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For  the  purpose  of  investigating  influence  of waves  on  the performance  of eliminating  glints  reflected
off  wavy  sea  surface  by  polarization  filtering,  we  viewed  glints  twinkled  in glitter  path  using  a simulta-
neous  multi-channel  polarization  camera.  By  analyzing  the  recorded  data,  it is found  that  the  waving  of
water surface  do not  make  unlimited  influence  on  polarization  elimination  performance.  Then  a semi-
olarization
lints
etection

quantitative  analysis  method  is introduced.  Combing  with simulation  results,  it is  concluded  that  the
influence  level  of  waves  on  polarization  elimination  performance  is  determined  by  observation  geom-
etry  primarily  and  then  limited  by  receiver’s  field  of  view.  When  observation  geometry  is  approach  to
the  Brewster  condition  closer,  polarization  filtering  will  has  batter  performance  which  is represented  by
more  decrease  of intensity  of glints  and  lower  influence  level  of waves  on  reducing  intensity  of glints.
. Introduction

Glitter path is a bright and twinkling patch which can be seen on
he ocean when the sea surface is ruffled by wind. In the glitter path,
olar radiance reflected by the waving surface forms numberless
lints which appear and disappear rapidly [1]. The sun glints formed
y direct specular reflection of solar radiance has high brightness
nd can obscure the information that need to be acquired [2]. Cou-
led with the apparently random flash of glints, it makes a great
hallenge for tracing or directing target above water surface by
irborne imaging equipment [3,4].

Utilizing polarization filtering to eliminate interventions caused
y glints is one possible method to solve this problem [5]. According
o the Fresnel law, water surface can be regarded as a polarizer [6].
o sun glints are partial linear polarized. And degree of linear polar-
zation (DoLP) of glints may  reach a high value (the maximum is 1)
n part reflected direction. With the common situation that DoLP
f man-made object with rough surface is usually low when object
s illuminated by sunlight, polarization filtering can reduce more
ntensity of glints than target. So polarization filtering is potential
o reduce the false alarms resulted from glints signally when water

urface target detection is carried out.

Researches on polarization patterns of light reflected off water
urface can provide foundation and guide for eliminating glints

∗ Corresponding author. Tel.: +86 0431-86176958.
E-mail address: wangjianli@ciomp.ac.cn (J. Wang).

ttp://dx.doi.org/10.1016/j.ijleo.2015.12.057
030-4026/© 2015 Elsevier GmbH. All rights reserved.
©  2015  Elsevier  GmbH.  All  rights  reserved.

by polarization filtering. Gál et al. measured the reflection polar-
ization pattern of the flat water surface under a clear sky firstly
[7]. But under actual conditions, most of sea surfaces are not flat
and calm but rough and waving [1,8]. Cox and Munk provided an
analytical formula expressed by probability distribution of micro
facets’ slope to represent the relation between surface roughness
and wind speed [9,10]. The changing of micro facets’ slope causes
the polarization properties of glints varying all the time [8]. Zhou
et al. simulated the polarization patterns of skylight reflected off
wave water surface in different conditions such as solar zenith
angle, wind speed, wind direction and so on. Their investigation
shows that the polarization pattern of skylight reflected off wave
water can change slightly according to different wind conditions
[11]. It means that polarization filtering also has potential to reduce
the wave water reflection as flat water.

However, it is seldom investigated that how much influence
resulting from waving of water surface will impact eliminating
glints by polarization filtering in a receiver with certain field of
view (FOV). In this paper, our experiments and simulations focused
on analyzing the influence of waves and investigating the polar-
ization elimination performance which includes the capabality to
reduce intensity of glints by polarization filtering under influence
of waves and the influence level of waves on reducing inten-
sity of glints. From experiments and simulations, it is found that

the waving of water surface just has finite influence on polariza-
tion elimination performance. And the influence level of waves is
determined by geometrical relation between sun and receiver pri-
marily and then limited by receiver’s FOV. In general, polarization

dx.doi.org/10.1016/j.ijleo.2015.12.057
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2015.12.057&domain=pdf
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Fig. 1. Glints imaged in the four channels simultaneously. The left top, right top, left
bottom and right bottom ones are imaged in 0◦ , 45◦ , 90◦ and 135◦ channels, respec-

◦
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limination performance on wave surface depends on the obser-
ation geometer. These conclusions acquired in this paper can
rovide valuable information for improving current airborne vis-

ble imaging equipment by utilizing polarization filtering to reduce
he impact caused by glints.

. Observation experiment

In order to analyze the influence on polarization elimination
erformance which resulted from waving of sea surface, obser-
ation experiments were carried out with help of a simultaneous
olarization camera in Dalian (Liaoning province, China).

This simultaneous polarization camera (pixel size is 7.4 �m)
s a division of focal plane polarimeter, which deposits pixilated

icro-polarization filters array on the surface of CCD sensor. The
icro-polarization filters array monolithically integrates 4 linear

olarization filters (extinction ratio > 100:1 and transmission > 70%
anging from 400 nm to 900 nm)  oriented at 0◦, 45◦, and 90◦ and
35◦ in a 2 × 2 array. The first three Stokes parameters (S0,S1,S2) can
e extracted by the intensity measurements from four photodiodes

n the 2 × 2 array and are presented as following equation:

S0

S1

S2

⎤
⎥⎦ =

⎡
⎣ 1/2 1/2 1/2 1/2

1 0 −1 0

0 1 0 −1

⎤
⎦

⎡
⎢⎢⎢⎢⎣

I0

I45

I90

I135

⎤
⎥⎥⎥⎥⎦ (1)

here I0 is the intensity of the 0◦ filtered light wave, I45 is the inten-
ity of the 45◦ filtered light wave, and so on. Then the DoLP and angle
f linear polarization (AoLP) of incident light can be calculated by
qs. (2) and (3) in real time,

oLP =
√

S1
2 + S2

2

S0
(2)

( )

oLP = 1

2
·  arctan

S2

S1
(3)

For purpose of observing glints with a long distance (about
 km), the observation site located on a coastal cliff closed to sea.

Fig. 2. Statistical conclusions for glints polarization properties
tively. In 90 channel, the reduction for intensity of glints has the best performance.

During our observation, solar elevation angle varied from 15.6◦

to 27.8◦. And restricted by the coastal landform of observation
site, camera’s zenith angle can just change from 76◦ to 64◦. We
viewed along the centre line of glitter path to make glints twinkle
in the whole camera’s field of view (FOV). By keeping the included
azimuth angle of sun and camera being 180◦, the almost best
polarization elimination performance could be achieved in the 90◦

channel of camera. So the polarization elimination ratio, which rep-
resents capabality of reducing glins intensity by the ratio of glints
intensity after and before polarization filtering, can be approxi-
mately calculated as I90/S0. The lower polarization elimination ratio
(the optimal value is zero) is reached, the better polarization elim-
ination performance can be achieved.

In order to analyze glints polarization properties and poalriza-

tion elimination ratio accurately, glints imaged in each channel
should not be saturated. The images of glints recorded by the four

 and elimination ratio extracted from one single frame.
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Fig. 3. Variation of peak value position and FWHM of AoLP extracted from the first
continues 100 frames. The curve represents the peak value position of AoLP versus
different frames. The error bars illuminates the FWHM of AoLP in corresponding
frames.

Fig. 4. Variation of peak value position and FWHM of DoLP extracted from the first
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Fig. 5. Variation of peak value position and FWHM of polarization elimination ratio
extracted from the first continues 100 frames. The curve represents the peak value
position of polarization elimination ratio versus different frames. The error bars
illuminates the FWHM of polarization elimination ratio in corresponding frames.

Fig. 6. RMS  variance curves versus different frame. The top, middle and bottom
curves represent RMS  variances of AoLP, DoLP and polarization extinction ratio,
respectively.
ontinues 100 frames. The curve represents the peak value position of DoLP versus
ifferent frames. The error bars illuminates the FWHM of DoLP in corresponding
rames.

hannels are shown in Fig. 1. It is clear that glints imaged in 90◦

hannel have obvious lower gray value than the others.
Glints changes so quickly that single snapshot is insufficient to

nderstand influence from waving of sea surface. So we took videos
exposure time: 0.3 ms,  frame frequency: 100 fps) contained 500
rames with a F15 lens of 50 mm focal length. Correspondingly, the
amera’s field of view is 6.8◦.

After researching and analyzing the measurement data acquired
n different time and observation conditions, the similar distribu-
ion and variance spread trend of glints polarization properties and
olarization elimination performance can be found, except for the
etail statistical values of those distributions and variance spreads.

To illuminate those distributions and variance spreads men-
ioned above, statistical analysis extracted from one video is shown
elow. During recording this video, wind direction was toward
outh and wind speed was between 7 m/s  and 8 m/s. Solar eleva-
ion angle was 22.2◦ and camera’s zenith angle was 74◦ with the
ncluded azimuth angle of sun and camera was 180◦. The distance
rom the viewing area was about 1000 m.

Primal statistical analyses were carried out on one single frame
nd corresponding results are shown in Fig. 2. Fig. 2(a) shows the
istogram distribution of glints AoLP which distributes in a certain
ange. The similar distribution trend can be found in Fig. 2(b) and
c), which represents the histogram distribution of glints DoLP and
olarization elimination ratio. It can be find that, even influenced
y waves, the polarization properties of glints just vary in a limited
ange. The same goes for the polarization elimination ratio.

To illuminate the variation among continue frames, peak value
osition and full width at half maximum (FWHM) of the histogram
istribution mentioned above are introduced. The variance spreads
f those two statistics values versus continue frames are shown in

igs. 3–5. The curve and error bars represent peak value position
nd FWHM,  respectively. These spreads exhibit similar distribution
rend that peak values fluctuate at certain value in a small range. In
the same time, the positions and widths of FWHM only have little
variance among different frames.

In addition, the root mean square (RMS) values of AoLP, DoLP
and polarization elimination ratio over each frame, which can rep-
resent the corresponding average fluctuation level over the whole
FOV, are analyzed. The RMS  variances versus different frames,
which are used to illuminate fluctuation versus continue frames,
are shown in Fig. 6. These three curves fluctuate at certain value in
a small range, too. So considering distribution trend in different FOV
and variation among continue frames, the polarization elimination
can stay in a limited and relatively stable state in the influence of
waving of water surface.

Analyzing the rest video data recorded in our experiment, the
detail statistical values of the distributions and variance spreads of
glints polarization properties and polarization elimination ration
only have small differences. So we don’t list those values (part sta-
tistical values will be listed to compare with the simulation result
in Section 4.1), distributions and variance spreads here. And it can
be initially understood that the waving of water surface won’t have
a great and unlimited influence on the performance of polarization
elimination in certain FOV.

Restricted by the landform of observation site, it was difficult to
view sea surface with the real observation direction like practical
target tracing or detection by airborne imaging equipment. So in
the following sections, an analysis method is introduced and corre-
sponding simulations are carried out to analyze the influence level

of waves on polarization elimination performance further.
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ig. 7. Diagram of global observation coordinate system and receiver coordinate
ystem.

. Simulation methodology

.1. Coordinate system

As shown in Fig. 7, a global observation coordinate system
right-handed system) is built according to the geometrical rela-
ion among sun, water surface and receiver’s centre FOV. The Z axis
s vertical to water surface and points upward. Correspondingly,
he Y axis locates on the water surface and points toward the direc-
ion which makes the solar azimuth angle (related to y axis) equal
o 180◦. The XOY plane is parallel to horizontal water surface. So
irection of sun can be specified by its elevation angle and azimuth

n the form of (˛, 180◦).
In order to trace incident ray of receiver, another right-handed

oordinate system represented as X’Y’Z’ is formed. The coordinate
ystem’s origin is the center point of receiver’s entrance pupil. The
irection of Y’ axis is same as receiver’s. The Z’ axis and X’ axis
oint along the vertical and horizontal direction of receiver’s sen-
or. Correspondingly, the transformation relation between the two
oordinate system mentioned above can be expressed as Eq. (1).

x

y

z

⎤
⎦ = Tc

⎡
⎢⎣

x′

y′

z′

⎤
⎥⎦ =

⎡
⎣ cos  ̌ sin  ̌ sin � − sin  ̌ sin �

− sin ˇ cos  ̌ cos � − cos  ̌ sin �

0 sin � cos �

⎤
⎦

⎡
⎢⎣

x′

y′

z′

⎤
⎥⎦
(4)

.2. Polarization ray tracing

Related researches have shown that water wavy surface can
e understood as a collection of micro-facets. In each micro-facet,
ater is considered to be specular and reflection process follows

he Fresnel law [12–14]. Micro-facets of wave surface have dif-
erent slopes and directions [10,11]. So according to geometrical
ptical principles, when the geometrical relation about incident
olar direction, micro-facet slope and the direction of receiver’s FOV
eets the law of reflection, solar radiance reflected by micro-facets
ill enter receiver and form sun glitter [15].

To analysis the polarization properties of the rays reflected by
icro-facets, each ray’s polarization coordinate system is formed

s following. This coordinate system represented by psk is a

ight-handed system with the k axis pointing toward the ray’s prop-
gation direction, the s and p axis pointing vertical and parallel to
he incident plane, respectively. Taking two rays entering differ-
nt FOV of receiver which are reflected by the micro-facets and
Fig. 8. Scheme of forming the polarization coordinate system in micro-facet model

represented by normal vectors −→nc and −→nf as example, the con-
struction of polarization coordinates is illustrated in Fig. 8.
Correspondingly, coordinate pciscikci/pcrscrkcr and pfisfikfi/pfrsfrkfr
are the polarization coordinates for incident and reflected ray of
micro-facet −→nc and −→nf , respectively.

Using unit vector to express each axis’ direction in polarization
coordinate system, such as vector

−→
kci and

−→
kci denoting the direction

of axis kci and kci, the relation of polarization coordinates between
incident and reflected ray can be expressed as following equation:{−→nc = −→

kci × −→
kcr, −→sci

−→scr, −→pci = −→sci × −→
kci,

−→pcr = −→scr × −→
kcr

−→nf = −→
kfi × −→

kfr, −→sfi
−→sfr , −→pci = −→sci × −→

kci,
−→pcr = −→scr × −→

kcr

(5)

In each ray’s polarization coordinate system, the polariza-
tion analysis of light can be accomplished by coherence matrix
and corresponding matrix operation. Then combining with global
observation coordinate and receiver coordinate formed above, the
polarization ray tracing of rays entering receiver can be achieved.

3.3. Analysis method

When searching or tracing target above sea surface by airborne
image equipment, fast movement state of the aerial vehicle always
makes wind direction relative to receiver changing all the time.
In addition, with the observation geometer changing, the polar-
ization properties of the glints which may  deteriorate receiver’s
sensor vary accordingly. So it is a great challenge to form the actual
instantaneous distribution of wave surface to analysis the corre-
sponding polarization elimination performance. For analyzing the
performance of polarization elimination under influence of wave
in different observation situations, a semi-quantitative analysis
method is introduced below. We  skip the actual instantaneous dis-
tribution of wave surface and assume that each FOV of receiver
shall be affected by glints uniformly. In other words, it is assumed
that, in any viewing moment, the distribution of wave surface is in
the state which will make the entire receiver’s sensor overflowing
with glints.

4. Simulation and discussion

Using the methods mentioned above, with ignoring the influ-

ence from skylight and assuming that incident sunlight is just
consisted of parallel rays. Corresponding simulation results and
related analysis are discussed as follow.
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Fig. 9. Comparisons of mean DoLP between the measurement data and simulation
result.

Fig. 10. Comparisons of mean elimination ratio between the measurement data and
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Fig. 11. The optimal rotation angle of Polaroid distribution over receiver’s FOV.

The polarization elimination ratio distribution over the entire
FOV is shown in Fig. 13, in which mean polarization elimination
imulation result.

.1. Comparison of measurement and simulation

In simulation, the Polaroid used to elimination glints is located
n front of receiver’s lens. Refractive index of seawater is chosen
s 1.34. The receiver’s FOV is set to 6.8◦ which matches to the
imultaneous polarization camera used in experiment.

The Polaroid can only choose one rotation angle which cannot
each the optimal mean for different FOV. By analyzing (detailed
escription is shown in Section 4.2), making the mean polariza-
ion elimination ratio minimum is chosen as standard to select
olaroid rotation angle. In order to test the availability of this simu-
ation method, the comparison between a set of measurement data
ecorded in experiments and simulation results in the same obser-
ation geometer (solar elevation angle is 26.3◦ and camera’s zenith
ngle varies for 76◦ to 64◦) are shown in Figs. 9 and 10. In Fig. 9, the
ed dots represent mean DoLP values which are calculated over the
hole camera’s FOV and then taken the mean from continus 500

rames in one video data. The red error bars represent the mean
WHM of DoLP over continus 500 frames. The balck squares and
rror bars represent corresponding simulation results.

It can be found that, the simulation results and measurement
ata have similar values and variance trend versus different obser-
ation direction, except that the mean FWHM values extracted
rom measurement data are bigger than simulation’s. So this sim-
lation method is reliable to analyze the polarization elimination
erformance when glints may  twinkle the entire receiver FOV. The
ivergence between measurement and simulation mainly results

rom following causes:
Fig. 12. Polarization elimination ratio curves versus different Polaroid’s rotation
angles

(1) The practical distribution of wavy sea surface is varying all the
time and different from assumption in simulation.

(2) Influence from skylight is ignored in simulation.

In summary, this simulation method can be considered to be
available when glints twinkle in the whole FOV of camera. It can be
used as a semi-quantitative simulation method to analyze the influ-
ence level of waves and the polarization elimination performance
under influence of waves.

4.2. Simulations of polarization elimination performance and
analysis

In simulations, solar elevation angle and receiver’s zenith angle
are set to 10◦ and 0◦ with receiver’s azimuth equal to 0◦. The
Polaroid used to elimination glints is located in front of receiver’s
lens. Refractive index of seawater is 1.34. Receiver’s FOV is set to
10◦ × 10◦ with sampling interval of 0.01◦.

The optimal rotation angle (anticlockwise to X’ axis in receiver
coordinate system) of Polaroid for reducing intensity of glints twin-
kled in corresponding FOV is shown in Fig. 11. The variance range
over the entire FOV is small. So it is beneficial to use polarization
filtering to reduce the intensity of glints.

The Polaroid can only choose one rotation angle which won’t
meet the optimal orientation in different FOV. So we simulated the
process of rotating Polaroid and analyzed corresponding variance of
polarization elimination ratio. The curve of mean, the best and the
worst polarization extinction ratio versus different Polaroid’s rota-
tion angles are shown in Fig. 12. It can be seen that the three curves
show similar variance trend. When Polaroid rotates to 90◦, the
best polarization elimination ratio is achieved. So making the mean
polarization elimination ratio minimum is chosen as a standard to
select Polaroid rotation angle in following simulations.
ratio achieves the best level with Polaroid rotating to 90◦.
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Fig. 13. Polarization elimination ratio distribution over receiver’s FOV.

Fig. 14. Variance of polarization elimination ratio with increasing of receiver’s FOV.
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ig. 15. The best mean polarization elimination ratio distribution with changing of
eceiver’s azimuth and zenith angle.

Based on the simulation conditions mentioned above, the polar-
zation elimination ratio in the condition of different FOV is
imulated with changing receiver’s FOV from 1◦ to 40◦. The curve of
ean, the best and the worst polarization elimination ratio versus

ncreasing receiver’s FOV are shown in Fig. 14. With the receiver’s
OV increasing, mean polarization elimination ratio changes lit-
le and the diversity between the best and the worst polarization
limination ratio becomes bigger. It indicates that increasing of
eceiver’s FOV will raise the difficulty of deducing glints intensity
y one Polaroid.

Then receiver’s zenith angle and azimuth are changed to ana-
yze polarization elimination performance in different viewing
irection of receiver. The best mean polarization elimination ratio
istribution versus variation of receiver’s azimuth and zenith angle

s shown in Fig. 15. The positive direction of receiver’s zenith vari-
nce matches the increase of included angle between sun and
eceiver. It can be considered that, when variance of receiver’s
enith angle is positive, receiver is in the “against-light” state. In this
oment, receiver will be compacted by glints more easily and seri-

usly than “front-light” state which is corresponding to negative

ariance of receiver’s zenith angle. As shown in Fig. 15, polarization
ltering can reduce the intensity of glints effectively when receiver

s in “against-light” state even under influence of waves. But little
olarization elimination effect is acquired in “front-light” state.
Fig. 16. PV value distribution of polarization elimination ratio with changing of
receiver’s azimuth and zenith angle.

Then peak-to-vale (PV) value of polarization elimination ratio is
introduced to represents the max  diversity of polarization elimina-
tion ratio over the entire FOV. Distribution of the PV value versus
variation of receiver’s azimuth and zenith angle is shown in Fig. 16.
The PV value, which can be used to evaluate the influence level
of waves on polarization elimination qualitatively, changes with
variance of receiver’s observation direction and has similar vari-
ance trend to polarization elimination ratio. It indicates that, in the
same conditions of wind and waves, the waving of water surface
makes different levels of influence on polarization elimination in
different viewing direction. This is because that polarization prop-
erties of glints imaged in receiver’s sensor are determined by the
incident angle and direction of incident plane of corresponding inci-
dent sunlight and limited by receiver’s FOV. The variance range of
PV value maintains in a low level. This can be understood that the
waving of water surface just has finite influence on polarization
elimination.

4.3. Discussion

From the simulation results acquired above, it can be found
that waves will make polarization properties of glints entering
receiver FOV differently. This increases the difficulty of reducing
glints intensity by polarization filtering. But limited by receiver
FOV and geometrical relation between sun and receiver, polariza-
tion elimination ratio over the entire receiver FOV won’t distribute
disorderly and unlimitedly in the influence of waves. It is benefi-
cial to reduce the impact of glints effectively even under influence
of waves. The similar distribution trend versus viewing direction of
polarization elimination ratio and its PV value over entire FOV indi-
cates that polarization elimination performance will be determined
by solar elevation angle and viewing direction of receiver. Here
we introduce Brewster condition to represent that glints entering
receiver FOV are reflected off water surface with the Brewster angle.
The polarization elimination performance will become better when
the “Brewster condition” is approached closer. As well as the simu-
lation result showed in Figs. 15 and 16, polarization elimination
performances better in the “against-light” state. Because in this
situation, the reflection angle of glints are closer to the Brewster
angle.

In most duties of detecting or tracing target above water surface
by airborne imaging equipment, solar elevation angle will be kept in
a low level. It is advisable to reduce the impact of glints when imag-
ing equipment is in “against-light” state which may make glints
twinkle in receiver’s sensor more possibility. Further, combining
with rotating Polaroid to the optimal orientation under real time
control, polarization filtering predicts to reduce the impact of glints

effectively. What’s more, this real time controlled polarization fil-
tering can be relatively easy to achieve by improving current visible
imaging equipment. So it is potential to promote performance of
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urrent airborne visible imaging equipments under impacting of
lints.

. Conclusion

We  observed glints reflected off wave water on glitter path using
 simultaneous polarization camera and analyzed the performance
f polarization elimination under influence of waves. Then a semi-
uantitative analysis method, which assumes glints will twinkle in
ny FOV of receiver, is used to analyze the influence level of waves
nd simulated polarization elimination performance under influ-
nce of waves in different observation conditions such as receiver
OV, solar elevation and viewing direction. Combining with exper-
ments and simulations, it can be found that waves will make
olarization properties of glints entering receiver FOV differently.
ut limit by receiver’s FOV and geometrical relation between sun
nd receiver, the polarization elimination ratio won’t distribute dis-
rderly over receiver FOV under influence of waves. And the waving
f water surface won’t make polarization elimination performance
ary unlimitedly versus continue imaging frames.

From simulation we also find that, in the same conditions of
ind and waves, the influence level of waves on polarization

limination varies with the changing of viewing direction. In gen-
ral, the influence level of waves is determined by geometrical
elation between sun and receiver primarily and then limited by
eceiver’s FOV. It can be concluded that polarization elimination
erformance under influence of waves depends on geometrical
elation between sun and receiver chiefly. The closer the “Brew-
ter condition” is approached, the better polarization elimination
erformance which represented by stronger decrease of glints

ntensity and lower influence level of waves on polarization elimi-
ation is achieved.

The analysis method used in this paper is semi-quantitative with
ome approximates and needed to be improved by further study.

ut the conclusions acquired by this method can provide predic-
ion and preparation for polarization elimination in the field of
ater surface target trace of detection by airborne visible equip-
ent which will be carried out in following study.

[
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