
Polarization in Sky and water

At least an hours worth of it
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Introduction

Polarization important as another parameter of 
the light field you can measure for additional 
information….or it may be a problem in your 
measurement.  Simplest light field….plane wave
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Some simple cases can be seen: 
δ=0,(or al or ar=0) light is linearly polarized 
δ=π/2, al = ar light is circularly polarized 
Everything else is called elliptically polarized 
 



Introduction

Now in general, ω, for visible light is on the order of 6 x 
1014Hz, we can’t really measure these oscillations directly, in 
general.  Also the natural light field is not a single plane 
wave, but a superposition of many waves.  So we need a 
more conv. description….the Stokes vector.
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Introduction

Some Simple Stokes Vectors:
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Introduction

Can’t figure out where to put this slide…so here 
it is….
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Introduction

Can transform these Stokes vectors in a linear 
process, using Mueller Matrices: 
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Modify incoming Stokes Vector  to outgoing 
Stokes Vector. 



Examples,	
  linear	
  polarizer	
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Two	
  crossed	
  polarizers	
  
I '
Q '
U '
V '

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

= 1/ 2

1 −1 0 0
−1 1 0 0
0 0 0 0
0 0 0 0

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

1/ 2

1 1 0 0
1 1 0 0
0 0 0 0
0 0 0 0

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

I
0
0
0

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

0 = 1/ 4

0
0
0
0

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

= 1/ 4

1 −1 0 0
−1 1 0 0
0 0 0 0
0 0 0 0

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

I
I
0
0

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥



Two	
  crossed	
  polarizers,	
  with	
  
another	
  one	
  inbetween	
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Two	
  crossed	
  polarizers,	
  with	
  
another	
  one	
  in	
  between	
  con7nued	
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How	
  about	
  a	
  circular	
  polarizer?	
  

•  Need	
  a	
  quarter	
  wave	
  plate	
  a>er	
  a	
  polarizer	
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Introduction

To determine the Stokes vectors, need at least 4 carefully 
determined measurements.  To determine Mueller matrix, 
need 16 measurements:
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Typically, normalize by M11 (which is normal light 
scattering volume scattering function).  This 
emphasizes the polarization properties of the 
matrix. 



Instruments

Instruments to measure the Stokes Vector are variations on 
radiance instruments.

Two types, either single direction at a time (such as 4 co-
bore sighted Gershun tubes or 3, since the circular 
polarization is very small or zero for the most part) or some 
sort of imaging device, such as fisheye camera with 
polarizers.



Instruments

Example Sky instrument 

generated by three processes: ~a! thermal genera-
tion of electrons inside the sensor array, which de-
pends on sensor temperature and is by nature
random; ~b! readout noise, which depends on readout
circuitry; and ~c! signal-processing noise, which de-
pends on the signal-processing ~analog-to-digital con-
verter! circuitry. In normal operation the
thermoelectrically cooled TC215 image sensor tem-
perature ranges from 230° to 240° to reduce the
thermal generation of electrons.

Dark images were obtained with the shutter kept
closed while the CCD was integrating. Figure 2
shows the typical dark count pattern along a row and
column of the same image. Inactive and dummy pix-
els on the edges of the image manifest themselves in
both graphs on the left and right sides. As shown, the
dark current in an image is far from uniform. Figure
3 is the variation in the average dark current of a
central area of 10 3 10 pixels on the image as a func-
tion of time and sensor temperature. This shows that
the dark current increases linearly as we increase the
integration time and increases exponentially as we
increase the sensor temperature, as is expected.16 In

all experiments dark images were measured immedi-
ately after data images, keeping the same integration
time and temperature. These dark images are sub-
tracted from the data images during data processing.

Careful investigation of a series of dark images
shows that there is also random noise after the sub-
traction. To reduce this random noise a series of
dark images were taken under the same conditions.
Images were then added, and the standard deviation
of the whole image was calculated as each image was
added. Application of a 3 3 3 averaging filter to the
subtracted image is sufficient to maximize the reduc-
tion of this random noise.

B. Cross-talk Effect

Pixel cross talk can be defined as the interaction be-
tween the individual detector elements of an array
detector. Blooming is a particular form of spatial
cross talk that affects most array detectors. This
phenomenon arises when a pixel or a localized group
of pixels is overexposed to light. Blooming has ap-
peared while the TC215 imager was used and man-
ifests itself as spilling of charge from saturated pixels

Fig. 1. Block diagram of the RADS-IIP instrument.

6086 APPLIED OPTICS y Vol. 36, No. 24 y 20 August 1997



Instruments

•  Sky scene relatively stable, hence time sequence can be used
•  Example K. J. Voss and Y. Liu, “Polarized radiance distribution 

measurements of skylight:  I. system description and characterization”, 

1997, Applied Optics, 36 :6083-6094.

•  Must have stabilization to use on ships/moving platforms: Adapt system 

used by filming crews



In-­‐water…need	
  simultaneous	
  measurements…either	
  with	
  
Gershun	
  tube	
  radiometers	
  fiDed	
  with	
  polarizers	
  

Timofeeva and her co-workers conducted measure-
ments both in the sea and in milky solutions in the
laboratory, which enabled an extensive study of the
variations of the DOP with the zenith and azimuth
angle, optical depth, and wavelength. Timofeeva also
discovered the existence of neutral points analogous
to those found in the sky [7] and illustrated the effect
of the optical properties of milky solutions on the or-
ientation of the e-vector [8]. Far more recently, Chami
et al. [9,10] and Loisel et al. [11], and, very recently,
Lotsberg and Stamnes [12] showed how polarized
water-leaving radiance depends on the properties
of marine particulates and exploited the information
embedded in the polarized upwelling radiation to re-
trieve compositions and concentrations of suspended
particulates. Chami et al. studied the variations of
the DOP (at the Brewster angle) with water turbidity
and proposed an empirical algorithm to estimate the
concentration of inorganic particles [10]. The inves-
tigation suggested that the observed variability of
the magnitude of the DOP in the red region of the
visible spectrum (i.e., 650nm) is highly correlated
with the concentration of suspended particles. Loisel
et al. [11] showed that the polarized remote sensing
reflectance from the POLarization and Directionality
of the Earth’s Reflectances (POLDER-2) sensor can
be used to assess the composition of the suspended
particles in absence of aerosols and over relatively
high scattering waters, such as those typically found
in coastal areas or in the presence of a phytoplankton
bloom. Lotsberg et al. used the T-matrix method of
Mishchenko et al. [13] to compute the underwater po-
larized backscattered light for suspended particles
having various Junge-type size distributions, as-
phericities, and refractive indices. They observed
that the hydrosol Mueller matrices are mostly af-
fected by variations of the real part of the refractive
index.

It is in this context that we attempt to apply
the results of both experimental and simulated ob-
servations to systematically retrieve complementary
information on the in-water suspended particles
(specifically, the real part of the refractive index
and the size distribution) that cannot be obtained
with methods that only analyze the scalar radiance.
This study is focused on the comparison between the
measured and calculated spectral and angular varia-
tions of the DOP. Analyzing the DOP instead of the
individual components of the Stokes vector has the
advantage that the DOP is weakly dependent on
calibration, because the DOP itself is a ratio. This
means that only relative rather than absolute values
of the water-leaving radiance are needed, and there-
fore the DOP can be measured very accurately be-
cause it is a relative measure.

In Section 2 we outline the experimental procedure
and the technique used in the analysis of field data.
In Section 3 we describe the coupled atmosphere–
ocean radiative transfer model and discuss the de-
pendence of the calculated DOP of the water-leaving
radiance on the composition, i.e., refractive index

and size distribution of the suspended particles.
In Section 4 we report the angular and spectral
variations of the DOP for various types of waters
and compare experimental and simulated results.
The comparison of radiative transfer simulations
with in situ measurements allows us to estimate the
hydrosols’ microphysical parameters.

2. Optical Instruments and Methods

The quantities required for radiative transfer com-
putations are the absorption coefficient, the scatter-
ing coefficient, and the phase matrix, PðθscaÞ, where
θsca is the scattering angle (θsca ¼ 0° for light scat-
tered exactly in the forward direction). The absorp-
tion and scattering coefficients can be measured
in situ with existing commercial instrumentation.
Absorption and backscattering coefficients can also
be routinely retrieved from above-water measure-
ments with a variety of techniques, e.g., the widely
adopted quasi-analytical algorithm [14]. In our field
measurements, absorption and attenuation of all in-
water constituents except water itself were mea-
sured with an ac-s or an ac-9 (WET Labs), recording
data in the wavelength range of 412 to 715nm [15].
Backscattering measurements were made with an
ECO BB9 (WET Labs) at seven wavelengths in the
visible (between 412 and 715nm) [16]. Particle size
distributions (PSDs) were obtained using the LISST-
100X (Sequoia Scientific): the scattering intensities
recorded at 670nm by the 32 rings of the laser in situ
scattering and transmissometry (LISST) were math-
ematically inverted to obtain the PSD [17].

Underwater polarized radiance measurements
were obtained using a custom-built polarimeter [18];
see Fig. 1. It consists of three HyperOCR radiance
sensors (Satlantic) mounted on a scanning system
controlled by an underwater electric stepper motor
(Newmark Systems). Four buoys are necessary to

Fig. 1. (Color online) The underwater polarimeter in clear
oceanic waters. For this deployment, a fourth radiance sensor
(measuring circular polarization, not discussed in this analysis)
was installed on the scanning system (photo courtesy of Erich
Schlegel).

5048 APPLIED OPTICS / Vol. 50, No. 25 / 1 September 2011

Estimating particle composition and size distribution from polarized water-leaving 
radiance, Alberto Tonizzo,1,* Alex Gilerson,1 Tristan Harmel,1 Amir Ibrahim,Jacek 
Chowdhary, Barry Gross,Fred Moshary, and Sam Ahmed1, Applied Optics, Vol 50, 
5047-5058 



Instruments

Or simultaneous fisheye systems, with polarizers: 

{Polrads 



Instruments

DPOL instrument: 

•  System has 4 lenses, polarizer's in each
•  Fiber Optic bundle collects light from each image into one super image 

•  Super image focused onto camera through spectral filter changer



Instruments

To measure the Mueller matrix need 16 measurements (set of 4 different input 
Stokes vectors permutated with 4 polarization analyzers).  Either do this serially 
or another method was:  



Mueller Matrix

Mueller matrix for Rayleigh scattering. 
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Fig. 1. (a) The average Mueller matrix of the Pacific and Atlantic Oceans. The x axis of each graph corresponds to the scattering angle,
the y axis corresponds to the normalized matrix element value. (b) The calculated Mueller matrix of particles in the Rayleigh-Gans

approximation.
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Low index particles also scatter this way (Rayleigh-Gans approx.) 



Mueller Matrix

Mueller matrix for Rayleigh scattering. Lets look 
at some specific angles:
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What do these do? 



Polarized Radiance Distribution

Case for Rayleigh single scattering in Sky, 

From Curt 



Polarized Radiance Distribution

Case for Rayleigh single scattering in Sky. 

Q/I U/I 

V/I = 0 60 degree zenith angle 



Example in-water upwelling images

The radiance units are mW cm-2 nm-1 sr-1, Q/I and U/I are 
dimensionless 
Hawaii (December 2, 2005, 20.830 N, 157.180 W, 10:25 local 
time).   
Wavelength is 436 nm 
solar zenith angle is 510.  
Measured with POLRads instrument (recent article in OE) 



Mueller Matrix

Mueller matrix for Ocean water (Voss and Fry, 
1984). 
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Fig. 1. (a) The average Mueller matrix of the Pacific and Atlantic Oceans. The x axis of each graph corresponds to the scattering angle,
the y axis corresponds to the normalized matrix element value. (b) The calculated Mueller matrix of particles in the Rayleigh-Gans

approximation.
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What are the 
differences? 



Example continued

Note high degree of polarization, 90 degrees to refracted solar position, 
probably lost in glitter pattern, however still significant polarization in other 
areas. θo=71 

θ’o=45 θ’=45 

θ=71 



Why do you care?

Other recent applications of polarization:

Use of polarized light for enhanced imaging: scattered light is 
more polarized than light from target (many people, early 
work by Gilbert, AO, 1967)..keeps getting rediscovered.

Polarized detection by animals..and polarized light 
camouflage (Molly Cummings, UT, Roger Hanlon, MBL). 

Depolarization due to minerals?



2	
  possible	
  remote	
  sensing	
  
applica7ons,	
  change	
  in	
  M12/M11	
  Scattering by hydrosols 1191 

scattering angle (in degrees) 

Table 2. Measured scattering functions F,, as functions of scattering angle for five phytoplankton species, corresponding to curves 
presented in Fig. 6. The digits in parentheses are the uncertainty in the last digits of the given value. 

Scattering Microcystis 
angle in aeruginosa 
degrees no gas vacuoles 

Microcystis 
aeruginosa 

with gas vacuoles Microcystis sp. Phaeocystis Volvox aureus 

20. 0.76 (22) 
25. 0.42 (13) 
30. 0.282 (75) 
35. 0.175 (14) 
40. 0.109 (10) 
45. 0.0692 (7 1) 
50. 0.0426 (49) 
55. 0.0292 (28) 
60. 0.0211 (28) 
65. 0.0183 (12) 
70. 0.0136 (13) 
75. 0.0119 (11) 
80. 0.01051 (82) 
85. 0.00927 (88) 
90. 0.00841 (80) 
95. 0.00752 (82) 

100. 0.00728 (84) 
105. 00068 1 (88) 
110. 0.00654 (84) 
115. 0.00641 (85) 
120. 0.00665 (60) 
125. 0.00754 (54) 
130. 0.0065 (14) 
135. 0.00803 (77) 
140. 0.0075 (14) 
145. 0.0073 (17) 
150. 0.0071 (26) 
155. 0.0098 (31) 
160. 0.0120 (57) 

0.76 (27) 
0.61 (15) 
0.430 (92) 
0.284 (13) 
0.1804 (81) 
0.1090 (59) 
0.0682 (37) 
0.0424 (25) 
0.0283 (11) 
0.01928 (75) 
0.01476 (60) 
0.01206 (46) 
0.01011 (33) 
0.00910 (29) 
0.00841 (21) 
0.00781 (26) 
0.00719 (27) 
0.00698 (25) 
0.00684 (25) 
0.00657 (22) 
0.00628 (25) 
0.00664 (3 1) 
0.00729 (76) 
0.00782 (93) 
0.00775 (60) 
0.0077 (13) 
0.0095 (18) 
0.0108 (33) 
0.0109 (63) 

0.153 (73) 
0.158 (41) 
0.115 (26) 
0.0857 (30) 
0.0659 (18) 
0.0506 (15) 
0.03915 (86) 
0.03041 (78) 
0.02462 (16) 
0.01974 (07) 
0.01644 (17) 
0.01362 (17) 
0.01144 (07) 
0.00972 (04) 
0.00841 (03) 
0.00752 (05) 
0.00675 (08) 
0.00631 (07) 
0.00593 (08) 
0.00561 (11) 
0.00543 (12) 
0.00537 (13) 
0.00522 (26) 
0.00510 (22) 
0.00527 (21) 
0.00557 (38) 
0.00531 (50) 
0.00487 (95) 
0.0055 (18) 

0.24 (43) 
0.36 (24) 
0.195 (53) 
0.158 (26) 
0.099 (14) 
0.063 (12) 
0.0439 (61) 
0.0286 (37) 
0.02257 (83) 
0.01718 (57) 
0.01395 (40) 
0.01159 (37) 
0.00994 (35) 
0.00941 (37) 
0.00841 (49) 
0.00756 (34) 
0.00718 (30) 
0.00671 (33) 
0.00641 (42) 
0.00612 (39) 
0.00584 (22) 
0.00630 (39) 
0.0066 (14) 
0.0074 (14) 
0.0067 (13) 
0.0060 (22) 
0.0077 (25) 
0.0050 (44) 
0.009 (10) 

0.59 (59) 
0.26 (25) 
0.205 (87) 
0.121 (38) 
0.084 (23) 
0.058 (12) 
0.0424 (88) 
0.0322 (47) 
0.0254 (39) 
0.0208 (23) 
0.0159 (16) 
0.01316 (88) 
0.01109 (59) 
0.00995 (62) 
0.00841 (44) 
0.00761 (3 1) 
0.00750 (32) 
0.0069 (10) 
0.00604 (53) 
0.00602 (43) 
0.00617 (51) 
0.00603 (66) 
0.0063 (13) 
0.0060 (12) 
0.00657 (9 1) 
0.0053 (24) 
0.0079 (35) 
0.0080 (38) 
0.0087 (84) 

Volten et al., L&O,  1998, Vol 43, 1180-1197 
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In Fig. 8, the relationship between the IOPs (c/a ratio) and the DoLP is parameterized as a 
power law as in Eq. (5) with a good coefficient of determination R2 (squared correlation) 
opening the possibility for an accurate retrieval technique of the attenuation coefficient. 
While deriving a final semi-analytical or analytical relationship between DoLP and c/a are 
not the main goals of this paper, nevertheless it is important to show that a relationship exists 
between the polarization signature of the ocean and its bio-optical, microphysical, and geo-
chemical properties. An interesting result shown in Fig. 8 is that the fits for both ξnap of 4.0 
and 4.5 are similar for the all three wavelengths. In coastal waters, the slope ξnap of PSD of 
NAP largely falls in the range 4.0-4.5, where these particles are small in size [14,31]. Since 
the relationship weakly depends on the PSD of chlorophyllic particles, a rough estimate of 
ξnap to be in its typical range may not induce large errors in, for example, retrieval analysis. 

 
Fig. 8. Fitted relationship between DoLP at θview = 40° and φview = 90° and c/a ratio at three 
wavelengths for three different NAP slopes of the particle size distribution (PSD). 

The quality of the fitting of Eq. (5) can be estimated by calculating the root mean squared 
error (RMSE) or the coefficient R2 between the parameterized/fitted values and the resultant 
values of the radiative transfer simulations. A high correlation or a low RMSE value indicates 
a good quality of the fitting and vice-versa. The coefficient of determination is calculated as 
follows: 

  (6) 

where SSR is the sum of squared differences between the regression predictions or fit 
((c/a(DoLPi)fit) and the sample mean of (c/a) with the over bar in Eq. (6), where ‘i’ iterates 
from 1 to 10125 different cases of IOPs in the RT simulations. The SST term stands for sum 
of squares total which means the sum of squared deviations of the (c/a) values around their 
mean. 

In order to have a synoptic view of the fitting quality, the R2 values are plotted in Fig. 9 
for all the viewing geometries available for a given solar angle (i.e. θsun = 30°). In this 
manner, we can estimate the range of geometries that permits one to obtain the best accuracy 
for the retrieval of the attenuation (and the scattering, b = c-a) coefficient based on 
measurements of the DoLP. Similar results were found from RMSE distributions. 



Why else should you care?

Your instrument may have a polarization 
sensitivity (old RSR instruments, spectrometers
without scrambling) 

The satellite instrument is polarized, to greater or 
lesser extent.

Might be more information in the polarization 
signal, new sensors will be developed (one just 
sank…APS on Glory) especially important for 
atmospheric aerosols.
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Polarized Radiance Distribution

Sky light radiance distribution. 
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Polarized Radiance Distribution

Downwelling spectral variation, coastal 
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Polarized Radiance Distribution

Downwelling spectral variation, clear water 
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