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Abstract—In this paper an analytical method of prediction some parameters of radar backscattered
signal in case of remote sensing of clouds and precipitation have been introduced. This method finally
has been used to the create of the mathematical model of radar signal backscattering on ice particles. In
the article have been presented range of corrected formulas to calculate several polarimetric parameters
like Differential Reflectivity, Linear Depolarization Ratio, and Correlation Coefficient as output
parameter set of the described model. These formulas gave more accurate result of calculation than
original variant, published in sources [3]. Some physical parameters of the ice crystals like length,
diameter for elongated particles and width, a thickness for oblated ones have taken as input parameters
of the model. Described mathematical model could be useful to weather radar designers, in order to have
the ability to recognize dangerous meteorological phenomena basing on information of backscattered

signal.

Index Terms—Polarimetric radar; remote sensing; ice crystals; hydrometeors.

I. INTRODUCTION

The problem of detection and recognition of
different types of hydrometeors with the help of
airborne weather radar arise in front of aviation
engineers, who work on increasing safety of the
civilian aircraft flights. The possibility to reconstruct
the inner structure of the complex meteorological
object (cloud) basing on the information, that
contains into backscattered signal of weather radar
could significantly increase awareness of pilots
about fly conditions on the route. The continuous
improvement of radar surveillance techniques for
meteorological phenomena, including for the
provision of aviation, has led to a significant
improvement in the quality of meteorological
information and flight safety in difficult
meteorological conditions. From the very beginning
of the application of radar for the study of
precipitation and clouds, there is a complex problem
of obtaining indirect information (qualitative and
quantitative) about the characteristics of objects by
the results of processing reflected radio signals.

II. PROBLEM STATEMENT

While the theory of backscattering for some types
of hydrometeors like rain drops, hail particles etc.
are well developed, for other types of scatterers like
ice crystals there are some spaces in the scientific
approach. The introduction of multiparametric
polarimetric methods in onboard and terrestrial
meteorological radars is constrained by the lack of
development and investigation of appropriate signal
processing techniques and the interpretation of

remote sensing data. A significant increase in the
number of parameters complicates the processing
and interpretation of information, resulting in multi-
criteria processing and decision-making procedures,
which are very difficult to optimize and implement.
In this paper described an analytical method of
prediction polarimetric measurable from the ice
crystals of different types. This method is based on
the assumption that for sounding wave with length
in several times bigger than usual size of the
scatterer, the shape of any particle could be
approximated by the ellipsoid with appropriate
relations  between  axes.  Calculation  of
backscattering on ellipsoids is much easier than
calculation for complex shapes of real crystals and
could be done using modified Rayleigh formulas
with acceptable accuracy [1], [2], [3].

III. BACKSCATTERING ON THE SINGLE PARTICLE

The polarization characteristics of individual
hydrometeor could be described using inverse
scattering matrix [S], which connects the electric
field backscatter [E]° in the antenna with the
incident electric field [E]’ as follows [1] and [2]:

b .
|:E1 :| _ |:S11 Sia :| ) |:E1 :|l exp(—jkr) (1)
E, Sy Sy | | E; g ’

with j=(=1)"*. The subscripts 1 and 2 denote the
two orthogonal polarizations, e.g., linear vertical and
linear horizontal or circular right rotation and left
rotation circular, k=2nx/X where k is the wave
number. The first index of the scattering matrix
elements relates to a backscattered polarization, and
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the second index — to the polarization of the incident
electric field. In the reciprocal of the environment,
which is an ensemble of hydrometeors, s,, =s,, the
orthogonal field with circular polarization can be
expressed in terms of orthogonal linearly polarized
fields via transformation [1]:

HES A

wherein the matrix

[G]=i{’ . 1} ©
V2 =i 1

and the subscripts 7, [ denote the right and left
circular polarization; A, v is the horizontal and
vertical linear polarization. Similar relationships
may be written to and backscattering fields, but then
it is necessary to use a matrix conjugated with
respect to [G], since the reflection from the
hydrometeor circularly polarized wave changes the
direction of rotation on reversed of transmitter wave
[1]. Consequently,

[E]"=[c"][E]". &)

where the subscripts ¢ and + denote orthogonal pairs
with circular and linear polarization, respectively.
There [1], the following relation between the
scattering matrices for the linear and circular
polarizations:

sl-[e]Bse]. ©

Therefore, the individual elements are
interconnected by obvious relations [1]:

Srr = (SVV - Shh - jzsvh )/2’

Sy = (SW =S, +J2s, )/2, (6)
Slr = Srl = (va + Shh )/2
Thus, it is possible to switch from one

polarization orthogonal basis to another.

To simplify the analysis of propagation effects in
the atmosphere is not taken into account. According
to [2] consider a linearly polarized electric field of a
backscattering hydrometeor at a distance 7, [1]:

_PPGPF(0.v)ny’s, ()
v 2\/;-1’”

where s is the backscattering matrix element of (1)

exp(—j24r,), (7)

for the n-th hydrometeor; & is the wavenumber; P; is
the transmitter power; G, is the antenna gain (as the
wave propagates in the same direction); F(0, y) is the

normalized form of antenna pattern; 1y = 377 Ohm
impedance of free space, and Ej; is the received field.
The magnitude of the field incident on the separate
particle is given by P/°G'*F (6,y)n,” / 2\nr, , soas
to satisfy the conditions of the relation between
scattering coefficients s, in (7) with an effective area

backscattering o, in accordance with equation [1]:

o @®)
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The signal voltage on u; the receiver of weather

radar will be processed to determine the properties
of hydrometeors. Voltage u,; to nth of hydrometeor

is proportional to the scattering coefficient and can
be written as [1]:

u, (r,)=s,(n)F(r,)exp(-j2kr,), 9)

F(r,) comprises a proportionality factor dependent
on the distance, attenuation weighting function and
other parameters of the selected mathematical model
[1]. U, voltage for an ensemble of scattering
particles is the superposition of voltages from each
individual scatterer:

U, =Z“:sij(n)-exp(—jZkr")-F(r").

Average value Uj is zero due to the contribution of
the phase terms in the summation result. Therefore, as
the characteristics of the polarized signals is generally
used various moments of the second order

<U,.].U ,:,>and associate them with the properties of

(10)

scatterers (triangular brackets indicate the mean of the
distribution and the asterisk — complex conjugate).
Starting from (10) [1], [3], we obtain:

<UijU,f,> = Zn:<[sij (n)sy (n)]>|F(rﬂ)
= <SySZI>I|F(rn )

In the last equation summation over # is replaced by
an integral of the weighting function on the
reflecting volume and it is assumed that the particles
are distributed homogeneously in the volume. In the
most general case, the moments of the second order
(11) may be arranged in a covariance matrix 4x4,

2

(11)
2av.

but due to the reciprocity, a member of <U,.j = Uﬁ> ,

thus, the covariance matrix is reduced to a
dimension of 3x3. From equation (11) it is clear that
the covariance matrix of the voltages is multiplied
by a scalar covariance matrix of backscattering,
which can be written as follows [1] and [3]:
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(i) (s} (ssi)
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Using this covariance matrix, we can introduce a
set of parameters of the polarization for the radar
signal, that could be measured and to associate these
parameters to the observed values and the properties
of backscatters.

(12)

S

vV

IV. POLARIMETRIC MEASURABLE PARAMETERS

Polarimetric measurable parameters or variables -
are non-redundant characteristics of backscatters,
which depend on polarization. Polarimetric values of
parameters of the reflected signal can be calculated
from the measured values of reflected signal power
at different polarizations for a given power and
polarization of the emitted signal. To determine the
power of the received signal in the horizontal and
vertical polarizations at the given characteristics of
the target (meteorological object), it is obviously
necessary to be able to determine the effective
scattering surface at different polarizations for
individual hydrometeor and for certain region of
cloud that is filled by the array of such
hydrometeors. That is, it is necessary to link the
physical parameters of hydrometeors and the power
of the reflected signal.

Then equations (12) can be expressed in terms of
distributions of hydrometeors properties such as the
equivalent diameter, shape, angle of inclination etc. It
can, therefore, be written in the general form [1], [3]

(sys0)=[N(X (13)

wherein N(X) is the probability density function
(PDF) properties of the lens, s, is the

g
backscattering matrix elements (1) which are
represented by the vector X.

The symmetric off-diagonal elements of the
covariance matrix (12) are connected. In fact, there
are nine actual values (three — on the main diagonal
and six remaining off-diagonal elements), which can
be measured with the help of polarimetric radar.

Most of the elements of the covariance matrix
could be used alone or in combination with other
elements, to obtain information about the properties
of hydrometeors. It seems that a lot of parameters
characterizing the properties of hydrometeors can be
estimated from nine measurable quantities. This is
true in some special cases, such as when sensing
pure rain. But often hydrometeors represents a

s,jsk,

diverse mixture, do not always have a well-defined
shape, and polarimetric signatures can be quite
uncertain. Moreover, relationship between the
particles and the parameters these are measured are
nonlinear, and, moreover, are hidden under the
integrals of expectation (as in formula (13)).
Therefore, researchers [1] — [4] use a combination of
measured values is used to eliminate some of the
characteristics and properties of hydrometeors
highlight others.

Basic polarimetric measurement variables which
are derived from the observed parameters
backscatter covariance matrix are given below [1]
and [3].

Radar reflectivity with horizontal polarization

4)° 2
Zu = b )

where K — is the complex refractive index of the

(14)

substance particles [38]. Value of |K \2 for water is

about 0.93, and for ice — 0.19 [2], [3].
Then vertical polarization is:

4 4
= {suF), (15)
' |K]|
and differential reflectivity is:
2
|51
Z,, =10log |2. (16)
SVV

Linear depolarization ratio will be:

2

s
LDR,, =1010g| L (17)
SVV
or
2
|Svh|
LDR,, =10log—5. (18)
SVV
The correlation coefficient with zero shift is:
vaSZh
phv(O)z < ] > - (19)

2\2 2\>

CHpRCHY

Apart from these five measured variables can be
used in other polarization characteristics, e.g.,

differential phase, which is a phase difference of
reflected signals at orthogonal polarizations

¢DP = ¢H - ¢V 5:
where ¢,, is the phase of the reflected signal in the

v

(20)

horizontal and ¢, is the vertical polarization. Since
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the phase difference depends on the distance at
which the particles are placed then usually use
specific differential phase as information parameter:

_ ¢DP (R] ) - ¢DP (Rz)
o 2(R2 _Rl)

; 21

where R, and R, are ranges up to the two resolved
volumes (R, > R,) [1], [4].

Let us consider such polarimetric parameters as
differential reflectivity linear depolarization ratio
(DR), linear depolarization ratio (LDR) and the
correlation coefficient is the zero shift (CF or
correlation  factor). These parameters are
conveniently calculated in the mathematical
simulation of the radar signal reflected from
meteorological objects since they represent the
relationship or fractions (equations (16) — (19)).
When calculating the absolute values, such as radar
reflectivity, phase shifting, etc. There is a possibility
of the divergence of one or several parameters
calculated from actual values. A relative value when
calculating admitted divergence of calculated
parameters to the real characteristics of
meteorological objects in the numerator and the
denominator can be mutually compensated for and
does not have a significant effect on the result.

In this paper we use an approach to calculating
the RCS (radar cross-section) of hydrometeors
according to Rayleigh formulas. This approach is
applicable (i.e., provides a satisfactory accuracy of
the calculation) only in the case where the
wavelength is much larger target size. According to
the experimental data [2], [3], [5], the largest size of
raindrops is about 7 ... 8 mm, the size of the ice crystals
does not normally exceed [5] — [7] 10 ... 12 mm.
Consequently, the calculated length of radar waves
to scan hydrometeors array must be of the order of a
few centimeters to conditions of Rayleigh scattering
were satisfied.

V. BACKSCATTERING FROM THE ELLIPSOID

Parameters of the reflected signal from the object
meteorological depend on the physical and statistical
characteristics of the plurality of hydrometeors
comprising the meteorological objects. Therefore, it is
possible to identify the type of hydrometeors in the
composition of the complex meteorological object by
using some of the parameters of the reflected radar
signal from him. The main objective of this chapter of
the thesis — to show that the values of some
polarimetric values (equations (14) — (19)) will be
different from different types of hydrometeors.

In order to account for non-sphericity of
hydrometeors, in a model form their use oblate or

prolate ellipsoids with a certain ratio between semi-
axes al, a2, a3 (Fig. 1) [1], [3].

We now consider the general case with a tilted
relative to the observer particle (Fig. 1). Calculation
of the echo polarimetric components, in this case,
became much more complicated than in the case of
the vertical or horizontal particle.

The horizontal
component of
the reflected

signal Er

0.5
- | The vertical |
k - propagation componentof [ 7 -
! the reflected .
vector of the _ = 5
reflected wave in [~ signal £,

the direction of an | ©
observer

Fig. 1. The reflected signal is at an inclined position
relative to the ellipsoid bystander

Let's define a set of parameters of a radar target,
which will be used to construct mathematical models
of signals reflected from the object of weather.
These parameters include the coordinates of a single
particle in a spherical coordinate system with respect
to the initial position:

— o is the angle of rotation of a particle in a
horizontal plane;

— & is the angle of rotation of a particle in a
vertical plane;

— ¢ is the angle of rotation of a particle in a
frontal plane or a polarization angle;

— 0 is the angle of inclination to the plane of the
horizon radar.

The coordinate system, in this case, is linked to
the particle, rather than an observer.

So, we can write:

Ay = |:A1 + (As —A, ) Dy, ? (22)
0o =[ A +(A—=A) D, ], (23)
G =[(As—A)- D, ]°. (24)

The coefficients @, ,

for trigonometric transformations may be calculated
by equations [3]:

®  and @, are responsible
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1
.2 2 2 2 2 2 2 2 s 2 2 . s 2 .
®,, =sin"dcos” asin” @sin” O+ sin” dsin” oLcos” @+ cos” dsin” ¢ cos 9—Esm28cosasm psin20

(25)
—%sin 23sinasin 2 cos0 + %sin2 dsin2asin 2¢sin 6,
@, =sin’ §cos’ acos’ @sin’ O+ sin” 3sin” asin® @ + cos” Scos’ pcos’ O
1. 2 | P 1o o (26)
—Esm 23cosocos” (psin20 + Esm 23sinasin 2 cos 0 — Esm dsin2a.sin 2¢sin 6,
®, = 5 sin 2¢(sin’® 8sin” o, —sin” Scos’ asin® O — cos” § — sin 28 cos oL sin 20)
27)

1 . . . . .
- ECOS 2¢(sin 2a.sin* 8sin O — sin 28 sin oLcos 0).

coefficients ®,, and @, assume values from O to 1,

and the coefficient @, is from -0.5 to 0.5 when

changing angles a, B, ¢ and 0 from -x to  (Figs 2, 3,
and 4).

Fig. 4. Meaning factor @, for angles o and § at range

from -7t to ® when @ and 6 =0

Fig. 2. Meaning factor @, fi 1 doat . . . .
'8 caning lactor 70, Tor angies ¢ anc o at range Equation (27) is given in corrected form and

differs from the one published in [3].
Let's consider a specific ellipsoid with the known
relations between the axle shafts a, and a, =a,. And

from -7t to ® when @ and 6 =0

vv

predetermined rotational angles a, 0, the angle of the
polarization plane ¢, and the angle of rotation of the
radar antenna relative to the horizontal plane 0. For
such an ellipsoid in equation (16) is the ratio of
squares of the elements covariance matrix

2
s
backscatterM It can be replaced by the ratio

v 2
Ve S,

RCS at different polarizations O, Therefore, for a
c

g v / 0 w
|E| ! T~ @ single particle differential reflectivity can be
¥ calculated as:
. . P
Fig. 3. Meaningfactor @  for angles o and d at range Zpn = 10log = = 1010gqﬂ‘
from -7 to © when ¢ and 6 =0 Oy 9,
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O. A. IlitepueB. AHATITHYHHII MeTO NMPOrHO3YBAHHS MOJISAPUMETPUYHUX 3MIHHUX Y BHNAAKY AUCTAHUiHHOIO
30HyBaHHS XMap i3 KPUCTAJIB JILOAY

[IpencraBneHo aHaANITHYHUN METOJA IMPOTHO3YBAHHS NESKUX IMapaMeTpiB palioioKamiiHOTO 3BOPOTHOI'O PO3CISTHOI'O
CHTHAJy B BUIAJKy NUCTAHIIHHOIO 30HYyBaHHS XMap i omnajiB. 3roJoM 1ed MeTo] OyJI0 BUKOPUCTAHO JJIsl CTBOPEHHS
MaTeMaTU4HOI MOJENi 3BOPOTHOI'O PO3CIIOBaHHS pajiojOKAI[ifHOrO CHTHajdy Ha YacTHHKAx Jboxny. lIpencraBieHO
HHU3KY CKOPUTOBAaHUX (OpMYI Al PO3PaxyHKY ACKUIBKOX MOJSIPUMETPUYHUX IapaMeTpiB, TAKHX sIK JU(epeHIiiHa
B1IOMBAaHICTb, JIiHIMHE JENONIpHU3AIliiiHe BiTHOIICHHS 1 KOoe(IIliEHT KOPEIAIli B AKOCTI HAO0OPY BUXIIHHX IapaMeTpiB
ormucanoi mozmenmi. Lli ¢opmynn naroTe OB TOYHWE pe3ydabTaT pO3paxyHKy, HDK OpUTIHAJIBHHH BapiaHT,
oITyOJIiKOBaHMI B mepInopKepenax. B sIKocTi BXiTHHX MapaMeTpiB MOAEINI B3sITi AesKi (i3H4Hi MapaMeTpu KpUCTalliB
JMBOAY, TaKi SK JIOBXKHHA, JiaMeTp BHAOBKEHWX YAaCTUHOK 1 IIMpPHWHA, TOBIIWMHA JUIS CIDIFOCHYTHX. Omnmcana
MaTeMaTu4Ha MOJENb MOKe OyTH KOpWUCHA sl iHXKEHEpiB, 10 CTBOPIOIOTH METEOPOJIOTIYHI pajapH, mo0 MaTu
MOJKJIMBICTB PO3ITi3HABATH HeOE3IeUHI METEOPOJIOTiYHi SIBHUIA HA OCHOBI NMapaMeTPiB BiOUTOrO CUTHATY.

Karo4ogi ciioBa: nonsipuMeTpuuHHUi pajiiooKaTop; AUCTAHIlIHHE 30HyBaHHS; KPUCTAIIHN JIbOJY; T1APOMETEOpH.

MMiTepuen Onexcanap AHapilioBHY. AcipaHT.

Kadenpa enexrponiku, HaByanbHO-HayKOBUI 1HCTUTYT aepoHaBiramii, HarioHanapHuMiA aBialiiinuid yHiBepcutet, Kuis,
VYkpaiHa.

Ocgita: HanioHanpHuH aBiamiiHuil yHiBepcureT, Kuis, Ykpaina (2004).

HamnpsiMm HaykoBOi AisIIbHOCTI: panapy, aBiamiliHa Oe3mneka.

Kinpkicts mybOmikarii: 28.

E-mail: pitertsev@gmail.com



146 ISSN 1990-5548 Electronics and Control Systems 2017. N 1(51): 140-146

A. A. IlutepueB AHAJINTHYECKUH METOJ NPOrHO3HPOBAHHUS TMOJSIPUMETPHYECKHUX IEPeMeHHbIX B ciay4ae
AMCTAHIHOHHOT0 30HIUPOBAHUSA 00JIAKOB U3 KPUCTAJIIOB JIbAA

BBeneH aHanmuTHYeCKWil METOA TMPOTHO3MPOBAHWS HEKOTOPHIX MMApaMeTPOB  PaJMOIIOKAIMOHHOTO 0OpaTHOro
PacCcesHHOTO CUT'HaJla B CIydae JUCTAHLIMOHHOTO 30HAMPOBAHUA 00JIaKOB M OCagKoB. BrocieacTBuu 3TOT MeToA ObLI
UCIIONB30BaH JUIA CO3JAHMS MaTeMaTH4eCKOM MOAENU OOpaTHOrO paccesHHs PaAUONIOKAIIMOHHOTO CHUTHAjla Ha
yactuuax Jjbaa. IlpencraBieH psii CKOPPEKTHPOBAHHBIX (OPMYN Ui pacdera HECKOJIBKUX IOJSPUMETPUUECKUX
MapamMeTpoB, TaKUX Kak audQepeHranbHas OTpakaeMoCTh, JIMHEHHOE JEMONIIpU3alliOHHOE OTHOIIEHUE U
K03(HUIMEHT KOPPEISIMY B KauecTBE HA0Opa BBIXOAHBIX [TAPaMETPOB ONMCAHHON MOJeNn. DTH (GopMyIibl HatoT Oosee
TOYHBIH pE3yJbTaT pacyera, YeM OPHIMHAIIBHBIA BapHaHT, OMYOJIMKOBaHHBI B IEpPBOMCTOYHHMKAX. B KkadecTBe
BXOJIHBIX TapaMEeTPOB MOJEIH B3SIThI HEKOTOpblE (H3MYECKHE IapaMeTpbl KPHCTAJUIOB JIbJa, TaKWe Kak JUTUHA,
JIUaMeTp YAJIMHEHHBIX YacTHUIl U MIMPWHA, TOJNIIMHA JJIS CIUTIOIIEHHBIX. OnucaHHas MaTeMaTHuecKash MOJIEIb MOXKET
OBITH TIOJIE3HA JUISI METEOPOJIOTHYECKHUX H3alHEPOB PaJapoB, YTOOBI MMETh BO3SMOXKHOCTH PAcCIIO3HABATH OMACHbBIE
METEOpOJIOTHYECKHE SIBJICHHUS Ha OCHOBE [TapaMeTpOB OTPa’KEHHOI'0 CUTHAJIA.

KnwoueBble ciioBa: MNOMAPUMETPUUECKUI PaIHOIOKATOp; JWUCTAHIMOHHOE 30HIUPOBAaHHUE; KPHUCTAUIBI JIbJa;
THIPOMETEOPHI.
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