Response to RC1

We would like to thank the reviewers for their comments and suggestions, which have helped us
significantly improve the manuscript. In the revised version, we have made the following major
changes:

Streamlined introduction and reduction of discussion on the radiative effects of dust
Equations and quantity definitions moved to a newly introduced “Theoretical
Background” section

Minor revisions to most plots for improved clarity

Clarifications to results and discussion in section 5

Additions to limitations in conclusion section

Below are point-to-point responses to reviewer comments.

The study uses 14 realistic Asian dust particles with sizes from r = 0.46 to 0.93 ym and describe
their scattering properties by using the discrete dipole approximation (DDA). They calculate lidar
ratios and depolarization ratios at 3 commonly used lidar wavelengths based on their realistic
particles with the limited size range. They reveal an asymptotic behavior of the lidar ratio and
depolarization ratio with increasing size parameters and develop a parameterization for the later
one. The study is interesting and contributes to the challenging task of modelling the scattering
properties of irregularly shaped mineral dust particles. The DDA technique allows to create any
particle shape which has advantages above predefined particles shapes. However, it is difficult
to extend it to large size parameters, where the asymptotic behavior might be helpful. The
manuscript can still be improved and therefore, | recommend to consider my major revisions
listed below.

Major comments:
1. Size

Your studied particles range roughly between 1 — 2 ym in diameter. Is this sufficient to
realistically describe atmospheric mineral dust? The fine mode or sub-micrometer mode is
missing but contributes to the optical properties observed with lidar. And on the other end, the
large particles are missing as well. It is a major limitation of the study and hampers a good
comparison to real world observations with lidar. Please discuss how representative your
particle size range is for atmospheric observations.

Response: You are right that our dust samples are limited in terms of their sizes and CRI (see
our reply to CRI below). The dust samples in our study are provided by the NIST group who did
some comprehensive single-particle analysis of Asian dusts (see Conny et al. 2017, 2019).
Their techniques, in particular the focus-iron beam (FIB) tomography, are expensive and labor
intensive. So they were only able to analyze those dust samples presented in our study.



On the other hand, the advanced techniques provide rich information on the microphysical and
optical properties of dust particles. In particular, the FIB tomography enables extremely detailed
rendering of the 3D shape of the dust particle. As pointed out in the introduction, the use of
realistic dust particle shape is one of the novelties of this study in comparison with many
previous ones.

Going back to your questions, we believe that our samples are highly representative of the real
world dust particles in the similar size range, although as you pointed out the size range is
indeed limited. We have pointed out this limitation in the discussion, lines 661-664. Additional
discussion to this limitation is added to lines 388-391 and 510-511, and lines 708-717. To
alleviate this limitation, we add to the study the results based on the irregular hexahedral to
check that the behaviors of lidar scattering properties, e.g., DPR vs size, learned from our dust
samples also apply to other shapes and to a larger size range. As we showed in Section 5, the
results based on two shape models agree reasonably well. It is also aligned with the lab
measurements results from Jarvinen et al., 2016.

In summary, although the size range of our dust samples are limited, we believe that the lessons
learned are general and applicable to realistic dust.

Because you don’t vary CRI nor shape, there is no additional information in using different
wavelengths. If you would stick to one wavelength (e.g., 532 nm), you would just cover the size
parameters from 5.5 to 11, this is much less than in Jarvinen et al., 2016. And from this, you
cannot draw the conclusions presented in Sect. 4. Now, you just add calculations at other
wavelengths, in principle you could take any wavelength to cover the size parameter space from
0.1 to 20. And in fact, you’re just covering the size parameter space from 2.7 to 16.5. So, the
smallest size parameters, i.e., the fine mode, is not included. Please start your figures at 0 and
not at 2 (Fig. 6-8). If you take for example Fig. 12a and mark the covered size range of your
particles, you will see that just a small part of the size distribution is covered.

Response: We don't fully agree that “Because you don’t vary CRI nor shape, there is no
additional information in using different wavelengths.” First of all, dust shape does not change
with lidar wavelengths. Second, in the visible region, the variation of dust CRI is mainly due to
the presence of iron oxide (See Sokolik et al. 1993). For dust particles with low iron oxide
content, the CRI in the SW spectral region does not change much (Zhang et al., 2024).. In other
words, for real-world dust with low iron oxide content, the only significant differences between
the three lidar wavelengths are size parameters. Therefore, our analysis is still meaningful. Yes,
we could add other wavelengths, but the 355 nm, 532 nm and 1064 nm are widely used for dust
remote sensing, and it is why they are selected for our study. As shown in section 5 (Fig. 12),
even with the simplest set for three wavelengths, our results can still simulate the spectral DPR
behavior observed by Haarig et al.( 2022). Finally, it is important to note that a large variety of
CRI values have been used in our computations based on the assumed iron oxide compositions
(see Section 3.2). This ensures our computations to capture some variability of dust CRI.

Nevertheless, we carried out the following sensitivity study to further understand the impacts of
spectrally dependent CRI on the LR and DPR. To specify CRI variation with spectral



wavelengths, we used the percentage of hematite by volume given in Conny et al., 2019 to
assign new refractive indices to each particle based on a database of dust refractive index
available in Obiso et al., 2024. The LR and DPR results (red dots) based on the new
spectrally-dependent CRI are shown in Figure R1 below, overlaid with our original results (blue).
Although there are some differences, the two sets of computations follow the same general
trends (i.e., LR decreasing and DPR increasing with size parameter). This suggests that our
conclusion still holds when using the spectrally dependent CRI. This is not surprising because
as mentioned above we have used a variety of CRI values (although they are not spectrally

dependent) in our computations.
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Figure R1. Lidar Ratio and Depolarization Ratio of dust particles as a function of size
parameter. Red points represent the use of a wavelength-dependent CRI based on hematite
content of the particle, while blue points indicate the optical properties using the original 589 nm
wavelength refractive indices reported in Conny et al., 2019.

We have updated manuscript Figures 6-8 to start at size parameter 0.

2.CRI

If you cannot include the spectral dependence of the CRI, i.e., the increase towards the UV, |

would omit the results at 355 nm. In case you want to keep the results at 355 nm, please find a
way to mimic a realistic increase in the imaginary part of the CRI. Otherwise, your discussions
might be misleading.



The complex refractive index (CRI) is an important quantity. However, you missed completely to
set your results in the context of previous observations. The first study which comes into my
mind is the one by Di Biagio et al., 2019.

Response: First of all, as explained in section 3.2, the values of CRI at the 532 nm are derived
from laboratory measurements (e.g., energy-dispersive X-ray spectroscopy see more details in
Conny et al. 2019). Extending the CRI from 532 nm to 355 nm and 1064 nm, in a meaningful
way, would require knowledge of dust mineralogical compositions and the CRI of each individual
component. This is not a trivial task and it is beyond the scope of this study.

We also want to note here that the CRI of the dust minerals are still poorly understood and
subject to large uncertainty. Take for example the CRI of hematite—one of the most important
absorbing minerals, the imaginary part of hematite often in the literature often differ by several
orders of magnitude (see Go et al. 2021; Di Biagio et al. 2019). See also Figure R2 below from
Go et al. 2021. Even if we had taken into the consideration of CRI spectral variation due to dust
mineralogy, the results would have been qualitative and subject to large uncertainty.
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Figure R2. A figure from Go et al. 2021 (Their Figure 3) Plots of previously published hematite
refractive indices at 300—700 nm: (a) real part and (b) imaginary part. Note the large uncertainty
among previously published data.

Finally, it should be noted that although we used spectrally invariant CRI for our FIB dust particle
computation, we compared the scattering properties of FIB particles to those of TAMU irregular
hexahedra that used a spectrally dependent CRI. The CRI used for the TAMU hexahedra
(shown in Figure R3 below) is adopted from Song et al., 2022 which combined data from
several previous studies. Despite the constant CRI limitation, our work still captures a decrease
in SSA and DPR for the particles similarly to the hexahedra using a spectrally dependent CRI.
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Figure R3. Spectral refractive index from Song et al. 2023 used to derive the scattering
properties of irregular hexahedra from the TAMU2020 dust database.

The CRI of dust is highly uncertain and pertains to the particular mineralogy of the dust particle.
We discuss the limitations of CRI, particularly for 355 nm wavelength, in lines 494-497, ...
Additionally, the CRI of the hexahedra which we compare our study to used the globally
averaged dust refractive index from Song et al., 2022, deriving the values from Di Biagio’s study.
Di Biagio is an author for both works. Despite the constant CRI limitation, our work still captures
a decrease in SSA and DPR for the particles similarly to the hexahedra using a spectrally
dependent CRI.

3. Asian Dust

The term “Asian dust” is widely used in literature, especially to separate it from Saharan dust.
However, Asia is a huge continent and at some point, you should be more specific about the
source region, which is probably in the Gobi Desert. Dust from Central or West Asian (Middle
Eastern, Persian or Arabian) deserts might exhibit different optical properties.

And there are differences in the optical properties, especially in the lidar ratio, between Asian
and Saharan dust, which was summarized by Floutsi et al., AMT 2023 based on observations of
Hofer et al., ACP 2020. A lidar ratio of 35 sr might be not that bad for Asian dust, but not for
(West) Saharan dust.



Response: To our knowledge, there is no evidence to suggest that morphology of dust particles
is strongly tied to regional origin. Therefore, while these dust particles are suspected to be of
Gobi origin, we believe the FIB dust samples to be useful for characterization of atmospheric

dust more generally.

To try to better address the origin of the dust, we run a back trajectory of the dust particles from
the location found in the CALIPSO track as a new starting point to attempt to determine the
desert of origin, in Figure R4.
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Figure R4. HYSPLIT backtracking trajectories from the intersection of CALIOP and original
HYSPLIT trajectories seen in Figure 1 of the manuscript.



This seems not to fully address the question of desert origin. Notably, the 5000m line drops in
height significantly just East of the Qaidam Basin, so this could be a reasonable guess (circled
in red). We have added mention of the Gobi origin to the manuscript.

4. Asymptotic Behavior

The measurements of Jarvinen et al., 2016, show an asymptotic behavior for the depolarization
ratio as you mentioned correctly. But you are hiding that this plateau was found at around 0.30
and not 0.41. This is a significant difference. Does your model overestimate the depolarization
ratio of mineral dust? And why? What could be the reason? Asian dust was included in the
study of Jarvinen et al., 2016. Kahnert et al., 2020, used the laboratory results of Jarvinen et al.,
to test various modelling parameters. Please take these two studies seriously and discuss the
differences to your results.

Response: We cited Jarvinen et al. (2016) multiple times throughout our manuscript, clearly
indicating our careful consideration and respect for their findings. Therefore, we disagree with
the characterization that we are "hiding" results or not taking their study seriously. Given the
inherent variability in Asian dust particle properties, it is entirely plausible that neither our study
nor Jarvinen et al. (2016) alone can fully represent all Asian dust conditions.

Could our study potentially overestimate the depolarization ratio (DPR) for certain mineral dust
particles? Indeed, it is possible for specific cases. However, as clearly explained earlier, we
have confidence in the accuracy and representativeness of our modeling results for the
particular dust samples analyzed in this study.

More fundamentally, rather than fixating solely on the exact numerical value of the DPR
asymptotic plateau, our intention was to emphasize the significance and practical utility of the
observed asymptotic behavior itself. Our developed parameterization scheme for DPR in
Section 5 can, in fact, be adapted effectively to match observations from Jarvinen et al. (2016),
underscoring its broader applicability and robustness.

Finally, we would like to highlight that differences among various studies naturally arise due to
distinct methodologies, dust samples, and experimental setups employed. Expecting identical
numerical outcomes across studies is unrealistic. Instead, it is more meaningful to acknowledge
shared conclusions or common underlying behaviors, such as the observed asymptotic nature
of the DPR, as confirmed by both our study and Jarvinen et al. (2016).

Jarvinen et al. (2016)’s lower plateau is stated in lines 143-145. For single particle simulations,
Kong, S. et al., 2020 using the hypothetical Super-Spheroid Model shows great variability in
DPR throughout the coarse mode. It seems reasonable for differences between single particle
simulations such as these and bulk scattering properties observed by Jarvinen et al to arise.
Compared to our bulk averaged results, their study also uses a standard deviation between 1.2



and 2.0 for lab measurements, significantly greater than our 0.529. Jarvinen et al.’s work notes
the sensitivity of results to PSD themselves throughout section 2.4. Clearly, a wider PSD would
result in a lesser DPR when an asymptotic relationship exists as both studies observe.

We also suspected the measured scattering angle of 178 through lab measurements as
opposed to the 180 degrees we use to be of importance. Setting our results to 178 degrees
backscatter, we find the following:
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Figure R5. Lidar DPR as a function of dust size parameter derived from the scattering phase
function P11, P12 and P22 at the 178 degree scattering angle.
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Figure R6. The difference between the DPR at 180 and 178 degree scattering angle.

Obviously, the results are very minimally affected by this change. Looking at the change
between the two in Figure R6, We find in addition to the limited variance, no clear trend positive
or negative for which would be greater. However, we note greater variance for larger particles.
This likely comes from a decrease in P11 and P22, but an increase in P12, previously negligible
in the DPR values at 180 degrees.

L511-518: The asymptotic value of the depolarization ratio (0.41) is quite high compared to
approximately 0.3 in Jarvinen et al., 2016. How do you explain the differences? If | as a user
would like to apply a parameterization like your eq 10, | would apply it rather to the measured
data from Jarvinen than to the purely modelled data. It is too far from the observations and
maybe linked to some limitations in the model. Even if you use realistic shapes, it is still a
model.

Response: It is entirely up to the user to decide which parameterization—ours or that of
Jarvinen et al. (2016)—best suits their application. We do not claim that our model is superior.



As discussed earlier, neither our model nor that of Jarvinen et al. can fully represent the wide
diversity of Asian dust properties on its own.

It is also important to clarify that our parameterization in Eq. (10) describes the DPR of a single
particle, whereas the values reported in Jarvinen et al. (2016) represent bulk scattering
properties averaged over particle size and shape distributions. Recognizing that bulk DPR is
more relevant for practical applications, we extended our analysis to develop an approximation
and parameterization for bulk scattering DPR, resulting in the DPR—effective radius relationship
presented in Eq. (15). This parameterization enables users to construct bulk DPR for
monomodal, bimodal, or even multimodal particle size distributions.

In this regard, our scheme provides greater flexibility and broader applicability than that of
Jarvinen et al. (2016), which—with an asymptotic value fixed at ~0.30—would likely
underpredict DPR values commonly observed in measurements, particularly those exceeding
0.30.

As with any modeling approach, our results are constrained by the assumptions and input data
used. Nonetheless, the purpose of our parameterization is to offer a physically interpretable and
practical framework for characterizing the asymptotic behavior of DPR, thereby supporting a
more comprehensive understanding of dust scattering across a range of atmospheric
conditions.

Furthermore, in Fig. 11: Why don’t we see an asymptotic behavior for the irregular hexahedra?
It seems to decrease for 355 nm after reaching a maximum. This finding questions your derived
plateau.

Response: This is an interesting observation discussed in lines 575-582.

And to further add, you did the calculations up to a size parameter of 16.5 (Fig. 6). And by
purely looking at Fig 6b, | would not be sure if the plateau continues to exist above x =12. Who
knows what will happen for larger size parameters?

Response: We acknowledge the reviewer’s concern. Indeed, calculating scattering properties
for large size parameters using ADDA, especially for particles with highly irregular geometries
like the FIB-reconstructed dust used in this study, poses significant computational challenges
and is a known limitation of the method. While it is true that extrapolating beyond the maximum
size parameter considered in this study introduces uncertainty, we believe the evidence
supports the validity of our parameterization within the range relevant for typical dust particle
size distributions.

Specifically, the parameterization is not limited to a single particle case, but is further evaluated
in Section 5 through comparisons with bulk scattering properties across various dust PSDs



(including dust with size parameters much larger than x=12), including those derived from
TAMUdust2020. Additionally, similar asymptotic behavior has been reported in other studies
(Jarvinen et al. (2016) and Kong et al. 2021) using different particle models and methods and for
a larger size parameter range, lending credibility to the observed plateau.

While no model can guarantee perfect behavior beyond its tested range, the combination of
model-based evidence, comparison with prior studies, and the agreement with representative
PSDs provides a strong justification for the robustness and practical utility of our
parameterization.

I know that you are still far from lidar observations in the atmosphere. However, the spectral
slope of the depolarization ratio was measured for Saharan dust (see literature, which comes
close to the shape in Fig. 12) and for dust from the Taklamakan dessert by Hu et al., 2020.

5. Data availability

A statement about the data and code availability is missing although it should be included in the
ACP style file. Please ensure the availability and traceability of the used data.

Minor comments

e The overall impression is that the manuscript would have benefited if the authors would
have spent another month to carefully check the manuscript. There are several minor,
but annoying issues which could have been eliminated, e.g., figure captions which
mention different quantities than shown in the figure (e.g., Fig. 3), changing symbols for
lidar ratio and depolarization ratio (Fig. 10) or color coding with the same quantity as
shown on the x-axis (Fig. 8). Furthermore, a more careful literature study would have
been great.

Response: We have made the suggested changes to the mentioned plots.

e The introduction is not really an introduction but already describes the theoretical
background. | would move all equations to a separate section and keep a more clear
and straight forward structure of the introduction.

Response: Equations have been moved to a new section.

e Furthermore, the first paragraph of the introduction discusses extensively the radiative
forcing of mineral dust, but this is of minor importance for the presented study. Please



reshape the introduction and reduce it to the parts relevant for the present study. To my
opinion, the first paragraph can be reduced to 2 sentences.

Response: Done

e All figures missing the unit of the lidar ratio and probably some other units as well.
Response: Added steradians.

e The unit of the lidar ratio is sr and not sr-1 as used throughout your manuscript.
Response: Fixed.

e The size parameter is defined quite late (L411) and later on defined differently (L514).
Please define it earlier and keep one convention (2 pi or just pi).

Response: This is corrected and now stated once, on line 252.

e You are discussing Asian dust, but through an US American perspective (e.g., lines
51-53) omitting a long tradition of Asian dust research in Japan, but also in China and
Korea, which are countries much stronger affected by Asian dust. Please add the
respective literature.

Response: Lines 51-53 discuss the long range transport and effect of dust on the western
United States, which seems relevant to a discussion of the optical properties of dust
morphologies based on those obtained from deposition in Hawaii. We have added more
discussion of dust in Asia throughout section 1.

e This American perspective continues when solely name MPL Net and CALIPSO omitting
European and Asian lidar networks which already use much more advanced lidar
systems. The new EarthCARE satellite measures not only the elastic backscatter like
CALIPSO but is equipped with an HSRL channel to measure directly the extinction
coefficient and so the lidar ratio. The products are described by Donovan et al., AMT
2024.

Response: We discuss MPL Net and CALIPSO because the observations used in the study
come from CALIOP and AERONET. This is why we focus primarily on the 532 nm wavelength.
Regardless, we have added references to EarthCARE.

e | 73-78 You're talking about the optical properties of a single particle and at the same
time introduce the bulk properties. Please keep it well separated.

Response: Rephrased this.



e L138-141 Kemppinen et al., 2015a,b used realistic dust shapes as well for their DDA
calculations. The 2 papers are cited later (L504), but should be already mentioned here.

Response: The discussion of L138-141 is in regard to using the observed morphology of dust
as a direct model for dust shape. Kemppinen uses a voronoi tessellation-based geometry to add
detail to mineral occlusions, but the overall shapes of the model do not come from direct
imaging measurements. Nevertheless, their mention was added.

e Fig 1: Please be sure what you want to show. 4 CALIPSO cross sections are a lot and
less would be sufficient as well. The captions are not readable at all and the plots are
only understandable for people familiar with CALIPSO. Which color represents dust?
The dashed lines in 1a are not vertical.

Response: As described in the plot, yellow (or 2) describes desert dust, with brown (or 5)
corresponding with polluted dust. This is the standard aerosol classification for CALIOP data
and not unique to this work. The curvature of the dashed lines is due to the flat projection of the
Earth; these were renamed to “North-South running lines” to assist readers. Figure is remade
and simplified.

e The date format is changing throughout the manuscript. MDY — Month Day Year — is not
a well-defined date format, even if it is commonly used in the United States. Please
choose to go from specific to general (DMY) or from general to specific (YMD).

e | 365-367: Quantitatively, the same behavior for the spectral depolarization ratio and lidar
ratio was measured by Haarig et al., 2022. However, the values are different.

Response: Specifically regarding an inverse relationship between lidar ratio and depolarization
ratio, this does seem to be the case. However, Haarig’s study shows depolarization ratio to be
greatest at 532 nm wavelength of the three, and the change from 355 nm to 532 nm in lidar ratio
to be statistically insignificant. It is important here to note that the discussion on lines 365-367 is
in regards to single particle values, which can vary greatly and do not often exhibit the same
properties as large-scale observations of the atmosphere. It would be more meaningful to
compare their results to ours in section 5, where we discuss bulk scattering properties of the
realistic dust model, as cited in lines 629 and 671.

e Eq4,5&7 are not a real equation, but only a matrix. Please write them as equations.
Response: Corrected.

e L393: Which dust transport region you are referring to? | would guess you are referring
to Asian dust over the Pacific when you speak about dust transport region.

Response: This refers to the Atlantic dust transport region as discussed in the cited literature
(Liu Z. et al., 2015). Specificity is added to the manuscript.

e L 454-457: Please compare to Saito & Yang, GRL 2021 and Gasteiger et al., TellusB
2011.



Response: Neither of these studies directly compare sphericity to lidar properties to show a
clear statistical trend. They do however agree with our understanding that morphology plays an
important role in optical properties, as we had great variation between properties and particle
shape. However, size was generally important in each study.

We can, however, use the TAMUdust2020 database to look at sphericity effects ourselves.
Using the Global average refractive index from Di Biagio’s work and the hexahedral database at
532 nm wavelength we can see another database’s sensitivity of sphericity with lidar properties
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Figure R7. Depolarization ratio and Lidar ratio of TAMUdust2020 with varying volume median
diameter and effective sphericity. This data uses a logarithmic monomodal particle size
distribution with o = 0.47 and the global mean refractive index for dust from Di Biagio et al.,
2019.

As seen in Figure R7, there is a small dependency on sphericity, with a trend of decreasing
depolarization ratio and lidar ratio with increased sphericity for larger particles in particular.
However, there are some limitations to these results. Firstly, the range of effective sphericity in
the library available is very limited, from 0.695 and 0.785. There are also multiple inversion
points as size increases, with the opposite relationship occurring for smaller particles and lidar
ratio or particles between ~1um to 3um diameter. Additionally, and what further limits the
conclusion of this test, is that through the TAMUdust2020 database, sphericity is not strictly
changing the individual particle being used, rather, it is a difference in weighting of each particle
in the library’s contribution to the output optical properties. A higher sphericity increases the
relative importance of the more spherical particles in the database when producing an output,
rather than having a single particle for each sphericity value. This means if a high sphericity
particle has a particularly low depolarization and lidar ratio, increasing its weighting smoothly
decreases the lidar and depolarization ratios, whereas with the FIB dust data, each particle
individually has a separate sphericity across a much larger range, introducing greater noise to



our sphericity comparison.
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e | 699 ASL does not appear in the list of coauthors, probably it refers to the first author.
Response: Correct.

e L700: “ASL contributed to the methodology, data collection, interpretation and analysis
and data visualization” — But who has done the data collection and analysis? If ASL just
contributed to it, someone else had to do it. But who?

Response: As described in Lines 694-702, JD helped to design the convergence index, JZ and
QS assisted in data curation and interpretation for FIB dust lidar property results and global
refractive index data, and ZZ supervised the project.

e |t seems that the manuscript was made in word — it is recommended to use a latex
environment instead. This will prevent that figure captions are given on the next page
and not below the figure, and that formulas have different sizes. Furthermore, with latex
the references are given in a consistent manner. In your manuscript some references are
cited with the initials of the first author, e.g., L 58, but most not.

Response: The initials are due to multiple authors with the same name and year of publication.
Attributing “a” or “b” would imply the authors to be the same person. MS Word follows the
recommendations of EGU.



Technical corrections

L65 gases

L531:r_vgis not used in eq 13.

L692: fine and coarse mode dust

Burton et al., 2012 — the reference appears twice in your list.

Response: We have added the above technical corrections to the manuscript.
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