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of linearly polarized light in altostratus 
help explain “UV-sky-pol” paradox
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The perception of skylight polarization in the ultraviolet (UV) by some species is surprising, because
the degree of polarization (DoP) of light from the clear sky is considerably lower in the UV than
in the visible spectral range. This is the so-called “ultraviolet paradox of the perception of skylight
polarization (UV-sky-pol paradox)”. To explain the “UV-sky-pol” paradox, we analyzed the po-
larization retention characteristics of parallel polarized light transmits in altostratus at multiple
wavelengths. According to the polarization sensitive bands of flies, honeybee, scarab beetles and
spider, the study wavelength was set at 350 nm, and the wavelength of control group was set at
400, 450, 500, 550 and 600 nm, respectively. Then, we used the polarized light Monte Carlo method
to simulate the forward transmission of 100000 parallel polarization photons in altostratus. Cal-
culation results show that the polarization retention characteristics are excellent at the 350 nm
wavelength. Finally, we analyzed the transmission characteristics of parallel polarized light passes
through a droplet at 0°–15° forward scattering angle. The analysis results show that there have been
significant polarization retention channels in the UV band around 350 nm. This study can help to
elucidate the “UV-sky-pol” paradox.
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1. Introduction

In many species, the linear polarization of downwelling light is detected by upward point-
ing ommatidia in the so-called dorsal rim area of the compound eye [1,2]. The spectral
type of the dorsal rim area receptors is UV in flies [3], honeybees [4], desert ants [5],
locust [6], certain scarab beetles [7], spiders [8] and so on. It is surprising that so many
species use the UV component of the polarized skylight, because the DoP of light from
the clear sky is lower in the UV than in the visible spectral range. Why have these spe-
cies chosen the UV spectral of the polarized skylight? Researchers have conducted
studies in terms of environmental optics. BARTA and HORVÁTH [9] proved by model
calculation that DoP of skylight originating from the cloudy region is highest in the
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UV when the air layer between a cloud and a ground-based observer is partly sunlit at
higher solar elevations. WANG et al. [10] confirmed Barta and Horváth’s calculation
results by an experiment. Wang used a sky-polarimetric approach and built a polarized
skylight sensor that modelled the processing of polarization signals by insect photo-
receptors in the UV, visible and near infrared spectral ranges. They showed that light from
the cloudy sky had maximal DoP in the UV, and under both clear and cloudy skies the
angle of polarization of skylight could be measured and detected with a higher accuracy
in the UV than in the visible spectral range. ZHAO et al. [11] studied the polarization
patterns of skylight under different sky conditions by polarized imaging measurements,
in which the aerosol optical thickness and clouds were taken into account. The results
showed that both the aerosol and cloud disturbed the polarization patterns of the sky-
light, but the patterns of angle of polarization showed great robustness. 

The above-mentioned studies reflect that certain species detect the polarization of
downwelling light in the UV spectrum which is related with the cloud environment.
In this work, we analyzed the polarization transmission characteristics of parallel
polarized light at multiple wavelengths in altostratus. It may help to elucidate the
“UV-sky-pol” paradox.

2. Background 

2.1. Environmental setting

Altostratus is a middle altitude cloud which is characterized by a generally uniform
gray to bluish-green sheet or layer. It is lighter in color than nimbostratus and darker
than high cirrostratus. As showed in Fig. 1, altostratus was set as the collection of drop-
lets, and the complex situation of mixing water clouds and ice clouds were not con-
sidered in this work. Altostratus was constructed as a lognormal distribution function,
which could reflect the effective diameter of altostratus droplets [12]. It was set as
lognormal distribution with a standard deviation of 0.1. And the mean diameter was

Fig. 1. Schematic diagram of sunlight propagation in altostratus. 
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set as 7.5 and 10 μm, respectively [13,14]. In additionaccording to the polarization sen-
sitive bands of flies, honeybee, scarab beetles, spiders and so on [15], the study wave-
length was set at 350 nm, and the wavelength of control groups was 400, 450, 500,
550, and 600 nm, respectively. The cloud thickness was set from 50 to 900 m with
a spacing of 50 meters. 

2.2. Retention rate of polarization state: RoPS

To describe the change in the polarization state of forward-scattered light, we defined
a new parameter: RoPS (retention rate of polarization state) [16],

(1)

where, P0-forward is the total intensity of the forward transmitted light, and Pη-forward is
the intensity of the η type polarized light. The η type polarized light has the same state
of polarization as the initial light. And ± represents the type of η type polarized light,
which has a classification form similar to that of the Stokes parameters.

RoPS is Stokes–Mueller matrix transformation form, but it avoids the effect intro-
duced by calculation of orthogonal component intensity difference. When evaluating the
polarization state characteristic of light waves during forward transmission, RoPS has
higher calculation accuracy than Stokes parameters.

2.3. Polarization-tracking Monte Carlo 

We used a polarization-tracking Monte Carlo program to study parallel polarization
for the forward transmission [17]. One million parallel polarization photons were
launched into a slab represented by one particular particle distribution for each envi-
ronment. Photons propagated in a given distance and then the aggregated polarization
was calculated from the photons that arrived in a given area. After a scattering event,
the photon direction was changed, and a new meridian plane was found. The resulting
scattered polarization state changed on the new meridian plane and the new parallel
electric field components. This process continued until the photon was scattered in or
out the front or back face of the medium. Furthermore, the time of scattering was as-
sumed to be ≤15 by considering the actual detector threshold. It is a maximum thresh-
old for the maximum number of scatterings before a photon is killed in the model.
The setting is a random setting and can be revised according to the detector threshold.
Photons that exit the front face of the slab were considered as the transmitted photons.
This process continued for all the photonslaunched. Then, the result was calculated by
the formula (1).

3. Results

Figure 2 shows transmission results for altostratus clouds of 7.5 and 10 µm mean diam-
eter droplets at optimized wavelengths in the thickness from 50 to 900 m. Figure 2(a)

RoPS
Pη-forward

P0-forward

-------------------------------=
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shows RoPS for altostratus clouds of 7.5 µm mean diameter droplets. Compared with
the RoPS value of control groups, RoPS values peak at the 350 nm wavelength.
Figure 2(b) shows RoPS for altostratus clouds of 10µm mean diameter droplets. Sim-
ilar to Fig. 2(a), RoPS values also peak at the 350 nm wavelength. In short, for altostratus
clouds of 7.5 or 10 µm mean diameter droplets, parallel polarization displays superior
persistence at the UV wavelength of 350 nm. 

4. Discussion

1-RoPS is used to characterize the polarization properties. The smaller the 1-RoPS re-
flects, the better the polarization state retention characteristics. When light is scat-
tered in the altostratus clouds, the intensity of scattered light is mostly stronger in small

Fig. 2. Simulation results of parallel polarized light transmited in altostratus. (a) 7.5 μm diameter,
(b) 10 μm diameter.

(a) (b)

Fig. 3. 1-RoPS vs. wavelengths at the scattering angle of 0°–15°. (a) 7.5 μm diameter, (b) 10 μm diameter.

(a) (b)
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incident light angle. Species observe that this part of the light may be more favorable.
As showed in Fig. 3, we chose 0°–15° forward scattering angles for discussion.
Figure 3(a) shows 1-RoPS values for altostratus clouds of 7.5 µm mean diameter drop-
lets.1-RoPS values approach to zero in the bands of 338–355 nm. Figure 3(b) shows
1-RoPS values for altostratus clouds of 10 µm mean diameter droplets. Close to the result
of Fig. 3(a), 1-RoPS values approach to zero in the bands of 340–359 nm. The analysis
results show that there have been significant polarization retention channels in the
UV band around 350 nm.

5. Conclusions

To help explain why it is advantageous for some species to detect celestial polarization
in the UV, we simulated polarization persistence characteristics of parallel polarized
light in altostratus at wavelengths of UV to visible spectral range. Through polarization
-tracking Monte Carlo simulation, we showed that the polarization retention charac-
teristics of parallel polarized light was excellent at the 350 nm wavelength. The anal-
ysis results show that there have been significant polarization retention channels in the
UV band around 350 nm. 

This work proves by calculation that the polarization retention characteristics of
skylight originating from altostratus is highest in the UV. It can help to elucidate the
“UV-sky-pol” paradox.

Funding
This work was supported by Special Supporting Funds for National Natural Science Foundation of
China (CN) (62105136), Special Supporting Funds for Leading Talents above Provincial Level in Yantai
City (220-20230002), Ludong University introduced talents and started funding projects (LD22065,
LD23405).

Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Data availability
Data underlying the results presented in this paper are not publicly available at this time but may be
obtained from the authors upon reasonable request.

References

[1] NATION J.N., Insect Physiology and Biochemistry, CRC Press, 2022. 
[2] LERNER A., SHASHAR N., Polarized Light and Polarization Vision in Animal Sciences, Springer, Berlin,

2014. 
[3] WEIR P.W., DICKINSON M.H., Flying Drosophila orient to sky polarization, Current Biology 22(1),

2012: 21-27. https://doi.org/10.1016/j.cub.2011.11.026 
[4] ROSSEL S., WEHNER R., Polarization vision in bees, Nature 323(6084), 1986: 128-131. https://doi.org/

10.1038/323128a0 
[5] WEHNER R., Desert ant navigation: how miniature brains solve complex tasks, Journal of Comparative

Physiology A 189(8), 2003: 579-588. https://doi.org/10.1007/s00359-003-0431-1 



134 X. ZENG et al.
[6] HENSGEN R., ZITTRELL F., PFEIFFER K., HOMBERG U., Performance of polarization-sensitive neurons
of the locust central complex at different degrees of polarization, Journal of Comparative Physiology
A 208(3), 2022: 387-403. https://doi.org/10.1007/s00359-022-01545-2 

[7] DACKE M., NORDSTRÖM P., SCHOLTZ C., WARRANT E., A specialized dorsal rim area for polarized
light detection in the compound eye of the scarab beetle Pachysoma striatum, Journal of Comparative
Physiology A 188(3), 2022: 211-216. https://doi.org/10.1007/s00359-002-0295-9 

[8] MUELLER K.P., LABHART T., Polarizing optics in a spider eye, Journal of Comparative Physiology
A 196, 2010: 335-348. https://doi.org/10.1007/s00359-010-0516-6 

[9] BARTA A., HORVÁTH G., Why is it advantageous for animals to detect celestial polarization in the
ultraviolet? Skylight polarization under clouds and canopies is strongest in the UV, Journal of
Theoretical Biology 226(4), 2004: 429-437. https://doi.org/10.1016/j.jtbi.2003.09.017 

[10] WANG X., GAO J., FAN Z., Empirical corroboration of an earlier theoretical resolution to the UV par-
adox of insect polarized skylight orientation, Naturwissenschaften 101(2), 2014: 95-103. https://
doi.org/10.1007/s00114-013-1134-2 

[11] ZHAO H., XU W., ZHANG Y., LI X., ZHANG H., XUAN J., JIA B., Polarization patterns under different
sky conditions and a navigation method based on the symmetry of the AOP map of skylight, Optics
Express 26(22), 2018: 28589-28603. https://doi.org/10.1364/OE.26.028589 

[12] JOHN W., Size distribution characteristics of aerosols, [In] KULKARNI P., BARON P.A., WILLEKE K.
[Eds.], Aerosol Measurement: Principles, Techniques, and Applications, Third Edition, Wiley, 2011:
41-54. https://doi.org/10.1002/9781118001684.ch4 

[13] WANG L., LI C., YAO Z., ZHAO Z., HAN Z., WEI Q., Application of aircraft observations over Beijing
in cloud microphysical property retrievals from CloudSat, Advances in Atmospheric Sciences 31(4),
2014: 926-937. https://doi.org/10.1007/s00376-013-3156-2 

[14] WEI L., LEI H., HU W., HUANG M., ZHANG R., ZHANG X., HOU T., LÜ Y., An analysis of the micro-
structure of the melting layer of a precipitating stratiform cloud at the dissipation stage, Atmosphere
13(2), 2022: 284. https://doi.org/10.3390/atmos13020284 

[15] FRALEIGH D.C., HEITMAN J.B., ROBERTSON B.A., Ultraviolet polarized light pollution and evolu-
tionary traps for aquatic insects, Animal Behaviour 180, 2021: 239-247. https://doi.org/10.1016/
j.anbehav.2021.08.006 

[16] ZENG X., CHEN X., LI Y., QIAO X., Polarization enhancement of linearly polarized light through foggy
environments at UV–NIR wavelengths, Applied Optics 60(26), 2021: 8103-8108. https://doi.org/
10.1364/AO.431638 

[17] RAMELLA-ROMAN J.C., PRAHL S.A., JACQUES S.L., Three Monte Carlo programs of polarized light
transport into scattering media: Part I, Optics Express 13(12), 2005: 4420- 4438. https://doi.org/
10.1364/OPEX.13.004420 

Received April 4, 2024


