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ABSTRACT 

The paper presents the first results of observations of cirrus clouds by polarization lidars with conical scanning, which 
were developed in Hefei (China) and in Tomsk (Russia). The light scattering matrix of ice crystal particles of cirrus 
clouds has been calculated for the first by the authors within the framework of the physical optics approximations in the 
case of conical scanning lidar. It is found that in this case the Mueller matrix consists of ten non-zero elements, four of 
which are small and can’t be applied to interpret the azimuthal distribution of particle orientation. All the diagonal 
elements have a strong azimuthal dependence. Among the off-diagonal elements only one element M34 carries additional 
information for interpreting the azimuthal distribution. 
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1. INTRODUCTION 
Cirrus clouds cover about 30% of the Earth surface and have a great impact on the radiation budget of the Earth[1] and, 
consequently, on the climate. Radiation characteristics of cirrus clouds (the extinction and scattering coefficients, and the 
light scattering matrix) are poorly understood at the present time because of the strong spatial and temporal variability of 
the clouds. Lack of knowledge about the radiation characteristics of cirrus clouds is one of the main reasons of the 
uncertainty in the current numerical models of the Earth's radiation balance. 

Over the last 20 years a number of national and international research projects aimed at retrieving of the characteristics 
of cirrus clouds have been carried out. These were, mainly, the ground and space-borne radiometers that were used to 
measure radiation characteristics of the clouds. But radiometric measurements give no information about the height 
distribution of the parameters above the Earth's surface that makes it difficult to build the model of atmospheric 
circulation. Lidars are designed to eliminate this drawback and they are able to measure the altitude profiles of the 
radiation characteristics[2,3]. However, lidars also have a number of drawbacks. In particular, the standard monostatic 
lidar receives the scattered light only in the backward direction. Therefore, retrieving both optical and microphysical 
characteristics of cirrus clouds from lidar signals (i.e., restoring the size, shape and orientation of the ice crystals that 
make up cirrus clouds) is a difficult inverse problem, which currently does not have a satisfactory solution. 

There are two problems of interpreting lidar signals reflected from cirrus clouds. First, the problem of light scattering on 
ice crystals of cirrus in a backward direction has not been solved either theoretically or numerically until now[4-8]. Only 
in recent years, the authors of the paper developed reliable numerical algorithms of physical optics that allows them 
solve this problem numerically[10,11]. Second, the standard two-wave and three-wave lidars give little number of 
experimentally measured values[12]. This leads to uncertainty in retrieving the microphysical parameters of cirrus 
clouds. The polarization lidars have a number of experimentally measured values[13,14], it makes them to be the most 
promising instrument for the diagnosis of cirrus clouds. 
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Recent observations of cirrus clouds by polarization lidars LOSA (IAO SB RAS) [3,12,15,16] and Stratosphere[2,17,18] 
(Tomsk State University) carried out in Tomsk have shown that the ice crystals in cirrus clouds often have not only 
quasi-horizontal orientation (the zenith orientation), but also have a preferred orientation in the horizontal plane 
(azimuthal orientation) related to the wind direction. Spatial orientation of the crystals significantly changes the optical 
properties of the crystals (the scattering cross section), that is necessary to construct the adequate numerical model of the 
Earth's radiation budget. The constructions of polarization lidar used earlier to sense the cirrus clouds (when the lidar has 
been directed either vertically or at a fixed angle from the vertical direction) made it difficult to interpret the data. 

2. OBSERVATION OF CIRRUS CLOUDS BY A POLARIZATION LIDAR WITH CONICAL 
SCANNING 

 
Figure 1. The results of conical scanning of cloudy atmosphere in China in 14.03.2012 for zenith angle of lidar tilt of 37 deg. 
(a - general lidar signal, b - possible molecular scattering, c - an extinction coefficient, d - depolarization ratio). Cirrus 
clouds are at altitude of about 8 km. 

Currently, in IAO SB RAS Russian co-authors of the paper are building the lidar, which gradually slopes from the 
vertical position and simultaneous makes conical (azimuthal) scanning. This construction will allow us study in details 
the preferred orientation of the ice crystals of cirrus clouds (quasi-horizontal and azimuthal preferred orientation), as well 
as eliminate uncertainty in interpretation that are typical for the previously polarized lidar data. Two light sources with 
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different wavelengths of 532 nm and 1064 nm together with information about Raman signal at wavelength 607 nm give 
more information of the cloud’s microphysical parameters. 

Similar lidar had been made by Chinese co-authors of the paper [19], which was used to receive the preliminary data 
presented in Fig. 1. 

3. CALCULATION OF THE MUELLER MATRIX FOR THE ICE CRYSTALS OF CIRRUS 
CLOUDS IN THEIR ARBITRARY SPATIAL ORIENTATION 

In spite of the fact that the problem of light scattering by atmospheric ice crystals is intensively discussed in the scientific 
papers over last 40 years, the results are still not directly applicable to the interpretation of lidar measurements. The 
problem of calculating the Mueller matrices is complicated by the fact that in the backscattering direction the 
geometrical optics approximation leads to singularities[20-22], i.e. to infinitely large values of the intensity. This is due 
to the fact that the ice crystals have features of two-dimensional corner reflectors. Therefore, in recent years, we have 
moved to the physical optics approximation, which does not have the singularity abovementioned. To date, we have 
developed a numerical algorithm of physical optics[11] based on beam-splitting technique [23-25] and we are the world's 
first, who calculated the Mueller matrix for light backscattering by hexagonal ice crystals [26-28]. In these works, to 
simplify the distribution of particle orientations, we assumed that the distribution is independent of the azimuth angle. 

In order to analyze the azimuthal dependence of particle orientation we have to find out what elements of the Mueller 
matrix are changed with azimuthal angle [29].   

Now we have examined a fixed hexagonal ice crystal with its symmetry axis lain in horizontal plain. We have calculated 
the case of scanning this crystal by a lidar with a tilt angle of 37 degrees. The column diameter is 10 μm and height is 25 
μm. The refractive index was assumed to be 1.3116 for the wavelength of 0.532 μm. In this case, the scattering matrix 
has the view 
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Figure 2. The diagonal Mueller matrix elements for the conical scanning of the fixed hexagonal ice column. 
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In theory, the matrix has ten different nonzero elements [30]. The results of numerical calculations are shown in Figs. 2 
and 3. Here we can see two types of diffraction patterns: one is around 0 and 180 degrees and the other is around 90 and 
270 degrees. The duplicating of the patterns is due to crystal symmetry.  

We can see that there is a strong azimuthal dependence of diagonal Mueller matrix elements M11, M22, M33, M44. So we 
can easy distinguish the first type of diffraction pattern from the second one. We noticed that the element M33 is almost 
equal to element M44. 

 
Figure 3. The off-diagonal Mueller matrix elements for the conical scanning of the fixed hexagonal ice column. 

We also found out that the four of ten nonzero elements are small; these elements are M13, M14, M23, M24. The element 
M12 also has no additional information, but element M34 has a strong spike only in the vicinity of the second diffraction 
pattern that can be very useful for analyzing the azimuthal dependence.  

4. CONCLUSION 
The results of calculations show that in case of conical sensing of hexagonal ice crystals with strong azimuthal 
dependence the Mueller matrix has ten nonzero elements. We found out that four of these elements have small values 
and can’t be used to analyze the azimuthal dependence of the crystals. We also found out that the diagonal elements of 
the Mueller matrix have two types of diffraction patterns, that allow us determine the particle orientation. Only one off-
diagonal element of the matrix has additional information, this is M34, which has a strong spike in the vicinity of the 
second diffraction pattern.   

Proc. of SPIE Vol. 9680  96802U-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/25/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

ACKNOWLEDGMENTS 
This work is supported by the Russian Foundation for Basic Research under Grants no. 15-05-06100 and no. 15-55-
53081, by the RF President grant on the support of leading scientific schools NSH-4714.2014.5, by the RF President 
grant MK-6680.2015.5, by the RF Ministry of Education and Science under the program rising competitiveness of the 
TSU, supported in part by the Russian Science Foundation (Agreement no. 14-27-00022) and by NSFC Grant No. 
41305022. 

REFERENCES 

[1] Liou, K. N., “Influence of cirrus clouds on the weather and climate process: a global perspective,” Mon. 
Weather Rev. 114, 1167-1199 (1986). 

[2] Samokhvalov, I. V., Kaul, B. V., Nasonov, S. V., Zhivotenyuk, I. V., Bryukhanov, I. D., “Backscattering matrix 
of the mirror-reflecting upper-level cloud layers formed by horizontally oriented crystal particles,” Optica 
Atmosfery i Okeana 25(5), 403-411 (2012). 

[3] Balin, Y. S., Kaul, B. V., Kokhanenko, G. P., Penner, I. E., “Observations of specular reflective particles and 
layers in crystal clouds,” Opt. Exp. 19(7), 6209-6214 (2011). 

[4] Burnashov, A. V., Konoshonkin, A. V., “Matrix of light scattering on a truncated plate-like droxtal preferably 
oriented in a horizontal plane,” Atmospheric and Oceanic Optics 26(3), 194-200 (2013). 

[5] Borovoi, A., Konoshonkin, A., Kustova, N., “Backscattering by hexagonal ice crystals of cirrus clouds,” Opt. 
Lett. 38(15), 2881-1884 (2013). 

[6] Bi, L., Yang, P., [Physical-geometric optics hybrid methods for computing the scattering and absorption 
properties of ice crystals and dust aerosols. In: Kokhanovsky A.A., editor. Light scattering reviews. v.8.], 
Springer-Praxis, Chichester, 69-114 (2013). 

[7] Yang, P., Liou, K.N., “Geometric-optics-integral-equation method for light scattering by nonspherical ice 
crystals,” Appl. Opt. 35(33), 6568-6584 (1996). 

[8] Bi, L., Yang, P., Kattawar, G.W., Hu, Y., Baum, B.A., “Scattering and absorption of light by ice particles: 
solution by a new physical-geometric optics hybrid method,” J. Quant. Spectrosc. Radiat. Transfer. 112(9), 
1492-508 (2011).  

[9] Masuda, K., Ishimoto, H., and Mano, Y., “Efficient method of computing a geometric optics integral for light 
scattering by nonspherical particles,” Papers in Meteorology and Geophysics 63, 15-19 (2012). 

[10] Borovoi, A.G., [Light scattering by large particles: physical optics and the shadowforming field. In: 
Kokhanovsky A.A., editor. Light scattering reviews. v.8.], Springer- Praxis, Chichester, 115-138 (2013). 

[11] Borovoi, A., Konoshonkin, A., Kustova, N., “The physical-optics approximation and its application to light 
backscattering by hexagonal ice crystals,” J. Quant. Spectrosc. Radiat. Transfer. 146, 181-189 (2014). 

[12] Balin, Yu. S., Kaul, B. V., Kokhanenko, G. P., “Observations of specularly reflective particles and layers in 
crystal clouds,” Optica Atmosfery i Okeana 24(4), 293-299 (2011). 

[13] Borovoi, A., Balin, Y., Kokhanenko, G., Penner, I., Konoshonkin, A., Kustova, N., “Layers of quasi-
horizontally oriented ice crystals in cirrus clouds observed by a two-wavelength polarization lidar,” Opt. Exp. 
22(20),  24566-24573 (2014). 

[14] Konoshonkin, A. V., Kustova, N. V., Borovoy, A. G., “Peculiarities of the depolarization ratio in lidar signals 
for randomly oriented ice crystals of cirrus clouds,” Optica Atmosfery i Okeana 26(5), 385-387 (2013). 

[15] Balin, Yu., Kaul, B., Kokhanenko, G., Winker, D., “Application of circularly polarized laser radiation for 
sensing of crystal clouds,” Opt. Exp. 17(8), 6849-6859 (2009).  

[16] Balin, Yu., Kaul, B., Kokhanenko, G., Winker, D., “Transformation of light backscattering phase matrices of 
crystal clouds depending on the zenith sensing angle,” Opt. Exp. 21(11), 13408-13418 (2013).   

[17] Kaul, B.V., Samokhvalov, I.V., Volkov, S.N., “Investigating particle orientation in cirrus clouds by measuring 
backscattering phase matrices with lidar,” Appl. Opt. 43(36), 6620-6628 (2004). 

[18] Kaul, B.V., Samokhvalov, I.V., “Theory and experimental results on laser sensing of oriented crystal particles 
in clouds,” Atmospheric and oceanic optics 18(12), 945-950 (2005). 

[19] Xie, C., Zhao, M., Wang, B., Zhong, Z., Wang, L., Liu, D., Wang, Y., “Study of the scanning lidar on the 
atmospheric detection,” Journ. Quantit. Spectrosc. Radiat. Transfer 150, 114-120 (2015). 

Proc. of SPIE Vol. 9680  96802U-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/25/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

[20] Borovoi, A., Konoshonkin, A., Kolokolova, L., “Glints from particulate media and wavy surfaces,” J. Quant. 
Spectrosc. Radiat. Transfer 113(18), 2542-2551 (2012). 

[21] Galileiskii, V. P., Borovoy, A. G., Matvienko, G. G., Morozov, A. M., “Specularly reflected component at light 
scattering by ice crystals with predominant orientation,” Optica Atmosfery i Okeana 21(9), 668-673 (2008). 

[22] Konoshonkin, A. V., Borovoy, A. G., “Specular scattering of light on cloud ice crystals and wavy water 
surface,” Atmospheric and Oceanic Optics 26(5), 438-443 (2013). 

[23] Konoshonkin, A. V., Kustova, N. V., Borovoy, A. G., “Beam splitting algorithm for light scattering by 
atmospheric ice crystals. Part 1. Theory,” Optica Atmosfery i Okeana 28(4), 324-330 (2015). 

[24] Konoshonkin, A. V., Kustova, N. V., Borovoy, A. G., “Beam splitting algorithm for light scattering by 
atmospheric ice crystals. Part 2. Comparison with the ray tracing algorithm,” Optica Atmosfery i Okeana 28(4), 
324-330 (2015).  

[25] Borovoi, A., Konoshonkin, A., Kustova, N., “Beam-splitting code for light scattering by ice crystal particles 
within geometric-optics approximation,” J. Quant. Spectrosc. Radiat. Transfer., doi:10.1016/j.jqsrt.2015.06.008  
(2015). 

[26] Borovoi, A., Konoshonkin, A., Kustova, N., and Okamoto, H., “Backscattering Mueller matrix for 
quasihorizontally oriented ice plates of cirrus clouds: application to CALIPSO signals,” Opt. Exp. 20(27),  
28222-28233 (2012). 

[27] Borovoi, A., Konoshonkin, A., Kustova, N., “Backscattering reciprocity for large particles,” Opt. Lett. 38(9), 
1485-1487 (2013). 

[28] Borovoi, A., Konoshonkin, A., Kustova, N., “Backscatter ratios for arbitrary oriented hexagonal ice crystals of 
cirrus clouds,” Opt. Lett. 39(19), 5788-5791 (2014). 

[29] Galileiskii, V. P., Kaul, B. V., Matvienko, G. G., Morozov, A. M., “Angular structure of the light intensity near 
the angles of mirror reflection from the faces of ice crystalline particles,” Atmospheric and Oceanic Optics 
22(5), 506-512 (2009). 

[30]  van de Hulst, H. C., [Light scattering by small particles], John Willey and Sons, New York, 470 (1957). 
 
 

 

Proc. of SPIE Vol. 9680  96802U-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/25/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx


