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Optical properties of raindrops.
Scattering into the forward hemisphere
of observation under horizontal illumination
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Scattering properties of nonspherical raindrops are analyzed in geometric optics approximation.
Mathematical simulation is performed for numerical models of shapes of the raindrops taking into
account their oscillation during fall. Based on the simulation results, we propose an optimized

geometrical scheme for optical disdrometer.

Interest in optical properties of raindrops is
stimulated by the development of optical disdrometer
for measurements of microstructure of precipitation. In
traditional measurement schemes, one records amplitude
of the pulse occurring due to shading of the direct
light beam by a falling drop (Fig. 1a).
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Fig. 1. Optical arrangement of a disdrometer, based on
shading of direct beam () and on scattering at a sharp
angle (b).

However, this method has a serious disadvantage
because detector records total high-intensity flux
directly from the source that produce high level of
shot noise in the photodetector, against which it is
very difficult to detect weak pulses due to shading.

0235-6880,/05,/03 189-08 $02.00

©

This is especially true when small droplets, less than
1 mm in diameter, are recorded.

In our opinion, a reasonable alternative to the
method of shading of direct beam could be the method
of measurements of optical pulses due to light
scattering from drops into the forward hemisphere at
sharp viewing angles (Fig. 1b). This method has no
problems associated with the high level of shot noise
of the photodetector, because it measures the optical
signals from droplets at the level of dark current
noise. Also, an advantage of this approach is that more
than 90% of radiation is scattered by droplet into the
forward hemisphere. A consequence is high sensitivity
of the method and a possibility of measuring small
particles and droplets. It is noteworthy, that
traditional methods assume that (1) the amplitude of
shadow-induced pulses is proportional to diameter
D of the effective spherical droplet when beam
width is much less than the particle diameter,
I <D, and that (2) it is proportional to squared

effective diameter qu when beam width exceeds
the effective diameter, 2 > D.y. For nonspherical
particles, D,y is defined as a diameter of spherical
droplet of the same volume. In both cases, the
particle volume is calculated according to the
amplitude of shading pulse.

Such methods of particle diameter determination
can be considered absolutely valid under assumption
that raindrops, falling into the beam, have stable
shape uniquely related to the droplet volume, which
is not actually true. Therefore, it is natural to
consider the confidence of determination of a droplet
volume and effective drop diameter, taking into
account deformations of all types arising.

As known, raindrops during gravitational free
fall in the atmosphere acquire oblate shape due to
balance of aerodynamic air resistance, force of surface
tension, internal hydrostatic pressure, as well as
surface  electrostatic ~ charges,  with  stronger
deformation occurring for larger droplets.! Such a
deformation will be conventionally termed the static
deformation of falling particles. In addition, our field
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measurements have proven that practically all (over
95%) of water droplets with effective diameter larger
than 1 mm oscillate with the frequency of intrinsic
capillary oscillations. The mean amplitude of such
periodic oscillations Ay grows with increasing drop
size nearly as quadratic law: Ay = AD? where D is
the droplet diameter; A is the coefficient, which
depends on rainfall intensity and averages 0.006 mm
(see Ref. 2). This form of deformation will be called
the deformation of a falling drop.

Taking into account the mean deformation and
vibration, it becomes clear that drops with effective
diameter 5 mm may have the shape factor y = 0.6, and
in this case the static deformation will be y= 0.75,
while the dynamic one due to amplitude of oscillations
on the average will yield Ay = +0.15. It should be
noted that in a number of recent foreign publications
on the forward scattering by nonspherical droplets
and determination of particle size from shading pulse,
researchers take into account only static deformations,
simultaneously assuming that the particle is static
during fall.® However, even approximate calculations
have shown that dynamical deformations additionally
contribute to the error of drop size determination,
with the magnitude of this contribution growing
proportionally to the particle diameter.

In this regard, a natural question arises on how
strongly do the deformations influence the accuracy
of the optical methods of particle size measurements?
The present paper is aimed at studying the optical
properties of deformed raindrops to choose a
disdrometer with an optical layout ensuring minimum
effect of nonsphericity.

To achieve this task, it is necessary to calculate
forward scattering phase functions of nonspherical
water droplets for the range of angles a = 5..90°.
Scattering angles less than 5° are of no practical
interest owing to technical difficulty of measuring
scattered radiation, as well as to strong diffraction
effects on optical components of the transmitter.
Angles in excess of 90° are not considered, because
only very small fraction of radiation incident on the
drop is scattered backwards, giving very weak
backscattering signal.

For nonspherical particles, the scattering phase
function will be a function of several variables,
namely I(a,B,V,y), where a and B are the viewing
angles defining the direction of propagation of
scattered radiation; y is the drop shape factor; and V
is the droplet volume. The shape of the oscillating
drop to a good approximation can be represented as

Y = Ymean T Aycos(2T), )

where Ve is the mean static deformation; Ay is the
amplitude of droplet oscillation; and f is the frequency
of intrinsic droplet oscillations. The deformation Yycan
depends on the droplet volume.

In calculations of the scattering phase functions,
the static and dynamic deformations were taken into
account. The static deformations were successfully
studied by American scientists Beard and Chuang.
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Based on laboratory experiments and calculations,
they developed a numerical model of the shape of
raindrops for a discrete set of particle diameters. We
used this model as a basis in calculations for real
raindrops. However, experiments of Beard and Chuang
were performed in wind tunnels for separately flying
drops, without the presence of turbulence, coagulation,
and collisions of droplets with different sizes, i.e.,
without effects which in the natural precipitation
lead to oscillation of droplet shape.

Numerous optical measurements of the falling
drops in precipitation, performed by Sterlyadkin,
prove the existence of oscillations. The photographs
of raindrops, presented by Schénhuber® and
Chandrasekhar,” also indicate that instantaneous
droplet shape substantially diverges from statistically
averaged model by Beard and Chuang. Therefore, our
calculations of the scattering phase functions were
based on data on statistically average deformation V.,
(supplemented with information on amplitude of
oscillations Ay, obtained by Sterlyadkin). Average
deformation and amplitude of oscillations for falling
drops are summarized in Table 1.

Table 1
D, mm 1 | 2 | 3 | 4 | 35
Ymean(D) | 0.97 0.942  0.89 0.78 0.72
AY(D) 0.007 0.028 0.063 0.112 0.1738

Thus, in the scattering phase function calculations
we used as a final droplet model the sphere on which
the static and dynamic deformations were
superimposed. It was assumed that the drop has the
static shape in accordance with Beard model, and
experiences harmonic oscillations with amplitude Ay.
An example of graphic construction of this model,
corresponding to different phases of oscillations for
drop 5 mm in diameter, is shown in Fig. 2a—c.
Figure 2d—{ shows photographs of drops obtained by
Schénhuber using fast-speed imaging of raindrops. It
is easily seen that the analytical model well
correlates with the shape of a real droplet.

In calculation of forward scattering phase
functions, only first two derivative beams were taken
into account. Their joint contribution to a given
direction was about 99.5% of the total contribution
of all beams. Such a high percentage is because, for
all deformations considered, the third derivative beam,
according to our calculations, did not fall into forward
hemisphere; at the same time the contribution of the
fourth derivative beam is very small, because every
next reflection from droplet surface reduces the beam
intensity by approximately an order of magnitude.

All geometrical considerations are based on
right-handed Cartesian coordinate system. Rotation
axis of a droplet was oriented along OZ-axis. Droplet
surface was given in parametric form by

a(y) sin(y) sin( @

G(o.w,y) = ()| aly) sin(y) cos(@ |, ©)
—c(y)cos(y)
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Fig. 2. Shapes of the drop with the diameter D = 5 mm, calculated for different oscillation phases: equilibrium (a);
maximum oblate (b); maximum prolate (¢); real raindrops with D = 4.7 mm in equilibrium, oblate, and prolate phases of

oscillation® (d, e, f).

where @ = 0..21 is the azimuth measured from OY-
axis clockwise; @ = 0..11 is the angle of observation
point counted off OZ-axis; y=c¢/a is the shape
factor (¢ is vertical half-axis, and « is the horizontal
half-axis of the ellipsoid of rotation); () is the
additional factor function (which depends on the
angle of observation point), required to describe the
static deformation (for ellipsoid, »(y) = 1).
Expression in parentheses represents ellipsoid of
rotation with vertical ¢ and horizontal @ half-axes. The
static deformation is defined by the factor »({)) and,
in accordance with the Beard model, it is expressed as

10

r(Q) =74 [1 + Zcm cos(ml,p)],

m=0

3)

where 7. is the effective radius of equal-volume
spherical droplet; ¢, are the numerical coefficients
chosen for each effective spherical droplet diameter
(Ref. 4, Table 2).

The droplet shape was calculated by substituting
the coefficients of static deformation c,, (Table 2) and
droplet shape factor y into formula (2), with shape
factor chosen in accordance with the calculated
diameter using data from Table 1.

The calculation of the scattering phase function
followed the traditional geometric-optics scheme.
At the front of the incident wave, an infinitesimally
small area dSj,. was formed, and then we calculated
the trajectory of beams and incidence and reflection

angles for each interaction of beams with droplet
surface, and areas dS; and dS, on the observation
sphere, corresponding to each beam exiting the drop;
the radiative flux incident on each area was determined
taking into account Fresnel coefficients.

The scattering phase functions were calculated
for conditions of horizontal illumination of a droplet
by plane wave and for two observation planes; a
vertical plane passing through the droplet center, and
a horizontal plane passing through the plane with
maximum horizontal cross-sectional droplet area.
During calculation, in each plane we specified N
points on the droplet surface, upon which horizontal
beams from source were incident, and which
hereinafter will be called incidence points. For each
of N incidence points, we calculated parameters of
normal, angles of incidence and refraction, trajectories
of beams inside the droplet, coordinates of points of
interaction of beam with droplet surface, and
trajectories of the beams exiting the droplet.

Following the terminology by Shifrin,® beams
exiting the droplet will be called the derivative beams.
The beam resulting from reflection of incident beam
from droplet surface at the point of the first interaction
(incidence point) is called the first derivative beam.
The second derivative beam is the one suffering
double refraction and exiting from the droplet at the
point of second interaction. A geometric scheme of
beams up to the second derivative beam inclusive for
the incidence point, lying in the vertical plane, is
presented in Fig. 3.

Table 2

Diameter Shape factors ¢, 010000, for different m

D, mm o [t T 2 T 371 4 571 6 [ 7 1 8 1 9 T 10
1 —28 -30 —-83 22 -3 2 1 0 0 0 0
2 —134  —118 —-385 —100 -5 17 6 —1 -3 —1 1
3 —297 247 —816 —188 24 52 13 -8 -8 —1 4
4 —481 —359 —1263 —244 91 99 15 —25 —16 2 10
5 —665 —435 —1674 —258 242 157 —7 —61 —21 11 17
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The first-stage calculations yield a set of vectors
V;, i = (1..N), consisting of angles of incidence and
refraction for points of interaction of beams with
droplet surface, as well as viewing angles determining
the directions of propagation for the first and second
derivative beams:

Vi = (ainci y Olvefrty Xine2y Orefr2, Oobsts Bobsiv Clobs2, Bosz)y(4)

where a;,.; and a, are the angles of incidence and
refraction at the point of incidence; o;,» and O,y are
the angles of incidence and refraction at the second
interaction point; Ogpst, Bobst, Oobsz, and PBopsy are the
viewing angles for the first and second derivative
beams.

At the second stage, we calculated Fresnel
coefficients. The calculated results were presented as
sets of the vectors F;:

Fi:(Fp1 Fsi sz FSQ), Z:(1N) (5)

The third stage involved the calculation of
parameters of trajectories of shifted beams, resulting
from shift of incidence point by infinitesimally small
distance. The calculated results were presented in

terms of vector V; with same elements as for vector
V; but for shifted beams:

Vz’ = (a’in(‘1ydr(‘fr1ydin(‘2 vd refr2 yd ()l)shG ()bs1yd ()szB ()bSZ)v
i={.N). (6)

Observation areas dS; and dS, for each ith
incidence point were calculated taking into account
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that they are proportional to the product of the
corresponding differences of viewing angles; the
calculated results on these differences were also
presented as separate vectors:

da s = Agbsti = Costir ABobsti = Bobsti = Bobstis
p— T p—
A0 = obsai = Aobsais ABobsai = Bobszi — Bobs2is
with i = (1..N).

At the final stage, we calculated the discrete
vectors of values of scattering phase functions for
first two derivative beams I1;, I2; ¢ = (1..N). For
each i, there were the corresponding values of viewing
angles for the first and second derivative beams. Then,
the values of the scattering phase functions were
linearly interpolated over viewing angles multiple of
5°. The total scattering phase function was calculated
by the following formula:

I(aobs) = 11(0(01)5) + ]2(a0bs)~ (7)

Since radiation, incident on the droplet,
propagates in horizontal direction, the total radiative
flux per droplet will be the product of intensity of
light times cross-sectional area of droplet, perpendicular
to the wave vector of the incident radiation. In
calculations, we took as the initial parameters the
position vector p and angle ¢. These quantities determine
the coordinates of the point A,(0, y1, z(), representing
a projection of incidence point A(xy, ¥y, z1) onto the
plane of vertical cross section of the droplet, namely
YOZ-plane.

Fig. 3. Scheme of beam passage through a droplet: L, is the beam incident on droplet; N is the normal at the incidence point;
L, is the first derivative (reflected) beam; L is the refracted beam at the incidence point; N, is the normal at the point of
second interaction of the beam to the droplet surface; L,, is the reflected beam at the second interaction point; L is the

second derivative (double refracted) beam.
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According to the chosen parameters of the point
A, we calculated the coordinates of incidence point
on the droplet surface A by solving the system of
equations
41 = pcos(t),
z; = psin(@),
Xy = G(¢17w17y)07 (8)
Y = G(q)lrlpby)]y
2y = G(oy, W1,

With x4, y;, and z; determined in this way,
the equation of the beam L, incident on the droplet,
was written in the form of one-dimensional vector
(=p, y1, z1), where p is the parameter of a straight
line. Then, we determined the spatial equation of
normal to the droplet surface at the incidence point
by solving the vector equation

N - [6G(¢,ll—'yv) aG(¢,uJ,v)} (9
o e

Equation of normal, like the equation of incident
beam, is a parametric function in the form of one-
dimensional vector N = (a,.,p, a,p, a.,p), where a,,,
@y, and a,, are the angle-related parameters equivalent
to direction cosines. From known equations of
incident beam and normal, we determine the incidence
angle at the point of the first interaction aj,.. Then,
in accordance with Snell’s law, we calculated the
angle of refraction

n = sin(ai,e)/sin(0ef,), (10)

where n is the refractive index n = ny/ny; Qi is the
angle of beam incidence; 0, is the angle of beam
refraction; n, and ny are the refractive indices of the
media inside and outside the droplet, respectively.

The refractive index of water depends on
wavelength of optical radiation and varies from 1.328
to 1.343. In scattering phase function calculation it
was assumed that n = 4/3.

For calculation of incident flux, at the front of
incident beam an elemental area dS;,, was formed
by incrementing two parameters: ¢ =1t + df and
p= p+dp. At the same time, in the vertical cross
section of droplet YOZ we obtain a shifted point
A,,. For infinitesimally small dp and df, the

corresponding area dS;,. = pdt dp.

The radiative flux per elemental areas dS; and
dS, on the observation sphere is calculated taking
into account their sizes in accordance with the
following formulas:

dS1 = Robs d(h dBia dSZ = Robs da2 dBZa (11)

where R, is the radius of imaginary sphere of
observation.

The quantities doa and dB are increments of
viewing angles, which were calculated based on
trajectories of shifted and unshifted beams exiting
the droplet according to the formulas:

dao=a—o,dB=p—pB.
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For each point of interaction of the beam with
the droplet surface, we calculated the Fresnel
coefficients. Taking into account the polarization,
these coefficients were calculated as follows:

_ sin?(@ e = O ogy)
s . !
sin? (@ + O efy)

- tallz(aiuc - arel'r)
tanz(ainc + al'Qfl') ’

(12)

14

where R; and R, are the reflection coefficients for
linearly polarized plane s and p waves, p wave is
polarized in incidence plane; and s wave is polarized
in the plane perpendicular to the incidence plane.

The directions of the beams exiting the droplets
were determined with the help of viewing angles
(a, B). The angle a lying in the vertical plane XOZ
was measured from OX-axis and spanned the range
—T/2<a<m2 In turn, the angle B lying in
horizontal plane XOY was measured from OX-axis
and spanned the range —-T2<B<m2. Full
variability ranges of o and B form the hemisphere of
observation whose radius was assumed to be much
more than the radius of droplet (R >> 7).

The scattering phase function was calculated by
the following formula

I(a, B) = AW4/0Q, (13)

where AWy is the energy flux received by detector
in the direction of scattering; and AQ is the solid
angle on sphere of observation.

Formula for calculation of the solid angle is as
follows:

AQ =dS,,./ R, (14)

where dS,, is the area illuminated on the sphere of
observation.
The flux AWy was calculated by the formula

AWdet = AWinc ]<try (15)

where AW, is the flux incident on the receiving area
dS;.; Ki is the transmission coefficient which
accounts for interaction of the beam with the droplet
surface. The scattering phase functions and
transmission coefficients for first and second derivative
beams K and K, were calculated by the formulas:

Typdt dpK; Iypdt dpK,
ILi(aBy) = ——, L(0y,By) = ———;
1((11 [31) dG1 d[31 2(02 BZ) dszBz
K1 :%(Rﬂ +R/)1)’ (16)
1
Ky = 5[(1 = Ra)(1 = Ro) +(1 =Ry)(t =Rp2)],

where Iy =1, i.e., the intensity of wave incident on
the droplet is assumed to be unity.

The total scattering phase function is calculated
as follows

I(G,B) = 11(0,8) + IQ(G,B)- a7

The scattering phase function was the function
of a single variable. In calculation of the scattering
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phase function for horizontal plane, the viewing
angle a = 0, while the scattering phase function had
the dependence I(a,,) = I(B), with 0 < B < /2. For
vertical plane it was assumed that B =0, I(0.) =
= I(a) for 0 < a < /2.

For ease of comparison of scattering phase
functions for differently shaped droplets, we introduce
the scattering function J(a,B,y,D), normalized by
droplet cross section according to the rule J(a,B,y,D) =
= 4](](G,B,V,D))/T[DZ, where D = 27, is the effective
droplet diameter.

The calculated results are given in terms of the
plots of forward scattering phase function for spherical
droplet, statically deformed droplet, and a maximum
oblate oscillating droplet. Figure 4 shows three groups
of dependences corresponding to horizontal and
vertical planes of observation; and the latter results
are additionally subdivided into those for upper and
lower half planes in view of asymmetry of the
vertical cross section of the droplet.

The calculated phase functions J(a,y,D) of
scattering into forward hemisphere of observation for
statically deformed and maximum oblate droplets are
summarized in Table 3. The J(a,y,D) function is
normalized by the cross-sectional area of a droplet of
unit diameter.

In Fig. 4 the solid curve shows the scattering
phase function of a spherical droplet yyer, dashed
line shows the scattering phase function of a maximum
oblate droplet vy, and dots depict the scattering
phase function of a statically deformed droplet vyy.
In Fig. 4b, in the region of 10° the three curves
intersect, implying that the effect of deformations on
the scattering properties of droplet should be
minimum in this direction.

The radiative flux corresponding to the direction
of scattering a,,s into the solid angle dQ is calculated
by the following formula

AW 4o = Iy (tD?/4) J(y,a,D)dQ.

The principle underlying the optical disdrometer
measurements of microstructure of precipitation is the
determination of sizes of individual falling droplets
flying through a horizontal knife-edge beam. Particle
size determination is performed by estimating the
scattered radiative flux along a given viewing

s
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direction. The choice of the viewing direction is very
critical; it directly determines the measured particle
size range and the accuracy of particle size
determination. To ensure the highest sensitivity of
the instrument, it is desirable to choose such a
direction for which the intensity of scattered
radiation is close to maximum. From the plot of the
scattering phase function of a spherical droplet (see
Fig. 4) we can conclude that directions close to zero,
i.e., region of forward scattering angles, is most
favorable. On the other hand, directions close to 90°,
for which values of scattering phase function decrease
by two orders of magnitude, are to be considered
useless for measurements because of too low signal
level. Thus the range of considered viewing angles
was 0—50°. At the same time, it should be taken into
account that the calculations for small viewing angles
(0—5°) neglected diffraction effects, quite significant
for these angles. Therefore, in selecting optical
arrangement of a disdrometer, the angles in the 0—5°
range were not considered. Overall, the intensity of
scattered radiation for angles less than 50° will
decrease by no more than a factor of 8.

The static and  dynamic  deformations,
characteristic of real raindrops, lead to a change of
their scattering properties. The calculations of
forward scattering phase functions showed that for
some viewing directions these deformations have a
significant influence, especially for large-diameter
droplets. This distortion of the scattering phase
function will be the source of additional error in
determination of the drop sizes. Therefore, the second
factor influencing the choice of viewing direction will
be minimization of errors due to droplet deformation.
To meet this requirement, it is necessary to find such
scattering directions for which the intensity of
radiation scattered by droplets is most stable for all
considered drop sizes.

To achieve this, it is reasonable to analyze the
maximum deviation AI(a,B) of normalized scattering
phase function of a deformed droplet I'(a,f) from
scattering phase function of a relevant spherical

droplet I(a,B):

Iy(a,B)

Al(a,p) = [100. (18)

k1] 1 i Bl o«

Fig. 4. Scattering phase functions of water droplets with the diameter of 5 mm: horizontal plane of observation (a); vertical
plane, upper half plane of observation (b); vertical plane, lower half plane of observation (c).
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Table 3
-~ Statically deformed droplet OSCI11ati)lﬁactl;ﬁlgslgtp?agammmum
deg Effective droplet diameter D = 27, mm
1 2 [ 3 | 4 5 [ 1 2 [ 3 4 5
0 1.173  1.138 1.147 1104 1.116 1.166 1.141 1.119 1117  1.064
S 1.121 1.104 1.09 1.051 1.063 1.115 1.087 1.061 1.065 1.01
10 1.007 0.99 0.972  0.941 0.954 1.002 0.974 0.946 0.958 0.905
g - 15 0.849 0.837 0.817 0.795 0.808 0.845 0.824 0.797 0.816 0.771
—‘; E 20 0.678 0.671 0.653 0.639 0.652 0.675 0.661 0.641 0.663 0.627
E g 30 0.386 0.384 0.374 0.37 0.383 0.385 0.379 0.371  0.393 0.369
g _qu') 40 0.199 0.198 0.194 0.194 0.206 0.198 0.196 0.194 0.213 0.199
= 2 50 0.093 0.093 0.092 0.093 0.103 0.093 0.092 0.092 0.106 0.099
E © 60 0.041 0.042 0.041 0.043 0.049 0.041 0.04 0.039 0.046 0.048
70 0.02 0.02 0.021  0.022  0.025 0.02 0.019 0.018 0.019 0.025
80 |0.0033 0.004 0.0043 0.0064 0.005 0.0032 0.0041 0.0046 0.0058 0.0054
90 | 0.0022 0.0021 0.0019 0.0017 0.0014 0.0022 0.002 0.0018 0.0015 0.0014
0 1.2879 1.2998 1.3325 1.3617 1.3283 1.2835 1.287 1.326 1.4421 1.7868
“— S5 1.2246 1.2019 1.2227 1.2034 1.2117 1.222 11975 1.1981 1.2573 1.3448
= 4 10 | 1.0855 1.0528 1.0948 1.0937 1.0437 1.0837 1.0569 1.079 1.0968 0.9212
g;‘%‘ 15 | 0.8991 0.8829 0.9467 0.9357 0.7969 0.899 0.8932 0.9318 0.862 0.7012
&= 20 10.7083 0.7156 0.7935 0.7546 0.6169 0.7097 0.7285 0.7687 0.6751 0.5259
S E 30 [0.3952 0.4186 0.4834 0.4545 0.3604 0.3977 0.4299 0.4419 0.3492 0.1799
Ec 2 40 10.2042 0.2077 0.2139 0.1656 0.0974 0.2058 0.2086 0.1711 0.0987 0.0357
_D* g 50 10.0955 0.0775 0.0686 0.0438 0.0103 0.0959 0.0697 0.0397 0.0116 0.014
i)j E; 60 |0.0422 0.0129 0.0062 0.0066 0.0071 0.0415 0.0055 0.0065 0.0076 0.0092
E & 70 | 0.0088 0.0037 0.0043 0.0048 0.0053 0.0056 0.0039 0.0045 0.0054 0.0059
= 80 |0.0027 0.0028 0.0033 0.0037 0.0038 0.0028 0.003 0.0034 0.004 0.0037
90 |0.0022 0.0023 0.0027 0.003 0.0027 0.0023 0.0025 0.0028 0.0029 0.0026
a 0 1.2879 1.2998 1.3325 1.3617 1.3283 1.2835 1.287 1.326 1.4421 1.7868
-E S5 1.2097 1.2359 1.2173 1.2722 1.3082 1.2066 1.2218 1.2467 1.3723 1.6608
g 10 | 1.0536 1.0766 1.0301 1.0815 1.2134 1.0519 1.0666 1.0788 1.2287 1.6982
< _qu') 15 |0.8581 0.8807 0.826 0.8757 1.0074 0.8584 0.8757 0.8862 1.0072 1.2652
= : 20 0.664 0.6829 0.6307 0.6773 0.7869 0.6657 0.6812 0.6973 0.7939 0.9227
:D* 2 30 ]0.3609 0.3718 0.3398 0.3637 0.4515 0.3633 0.3777 0.3866 0.4442 0.4556
§ = 40 10.1829 0.1905 0.1706 0.1759 0.2222 0.1846 0.1939 0.1873 0.174 0.0806
E A 50 |0.0851 0.0881 0.0691 0.0633 0.0585 0.0859 0.0866 0.0614 0.0239 0.0158
= L‘T_s‘ 60 |0.0383 0.0386 0.0193 0.006 0.0064 0.0384 0.0309 0.0063 0.007 0.0072
; 70 0.016 0.0047 0.0036 0.0035 0.0036 0.0125 0.0039 0.004 0.0039 0.0039
% 80 | 0.0027 0.0028 0.0025 0.0023 0.0023 0.0027 0.0028 0.0027 0.0024 0.0023
- 90 |0.0022 0.0022 0.0018 0.0017 0.0017 0.0022 0.0022 0.0019 0.0017 0.0016

The calculated values

of AJ(a,B) for non-

y. The calculations showed that

the deviation of

spherical droplets are presented in Table 4; these are
obtained taking into account the static and dynamic
deformations for viewing angles in the range 5—50°.
The calculations were performed for two planes of
observation; and in the calculations for vertical plane
the upper (a > 0) and lower (a < 0) half planes are
considered separately.

From Table 4 it follows that the influence of
deformation on scattering phase function was the least
in the angular range 15 < a < 35° in the vertical plane
of observation in the upper half plane. It should be
noted that the effect of nonsphericity for horizontal
plane is also not very strong; however, for very oblate
shapes (y[00.85) the scattering phase function is
drastically distorted for scattering angles 40—60°.

The data presented in Table 4 are obtained in
calculations of scattering phase functions of fixed-
diameter droplets and the corresponding shape factors

scattering phase function of a deformed droplet from
that of a spherical droplet is nonmonotonic. For
instance, the static deformation leads to a decrease of
scattering phase function for small viewing angles in
the range 10—20°, consistent with the results obtained
for ellipsoidal droplets. However, subsequent decrease
of the coefficient y causes increase of the scattering
phase function for considered range of viewing
angles, while the scattering phase function for
maximum oblateness phase of droplet oscillations
exceeds that of the spherical droplet. Therefore, it is
impractical to use the optical arrangement of the
disdrometric measurements of scattered radiation in
the horizontal plane.

The calculations of scattering phase functions in
the horizontal plane of observation demonstrated the
presence of pronounced maxima in certain viewing
directions, characteristic of most oblate droplets of
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Table 4. Summary of maximum relative errors due to deformation AJ(a,B), %,
for horizontal and vertical planes of observation

- Viewing direction, deg
S D,
Ea mm B
Z5 5 ] 10 | 15 ] 20 [ 25 | 3 | 35 40 45 50
ng { | 342 300 09  1.70 360 4.60 500 489 460  3.78
=% | 2 | 640 6143 475 310 080 322 560 450  3.68  3.66
S2 | 3 | 1410 1350 1020 560  1.80  1.10 420 480 520  5.80
E 4 | 1620 1580 13.65 878 415 860  13.23 1672  18.54  20.20
5 | 2341 28.90 33.60 39.90 4432 57.56  82.00 > 100 > 100 > 100
a
. 5 ] 10 [ 5 [ 20 [ 25 [ 30 [ 35 40 45 50
g { |07t 120 100 045 009 067 115 163 159  0.77
£ 2 | 440 490 288 124 500 690 540  1.02 1480  37.60
5 3 | 58 591 295 093 240 264 1550 34.00  60.00  83.00
2 4 | 947 1320 11.52  10.64  9.24  18.30  39.00  57.40  78.00  91.00
= 5 [ 1050 13.40 1210  11.50  10.40  19.50  35.00  56.24  75.80  83.90
1 a
= —5 [ —10 [ —15 [ —20 | —25 | =30 [ —35 | —40 | —45 [ =50
= t |04 062 068 074 112 130 142 156 172 1.93
= 2 | 390 420 532 650 720 890  10.53 1250 13.80  11.80
8 3 | 710 890 1320 18.60 2230  26.50  28.00 27.20  15.60  18.00
4 | 17.10 2120 22,50  24.00 29.80  35.00 38.65 25.00 20.80  29.50
5 | 4230 5050 5130 3845  36.00 37.00 38.00 40.00 7120  80.30

large diameters. The scattered intensity in directions
of maxima may be more than a factor of two larger
than the intensity of radiation scattered by the
spherical droplet. The presence of this effect in the
range of viewing angles considered here may seriously
complicate the use of the method of radiation
measurements in the horizontal plane.

Based on the calculations (Fig. 5), we suggested
an optical arrangement of the disdrometric measurements
of microstructure of precipitation, which, in our
opinion, most successively minimizes the contribution
from the particle deformations.

Photodetector

Source P 1%
e N - = i
of radiation g 1
. 0T e e |
feic —5 T ST b
— I ———

% Knife-edge beam

Fig. 5. Schematic illustration of the relative positions of
source and optical detector in disdrometer measurements of
microstructure of precipitation.

In the suggested scheme, raindrop of any diameter
is expected to be measured with the accuracy within

3.4%.
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