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Abstract

This paper considers the ability of polarization measurements for microwave remote sensing
of clouds and precipitation. The simulation of reflections from liquid hydrometeors with a
multi-polarization radar system is presented. The mathematical expression of energy received
by a radar antenna with arbitrary polarization is obtained. The simulation of the energy redis-
tribution of the signal reflected from liquid hydrometeors assembled over the antennas of
multi-polarimetric radar for different wind conditions and different drop-size distributions
is obtained and analyzed. The simulation results demonstrate the possibility to register
wind and wind-related phenomena by polarimetric radar. The results of the paper can also
be used to exclude an impact of drop vibration or oscillation into the radar signal to eliminate
errors and underestimation during parameter measurements. The approach to segregate the
reflected signal magnitude variations due to the wind-related phenomena from other factors
is discussed.

Introduction

Radars have become a powerful tool for solving a range of meteorological tasks during the last
few decades. Meteorological radars have shown their good potential in watching atmospheric
formation and detection of weather hazards [1-3].

During these decades, meteorological radars have evolved from the ordinary noncoherent
radars to the modern combined Doppler and polarimetric radar systems during their
development.

First, weather surveillance radars measured only radar reflectivity and were used mostly to
detect dangerous thunderstorms or convective clouds and help to avoid them. Then, further
progress and development of Doppler radars allowed measurement of the radial velocities
of radar signal reflectors. The development of meteorological radars continued and resulted
in radar systems that take into account the polarization characteristics of electromagnetic
waves as well. These systems are known as polarimetric meteorological radars. The operation
of the modern polarimetric radars is based on transmitting the vertically or horizontally polar-
ized sounding waveforms and receiving the reflected copolarized or cross-polarized compo-
nents of the backscattered electromagnetic waves. Modern polarimetric radar systems use
mostly two receivers that allow simultaneous measurement of copolarized and cross-polarized
components of the backscattered electromagnetic wave. Then polarimetric radar variables can
be calculated. Modern polarimetric radars are sensitive to the shape of the hydrometeors and
allow obtaining information about the microstructure of the atmospheric object under the
study.

Investigation of hydrometeors, as well as their behavior under different atmospheric con-
ditions, is a task of great interest for radar meteorology. Drops deformation and vibration
are essential for rainfall measurements and precipitation intensity estimation with dual-
polarized radars. The well-known raindrops study is probably started in the 19th century by
Rayleigh [4]. The investigations continued in the 20th century and have shown that drop
shape deformation and vibration can be noticed in drops with diameters more than 1 mm.
Then, many models were developed to connect the drop shape and the drop axis ratio
under different atmospheric conditions [5-11]. The drop axis ratio is a required parameter
in radar meteorology, and it is usually defined as the ratio of the largest vertical (¢) and hori-
zontal axes (a and b) of the raindrop that can be represented as a spheroid. Spheroid and, then,
ellipsoid (Fig. 1) are convenient and accepted models of falling drop that is under the action of
weight force, drag force, and surface tension. Figure 2 shows the images of falling drops of dif-
ferent sizes and illustrates the dependence of drop oblateness (or variation of the drop axis
ratio) on their sizes.

The drop shape is also affected by the character of air that is blowing around it. Moreover,
the falling drops are under the effect of internal and external forces. The force interaction
results in drop behavior similar to the behavior of the objects with unstable shapes. This
leads to the drops vibration or oscillation during their falling. The drop oscillation, in turn,
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Fig. 1. Approximation of drop with ellipsoid; a, b, and ¢ are the horizontal and ver-
tical axes of a drop ellipsoid.

X
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Fig. 2. Steady falling drops: (a) D=2.8 mm, (b) D=4.8 mm, and (c) D=6.3mm.

makes an impact on radar-based precipitation prediction resulting
in errors and underestimation in the axis ratio [12]. At the same
time, the drop shape fluctuations can reflect important informa-
tion about behavior, characteristics, and structure of reflecting
objects. The character of vibrations can be provided by the fea-
tures of the object, their interaction with medium, and even influ-
ence of dynamic phenomena such as wind and turbulence onto
the unstable shape objects. In [13], the analysis of the drop
deformation rate under the effect of atmospheric dynamic phe-
nomena was performed as well as the approach to connect polar-
ization characteristics of reflected radar signals with the
deformation. This approach is quite untraditional as nowadays
polarization is used for clouds and precipitation microstructure
identification mostly. In [14, 15], the possibility of the radar
polarimetry to estimate the impact of drop oscillation onto the
reflected radar signal to improve information about drop shape
parameters was considered. In this paper, we consider the possi-
bility of radar polarimetry to estimate the drop deformation due
to wind influence. According to approaches developed in [14,
15], the wind and wind-related phenomena lead to the liquid
drop deformation resulting in variation in the drop axis ratio.
This factor was taken into account in the developed model.

Mathematical model of energy received with
multi-polarization radar

The mathematical model of energy redistribution over the antennas
of multi-polarization radar was developed in [16] and then
enhanced in [17]. This model considers the case with a single-
sounding antenna with a polarization angle 6; and multiple-receiving
antennas with the set of polarization angles {8, }. For calculation
simplification, the zeroth azimuthal and elevation angles were
selected. In the mathematical model, the direction of the y axis is
the same as the sounding direction, the z axis is directed to the zen-
ith, and the x axis is perpendicular to both previous. According to
[18], we can write the following expressions for the x- and
z-components of scattered rain-drop field:

~1 ~1
E, = Ejg’h[1 + 0.423,3(0], E, = E;P’“[l - O.SZ?p(t)]
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where

EPh = EPsin 5,

E;Ph = E?" cos 8,

3
Esph — EOD_S

8512 cos [wot + 2kor(t)],

p(t) = py + Apcos [Qt + ¢],

D is the equivalent spherical rain-drop of the same volume diameter,
€ is the relative dielectric permittivity of water, o, is the sounding
angular frequency, k; is the sounding wave number, r(¢) is the rain-
drop radius-vector projection to the sounding direction, p is drop
axis ratio that corresponds to the ratio between the vertical and hori-
zontal rain-drop sizes, py=1— c/a corresponds to the mean drop
axis ratio, a and c are the horizontal and vertical axes of a drop
spheroid (corresponds to the horizontal and vertical axes of a
drop ellipsoid respectively shown in Fig. 1), Ap is the magnitude
of drop axis ratio variation, and Q and ¢ are the angular frequency
and the initial phase of rain-drop vibration, respectively.

The scattered field received by k-th antenna can be expressed
as:

Ey = E,sin §,, + E; cos §,,.

Using the above expressions for the E, and E,, we can obtain
the following:

E, = E¥" |:cos (6, — &) — % {cos (8,, — 6;) + 3 cos (6, + 81-)}]

= E?"[Ao(5;, 8,) — p(DAL(8), 8,)]
1

The dependencies of A;(5;, &,,) and A(8;, 6,,) on sounding
and receiving antennas’ polarization angles are shown in Fig. 3.
As can be seen from equation (1), in order to find the combin-
ation of incident and receiving antennas’ polarization angles
which give the same response as from the spherical rain-drop
of the corresponding volume, one need to solve the system of
equations:

Ao(5;, 6,) =1
A1(8;, 6,) = 0.

There is a single combination of incident and receiving anten-
nas’ polarization angles within the [0°, 90°] range, both equal to
about 54.7°, that is in agreement with the [18].

This fact is important because the selection of polarization
angle allows excluding the impact of polarization features of the
object under the study into the reflecting signal or vice versa to
increase the polarization sensitivity of the receiving antenna and
thus, to strengthen the potential for further analysis of polariza-
tion characteristics.

To evaluate the variable component of the scattered field, we
need to consider the situation with zeroth A(6;, ,,) coefficient.
Therefore, the polarization angle of the receiving antenna should
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Fig. 3. Dependencies of A, (;, 8,) and Ay(&;, &;,) on sound-
ing and receiving antennas’ polarization angles.

be at 90° greater than one of the sounding antennas. In this case,
we can write the following expression for the so-called “vibration”
scattered field:

Eils, —njave, = E7"[p(1){3sin (&) cos (8)}]

= EP"p(t)A,(5;)

In nature, the sounding waveform is reflected from the assem-
ble of the drops. The expression that corresponds to the more
realistic situation of multiple drops was developed. The magni-
tude of the electrical field component at the receiver for drops
assemble under single scattering assumption can be represented
by the following expression:

N
Ex =Y EPM'[Ao(8;, 8,) — Ai(8;, 8,){p,, + Ap, cos [Qut + &,]1],
n=1

(©))

where the index n corresponds to the n-th drop, and the E "
accounts for the raindrop Doppler shift frequency w,. Using the
phase detection, the following dependence of the output detector

signal can be written as:

N
U =Y IEP"[A0(8:, 8,) — Ai(8is 85,)pg,] cos (@nt + 11,)
n=1
1 N
+ 54185 8,) Y _IEMAp, {cos [(wn + )t + i, + b,]
n=1

+ cos [(w, — Q)t + ¢, — ¢, 1}
(3

In order to account the drop size distribution, (2) can be repre-
sented as follows:

Dinax
Ex :j EP"(D)[A¢(8;, 8,,)—A1(85, 8,){py(D)
Dinin 4)

+ Ap(D) cos [QUD)t + H(D)I}IN(D)dD
where N(D) corresponds to some of the known drop size

distributions.
In the developed model, D ranged from 0.1 to 7.9 mm.
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A " function

A, function

The general case of raindrop size distribution is gamma
distribution:

®)

3.67
N(D) = NoD" exp (— Ealil D)

Dy

where D, is the equivalent diameter of the median drop, that
depends on rain intensity, Np=8000/mm/m’ (typical value
according to [19]), and u is the parameter of the distribution
spread that also indicates the number of drops of particular sizes.

It is indicated in [20] that u can take values between 0 and 15,
but usually are at the beginning of the indicated range.

The dependence of drop vibration fundamental frequency and
magnitude on a drop size are given in [10]:

Ap(D) = 3.6 x 107°Dj + 2.13 x 102D,

80' 1/2
QD) =|—— ,
) (pw(D/2)3>

where o (N/m) is the surface tension and p,, (kg/m3) the density
of water.

Model (4) takes into account the drop vibration as well as the
drop deformation extent depending on the external force applied
to the drops.

The model relies on the behavior peculiarities of the different
liquid hydrometeors that can change their shape and orientation
under the influence of the wind and wind-related phenomena.
These phenomena are considered as some external influence.
The intensity of this influence can be evaluated trough the extent
of the change of drops orientation, drops shape variations, and
their vibrations. The components of the model of the field scat-
tered by rain-drop (such as rain-drop radius-vector projection,
drop axis ratio, mean drop axis ratio, and magnitude of drop
axis ratio variation) reflect the changes of drops orientation,
drops shape as well as drops vibration.

To count the contribution of vibration component into the
receiving signal, the simulation of drop vibration impact for the
cases of different drop size distributions was presented in [21].
Computer simulation demonstrated and proved the fact that it
is possible to fix the drop oscillation and shape deformation
with the received signal by the selection of the polarization
angle of the receiving antenna.
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Fig. 4. Drop size distribution for u=0.
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The polarization angle of receiving antenna that allows exclud-
ing the contribution of drop deformation and vibration into the
received signal is equal to 54.7°. The polarization angle of receiv-
ing antenna that allows extracting the contribution of drop
deformation and vibration from the field reflected by a liquid
hydrometeor is equal to 144.7°.

In [21, 22], it was shown and substantiated the possibility to
detect wind-related phenomena with radar polarimetry. The
methods come from the consideration that wind and wind-related
phenomena affect the shape of the falling oblate drop-spheroid
leading to the appearance of canting angle distribution [23,24].

In this paper, we consider the influence of wind of different
speeds and the same direction onto the drops assemble and
thus onto the reflections from liquid hydrometeors receive with
a multi-polarization radar system.

«10° Envelope of received signal . «<10% Envelope of received signal
— Anlenna signal:1 — Antenna signal.1
Antenna signal:2 | | 18 F Antenna signal:2
——— Anlenna signal:3 — Antenna signal 3
G — Anlenna signal:4 — Antenna signal.4
16
14 F
12
1}
08
I I L L - : Fig. 5. (a) Magnitudes of electrical field components.
0.02 0.04 0.06 0.08 01 0 0.02 0.04 0.06 0.08 01 calm atmosphere for the case u=0. (b) Magnitudes
Tima Time of electrical field components. Light wind for the
(a) (b) case u=0.
3 10° Envelope of received signal 2 2 10°% Envelope of received signal
— Antenna signal:1 = Antenna signal:1
ik Antenna signal:2 | | _ Antenna signal:2
: —— Antenna signal:3 & ——— Antenna signal:3
— Antenna signal.4 —— Antenna signal:4
16 P e 16 F
14 - 1 14 i
12 12 F
1F 1 b
08 08 E = —— . -
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Time Tima
(a) (b)

Fig. 6. (a) Magnitudes of electrical field components. Moderate wind for the case u = 0. (b) Magnitudes of electrical field components. Strong wind for the case u =0.
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Drop size distribution
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Fig. 7. Drop size distribution for u=2.

Simulation results

The simulation was made in Simulink for the multi-polarization
radar system depicted in [25]. The radar system includes four
receiving antennas with polarization angles: 54.7, 84.7, 114.7, and
144.7°. The calculations were made for different cases of drop

Yuliya Averyanova et al.

size distribution and different wind velocities. The simulations of
electrical field component obtained by receivers with arbitrary
polarization were made for the cases of calm atmosphere and
wind of different speeds (weak, moderate, and strong).

The first simulations were performed for a widely used
Marshall-Palmer distribution with u =0 (Fig. 4). This case corre-
sponds to the rather stable atmosphere that is characterized by the
formation of stratus or stratocumulus clouds [19]. Stratus clouds,
in turn, consist of minute particles mostly and give precipitation
in the form of drizzle. Drop sizes vary normally from 0.2 to 0.5
mm in precipitation of this type.

The simulation results of electrical field component variation
at four receiving antennas are shown in Figs 5 and 6. Antenna
signal 1 corresponds to polarization 54.7°, antenna signal 2 cor-
responds to polarization 84.7°, antenna signal 3 corresponds
to polarization 114.7°, and antenna signal 4 corresponds to
polarization 144.7°.

The next simulation is performed for the Hrgian-Mazin distri-
bution and u =2 (Fig. 7). This case considers an increased num-
ber of larger drops that indirectly can be connected with both
convection and wind that are required for drops coalescence
and thus with drop growth. It is considered that Hrgian-Mazin
distribution fits for clouds’ microstructure simulation [26].

g X 10% Envelope of received signal g X 10% Envelope of received signal
—— Anltenna signal:1 —— Antenna signal:1
18 Antenna signal:2 | | 18 F Antenna signal:2 | |
i ECaEeEi R e ——— Antenna signal'3[| T ee———— —— Anlenna signal:3 |~
Antenna signal 4 = Antenna signal:4
16 - 16 -
1.4 1.4
12 12
-~
1 b | [——— - ot e
08 08 [
Fig. 8. (a) Magnitudes of electrical field components. i | I l | J 1
Calm atmosphere for the case u=2. (b) Magnitudes 0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
of electrical field components. Light wind for the Time Time
case u=2. (a) (b)
5 105 Envelope of received signal «10% Envelope of received signal
T T T 2 T
——— Antenna signal:1 — Antenna signal: 1
ik Antenna signal:2 i Antenna signal:2
e | — Antenna signal:3 |_| ——— Antenna signal:3
— Antenna signal:4 ] = An{eniNa signal:4 |
1.6 - 1.6
1.4 1.4
1.2 1.2
1L 1
- -
0.8 0.8
Fig. 9. (a) Magnitudes of electrical field components. | J L | i
Moderate wind for the case u=2. (b) Magnitudes of 0 0.02 0.04 0.06 0.08 01 0 0.02 0.04 0.06 0.08 0.1
electrical field components. Strong wind for the case Time Tire
u=2. (a) (b)
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Fig. 10. Drop size distribution for u=3.

The simulation results of electrical field component variation
at four receiving antennas for drop size distribution with u =2
are shown in Figs 8 and 9.
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Drop size distribution with u=3 (Fig. 10) has an increased
number of drops with diameters from 2 to 2.5 mm. This simula-
tion reflects precipitation with relatively larger drops that, in turn,
corresponds more to significant clouds, stronger precipitation,
and stronger wind-related phenomena.

The simulation results of electrical field component variation
at four receiving antennas for drop size distribution with y=3
are shown in Figs 11 and 12.

Energy levels received by the antennas of the multi-polarized
radar system are different in all the figures and are affected by clouds
and precipitation microstructure, polarization angle of the receiving
antenna, and winds. Generally, the energy level increases with an
increasing parameter u of drop-size distribution. This corresponds
to nature because the larger drop gives a stronger reflection of the
radar signal. The maximum level of received energy is not found
at the antenna with the polarization of the sounding waveform
(54.7°). This is an expected situation and can be explained by the dif-
ference in mutual orientation of antenna polarization basis and drop
polarization basis. The minimum energy level is found at the
antenna with a polarization of 144.7° for all cases of the drop size dis-
tributions and wind force. This is the level of the “vibrating” compo-
nent of energy reflected from drops assemble that allows fixating the
drop oscillation or drop vibration magnitude. This proves the fact

. 10% Envelope of received signal g X 10% Envelope of received signal
Antenna signal:1 — Antenna signal. 1
1.8 Py Antenna signal:2 |- 18 Antenna signal:2 [ |
——— Antenna signal:3 : ——— Antenna signal 3
- A signal 4 e — Antenna signal 4
1.6 16 -
14 1.4
1.2 1.2
1 ik
0.8 T T T T 08
o b0z 0.04 = 0.08 0.08 01 0 002 0. 5 0.08 008 01 Fig. 11. (a) Magnitudes of electrical field components.
_'m e Calm atmosphere. (b) Magnitudes of electrical field
(a) (b) components. Light wind.
22 10° Envelope of received signal 2 2 10° Envelope of received signal
—— Antenna signal:1 — Antenna spnal.t
Antenna signal:2 18 F Antenna signal:2 | |
18 " signal:3 | (RN A e — Antenna signal:3 &
——— Antenna signal 4 — Antenna signal.4
16 o - o 16
14 14
1.2 12
1 d Mg 1
0.8 t t T . { o8
9 0.02 ans . .06 08 01 0 002 0.04 e 0.08 oca 91 Fig. 12. (a) Magnitudes of electrical field components.
i = Moderate wind. (b) Magnitudes of electrical field com-
(a) ponents. Strong wind.
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that changing the polarization of receiving antennas allows separat-
ing the constant component of reflected from hydrometeor assemble
signal and vibrating one.

When wind affects the drops assemble, the energy level
decreases at all antennas of multi-polarization radar. This is
true for all cases of drop size distributions shown in Figs 5, 6,
8,9, 11 and 12. This fact can be explained as the influence of
the change of drop axis ratio under the wind effect.

At the same time, it is noticeable that the energy levels received by
different antennas are changed in different ways. The most significant
energy drop with wind force growth is observed for the antenna that
is adjusted to receive signals with the polarization of 114.7°. This
antenna has 60° polarization differences with the polarization of
the sounding waveform. It is remarkable that the difference in signal
levels received at the antennas 54.7 and 114.7° decreases with the
increase of wind for all drop-size distributions. However, this differ-
ence increases when u of the wind increases. Taking into account
the nature of clouds and precipitation formation, one can say that
the increase of parameter u is indirectly connected to the appearance
and strengthening of wind-related phenomena. This is because wind,
turbulence, downdraughts, and updraughts contribute to drop growth
by means of coalescence or capture effect. Signal levels received at
antenna 114.7° with respect to the antenna tuned to receive signal
with the polarization of 54.7° decrease due to wind effect much
more significant than the total signal level growth as wind increases
when the parameter u is larger.

Therefore, it can be suggested that information about mutual
signal level redistribution can indicate the microstructure of
clouds and precipitation as well as the force or intensity of wind-
related phenomena. It can be realized in the modern meteoro-
logical radar, particularly of C and S bands.

Conclusion

In this paper, the mathematical expression for calculating the
magnitude of electrical field components obtained by receiving
antennas with arbitrary polarization is realized. The expression
takes into account the appearance of drop canting and drops
axis ratio variation caused by the wind.

Simulation of the energy redistribution of the signal reflected
from liquid hydrometeors assemble over the antennas of multi-
polarimetric radar for the cases of stable atmosphere and for
the cases of light, moderate and strong wind is done and analyzed
for different drop size distributions.

The simulation results demonstrate the possibility to register
wind and wind-related phenomena by polarimetric radar add-
itionally to traditional tasks of radar polarimetry.

The results of the paper can be used to exclude the impact of drop
vibration and oscillation into the radar signal to eliminate errors and
underestimation during parameter measurements. These can be used
as well for segregation of reflected signal magnitude variation due to
the wind-related phenomena from other factors.
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