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Abstract
Airplanes passing the incuda (anvil-) regions of tropical

cumulonimbi-clouds are at risk of suffering an engine
power-loss event and engine damage due to ice ingestion
[1]. In an attempt to forward-model the single scattering
properties of typical ice crystal shapes illuminated by a
Gaussian beam, a C++ code has been developed based on
the geometrical optics approximation. Its results are
compared to Finite-Difference-Time-Domain- (FDTD)
simulations at intermediate ice particle sizes.

1 Introduction
It has been known since the mid-90s that the incus

region of tropical cumulonimbus clouds poses a certain
threat to commercial jet-powered aircraft [2]. The
dominant types of aerosols under these atmospheric
conditions are ice crystals and ice crystal aggregates [1].
Thus, measurement devices capable of acquiring specific
data about the ice particles in flight and which are robust
and compact enough for use in commercial airliners are
highly desirable. As a prerequisite for the use of optical
measurement devices, similar to those already employed
for monitoring liquid water droplets in aerodynamic flows
[3], a forward model of the laser-light scattering by a single
ice crystal is created.

2 Geometrical Optics Approximation for
Maxwell’s Equations

For particles with a large Mie parameter and for
complex irregular scattering shapes exact GLMT-methods
[4] as well as numerical schemes like FDTD fail. The only
viable option for high frequency, -large -size scattering
problems is the geometrical-optics approximation. Given
an expansion of the fields in terms of inverse powers of the
wavenumber k proposed by Debye [5], the macroscopic
form of Maxwell’s equations as the basis for optics [6] can
be split up into a succession of approximate equations
whose solutions deliver an increasing degree of fidelity
with respect to the exact solution. The zeroth order
approximation is the well-known eikonal equation and the
first order approximation includes two equations
governing the amplitude transport for a plane vector-
wave. As a consequence of this approximation, the
electromagnetic field behaves like a stream of sharply

localized particles [7]. Nevertheless the result is still a field
theory [5] governed by the so-called optical Lagrangian.

In order to trace the behavior of the electromagnetic
field inside the ice particle, a suitable surface triangulation
of the polyhedral ice crystal is chosen and standard
methods of computer graphics involving ray-tracing [8]
are applied. These algorithms also allow one to consider
fully three-dimensional particles in a quasi-dynamic
setting. Although the initial situation is similar and the
pure ray-tracing -procedure is identical to the work of
Macke [9], the calculation of phase and amplitude along
the rays is a generalization of the more sophisticated
techniques proposed by Deschamps [10] and Ren [11].

3 Modelling of Gaussian Beam Incidence
To accommodate for the influence of the Gaussian beam

shape on amplitude and phase of the rays incident upon
the ice crystal, the straightforward procedure of Xu [12] is
adapted to the present case. The amplitude and phase are
calculated directly from the electromagnetic field of a
zeroth order Davis-beam [13] while the wave-vector is
given as the gradient of the phase. The same technique is
studied extensively by Berry [14] in a different context.

Figure 1 Third order refraction (cumulative) of a sharply focused
Gaussian beam by a hexahedral particle.

3.1 Implementation
The code implementation itself was carried out in C++.

The meta-template library blitz++ [15] was used in order to
support high-performance vector- and matrix –operations.
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4 FDTD Simulation and Experiment
Efforts to validate the geometrical optics results include

a FDTD simulation for a comparable scattering
configuration at intermediate sizes with the commercial
CST studio suite [16] and an experiment with lab-grown
water ice crystals. The details of the FDTD-method
employed are explained in the classic paper by Yee [17]. A
sample result of the FDTD simulation is shown below.

Figure 2 Electric field strength in the x-z-plane of a Gaussian
beam incident on a hexahedral particle.
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