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Abstract. Ice crystals in cirrus clouds can orient themselves depending on their size, shape, and the hydrodynamical condi-
tions. Ice crystal orientation affects the radiative impact of clouds and can introduce biases in retrievals of cloud properties.
Horizontally oriented ice crystals such as plates, for example, specularly reflect sunlight and produce the so-called cloudglint.
This paper introduces a parameterization of horizontally oriented ice crystals for Monte Carlo radiative transfer simulations,
which is based on the treatment of reflection by a statistically rough ocean surface. The parameterization includes polarization
and allows for comparably fast simulations of the cloudglint without having to store large, multidimensional tables of scattering
phase functions. Oriented ice crystals are approximated by plates with infinitely extended top and base faces without sides and
a Gaussian orientation angle distribution. The parameterization includes external reflections as well as an internal reflection
and transmission through the ice crystal. Multiple scattering between different ice crystals is accounted for. The parameteriza-
tion was validated by a comparison with cloudglint simulations of the raytracing algorithm CrystalTrace. Deviations between
CrystalTrace and the parameterization for large solar zenith angles and large aspect ratios can be explained by the influence
of the crystal sides, which are neglected in the parameterization. Possible applications of the parameterization include, for
example, the detection of even small amounts of (oriented) ice crystals from polarized observations of the cloudglint or the

improvement of retrievals of cloud properties.

1 Introduction

Evidence of oriented ice crystals in clouds was already found by Ono (1969). The riming properties inferred from cloud samples
indicated preferred orientations of ice crystals depending on their shape. Platt (1978) found unexpectedly strong backscatter
and low depolarization ratios in groundbased lidar observations, which could only be explained by oriented ice crystals. The
possible horizontal orientation of planar ice crystals was confirmed by the study of the fall attitudes of ice crystals with
photographs of light pillars performed by Sassen (1980). Falling ice crystals orient themselves to provide maximum resistance
to the air. Their exact orientation depends on crystal size, shape, and the hydrodynamical conditions including turbulence,
which destabilizes the alignment (Klett, 1995). While plates align horizontally with top and base facing up- and downwards,
the preferred alignment of columns are sideward looking top and base faces.

Some optical phenomena can only be explained by the presence of oriented ice crystals. Horizontally oriented surfaces,

e.g. from horizontally oriented plates in cirrus clouds, specularly reflect sunlight and produce the so-called cloudglint. Thus,
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ice crystal orientation affects the radiative impact of cirrus clouds. Takano and Liou (1989a) found that oriented ice crystals
can increase the cloud albedo by up to 40%. Chepfer et al. (1999) investigated the occurrence of specular reflection signals in
data from the POLDER satellite and found oriented ice crystals in 40% of the observed cirrus clouds. In addition, cloudglint
observations from the DSCOVR satellite were used to study ice crystal orientation (Marshak et al., 2017; Kostinski et al.,
2026).

In radiative transfer simulations, ice crystals in clouds are usually assumed to be randomly oriented. Due to symmetries,
the scattering phase matrix then reduces to a matrix with only six independent non-zero components and depends only on
the scattering angle (van de Hulst, 1981). In contrast to randomly oriented particles, the scattering phase matrix for oriented
ice crystals generally has 16 non-zero elements and depends on the incident and scattered directions as well as on the ice
crystal orientation. For Mie scattering or randomly oriented ice crystals, where the scattering phase function depends on the
scattering angle only, phase functions can be tabulated and scattered photon directions be sampled from the tables. However
for oriented ice crystals, the tables would be multidimensional (depending on two incoming and two outgoing angles and on
the crystal orientation) which requires considerably more storage space and makes the sampling of photon directions much
more challenging. Retrievals of cloud optical properties usually assume randomly oriented ice crystals, which can introduce
biases in the retrievals of cloud optical properties (Masuda and Ishimoto, 2004). At the same time, existing retrievals of ice
crystal orientation applied single scattering approximations (e.g. Bréon and Dubrulle, 2004; Noel and Chepfer, 2004).

A common method for simulating the single scattering properties of oriented ice crystals is the geometric raytracing method,
which was developed by Wendling et al. (1979) and applied to calculate the scattering phase functions or matrices of horizon-
tally oriented ice crystals by e.g. Rockwitz (1989) and Borovoi et al. (2008). Other methods for computing the single scattering
properties of oriented ice crystals include the finite-difference time domain method (e.g. Chen et al., 2006) and the T-matrix
method (e.g. Baran et al., 2001). A database of the single scattering properties of horizontally oriented ice crystals is available
from Saito and Yang (2019).

Takano and Liou (1989b) developed a radiative transfer model based on the adding method, which includes oriented ice
crystals. Moreover, horizontally oriented ice crystals were included into a Monte Carlo radiative transfer model by Zhou
et al. (2012) to simulate lidar signals. In addition, Prigarin (2009) and Mu et al. (2021) performed unpolarized simulations
of optically anisotropic clouds with a Monte Carlo radiative transfer model. Besides, the geometric raytracing method was
combined with Monte Carlo radiative transfer methods by Forster et al. (2025) in the CrystalTrace algorithm. In contrast to
the aforementionned methods, this combined method allows for simulations of oriented ice crystals without having to store
precomputed scattering phase functions. But it is computationally expensive for simulations with high angular resolution,
needed for example to resolve narrow features like the cloudglint, and does not include polarization.

In this paper, a parameterization for fast Monte Carlo radiative transfer simulations of the cloudglint including polarization
is presented. The parameterization is introduced in Sect. 2. Oriented ice crystals are approximated by plates with infinitely
extended top and base faces. The parameterization includes external reflections at the crystal top as well as an internal reflection
at the base, and transmission through both faces of the ice crystal. The local estimate technique is used to speed up radiance

calculations. In addition, multiple scattering of photons by several different randomly or horizontally oriented ice crystals is
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Figure 1. Cross section of a sunglint simulation along the scattering plane for a wavelength of 550nm, a solar zenith angle of 30° and a near
surface wind speed of 5m/s. Panel (a) shows the total intensity I and panel (b) the ) component of the Stokes vector which describes linear

polarization.

accounted for. Simulations of oriented ice crystals with the parameterization can be performed without having to store large,
multidimensional tables of (polarized) scattering phase functions. The parameterization was implemented in the library for
radiative transfer libRadtran (Mayer and Kylling, 2005; Emde et al., 2016) with the Monte Carlo solver MYSTIC (Mayer,
2009), which includes polarization (Emde et al., 2010) and spherical geometry (Emde and Mayer, 2007). It works in forward
and backward mode. Moreoever, the parameterization was validated by comparing simulation results to simulations performed

with CrystalTrace in Sect. 3. Finally, the results are summarized in the conclusion.

2 Parameterization description

The basic idea of the parameterization is to treat specular reflection on horizontally oriented ice crystals similar to the reflection
on a statistically rough ocean surface introduced by Cox and Munk (1954a, b). In the Monte Carlo approach, a photon reaching
the surface can be reflected isotropically and weighted with the probability for reflection into the randomly chosen direction
which is given by the bidirectional polarization distribution function (BPDF) respectively the ocean reflection matrix. An ocean
reflection matrix describing the scattering on a surface with a Gaussian distribution of surface slopes including polarization
in the Kirchhoff approximation was introduced by Tsang et al. (1985), implemented by Mishchenko and Travis (1997), and
adapted for the parameterization. Figure 1 shows an example sunglint simulation using the ocean reflection matrix. the sunglint
is visible as a broad maximum in the absolute intensity and is strongly polarized. More generally, the probability for reflection
at a plane interface is given by the Fresnel coefficients for the respective incident angle and increases for large incident angles,
see Fig. 2.

Whenever a photon is scattered on its path in MYSTIC, the scatter type is determined first. If the scattering is by an ice

cloud, the photon can be scattered by oriented ice crystals with a probability of coriented, Where Corienteq 18 the fraction of oriented
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Figure 2. Parallel and perpendicular components of the Fresnel power reflection coefficients as a function of incident angle for a refractive

index of 1.3 (as for ice at 550nm).

crystals. Otherwise, it is scattered by randomly oriented ice crystals, which is the default in MYSTIC. Typical oriented crystal
fractions are below 10 % (Bréon and Dubrulle, 2004).

In case the photon is scattered by oriented ice crystals, it is scattered isotropically and weighted according to a BPDF,
similarly to the treatment of reflection on a rough ocean surface. In general, specular reflection can occur on any horizontally
oriented surface, and plates as well as columns can have preferred horizontal orientations. However, an analysis of Noel and
Chepfer (2010) showed that cloudglint producing cirrus clouds are mostly found at temperatures between -30 to -10 °C, where
plates are the dominant habit (Bailey and Hallett, 2009; Takahashi, 2014). In addition, the total area of horizontally oriented
surfaces is larger for plates than for columns. Therefore, oriented ice crystals were approximated by a plate with infinitely
extended parallel top and base faces as indicated in Fig. 3.

When scattered by an oriented crystal, a photon can either be externally reflected at the top of the crystal (a), be transmitted
through the top and internally reflected at the base (b), or transmitted through the top followed by another transmission through
the base of the ice crystal (c). The different interaction types and the concept of the parameterization are shown in Fig. 3 and
described in more detail in the following Sect. 2.1 to 2.3. What happens is explicitly decided by drawing a random number
and using importance sampling (Marchuk et al., 1980): Reflected photons are scattered isotropically and weighted with the
BPDF for either internal or external reflection, similarly to the treatment of surface reflection. The photon direction remains
unchanged by transmission, so the scattered direction is set to the incident direction for this case. If polarization is considered,
each photon is described by a Stokes vector. The transformation of the Stokes vector at an oriented scattering event is given by
the external reflection, internal reflection, and transmission matrices for the randomly drawn interaction and scattered direction.
In contrast to the reflection on the ocean surface, upward propagating photons can also be reflected back by the base of another

oriented ice crystal.
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c) b) a)

Figure 3. Interaction types included in the parameterization: a) external reflection, b) internal reflection, c) transmission.

In order to speed up radiance calculations, the local estimate technique was used and extended to account for oriented ice
crystals in the parameterization, which will be described in more detail in Sect. 2.4. At every interaction, the probability that
the photon is scattered into the direction of the detector and the extinction along the path to the detector are calculated. Here,
the extinction from the interaction point to the detector includes the contribution by transmission through horizontally oriented
ice crystals, which can be described by a delta-function in forward direction. To account for this, the extinction is reduced by

the contribution of transmission through oriented ice crystals.
2.1 External reflection

The simplest interaction is the external reflection at the crystal top. This case can be treated analogously to the reflection at a
rough ocean surface with the ocean reflection matrix in the Kirchhoff approximation using the stationary phase approximation,
which is given in the appendix of Mishchenko and Travis (1997), equations 62-86. The ocean reflection matrix includes
the Mueller reflection matrix, describing the transformation of the Stokes vector by reflection, as well as the probability for
scattering from a given incident to a given reflected direction, which is related to the distribution of surface slopes. For reflection
on oriented ice crystals, the refractive index of water has to be replaced by the refractive index of ice. The distribution of surface
slopes corresponds to the distribution of ice crystal orientation and is described by a Gaussian distribution (Mishchenko and
Travis, 1997):

0: 92\ _ 1 (&) +(5) 0
p 0x’ 0y ) 2ms? P 252 '

The mean square surface slope s? of the Gaussian distribution of surface slopes is calculated from the width of the angular

distribution of crystal orientations og:

5% = tan(op)?. 2)
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B is the deviation angle from the horizontal, often also referred to as tilt angle. o is the width of the Gaussian distribution
of tilt angles or the orientation angle corresponding to the mean surface slope, sometimes also called characteristic tilt angle.
Typical widths of the angular distribution of the cloudglint were found to be in the order of 1° (Noel and Sassen, 2005). The
total matrix describing the external reflection is given by (Mishchenko and Travis, 1997):

Lk, (K,
4cosb;cosb, 2s% ki, 2k2_s?

Rex = ) R(cos0;,co80,, . — ¢;), 3)
where 6;, ¢; and 6,., ¢, are the zenith and azimuth angles of the incident and reflected direction. k; = (kdm,kjdy,kdz)T is
the local surface normal for which the incident and reflected photon direction form a specular reflection, and R is the Stokes
reflection matrix containing the Fresnel coefficients for this specular reflection (called M in Mishchenko and Travis (1997)).
The prefactor includes the probability of the surface slope corresponding to the local surface normal and converts the matrix
into a BPDF.

2.2 Internal reflection

As already discussed, cloudglints are mainly produced by oriented plates. Such a plate crystal consists of parallel top and
base faces as well as side faces. A photon that is scattered by an oriented plate can not only be reflected at the top but also
be transmitted through the top or sides and internally be reflected until it is transmitted again. If a photon is, for example,
transmitted through the top, internally reflected at the base, and transmitted through the top again, it will also contribute to the
cloudglint signal. In the parameterization, the plate crystal is approximated by infinitely extended top and base faces. Thus, the
impact of the crystal sides is neglected. To account for reflections within the crystal, a single internal reflection is considered.
For small zenith angles, the reflectivities according to Fresnel are small, and higher-order multiple reflections within the crystal
do not contribute much (see Fig. 2). For larger zenith angles, the contribution of multiple reflections increases. However, a real
crystal is not infinitely extended, and higher-order reflections might already happen outside the crystal.

The total interaction consists of three individual interactions: transmission followed by internal reflection and another trans-
mission, which can all be described by different transmission and reflection matrices. A combined matrix for all three in-
teractions can be obtained similarly to the external reflection matrix in the Kirchhoff approximation. The total interaction is
symmetric, such that the local surface normal for which the incident and randomly chosen scattered direction form a specular
reflection for the combined matrix is the same as for the external reflection and the internal reflection matrix can be computed

with:

R, — L S .71 Y P M
™ 4cosh; cosh, 2s2 kS, 2k2 2

) ToRT;. 4)

To, R, and T are the Stokes matrices which contain the Fresnel coefficients for the geometry of specular reflection at a surface
with the local surface normal k; and depend on incident and reflected directions. T; and T, describe the transmission from
air to ice and ice to air, respectively, and R the internal reflection on the ice-air interface at the base of the plate. The formula

for the Stokes transmission matrix T describing the transformation of the Stokes vector for a transmission from air to ice or
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ice to air can be found in Chowdhary (1999) or Tsang and Kong (2001) and the formula for R is the same as for the external
reflection with reversed refractive indices. The photon directions after the transmission through the top can be calculated from

the incident directions and the local surface normal using Snell’s law.
2.3 Transmission

A photon transmitted through the top can again be transmitted at the base and not only be internally reflected. This becomes
important for larger optical depths and oriented crystal fractions, when multiple scattering by different ice crystals becomes
more probable. The transmission through the top and base leaves the propagation direction of the photon unchanged. Thus,
a photon transmitted through a first crystal and reflected at a second one can also contribute to the cloudglint. Therefore,
transmission through an ice crystal was included in the parameterization.

The total transmission is described by the product of the transmission matrices for the first transmission from incident to
refracted direction at the air-ice interface and the second transmission from refracted direction back to the incident direction at

the ice-air interface:
T=T,T,. )

The matrix T is equal to T with reversed incident and refracted directions and reversed refractive indices. For the transmission
case, the ice crystals were assumed to be exactly horizontally oriented, which should have only little impact on the results since

the transmission coefficients (1 — R) change only slowly with angle except for very flat incidence, as can be seen in Fig. 2.
2.4 Consideration of transmission in the local estimate

To speed up radiance simulations in MYSTIC, the local estimate technique is used (Marshak and Davis, 2005). The probability
that the photon is scattered into the direction of the detector and reaches the detector without becoming extinct can be calculated
at every scattering point (see Fig. 4). The probability that a photon travels from its current location to the detector without
becoming extinct according to Bouguer-Lambert-Beer’s law is exp(—7extioc), Where Texiioc 18 the extinction optical depth
along the path from the photon location to the detector. In the case of oriented ice crystals, a photon that is scattered into the
direction of the detector can afterwards be transmitted through one or more ice crystals and still reach the detector. However,
the probability for forward scattering respectively transmission through an oriented ice crystal is described by a delta function.
To account for this, the extinction optical depth 7ex joc for the local estimate was reduced by the contribution of transmission
through an oriented ice crystal:

o0

/ _ 2n
Textloc — Textloc — Coriented Tsca,ic § pn(corientedeca,ic)Teff . (6)
n=1

In total, 7/

extloc is the extinction for the local estimate, including the transmission through oriented ice crystals. CorientedTsca, ic 15

the optical depth of oriented ice crystals with the fraction of oriented ice crystals coriened and the optical depth for scattering on

ice clouds Ty ic- Lefr = %(T |+ TH) is the effective Fresnel power transmission coefficient for transmission through a single
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photon 1 photon 2

Figure 4. Basic principle of the local estimate technique for a one-dimenisonal atmosphere containing oriented ice crystals. Solid lines

denote the photon path and dashed lines the local estimate.

interface, such that 7)2. describes the probability for transmission through both interfaces of an ice crystal, neglecting the
change of polarization through transmission. To include polarization here, T, would have to be replaced by the transmission
Mueller matrix and Stokes vectors be transformed accordingly as discussed in Sect. 3. As for the transmission case, the ice
crystals are assumed to be horizontally oriented and the incident angles therefore given by the zenith angle of the detector.

Finally, p,, is the probability for scattering exactly n times for a given optical depth 7:

185 pn(7) = %T" exp(—7). 7

190

195

A derivation of this equation can be found in the Appendix.

The complete local estimate for oriented ice crystals is given by the sum of
exp(—Toioe)/ €08 0d - (Rext + Riny) - wl 8)

at every scattering event of a photon, which is described by wI. The probability that the photon is scattered into the direction of
the detector is included in the reflection matrices Rexiernal OF Rinernal- Since polarization is considered in the parameterization and
reflection changes the polarization, the Stokes vector I has to be transformed by the reflection matrix of the randomly chosen
interaction. In the unpolarized case, the reflection matrices would be replaced by the Fresnel power reflection coefficients.

The extinction along the path from the photon location to the detector is given by 7/ is the

xt,loc*

Thus, the factor exp(—T7,,1oc)
probability that the photon reaches the detector from its current location. w is the photon weight, which is for example used
for the importance sampling, and the factor cos; (where 6 is the detector zenith angle) is needed due to the projected area in

the definition of the radiance.

3 Results and discussion

In this section, simulation results of the cloudglint parameterization are analyzed and discussed. The parameterization does not

include crystals sides. Ice crystals are assumed to consist of parallel top and base only. To analyze the impact of the crystal
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Figure 5. Comparison of the cloudglint parameterization (black) and CrystalTrace (colored) for different solar zenith angles and aspect
ratios. The optical depth for all simulations was 1, the angular distribution width o = 1°, the wavelength 550nm, and the oriented crystal
fraction 0.05. In addition, the CrystalTrace simulations were for 100% plates, while for the parameterization smooth plates from Yang et al.

(2013) were used. Both, simulations with CrystalTrace and the parameterization were performed with the same angular resolution of 0.25°.

sides on the cloudglint and validate the parameterization, cloudglint simulation results of the parameterization were compared
to raytracing simulations with CrystalTrace. CrystalTrace is a raytracing algorithm introduced by Forster et al. (2025), which
combines the raytracing method for single scattering on oriented ice crystals with Monte Carlo radiative transfer methods. It is
included in the Monte Carlo solver MYSTIC in libRadtran and allows the simulation of different mixtures of ice crystals with
various shapes and orientations. Whenever a photon hits an ice crystal on its path through the atmosphere, it enters the crystal
and is traced through the crystal with the raytracing method until it escapes and continues its journey through the atmosphere.

Cloudglint profiles obtained with the new parameterization were compared to raytracing simulations with CrystalTrace for

L
2a’

different ice crystal aspect ratios and solar zenith angles in Fig. 5. Here, the aspect ratio is defined as AR = where a is
the radius of the top and L the length of the side face of a plate. Typical aspect ratios of around 0.2 to 0.3 and maximum
dimensions of about 100 to 150um were observed for plates in cirrus clouds by Um et al. (2015). Common dimensional
relationships give aspect ratios of 0.1 to 0.2 for plates with the same size and decreasing aspect ratios with increasing size of
the plates (Pruppacher and Klett, 1997). Since CrystalTrace does not include polarization, only the I-component of the Stokes
vector was compared to the results from CrystalTrace.

Generally, the simulations with both CrystalTrace and the parameterization in Fig. 5 show good agreement. The agreement

is better for smaller aspect ratios and smaller solar zenith angles. This is expected, since less photons encounter the crystal sides
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in these cases and the relative importance of the crystal sides is therefore smallest. The increasing amplitudes of the cloudglint
with increasing solar zenith angle reflect the dependence of the Fresnel reflection coefficients on the incident angle (see Fig. 2).
The differences between the simulations for different aspect ratios with CrystalTrace in Fig. 5 indicate that the influence of the
crystal sides for different aspect ratios and solar zenith angles is very complex. For example, for larger solar zenith angles, the
cloudglint maximum is most pronounced at larger aspect ratios, whereas the differences between the simulations for different
aspect ratios are small for small solar zenith angles, which is the result of the complex influence of the crystal sides. At
larger solar zenith angles, increased reflection on the crystal sides and multiple scattering lead to increasing amplitudes of the
cloudglint for the larger aspect ratios.

The shape of the simulated cloudglints is Gaussian in the case of the parameterization and close to Gaussian also for Crys-
talTrace. Noel and Sassen (2005) found good agreement between their simple Gaussian model for the cloudglint shape and
observations. The full width at half maximum of the cloudglint simulations performed with the parameterization in Fig. 5
is around 2 - 21/2log204, as expected from the definition of the Gaussian distribution of orientation angles for the parame-
terization. The second factor 2 comes from the specular reflection. In summary, there are only small deviations between the
cloudglint parameterization and CrystalTrace, which can be explained by the influence of the crystal sides and consequently
depend on the ice crystal aspect ratio and the solar zenith angle.

At the same time, the simulations with the parameterization are significantly faster compared to CrystalTrace, when narrow
features like the cloudglint are computed with high angular resolution, since CrystalTrace simulations can only be performed
in forward mode. While this is reasonable if the complete sky radiance distribution is to be calculated, it is inefficient if
only some viewing angles are to be calculated. In contrast, the scattering angles of interest can be computed individually and
independently with the introduced parameterization. The simulations with the parameterization and CrystalTrace in Fig. 5 have
the same angular resolution of 0.25 °. Depending on the solar zenith angle, the simulations with the parameterization needed
about 50 to 80s on an Intel® Xeon(R) W-2245 CPU @ 3.90 GHz processor for the scattering angle range of 20 °, performing
the simulations of the individual angles one after another. The standard deviations of the simulated radiances were around 2-3%.
On the other hand, the simulations with CrystalTrace took between 8 and 15 min for the different solar zenith angles on the same
processor. However, the mean standard deviation of the simulated radiances was around 10-50% for CrystalTrace, which is on
average a factor of about 10 larger than the standard deviation of the simulations with the parameterization. In order to achieve
the same accuracy with CrystalTrace, the number of photons would have had to be increased by a factor of 10-10 = 100, since
the relative standard deviation for Monte Carlo radiative transfer is proportional to 1/+/N, where N is the number of photons
(Mayer, 2009). Thus, CrystalTrace simulations with the same standard deviation as the simulations with the parameterization
would have taken about 800 to 1500 min, which is approximately 1000 times slower than the parameterization.

There are various options how the parameterization could be further improved in the future. First, polarization could be
considered in the local estimate. So far, the transmission through oriented ice crystals is accounted for by the effective Fresnel
power transmission coefficient in equation 6. In reality, transmission through ice crystals also changes the polarization. This
could be included by sampling the number of scatterings on oriented ice crystals between the current position of the photon

and the detector and multiplying the Stokes vectors with the total transmission matrix for every scattering. Moreover, instead

10
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of assuming a horizontal orientation for the transmission in Sect. 2.3, the orientation distribution of ice crystals could also be
included in the transmission matrices, similar to the reflection matrices. An orientation angle deviating from the horizontal
leads to small changes of the incident angles and, therefore, also to small changes of the transmission coefficients. To account
for this, the refracted direction could be chosen randomly and the total transmission matrix be weighted with the probability for
the surface slope, which forms a specular transmission for this direction, similar to the treatment of reflection. However, this
would potentially increase the computation time, since many photons will be refracted into non-specular directions and thus
have very small weights. In addition, the error due to the assumption of a horizontal orientation is small for typical small tilt
angles, since the transmission coefficients change only slowly except for flat incidence (see Fig. 2). If cloudglint simulations
are computed for the near-infrared wavelength range instead of the visible, absorption within an ice crystal becomes important.
This could be included by reducing the photon weight, similar to the general treatment of absorption in the atmosphere.

It turned out, that there is the risk of spikes in the simulation results from the parameterization due to the very narrow
probability distribution for specular reflection at horizontally oriented ice crystals, which can cause large photon weights in
the local estimate. Typical widths of the angular distribution of crystal orientations are on the order of 1° (Noel and Sassen,
2005). Similar problems are also known for specular reflection at rough ocean surfaces with small wind speeds. Convergence
could be increased and spikes suppressed by either using delta scaling or a variance reduction method. However, the former
is problematic for multiple scattering, while the development and implementation of the latter is very complex. The variance
reduction method VROOM by Buras and Mayer (2011) suppresses spikes, which are caused by the strong forward scattering
peak in the scattering phase function for ice clouds. However, by including horizontally oriented ice crystals that can specularly
reflect radiation, there are two problematic directions with very narrow peaks, one in the transmission direction and the other
one in the specular direction. This makes it very hard to optimize and reduce spikes and requires a new and extended variance
reduction method. To deal with the spikes, several runs of the simulations and an outlier detection can be performed. Even
then, the parameterization is still significantly faster than CrystalTrace for simulations of narrow features like the cloudglint

with a high angular resolution.

4 Conclusions

In this work, a parameterization for polarized Monte Carlo radiative transfer simulations of the cloudglint, which is formed
by scattering on horizontally oriented ice crystals, was introduced. The presented cloudglint parameterization allows very fast
simulations of cloudglints compared to the raytracing algorithm CrystalTrace by Forster et al. (2025) and additionally includes
polarization. The computation time is significantly lower if only a small angular range is simulated with high resolution, as
for the cloudglint. In addition, it is not necessary to store large, multidimensional look-up tables of scattering phase functions
for oriented ice crystals, as in other approaches. The mayor interaction types of solar radiation with an ice crystal, external
reflection, one internal reflection, and transmission, are accounted for. Moreover, the parameterization includes multiple scat-
tering on different ice crystals. A Gaussian distribution of surface slopes respectively ice crystal orientation was assumed in

the parameterization.
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The parameterization was validated by a comparison of cloudglint simulations with the parameterization to simulations with
CrystalTrace. There was generally good agreement between both methods. Small deviations between cloudglints simulated
with CrystalTrace and with the parameterization can be explained by the neglect of the crystal sides in the parameterization.
Horizontally oriented ice crystals are approximated by plates with infinitely extended top and base faces in the parameterization.
The impact of the crystal sides on the cloudglint is very complex and depends on solar zenith angle, aspect ratio, and possible
multiple scattering effects. Since the parameterization neglects the crystal sides, it is not possible to simulate other features
caused by oriented ice crystals, such as subparhelia or subparhelic circles, besides the simulation of the cloudglint.

Possible applications of the parameterization include a retrieval of ice crystal orientation from polarized observations of
the cloudglint. The observation of the cloudglint indicates the presence of horizontally oriented surfaces. The width of the
cloudglint is related to the characteristic tilt angle of the ice crystals relative to the horizontal, while the amplitude of the
cloudglint depends on the fraction of oriented ice crystals. In general, retrievals of cloud optical properties can be biased due
to the assumption of randomly oriented ice crystals in most models. This bias can be reduced by including the presented

parameterization of oriented ice crystals in the simulations used for the retrievals.

Code availability. The cloudglint parameterization and CrystalTrace are part of the open source version of the libRadtran library for radiative
transfer and can be accessed at Mayer et al. (2026) (DOI: https://doi.org/10.5281/zenodo.21935470). However, we recommend obtaining the
latest version of the library from http://www.libradtran.org (libRadtran, 2026).

Appendix A: Derivation of scattering probability

The equation for p,,, the probability for scattering exactly n times for a given optical depth 7, can be obtained as follows. The

probability for zero scatterings corresponds to the transmission probability and is given by Bouger-Lambert-Beer’s law
po(T) = exp(=T). (A1)

Moreover, the probability for scattering once is determined by the probability for transmission from 7 =0 to 7/, where the
scattering takes place, and for transmission from 7’ to 7 integrated over all possible scattering locations 7'

T T

pi(7) = /exp(fT')exp(f(T —7'))dr" = /eXp(*T)dT/ = Texp(—7). (A2)

0 0

Similarly, the probability that a photon is scattered twice can be calculated:

"

po(T) = //exp(fT’) exp(— (7" — 7)) exp(—(7 — 7""))d7r'dr" = //exp(fT)dT’dT" = %Tzexp(fT). (A3)
00 00
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Probabilities for larger numbers of scatterings can be obtained accordingly by inserting an additional integration for each

scattering. This leads to the equation for the scattering probability p,, (7):

1
pu(r) = — 7" exp(=7). (A%)
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