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Abstract Studies of raindrop shapes, oscillation modes, and implications for radio wave propagation are
presented. Drop shape measurements in natural rain using 2-D video disdrometers (2DVDs) are discussed. As
a representative exception to vast majority of the cases where the “most probable” shapes conform to the
axisymmetric (2,0) oscillationmode, an event with a highly organized line convection embedded within a larger
rain system is studied. Measurements using two collocated 2DVD instruments and a C-band polarimetric radar
clearly show the occurrence of mixed-mode drop oscillations within the line, which in turn is attributed to
sustained drop collisions. Moreover, the fraction of asymmetric drops determined from the 2DVD camera data
increases with the calculated collision probability when examined as time series. Recent wind-tunnel experiments
of drop collisions are also discussed. They show mixed-mode oscillations, with (2,1) and (2,2) modes dramatically
increasing in oscillation amplitudes, in addition to the (2,0) mode, immediately upon collision. The damping
time constant of the perturbation caused by the collision is comparable to the inverse of the collision frequency
within the line convection. Scattering calculations using an advanced method of moments numerical technique
are performed to accurately and efficiently determine the pertinent parameters of electrically large oscillating
raindrops with asymmetric shapes needed for radio wave propagation. The simulations show that the scattering
matrix and differential reflectivity of drops are dependent on the particular oscillation modes and different
time instants within the oscillation cycle. The technique can be utilized in conjunction with 3-D reconstruction of
drop shapes from 2DVD data.

1. Introduction

Drop shapes in rain and their oscillation modes are important parameters needed for evaluating radio wave
propagation effects in rain and the polarization dependence, for terrestrial and satellite systems operating in the
microwave andmillimeter wave frequencies [Oguchi, 1983; Allnutt, 1989; Okamura and Oguchi, 2010]. In the case
of linear polarization, for example, the specific attenuation for horizontal and vertical polarizations will differ
because of the nonspherical shapes of raindrops, the former being higher than the latter because the “most
probable” shapes have the horizontal dimension larger than the vertical and the drops tend to fall with their
symmetry axes almost aligned with the local vertical. Drop shapes and oscillation modes are even more
important for satellite systems, which utilize orthogonal polarizations within a given bandwidth in order to
increase the efficiency of the radio spectrum and hence require information on depolarization effects along their
atmospheric propagation paths [Brussaard, 1976;Martellucci and Paraboni, 1998; Aresu et al., 1994; Amaya-Byrne,
1995; COST Action 255, 2002; Van de Kamp, 2004].

Drop shapes and their oscillation modes also play a central role in rainfall remote sensing using polarimetric
radar [Bringi and Chandrasekar, 2001; Doviak and Zrnić, 1993]. The retrieval of raindrop size distributions
(DSDs) and the subsequent development of algorithms for estimating rainfall rates from polarimetric radar
observations need—as input—the most probable shapes and their variations due to oscillations. For C- and
X-band radars, an additional consideration relates to attenuation correction schemes, which again requires
shape information [Gourley et al., 2009].

Previous work on drop shapes has ranged from laboratory and wind tunnel measurements (see Beard et
al. [2010] for a recent review) to inferences from polarimetric data [Goddard et al., 1982], as well
as theoretical modeling studies [for example, Beard and Chuang, 1987]. Additionally, the 2-D video
disdrometer (2DVD) [Schönhuber et al., 2000, 2008] has been utilized to determine drop shapes from an
artificial rain experiment [Thurai and Bringi, 2005; Thurai et al., 2007], as well as in natural rain (as reported
by Beard et al. [2010], for example).
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In terms of scattering models and techniques, the T-matrix method [Mishchenko et al., 2002] and the discrete
dipole approximation (DDA) method [Draine and Flatau, 1994] are the two conventionally and almost
exclusively used tools in hydrometeor scattering analysis. However, drops undergoing mixed-mode
oscillations, in general, are not rotationally symmetric (axisymmetric), and practically all working T-matrix
tools are able to calculate the scattering properties of rotationally symmetric particles only. The major
advantage of the DDA method is that it can be applied to arbitrarily shaped (asymmetric) drops, but its
numerical accuracy is relatively low, and computational costs are extremely high.

Our current investigations on drop shapes mostly involve field campaigns with 2DVDs and polarimetric
radars [Thurai et al., 2013c]. Furthermore, results from experiments conducted using an advanced wind
tunnel facility [Pruppacher, 1988; Szakáll et al., 2009] are also being utilized [Thurai et al., 2013a]. In this paper,
we present our continued studies of raindrop shapes, oscillation modes, and implications for radio wave
propagation and discuss the occurrence of mixed-mode oscillations under some special circumstances. We
also show and discuss how (a) shape information, including asymmetric shapes of drops due to collision-
induced drop oscillations, can be inferred from activities encompassing 2DVD and polarimetric radar natural
rain field measurements and wind tunnel artificial rain experiments in a synergistic manner and (b) scattering

Figure 1. Drop shape measurements in natural rain from 2DVD for drop equivolume diameters of (top left) 3–3.25mm and
(top right) 4–4.25mm from SE Queensland, Australia, and for (bottom left) 4–4.25mm and (bottom right) 5–5.25mm
from Huntsville, Alabama. All dimensions (in x and y) are in mm, and the black line represents the most probable shapes
given in equation (1) of Thurai et al. [2007].
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calculations using an advanced numerical technique based on the method of moments [Djordjević and
Notaroš, 2004] can be used to accurately and efficiently determine the pertinent parameters of asymmetric
electrically large hydrometeors needed for rainfall remote sensing, as well as radio wave propagation.

2. Raindrop Shape Measurements and Polarimetric Radar Observations

Drop shapes from 2DVD measurements in natural rain have been determined at numerous locations
including Huntsville (Alabama, USA), Brisbane (Australia), and Okinawa (Japan). A thorough examination of
the 2DVD camera data has indicated that in the vast majority of cases, the most probable shapes conform
to those arising from the axisymmetric (2,0) mode [Beard et al., 2010]. In all cases, drop images of over 90%
of the moderate-to-large-sized drops could be successfully deskewed. Two-dimensional views of such
rotationally symmetric drops measured in natural rain are shown in Figure 1.

However, there have been a few important exceptions. A recent study (details given by Thurai et al. [2013b] and
Thurai and Bringi [2013]) using two collocated 2DVD instruments and the C-band polarimetric radar, Advanced
Radar for Meteorological and Operational Research (ARMOR) (University of Alabama in Huntsville (UAH)
Advanced Radar for Meteorological and Operational Research) [Petersen et al., 2007; Crowe et al., 2012], in
Huntsville, Alabama, USA, has clearly shown that in an event (which occurred on 25 December 2009) that had a
highly organized line convection embedded within a larger rain system, mixed-mode oscillations were

Figure 2. PPI scan from ARMOR radar at 03:40 UTC during the 25 December 2009 event. The 2DVD location is indicated
with a white square. The line convection can be seen to have (top left) high reflectivities (>50 dBZ), (top right) high Zdr
(>3.2 dB), (bottom left) high Kdp (>5°/km), and (bottom right) regions with lower than expected ρhv (<0.88). Note that the
last panel is given in terms of 1� ρhv for more clarity.
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occurring within the intense rain shafts,
which in turn were attributed to
frequent, and sustained, drop collisions.
Inferences were made from the 2DVD
camera data, which showed that over
30% of the larger-sized drops (3mm
drop diameter and higher) were
undergoing asymmetric mode
oscillations when the line passed over
the 2DVD site; i.e., their image
projections were nondeskewable.
Additionally, the C-band radar data
showed much higher than expected
differential attenuation within the line,
as well as reduced copolar correlation
coefficient values (ρhv), which were
significantly lower than those expected
due to the wide spectral width of the
measured DSDs alone. Figure 2 shows
the PPI scan from ARMOR at 03:40 UTC.
Copolar attenuation (CPA) and
differential attenuation correction
procedures have been applied to both
reflectivity (Zh) and differential
reflectivity (Zdr), but even so, beyond the
line to the east, negative Zdr can be seen
despite the attenuation correction
procedure (assuming our “reference”
drop shapes, as given in equations (1)
and (2) of Thurai et al. [2007], and
assuming rotational symmetry, with the
axis of symmetry along the local zenith).
High specific differential phase (Kdp)
values are seen indicating high rain
intensities within the line, and the ρhv
shows a “dip” which is lower than the

expected values arising from the wide DSDs alone (again assuming our reference drop shapes). The white
“square” denotes the 2DVD location, and as can be seen, the convection line lies directly above it at 03:40 UTC.

It is at this time that the 2DVD data showed the presence of large drops and high concentration of small
drops. This can be seen from Figure 3a, which shows the measured 1min DSDs as time series. Note that some
adjustments of drop concentration have been made for the small and tiny drops (for drop
diameters< 0.4mm) because there are mismatching problems between the two 2DVD camera images for
such small drops. However, recently, it has become possible to adjust these concentrations using single-
camera data. The drop size for these small drops is determined from the maximum scan length (number of
pixels shadowed in the horizontal) from one of the camera images, and the vertical dimension is determined
assuming that their shapes are essentially spherical, which is a good approximation for drop diameters less
than 0.4mm. The fall speed is estimated by knowing the vertical dimension, the number of scan lines, and the
line scan frequency. Previous comparisons of such adjustments with those derived from the Precipitation
Occurrence Sensor System [Sheppard, 1990] have shown very good agreement for 0.1 to 0.4mm range.

Figure 3b shows the number of 3mm drops (as an example, D=3mm) measured per minute and the number
with no symmetry axis in blue, and Figure 3c shows the fraction of 3mm drops with no symmetry axis—again
for the 3mm drops—as well as the corresponding collision rate for a single 3mm drop with all smaller
drops (of diameter d ), calculated using a relatively simple collision model based on equation (1) of

Figure 3. (a) Oneminute DSD for the 25 December 2009 event. (b) Number
of 3mm drops measured per minute in black and the number with no
symmetry axis in blue. (c) Fraction of 3mm drops with no symmetry axis in
black and calculated collision rate for a single 3mm drop with all smaller
drops. Note that the small drop adjustments using the single-camera data
have been made for D< 0.5mm for the collision rate calculations.
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Johnson and Beard [1984], which in essence is based on the product of the sweep out area proportional to
(D+ d)2 and the fall speed difference v(D)� v(d ) weighted by the concentration of the small drops. The
aforementioned adjustment of the concentration of small drops has been used in these calculations.

From Figures 3b and 3c, we can see that as the collision rate increases, the fraction of asymmetric drops also
increases, strongly implying that the collision-induced drop oscillations are taking place within the narrow
line convection and that such oscillations are giving rise to a significant fraction of asymmetrically shaped
drops at a given instant in time. In the next two sections, we discuss the various oscillation modes and wind
tunnel experiments conducted to examine the collision-induced drop oscillations.

3. Raindrop Oscillations

The wind tunnel measurements of Szakáll et al. [2009] allow for calculating the apparent axis ratio of an
oscillating drop as it goes through many cycles of oscillation. According to Beard and Kubesh [1991], the
oscillation of raindrops can be characterized via different (n,m) modes and described in a spherical
coordinate system (defined in Figure 6 given later in section 5) as

rn;m t; θ;ϕð Þ ¼ r0 þ A sin ωtð ÞPn;m θð Þ cos mϕð Þ (1)

where r0 =D/2 is the “mean” radius of the drop, D is the equivolume drop diameter, A is the oscillation
amplitude, and Pn,m(θ) are the Legendre polynomials. Recently, techniques based on the time variation of the
apparent axis ratio and other image characteristics—such as circumscribed box and projected area—have
been developed for the wind-tunnel measurements [Szakáll et al., 2014] to identify the three distinct
fundamental modes: (i) the axisymmetric (spherical harmonic n= 2, m= 0) mode, (ii) the transverse (2,1)
mode, and (iii) the horizontal (2,2) mode. For these modes, Legendre polynomial functions are

Pn;m θð Þ ¼
0:5 3 cos2θ � 1ð Þ n;mð Þ ¼ 2; 0ð Þ

3 cosθ sinθ n;mð Þ ¼ 2; 1ð Þ
3 sin2θ n;mð Þ ¼ 2; 2ð Þ

8><
>:

(2)

Figure 4 depicts the three fundamental modes at two different times within the oscillation cycle. From a
frequency analysis of the time series of these image characteristics [Szakáll et al., 2014], it was found that the
dominant mode of oscillation for D> 2.5mm was the axisymmetric, “oblate-prolate” mode, with the small-
amplitude transverse modes also being mixed in [e.g., Foote, 1973; Beard, 1984; Feng and Beard, 1991]. The
highly symmetric axis ratio distributions (about the equilibrium value) from the 80m fall experiment [Thurai
and Bringi, 2005] also support, indirectly, the dominance of the axisymmetric mode for D> 2mm [see also
Kubesh and Beard, 1993]. Review articles by Beard et al. [2010] and Szakáll et al. [2010], and the references
contained therein give a fuller description of drop shapes and oscillation modes. Thus, the background
oscillation state of drops with D> 2mm (in the absence of collisions) is the (2,0) mode.

4. Raindrop Collisions

To investigate the collision-induced drop oscillations further, the vertical wind tunnel facility, based in Mainz,
Germany, has been utilized. Details can be seen in Szakáll et al. [2014] and Thurai et al. [2013a]. More than
130 cases were recorded with a high-speed digital video camera. Many of the recorded collision events
had to be abandoned because the drops were not in the focal plane of the camera; however, it was possible
to analyze around 40 collision events. Among these, there were 27 events resulting in drop coalescence,
while the remaining ones resulted in noncoalescence collision.

The sizes of the colliding drop pairs were chosen to be typical for real atmospheric conditions; i.e., for the
collector drops, they were in the 2.4–3mm drop diameter range, while the small droplets had sizes of around
0.5mm. Such combination was approximately based on Figure 9 of Johnson and Beard [1984], which
shows the maximum rate of collisional energy input for collisions between a 4mm drop and 0.6mm drop.
In each case, the collector drop was freely floated inside the wind tunnel until a small droplet (injected from
below) coming from the upstream side of the larger drop collided with it. Data analysis clearly showed
that the larger drop—upon collision—undergoes mixed-mode oscillations, with (2,1) and (2,2) modes
dramatically increasing in oscillation amplitudes, in addition to the (2,0) mode. The perturbation caused by
the collision lasts for over several hundred milliseconds before effectively getting damped out and reverting
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to its usual (2,0) oscillation mode as the dominant mode. A typical example of the “apparent” axis ratio
variation of a drop during a collision-coalescence process is presented in Figure 5. The collision occurs at
~250ms. The time moment of the collision is coupled with a large-axis ratio variation. The multimode
oscillation of the drops is obvious from the beating in the time series. Around 450ms after collision, the

perturbation caused by the collision is
effectively damped out by viscous
decay, and the drop is oscillating with
the same amplitude as before
collision. Note that the time constant
for viscous decay of a spherical drop
oscillating in its fundamental mode is
also 0.4 s for D= 3mm using, for
example, equation (4) of Johnson and
Beard [1984]. Since the collision rates
in moderate-to-intense rain rates can
be on the order of 0.3 s�1 [Rogers,
1989], or even higher by a factor of 2.5
for “clustered rain” [McFarquhar, 2004],
it is possible, in principle, to sustain
multimode oscillations against viscous
dissipation.

By performing a time series analysis of
the apparent image characteristics,
the frequency spectra of the
oscillations of drops before, during,

Figure 5. A typical example of the axis ratio variation of a drop during a
collision-coalescence process. The collector drop (~2.5mm) was freely float-
ing in thewind tunnel until a small droplet (around 0.5mm) from the upstream
side of the drop collided with it at 250ms. The time moment of the collision is
coupled with a large-axis ratio variation. The multimode oscillation of the
drops is obvious from the “beating” in the time series. Around 450ms after
collision, the perturbation caused by the collision is effectively damped out,
and the drop is oscillating with the same amplitude as before the collision.

Figure 4. Three-dimensional views of the three fundamental oscillationmodes (all units are in millimeter), for two phases of the
oscillation cycle given by (i)ωt=0.25 × 2π and (ii)ωt=0.75 × 2π. Equations (1) and (2) have been used to generate these figures.
Note that D=2r0 = 6mm, where D is the equivolume drop diameter, and A=0.1r0 (10% relative amplitude of oscillation).
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and after the collision processes were determined (again details are given by Szakáll et al. [2014] and Thurai et
al. [2013a]). In both the coalescing and noncoalescing cases, the (2,0) mode was found to be the most
pronounced oscillation mode before collision. After collision, the (2,1) mode was found to become much
more active, and in fact, it becomes the dominating oscillation mode, i.e., the mode which determines the
apparent axis ratio variation. Furthermore, in the coalescing case, the amplitude of the (2,2) mode was found
to be significantly larger.

The fact that the damping time constant of the decay of the mixed-mode oscillations is of the order of
several hundred milliseconds must mean that if in real atmospheric conditions the collision frequency has
similar “time constant,” then sustained drop collisions can cause significant fraction of the drops at any
instant in time to be in mixed-mode oscillation state (and not have rotational axis of symmetry). Referring
back to the aforementioned event (Figures 2 and 3), the most probable explanation is that drops are
undergoing mixed-mode oscillations within the line convection region and that these are probably due to
drop collisions, e.g., 3mm drops with tiny drops (probable scenario according to literature). If such collisions
occur typically at a rate of 0.2 s�1 (for 3mm drops in a 55 dBZ reflectivity rain column) [from Rogers, 1989],
then it is conceivable that collisions can sustain drop oscillations (against viscous dissipation) for a
significant fraction of the 3mm drops. This has also been hypothesized by Jameson and Durden [1996] from
airborne measurements of copolar and cross-polar backscatter from tropical storms. For the event given in
Figures 2 and 3, high rain intensity confined within the narrow line convection would significantly increase
the likelihood of drop collisions. Moreover, in the case of rain clustering [see, for example, Jameson and
Kostinski, 1999], which may well be the case within the embedded line convection in this event, drop
collision rates can increase by a significant factor [McFarquhar, 2004]. Johnson and Beard [1984] have
calculated the fraction of drops having significant oscillation amplitudes (collision-induced) for various
large drop diameters and rain rates. For example, in their Table 2, this fraction is 44% for 3mm sized drops
for a rain rate of 100mm/h. In our example event, the maximum rain rates measured by the 2DVDs
were around 75mm/h.

5. Scattering Calculations for Asymmetric Raindrops

Drops undergoing mixed-mode oscillations are likely to not have rotational symmetry at any given instant in
time, and for such cases, traditional scattering analysis techniques such as the well-established version of the
T-matrix method [Mishchenko et al., 2002] cannot be readily utilized. Techniques such as discrete dipole
approximation (DDA) [see, for example, Draine and Flatau, 1994; Teschl et al., 2013] are more suitable, but the
numerical accuracy of the DDA method is relatively low, and improves slowly with increasing the number of
dipoles, which makes the DDA computation very time consuming. In addition, the DDA code may not
converge for any reasonable predefined accuracy and number of iteration steps in some cases with high-
contrast dielectric materials and large electrical sizes of particles [Chobanyan et al., 2013a]. Finally, the DDA
needs to repeat the entire calculation for each new excitation, since it uses an iterative solution and the
system of equations has to be solved for each excitation vector separately. Instead, we consider here a
more accurate, efficient, and versatile numerical technique based on the method of moments (MOM) in the
surface integral equation (SIE) formulation, implemented as a higher-order technique [Notaroš, 2008]. This
technique enables efficient scattering matrix calculations of asymmetric hydrometeors of electrically large
(compared to wavelength) sizes.

According to the MOM-SIE approach, the surface of a hydrometeor is modeled using generalized curved
Lagrange interpolation polynomial (L) quadrilateral patches of arbitrary geometrical orders Ku and Kv, shown in
Figure 6, and electric and magnetic equivalent surface currents of densities Js andMs over quadrilaterals are
approximated by hierarchical vector basis functions f of arbitrary expansion orders Nu and Nv [Djordjević and
Notaroš, 2004],

r u; vð Þ ¼
XKu

k¼0

XKv

l¼0

rklL
Ku
k uð ÞLKv

l vð Þ; Js ¼
XNu

i¼0

XNv

j¼0

αijfij u; vð Þ; Ms ¼
XNu

i¼0

XNv

j¼0

βijfij u; vð Þ;�1≤u; v≤1 (3)

where α and β are unknown current distribution coefficients (unknowns), determined by the MOM solution of
surface integral equations (SIEs) based on boundary conditions for electric and magnetic fields on the
hydrometeor surface using a fast direct solver.
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Figure 6 describes the higher-order MOM-SIE modeling of a 6mm oscillating raindrop, with r0 = 3mm and
A= 0.1r0 in equation (1), in the horizontal fundamental oscillation mode (2,2) at a time instant defined by
ωt= π/2 within the oscillation cycle (Figure 4). Note the geometrical deviation of the drop when compared to
the spherical shape. MOM-SIE model using 24 large curved quadrilateral patches with Ku= Kv=4 and
Nu=Nv=3 in equation (3) is depicted in Figure 6, which results in a total of 864 unknowns for the simulation.
Figure 7 shows the MOM results for the monostatic (back) differential reflectivity (Zdr) of the drop at the
frequency f=3GHz, at which the complex dielectric constant of rainwater is εr= 80� j20. The results are
obtained for different incidence/scattering angles ϕinc =ϕscat in the plane θinc = θscat = 90° (0° radar elevation
angle—see the spherical coordinate system in Figure 6). To cross validate the results, computations on
three MOM models are carried out: (1) MOM-SIE model with 24 large patches (Figure 6), (2) MOM-SIE model
using 2400 small quadrilateral patches with Ku= Kv= 1 and Nu=Nv= 1 (9600 unknowns), and (3) MOM-VIE
(volume integral equation) model using 27 large curved hexahedral volume elements with volume polarization
current [Chobanyan et al., 2013b] (6400 unknowns). Note that the MOM-VIE technique is very suitable

for the simulations of inhomogeneous
(e.g., melting ice) scatterers. We also
compare the MOM solutions to the
results obtained by the DDA method
using discrete dipole scattering 7.2
code by Draine and Flatau [2012].

We observe from Figure 7 an excellent
agreement of the three sets of MOM
results and their good agreement with
the DDA results. For this specific case, as
expected, the maximum Zdr occurs at
ϕ= 90°. Note that Zdr of the drop is
rather different from that of an
equivolume sphere, for which Zdr = 0 dB
for all incidence angles. Note also that,
generally, the dependence of Zdr on
incidence angles θinc and ϕinc is quite
different for different oscillation modes
and different time instants within the
oscillation cycle, in Figure 4. The total
computation times for all 91 directions

Figure 7. Monostatic (back) differential reflectivity (Zdr) in the x-y plane
for the oscillating raindrop in Figure 6 (frequency f = 3 GHz, complex
dielectric constant εr = 80� j20) computed by the MOM-SIE on two
models, MOM-VIE, and DDA code, with the first MOM-SIE solution (model
shown in Figure 6) being more than 1000 times faster than the DDA
solution [Sekeljic et al., 2014].

Figure 6. (left) Raindrop shape (all units are mm) corresponding to oscillation mode (2,2) at ωt = π/2 in equation (1) (D = 2r0 = 6mm, A = 0.1r0). (middle) Generalized
curved parametric quadrilateral patch, defined in equation (3), for higher-order MOM-SIE modeling, with surface currents approximated by polynomial basis
functions given in equation (3) and spherical coordinate system for defining oscillating raindrop modes. (right) MOM-SIE model of the oscillating raindrop in the left
using 24 large patches with Ku = Kv = 4 and Nu =Nv = 3 (864 unknowns).
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of incidence are 2min 23 s, 5min 26 s, 5min 10 s, and as large as 40 h 2min 3 s for the MOM-SIE model (1),
MOM-SIE model (2), MOM-VIE, and DDA analyses, respectively, on a very modest computer (PC Intel® CoreTM2
Quad Q9550 2.83 GHz 4GB random access memory). This demonstrates that the higher-order MOM
techniques are dramatically more efficient than the DDA technique [see also Chobanyan et al., 2013a], while
the T-matrix method cannot be used at all in this example if the asymmetric shape of the drop is to be taken
accurately into account.

Next, we perform the higher-order MOM-SIE analysis of the same 6mm oscillating raindrop but at the
frequency f=20GHz (typical earth-space communication band), where the complex dielectric constant of
the drop is εr= 36� j36 for 20°C [Ray, 1972], and in the forward scattering configuration. The simulated MOM-
SIE model uses 864 curved quadrilateral patches with Ku= Kv=2 and Nu=Nv=2 (13,824 unknowns). The
results for complex forward scattering amplitudes of the drop with r0 = 3mm and A= 0.1r0 in the horizontal
oscillation mode (2,2) at ωt= π/2 computed for the horizontal and vertical polarizations of the incident wave
are given in Table 1, respectively. The scattering amplitudes are computed in accordance to the notation
constituting the FSA (forward scattering amplitude) convention [Bringi and Chandrasekar, 2001]. We keep
the elevation angle for both the incident and the forward scattering directions fixed, specifying θinc = 110°
and θscat = 70° (both of which correspond to an earth station elevation angle of 20°), vary the incident
azimuthal angle with uniform steps of 9° in the range 0° ≤ϕinc ≤ 90° (we consider only one quarter of the full
azimuthal range because the results in the other quarters are the same), for which the corresponding forward
scattering range is 180° ≤ϕscat ≤ 270°, and compute the 2 × 2 scattering matrix for each azimuthal angle.

Then, for comparison, we redo the simulations for the rotationally symmetric (2,0) mode, where, of course,
there is no azimuthal dependence and show the forward scattering results in Table 2. We observe from
Tables 1 and 2 the considerable differences in the complex scattering amplitudes between the (2,2) and (2,0)
modes, particularly when ϕinc approaches 90°. Additionally, the MOM-SIE results for the (2,0) mode are
validated against those obtained using the T-matrix method, which is possible in this case of a rotationally
symmetric drop shape, and an excellent agreement of the two sets of numerical results is observed in Table 2.

To generate MOM-SIE models for the computation of scattering from raindrops in natural rain, it is possible to
reconstruct the 3-D shape of the asymmetric and symmetric drops using a spline interpolation procedure

Table 1. MOM-SIE Simulation Results for Complex Forward Scattering Amplitudes of an Oscillating Raindrop in Mode (2,2) at f = 20 GHza

θinc
(°)

ϕinc
(°)

θscat
(°)

ϕscat
(°)

Re{Shh}
(10�3)

Im{Shh}
(10�3)

Re{Shv}
(10�3)

Im{Shv}
(10�3)

Re{Svv}
(10�3)

Im{Svv}
(10�3)

Re{Svh}
(10�3)

Im{Svh}
(10�3)

110 0 70 180 0.8566 �1.8068 0.0000 0.0000 0.6373 �2.5554 0.0000 0.0000
110 9 70 189 0.8478 �1.8555 0.0377 0.0801 0.6452 �2.5650 0.0377 0.0801
110 18 70 198 0.8200 �1.9991 0.0743 0.1531 0.6676 �2.5926 0.0743 0.1531
110 27 70 207 0.7692 �2.2278 0.1078 0.2126 0.7026 �2.6376 0.1078 0.2126
110 36 70 216 0.6909 �2.5239 0.1351 0.2525 0.7469 �2.6980 0.1351 0.2525
110 45 70 225 0.5852 �2.8624 0.1522 0.2684 0.7960 �2.7695 0.1521 0.2685
110 54 70 234 0.4596 �3.2136 0.1546 0.2579 0.8454 �2.8474 0.1545 0.2580
110 63 70 243 0.3276 �3.5396 0.1391 0.2214 0.8907 �2.9239 0.1391 0.2214
110 72 70 252 0.2098 �3.8044 0.1057 0.1619 0.9259 �2.9870 0.1057 0.1620
110 81 70 261 0.1282 �3.9779 0.0571 0.0855 0.9494 �3.0307 0.0571 0.0855
110 90 70 270 0.0983 �4.0381 0.0000 0.0000 0.9570 �3.0453 0.0000 0.0000

aThe results are given for the FSA convention, ωt = π/2, D = 6mm, A = 0.1r0, εr = 36� j36, and all four combinations of the horizontal (h) and vertical (v) polar-
izations of the incident and scattered waves (for example, Shv corresponds to the v incident and h scattered polarizations). Angles θ and ϕ are defined as in
Figure 6. Note that θinc = 110° and θscat = 70° correspond to an earth station elevation of 20°.

Table 2. Forward Scattering Results for the (2,0) Mode of the Oscillating Raindropa

Analysis Done by θinc (°) ϕinc (°) θscat (°) ϕscat (°) Re{Shh} (10
�3) Im{Shh} (10

�3) Re{Shv}, Im{Shv} Re{Svv} (10
�3) Im{Svv} (10

�3) Re{Svh}, Im{Svh}

MOM-SIE method 110 0 70 180 0.7796 �2.5603 0.0000 0.5597 �2.9789 0.0000
T-matrix method 110 0 70 180 0.7805 �2.5660 0.0000 0.5587 �2.9883 0.0000

aThe results are given for the same raindrop and frequency as in Table 1 but in the rotationally symmetric mode. Validation of MOM-SIE results against the
T-matrix method is also shown.
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applied to 2-D contours of a raindrop in twomutually orthogonal cross sections obtained by the two cameras
of the 2DVD. Appropriate corrections can be applied for the effect of the horizontal component of the
drop velocity on the two orthogonal contours. We start with four points obtained from the two 2-D contours,
with the determination of these points being illustrated in Figure 8 (left), where the intersections of planes xz
and yzwith the object in the plane z= 0 give four points (these four points determine the bound points of the
two cross sections of the object along the x and y axes), and this is repeated for every coordinate z with
certain increments Δz. Using these four points, it is possible to create a four-point-based curvilinear spline in
each z= const plane in order to generate the contour of the 3-D object for that coordinate z and then connect
these contours into a 3-D surface.

A 3-D reconstruction of a very large drop is shown in Figure 8 (right). It represents one of the largest drop
recorded by the 2DVD, with a drop equivolume diameter of 9.7mm. The drop has a symmetry axis, and
the flattening of its base is clearly visible. The event was captured also by an operational S-band weather
radar as well as an X-band radar, both with polarimetric capability, and has been undergoing further analysis
[Thurai et al., 2014]. Note that for drops with asymmetric shapes, the drop horizontal velocity is not
computable from the 2DVD measurements, and for such cases, the horizontal velocity determined from a
drop of similar size closest in time can be used for the correction (deskewing) procedure.

The reconstructed shapes—after a suitable generation of the surface mesh composed of generalized
curved quadrilateral patches—can be used as input to the MOM-SIE method to compute the scattering
matrices and polarimetric radar observables on a “drop-by-drop” basis. This will be attempted in the future,
and the computations will be compared against those using the “bulk” assumption method and against
polarimetric radar measurements. Since we will be computing drop-by-drop scattering matrices to arrive
to the radar measurable set using the 2DVD data over a larger time interval involving thousands of
different drops, this kind of time averaging (or integration) should yield radar parameters that simulate
actual radar observations. In fact, it has been previously demonstrated that drop-by-drop scattering
calculations using 2DVD data are indeed feasible and in better agreement with polarimetric radar data
relative to using bulk assumptions [Thurai et al., 2009].

6. Conclusions

Drop shapes and oscillation modes have been investigated using 2-D video disdrometer measurements in
natural rain at several locations. In the vast majority of the cases, the most probable shapes conform to those

Figure 8. (left) Geometrical reconstruction of 3-D raindrop shapes from 2DVD contours—determination of four bound
points of 2-D orthogonal contours that are used to create a four-point-based curvilinear spline in each z = constant plane
as an approximation of the drop contour for that coordinate z (this is repeated with increments Δz). (right) An example plot
of a preliminary 3-D reconstruction of a very large drop (D = 9.7mm) constructed from the two projected contours
recorded by the 2DVD’s two orthogonal camera data. The x, y, and z axes all have units of millimeter.
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arising from the axisymmetric (2,0) mode. However, there have been a few exceptions, and one example has
been illustrated here. The analyses of data from two collocated 2DVD instruments and the C-band
polarimetric radar, for the event on 25 December 2009, which had a highly organized line convection
embedded within a larger rain system, have shown that mixed-mode oscillations could be inferred within the
line, which in turn have been attributed to sustained drop collisions. Inferences have been made from the
2DVD camera data, which showed a substantial fraction of drops undergoing asymmetric mode oscillations
(i.e., their images did not possess a rotational axis of symmetry), while the radar data showed much higher
than expected differential attenuation within the line.

A number of recent wind tunnel experiments of drop collisions (tiny drops with ~3 mm drops) have shown
that the (2,2) and (2,1) mode drop oscillations (of the larger drop) greatly enhance in amplitude immediately
upon collision and that these modes can last for up to at least 0.3 s before reverting to its usual (2,0) mode as
the dominant mode. If collisions occur typically at a rate of 0.2 s�1 (as has been shown in the past), then it is
conceivable that collisions can sustain drop oscillations for a significant fraction of such drops.

For oscillating raindrops with asymmetric shapes, scattering calculations using an advanced numerical
electromagnetic technique have been performed. The technique implements a method of moments solution
to the surface integral equations and enables accurate and efficient scattering matrix calculations of
asymmetric hydrometers of electrically large sizes. It has been shown that the scattering matrix and
differential reflectivity of drops are dependent on the particular oscillation modes and different time instants
within the oscillation cycle. The results have also demonstrated the advantages of the higher-order MOM-SIE
method over the DDA method and the T-matrix method in oscillating raindrop analysis.

The MOM-SIE method can be used for computations of polarimetric radar variables using 2DVD-
reconstructed 3-D shapes as input to drop-by-drop scattering matrix simulations, thereby enabling more
accurate rainfall retrievals and DSDs. Such calculations also enable the spread in cross-polarization
discrimination versus CPA to be quantified more accurately for simulated earth-space links operating at
microwave and millimeter wave frequencies.
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