Reply to referee comment RC1

We thank the referee for carefully reviewing the manuscript and for the valuable suggestions and
comments. The referee’s comments are highlighted in blue and the authors’ response in black.
Changes to the manuscript are displayed in italic font.

Forster et al. present a new radiative transfer algorithm for cirrus clouds containing oriented ice
crystals. This scheme is based on a raytracing method that can be coupled to the existing MYSTIC
radiative transfer model. It handles both single and multiple scattering by oriented and randomly
oriented crystals with higher angular resolution, thereby improving the simulation of sharp halos.
The authors compare the method with existing data-base and pre-tabulated approaches for phase
functions and radiance fields, and they show that it reproduces several optical phenomena observed
during a recent field campaign.

Major comments:

Comment 1. Spectral scope and absorption

CrystalTrace is currently limited to the visible spectral range and neglects ice absorption. Although
the code successfully reproduces halo phenomena, its suitability for radiance-based applications
such as fluxes and heating-rate profiles remains uncertain. Even without absorption, please compare
top- and bottom-of-atmosphere fluxes with those from other models under a zero-absorption
assumption to validate energy closure.

Response 1: We thank the reviewer for this suggestion and included a comparison between
MYSTIC/YANG and MY STIC/CrystalTrace for TOA and BOA fluxes, assuming zero-absorption.
In addition to comparing radiances (Fig. 7), we included Table 1 to validate energy closure (E_net).
Page 9, line 178: “In addition to radiances, we compared top-of-atmosphere (TOA) and bottom-of-
atmosphere (BOA) fluxes for randomly oriented crystals by integrating radiances over the
respective hemispheres. For all configurations, the net fluxes are effectively zero within the I-o
uncertainty, confirming energy closure.”

Table 1. Radiative flux simulations at top-of-atmosphere (TOA) and bottom-of-atmosphere (BOA) with MYSTIC, comparing CrystalTrace
and YANG for a solar zenith angle of 6o = 30° and azimuth angle ¢o = 270°, columns with AR = 14.4, D = 10* um at a wavelength of
550 nm, and optical depths € [1,10]. The simulations were performed without atmospheric background or ice absorption. The net flux is
defined as Enet = Euirtoa — EdirBoa — Eansoa — Eupoa. Provided are the average and standard deviation over 107 photons. The uncertainty

represents a 1o-confidence interval.

ic_properties T FElirToA FEirsoa FEinpoa Eyp, oA Bt [MWm™2 nm ™! sr7!]
YANG 1 144472 391.50+0.74 966.74+0.70 86.43+£0.27 0.05+1.06

YANG 10 144472  0.01+0.00 816.67+0.83 628.15+0.62 —0.10+1.04
CrystalTrace 1 144472 391.36+0.46 922.08+0.66 131.39+0.40 —0.10£0.90
CrystalTrace 10 144472  0.00+£0.00 676.31+£0.75 768.26 +0.92 0.15+1.19

Comment 2. Crystal shapes and aggregation

The manuscript claims that CrystalTrace supports multiple ice-crystal habits, yet only hexagonal
prisms are demonstrated. Which additional shapes are implemented, what parameters (aspect ratio,
bullet length, etc.) can be set, and how are aggregates treated?

Response 2: In principle, the same ice crystal habits can be included which are supported by Macke
(1994)’s raytracing code. We also included a Python script in the GitHub repository to generate new
ice crystal geometries, which currently supports hexagonal prisms with different aspect ratios:
https://github.com/Iforster/Crystal Trace/blob/main/crystal geometry/generate crystal file.py



https://github.com/lforster/CrystalTrace/blob/main/crystal_geometry/generate_crystal_file.py

We modified the abstract to clarify this:
Page 1, line 7: “The current version of CrystalTrace is implemented for the visible spectral range
and supports individual hexagonal prisms with different sizes and aspect ratios.”

Comment 3. Missing diffraction (future work)

The authors state that diffraction and full-vector (polarized) radiative transfer will be added in a
future release. Please estimate how omitting diffraction biases the asymmetry parameter (g) and
top-of-atmosphere short-wave flux for thin (t = 1) and thick (t = 10) cirrus layers of different
crystal sizes.

Response 3: As described in Response 1, we included Table 1 with radiative fluxes at TOA and
BOA for 1= 1 and t = 10 for randomly oriented crystals and compared them with YANG. In
contrast to flux, the asymmetry parameters cannot be directly compared between CrystalTrace and
YANG. Since our method is based on geometric-optics raytracing, rays that experience only a very
small angular deviation are treated as transmission rather than as a scattering event. Consequently,
the single-scattering phase function extracted from our radiance field does not include the forward
scattering peak which is present in YANG. Our phase function basically corresponds to a delta-
scaled representation, with a reduced asymmetry factor, given by g’ = (g-f) / (1 -f”). So, the derived
g’ from CrystalTrace is lower than YANG and a direct comparison would not be meaningful.

Minor comments:

Comment 4: Please indicate whether CrystalTrace can be configured for active-sensor geometries
(e.g. zenith-pointing or spaceborne lidar).

Response 4: CrystalTrace takes the zenith and azimuth angle of the incident radiance vector as
input and returns the direction of the scattered radiance. In principle, CrystalTrace supports zenith-
pointing or spaceborne (nadir-pointing) lidar observation geometries, however simulation with
active sensors (lidar/radar) is currently not implemented in MY STIC.

Comment 5: For the benefit of prospective users, consider supplying a concise example input deck
(MYSTIC / libRadtran format) that defines an ice cloud with user-selected aspect ratio and
orientation parameters

Response 5: Thank you for this suggestion. CrystalTrace is part of libRadtran version 2.0.6 and
includes an example as test case but has not yet been documented in the user manual. We provide
additional documentation and examples in a GitHub repository. We modified the code and data
availability statement:

Page 15, line 261: “CrystalTrace is distributed as part of the libRadtran radiative transfer package
(version 2.0.6 and later). Supplementary materials, including detailed documentation, example
input files, and plotting scripts used in this work, are available on GitHub
(https.//github.com/Iforster/CrystalTrace) and have been preserved on Zenodo (DOI:
10.5281/zenodo.17679332).”

Comment 6: Include a benchmark case with only randomly oriented crystals, comparing
CrystalTrace results to those from an established solver. This will demonstrate that the new code
reproduces standard solutions when orientation effects are disabled.

Response 6: Figure 7 illustrates the benchmark case using 100% randomly oriented crystals and
comparing MY STIC/CrystalTrace with results from MYSTIC/YANG.

Comment 7: Clarify whether the current implementation can handle mixed-phase clouds that
contain both ice and liquid water.



Response 7: Yes, the current implementation can handle mixed-phase clouds that contain both ice
and liquid water. For this use case, two profiles can be defined — one using optical properties of
water droplets and the other one for ice crystals. The mixture can be prescribed via their respective
optical thickness.

Specific comments:

Comment 8: p.1 1-14: Please quantify the impact of ice-crystal orientation on the radiation budget
(e.g. ASW CRE).

Response 8: We agree that quantifying the impact of ice crystal orientation on the radiation budget
would be valuable. Since this would require a dedicated study with simulations across a large set of
parameters (wavelength, crystal shape, orientation fraction, orientation parameter, cloud optical
thickness) this is beyond the scope of this study.

Comment 9: p.3 1-46: The code is said to build on Macke (1994). Please spell out the
improvements and novel aspects relative to that work. Section 2.3 compares CrystalTrace with the
bug-fixed version of GO; clarify the differences between the two algorithms.

Response 9: We added a more detailed description of the bug-fixed GO version in the Supplement.
We wrote a completely new solver in C language, interfacing seamlessly with MYSTIC and
libRadtran. For some core raytracing functions, we were drawing inspiration from Macke (1994)’s
Fortran code.

Comment 10: p.3 1-47: If a broader wavelength range than 400—700 nm is simulated, will the
results near 400 nm and 700 nm remain consistent with other algorithms?

Response 10: We removed the wavelength interval from this sentence since the effect of the
wavelength on the ice crystal size parameter is explained in more details in Section 2. Although we
have tested CrystalTrace only in the visible spectrum, it is possible to simulate any other
wavelength that is supported by MY STIC. Since ice absorption is not implemented, spectral
variations only lead to changes in the refractive index. The other consideration is that the size
parameter of typical ice crystal dimensions is getting smaller with increasing wavelength, deviating
more from the Geometric Optics approximation.

Comment 11: p.7 I-144: Is photon termination (e.g., Russian-roulette) applied to prevent endless
scattering in very thick ice clouds?

Response 11: Russian Roulette is implemented in MYSTIC. In the case of ice clouds with very
large optical thickness values, the photons will be terminated by MYSTIC before entering
CrystalTrace.

Comment 12: p.8 1-173: The sentence contains two instances of “with”; please remove one.
Response 12: Fixed.

Comment 13: p.8 1-184: The authors show that CrystalTrace is unaffected by scattering-angle
resolution. What is the computational-cost difference between CrystalTrace and the pre-computed
look-up table?

Response 13: We do not have access to the source code of Yang et al. 2013 and hence cannot
directly compare the total computational cost.

Comment 14: p.9 Figure 6: The legends list “4.0e-04” and “2.1e-03”, but the meaning of these
values is not explained.

Response 14: We appreciate the reviewer’s suggestion and have updated the caption of Figure 6
accordingly:



Page 9: “Figure 6. Comparison of the scattering [...] Both the GO and CrystalTrace phase
functions were scaled to allow for a comparison of the results for scattering angles excluding the
forward scattering peak. The scaling factors are shown in the legend. [...]”

Comment 15: p.10 Figure 7c: The background (non-22°) radiance is slightly higher in
CrystalTrace. Was ice absorption enabled in the MYSTIC-YANG control run? If not, what explains
the difference?

Response 15: We appreciate the reviewer’s request for clarification. We repeated the simulation and
ensured no ice absorption was disabled. The difference of the background radiance between
MYSTIC — YANG is of the order of 10-3. We extended Fig. 7 with the corresponding standard
deviation and added the following explanation to the manuscript.

Page 9, line 167: “Panels (d)—(f) show the standard deviation, representing the Monte Carlo noise
within a 1-o confidence interval, which is on average about 9% relative to the simulated radiances.
The mean difference in Fig. 7c is (0.0004 £ 0.0573) [Wm ™~ nm™! sr™!], effectively zero within the I-
o confidence range.

Comment 16: p.10 1-200: Please provide the standard deviation of radiances for MYSTIC-
CrystalTrace versus MYSTIC-YANG over several independent runs.
Response 16: We appreciate the suggestion and added results for the standard deviation to Fig. 7.

Comment 17: p.10 1-202: Runtime is reported for only 1 x 10° photons—insufficient for low noise
in a hemispheric simulation. Please also give the runtime (and peak memory) for an equivalent
MY STIC-YANG run to substantiate the claimed efficiency.

Response 17: Thank you for raising this point. All simulations are performed for 107 photons. We
modified the text to be consistent:

Page 12, line 195: “The runtime for 107 photons amounts to about 50 s for t = 1 (140 s for t = 10)
using a single core Apple M1 Max processor with 3.2 GHz clock frequency and is the same for
CrystalTrace and YANG.”

Comment 18: p.13 1-233: How many photons were used to obtain adequate aerosol-scattering
statistics?

Response 18: The number of photons is the same throughout the study: we used 107 photons. We
added the info to the caption of Figure 12:

Page 14: “Figure 12. CrystalTrace simulation of 1 April 2014 8:25 UTC at an SZA of 57° and a
wavelength of 500 nm. The simulation was performed for 45% randomly oriented columns which
form the 22° halo, 10% oriented plates which cause the sundogs, 35% oriented columns which are
responsible for the upper and lower tangent arcs, and 10% Parry-oriented columns which form the
upper Parry arc. The simulation was performed with 107 photons. A cirrus optical thickness of 1
was chosen and the aerosol was parameterized by the OPAC desert dust mixture with an AOT of
0.48 at 500 nm, which is the daily mean provided by AERONET.”



