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Abstract: Cirrus clouds have an extensive global coverage and their high altitude means they play a
critical role in the atmospheric radiation balance. Hexagonal ice plates and columns are two of the
most abundant species present in cirrus and yet there remains a poor understanding of how surface
roughness affects the scattering of light from these particles. To advance current understanding, the
scattering properties of hexagonal ice plates with varying surface roughness properties are simulated
using the discrete dipole approximation and the parent beam tracer physical–optics method. The ice
plates are chosen to have a volume-equivalent size parameter of 2πr/λ = 60, where r is the radius of
the volume-equivalent sphere, and a refractive index n = 1.31 + 0i at a wavelength λ = 0.532 µm.
The surface roughness is varied in terms of a characteristic length scale and an amplitude. The
particles are rotated into 96 orientations to obtain the quasi-orientation averaged scattering Mueller
matrix and integrated single-scattering parameters. The study finds that the scattering is largely
invariant with respect to the roughness length scale, meaning it can be characterised solely by the
roughness amplitude. Increasing the amplitude is found to lead to a decrease in the asymmetry
parameter. It is also shown that roughness with an amplitude much smaller than the wavelength has
almost no effect on the scattering when compared with a pristine smooth plate. The parent beam
tracer method shows good agreement with the discrete dipole approximation when the characteristic
length scale of the roughness is several times larger than the wavelength, with a computation time
reduced by a factor of approximately 500.

Keywords: light scattering; physical optics; surface roughness

1. Introduction

The diverse variety of geometries of ice crystals found in nature makes quantifying
their scattering of light challenging. This adds difficulty in modelling the radiative effect
of cirrus clouds, which play an important role in the Earth–atmosphere radiative balance
owing to their large global coverage [1]. Fundamental understanding of the light-scattering
and polarisation effects of ice particles is a useful tool in the interpretation of bidirec-
tional reflectances, fluxes, and heating rates, which can be measured from air, the ground,
or space [2,3]. The list of applications concerned with ice particles extends beyond the study
of light scattering on Earth. Images taken of Enceladus, the sixth largest moon of Saturn,
reveal the presence of ice and dust particles emitted from cryovolcanoes [4]. Analysis of
the scattering from such particles is of interest since the origin of life on Earth is thought to
have originated from hydrothermal vents [5]. It has been shown that the ice particles are
likely to be non-spherical in shape, and more accurate simulations of such particles would
be of great value in this area of research [6].

Although the shapes of ice crystals are highly varied, laboratory experiments and
observations reveal they most geometries are composed of basic hexagonal structures [7].
Of these geometries, the hexagonal ice plate and its aggregates are known as a dominant
species and therefore has a significant effect on the bulk scattering properties of cirrus [1].
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In recent years, extensive work has been undertaken to compute the single scattering
parameters of pristine and distorted ice plates at a wide range of size parameters. However,
the role of surface roughness and how it affects the scattering as opposed to particles with
smooth surfaces remains relatively poorly understood. Nonetheless, many notable efforts
have been made towards accounting for the effects of surface roughness in light scattering.

Generally speaking, the different approaches can be classified as either stochastic
or physical roughnesses. Stochastic roughnesses use one or more parameters to define
the statistical properties of the surface, although the surface itself cannot be predicted
precisely [8–10]. One advantage of these approaches is that they can be used to represent an
ensemble of different particles with just a few parameters. However, since the surfaces are
not well defined, it is difficult to apply certain exact theories when computing the scattering.
Physical roughnesses are described by some well-defined surface, which might be an analytical
function or a surface mesh made up of many elements. One example is the use of Chebyshev
functions, although, more often, these are used to represent particle distortion instead [1,11].
Gaussian roughness schemes are a widely adopted choice and can be defined by a standard
deviation and a coherence length of an autocorrelation function [12,13]. A recent study used a
statistical model based on fractional Brownian motion to produce a thin roughness element
characterised by a horizontal and a vertical scale [14]. It was found that rougher elements
lead to increased transmittance through the surface and smoother angular scattering
functions when compared with their smooth counterparts.

Since the physical roughnesses contain precise information about the surface topology,
they permit the use of more accurate theories, such as the discrete dipole approximation
(DDA) [15], T-matrix [16], pseudo-spectral time domain [17], or the discontinuous Galerkin
time domain methods [18]. Unfortunately, most physical roughness schemes are either
restricted to specific geometries or defined on a case-by-case basis, which limits the ease
with which they can be applied on a wider scale. One current challenge is that since there
are a multitude of ways of parametrising surface roughness, it is not always clear how to
compare one roughness scheme with another. A proposed solution to this problem is a
surface normal roughness metric for ice based on an analysis of anisotropic morphology
in the prismatic plane, which can be applied to both modelled stochastic surfaces and
observed samples [19].

This work aims to advance current understanding by investigating the scattering prop-
erties of ice plates with surface roughness. A versatile implementation of surface rough-
ness designed for application to faceted particle geometries is introduced in Section 2.2.
The roughness is defined by a characteristic length scale and amplitude, which is used to
produce a variety of hexagonal ice plates with an aspect ratio of 10. The quasi-orientation
averaged scattering parameters are obtained by rotating the particles into 96 carefully
selected orientations and is described in Section 2.2.1. The ice plates are chosen with a
size larger than the wavelength, which permits the use of DDA, as well as a recently
developed physical–optics hybrid method for non-spherical particles with surface rough-
ness. The methods are described briefly in Section 2.3. Finally, the results are discussed
in Section 3.

2. Materials and Methods
2.1. Scattering Theory

In this section, some basic scattering quantities and integrated parameters are intro-
duced. The Mueller matrix describes a transformation of the Stokes parameters I, Q, U,
and V due to the scattering of light by a particle. A general phase matrix can be described by

I′

Q′

U′

V′

 =


S11 S12 S13 S14
S21 S22 S23 S24
S31 S32 S33 S34
S41 S42 S43 S44




I
Q
U
V

, (1)
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where Sij are a function of the polar and azimuthal scattering angles θ, and ϕ, and ′ notation
is used to represent the scattered field [20]. S11 represents the angular distribution of
scattered intensity and when normalised it is called the phase function. The phase function
p11 is defined here as ∫ 2π

0

∫ π

0
p11(θ) sin θ dθdϕ = 1. (2)

The extent to which a particle linearly polarises incident light is characterised by the degree
of linear polarisation (DLP), which is defined as S12/S11. The asymmetry parameter g,
which describes the amount of forward- or back-scattered light, is defined by

g =
∫ π

0
p11(θ) cos θ dθ. (3)

The scattering cross section σscat describes the energy flux of the scattered field integrated
over a closed surface surrounding the particle:

σscat =
1
I

∫
4π

I
′
dΩ, (4)

where I and I
′

are the incident and scattered intensities as defined in Equation (1) [2].

2.2. A Simple Implementation of Surface Roughness

In this work, a simple yet versatile implementation of surface roughness is used, which
allows both the length scale and amplitude of the roughness to be varied. The particle
is initially constructed as a hexagonal prism, comprised of 8 facets (2 basal and 6 prism
facets). The plate has an aspect ratio of 10, with a plate radius 10.186 µm and thickness
2.037 µm, which gives a volume-equivalent size parameter 2πr/λ = 60, where r is the
radius of the volume-equivalent sphere. The ice material is defined through the refractive
index n = 1.31 + 0i for a wavelength of light λ = 0.532 µm. Each facet is then subdivided
using a Delaunay triangulation technique [21]. After triangulation, the vertices of the mesh
are displaced by some random value along the axis of the facet normal. The process is
illustrated in Figure 1. The triangulation method allows the maximum edge length L to be
enforced, which provides a way of setting an approximate length scale of the roughness.
Larger values of maximum edge length generally give rise to coarser meshes, and smaller
values give rise finer meshes. Since this approach merely sets some maximum value on
the edge length, it cannot be ensured that this length scale remains constant across the
entire geometry. The approach is a compromise between improved versatility but reduced
uniformity. It can be applied to almost any surface mesh represented by planar faces
with reasonable stability. However, if the particle contains facets with length dimensions
smaller than the chosen maximum edge length, then the edges of the resulting mesh can
be smaller than intended. The displacement of each vertex is capped by some maximum
value σ, which determines the effective amplitude of the roughness. A value of 0 applies
no displacement, which preserves the smooth surface, whereas larger maximum values
increase the roughness amplitude.

1. 2.
L

3.
2σ

Figure 1. Simplified schematic showing the sequence of steps taken to create the surface roughness.
(1) A surface before triangulation. (2) A surface after triangulation, with maximum edge length
L. (3) A triangulated surface after displacement, capped by the roughness amplitude σ in either
direction normal to the original surface.

In this study, L is varied in steps of λ/2 from λ, 3λ
2 , · · · , 3λ. Maximum edge lengths

smaller than the wavelength are excluded since the number of dipoles needed to sufficiently
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resolve features at this length scale rapidly increases the computational demand of the
DDA method. The value of σ is varied in steps of λ/5 from 0, λ

5 , · · · , λ. Example particle
geometries for σ = λ/5 with varying L are shown in Figure 2, and example particle
geometries for L = λ with varying σ are shown in Figure 3.

(a) L = λ. (b) L = 3λ
2 . (c) L = 2λ.

(d) L = 5λ
2 . (e) L = 3λ.

Figure 2. Examples of different plate geometries with varying maximum edge lengths σ = λ/5.

(a) σ = 0. (b) σ = λ/5. (c) σ = 2λ/5.

(d) σ = 3λ/5. (e) σ = 4λ/5. (f) σ = λ.
Figure 3. Examples of different plate geometries with varying roughness amplitudes, L = λ.

2.2.1. Particle Orientations

Since DDA computations at this size parameter are time consuming, it is not possible
to average over large numbers of particle orientations. Therefore, a compromise is made,
whereby the scattering is averaged over a small number of uniformly distributed orienta-
tions. The “zyz” rotation convention as described in [22] is used here, which means that the
first Euler angle α determines the initial rotation about an axis aligned with the incidence
direction. In this case, α has no effect on the θ dependence of the scattering and can be
set to 0◦ if only the 1-d scattering is important. Typically, the Euler angles are computed
in radians using β = arccos (1 − 2X), and γ = 2πX, where X is a number in the range
0 ≤ X < 1. For hexagonal prism-shaped particles, the range of the β and γ Euler angles
can be reduced due to the symmetry of the particle geometry. This allows the orientation
averaged scattering to be more quickly approximated compared to a Monte Carlo-based
approach. For this rotation convention, with the hexagonal plate initially aligned with the
prism axis along the incidence direction, the geometry is symmetric about β = 90◦ and
repeats every 60◦ in γ. The angles are therefore determined by confining X to the range
0 ≤ X < 0.5 for β and 0 ≤ X < 1/6 for γ. A diagram showing how the angles β and γ
determine the orientation of the plate is shown in Figure 4. The chosen implementation
of surface roughness means that the particle is no longer perfectly symmetric in γ. This
falls within ensemble variation, which could be accounted for by additionally averaging
over several random realisations of the surface roughness. In this study, it is assumed that
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the maximum edge length is small enough so that enough mesh elements are present to
remove any significant asymmetry without considering ensemble averaging.

β

γ

(a) Particle before rotation.

β

β

γ

(b) Particle with rotation β = 25◦, γ = 25◦.
Figure 4. Diagram showing how the hexagonal plate particle is oriented according to the chosen
Euler angles.

In summary, the following limits and values for Euler angles are used to reduce the
number of orientations:

1. α = 0◦.
2. 0◦ < β < 90◦, β = 10.1◦, 22.8◦, 30.8◦, 37.2◦, 42.8◦, 47.8◦, 52.5◦, 56.9◦, 61.0◦, 65.1◦, 68.9◦,

72.7◦, 76.5◦, 80.1◦, 83.7◦, 87.3◦.
3. 0◦ < γ < 60◦, γ = 0◦, 10◦, 20◦, 30◦, 40◦, 50◦.

2.3. Numerical Methods

Two different numerical methods are used to compute the scattered field from the
hexagonal ice plates. These are the discrete dipole approximation (DDA) and the parent
beam tracer (PBT) method.

The discrete dipole approximation works by discretising the scatterer into a 3-d
array of N total dipoles. Each dipole has a polarisation, and a 3N-dimensional matrix
can be constructed to relate the polarisation of one dipole to another. From Maxwell’s
equations, a matrix equation can be derived [15]. The matrix equation can then be inverted
numerically to arrive at the polarisation of each dipole, from which the scattering properties
of the particle can be computed. The DDA method is regarded as a “numerically exact”
method, which means that it converges to the true solution with refining discretisation [23].
The accuracy of the DDA method has been well studied, and the error in fulfilment of
reciprocity in some tests has been shown to be less than 10−5% [24]. In this work, the ADDA
code is used [25], which recommends as a rule of thumb that the spacing between dipoles
d should satisfy d < λ/10m. For this study, λ = 0.532 µm and n = 1.31 + 0i, so it is
chosen that d = 0.0406 µm. Furthermore, users of the ADDA code are recommended to
ensure at least 10 dipoles are present per characteristic length of the particle geometry [26].
Therefore, the minimum value for the maximum edge length is set to L = λ so that, in most
cases, a sufficient number of dipoles are used to accurately represent the surface roughness.
A mesh conversion code which uses a quick sort algorithm is used to construct the dipole
arrays for these complex particle geometries [27]. The results from the DDA method here
are generally considered the numerical reference data against which the accuracy of the
PBT method is measured. The ADDA code is run with numerical solver -iter bcgs2 as
described in the ADDA user manual [26].

The PBT method is a recently developed physical–optics hybrid method for large
non-spherical particles, including those with surface roughness [28]. It is an approximate
method based on the principles of geometric optics (GO), which means it has an accuracy
that increases with the size of the particle. To permit the use of GO, the particle must have
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a size much larger than the wavelength of light. The particle surface is represented as a
surface mesh, where each of the facets is grouped according to the macroscopic features
of the particle. Each group of facets forms a parent structure, and reflected and refracted
beams are produced from the parent structures illuminated by an incident wave. By using
Snell’s law and the Fresnel equations of reflection and refraction, the beams can be traced
in the near-field to arrive at an approximation for the electric field on the surface of the
particle. Then, a surface integral equation [29] can be used to map from the near to the
far field. The scattered far field can then be used to compute scattering parameters of
interest. The PBT method is one of few physical–optics hybrid methods that can compute
the scattered field for particle with physical surface roughnesses. Owing to its basis on GO
and a surface integral equation, as opposed to a volume integral equation, it can compute
the scattering from large particles within a computation time reduced by several orders of
magnitude compared to the DDA method. Nonetheless, it has an accuracy which decreases
as the particle becomes more spherical and as the amplitude of the roughness increases.
This study provides quantitative results for the range of applicability of the PBT method in
the case of hexagonal ice plates with roughness.

3. Results
3.1. Discrete Dipole Approximation

First, the results from the DDA method for variation in roughness are discussed.
The phase functions normalised to 1 for L = 1 and L = 3 are shown in Figure 5a and 5b,
respectively. The reader should refer to Figure 3 for the particle geometries. In general, it
can be seen that averaging over the 96 orientations removes most of the fixed-orientation
features that might be expected due to specific beam paths. The remaining features include
the usual forward scattering peak, a broad halo peak at ∼22◦, and a backscattering peak.
Several sharp peaks across the scattering angle range can be seen, which can be attributed
to the finite number of chosen β angles and an interference effect similar to that observed
in thin films. The interference occurs when an externally reflected beam interferes with an
internally reflected one as shown in Figure 6a. The angular position of each peak is simply
related to β by the law of reflection. For example, the first value of β = 10.1◦ corresponds to
the first interference peak at 180 − 2(10.1) = 159.8◦. In general, the relative heights of each
peak depend on the phase difference between the two beam paths, the Fresnel equations of
reflection and transmission, and the projected cross-sectional area. The phase difference is
a function of the dimensions of the plate, as well as the wavelength of incident light.

1. Close to Direct Forward Scattering: The scattered intensity close to θ = 0◦ is shown
in the upper left inset of the figure. A linear scale is used in the upper left insets
here since small fractional differences have a significant effect on the asymmetry
parameter. It is found that, at this size parameter, the smooth plate σ = 0 has the
strongest forward scattered intensity, while increasing values of σ result in smaller
amplitudes. Interestingly, the data show that scattering by particles with σ = 0 is
almost indistinguishable to those with σ = λ/5. In summary, the data suggest that
surface roughness has almost no effect on the forward scattering if σ << λ.

2. Halo Region: The broad halo peak centred at ∼22◦ can be attributed to the angle of
minimum deviation associated with light passing between 2 non-adjacent rectangular
facets of the plate [20]. The relative height of this peak, known as the halo ratio, can be
defined as p11(θ = 23◦)/p11(θ = 20◦). The value of the halo ratio has been proposed
as a quantitative measure for identifying the presence of cirrus [30]. Compared to
computations with geometric optics (e.g., [9,31]), the 22◦ halo observed here is broader
and relatively weak. The height of this peak can be explained by the large aspect
ratio of the plate. More columnar-type ice particles have larger rectangular facets,
which in turn leads to a larger fraction of the incident energy being scattered into the
halo region. The broadness of the peak is due to the fact that the prism facets have
dimensions comparable to the wavelength. This leads to a significant broadening
of scattering due to diffractive effects, which cannot be accounted for with classical
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geometric optics. Similar to the findings of the direct forward scattering, the halo
region is almost unaffected by the presence of surface roughness with an amplitude
much smaller than the wavelength. The halo peak diminishes as the roughness
increases up until σ ≈ λ, wherein the peak is no longer distinguishable, which agrees
with the findings of other studies [32–34]. This finding has implications for practical
applications which use the halo region as a means of identifying the presence of
ice particles. The results show that the absence of a distinguishable halo peak does
not necessarily mean that there is an absence of hexagonal ice plates in the sample.
Rather, it merely indicates the absence of pristine hexagonal prisms. This agrees
with other studies, which have found that classical geometric optics overestimates
the intensity of the 22◦ halo peak [19,35]. Further incorporation of the halo ratio in
measuring techniques could provide a useful method of estimating surface roughness
and irregularity, especially when combined with the analysis of other experimental
evidence, such as scattering pattern symmetry and particle imaging.

3. Backscattering: The backscattering in the region θ = 175–180◦ is shown in the upper
right insets of Figure 5. Unlike for the forward scattering and 22◦ halo regions, even
small-scale roughness appears to have an effect on the backscattering. As may be
expected, the smooth hexagonal plate (σ = 0) shows the strongest backscattering
peak. Due to the normalisation of each phase function and the difference in scattering
cross sections between datasets, comparing the values at θ = 180◦ does not provide a
very useful insight. Instead, the backscattering ratio is introduced, which is defined
here as p11(180◦)/p11(175◦). The backscattering ratios for increasing values of σ at
L = λ are found to be 3.74, 2.86, 1.76, 1.56, 1.41, and 1.42. Increasing the amplitude
of surface roughness decreases the backscattering ratio until a value of ∼1.4, where
the asymptote appears. Recent studies indicate that two main factors contribute to
the backscattering ratio: corner retro-reflection events [36] and coherent backscatter-
ing [37]. A retro-reflection can occur when a particle with multiple right-angled facets
is illuminated at certain ranges of orientations. Under these conditions, there exist
bundles of parallel ray paths which can be shown using geometric optics to scatter
into the direct backscattering direction. One possible explanation for the decreasing
backscattering ratio is that, as the roughness amplitude increases, the effect of retro-
reflection events is reduced, and therefore the backscattering ratio becomes primarily
due to coherent backscattering. The effect of coherent backscattering is a well-known
wave phenomenon that leads to constructive interference in and close to θ = 180◦.
The effect can be explained by studying a pair of reciprocal ray paths as shown in
Figure 6a. If an incident ray undergoes multiple scattering events and is scattered
back along the direction of incidence, then there exists a reciprocal ray which travels
along the exact same path but in the opposite direction. This follows as a result of the
time-reversal symmetry of Maxwell’s equations. Consequently, the 2 rays travel the
same distance and therefore always interfere constructively in the direct backscatter-
ing, which leads to a peak in the backscattered intensity. Even without consideration
of the phase of the electric field, classical geometric optics often overestimates the
backscattering ratio for pristine hexagonal prisms due to the omission of diffraction
of outgoing bundles of rays.
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(a) (b)

(c)
Figure 5. Normalised phase function for hexagonal ice plates with varying amplitudes of surface
roughness. Results are computed with the DDA method. Close to direct forward scattering on
a linear scale is shown in the upper left inset. The backscattering region is shown in the upper
right inset. Parametric sweeps at L = λ and L = 3λ are shown in (a,b) , with direct comparisons
at each roughness amplitude in (c). (a) Maximum edge length L = λ. (b) Maximum edge length
L = 3λ. (c) Direct comparisons between maximum edge length values L = λ and L = 3λ at different
roughness amplitudes.

(a) (b)

Figure 6. Important ray paths in scattering by hexagonal ice plates. (a) Plate interference effect,
whereby the interference between external reflection and an internally reflected beam path gives rise
to the varying peaks across the phase function for orientation averaged hexagonal ice plates. (b) An
example of a reciprocal ray pair, which traverse the same path in opposite directions. This example
shows a corner retro-reflection, which provides a large contribution to the backscattering of particles
with prism [38] geometries.
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As σ increases to values comparable with λ, the transition region between forward
scattering and the halo region is affected, and a secondary maximum in the backscattering
(at θ ≈ 178◦) becomes more prominent. The DDA results for variation in the maximum
edge length at roughness amplitude σ = λ/5 are shown in Figure 7. The reader should
refer to Figure 2 for the corresponding particle geometries. The DDA results show almost
no effect on the orientation averaged scattering due to variation in the maximum edge
length. The only discernible differences arise towards the backscattering, when θ > 150◦.
There are small differences in the shape of the peak at θ = 160◦, and the upper right inset
of Figure 7 highlights minor differences in the direct backscattering. The backscattering
ratios as defined previously for increasing maximum edge length are 2.86, 2.50, 2.74, 2.58,
and 2.88. Therefore, it is concluded that changing the maximum edge length has almost
no effect on the scattering when the amplitude of roughness is much smaller than the
wavelength. By combining the plots in Figure 5a,b, direct comparisons showing the effect
of increasing the maximum edge length at different roughness amplitudes can be made.
The comparisons are shown in Figure 5c. The upper left and right subplots show that almost
identical orientation averaged scattering is predicted by the DDA method for σ = λ/5
and σ = 2λ/5 at each of the maximum edge lengths. The phase function is practically
invariant with respect to L for σ < λ/2, and even for larger values of σ, the effect of L can
be considered minor. Therefore, it can be said with some certainty that the characterisation
of the surface roughness of ice plates can be based solely on the amplitude of the roughness,
so long as the amplitude is smaller than the wavelength. Another study found an effective
equivalence between surface roughness and irregular geometries by relating the surface
tilt angle to a distortion factor [39]. The findings of this work do not fully agree with
this equivalence because varying the maximum edge length while keeping the roughness
amplitude constant is equivalent to decreasing the surface tilt angles. The results presented
here suggest that this should not significantly affect the orientation averaged scattering.
Further work is needed to incorporate the resolution of the mesh into the equivalence
between the tilt angle and particle distortion. Furthermore, work is needed to determine if
the length-scale invariance found in this study can be extended all the way to distorted,
smooth geometries.

Figure 7. Normalised phase function for hexagonal ice plates with varying maximum edge length of
surface roughness and roughness amplitude σ = λ/5. Close to direct forward scattering on a linear
scale is shown in the upper left inset. The backscattering region is shown in the upper right inset.



Atmosphere 2024, 15, 1051 10 of 14

3.2. PBT Results vs. DDA

Second, the results for the PBT against the DDA method for each particle are shown in
Figure 8.

Figure 8. Comparisons of the normalised phase function for hexagonal ice plates with varying
amplitudes of surface roughness and maximum edge length L = 3λ. Close to direct forward
scattering on a linear scale is shown in the upper left inset. The backscattering region is shown in the
upper centre inset. For reference, each particle is shown as an inset.

Overall, the accuracy of the PBT is best when the particle is smooth and decreases
with the amplitude of the roughness. This is to be expected since geometric optics is less
accurate in regions where the characteristic length scale is comparable to, or smaller than,
the wavelength. It has been pointed out that the geometric optics field is overly sensitive
with respect to perturbations in the parameters of the medium [40], which in this case
correspond to the fluctuations in the surface topology. For the smooth particle (σ = 0),
the PBT method shows generally good accuracy at all scattering angles. The error in the
direct forward (θ = 0◦) scattering is +1.23% and in the direct backscattering (θ = 180◦), it is
−18%. One explanation for the underestimation in the backscattering is that this region
is highly sensitive to the effects of coherent backscattering. Since the hexagonal plates
used here have only a size parameter of 60, the contribution from the edge and corner
effects may be significant. The sharp right-angled edges used for the hexagonal plates
effectively have an infinitely small radius of curvature. Therefore, traditional GO cannot
be expected to capture the physics of field propagation in these regions, and extensions to
the geometrical theory of diffraction are needed [41,42]. Of course, it is generally assumed
that neglecting such contributions becomes more acceptable with increasing size parameter.
For light roughness (σ = λ/5), the PBT maintains a reasonable accuracy compared with
the DDA. The prediction of the forward scattering peak has an error of −2.57%, the halo
region closely resembles the DDA method, and a peak in the direct backscattering is well
predicted. Errors in the side scattering (θ∼90◦) start to become prevalent, which is believed
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to be a sensitivity of the surface integral method for diffraction and has been recognised in
the literature [43]. The PBT accuracy decreases significantly for σ > 2λ/5. For example,
as shown in the upper right insets of Figure 8, the DDA predicts a small peak with a
backscattering ratio of ∼1.4, but the PBT method shows almost no backscattering peak
in this region. Nonetheless, the PBT method shows a promising ability to reproduce the
main features of the phase function, even with increasing roughness. The time taken to
compute the scattering in each orientation is ∼500 CPU hours for the DDA method, versus
∼1 CPU hour for the PBT method. It should be noted that the relative computational
speedup is expected to increase rapidly with the size parameter (the plates were scaled to a
volume-equivalent size parameter of 100, but in this case, the DDA method failed to reach
convergence).

Next, the PBT results compared with those of the DDA method for variation in
maximum edge length for σ = λ/5 are shown in Figure 9.

Figure 9. Comparisons of the normalised phase function for hexagonal ice plates with varying
maximum edge lengths of surface roughness with amplitude σ = λ/5. Close to the direct forward
scattering on a linear scale is shown in the upper left inset. The backscattering region is shown in the
upper centre inset. For reference, each particle is shown as an inset. For the case of L = λ, the reader
is referred to the upper right subplot of Figure 9.

Overall, the agreement between the PBT and the DDA methods is good across all
the length scales tested, although the accuracy improves as the maximum edge length
increases beyond the wavelength. For smaller values of L, the PBT tends to overestimate
side scattering, which can be seen in the upper left of the Figure 9. The computed values
for asymmetry parameter g are summarised in Figure 10. The DDA results indicate a weak
decrease in the asymmetry parameter with increasing roughness amplitude. The effect
of the maximum edge length is small for small roughness amplitudes but becomes more
significant as the roughness amplitude becomes comparable to the wavelength. In any
case, the surface roughness with scale comparable to the wavelength only appears to affect
the asymmetry parameter by, at most, a few %. The figure shows that the PBT method
is most accurate for longer maximum edge lengths. Since the DDA method predicts that
the scattering is mostly insensitive to the maximum edge length, it can be concluded that
the PBT can accurately model surface roughness by setting the maximum edge length
to several times the wavelength. Based on these conclusions, it is proposed that the best
approach to modelling surface roughness with the PBT method may be to first quantify the
amplitude of the roughness, and then second, choose a suitable maximum edge length that
is several times larger than the wavelength. Then, based on the finding that the scattering
is mostly invariant with respect to the maximum edge length, the PBT method should
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be a valuable tool capable of predicting various integrated scattering parameters with a
relatively small amount of required computations.

Figure 10. Comparison of the asymmetry parameter at each maximum edge length and roughness
amplitude for the PBT and DDA methods.

The computed values for σscat are summarised in Figure 11. As previously discussed,
the DDA method predicts that the variation in the scattering cross section with increasing
roughness amplitude is mostly invariant with respect to the maximum edge length. The PBT
method shows poor accuracy for a non-smooth surface at L = 1 but follows the trend of
the DDA method at L = 3. At L = 3, the PBT method is accurate to within ∼3%.

Figure 11. Comparison of the scattering cross section at each maximum edge length and roughness
amplitude for the PBT and DDA methods.

4. Conclusions

Cirrus clouds play a key role in the atmospheric radiation balance. A quantitatively
accurate understanding of how ice particles in cirrus interact with incident light is therefore
of great importance for predicting and mitigating the effects of climate change. This work
aims to help progress this goal by investigating the light scattering properties of hexagonal
ice plates with surface roughness at a wavelength λ = 0.532 µm. The plates have an
aspect ratio of 10 and volume-equivalent size parameter of 60. The scattering is averaged
over 96 orientations so as to obtain an approximate solution to the orientation-averaged
scattering. The DDA method is first used to investigate the effect of roughness on different
scattering regions and integrated parameters. Secondly, it is used as a reference to measure
the accuracy of the PBT computations. The surface roughness is varied with respect to
both a characteristic length scale and a roughness amplitude. The DDA results show that
the scattering properties are mostly independent of the roughness length scale, and that
roughness has almost no effect on the scattering when the roughness amplitude is much
smaller than the wavelength. One exception to this rule is the direct backscattering, which
shows a higher degree of sensitivity and decreases with the presence of surface roughness.
For the particle geometries studied here, asymmetry parameters decrease by ∼2% as the
roughness amplitude increases from σ = 0 to σ = λ. It is found that the scattering from
hexagonal ice plates with strong roughness amplitude (σ ≈ λ) does not show a halo peak.
This agrees with other studies, and suggests that the halo ratio may not necessarily be
enough information to determine that there is an absence of ice particles with hexagonal
symmetry. For the PBT, a recently developed, open-source physical–optics hybrid method,
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the results show the best accuracy for roughness amplitudes in the range σ ≤ 2λ/5 and a
maximum edge length L = 3λ. In these cases, the asymmetry parameter can be computed
to within 1% and the scattering cross section to within ∼3%.
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