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bidirectional reflectance distribution function (BRDF) of bare sea ice" by Maxim L. Lamare
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Within the manuscript, the influence of the surface roughness on the reflectance anisotropy of
bare sea ice is simulated for different wavelengths, illumination conditions, and sea ice
thicknesses. For this purpose, the authors employ the radiative transfer model PlanarRad.
From this, the size and shape of the forward scattering maximum is discussed for different
types of sea ice (first-year, multi-year, melting sea ice).

This study marks an important contribution for the remote sensing community, as different
retrieval products from aircraft and satellites rely on an accurate knowledge of the
multiangular reflectance of sea ice, which so far has been underrepresented in the literature.
The retrieval products in need for a better representation of the surface reflectance anisotropy
most notably include surface energy budget observations, but also include atmospheric
retrievals that rely on surface reflectance corrections (e.g. cloud retrievals).

The manuscript is concise and the figures are generally of a good quality. However, there are
some aspects that need further attention in my opinion. After some general comments, the
more specific comments and suggestions for technical corrections follow below.

General Comments

(1) Nomenclature of reflectance quantities: The manuscript is missing a rigorous and
consistent usage of reflectance terms. Even though BRDF and BRF are defined in Section
2.1, the usage throughout the text is inconsistent and, in some cases, erroneous. For example,
the title indicates a study focused on the BRDF. Instead, due to the limited angular resolution
in the viewing geometry, directional-conical results are presented (compare Schaepman-Strub
et al., 2006). Other instances include, e.g. P2LL.19 (BRF stands for Bidirectional reflectance
factor, and BRF is not really an approximation of BRDF, it relates the reflected radiant flux
of a sample surface to the radiant flux of an ideal Lambertian surface irradiated under the
same conditions, as you define yourself in Sect. 2.1), P2L28 and P3L2 (the BRDF can never
be measured), and P2L31(what is an isotropic albedo?). I understand that using BRDF is
somewhat established in the literature, however I think the authors need to be more careful
and follow the recommendations put forward by Schaepman-Strub et al. (2006) to make an
effort to improve the usage of reflectance terms in the literature. This is not limited to the
above-mentioned cases, and I suggest the authors check again their usage of terms throughout
the manuscript (including the introduction when discussing other studies). You also need to
mention that you are not simulating a BRF, but an approximation. If you call it a BRF you are
assuming the reflected radiance is constant throughout the viewing quads.



same way as the model HydroLight which is well-known in the field of
hydrological optics. These models work with "quad-averaged radiances" where
it assumed the radiance is constant over the solid angle subtended by each
segment of the angular discretisation, both for "input" and "output". Therefore
the BRDFs evaluated are biconical (geometry equivalent to case 5 in Table 2 of
Scheapman-Strub et al. 2006), we will indicate this in the manuscript. Clearly
what is modelled (and measured) is an "approximation to the BRDF", which as
the reviewer indicates cannot actually be measured, being conceptual. This
will be clarified in the manuscripts. The BRF as modelled in the paper is most
simply interpreted as the biconical BRDF multiplied by pi, and is also a
approximation to the BRF. This will be clarified.

P2L19 - "Bidirectional Reflection Function (BRF) as an approximation of
BRDF" will be reworded as "Bidirectional Reflection Function (BRF) as an
alternative to the BRDF".

References to "measuring the BRDF" will be changed of "measuring an

approximation to the BRDF" or similar.
<L <LLLLLLLL L L L

(2) Introduction: In my opinion, the authors need to elaborate more on the references used in
the Introduction. Long lists of references are given for a specific point of discussion, but
simply mentioning the reference is not enough. For example, not just mention wavelength
(....), but actually mention what the current state of the art is regarding wavelength-
dependence of the BRDF/HDREF. So far, the introduction only mentions that different effects
on the reflectance anisotropy have been measured before, but these effects are not described
at all yet. For a proper state-of-the-art overview, more details need to be given already here.
This will also help later to put the results of this study in perspective.

SSSSSSSSSS5SSS5SS5SSSS5SS5S5S5555>55>

Fixed: We will elaborate more on the references given in the introduction. We

had aimed to demonstrate what was known and what was not know briefly.
<LLLLLLLLLLL L1122

(3) Results: The structure of the results section needs adjustments, as currently the storyline is
hard to follow as effects of roughness, thickness, wavelength and solar zenith angle are mixed
throughout the different subsections. In addition, the separation of the Nadir BRF results
complicates things in my eyes, as this could be discussed together with the 2D BRF. My
suggestion would be: 3.1 Roughness and sea ice thickness (showing Figures 4-6, but maybe
even switching the order of Figures 5 and 4), 3.2 Roughness and solar zenith angle (Fig. 7),
3.3 Roughness and wavelength (Fig. 8). That would make the structure easier to follow.

SSSSSSSSSS5SSSSSSSSSS5SS5S5S5555>5>>

Fixed: The structure of the results section will be adjusted as outlined by the

reviewer to make the paper easier to follow.
<L <LLLLLLLL L L L



(4) Related to the last comment, Section 3.2.1 starts describing Figure 5 again as if it is
mentioned for the first time in the text. I recommend to restructure and discuss the effect of
the thickness already together with the effect of the roughness. First half of 3.2.1 actually
discusses roughness again from earlier as well. The influence of the sea ice thickness shows
the influence of the underlying surface, i.e. the ocean BRF. Thus, the values are lower as you
clearly demonstrate. However, I think it is worth noting in the text that the shape of the BRF
itself remains unaltered, meaning the shape and size of the forward scattering peak seems
similar for all sea ice thicknesses independent of the sea ice type.

SSSSSSSSSSSSSSSSSSSSSS>SSSSSS>>>>

Fixed: We will restructure the results section and highlight the apparent lack

of change in the forward scattering peak as sea-ice thickness changes
<LLLLLLLLLLLLLLLLLLLLLLLLLLLLLL LKL

(5) The authors use the word ‘quasi-infinite’ in the figures, but ‘optically thick’ throughout
the text. If the more commonly used term ‘semi-infinite” would be used consistently, it would
make the text much easier to read, and also put the text more in line with the Lamare et al.
(2016) terminology. If the authors had any specific reason to name it differently, this should
be emphasized more.

SSSSSSSSSSSSSSSSSSSSSSSSSSSSSS>>
Fixed: The authors have moved away from the term ‘semi-infinite’ as it is
jargon and non-sensical. We have corrected the figures to report ‘optically

thick’ as opposed to ‘semi-infinite’ to be more in keeping with the text.
<LLLLLLLLLLLLLLLLLLLLLLLLLLLLLL LKL

(6) I agree with the authors that studying the semi-infinite (optically thick) sea ice is
important to understand the intrinsic surface BRDF of bare sea ice. However, I feel the study
could benefit from including a figure looking at the spectral and solar zenith angle
dependence of the BRF for another sea ice thickness that is closer to natural sea ice (as
melting sea ice with a thickness of 20 m is more a theoretical consideration). I believe seeing
the effects of wavelength and illumination angle on both the theoretical (semi- infinite) and
the more realistic (e.g. 50 cm/100 cm) thicknesses would be of interest to many readers.
Adding an additional figure could work (maybe restricting to only one roughness value at the
other thicknesses), or maybe also adding another column for an additional sea ice thickness in
Figs. 7 and 8 could be an option.

SSSSSSSSSSSSSSSSSSSSS>S>SSSSSS>>>>

The data presented in figure 5 for BRF with different thicknesses of sea ice
other than optically thick/quasi-infinite thickness would meet this request in
part. The paper already has a lot of large figures, and it would take over 100s
figures to present all the possible degrees of freedom (solar zenith angle,
wavelength, surface roughness and thickness) that could be requested of the
dataset. All the data is freely available at d0i:10.5281/zenodo.5733402 and
any reader can download these data and plot the variations they wish to plot.
We wish to add the entire focus of the paper is to explore the effect of surface
roughness on the reflectivity of sea ice, not the effect of other variables at

constant surface roughness.
<LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL L



(7) Section 4.2: This is a very important section that puts the choice of the modeled
roughness parameter in perspective. However, this should be included in the Methods section
already, when mentioning the range of modeled roughness parameters at the end of Sect. 2.2.
I also suggest the authors consider making the roughness considerations a separate subsection
within the methods, e.g. after 2.2 Model description. As this is a vital part of the study, it
should have a separate section in the Methods, and the choice of roughness parameters needs
to be motivated already at this point. At the moment, 4.2 seems a bit out of place in the
discussion.

DODDSSSSSSDDDDSSSSSSDDDDSSS5>>>>

Fixed: We will add a roughness section to the methods and further the

description of roughness. This is a good idea.
<L LLLLLLLLLLLLL1 111l

(8) Please be consistent about the usage of the roughness parameter sigma throughout the
manuscript. You first state it is unitless, but then give ‘m’ as a unit on several occasions, e.g.
captions of Figs. 3 and 4, or on P6L.23.

DOSSSSSDSDSSSSSSSSSSSSSSSSSS>>5>5>
Fixed: The “units” of roughness will be fixed throughout the paper. Our metric
for roughness does not have units and will be explained in detail. See reply to

reviewer 2.
<L L1111 11111

(9) When you mention specific values of the BRF or changes in %, you give values with 2 or
even 3 decimal places, which is an accuracy not needed (with respect to the mentioned model
limitations) and makes reading the numbers quite cumbersome. In my view, rounding the
values to integer numbers seems to be more than sufficient.

DODDSSSSSSDDDDSSSSSSDDDDSSS5>>>>

Fixed: The precision will be smaller and consistent throughout the paper.
<L LLLLLLLLLLLLL1 111l

Specific Comments

Title: In addition to using the correct reflectance term in the title (see general comments
above), I suggest to include modeled/simulated in the title as well so that the reader
immediately knows what to expect from the study.

The title will now read

DOSSSSSDSDSSSSSSSSSSSSSOSSSS5>>5>5>
The effect of surface roughness on the calculated spectral (300-1400nm)
biconical reflectance of bare sea ice as an approximation to the bidirectional

distribution function (BRF') of bare sea ice
<LLLLLLLLLLLLL L1111



Abstract: the mentioning of quads is not clear as this is not a commonly known term. You
either need to define it or express the point you want to make differently. In addition, the
angular resolution should be mentioned directly.

DODDSSSSSSDDDDSSSSSSDDDDSSS5>>>>

Fixed: The word quad has been removed from the abstract to improve
readability.
<L LLLLLLLLLLLLL1 111l

P2L8: please be more accurate with the definition of BRDF at this first instance, it does not
describe the relation between illumination and viewing angles, but of the incident and
reflected radiation of all sets of illumination and viewing angles.

DODDSSSSSSDDDDSSSSSSDDDDSSS55>>>

Fixed: This change will be made. Please see our first reply. We will also include

a fuller description of model geometry.
<LLLLLLLLLLLLL L1111

P2L.10: add Schaepman-Strub et al. (2006) reference already at this point

DODDSSSSSSDDDDSSSSSSDDDDSSS5>>>>

Fixed: This change will be made.
<L LLLLLLLLLLLLL1 111l

P3L14: please avoid statements of novelty in that way

DODDSSSSSDSDDDDSSSSSSDDDDSSSS5>>>

Fixed: The tone will be changed.
<L L L LLLL L L1111

P6L17: add ‘between ... nm wavelength’, as otherwise it could sound like these are the
chosen ice thickness values

DODDSSSSSSDDDDSSSSSSDDDDSSS5>>>>

Fixed: This change will be made.
<L LLLLLLLLLLLLL1 111l

Fig. 4: the different lines are hard to distinguish, especially for the different roughness values
for the quasi-infinite cases

DODDSSSSSSDDDDSSSSSSDDDDSSS5>>>>

Excellent - this is what Figure 4 is demonstrating. A note will be added in the

figure caption to this effect.
<L LLLLLLLLLLLLL1 111l

Sect. 3.1.1, strongest relative change in nadir BRF for melting sea ice. As far as [ understand
it, that is to be expected due to the much larger semi-infinite sea ice thickness of about 20 m.
I think the authors should elaborate a bit on this and include more details on how these



quantities were calculated in Lamare et al. (2016). P6L8 indicates that you calculated the e-
folding depth times 3 or 5. If I compare to Table 1 in Lamare et al. (2016), it seems like you
chose factor 5 for this study. If that is correct, I wonder why you chose 5 instead of 3, is this a
wavelength consideration? I am not saying factor 5 is worse than 3, I just feel the authors
need to elaborate a bit more, as this influences the discussion of the relative changes with
respect to the sea ice thickness in Sect. 3.1.1.

P7L9: please also include a more recent reference for this statement, as this is the central
motivation of this study.

P7L15: the second part of 3.1.2 needs rewriting, as it is very hard to follow how the authors
describe Fig. 6b. In addition, what in the text is referred to as Figure 6 is actually Figure 5
(P7L9), whereas Figure 6b in the text should be Figure 6.

P8L22: ‘however the intensity of peak increases with 61i’. It is a bit difficult to follow this
claim looking at Fig. 7, as at first glance the colors look the same, because the ranges of the
color bars are not the same. I would suggest finding a different and consistent color bar.
However, if the wide range of BRFs makes that too difficult, I think the authors should
mention in the text already that the reader should pay attention to the varying ranges in the
color bars of the respective sea ice types.

P9L6: ‘However, the BRF does not decrease uniformly over the hemisphere with an
increasing wavelength.” I suggest introducing Fig. 8 only after this sentence, to use the first
sentences as an introduction and then describe the results of the figure. This would help the
reading flow, as currently after introducing Fig. 8 the authors describe earlier results from
other figures again.



Fixed: This change of order will be made as it improves the flow.
<LLLLLLLLLLL L2

P9L.13: decreases by 13.94% compared to what?

SSSSSSSSSS5SSS5SS5SSSS5SS5S5S5555>55>

Fixed: Changed to “...decreases by 14% for the same change in wavelength.”
<L <LLLLLLLL L L L L

P11L1: Both Manninen et al. (2021) and Carlsen et al. (2020) study the influence of surface
roughness on the BRDF of snow and the consequences for the calculation of the surface
albedo and satellite retrievals, respectively. Manninen et al. (2021) from a modelling point of
view, Carlsen et al. (2020) more from an observational side. Even though both studies
investigate snow surfaces, the effects they are reporting are relevant for this study. However,
the authors should elaborate more on how this relates to their results and give a bit more
background when putting their study into perspective rather than just mentioning them. For
example, the MODIS MCD43 product is never explained, and some readers might not know
what it is.

SSSSSSSSSSSSSSSSSSSSSSSSSSSS>5>5>5>

Fixed: Now reads “Although not bare sea ice, there is some benefit in the
comparison with the effect of surface roughness on the BRF of snow.
Manninen et al. (2021) modelled the BRF of snow and found surface
roughness of snow increased the back scattering at large solar zenith angle.
Carlsen et al. (R020) measured the HDRF of Antarctic snow surfaces in the
wavelength band 490-585 nm using a 180 degree fish-eye camera in an
airborne platform whilst retrieving the surface roughness using an airborne
laser scanner and found that the backscatter is enhanced over rougher
surfaces concluding that shadows and changing the effective angle of
incidence were responsible. Accepting that snow and sea ice are different
materials with some similar optical similarities the findings presented here
are congistent with the works of Manninen et al (2021) and Carlsen et al.
(R020).

<L <LLLLLLLL L L L

Section 4.3: Thanks for having made the model output available. It would be of interest for
future users if you could mention at this point the increase in computational time necessary to
increase the angular resolution of the simulations.

SSSSSSSSSSSSSSSSSSSSSSSSSSSS>5>5>5>

Fixed: Doubling the model resolution in theta and phi would lead to 4 times as
many directional quads and 16 times as many BRDF elements. However the
model design employs efficiencies in the azimuthal rotational invariance of
the volume scattering function in the medium, which means that the
processing time scales with better efficiency than the number of BRDF
elements. In practice run time for an increase in angular resolution f would be

approx. f*3. The latter will be added to the manuscript.
<L <LLLLLLLL L L L



Section 4.3: Second paragraph about the intrinsic surface BRDF. This is as a first
approximation true, however, the authors mentioned earlier themselves that the model also
only considers direct and no diffuse illumination. However, the scene observed by the
satellite is illuminated by both direct and diffuse radiation. So only propagating the surface
BREF to the TOA is not entirely sufficient. Please also mention it again at this part of the
manuscript.

DOSSSSSDSDSSSSSSSSSSSSSSSSSS>>5>5>
Fixed: The requested text, from the introduction, will be mentioned again in

section 4.3
<L L1111 11111

P12L25: The entire study focuses on the reduction in uncertainties for the retrieval of e.g.
albedo products from remote sensing. The reduction of uncertainties in global climate models
comes a bit out of nowhere at this point. Please back that up with a more thorough
explanation or leave it out as in my opinion the study does not need that additional
motivation, especially as it seems a bit far-fetched in the way it is mentioned right now.

DOSSSSSDSDSSSSSSSSSSSSSSSSSS>>5>5>
Fixed: The reduction in the uncertainties in global climate models will be

removed.
<L L1111 11111

Technical Corrections
P2L8: with

DODDSSSSSSDDDDSSSSSSDDDDSSS5>>>>

Fixed: ‘rwith’ now ‘with’.
<L L1111 11111

P2L18: sea ice (additional ‘sea’)

DODDSSSSSSDDDDSSSSSSDDDDSSS5>>>>

Fixed: additional ‘sea’ removed.
<L L1111 11111

P2L.22: snow kernels

DODDSSSSSSDDDDSSSSSSDDDDSSS5>>>>

Fixed: ‘kernal’ now ‘kernel’.
<L L1111 11111

P2L.25: exist for sea ice
SODSDSSSSSSSSOSOOOOSSSSSSOSOOOOSSSS>S

Fixed: ‘exit’ now ‘exists’.
<L L1111 11111

P4L4: ideal



SSSSSSSSSSSSSSSSSSSISOSSOSOISSSSS
Fixed: ‘idea’ now ‘ideal’.
<Ll

Fig. 1: phi symbols in text and figure not the same

SSSSSSSSSS5SSS5SS5SSSS5SS5S5S5555>55>

Simply different fonts.
<LLLLLLLLLLL L1122

Fig. 2: color bar needs adjustments

SSSSSSSSSS5SSS5SS5SSSS5SS5S5S5555>55>

The colour bar will be adjusted
<LLLLLLLLLLL L2

Fig. 3: in the caption it says sigma = ... m, but sigma is a unitless quantity

SSSSSSSSSS5SSS5SS5SSSS5SS5S5S5555>55>

Fixed: This change will be made throughout.
<LLLLLLLLLLL L1122

Figs. 5, 7 and 8: somehow the color bars are upside-down (including the labels)

SSSSSSSSSS5SSS5SS5SSSS5SS5S5S5555>55>

Fixed: The numbers will be rotated by 90 degrees.
<LLLLLLLLLLL L1122

Fig. 7: the roughness values at the top are flipped, highest is now on the left and lowest on the
right (as compared to the other Figures), BRF color bar is also flipped, and not the same
throughout the Fig., thus it is hard to compare the different plots.

SSSSSSSSSS5SSS5SS5SSSS5SS5S5S5555>55>

Fixed: The labels will be fixed.
<Ll

P12L4: please define/explain HULIS

SSSSSSSSSSSSSSSSSSSSSSSSSSSS>5>5>5>
Fixed: text now reads “HUmic-Like Substances (HULIS)” and a reference to a

review of HULIS will be given.
<L <LLLLLLLL L L L

P12L14: please split that sentence up in two, it is currently very hard to read.

SSSSSSSSSS5SSS5SS5SSSS5SS5S5S5555>55>

Fixed: Sentence will become two sentences.
<Ll

P12L18: same as above, please split that sentence up in two.



SSSSSSSSSS5SSS5SS5SSSS5SS5S5S5555>55>

Fixed: Sentence will become two sentences.
<Ll



