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Abstract: While it has been proved that multiple scattering in the microwave frequencies has to
be accounted for in precipitation retrieval algorithms, the effects of the random arrangements of
drops in space has seldom been investigated. The fact is, a single rain drop size distribution (RDSD)
corresponds with many actual 3D distributions of those rain drops and each of those may a priori
absorb and scatter radiation in a different way. Each spatial configuration is equivalent to any
other in terms of the RDSD function, but not in terms of radiometric characteristics, both near
and far from field, because of changes in the relative phases among the particles. Here, using the
T-matrix formalism, we investigate the radiometric variability of two ensembles of 50 different 3D,
stochastically-derived configurations from two consecutive measured RDSDs with 30 and 31 drops,
respectively. The results show that the random distribution of drops in space has a measurable but
apparently small effect in the scattering calculations with the exception of the asymmetry factor.
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1. Introduction

The retrieval of precipitation with radars and radiometers is important for a variety of
environmental applications and human activities [1]. They provide accurate precipitation estimates
that are crucial for monitoring extreme climate events, such as droughts [2–4], floods [5–7],
and hailstorms [8,9]. Due to its global coverage and direct measurement, radars have become an
essential tool to estimate precipitation, especially in complex terrains [10–12] and in sparsely populated
areas affected by poor rain gauge coverage [13–15].

However, regardless of how powerful radars and radiometers are, they are not immune to retrieval
biases. One such bias is the effect of multiple scattering in high-frequency radars [16,17]. It has been
proved that multiple scattering in the microwave frequencies has to be accounted for in precipitation
retrieval algorithms [18–28].

Another important, but sometimes overlooked, problem is the effect of the random arrangements
of particles in space. Indeed, a single rain drop size distribution (RDSD) corresponds with many actual
3D distributions of those raindrops. Each spatial configuration is equivalent to any other in terms
of the RDSD function; however, they scatter radiation differently both near and far from field due
to changes in the relative phases among the particles. This paper investigates the variability of such
scattering at microwave frequencies due to the random spatial distribution of drops.
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The T-matrix formalism [29] provides a sound approach to calculate radiometric quantities from
first principles [30–36]. It permits analysis of the effects of scattering not only of individual particles but
also of systems with many interacting scatters. The approach of this paper is to use measured RDSDs
from disdrometers and build ensembles of randomly-located drops in a volume to check whether or
not there is a difference in the scattering as calculated by the T-matrix method. The aim of the research
is to gauge the extent of the variability in a theoretical, first-order setting: the actual scattering depends
on the sensor (radar or radiometer), beamwidth, and frequency of operation.

2. Data

Laser disdrometers (Figure 1) provide estimates of the RDSD of precipitation. The RDSD can be
built over a 2D instantaneous estimate or over a 2D time sliced estimate, with the extra dimension
corresponding to the accumulation time (10 min). The time-integrated slice is deemed as a suitable
representation of precipitation within a large 3D box around the instrument under the assumption that
the spatial correlation of precipitation decreases only moderately with distance.
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Figure 1. Disdrometers used to measure the Rain Drop Size Distribution (RDSD). (Left) Dual,
orthogonal setup or autonomous disdrometers used to calculate the spatial variability of rain at
hectometre resolution [37]. (Right) Calibration array of 18 disdrometers used to measure the small-scale
variability of the RDSD [38].

The University of Castilla-La Mancha (UCLM) has been maintaining a network of disdrometers
since 2009. The original setup of the instruments consists of a dual arrangement with a solar panel
and two batteries so the setup can work autonomously (Figure 1 Left). Data from the sensors
were automatically sent to a server every minute and then filtered and processed to standard
accumulation periods (1, 5, and 10 min). They have been compared and cross-calibrated (Figure 1
Right). Latest refinement and filtering of the database resulted in the empirical basis for this paper.
For reference, the product of the whole process is tagged as the “UCLM disdrometer database v4.0.”
This 2018 product supersedes previous versions of UCLM’s disdrometer data.

Two 10-min accumulated RDSDs were randomly selected from the database to calculate the
radiometric quantities associated with several spatial configurations (Figure 2). The small number of
drops was chosen to alleviate the computational burden of the simulations since the burden of direct
simulation of scattering escalates quickly with the number of scatters.
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Figure 2. Measured RDSDs (A,B) used to build the two cases explored in this paper. Diameters are in 
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Figure 2. Measured RDSDs (A,B) used to build the two cases explored in this paper. Diameters are in
mm. The fit is for a three-parameter gamma.

3. Methods

The 10-min data were used to derive an ensemble of 3D configurations. The measured RDSDs
were used to derive the concentrations and size distributions in a 1 m3 cube. Such measurement
was used as a starting point for which the positions were randomly perturbed. The algorithm used
to locate the drops in space was a Monte Carlo generator, as follows. A Pseudo-Random Number
Generator (PRNG) was used to generate the locations within the volume. At every iteration, raindrops
were sequentially generated in decreasing size order. Collisions are identified and avoided using a
relaxation technique.

Drops were assumed to be spherical for simplicity; more complex and realistic geometries will
only reinforce the point made—that is, that there is measurable variability because of the actual spatial
configuration of the RDSD.
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Two tests for randomness were carried out on the PRNG: (i) uniformity test and (ii) independence
test. The latter was evaluated through a χ2 test and a Kolmogorov-Smirnov test. It is worth noting
that a simpler algorithm would not satisfy the randomness requirement since the raindrops need to be
randomly distributed in a cube and not in a sphere (with the extra condition of not intersecting one to
another, Figure 3).
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Figure 3. A sample of the different randomly-generated spatial distributions of raindrops consistent
with one of the measured RDSDs of Figure 2. The diameters of the raindrops are exaggerated.
Dimensions are in centimeters.

The parameters of the Stokes scattering matrix S were calculated using the T-Matrix formalism.
The relationship between the incident (i) and scattered (s) field amplitudes in the far field zone for
spheres is given in Mie’s theory by Van der Hulst and Bohren [39,40]:(

E‖s
E⊥s

)
=

eik(r−z)

−ikr

(
S2 0
0 S1

)(
E‖I
E⊥I

)
(1)

where E‖ and E⊥ are the parallel and perpendicular components of the electric field, S1,2 are phase
functions, k is the free-space propagation constant, and r the distance from the origin to the observation
point (with exp(ikz) the incident plane wave). The phase functions are:

S1 =
∞

∑
j=1

2j + 1
j(j + 1)

(
ajπj + bjτj

)
(2)

S2 =
∞

∑
j=1

2j + 1
j(j + 1)

(
ajτj + bjπj

)
(3)

where πj =
P1

j (θ)

sinθ and τj =
dP1

j (θ)

dθ , with P1
j (θ) the associated Legendre functions.

Since the drops are randomly located, averaging over all orientations results in a scattering matrix
with only six independent significant elements (i.e., there is not preferential scattering direction in xy
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when the incident wave comes from -z). The Stokes parameters I, Q, U and V for the scattered wave (S)
are derived from the scattering matrix Si,j and the parameters of the incident wave (I) as follows:

Is
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Vs

 ∝
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S21
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∼ 0
∼ 0

∼ 0
∼ 0

∼ 0
∼ 0

∼ 0
∼ 0

S33
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 (4)

with:
S11 = 1

2

(
|S2|2 + |S1|2

)
S12 = 1

2

(
|S2|2 − |S1|2

)
S33 = 1

2
(
S∗2S1 + S2S∗1

)
S34 = 1

2 i
(
S∗2S1 + S2S∗1

) (5)

The equations used in the calculations of multiple spheres are those in Mackowski et al. [32].
Spherical drops were assumed in order to generate a first-order analysis. Further work will be devoted
to the analyses of the effects of other shapes, including solid precipitation.

The T-matrix v.3.0 code was used for all the members of the two ensembles and for X-band
wavelength (3.197 cm = 9.375 GHz; length scale factor of 1.9653). Temperature was set to 5 ◦C.
Refractive index was set according to frequency and temperature. The beamwidth of the incident wave
was restricted to the domain. Processing time for each configuration varied (typically, about 72 h).

Once the whole ensemble was processed, the spread of the radiometric outputs was calculated,
and the estimates for the two cases were cross-compared. The quantities of interest were total extinction,
absorption, scattering efficiency, and asymmetry factor.

4. Results and Discussion

The randomness tests for the location of the drops were satisfied: the histogram of the uniformity
test was flat, and the statistics for the independence test also proved that the drops were randomly
located in space.

Figures 4–7 gathers the results of calculations of basic radiometric quantities of interest calculated
for the two cases in Figure 2. It is clear that the results are consistent and that the actual 3D distribution
has an impact, as demonstrated by the existence of a distribution. In spite of the limited number of
members in the ensembles, there is a clear shape around a central, more likely value. If there were no
effect of different 3D arrangements in the scattering, no spread would appear. A purely random effect
(“noise”) would generate a random distribution.

Most of the resulting distributions are normal and the skew is low. The tails are relatively large,
however, revealing that some configurations produce quite different values. This seems to not be a
problem for the retrieval of precipitation from radiometer or radar algorithms, however, as the central
tendency is strong. The extent of the variability is low except for the asymmetry factor.

Such variations are consistent with changes in the relative phases among the particles,
even under the single scattering hypothesis. In order to ascertain the effect of multiple scattering,
different frequencies would need to explored (multiple scattering should increase with frequency).
The results, however, show that there is a measurable effect due to the random arrangement of
the scatters.

Figure 8 shows the effect of the scattering angle in the retrievals. Here, the S11 and S12 phase
functions are depicted for one of the ensembles. Departures from the mean value appear, albeit the
overall behavior is strong and consistent with theory.
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Comparison between the two RDSD cases shows that there is a larger variability over time than
within each case. The fact that the RDSDs are consecutive (10 min apart) allows examination of how
different the scattered radiation is between the two distributions. Figures 4–7 also show that there is a
large difference in spite of the similarities between the two distributions (cf. Figure 2).
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Two ensembles, 10 min apart, for 50 different stochastically-derived 3D configurations from two
measured RDSDs, with 30 and 31 drops, respectively, were used (Figure 2). The RDSD are consecutive,
and hence, aimed to derive conclusions on microphysical processes [41]. The number of drops is
small on purpose to alleviate the computational burden of the quite intensive calculations required.
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While the scattering matrix needs to be calculated just once for all of the beam orientations (as the
matrix is defined by the properties and distribution of the particles), the many possible distributions
require re-calculating a matrix for each configuration.Remote Sens. 2018, 10, x FOR PEER REVIEW  8 of 13 
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5. Conclusions and Further Work

Multiple scattering in the microwave frequencies has to be accounted for in precipitation retrieval
algorithms [42], but the effects of random arrangements of particles in space has seldom been
investigated. Here, such effects have been described using modelled microwave scattering properties
using the T-matrix formalism on the simplified case of spherical, non-intersecting raindrops.

The results of measured RDSDs reveal that the random distribution of particles in space have
a measurable but small effect on the scattering because of changes in the relative phases among the
particles. The effect is only apparent in the asymmetry factor.

Scattering calculations at the microwave frequencies using spherical raindrops are a simplification
over the real situations where both ice and mixed-phase exist. The assumption in this research is that
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a small number of non-interacting spherical water drops are the most favorable possible case in the
real atmosphere and thus a good baseline value for the extent of variability induced by random 3D
configurations and other shapes and phases of water. By simplifying the water phase, geometry and
number of drops, information about the randomness of the scattering quantities has been found, and a
first estimate of the expected variability provided. The addition of further realism to the simulations
in the form of oblate spheroids [43], melting ice, mixed phase, or other more realistic setups can only
increase the differences.

Further research will be devoted to expand the number of cases in order to derive systematic
conclusions of the extent of the variability and its effects on the retrievals of precipitation. Indeed,
in order to investigate the effects of multiple scattering in precipitation retrievals from radars, the Field
of Vision (FOV) would need to be commensurate with the domain of observation of the sensor, and the
effects of different frequencies and beamwidths would also need to be investigated. The present
paper is only concerned with the first-order variability due to the many possible configurations of a
given RDSD.
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