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Application of CBFM to scattering by hydrometeors     

Scattering by large and complex-shaped 
precipitation particles 

Pristine crystals (a) simulated using the Snowflake 

algorithm and aggregate snow particles (b) [1]

[1] Kuo, K. S., Olson, W. S., Johnson, B. T., Grecu, M., Tian, L., Clune, T. L., ... & Meneghini, R. (2016). 
The Microwave Radiative Properties of Falling Snow Derived from Nonspherical Ice Particle 
Models. Part I: An Extensive Database of Simulated Pristine Crystals and Aggregate Particles, and 
Their Scattering Properties. Journal of Applied Meteorology and Climatology, 55(3), 691-708.
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Need to an EM scattering model to accurately calculate the scattering 
properties of inhomogeneous particles with complex geometries 
representing snowflakes of various sizes and shapes. 

A major drawback of the Discrete Dipole Approximation codes 
comes from the fact that if orientation averages are needed then 
computationally demanding linear equations must be solved 
repeatedly. 

Characteristic Basis Function Method 
(Direct Solver-based)
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[2] B.T. Draine and P.J. Flatau, “Discrete-dipole approximation for
scattering calculations,” in JOSA A, 11(4), 1994, pp. 1491-1499.

Discrete dipole approximation (DDA) 

representation of a sphere [2]

[1] Kuo, K. S., Olson, W. S., Johnson, B. T., Grecu, M., Tian, L., Clune, T. L., ... & Meneghini, R. (2016). 
The Microwave Radiative Properties of Falling Snow Derived from Nonspherical Ice Particle 
Models. Part I … Journal of Applied Meteorology and Climatology, 55(3), 691-708.

Star-shaped dendrite [1]
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Need to an EM scattering model to accurately calculate the scattering 
properties of inhomogeneous particles with complex geometries 
representing snowflakes of various sizes and shapes. 

A major drawback of the Discrete Dipole Approximation codes 
comes from the fact that if orientation averages are needed then 
computationally demanding linear equations must be solved 
repeatedly. 

Characteristic Basis Function Method 
(Direct Solver-based)𝒁𝑬 = 𝑬𝒊𝒏𝒄

Direct method 

Application of CBFM to scattering by hydrometeors     

Scattering by large and complex-shaped 
precipitation particles 
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Ice-phase particle modeling : OpenSSP database

OpenSSP database

[1] Kuo, K. S., Olson, W. S., Johnson, B. T., Grecu, M., Tian, L., Clune, T. L., ... & 
Meneghini, R. (2016). The Microwave Radiative Properties of Falling Snow 
Derived from Nonspherical Ice Particle Models. Part I: An Extensive Database 
of Simulated Pristine Crystals and Aggregate Particles, and Their Scattering 
Properties. Journal of Applied Meteorology and Climatology, 55(3), 691-708.

ftp://gpmweb2.pps.eosdis.nasa.gov/pub/OpenSSP/

 6646 particles : single pristine crystals 
and aggregate snow particles

 50 µm resolution 
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VIEM/MoM-based 3D full-wave model

Frequencies of interest : 

(13 - 200 GHz) 

where 𝝌( ഥ𝒓 ꞌ) is the dielectric 

contrast at the location 𝑟′, k0

is the wavenumber in air and 
ന𝑮 (ഥ𝒓 , ഥ𝒓 ꞌ) is the free space 

dyadic Green’s function. 

3D full-wave model, based on the volume integral equation method (VIEM) 

Pristine crystal particle of 

effective radius 

ap = 0.714476318 mm

whereധГഥ𝑬 ത𝒓 = ഥ𝑬𝒓𝒆𝒇 ത𝒓 ധГ = ധ𝑰 − 𝒌𝟎
𝟐 + 𝜵𝜵. න

Ω

𝝌 ത𝒓′ ന𝑮 ത𝒓, ത𝒓′ 𝒅ത𝒓′

ഥ𝑬 ത𝒓 = ഥ𝑬𝒊𝒏𝒄 ത𝒓 + 𝒌𝟎
𝟐 + 𝜵𝜵. න

𝜴

𝝌 ത𝒓′ ന𝑮 ത𝒓, ത𝒓′ ഥ𝑬 ത𝒓′ 𝒅ത𝒓′VIEM :
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VIEM/MoM-based 3D full-wave model

3D full-wave model, based on the volume integral equation method (VIEM) 

Method of Moments
Pristine crystal particle 

of effective radius 

ap = 0.714476318 mm 

discretized into Nbc = 

12222 elementary cubic 

cells

The particle is discretized into N

cubic cells Ωn ,of side cn

𝒄𝒏 ≥
𝝀𝒔
𝟏𝟎

; 𝝀𝒔 =
𝝀𝟎

𝑹𝒆(𝜺𝒓)

ധГഥ𝑬 ത𝒓 = ഥ𝑬𝒓𝒆𝒇 ത𝒓

ഥ𝑬 ത𝒓 = ෍
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𝐸𝑞
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𝑛 ത𝒓

VIEM/MoM-based 3D full-wave model

𝐸𝑞
𝑛 is the constant unknown of ത𝐹𝑞

𝑛, the nth basis

function for the component (q=x, y or z) of the

field inside the particle.

Use of piecewise constant basis functions

To select a set of test functions 𝑊𝑝
𝑚 (m=1,..,M and p= x, y, 

z), the point matching method is used. So, M=N and 𝑊𝑝
𝑚

is a Dirac delta function located at the center of the cell Ωn.

Use of dirac delta as test functions

Frequencies of interest : 

(13 - 200 GHz) 
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3D full-wave model, based on the volume integral equation method (VIEM) 

Method of Moments

ധГഥ𝑬 ത𝒓 = ഥ𝑬𝒓𝒆𝒇 ത𝒓

𝒁 𝑬 = 𝑬𝒊𝒏𝒄

Z is the 3Nbc x 3Nbc full

matrix representing the 

interactions between the 

different cells. 

VIEM/MoM-based 3D full-wave model
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VIEM/MoM-based 3D full-wave model

3D full-wave model, based on the volume integral equation method (VIEM) 

Method of Moments

ധГഥ𝑬 ത𝒓 = ഥ𝑬𝒓𝒆𝒇 ത𝒓

Z is the 3Nbc x 3Nbc full

matrix representing the 

interactions between the 

different cells. 

Particle

𝒁 𝑬 = 𝑬𝒊𝒏𝒄
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Application of the domain decomposition-based CBFM

After dividing the 3D complex geometry of the precipitation particle of N cells into M blocks

𝒁𝒄α = 𝑬𝒄,𝒊𝒏𝒄

1 2

3

𝒁𝒊𝒊𝑬𝑴𝑩𝑭𝒔
𝒊𝒊 = 𝑬𝑰𝑷𝑾𝒔

𝒊𝒊
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Application of the domain decomposition-based CBFM

: O(3N)3
MoM

=    CBFs : O(3N/M)3CBFM

Zc : O(3N x K)

(Zc)-1  : O(K)3

Comparison MoM/CBFM in 

terms of computing 

complexity

The main steps of the CBFM procedure presented in a 

distributed memory parallel configuration with a 

number of jobs equal to the number of blocks.
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NESCoP : Numerically Efficient Scattering by Complex Particles

Computing the 
CBFs for each   

block 

Sparse 
Representation

Generation of the 
reduced matrix Z

Hybridization with the 
ACA algorithm 

Solving the final 
reduced system 

of linear 
equation

K = S1 + S2+ S3 + S4 + S5 << 3*N

K

Non-uniform 

mesh depending 

on the size, shape 

and dielectric 

properties of the 

particles

by using a 

direct solver 

Multi-Level CBFM-E 

+ 

MPI parallelization of 

the CBFM code 

Hybridazation with the 

Adaptive Cross 

Approximation 

algorithm (ACA)

Diagonal/Sparse 

representation of the 

MBFs

NESCoP

𝒁𝒊𝒊𝑬𝑴𝑩𝑭𝒔
𝒊𝒊 = 𝑬𝑰𝑷𝑾𝒔

𝒊𝒊
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Enhancement Techniques : Sparse Representation of the MBFs

𝒁𝒊𝒊𝑬𝑴𝑩𝑭𝒔
𝒊𝒊 = 𝑬𝑰𝑷𝑾𝒔

𝒊𝒊 𝒁𝒄α = 𝑬𝒄,𝒊𝒏𝒄

After dividing the 3D complex geometry 

of the particle of N cells into M blocks

෩𝒁𝒍,𝒄
𝒊𝒊 = 𝟎

if 𝒁𝒍,𝒄
𝒊𝒊 ≤ |𝒁𝟏,𝟏

𝒊𝒊 |/𝒇𝑺𝑹

𝒍, 𝒄 = 𝟏, . . , 𝟑𝑵𝒃𝒄

fSR is a threshold factor used to down-select 

the elements of Zii whose magnitudes are 

significant compared to | Zii
1,1|.

෩𝒁𝒊𝒊𝑬𝑴𝑩𝑭𝒔
𝒊𝒊 = 𝑬𝑰𝑷𝑾𝒔

𝒊𝒊

Sparse Direct Solver 

Make possible the use of larger blocks so a 

higher CR
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Enhancement Techniques : Sparse Representation of the MBFs

B30
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Numerical Analysis : NESCoP vs DDScat

16 CPUs

64 GB 
of RAM
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𝐬𝐢𝐧 𝜽𝒊 𝒅𝜽𝒊 𝑸 𝝓𝒊, 𝜽𝒊N

D

Incident directions (id) 

Target orientations  (to) 

(per frequency )

Orientational averaging

Shared Memory worstation

Relative 'difference'
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ap = 0.5 mm; dm=2.55 mm; 16 ≤f 

≤ 200 Ghz → 0.17 ≤ xp ≤ 2.09

and |m|kd ≤ 0.37; Nbc=4159 

Numerical Analysis : NESCoP vs DDScat a0072
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ap = 0.58 mm; 

dm=4.30 mm;

0.2 ≤ xp ≤ 2.49 and 

|m|kd ≤ 0.37 ; 

Nbc=6738 

Time (min) and maximum relative difference (%) obtained

with DDScat for the ice pristine p08 in comparison to

NESCoP with 2701 id, depending on the number of target

orientations Nto and on their distribution.

Numerical Analysis : NESCoP vs DDScat p08
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Numerical Analysis : NESCoP vs DDScat p08

2701 id

Time (min) and maximum relative difference (%) obtained

with DDScat for the ice pristine p08 in comparison to

NESCoP with 2701 id.
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Numerical Analysis : NESCoP vs DDScat

ap = 1.61 mm; 

dm=11.45 mm;

0.56 ≤ xp ≤ 6.74

|m|kd ≤ 0.37

Nbc =140896 cells 

a0006
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Numerical Analysis : NESCoP vs DDScat a0006

> 8 days

64 min
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Conclusions and Perspectives

 MPI parallelization of the codes

Exploring other techniques for efficient

calculation of the CBFs

 Implementation of the wideband code

for the CBFM

3D full wave model comparable to the DDA

in terms of accuracy when providing higher

computational performance particularly

with orientational averaging of the EM

scattering.

NESCoP



Thanks for your attention



Enhancement Techniques : MPI parallelization

2-D partitioning 

Solving the reduced 

matrix equation

ScaLAPACK - Scalable Linear Algebra PACKage

is a library of high-performance linear algebra routines for parallel distributed memory machines. It solves 

dense and banded linear systems, least squares problems, eigenvalue problems, and singular value problems



Enhancement Techniques : MPI parallelization



The Characteristic Basis Function Method (CBFM)

To overcome the limitation caused by the use of a MoM, we employ the 

CBFM which has been proven to be accurate and efficient when applied to 

large-scale EM problems, even when the computational resources are limited

Direct solver-based   

CBFM

Microstrip circuits Large antenna arrays

Rough terrain profiles Connected patch arrays

Bodies of revolution (BoRs)

 Better adapted to multiple right-hand side problem

 Highly amenable to MPI parallelization

 Subject to a wide variety of enhancement techniques 

 Tunable depending on to the needs (memory or CPU) 

through the size of the blocks (hB or Nb,max).



Sphere : NESCoP vs DDScat vs Mie theory

ap = 1.6 mm;

0.55 ≤ xp ≤ 6.7

|m|kd ≤ 0.37

Nbc =137376 cells 



ap = 1.61 mm; 

dm=11.45 mm;

0.17 ≤ xp ≤ 6.74

|m|kd ≤ 0.37

Nbc =140896 cells 

Numerical Analysis : NESCoP vs DDScat a0006



Numerical Analysis : NESCoP vs DDScat a0006

703 id



Numerical Analysis : NESCoP vs DDScat a0006

2701 id


