AOLP) of celestial hemisphere had been meas-

ured.

2 Measurement principle

As several calculi have been developed for analy-
zing polarization, generally the Mueller calculus
is the most suitable for describing radiance meas-
urement. In the Mueller calculus, the Stokes
vector S is used to describe the polarization state
of a light beam, and the Mueller matrix M is
used to describe the characteristics of an optical
system in the measurement. The Stokes vector S
is defined as S=[1,Q,U,V]", where I, Q, U
and V are stokes vector elements. In general,
the linearly polarized light is a common type of
polarization in naturel”, so we don’t measure
the quantity of the parameter V (Va0).
Transformation of a Stokes vector [ I,Q,U,
V1" into a new Stokes vector [I',Q ,U’,V']" by
an optical process can be represented as a linear
process 8" = MS. Then, the intensity of light
passing through an ideal linear polarizer is given

by:
I/(a):%(ITLQcos 2%+ Usin 2¢) (1)

where ¢ is the angle between the polarizer-pre-
ferred transmittance plane and the reference
plane.

According to the equation (1), if the linear

polarizer rotates at a=0°, 60°, or 120°, respec-
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tively, we will get a matrix of three linear equa-
tions. Conversely, the Stokes vector [ I, Q. U,
V1T (Va0) can be calculated as:

I:%(I/(O")—I—I’(60°)+I’(120°))

Q:%@I/(o")—I/(6o°)—1’(120°>>, (2)
2z
V3
When these incoming Stokes vector parame-

ters are determined, the DOLP and the AOLP
can be calculated by equation (3):

(QZ +U2)l/2 _i Q
- AOLP= 5 arctan <Q> .

U=-"2(I'(60>)—TI'(120"))

DOLP=

(3

3 Instrument description and cali-

bration

The principal components and actual setup of the
skylight polarization measurement system are
shown in Fig. 1. The system is a computer, a
modified equatorial mount, an optical fiber spec-
trometer and an improved astronomical telescope
with rotatable linear polarizer in front. The e-
quatorial mount is modified to be an angle ad-
juster. With this mount, the elevation and azi-
muth of the measurement can be adjusted rapidly

in order to scan the entire hemisphere.

Improved
astronomical
telescope

Polarizer

Modified .
Rotatable equatorial [Optical fiber
linear polarizer mount  [spectrometer| display

Software
&

Fig. 1 Principal components and actual setup of sky-

light polarization measurement system

Using this system, kinds of measurement
methods can be carried out, not only the repeti-
tive 1-D plane scan, but also 2-D scan of the
complete celestial hemisphere. The results are
displayed on the computer software. The alpha-
numeric readout consists of date/time, DOLP,
AOLP, the components of the Stokes vector,
and the distribution pattern of skylight polariza-
tion. All the specifications of the system are lis-

ted in Tab. 1.

Tab. 1 Specifications of measurement system

Detector spectrometer with 2 048 pixel CCD

Spectral range 400 to 900 nm at 1.4 nm resolution

viewing field 4.5° of full-angle viewing field

Transmission of
2% to 42% for visible light

polarizer

extinction ratio less than 1% for visible light

Scan angle 0° to 180° of azimuth, 0° to 90° of
range elevation at 2. 5° resolution
Measurement . )

12 s per scanning point
speed

By using the linearly polarized light source
with a known polarization state as system input,
the system is calibrated. The calibration results
show that the repeatability of intensity measure-
ments is 99% in the spectral range from 450 nm
to 500 nm, and 95% +3% from 500 to 900 nm
respectively. The uncertainty of DOLP is less
than 2% of the spectral range from 400 nm to
750 nm, especially 1. 2% at 475 nm. The angle
error of AOLP is less than 2°.

4 Measurement results

Our measurements are taken from the roof of a
four-storey building in Dalian University of
Technology (38°55'N,121°36'E) and carried out
in several days with different weather condi-
tions. In these measurements, we took some
characteristic curves and results for explanation.

We first showed the measurement at every 5° a-
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long the whole solar vertical plane of the spectral
range from 400 nm to 750 nm at 35° elevation of
the sun (in Fig. 2). And then, the points were
measured at every 15° azimuth and elevation an-
gles of an entire celestial hemisphere and the sun

at 45° elevation (shown in Fig. 3).

100 ——435 nm
90F ——550 nm ]
80F—=—610 nm o

70F 2710 nm B

60k Angle distarice ¢/ 590q

90° from the sun/ £

DOLP/%

-
0 20 40 50 80 100 120 140 160 180
Elevation angle of measurement/( ° )

Fig. 2 DOLP curves of solar vertical plane measured
from 400 nm to 750 nm at 35° elevation of the

sun.

- 30°;Erizon

0 OAZ-\muth

Fig. 3 Distribution of DOLP and AOLP relative to
the horizon at a wavelength of 475 nm and a
elevation of the sun of 45°, The solar vertical
is toward the bottom of the figure and azi-

muth increases uniformly counter clockwise

0° to 180°.

Fig. 2 demonstrates that the DOLP reaches its
minimum value near 0 observed near the sun,
and then increases steadily until the maximum

presented when the angle distance is about 90°
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