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Abstract

A number of methods exist for solving the problem of electromagnetic scattering by atmospheric ice crystals.
Amongst these methods, only a few are used to generate “benchmark” results in the atmospheric science commu-
nity. Most notably, the T-matrix method, Discrete Dipole Approximation, and the Finite-Difference Time-Domain
method. The Boundary Element Method (BEM), however, has received considerably less attention in this community
despite its extensive use and development in other areas of applied mathematics and engineering. Recently the group
of Betcke et. al. [4] at University College London has released a high performance open source boundary element
library called BEM++. In this paper, we employ BEM++ to calculate the scattering properties of hexagonal ice
columns of fixed orientation, as well as more complicated particles such as hollow columns and bullet-rosettes. The
results for hexagonal columns are compared to those of a highly accurate and well-established T-matrix method [3]
for a range of different wavelengths and size parameters. It is shown that the results are in excellent agreement and
that BEM++ is a fast alternative to the T-matrix method and others for generating benchmark results. However, the
large memory requirements of BEM++ cause it to be limited to size parameters∼15 on a standard desktop PC if an
accuracy of roughly 1% is required. The main advantages of BEM++ over many other methods are its flexibility to
be applied to homogeneous dielectric particles of arbitrarily complex shape, and its open availability. This flexibility
is illustrated by the application of BEM++ to scattering by hollow columns with different cavity types, as well as
bullet-rosettes with 2 to 6 branches.
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1. Introduction

It has been well established that understanding the
scattering properties of atmospheric ice crystals is im-
portant in modelling the radiation balance of cirrus
clouds [1, 2, 17]. Due to the wide coverage of cir-
rus over the Earth (∼30% at any one time in the mid-
latitudes, and∼60-80% in the tropics [1, 17, 26]), these
clouds in turn play an important role in the earth-
atmosphere radiation balance.

The ice crystals within cirrus exhibit a large array of
sizes and shapes [14, 10, 16]. This, combined with the
frequency range of radiation incident upon the clouds
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(from microwave to ultraviolet), leads to a huge vari-
ety of scattering problems to be solved. Over the years,
many methods have been developed for tackling differ-
ent problems within the myriad combinations of parti-
cle shape, size and incident radiation frequency. These
methods fall into two main camps.

The first contains asymptotic or “approximate” meth-
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Applying the interior and exterior traces to the Stratton-
Chu formulae, we arrive at the boundary integral equa-
tions [8]
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We note that the scattered far-field is transverse,
êr · F̃ = 0, hence it may be written

Es = (Es
‖ ê‖s + Es

⊥ês
⊥s)e

ikr ,

where (in the caseφ = 0)

ê‖s = êϑ, ê⊥s = ẑ, ê⊥s × ê‖s = êr ,

following the notation of [7]. The BEM++ output far-
field can be converted to this new form simply by the
transformation

Es
‖s = − sin(ϑ)Es

x + cos(ϑ)Es
y, Es

⊥s = Es
z. (20)

In a similar way, the incident field is written in terms of
its frame as

Ei = (Ei
‖i ê‖i + Ei

⊥i ê⊥i)e
ikx,

where, in this case,

ê‖i = ŷ and ê⊥i = ẑ.

The Amplitude Scattering Matrixdefines the relation-
ship between the scattered far-field and thearbitrarily
polarised incident field in their respective coordinate
frames, i.e.
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In order to calculate all entriesAi j , we consider two sep-
arate incident waves with different polarisations: one
polarised in thêz-direction and the other polarised in
the ŷ-direction. Each wave has unit amplitude and trav-
els in the positivex-direction, as depicted in Figure 1.
Let us consider these two problems separately.

4.1.1. ẑ-polarised incident wave
In this case the incident wave has the form

Ei = (1 · ê⊥i + 0 · ê‖i)e
ikx

and thus it is possible to calculate two of the matrix en-
tries, namelyA12 andA22. They are given as

A12 = − sin(ϑ)Es
x + cos(



wherep is thephase function p= P/4π.













of 1% is required. If a lower accuracy is required, or
a larger machine is available, this size parameter range
can of course be extended. Also, it should be noted that
BEM++ is not exploiting the symmetries of the shape
to reduce memory consumption as is done in [19, 24].
Hence, for non-symmetrical shapes, we can expect a
similar size parameter range of application.

We demonstrated that, although the scattering and ex-
tinction efficiencies differed from those of the T-matrix
by approximately 1%, the phase matrix entries were vir-
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