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Abstract. A technique for determining the microstructure parameters of 
high-level clouds on the basis of joint analysis of experimental and 
theoretical data is described. Results of the experiments on atmosphere 
laser sensing and theoretical calculations of light scattering by spatially 
oriented ice crystals are shown.  

1 Introduction 

There is an increasing emphasis on investigations of radiative properties of high-level 
clouds (HLC) related with their important role in the formation of the Earth’s climate and 
radiation budget. The lack of consideration of accounting the effect of a number of 
phenomena and processes occurring in these clouds leads to inaccuracies in the calculations 
of the radiation budget. Spatial orientation of non-spherical ice crystals in clouds is one of 
such poorly known factors. 

The effect of particles in clouds on the transmission of incoming solar radiation and 
Earth’s outgoing thermal radiation determines the need of creating a microphysical model 
of HLCs considering this parameter. The absence of such models is a consequence of the 
impossibility of measuring the orientation of aerosol particles in clouds by contact methods 
because of its violation during sampling, for example using an aircraft. 

2 Determination of backscattering phase matrices and experimental 

data processing 

Full information on a cloud microstructure is contained in its backscattering phase 
matrix (BSPM), which relates polarization characteristics of sensing laser radiation and 
radiation backscattered by cloud particles. Thus, to evaluate the microstructure parameters 
of the cloud, it is necessary to determine its BSPM. To investigate special features of cirrus 
clouds, polarization laser sensing method [1] is used in the high-altitude polarization lidar 
developer at National Research Tomsk State University (TSU; Tomsk, Russia) [2]. 
Transmission system of the lidar sends radiation with 4 various polarization states, which 
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are described by the Stokes vector Sn (n takes values from 1 to 4) into the atmosphere. 
Receiving system of the lidar implements consequently 4 various instrument vectors Gm (m
takes values from 1 to 4) that provides determining the polarization state of backscattered 
radiation. Unlike existing analogues [for example 3–5], the use of original technical 
solutions in the lidar developed at TSU allows all 16 elements of a BSPM to be determined 
experimentally without the use of the properties of pairwise equality of its elements. 
Wherein, single scattering approximation is used, as it is argued in [6]. Results of the 
experiments on polarization laser sensing of the atmosphere are compared with 
meteorological parameters at the altitudes of HLC formation [2]. A schematic diagram of 
the lidar is shown in Fig. 1. 

Fig. 1. Schematic diagram of the polarization lidar developed at TSU: 1 is a Nd:YAG 
laser (λ = 532 nm); 2 is a Glan prism; 3 is a collimator; 4 are units that transform the polarization state 
of transmitting and receiving radiation; 5 is a Cassegrain mirror objective; 6 is a field stop; 7 is a lens;
8 is an interference filter; 9 is a Wollaston prism; 10 and 11 are photomultiplier tubes; 12 and 13 are 
electrooptical electrooptical shutters; and 14 is a computer-based equipment for registration and 
displaying the data [2].

The lidar is built on a monostatic scheme with spaced optical axes of the receiving and 
transmitting antennas. A Nd:YAG laser with a working wavelength of 532 nm, pulse 
repetition frequency of 10 Hz, and energy per pulse of up to 400 mJ was used as a source of 
sensing radiation. The Cassegrain telescope with a diameter of the main mirror of 0.5 m and 
a focal distance of 5 m served as a receiving objective. A field stop specifying the field-of-
view angle of the receiving system, a positive lens transforming a diverging beam into a 
quasi-parallel one, an interference filter, and a Wollaston prism, at the exit from which two 
beams were formed with mutually orthogonal polarization states, were successively 
arranged in the receiving channel along the propagation path of scattered radiation. The 
beam intensities were registered with Hamamatsu photomultipliers (PMTs); the registration 
system includes a single-electron pulse counter. Two optoelectrooptical shutters, which 
suppress backscattering interferences from the lidar near zone, were mounted before the 
PMTs. System for collection, processing, and displaying the experiemntal data is based on 
a computer. Lidar is controlled by an operator in semi-automatic mode. 
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Sensing is performed in the zenith direction. Parallel and orthogonal polarization 
components of backscattered radiation are measured simultaneously. Both these facts 
provide the detection of ensembles of aerosol particles with preferred horizontal spatial 
orientation [7]. One of the special features of such orientation in polarization laser sensing 
is a low depolarization of sensing radiation upon its interacting with ice crystals oriented 
horizontally. The presence of a useful signal in one of the polarization channels of the lidar 
receiving system and its absence in another one during measurements that use combinations 
of the same polarization elements in the lidar transmitter and receiver allows this situation 
to be identified. Moreover, a number of special features of such mirror clouds are revealed 
on the basis of the analysis of the experimental data obtained for all operation time of the 
lidar. Such clouds are formed at the altitudes from 8 to 12 km, have the geometric thickness
of not more than 1.5 km, anomalous high scattering ratio 20 < R(h) < 200, and small optical 
thickness τ < 1 [2].

Figure 2 shows the examples of the experimental data. Each vertical profile of the lidar 
signal power is obtained using an accumulation of 500 sensing pulses with a gate length of 
75 m. There were two cloud layers: at the altitudes of 7.7–9.5 and 10.6–11.7 km, 
respectively. 

Fig. 2. Altitude profiles of the lidar signal power in the parallel (a) and orthogonal (b) receiving 
polarization channels of the lidar (March 24, 2016, 16:50–17:07) 

Preprocessing of the experimental data obtained using the lidar developed at TSU 
includes correction for afterpulsing and erroneous signals of PMTs of the lidar receiving 
system and reduction of the statistical signal noise level caused by the operation regime of 
the PMTs in photon counting mode and subtraction of the background noise [8]. 
Subsequent processing of the experimental data allows determining the altitudes of the 
lower and upper cloud boundaries, their optical cloud thickness τ, scattering ratio 
(determined as ( ) ( ) /m a m

R h � � �� � �� � , where h is the altitude, and m�� with a��  are the 
molecular and aerosol backscattering coefficients, respectively) [9], and the phase matrix of 
clouds at the selected altitude [10]. BSPMs determined in the experiments are normalized 
to the element m11: 
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A considerable array of the experimental data is accumulated over the years of 
operation of the lidar. However, results of processing these data are some data arrays 
including altitude profiles of lidar signal power, separated geometrical and optical 
parameters of clouds, as well as meteorological conditions of observations of clouds. At 
present, a unified base of experimental data combining the listed arrays, systematizing 
them, and providing quick access to information from each of them is developing. The 
arrays are extended with new data, when meteorological conditions at the place of the lidar 
location allow the experiments to be performed. 

3 Obtaining BSPMs of polydisperse cirrus calculated theoretically for 

the comparison with experimental data 

Accumulated array of the experimental data obtained using the polarization laser 
sensing method is statistically significant, however the problem of their interpretation 
related with the evaluation of the parameters of orientation of crystalline particles is still not 
solved. This is due to the absence of a strict theory of scattering of electromagnetic waves 
on an ensemble of spatially oriented ice particles. Our approach to solving the inverse 
problem – determining the microstructure parameters of clouds – is to compare BSPMs 
obtained experimentally with ones calculated theoretically. For this purpose, we use the 
database developed at V. E. Zuev Institute of Atmospheric Optics (IAO SB RAS; Tomsk, 
Russia) including BSPMs calculated for monodisperse ensembles of ice crystals for various 
parameters of spatial orientation [11]. The method of physical optics based on the 
Kirchhoff diffraction theory is used during the calculation of the elements of BSPMs [12]. 

To obtain BSPMs of polydisperse ensembles of hexagonal ice plates, data from the 
mentioned database were approximated for further comparison of them with the results of 
the experiments [13]. Such matrices were calculated as additive sums (with weight 
coefficients) of BSMPs of monodisperse ensembles taking into account the real parameters 
of distribution functions of sizes of the cloud particles and parameters of spatial orientation. 
To approximate the theoretical matrices array, the gamma function was selected [14, 15]: 

1
0 0( ) exp0 Г( 1) 0 0 0

a a

f a

a a a
m m m

����
� ��

� �

� � � �
� � � �
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where 0a hD� � is the equivalent size of the plates, μ is the variance of the distribution, 
and a0m is the modal equivalent size. To approximate the orientation angle distribution of 
the particles, Gaussian function was used [12; 16]:

� �2( ) exp 20f b s
� �� � � �		 ��� 	 �� �� � ,

where b is the normalization constant, θ0 is the modal angle, and θs is the variance of the 
distribution. Since ranges of sizes of the particles are different from those in [14] (Fig. 3),
we used another values of the modal sizes.
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Fig. 3. Size distributions of ice plates (a: dm = 0.8 mm, μ = 4) and columns (b and c: μ = 3) in cirrus: 
bar chart 1 is for experiment and curve 2 is for gamma distribution [14]

An extended version of the database developed at IAO SB RAS contains BSPMs 
calculated for regular shape hexagonal plates and columns [17]. To form the matrices for 
polydisperse ensembles of ice crystals consisting of the particles of both forms with the 
parameters of distributions of the particles corresponding to real cirrus, the relation of their 
fraction from the results of [18] were used. In this work, aggregated data on experimental 
investigations of microstructure of cirrus obtained in the framework of the projects TWP-
ICE (tropics, 2006), ISDAC (Arctic, 2008), and SPARTICUS (middle latitudes, 2010) are 
shown for ice plates, columns, and crystals of other shapes. The SPARTICUS data [19] 
were chosen as the closest to the climatic conditions of Western Siberia. Since 
morphological properties of investigated clouds are not taken into account during 
processing the data obtained using the lidar developed at TSU, averaged percentages of the 
crystals were used for obtaining the BSPMs of polydisperse ensembles of aerosol 
particles (Table 1). 

Table 1. Percentages of ice hexagonal columns and plates in cirrus normalized to the total number of 
regular shape ice crystals [18].

Temperature –67 < T < –35ºC –40 < T < –15ºC
Columns 47.9 (43.7; 48.7) 45.4 (27.66; 52.6)

Plates 7.9 (30.6; 3.9) 24.3 (57.85; 10.6)
Note: values in parentheses correspond to fractions of crystals in clouds formed from anvils and in 
another clouds, respectively

4 Conclusions 

Functions of distribution of particles in shape, size, and spatial orientation, as well as 
parameters of these functions corresponding to real high-level clouds were used for 
obtaining backscattering matrices of HLCs on the basis of matrices calculated theoretically. 
With this in mind, the described BSPMs can be considered as matrices of HLCs calculated 
theoretically. Formation of the array of such matrices calculated for various values of 
parameters of the distributions will allow the inverse problem of estimation of 
microstructure parameters of real clouds to be solved. Comparison of these data arrays with 
meteorological conditions at the altitudes of formation of HLCs will allow drawing 
conclusions about conditions of the formation of clouds with a particular microstructure. 

This work was supported in part by the Russian Foundation for Basic Research (grant 
No. 16–05–00710) and the Ministry of Education and Science of the Russian Federation in 
the framework of the Tomsk State University Academic D.I. Mendeleev Fund Program 
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