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1 Introduction

The comments of the reviewer have been helpful to improve the manuscript. Especially the question on the dependence of solar
zenith angle on the retrieval results and the missing comparison with in situ measurements provided more understanding of the
retrieval algorithm and of the radiative effects between clouds and surface.

The detailed replies on the reviewers comments are given below.
The reviewers comments are given bold while our replies are written in regular roman letters. Citations from the revised

manuscript are given as indented and italic text.
Detailed Replies

1. The authors used the solar zenith angle of 63° to describe the dependence of the retrieval of cloud optical properties
on snow surface albedo grain size. A note on how it would change with a different solar zenith angle would be useful

for completeness. His note would also be useful in section 4.2.

The solar zenith angle of 63° was used because of the two case studies presented in the manuscript. We now did rerun the
sensitivity study for solar zenith angles of 45° and 80°. It was found that the uncertainties in retrieved 7 due to a wrong
assumption of the grain size do not significantly change with solar zenith angle. However, for low Sun, # = 80°, the bias in
retrieved reg,c was slightly reduced, while for § = 45°, the uncertainties of the retrieved r.g ¢ are increased (see Figure 1).
This can be explained by the probability that photons interact with the surface. This is lower for high solar zenith angle. We

added this general dependency on solar zenith angle to the revised manuscript:

The numbers presented here, were obtained for a solar zenith angle of 0y = 63°. For simulations with different solar
zenith angles, similar grain size effects are observed. In general, the magnitude of the grain size effect of T does not
significantly change with 0y. However, for low Sun, large 8y, the grain size effect on the retrieved rog c was slightly
reduced, while for higher Sun, small 0y, the effects increase. This is caused by the increased probability that radiation

interacts with the surface in case of decreasing solar zenith angle.



The snow grain size effect on retrieved T does not depend on the solar zenith angle, while the effect on g ¢ is larger

for a higher Sun.
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Figure 1. Comparison of retrieval uncertainties for solar zenith angle of 45° (left panels) and 80° (right panels). Upper plots show the
comparison of synthetically retrieved r.g ¢ with the original parameter value. Calculations in the upper panels are performed for assuming
a larger snow effective grain size of ref,s = 200 pm instead of the original r.g,s = 50 um (crosses) and a smaller snow effective grain size
of reg,s = 50 pm instead of the original 7. s = 200 um (asterisks). In the lower panels all combinations of assumed and original r.g s are

analyzed for a specific cloud of 7 =4 and regr,c = 10 um.



Additionally, we used the new simulations to estimate the sensitivities of the spectral reflectivity to the three cloud and snow
parameter for different solar zenith angles. Not significant differences were found in the spectral separation of the sensitivities.
Figures 3 and 1 show the calculated standard deviations and principle component weighting for solar zenith angle of 45° and
80°. The wavelength dependent sensitivities of the cloud reflectivities did change only minor still allowing a separation of
the three parameters by measurements at different wavelengths. Similarly, the retrieval grid of the forward simulations was
only shifted to one or another direction. The orthogonality and potential ambiguities are almost unchanged. In the revised

manuscript we added:
The results are presented for a solar zenith angle of 8y = 63° but are applicable to larger and smaller 6.

Although the retrieval was applied to cases with a specific solar zenith angle only, radiative transfer simulations
showed that the spectral sensitivities used in the retrieval algorithm are similar in case of smaller or larger solar

zenith angles.

2. Section 2.2 is slightly difficult to follow, please refine descriptions.

We reordered some passages in order to improve the readability. See marked up manuscript for all changes.

3. The use of percentages to denote uncertainty is slightly ambiguous and should be better defined.

Yes, we agree, percentages can be difficult to interpret. Therefore, we added how the percentage have to be read. In addition,

the correct values are always given when percentages are used.

... the snow grain size effect, expressed by the percentage deviation of the retrieved from the original true value, ...

4. The use of the mean standard deviation per respect to a variable seems to be quite novel. Maybe more description
is needed, especially to address the possible covariability of some parameters (i.e. sigma_tau is most variable when there
is a high reff_c).

The mean standard deviation was used to provide an efficient way to identify wavelengths that are sensitive to a single cloud
or snow parameter. Therefore, we aimed to include all simulations. E.g., for each cloud, a standard deviation of all simulations
with different reg g was calculated. oy, ¢ is then derived by averaging these standard deviations for all different clouds. It
is right, that for a selection of the set of simulated clouds or snow grain sizes different numbers might be obtained. With the
intention to provide a simple retrieval algorithm based on measurements at three wavelength, we did not extended this analysis
into more detail. In addition, we finally selected wavelengths corresponding to MODIS bands. A limitation to only a few
spectral band will limit the results of a more detailed study investigating the spectral sensitivities for different sub-samples of
cloud and snow parameters. To point the use of the mean standard deviations more clearly we added the following sentences

in the manuscript.

E.g., for each cloud, a standard deviation of all simulations with different reg s was calculated. o, 4 is then derived

by averaging these standard deviations for all different clouds.



Similarly, the use of sub samples of the full cloud and snow parameter range investigated here might change the

derived values.

5. Description of the identification process of when the retrieval of snow grain size and cloud property fails would be

a useful addition to this paper.

In the manuscript, we mentioned, that the retrieval may fail if mixed-phase clouds are present. In that case "fail" does not
mean, that the algorithm may stop at some step and does not provide a results. "Fail" refers to wrong results which may be
far off the real snow or cloud properties. For mixed-phase clouds, also the cloud ice crystals will absorb the solar radiation at
similar wavelengths as snow; the spectral signatures of cloud and snow properties might be merged stronger than for liquid
clouds. Therefore, the retrieved snow grain size might be biased by the cloud ice (ref,c), and vice versa. Still the retrieval

would provide a results but this might be wrong. To clarify this, we changed the manuscript to:

In this case, the retrieval may provide unrealistic cloud properties as the ice crystals absorb solar radiation at similar

wavelengths as the snow surface does.

6. The retrieval is applied to data over land although no mention of that in the description of the retrieval methodology

description.

Yes, for Case I, the retrieval was also applied for snow covered land surface. These data are only presented in the maps of
Figure 8. The time series in Figure 6 does not include the full flight track, as mentioned in the manuscript. However, the
application of the retrieval to land surfaces of sufficient snow cover is justified, as the surface below a snow layer does not
effect the snow albedo, when the snow layer exceeds a thickness of about 10 cm or more. In the revised manuscript we added

a note, that the retrieval was also applied to snow covered land surfaces.

Note that here a longer time series is shown than presented in Figure 6. This includes areas with snow covered land
surfaces, for which the retrieval can be applied assuming that the snow layer is sufficiently thick and the snow albedo

is not affected by the underlying surface (Warren, 2013)

7. A note on the availability of surface or in situ measurements for the 2 cases would be helpful.

Measurements of snow grain size on the sea ice have not been conducted during the campaign. Therefore, no reference is
available. However, airborne cloud microphysical measurements have been obtained during the flight. Having only one aircraft,
Polar 5, the in situ and remote sensing measurements had to be performed subsequently. For both investigated examples, Case [
and II, the remote sensing flight legs were flown first. About one hour later the in situ measurements were obtained on the same
flight leg. These measurements were included in the revised manuscript and compared to the retrieval results. The following

sections have been added:

Cloud microphysical in situ measurements on board of Polar 5 were use to validate the retrieved reg cd. A Cloud

Droplet Probe (CDP) provided size resolved cloud particle concentrations in the size range from 2.5 ym to 46 ym and



corresponding reg ¢ (Klingebiel et al, 2015). Using only one aircraft, the in situ and remote sensing measurements
had been performed subsequently. For both investigated Cases I and I, the remote sensing flight legs were flown
first. Roughly one hour later the in situ measurements were obtained at the same location following the flight track of
the remote sensing sequence. Due to the stable meteorological conditions, changes of the cloud properties with time
are expected to be small which allows a comparison of in situ and remote sensing data. A reference to validate the
retrieved snow grain size is not available because no ground-based measurements on the sea ice have been conducted

during VERDI.

In situ cloud microphysical measurements of reg ¢ had been obtained along the same flight track about one hour after
the remote sensing measurements. At cloud top, two derived vertical profiles show reg c between 6 ym and 7.5 ym,

which is in the range of the retrieval results.

The in situ microphysical measurements cover two cloud profiles along the same flight track, one observed above
open ocean and one above sea ice. Both profiles showed no difference with reg c of about 9 um at cloud top, which

are higher compared to Case I and in agreement with the retrieval results.

8. The conclusion is well written, especially with the inclusion of the bullet points.

Thanks!
9. P.2 line 33, exact meaning of sentence not clear, please define what is an improvement of uncertainty by 20%, is it

an uncertainty range that is 20% less, or that is it 20% smaller compared to the retrieved value.

Yes, by using "improve by 20 %" the meaning was not sufficiently clear. Indeed, Rolland and Liou (2001) calculated the
percentage reduction the the uncertainties range. The absolute reduction differs for different clouds. Therefore, the relative

numbers are given. We rephrased the sentence to:

Rolland and Liou (2001) showed that the retrieval uncertainties of thin cirrus can be reduced by 20 % for optical

thickness and by 45 % for ice crystal effective radius when a reasonable estimate of the surface albedo is applied.

10. Fig. 2 could be made clearer if the optical thickness and cloud particle effective radius were put directly on the

figure. At least an indication of the low end of the optical thickness and effective radius would be needed.

We added such labels in the revised figure.
11. P.5 line 5, cloud reflectivity is also impacted at wavelengths lower than 1000 nm, the word ‘only’ is erroneous in

this case, maybe use a less strict word.

Yes, "only" is not true. We changed the sentence to:

The simulations illustrate that T impacts -y primarily at wavelengths larger than 1000 nm where the snow albedo is

lower than 0.8, while lower wavelengths are less sensitive to T.



12. P.6 line 9, Sentence slightly difficult to follow.

That’s true, the sentence was way to long. We split now and rephrased to:

For liquid water cloud retrievals obtained over snow surfaces with unknown grain size, the snow grain size effect
on uncertainties of retrieval results was quantified. Therefore, synthetic measurements obtained from the retrieval
Sforward simulations as introduced in Section 2.1 are applied. For each synthetic measurement defined by T, reg,c,

and reg s a set of retrieval assuming different values of effective snow grain sizes were performed.

13. P.6 line 12 Please elaborate or define more clearly ‘retrieval forward simulation’

The forward simulations of the retrieval are introduced in Section 2.1. We added this reference here.

Therefore, synthetic measurements obtained from the retrieval forward simulations as introduced in Section ?? are

applied.

14. P. 8 line 15, typo, should read ‘In cases where liquid water clouds are...’

Has been corrected in the revised version.
15. Fig. 4 — consider only showing the absolute value of the PCA spectra, for easier comparison to the mean standard

deviation values.

Yes, we already thought about that, but concluded that the sign of the PCA weightings should not be neglected as it is a valid
information. On the other hand, the magnitude itself is important to compare the different principle components. Therefore, we
adjusted the plot and showed only absolute values. Original negative weightings are plotted as dashed lines to indicate the sign.
However, this new plot looks to busy and we think the main information is lost due to the different line styles. We therefore,

would like to keep the original version, but included the alternative version here in the replies (Figure 2).
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Figure 2. Mean standard deviations of spectral cloud reflectivity o', 0 o, and o, o With respect to a single cloud or snow parameter 7,
reff,C, and reg,s calculated for the sets of radiative transfer simulations (panel a). The absolute values of the first three spectral weights I'q,
I'2, and I's of a principle component analysis are given in panel b. Dashed lines indicate negative values, solid lines positive values of I'1,

FQ, and F3.

16. Typo P.12, line 10, ‘too weak’ instead of ‘to week’, sentence would benefit from being more precise.

Has been corrected in the revised version.

17. Typo P.12, line 13 ‘ice floes’ instead of ‘ice flows’

Has been corrected in the revised version.

18. P.12, line 16, revise sentence for the use of the word ‘also’

Has been corrected in the revised version to:

A surface with a high albedo always enhances the upward radiance above a cloud even in the case of optically thick

clouds.

19. Comment, Section 5, the radiometric uncertainties quoted for the ratios seem large considering the calibration

uncertainty partially cancel.
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Figure 3. Same es Figure 2 but for solar zenith angle of 45° (left) and 80° (right)

We carefully calculated the uncertainties of the ratios by considering the uncertainties of the individual radiance measurements.
Apart from the radiometric calibration which cancels out for the ratios, the largest contribution to the high uncertainties results
form the signal to noise ratio. The noise and dark signal of the spectrometers differ between the two spectrometer types operated
in SMART and also within the spectrometer spectral range. Especially the measurements at 2100 nm wavelength are almost
at the end of the spectrometer photo diode array where the sensitivity strongly decreases. Therefore, the signal to noise ratio
of Rj is quite large. In addition, the radiance is lower at larger wavelengths and even lower in the absorption bands used
for the retrieval. These low radiances reduce the signal to noise ratio compared to shorter wavelengths covered by the same

spectrometer. This effect can easily lead to uncertainties ranging above 10%.
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1 Introduction

The comments of the reviewer have been helpful to improve the manuscript. We are especially thankful for the plenty correc-
tions of the text and punctation!

The detailed replies on the reviewers comments are given below.
The reviewers comments are given bold while our replies are written in regular roman letters. Citations from the revised

manuscript are given as indented and italic text.
Detailed Replies

It carries the potential to be implemented for existing imagers (MODIS, VIIRS) which, for some reason, is not em-

phasized in the current version.

We agree that the proposed method could be implemented for MODIS or VIIRS. The reason why we did not highlighted this
explicitly is that we think we would have to prove it when making this statement. In the revised version we carefully addressed

the possibility to use the method for satellite imagers; once in the algorithm description and once in the conclusions.

Except for \1, all wavelengths that were chosen for the algorithm are covered by the satellite imagers MODIS and
VIIRS. To apply the algorithm to global observations by these instruments, \1 can be exchanged by the 1240 nm

wavelength band where cloud reflectivity is still most sensitive to T s.

Therefore, the proposed retrieval method has some potential to be implemented for existing spaceborne imagers such
as MODIS or VIIRS. Due to the limited number of spectral bands, for these two instrument Ay would have to be

exchanged by the 1240 nm wavelength band where cloud reflectivity is still most sensitive to Tof s.

1) The language, structure and grammar diminish the potential impact of the manuscript because it becomes hard
to read as a result. In sections 4 and 5, it was obvious that it had not been fully proof-read, and it seemed premature

to afford it a full review at this point in time. It is beyond the scope of a science review to highlight such issues, but a



few examples are listed below. It is in the interest of the authors to revise the language. In some sections (4 and 5 in

particular), it could be shortened without losing its content.

We are sorry about the incorrect language and grammar. We revised the manuscript and tried to improve as much as possible.
However, as we are no native speakers, we suggest to have a professional copy-editing by the journal. Languages changes in
the text can be found in the highlighted manuscript version.

2) In general, the science seems sound. However, it is surprising that the retrieval characterization is done without
invoking principles of general inverse theory. This is especially important because the retrieval grid is not orthogonal
for the most part. This means that there is no 1:1 mapping from observations to retrieval parameters, as the authors
clearly acknowledge. But why, then, is the error characterization and propagation done in a fairly ''brute force' way
as visualized in Figure 7? In the framework of optimal estimation, one could have arrived at a statistically defensible
retrieval characterization on the basis of the a-posteriori co-variance while fully taking into account measurement and
model uncertainties. That said, a less rigorous error analysis such as done here is acceptable for initial and exploratory

studies, as long as it is categorized as such.

Yes, this is right! To fully understand the uncertainties of the retrieval other statistical methods would have been needed.
However, the intention of our study was to illustrate the concept of such a tri-spectral retrieval that allows to combine cloud and
snow optical properties. Therefore, we kept the uncertainty analysis simple, also because the retrieval was only applied to two
selected cases of specific solar zenith angle and to the nadir viewing direction of the airborne measurements. A more detailed
analysis should also take into account the different sensitivities for different viewing geometries. We therefore changed the
manuscript at different locations in order to point out clearly, that the manuscript presents only a feasibility study to the method
but not a fully developed and characterized retrieval algorithm. A detailed comprehensive uncertainty analysis is beyond the

scope of this paper and can be part of studies where the method is applied to a more general data set.

In a feasibility study, spectral cloud reflectivity measurements collected by the Spectral Modular Airborne Radiation
measurement sysTem (SMART) during the research campaign Vertical Distribution of Ice in Arctic Mixed-Phase

Clouds (VERDI, April/May 2012) were used to test the retrieval procedure.

In a feasibility study in Section 5, the algorithm that is limited to cases of liquid water clouds is applied to two specific

cases,...
The retrieval algorithm was tested in a feasibility study for airborne observations by SMART during VERDI in 2012.

For this first application of the new tri-spectral retrieval algorithm, a rather simplistic analysis was applied. A more
general understanding of the retrieval sensitivities and uncertainties can be achieved by optimal estimation tech-

niques, which is beyond of the scope of this paper.

* It should be mentioned somewhere in the manuscript that this study is strictly valid only for snow-covered surfaces

with sufficient geometric (and therefore optical) thickness of the snow. The reference to Malinka (2016) is a bit mis-



leading because it sounds as though white ice could be still be represented as snow. This is in stark contrast to multiple
publications by, e.g., Perovich for such cases. They show a distinct spectral dependence in the visible wavelength range,

and albedos well below 1.

We are aware that snow and white ice albedo are different at visible wavelengths. But there are reasons why the retrieval
approach is still applicable, with larger uncertainties, to white ice or a mixtures of sea ice, open leads or melt ponds. In this
cases still more accurate cloud properties compared to methods assuming a fixed snow/sea ice albedo can be derived, because
the tri-spectral retrieval considers the change of the spectral albedo at the three wavelengths.

1) Visible wavelengths where white ice albedo and snow albedo have different spectral signatures are not used in the proposed
retrieval. At larger wavelengths, where mostly the absorption by ice and not the scattering processes are relevant, the spectral
pattern of white ice albedo, which is not water saturated, i.e. dry white ice, is similar to a snow albedo. Therefore, also the snow
albedo model used in our retrieval approach can be applied to approximate the albedo of white ice in these spectral ranges.
But of course not in the visible part of the solar spectrum. More sophisticated albedo models such as by Malinka et al. (2016)
have to be used to construct the full spectral albedo. But then either measurements at visible wavelengths have to be included

or information on the effective optical thickness are needed. In the revised manuscript we corrected:

Additionally, at wavelengths larger than 1000 nm the albedo of white sea ice that is not covered by snow and not
water saturated, i.e. dry white ice, is lower than that of snow-covered sea ice and, therefore, can be characterized by

larger effective snow grain sizes (Malinka et al., 2016).

2) The retrieval does not provide a retrieval of the full spectral surface albedo. The aim is to retrieve a parameter, the effective
snow grain size reg g, Which determines the surface albedo in the applied snow albedo model. Of course, we can not reconstruct
the albedo of sea ice in the full solar spectral range as the snow albedo model does not capture this. Using three wavelengths,
only information at these wavelengths are available. Therefore, we can only say that a certain snow albedo model fits best to
the measurements at these wavelengths. The snow albedo model used in the algorithm is based only on one parameter, the
effective grain size. In this sense, the effective snow grain size is only a parameter defining the most likely surface albedo at the
applied wavelengths. That’s why we always name it "effective". Considering the "effective” character of 7. g, also the albedo
of white ice can be parameterized using 7qg 5 (see 1).

3.) Other common satellite grain size retrievals that are only applied in clear sky condition, such as mentioned and presented
in the study, do consider similar snow albedo models that are based only on the effective grain size rcg g.

4.) However, to avoid larger uncertainties by white sea ice, the cases presented in the manuscript are carefully selected and

are dominated by snow-covered sea ice. We highlighted this in the revised manuscript at different positions. E.g.:
..., observations have been selected where the surface conditions are close to the required pure snow surface.

Photographs on a flight section in the same area below the clouds showed that the fast ice was partly free of snow,

which may have caused the higher variability and the single peak of g s = 300 ym



However, the spectral signature of white sea ice and melt-pond-covered sea is close to the spectral albedo of pure snow
for the wavelengths used in the retrieval. In that case, the retrieved g g is interpreted as an effective snow grain size
representing an arbitrary surface albedo (white sea ice or melt ponds) with the same spectral characteristics above

1000 nm wavelength as a snow surface with reg s.

Furthermore, ""white' ice is not explained. What other ice types are there that might be relevant for cloud remote

sensing? A wider literature overview may be helpful.

Of course also other sea ice types are relevant for cloud remote sensing. Unfortunately, the proposed retrieval algorithm is
not capable of considering these, e.g., blue ice, because of the different spectral albedo. Therefore, the algorithm is proposed
for snow-covered surfaces. The only exceptions is the dry white ice, because it approximately can be treated similar to snow of
large grains at wavelengths larger 1000 nm. We therefore, do not want to include the definition of other ice types because this
might be misleading and give the impression that the retrieval might be also working for such surfaces. Which is not the case.
For "white ice" a reference is given in the introduction.

* p5, L5-11. The reflectance at 1600 nm and 2100 both depend on optical thickness and effective radius; it is simply

wrong to decouple them. Figure 2 clearly shows the non-orthogonality of such a lookup table.

We did not state that both parameters are decoupled. We explicitly state on Page 6, Lines 5-7 that "... the reflectivities at both
wavelengths are coupled to both cloud parameters."”. Our only idea why the reviewers made this comment is that the sentence
Page 5, Lines 9-11 lead to the impression, that the parameters are only linked to one wavelength. This sentence was used to
describe the general idea of an bi-spectral cloud retrieval, were the different dependencies are utilized to derive cloud optical

thickness and effective radius. To avoid the misinterpretation of this sentence, we rephrased:

The retrieval uses the different dependencies of Y1600nm (less-absorbing wavelength) and 2100 nm (high-absorbing

wavelength) on cloud optical thickness and cloud droplet effective radius and basically follows the method by ?.

* Figure 3a/b are nice visuals of the main direction of this paper; perhaps this could be emphasized more.

To emphasize the major results shown in these plots, we added in the abstract the following conclusions:

he impact of uncertainties of reg s is largest for small snow grain sizes. While the uncertainties of retrieved T are
independent of the cloud optical thickness and solar zenith angle, the bias of retrieved r.g c increases for optically

thin clouds and high Sun.

* p8: The '"standard deviation' and the "PCA" method are insufficiently explain. What is the data set that these
methods operate on? Also, the PCA components don’t necessarily have to map to a physical parameter as the manuscript

seems to suggest.



The data set used for these calculations was given in the first sentence of the section. In the revised manuscript, we more
clearly described the use of the mean standard deviations to subsets of the simulations by adding the following sentences in the

manuscript.

E.g., for each cloud, a standard deviation of all simulations with different rog s was calculated. o, o is then derived

by averaging these standard deviations for all different clouds.

Similarly, the use of sub samples of the full cloud and snow parameter range investigated here might change the

derived values.

For the PCA it was already stated that we "... applied to the full set of simulations". It is true, that the weightings of the PCA
do not necessarily have to map a single physical parameter. But obviously for the set of simulations presented in the manuscript

this is the case. To avoid the impression, that this separation is given by theory, we changed the following sentence to:

Corresponding to the cloud and snow parameters changed in the simulations, the spectral weights I'1, ', and I's of
the first three principle components are found to be associated with T (I'1), refr,c (I'2), and reg s (I'3).
* p10, L10: Using 860 nm as a reference wavelength for the first ratio is probably a bad idea unless the paper
specifically limits itself to snow (rather than including ice). This is because (as stated above, and described by Perovich)

ice has a distinct spectral shape and albedo magnitude at wavelengths below 1000 nm.

Yes, for the current version we would like to limit the retrieval to snow covered surfaces and not extend it to other sea ice
types. We first would like to illustrate the main idea that information of the surface albedo is still imprinted in spectral radiance
measurements above clouds. Therefore, we prefer using measurements at 860 nm because at this wavelength the differences in
snow and sea ice albedo is low. Of course, this similarity is completely gone once the sea ice starts melting or its surface gets
water saturated. However, dry white ice with some scattering layer on top (of typically granular crystals) is comparable to the
snow with not too fine grains. The publication by Malinka et al. (2016) states this exact point.

Also snow impurities do affect the spectral albedo less at 860 nm compared to shorter wavelengths. It is possible, that our
approach can be extended to shorter wavelengths in order to detect a drop in the surface albedo at visible wavelengths related
to different ice types. But therefore, we would need to use a more detailed snow/sea ice albedo model which is beyond the
scope of this study.

* p10, Table 1: This table is reminiscent of a covariance matrix. Why were these relationships not exploited in the

framework of optimal estimation? What is the inverse theory foundation of this work?

For us, the main intention of this study is to present the feasibility of retrieving cloud and snow properties simultaneously by
making use of the spectral information that is provided by spectral measurements of cloud reflectivity. Therefore, we did not
set the focus of our attention on the inverse theory but applied rather simple methods; spectral standard deviation and principle
component analysis to identify sensitive spectral regions; propagation of normally distributed uncertainties through the retrieval
to derive retrieved parameters with uncertainty estimate. As the sensitivities seems sound and the retrieval algorithm already

provides reasonable results, we did not put more effort in improving the inverse method at this stage. Therefore, we now



pointed out more clearly that the study should be seen as a feasibility study. Later, more detailed analysis of sensitivities and
uncertainties may follow. For changes in the manuscript see answer to comment number 2).

Grammar/English:

Thanks a lot for identifying all these mistakes. We are sorry, that these were not found by ourself and collecting all increased

your work. We corrected all and tried our best to eliminate other incorrect grammar and typos.
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Abstract. In-the-Aretie;-the-The passive solar remote sensing of cloud properties over highly reflecting ground is challenging,
mostly due to the low contrast between the etouds-and-cloud reflectivity and that of the underlying surfaces (sea ice and snow).
Uncertainties in the retrieved cloud optical thickness 7 and cloud droplet effective radius r.g ¢ may arise from uncertainties
in the assumed spectral surface albedo, which is mainly determined by the eommenly—unknown-snew-—effective-generally
unknown effective snow grain size r.g s. Therefore, in a first step this-the effects of the assumed snow grain size effeetis
quantified-systematieallyfor-a-are systematically quantified for the conventional bi-spectral retrieval technique of 7 and reg ¢
for liquid water clouds. Thelargestimpact-of-In general, the impact of uncertainties of r.q g of-up-to-is largest for small snow
grain sizes. While the uncertainties of retrieved 7 are independent of the cloud optical thickness and solar zenith angle, the
bias of retrieved reg ¢ increases for optically thin clouds and high Sun. The largest deviations between the retrieved and true
original values are found with 83 % on-for T and 62 % enfor r.g cwasfound-in-ease-of smaltror s-and-opticalty-thin-elouds.

In the second part of the paper a retrieval method is—presented-that-simultaneeusly—retrieves—that simultaneously derives

all three parameters (7, rem,c, Teff,s) Horderto-aceount-and, therefore, accounts for changes of the snow grain size in-the

cloud-retrieval-algorithm—Speetral-cloud-reflectivities-is presented. Ratios of spectral cloud reflectivity measurements at the
three wavelength-wavelengths A; = 1040 nm (sensitive to reg,s), A2 = 1650 nm (sensitive to 7), and A3 = 2100 nm (sensi-

tive to reg,c) were-normalized-to-reflectivityratios-and-are combined in a tri-spectral retrieval algorithm. Measurements-In
a feasibility study, spectral cloud reflectivity measurements collected by the Spectral Modular Airborne Radiation measure-
ment sysTem (SMART-AlbedometerSMART) during the research campaign Vertical Distribution of Ice in Arctic Mixed-Phase
Clouds (VERDI, April/May 2012) were used to test the retrieval procedure. Two cases of observations above the Canadian
Beaufort Sea, one with dense snow-covered sea ice and another with a distinct snow-covered sea ice edge were-are analyzed.
The retrieved values of 7, reg ¢, and 7eg g consistently-represented-the-show a continuous transition of cloud properties across
this-transition—from-snow-covered sea ice to-the-and open water and were-comparable-to-are consistent with estimates based
on satellite data. Analysis-shewed:-It is shown that the uncertainties of the tri-spectral retrieval increase for high values of 7,

and low 7er g 5

grain-size-estimates-but nevertheless allow to estimate the effective snow grain size in cloud-covered areas.
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1 Introduction

During boreal winter, 15 % of the Earth’s surface is covered by snow and sea ice (Vaughan et al., 2013), while clouds cover
roughly two thirds of the globe (Boucher et al., 2013). Both ;-snow and clouds considerably increase the reflected solar radiation
at top of atmosphere albedo-and, therefore, are eminent-essential for determining the Earth’s radiative energy budget. Changes
in ice, snow, and cloud cover indicate-climate-warming-espeetally-are both the result and cause of climate warming in Arctic ar-
eas (Wendisch et al., 2017). However, while snow and sea ice shew-alarge-exhibit a considerable seasonal variation, clouds may
usually vary on shorter time and smaller spatial scales. Therefore, continuous observations of cloud and snow properties are
important. Commonly, satellite remote sensing is-used-techniques are applied to monitor the mestrelevant radiative properties
of clouds and snow, such as cloud optical thicknessand-, cloud droplet effective radius, snow cover&nd—snew—e#eeﬁveg%ﬂ—ﬁie

effective snow grain size, and soot concentration {e-g
Stephens and Kummerow, 2007; Painter et al., 2009; Zege et al., 2011; Platnick et al., 2017).

In polar regions clouds cover large areas of snow, glaciers, and sea ice, which complicates the retrieval of snew-and-cloud
their properties because the contrast between these bright surfaces and the clouds is low. At wavelengths typically used to
retrieve cloud properties from solar spectral reflectance-reflectivity measurements, the optical properties of clouds and snow
are similar. Therefore, cloud retrieval algorithms utilize observations at wavelengths larger than 1000 nm where the snow
albedo becomes-is lower. Measurements at 1500 nm wavelength, where snow strongly absorbs solar radiation, were used
by Krijger et al. (2011) and Gao et al. (1998) to improve the cloud detection above snow surfaces. Furthermore, cloud optical
thickness and droplet effective radius were successfully retrieved above snow surfaces by ehanging-the selecting a channel com-
bination of the retrieval algorithm of-the-in the near infrared spectral region. E.g., the 1640 nm and 2130 nm band combination
was used for the Moderate Resolution Imaging Spectroradiometer (MODIS )to-the-+640, while the 1240 nm and-2136band was

lied instead of the 672 nm band eembination-Platnielks 200+ Kingetal52004for the Visible Infrared Imaging Radiometer
Suite (VIIRS) (Platnick, 2001; King et al., 2004; Platnick et al., 2013).

However, the cloud reflectivity in this spectral range is also affected by changes of the spectral albedo of the snow surface
(Wiscombe and Warren, 1980). The smaller the snow grains, the higher the surface albedo beeemes-and the more radiation is
reflected by the surface. Therefore, retrieving-the retrieval of cloud properties (optical thickness and droplet effective radius)
over snow surfaces requires a precise assumption on the snew-effective-effective snow grain size below the clouds. Snow grain
size may-vary-varies temporally and spatially due to new-precipitation that reducesthe-spow-grain-size-, and because of the snow
metamorphism that slowly increases the snow grain size (e.g., Flanner and Zender, 2006; Jacobi et al., 2010). In polar areas,
the snow-effective-effective snow grain size typically ranges between 50 pm for freshly fallen snow and 1000 pym for aged snow
(Wiebe et al., 2013). This snow metamorphism changes the broadband surface albedo by 14 % from 0.89 to 0.77. The-majority
of-this-change-Most of this effect on albedo occurs at longer wavelengths where the imaginary part of the refractive index of ice
is high. TherefoerTherefore, the decrease of the spectral albedo at 1300 nm is enhanced to 65 % from 0.75 to 0.26 (Dang et al.,
2016). In mid-latitude areas the snow metamorphism is often accelerated due—to-highertemperaturesand-may-lead-to-snow
effective-grain-sizes by higher temperatures, which can lead to effective snow grain sizes of up to 3000 um ane-causing an
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even stronger reduction of snow albedo (Singh, 2001; Derksen et al., 2014). Additionally, at wavelengths larger than 1000 nm
the albedo of white sea ice that is not covered by snow is-reduced-compared-to-and not water saturated, i.e. dry white ice,
is lower than that of snow-covered sea ice and, therefore, can be characterized by larger snew-effective-effective snow grain
sizes (Malinka et al., 2016). However, most cloud retrievals—retrieval techniques do not consider such-for a variation of the
snow and sea ice albedo. For the MODIS cloud product Collection 6enty-, a fixed surface albedo of 0.03 for both wavelength
bands (1640 nm and 2130 nm) is assumed over sea ice or snow-covered areas (King et al., 2004). Bifferent-In contrast to land

surfaces, no spatial or temporal changes of the snow and sea ice albedo are considered.

Uncertainties of the surface albedo ean-significantly-affect the retrieval of cloud optical properties(e-g—Fricke-et-al5-2044; Relland-and Lie

—Mest-of-these-, which has been shown by Rolland and Liou (2001), Platnick (2001), and Fricke et al. (2014). These studies

focus on optically thin clouds over typical land surfaces with a high variability of the spectral albedo fer-at wavelengths be-
low 1 um. For a-an optically thin cirrus, Fricke et al. (2014) estimated retrieval uncertainties of up to 50 % for the ice crystal
effective radius depending on cloud optical thickness. Rolland and Liou (2001) showed that the retrieval uncertainties of thin
cirrus can be tmpreved-reduced by 20 % for optical thickness and by 45 % for ice crystal effective radius when an-impreved
a reasonable estimate of the surface albedo variability-is applied. For snow-covered areas, only the difference between sea-ice
and-iee-free-atbede-snow/sea ice albedo and the albedo of the sea ice free ocean has been addressed and-considered-in improved
retrieval algorithms (Platnick, 2001). An-estimate-of-how-changes he-snow-albedo-effe ud-retrieval-is-missing-So far,
no estimates of the effect of a varying snow albedo on cloud retrievals have been reported in the literaturese-far.

For satellite observations of spectral solar radiation, retrieval algorithms that provide snew-effective-effective snow grain
size have been developed by Zege-etal(2011);Painter-et-al(2009)Painter et al. (2009) and Zege et al. (2011). These tech-

niques utitize-exploit the dependence of spectral snow albedo freflectivity-on-the-snow-effective-and reflectivity and effective
snow grain size. A larger snow-effeetive-effective snow grain size increases the photon path length within the snow grain and

hence the probability that radiation is absorbed in the snow layerwhich-weuld-, which reduces the snow albedo. As already
thin snow layers determine-dominates the radiation reflection by the surface, the retrievals are most sensitive to the upper-

most snow layer andeover-, thus, changes by precipitation

» snow metamorphism, and the concentration
, 2013; Libois et al., 2013). The retrieval methods by Painter et al. (2009)

and Zege et al. (2011) use these sensitivities and estimate the black carbon concentration in the snowsurface-thatmestly-effeets
which mostly affects the visible range of the spectral albedo. Unfortunately, these satellite retrievals of snow properties may

of impurities are of utmost importance (Wiebe et al.

do not cover the full spatial and temporal evolution of sprew-effeetive-effective snow grain size and snow albedo as they are
limited to cloud free areas (Lyapustin et al., 2009; Zege et al., 2011). However, especially—cloud layers in polar regions eloud
layers-thatare often observed to prevail for several days arefrequently-observed-(Herman and Goody, 1976; Shupe et al., 2006,
2011). In thateasesuch a case, the cloud retrieval may suffer from an outdated assumption on snow or sea ice albedo. A correct
solution is only possible +-if snow and cloud properties are determined in combination as suggested in this paper.
Measurements of spectral cloud reflectivity have been successfully applied to distinguish between liquid and ice water clouds

(Pilewskie and Twomey, 1987; Ehrlich et al., 2008; LeBlanc et al., 2015). Making use of differences in the spectral absorption
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of liquid water and ice, which are manifested in the spectral shape of the cloud reflectivityean—be-analyzed-to-determine
different, several indices to identify the dominant cloud phase are defined. Similarly, this study makes use of the different
spectral absorption characteristics for snow surfaces and liquid water clouds to develop-a-method-thatallews-te-retrieve cloud
and snow properties simultaneoussimultaneously. To illustrate the need of such retrieval methods -in-Seetion2-the uncertainties
due to uncertainties in the assumed snow albedo on the retrieval of cloud properties will be quantified in Section 2. The new
retrieval method will be introduced in Sections 3 and 4 including the identification of suited-most suitable wavelengths applied
in the retrieval and-as well as the forward simulations of cloud reflectivitythat-build-the-backbone-of-the-retrieval4n—. In a
feasibility study in Section 5, the algorithm that is limited to cases of liquid water clouds is applied to two specific cases, which
have been observed by airborne spectral cloud reflectivity measurements during the field campaign Vertical Distribution of Ice

in Arctic Clouds (VERDI) over the Canadian Beaufort Sea in 2012.

2 Uncertainties of bi-spectral cloud retrieval over snow
2.1 Forward simulations

Based on radiative transfer simulations the impact of uncertainties of the snow albedo on the retrieved cloud properties is
quantified. The spectral solar radiationreflectivity above a liquid water cloud layer was simulated using the DISORT 2 radiative
transfer solver embedded in the library for radiative transfer (libRadtran, Emde et al., 2016). A solar zenith angle of 63°
representative for Arctic conditions around spring was chosen in the simulations. Typical Arctic boundary layer liquid water
clouds located between 200 m and 500 m altitude were stmutatedassumed. Cloud optical thickness 7 was varied from 1 to 20;
cloud droplet effective radius 7eg ¢ between 2 um and 25 pm. For all clouds, simulations with different surface albedo covering
snow-effective-effective snow grain sizes reg g between 10 um and 800 um were performed. The spectral snow albedo p) was
calculated with the parametrization by Zege et al. (2011) using the refractive index of ice presented-by Warren and Brandt
(2008) and a form-factor A = 5.8. This form factor is adopted from Zege et al. (2011) and accounts for the non-sphericity of
snow grains; it represents a mixture of randomly oriented hexagonal plates and columns with rough surfaces. This mixture
and, therefore, the form-factor A may differ-in-reality-vary depending on the local snow properties. However, an uncertainty
of A can be attributed to an uncertainty in the effective snow grain size as both properties have the same spectral impact on
the snow reflection characteristics, such as spectral albedo. Snow impurities by black carbon were neglected as the absorption
by black carbon is typically limited to wavelengths less than 1000 nm (e.g., Warren and Wiscombe, 1980; Liou et al., 2014)
that are not used in cloud retrieval over snow surfaces. A set of calculated spectral snow albedo p) is presented in Figure 1a,
which illustrates the decrease of py with increasing values of r.¢ g for wavelengths A > 1000 nm where the imaginary part of
the refractive index of ice is high (Figure 1c).

The simulated upward nadir radiance I, and downward irradiance F’\ were converted into spectral cloud reflectivity 7y
defined by,

7'('-])\
Fy

A= ey
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Figure 1. Comparison of spectral snow albedo py (a) and cloud reflectivity yx (b) for different o s and 7, respectively. Clouds reflectivity
has been simulated for clouds with reg,c = 10 pm that are located above a snow surface with reg s = 100 pm. The imaginary part of the

refractive index of ice and liquid water is given in panel (c). Vertical lines indicate the wavelength used in the bi-spectral cloud retrieval.

In Figure 1b a set of ~y, for typical values of 7 between 2 and 16 is shown for a fixed cloud effective droplet size of reg.c =

10 pm and a typical spew-effeetive-effective snow grain size of ¢ g = 100 um. The simulations illustrate that 7 impacts -y,
only-at-wavelengths-A—>-1000primarily at wavelengths larger than 1000 nm where the snow albedo is lower than 0.8, while
lower wavelengths are less sensitive to 7.

Based on the simulated cloud reflectivities, which are used as synthetic measurements, a-the commonly used bi-spectral
cloud retrieval algorithm was applied to obtain cloud optical thickness and droplet effective radius. This retrieval method is
similar to the cloud product of MODIS (Platnick, 2001). The retrieval uses the dependenee-different dependencies of 1600 nm
(Iess-absorbing wavelength) to-cloud-optical-thickness-and-the-dependenee-of-and ~y2100nm (high-absorbing wavelength) to
eleud-on cloud optical thickness and cloud droplet effective radius and basically follows the method by Nakajima and King
(1990).

The bi-spectral retrieval grid obtained from the simulated cloud reflectivities is presented in Figure 2 for three snow-effeetive
effective snow grain sizes: 50, 100, and 500 pm. The grids significantly differ and show a considerable snow grain size effect

especially for low values of v1600nm, While at higher reflectivities the grids tend to converge. The reflectivity y2100nm 1S less
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Figure 2. Bi-spectral retrieval grids of cloud top nadir reflectivity Y1600 nm and y2100nm assuming three different spow-effective snow grain
sizes reg,s of 50, 100, and 500 um. The simulated reflectivities cover cloud optical thickness 7 between 3 and 20 and cloud droplet effective

radius reg,c between 6 um and 25 ym.

affected by changes of . g as the snow albedo is close to zero for 7¢g .5 > 100 um (see Figure 1). Fhis-behaviorsuggests;-that
As the retrieval of 7 +thatis strongly linked to 1600 nm, 15-primarity-affected-by-the-snow-albedothe effect of the snow albedo
on the retrieved 7 is obvious. However, the non-rectangular shape of the grids indicate-thatindicates, that both reflectivities are
coupled to both cloud parameters and, thus, also the retrieved o, will be affected by a-changing-snow-effeetivegrain-size-as

2.2 Snow grain size effect on cloud retrieval results

For liquid water cloud retrieval-resultsretrievals obtained over snow

surfaces with unknown grain size, a-se

the snow grain size effect on uncertainties of retrieval results was quantified. Therefore, synthetic measurements obtained from
the retrieval forward simulations as introduced in Section 2.1 are applied. For each synthetic measurement defined by 7, 7esr,c,
and 7efr,s a set of retrieval assuming different values of effective snow grain sizes were performed. The purpose of this exercise
is to use the synthetic measurement (for which the original srew-effective-grainsizerog g is known), and pretend-not-to-know
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Figure 3. Comparison of synthetically retrieved 7 (a, c) and 7es,c (b, d) with the original parameter value. Calculations in panel a and b
are performed for assuming a larger snow-effective snow grain size of reg s = 200 um instead of the original 7ef s = 50 um (crosses) and a
smaller snow-effective snow grain size of 7efr,s = 50 um instead of the original g s = 200 um (asterisks). In panel ¢ and d all combinations
of assumed and original 7,5 are analyzed for a specific cloud of 7 = 4 and 7eg,c = 10 um. The red dots in panel ¢ and d indicate the cases

included in panel a and b, where results for the same cloud are indicated by green circles.

start the retrieval assuming r.g g when-sta
to-quantify-the-impact-of-this-wrong-assamptien-is not known. The impact of these wrong assumptions on the retrieved cloud

properties —is then quantified.
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In Figures 3a and 3b the retrieval results are compared to the original cloud properties for synthetic measurements calculated
with an original snew-effective-effective snow grain size of 50 ym, but retrieved from forward simulations assuming a spow
effeetive-effective snow grain size of 200 um (crosses). The asterisks symbols in Figures 3a and 3b indicate the opposite case:
originally 7¢¢ s = 200 um is used to produce the synthetic measurement and then 7 g = 50 um is assumed in the retrieval
of the cloud properties. While Figure 3a shows retrieved 7 for different 7o ¢ indicated by the color code, Figure 3b presents
retrieved ref ¢ for clouds of different T also indicated by a color code.

Assuming r.g,s to be larger than originally present, the retrieved 7 is systematically overestimated because the surface
albedo is underestimated in this case (larger r.g s assumes lower snow albedo at 1600 nm, see also Figure 1). If reg g is
underestimated (surface albedo overestimated) the snow grain size effect is inverted leading to an underestimation of 7. This

is in agreement with the general surface albedo sensitivity of cloud retrieval as discussed by Rolland and Liou (2001) and
Fricke et al. (2014). For the case presented in Figure 3, errors-in-theretrieval-range-the snow grain size effect, expressed by the

ercentage deviation of the retrieved from the original true value, ranges up to 83 % for low optical thickness 7 = 3.
The results for 7 do not significantly depend on rg . €ontrarityBy contrast, the uncertainties introduced in the retrieval

of reg,c strongly depend on 7 as illustrated in Figure 3b. Especially for clouds of low optical thickness, the retrieved rcg ¢
is significantly overestimated/underestimated when the snow-effeetive-effective snow grain size is assumed to be higher/lower
than originally present. The snow grain size effect ranges up to 62 % for optically thin clouds with-smallrer(T = 3) with
small 7o ¢ = 5 um. In case targersnow-effeetive-of larger effective snow grain sizes are assumed, the absorption observed in
Y1600nm 18 overestimated while v2100nm 1s almost unchanged. This combination leads to an estimate of too low r.g ¢ in the
retrieval.

While the retrieval of 7 independently-ofrsris always biased due to uncertainties of reg s, independently of reg ¢, no
snow grain size effect is observed for the retrieval of r.g ¢ in case of 7 is-larger than about 10. For optically thick clouds, the
high extinction of incoming radiation inside the cloud layer leads to a low amount of radiation that reaches the surface and
interacts with the snow and is transmitted back threugh-tep-ef-the-cloud-to the cloud top. In this case the interaction of radiation
with the surface can be neglected and, therefore, the surface albedo, respectively the assumption of 74 g, is not relevant.

The cases discussed in Figure 3a and 3b represent the typical range of reg g from 50 um to 200 pm as expected in Arctic areas
for snow surfaces. However, white sea ice and snow cover in mid-latitudes may exhibit a higher variability leading to larger
uncertainties. Therefore, Figures 3¢ and 3d summarize the snow grain size effect on the retrieval of 7 (Figure 3c¢) and reg,c
(Figure 3d) for a set of combinations of assumed and original 7¢ 5. A typical cloud with low optical thickness of 7 = 4 and
Tefr,c.= 10 um (green circles in Figure 3a and 3b) was analyzed. The red dots indicate the cases that are included in Figure 3a

and 3b— el e e e e e S R E e
The over- and underestimation of r.g s leads to almost symmetric effects for the clouds investigated here. The maximum
snow grain size effect on the retrieval of 7 covered by the simulations leads to a retrieval of 7 =2 or 7 = 6 —Fer+rgrthe

results-significantly deviating from the original value of 7 = 4. Compared to the original 7, = 10 um the results for reg o
range between 6 um and 13 um. The effects are most pronounced when either smaller snow-effeetiveeffective snow grain sizes
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are assumed or originally present; e.g., 50 um assumed but 300 um present, or 300 pm assumed and 50 um present. Similar
mismatch between assumed and original ¢ g at larger grain sizes, e.g., 300 um vs. 500 um, do-cause-muech-cause lower errors
in the retrieved 7 and r.g c. This indicates s-that especially in polar areas where snow grain sizes are typieal-typically smaller,

the retrieval biases due to a wrong assumption of 7 g ean-net-cannot be neglected.

The numbers presented here were obtained for a solar zenith angle of 6o = 63°. For simulations with different solar zenith
angles in the range between 80° to 80° similar grain size effects are observed. In general, the magnitude of the grain size effect
of 7 does not significantly change with 6. However, for low Sun, large o, the grain size effect on the retrieved reg ¢ was
slightly reduced, while for higher Sun, small 6y, the effects increase. This is caused by the increased probability that radiation

3 Separating the spectral signatures of liquid water clouds and snow

In ease—cases where liquid water clouds are located above a snow surface, the spectral differences of absorption of solar
radiation by snow (ice water) and clouds (liquid water) as illustrated in Figure 1 can be used to separate the surface and
cloud contributions to the reflected radiation above the cloud. In addition, the different size ranges of cloud droplets (typically
Teff,c < 20um) and snow grains (typically reg s > 50 um) amplify these spectral signatures of ice and liquid water. Inside-large
snow-gratns-the-The photon path length inside large snow grains is prolonged, which leads to a stronger absorption and a lower
reflectivity compared to the smaller liquid water droplets.

Using the cloud reflectivity simulations introduced in Section 2, two meastres-metrics to identify wavelengths that are most
sensitive to only one single parameter, either 7, reg,c Or Tefr,s, are derived. The first parameter o is provided by the mean
standard deviation of «y, with respect to a single parameter 7, reg,c, and 7es 5. E.g., for each cloud, a standard deviation of all
clouds. The second parameter are the spectral weightings of a principle component analysis (PCA) applied to the full set of
simulations. Corresponding to the cloud and snow parameters changed in the simulations, the spectral weights I';, I'2, and I's
of the first three principle components are found to be associated with 7 (I'1), reg,c (I'2), and reg s (I'3).

Both measures-metrics are shown in Figure 4 for 7 (0, and I'1), for reft,c (0o o and I'z), and for regr s (07 s and I's).
The results are presented for a solar zenith angle of 0y = 63° but are applicable to larger and smaller 0. The three calculated
functions of o show that the maximum variability of the cloud reflectivity with respect to the three parameters is located in
different spectral regions. While r.g g mostly affects the cloud reflectivity at wavelengths between 930nm and 1350nm, 7
introduces high standard deviations in the wavelength range of 1500 — 1800 nm. However, this spectral range is also influenced
by refr,c With o, . showing values only moderately lower vatues-than o,. Values of similar magnitude are observed for
Or.c At tonger-wavelength-targer-wavelength larger then 2000nm. In this spectral range 7o, is the dominating parameter
determining the cloud reflectivity.

Similar spectral pattera-patterns result from the PCA, which delivers the spectral weighs-weights I'y, I's, and I'sas-, are

presented in Figure 4b. A comparison with the three calculated ¢ in Figure 4b reveals that I'; can be associated with 7, I's
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Figure 4. Mean standard deviations of spectral cloud reflectivity o', 0 o, and o o With respect to a single cloud or snow parameter 7,
reff,c, and reg,s calculated for the sets of radiative transfer simulations (panel a). First three spectral weights I', I'2, and I's of a principle

component analysis are given in panel b.

with 7 ¢ and I'y with reg 5. The major contribution to I'; is located in the wavelength range 930 — 1350 nm dominated by
the changes in snow albedo, res 5. The impact of 7 is spectrally neutral, showing a similar magnitude of I'; in all analyzed
wavelengths expect of the water vapor absorption bands. CentrarilyBy contrast, wavelengths above 1500nm contribute most
to the weight of the third principle component I's, but with opposite signs for the 1500 — 1800nm and the 2000 — 2200 nm
wavelength range.

It has to be mentioned ;-that these sensitivities might change for different scenarios assumed in the radiative transfer simula-
tions, e.g., different solar zenith angle, cloud altitude, profile of cloud droplet size, or aerosol concentration. Similarly, the use

of sub samples of the full cloud and snow parameter range investigated here might change the derived values. However, the
general separation of the three parameters by different spectral ranges will not essentially differ.

10
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4 Tri-spectral retrieval algorithm

4.1 Selected wavelengths and radiance-ratios

Based on the spectral si

3 f;Q\OAtRI;i/I\lLOf T, Teff,C and Teff,S lI/l\/g}QAC/lQl/J{Q
reflectivity, a tri-spectral retrieval algorithm using-measured——is proposed to retrieve-derive the three cloud and snow pa-
rameter simultaneously. Extending-In this way, the conventional bi-spectral cloud retrievatsretrieval was extended by a third
measurement at a wavelength sensitive to 7.g g, which adds the information on the snow grain size. Compared to retrieval algo-
rithms that rely on a fixed assumption of r.g sthis-approach-canreduee-, this new tri-spectral approach reduces the uncertainty
of the retrieved cloud parameters.

Measurements-In particular, measurements at A; = 1040 nm which are most sensitive to reg g, A2 = 1650 nm most sensitive
to 7, and Az = 2100 nm most sensitive to r.g,c were chosen in the retrieval algorithm. Fo-improve-the-separation—of-the
‘iﬁdi‘lidli'i ele‘]d liﬁd E‘He“l p']f'imeteﬁ'

In the new tri-spectral retrieval algorithm, the radiance-ratio method introduced by Werner-et-al-2043); Britckneretal-(2044); LeBlaneet

Werner et al. (2013), Briickner et al. (2014), and LeBlanc et al. (2015) was applied. Here-a-A normalization with the cloud re-

flectivity at A\g = 860 nm was chosen. The corresponding ratios R, R, and R3 are calculated by;-

as,

Rlzhv R2:h7 R3:b7 (2)

o g2y Tz
with Ag = 860nm, A\; =1040nm,

A2 =1650nm, and A3z = 2100nm.

TFhese-The normalizations additionally reduce the uncertainties of the retrieval by cancelling potential biases in the radiometric

calibration of the measurements. A

between12006Except for \q, all wavelengths that were chosen for the algorithm are covered by the satellite imagers MODIS

and VIIRS. To apply the algorithm to global observations by these instruments, A\; can be exchanged by the 1240 nm anéd
13006-can-be-chesen-wavelength band where cloud reflectivity is still most sensitive to 7 s.

Similar to Section 3, the mean standard deviation o with respect to a-single-parameter—, 7ef,c, and 7eg g Was calculated
for the three reflectivity ratios. Table 1 shows o for all possible parameter combinations. The higher o, the more sensitive 12y,

Rs, and Rj3 are fer-with respect to changes of an individual cloud or snow parameter. For-One ratio with significantly higher

o is found for each parameter, 7, reg,c, and Tefr S5
ratios. For the cloud optical thickness s-the highest o = 0.145 is found for Ryand-, which is almost twice as high compared
to-as the sensitivity of 1?1 and R3. Similarly, R, and-R3-show-shows the highest sensitivity to g5 and [23 the highest o for
Tefr,g and Tefr ¢ vrespeetively-with 0 = 0.074 and 0 = 0.121, respectively. This indicates that R, R, and 23 are well suited

to separate the information of 7, reg ¢, and reg,s from spectral reflectivity measurements.
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Figure 5. Three-dimensional retrieval grid using the ratios R1, R2, and R3 obtained from simulations covering 7 = 1-2020, resr,c =
5-25-25 um and reg,s = 25-866-800 um. Panel a-e-a—c show each two selected two-dimensional section of the retrieval grid, while panel
d covers the full 3D grid. Exemptary-Representative measurements obtained during VERDI (29 April 2012) are imprinted-represented by
black dots.

4.2 Retrieval grid

The set of cloud reflectivity simulations introduced in Section 2 served for the forward simulations (solar zenith angle of
63°, liquid water cloud layer between 200m and 500 m). The simulated grids of R;, R2, and R3 used for the tri-spectral
retrieval are presented in Fig 5. While Fig. 5d shows the full 3-dimensional (3D) grid covering 7 = 1-20, e, c = 5-25 um
and reg,s = 25-800 um, Fig. Sa-c present 2-dimensional-projections-of-two-two-dimensional projections of reflectivity ratios
with one parameter being fixed. In Fig. 5a, reg s is fixed-set to 50 um (black) and 500 um (red), while in Fig. 5b reg ¢ is
fixed to-at 5 ym (black), and 16 um (red) and in Fig. Sc 7 is fixed to a-value-values of 4 (black) and 16 (red). In-all-figures-the
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Table 1. Standard deviation of the reflectivity ratios R1, R2, and R3 with respect to one of the three cloud and snow parameter 7, res,c, and

Teff,S-

Teff,S T Teff,C
Ry 0.074 0.039 0.015
Ry, 0.065 0.145 0.088
Rs 0.054 0.056 0.121

vs-The simulated grids show that the
individual lines efe%%—almest—peﬁaeﬁmetﬂaﬁfeﬂarg&almost align orthogonally for wide ranges of the simulated parameters-Ne
overlapping-of-the-different-surfaces-is-observedparameter space. The different surfaces do not overlap. This indicates that the

three chosen ratios Ry, I?3, and I23 separate the influence of the three parameters 7, reg ¢, and reg,s on the cloud reflectivity
and allow a retrieval of the cloud and snow parameters leaving ittle-few ambiguities. Only for small-snow-effective-grain-sizes
Tefr,g lower than 50 um the grid beeemes-is more narrow as obvious in Fig. 5d (uppermost black grid) and Fig. 5a (black grid).
Such a narrow grid increases the uncertainty of the retrieved 7 and r.g ¢ especially for clouds of low optical thickness. This
grid characteristic is caused by the higher surface albedo of snow for small values of s g, which reduces the contrast between
cloud and snow surface alse-in-the-wavelength-range-used-for the retrieval-algorithmwavelengths used to calculate the three
ratios. However, a retrieval of cloud and snow properties in-these-ranges-is still possible in these ranges if the measurement
uncertainties are sufficiently tew:—small. A more general quantification of the retrieval sensitivities and uncertainties can be
derived by optimal estimation technigues, which is, however, beyond of the scope this paper.

Ambiguities appear in the retrieval for small cloud droplet effective radii of ref,c < 5um (not shown in Fig. 5). In that case
the absorption of cloud droplets is to-week-and-cloud-reflectivity-can-be-weak and the cloud reflectivity is similar to a cloud
with larger r.g ¢ but smaller 7. Therefore, when-applying-theretrieval-all solutions with with r.g ¢ < 5pm were excluded

from the retrieval.
4.3 Adjustments and uncertainty estimation

The retrieval algorithm was additionally adjusted to Arctic conditions where open water and ice flows-may-be-present-floes

can occur in close proximity. Therefore;-the-algorithms-first-distinguishes+f First, the algorithm determines whether the mea-
surements are obtained over snow-covered sea ice or open water surfaces. Even in ease-of-overlying-clouds,aseparation-of

the case of cloud covered scenes, the border between sea ice and open water is clearly discernable in the cloud top reflectivit

as shown by Schiifer et al. (2015). A surface with a high albedo always enhances the upward radiance above a cloud atso-fer
optieal-even in the case of optically thick clouds. Therefore, a fixed threshold of cloud reflectivity y(\y) > 0.65 at a wave-
length below-roughly—10000f 860 nm ean-be-is applied to distinguish WM%MQG%W obtained

above snow or white sea ice and-from those over open water. Bas
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value-might-change-#f-This value may need to be adjusted for conditions of different solar zenith angles are-different-to-the
stmulations-presented-here-and-if-or clouds with higher optical thicknessare-considered.
If {Ag)-the cloud reflectivity at 860 nm is below the threshold, an open water surface is assumed. In that case a-the bi-

spectral retrieval following the radiance ratio approach of Werner et al. (2013) was-is applied. Cloud reflectivities y(A2) and
the reflectivity ratio Rs = y(A3)/v(A2) were-are used to retrieve 7 and reg,c. If 7(Ao) is above the threshold, a snow surface
is assumed. In-thatease-Then the measurements are converted into the three reflectivity ratios 121, R, and 3 and interpolated

to the 3D grid of simulated values introduced in Sec. 4.2.

However, as-quantified-by-Sehiferet-al(2015)in-the-vieinity-of 3D radiative effects in vicinity to sea ice edges 3Dradiative
effeets-do-significantly influence the reflected radiation —This-effeet-mayrange-up-to-herizontal-distances-of-a—couple-of km

depending-and bias the retrieved cloud properties (Schifer et al., 2015). Depending on cloud and surface geometry, this effect
is important up to several kilometers distance from the ice edge. Therefore, such-measurementsections-measurements collected

close to sea ice edges have been removed from the analysisa
Retrieval-The retrieval uncertainties are estimated by-considering—the—uncertainties—of-each—measured-reflectivityratio

expressed-by-its-considering the measurement errors of the reflectivity ratio and assuming a Gaussian distribution of the errors.
In this case the uncertainties can be expressed by their double standard deviation 2¢. The retrieval is operated for varying

each ratio, %1, Ry, and R3, separately by adding and subtracting 2¢. This procedure ends-up-results in six solutions for the
tri-spectral retrieval over snow surfaces and four solutions for the bi-spectral retrieval over open water. This set of solutions
is sufficient to represent the full solution space of the Gaussian distributed measurement uncertainties. The median of these
solutions was-tised-as-is used as the retrieval result of 7, 7eg ¢, and 7eg 5, while the standard deviation of all solutions quantifies
the retrieval uncertainty A7, Areg ¢, and Areg s.

Independent of these uncertainties caused by the measurementsitself;systematie-uneertainties-, systematic errors due to the
assumptions in the forward simulations have-to-be-considered-Firstare considered. Currently, the retrieval algorithm is limited

to liquid water clouds enty-and, therefore, may suffer from-an-incorrect-assumption-of-the-cloud-phaseif the cloud contains ice.

In the Arctic, mixed-phase clouds that are dominated by a liquid water layer at cloud top are frequent (Mioche et al., 2015). In
thatthis case, the retrieval algorithm-may-fail-may provide unrealistic cloud properties as the ice crystals in-these-elouds-absorb
solar radiation at similar wavelengths as the snow surface does. The absorption by the ice crystals may add to the absorption
of-by the snow surface and bias the retrieval-results.

SeeondFurthermore, limitations of the snow albedo parametrization by Zege et al. (2011) applied in the forward simulations
may introduce biases in the retrieved 7 5. E-g=the-The parametrization assumes a fixed snow grain shape quantified by the
form-factor A = 5.8. Typical values of A range appfeﬂmafe}y—befweefrfrom 5.1 for fractals to 6.5 for spheres. For a eloud-free

retrieval of snow grain size

is-in cloud free conditions,
the snow grain shape implies uncertainties in the retrieved snow-effective-effective snow grain size up to 25 %. However, as
discussed by Zege et al. (2011), i i tes— i
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#smr.s5the-the reflection characteristics of the snow, in particular the spectral albedo, are not affected at wavelengths used by the
retrieval algorithm. Both properties --A and r.¢ g change the snow albedo with similar spectral pattern—This-similarity-patterns,
which allows to attribute the uncertainty of A as uneertainties-uncertainty of r.g s. Therefore, the retrieved cloud properties
are independent of the assumption of A. This-emphasises;

This emphasises that the retrieved r.g g has-always-always has to be considered as an effective quantity. It represents the
snow grain size that has to be used in the specific albedo parametrisation (fixed form-factor A) to provide the snow albedo
which is most representative for the measurements. Spatial or temporal differences in-of the retrieved r.g g may result either
by-from a change of the geometric size of the snow grains or by—from changes of the snow grain shape quantified by the

form-factor.

5 Application to airborne measurementsduring-VERDI

Airborne spectral solar radiation measurements were collected with the Spectral Modular Airborne Radiation measurement
sysTem (SMART-AlbedometerSMART) during the airborne research campaign Vertical Distribution of Ice in Arctic Clouds
(VERDI). In-April/May-2012-in-total-A total of 16 research flights was conducted in April/May 2012 with the Polar 5 aircraft
operated by Alfred-Wegener Institute for Marine and Polar Research (AWI) were-performed-over the Canadian Beaufort Sea,
which was partly covered with snow-covered sea iceand-parthy-icefree.
The-SMART-Albedometer-measured-SMART measured the spectral solar radiance reflected in nadir direction (2.1° field
of view) and downward spectral irradiance with grating spectrometers covering the wavelength range between 350 nm and

2200 nm Ehrlich-etal;2008;-Wendiseh-et-al5 2004 (Wendisch et al., 2001; Ehrlich et al., 2008). From both quantities cloud
reflectivity v was calculated using Eq. 1. FThe-SMART-Albedometer-SMART was calibrated radiometrically, spectrally and

geometrically in laberatory—the laboratory.

The uncertainties of the measurements mostly originate from the radiometric calibration given by the uncertainty of the
applied radiation source (traceable to the standards of the National Institute of Standards and Technology, NIST) and the signal
to noise ratio that differs with wavelength due to the sensitivity of the spectrometers.

By calculating the ratios R;, R2, and R3, as used in the retrieval algorithm, calibration uncertainties partly cancel. E.g.,
a bias in the radiometric calibration will affect cloud reflectivities at different wavelengths to the same degree, but does
not ehange-influence the ratios. Summing-tup-al-effects-and-considering-typteal-measurements-Altogether, assuming typical
measurements of clouds above snow, a 20 uncertainty of 6 % was estimated for 121, while for Ry and R3, 4% and 12 %
uneertainty-uncertainties were considered. For the retrieval of clouds over open water, where y(\2) and the reflectivity ratio
Rg3 are used, the darker surface (lower signal and lower signal to noise ratio) lead to uncertainties in the observations of 9 %
for v(A2) and 13 % for Rj.

Two different-30 min extracts—from-the-sections from observations on 29 April (Case I) and 17 May 2012 (Case II) were
selected to test the retrieval algorithm. In both cases a wide area close to the coast line was covered by stratiform boundary

layer clouds. While for Case I the cloud top, defined by the boundary layer inversion, reached altitudes of up to 700 m,
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persistent subsidence driven by anticyclonic conditions lead to a low cloud top of 200 m in Case II. During the remote sensing
observations of these clouds, the Polar 5 aircraft flew in-at an altitude of about +63,000 ftm. The flight tracks and the sections

of the flight selected for

s-a detailed analysis are included in Figures 8 and 10.

For the application of the retrieval to real-measurements it has to be considered ;-that a pure snow surface is assumed in the
forward simulations. Although a snow thickness of 2 cm will be sufficient to neglect the variation of snow albedo with snow
thickness (Warren, 2013), this eonstrain-constraint might not be valid when-for observations over sea ice with leads or melt
pondsare-analyzed. The research flights of VERDI have been performed almost exclusively over the partly sea-ice-covered
Beaufort Sea. For the two casesanalyzed-in-detail, observations have been selected where the surface conditions are close to
the required pure snow surface. However, potential effects by leads, melt ponds, or snow free sea ice are discussed for the

individual cases.

Cloud microphysical in situ measurements on board of Polar 5 were use to validate the retrieved rqg ¢d. A Cloud Droplet
Probe (CDP) provided size resolved cloud particle concentrations in the size range from 2.5 pm to 46 um and corresponding.
Test,c (Klingebiel et al., 2015). Using only one aircraft, the in situ and remote sensing measurements had been performed
subsequently. For both investigated Cases I and II, the remote sensing flight legs were flown first. Roughly one hour later
the in situ measurements were obtained at the same location following the flight track of the remote sensing sequence. Due
to_the stable meteorological conditions, changes of the cloud properties with time are expected to be small which allows a
comparison of in situ and remote sensing data. A reference to validate the retrieved snow grain size is not available because no
ground-based measurements on the sea ice have been conducted during VERDI.

5.1 CaseI-——29 April 2012

Onr29-April-2042-the-observations-The observations in this case were collected exclusively over snow-covered sea ice —Fhe
seleeted-measurements-were-and obtained between 16:54-1754—17:21 UTC with a solar zenith angle elose-to-of 63°as-assumed

._The retrieved cloud and snow properties are presented in Fig. 6. Cloud optical thickness ranged between 7 = 6 at the

beginning-of-the-presented-timeseries-begin and 7 = 15 in-the-second-partat the end of the flight leg. reg ¢ also shows a
tendency of increasing values butchanged-only-shightly-in-time-between 6 um and 9 pm, while r.g g remained almost constant
at values around 100 um. In situ cloud microphysical measurements of reg ¢ had been obtained along the same flight track
about one hour after the remote sensing measurements. At cloud top, two derived vertical profiles show 7eg.¢; between 6 pm

and 7.5 um, which is in the range of the retrieval results.
The retrieval uncertainties are indicated by the shaded areas in Fig. 6. In the first part of the time series, up to 17:07 UTC,

the retrieval uncertainties are lowest for 7 with about A7 £ 1, and range at Areg,c £ 1.5 um for reg ¢, and Areg g =60 pm
for reg,s. In the second part of the time series, the retrieval uncertainty A7 significantly inereaseincreases. This correlates

with the increase of the cloud optical thickness. Similarly, Arcg g shows a slight negative correlation with higher-uneertainties

uncertainties being higher for low 7. This is also reflected by the retrieval grids presented in Fig. 5. With-inereasing-The grid
spacing is more narrow for larger Tthe-grid-spacing-becomes-more-narrow-.
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Figure 6. Time series of cloud optical thickness 7 (a), cloud droplet effective radius 7., (b) and snew-effective snow grain size et s (C)
retrieved by-from SMART measurements for Case I on 29 April 2012. Uncertainties of the retrieved properties are indicated by dark shaded

areas. When available, results of the MODIS cloud product are given for 7 and reg,c (5x5 pixel average).

For all measurements, the dependeneies-behaviour of A7 and Ar.g g as a-fanetionfunctions of the retrieved 7 and reg g
are-is shown in Figure 7. For A7, values of 7.g g are color-coded in each data point, while for Ar.g g colors indicate #&rs7.
Positive correlations are found for both parameters; the larger the retrieved 7 or 7.g g, the larger their uncertainties. For At
uncertainties are larger for small 7¢¢ g (color code in Figure 7a). In this case, small r.g g increase the snow albedo and lower
the contrast of clouds-also-atlarge-wavelengths-sueh-as-between clouds and snow surface at A = 1650 nmused-for-theretrievat
of-, which then becomes less sensitive to 7. Similarly, Ar.g s depends on the retrieved 7 (color code in Figure 7b):-, with higher
uncertainties observed for large 7. For high optical thickness the clouds begin to mask the surface and information of the surface
is lost in the reflected radiation measured above cloud top —Fherefore,-measurement-uncertainties resuttin-leading to higher
uncertainties of r.g . For Areg c, similar dependencies are obtained but with less variability-between—+1-2—1-7spread;

Ar, ranges between +1.2 ym and 1.7 um (not shown here). Areg ¢ was found to slightly-inerease-increase slightly with
decreasing 7,5 and increasing reg,c.

The snow-covered sea ice below the clouds might-did have some open or only recently frozen leads, which were identified

when Polar 5 did fly-flew below clouds after the remote sensing flight leg. From automatic photographs taken on board of
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Figure 7. Uncertainties A7 (a) and Areg,s (b) as a function of retrieved 7 and res,s. The single measurements are color-coded with 7eg,s

for (a) and 7 for (b).

Polar 5, the amount of leads was estimated to be lower than 5 %, which might explain some of the higher values observed in
the retrieved time series of reg s.

The retrieved cloud and snow properties were compared to satellite observations by MODIS (Wiebe et al., 2013). Figure 8
shows maps of cloud optical thickness 7 (a), droplet effective radius 7ef ¢ (b) and snow-effective-effective snow grain size
Teff,s (c) retrieved by MODIS. The flight track of Polar 5 is indicated by a black line and overlayed by the retrieval results of
SMART. 7 and rg ¢ retrieved by MODIS along the flight track are additionally included in Figure 6. Cloud properties are
obtained by the MODIS cloud product Collection 6 for observations over snow or sea ice using band 6 at 1640 nm and band 7 at
2130 nm (Platnick et al., 2017). The snow-effeetive-effective snow grain size is provided by the Snow Grain Size and Pollution
amount (SGSP) retrieval algorithm by Zege et al. (2011). The SGSP is limited to cloud free pixetpixels and, therefore, does not
show values below the clouds observed in the same image. For Case I, the AQUA-Agua overpass of 20:00 UTC was analyzed.
Although ;-the-MODIS-data-was-measured-the MODIS scene was taken about three hours after the airborne measurements,
the stable cloud conditions allow a comparison. Snow grain sizes typically change over longer time scalesand;-therefore;are
direetly-comparable-if-no-, except precipitation occurs. The weather station in Tuktoyaktuk close to the coast line did report
light precipitation of snow grains but might-net-be-is not necessarily representative for the clouds over the Beaufort Sea.
However, a direct comparison of 7. g is not possible anyway due to the missing data in cloudy pixelpixels.

The MODIS cloud product in Figure 8 shows 7 and 7 ¢ in the same range as retrieved by-from the airborne measurements.
Note that here a longer time series ef-airborne-datais-shown-as-is shown than presented in Figure 6. Atthe-This includes areas

with snow covered land surfaces, for which the retrieval can be applied assuming that the snow layer is sufficiently thick and

the snow albedo is not affected by the underlying surface (Warren, 2013). At the southern edges of the cloud field lower values
of 7 are observed by both MODIS and SMART. For r.g ¢ the values retrieved by SMART show the same tendency of lower

Teff,c at the southern cloud edge and increasing 7q¢, ¢ towards the western end of the flight track. For large areas of this cloud
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Figure 8. Cloud optical thickness 7 (a), cloud droplet effective radius reg,c (b) and snew-effective snow grain size reg,s (c) retrieved by
MODIS and SMART for Case I on 29 April 2012. The total flight track is indicated by a black line and overlayed by the retrieval results of
SMART. 'I’ and *T” mark the location of Inuvik and Tuktoyaktuk.

field the MODIS cloud product did not provide valid solutionswhat-itustrated-, which illustrates the limits of the current cloud
retrieval in Arctic regions.

For r.g s no direct comparison is possible. However,the SMARTretrievalretrieval using measurements by SMART fills the
gap of the cloudy areas not considered in the SGSP retrieval for MODIS. The retrieved r.g g are in the same range as those
observed by MODIS south and north of the cloud field andtherefore-considered-to-by-, therefore, are considered to be consistent
with the SGSP product. Lower r.g s were detected by MODIS at higher latitudes with some bias due to large leads in the sea
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ice that are imprinted in the retrieval results. At lower latitudes, the snow is strongly influenced by accelerated metamorphism

processes by-due to higher temperatures andshows-, therefore, exhibits larger req .

5.2 Case II -—— 17 May 2012

On-17-May-2012-observations-were-analyzed-between16:45-1712-UTCFor the second case, observations collected on a flight
leg crossing a distinet-sea ice edge between 16:45-17:12 UTC were analyzed. This transition allows to test the consistency of

the proposed retrieval algorithm for observations over snow and open water. Compared to Case I, the cloud altitude was lower
with 200 m cloud top altitude indicating a thinner cloud layer. Time of day and ;—therefore;—solar zenith angle were almost
identical to Case land-thefoerward-simulations-of-the-retrieval.

The retrieved cloud and snow properties for Case II are presented in Fig. 9. Additionally, the light gray shaded time sections

indicate measurements above the open ocean while during non-shaded times snow-covered sea ice was present below the

ClOudS. -“"‘ € ““5 O D-radiative-effe S—a ouae€ag 0
the-As suggested by Schifer et al. (2015) for the given cloud base and top altitude (6-2000-200 m), measurements within a
distance of abeut-400 m to the sea ice edge were removed from the analysis in order to minimize the impact of 3D-radiative
effects at the sea ice edge.

Over sea ice, the retrieved 7 is almost constant at-with values around 5. Across the sea ice edge, 7 decreases to about 2 and
later slightly increases up to 7 = 10 with increasing distance to the ice edge. The systematic decrease of T over the sea ice edge
as retrieved by the airborne measurements extents-extends up to 8 km. As indicated by Schiifer et al. (2015), the radiative field
across a straight sea ice edge is affected by the surface albedo transition only up to distances of about 400 m. Therefore, the
coincidence of the decrease of 7 with the sea ice edge -observed-hereeannot-be-observed here is attributed to the retrieval
algorithm but rather is-natural-—Whether-has natural causes. It cannot be concluded from this single cross-section whether the
change of the surface and, therefore, the change of surface latent and sensible heat fluxes did-affeet-affected the cloud properties
across the sea ice edgecannotbe-concladedfromthissingle-erossseetion. As the high resolution MODIS observations indicate,

the cloud field did-shew-an-eseillation-showed an oscillating pattern, which might have been-coincidentally-alloeated-coincided
with the sea ice edge at the location of the airborne observations.

The retrieved r.q ¢ also-varies-vary slightly stronger over open waterwhile-over-sea-iee-, while the retrieved values over
snow-covered sea ice are almost constant at about 7. ¢ = 8 um with only short seetion-sections of higher cloud droplet sizes.
Over open water, larger cloud droplets are found with an average of about 10 um. Close to the sea ice edge, until 17:00 UTC,

Teff,c 1 found to slightly increase with increasing distance to the sea ice edge simultaneously with the increase of 7. The in

situ microphysical measurements cover two cloud profiles along the same flight track, one observed above open ocean and one
above sea ice. Both profiles showed no difference with r.q ¢ of about 9 um at cloud top, which are higher compared to Case I

and in agreement with the retrieval results.
The retrieved 7¢¢,5 shows a slightly higher variability and partly higher values ranging between 56-26650 um eempare-and

200 um compared to Case 1. The larger snow grains might result from the different location, the advanced time, and snow

metamorphism, or the closer location to the open water. E.g., a systematic decrease of r.g g with distance to the sea ice edge
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Figure 9. Same as Fig. 6 but for 17 May 2012. Light-gray-shaded-Non-shaded times indicate measurements above snow while in ron-shades
light gray shaded times the ocean was ice free.

is visible (16:52-16:54 UTC, about 6 km distance). In Case II the observations are done above compact fast ice without any

leads. Photographs on a flight section in the same area below the clouds showed ;-that the fast ice was partly not-covered-by

spowwhat-might-have-cause-free of snow, which may have caused the higher variability and the single peak with-rerstp-to
3000f 11,5 = 300 pm.

The comparison of cloud and snow properties retrieved by SMART and MODIS is shown in Figure 10 similar to Case I.
MODIS results along the flight track are additionally included in Figure 9. For Case II, the MODIS image was observed at
21:25 UTC, more than 4 hours after the airborne observations. Similar to Case I, the temporal variation of the cloud properties is
expected to be low as stable dynamic conditions in a high pressure system did-prevail-prevailed during the time of observations
and before. Figure 10 shows that the low values of 7 observed by MODIS were also covered by SMART. The slight increase
of 7 in the western end of the flight leg is represented by the retrieval using SMART data. A similar pattern and agreement was
found for 7 c.

The direct comparison of the time series in Figure 9 confirms the general agrement, although differences in the location of
cloud fluctuations are obvious. Above sea ice, MODIS observed a steady increase of 7 and g, and a similar drop at the ice

edge as retrieved by SMART. However, a more quantitative comparison of SMART and MODIS cloud products is not possible
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Figure 10. Same as Fig. 8 but for 17 May 2012.

due to the time difference between the observations. Differences in the retrieved cloud properties may either result from a
wrong-the assumption of snow albedo or from temporal changes of the cloud. Over open water, the MODIS cloud product
provided lower 7 and r.g . This is likely caused by the 4 hours difference between both observations. Due to the subsidence
in the anticyclonic conditions the cloud top continued to decline and reduced the amount of condensed water, 7, and reg c.
The snow-effective-effective snow grain sizes retrieved by SMART are in the range of 7. s retrieved by MODIS although the
SGSP algorithm could provide results only in small cloud free areas. The single measurements at the western end of the flight
leg indicate single-that individual ice floes encountered on the ocean and show slightly lower g 5. This ean-be-is an indication

of fresh snow precipitation in this area where the cloud optical thickness did-inereaseincreased.

22



10

15

20

25

30

6 Conclusions

The retrieval of cloud properties using spectral reflected solar radiation may significantly-be-biased-be biased significantly if
the clouds are located over a snow surface or sea ice. In this case the snow/sea ice properties have to be considered in the
retrieval. An inappropriate assumption of the spew-effective-effective snow grain size results in an incorrect surface albedo at
non-visible-wavelengthsnear-infrared wavelengths, which imprints in the retrieved cloud optical thickness and droplet effective
radius. This snow grain size effect is similar to the retrieval uncertainties reported by Rolland and Liou (2001) and Fricke et al.
(2014) for observations over a variable land surface albedo; only that for snow the surface albedo variability is the largest at
wavelengths above roughly 1000 nm, while land surface albedo typically varies in-wavelengths-below-at wavelengths less than
1000 nm.

For a eloud-retrievatretrieval of cloud properties using similar wavelengths bands, 1600 nm and 2100 nm, as the MODIS
cloud product Collection 6 applies for observations over snow or sea ice, the snow grain size effect has been quantified on the
basis of radiative transfer simulations. For a typical low-level liquid water cloud (7 = 4, regr,c = 10 pm, ¢y = 63°) the retrieved
cloud properties would differ by up to 50 % if 7. s is assumed to be 200 pm instead of the original snew-effective-effective
snow grain size of 50 um, or vice versa. In-general-It is concluded:

— The snow grain size effect is largest for small snow grains because the snow albedo changes stronger in the range of

small rog 5, while for larger 7¢¢ g a saturation of the absorption of radiation is reached.

— The snow grain size effect on retrieved 7 is almost independent of cloud optical thickness. At short wavelengths --used
to retrieve 7 (A = 1600 nm), the snow albedo is still high and always adds to the total reflected radiation. Clouds can not

mask this additional reflection of the surface.

— The snow grain size effect on retrieved reg ¢ is strongest for clouds of low optical thickness. At wavelengths used to
retrieve reg,c (A = 2100 nm) the snow albedo is close to zero. Therefore, in case of optically thick clouds, the radiation

scattered by the clouds dominates the-radiation-and can mask the additional weak reflection of the surface.

— The snow grain size effect on retrieved 7 does not depend on the solar zenith angle, while the effect on r, is larger
for a higher Sun.

To overcome the snow grain size effect, a method is presented that accounts for changes of the snow grain size in the retrieval
algorithm for liquid water cloudsbyretrievingrsrg-simultaneously-to-the-cloud-properties. A sensitivity study showed that the
spectral signatures of cloud and snow properties (7, remr,c, Teft,s) Significantly differ at specific wavelengths. Three spectral
ranges were identified to be most sensitive to the three cloud and snow parameters. At wavelengths between 930 — 1350 nm
the spectral cloud reflectivity is dominated by rg g, at 1500 — 1800nm by 7, and at 2000 — 2300nm by reg c.

Based on these spectral sensitivities, a retrieval algorithm was designed using reflectivity measurements at A; = 1040 nm
mostly related to 7egr.5, A2 = 1650 nm related to 7, and A3 = 2100 nm related to 7g,c. By implementing normalizations in

terms of the spectral reflectivity ratios 21, [%2, and 1?3, the impact of measurement uncertainties eotid-be-was reduced.
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The retrieval algorithm was tested in a feasibility study for airborne observations by the-SMART-Albedometer SMART

during VERDI in 2012. Two flight legs, one with closed snow-covered sea ice and a second flown across a snow-covered sea

ice edge were analyzed. The results and an uncertainty analysis suggestthefolowingconclusions:

— By considering rg s, retrieved 7 and e ¢ are consistent across a sea ice edge where the surface albedo switehes

changes from snow-covered sea ice to open water.

— Retrieval uncertainties depend on 7. The thicker the clouds are the stronger they will mask the surface. Less radiation is
transmitted into the sub—cloud layer and can be reflected by the surface. This reduces the sensitivity and increases the

uncertainties for the retrieval of reg s.

— Retrieval uncertainties also depend on 7 s. Small 7o g increase the snow albedo and reduce the eentract-contrast

between clouds and snow surface at A > 1000 nm increasing the uncertainties of 7 and rcg c.

Agfeemeﬂ%w&rReasonable agreement between in situ cloud microphysical measurement and the MODIS cloud and

snow products wi

s-was found. Differences

in the retrieved cloud properties may either result from a wrong assumption of snow albedo or the time difference.

For this first application of the new tri-spectral retrieval algorithm, a rather simplistic analysis was applied. A more general
understanding of the retrieval sensitivities and uncertainties can be achieved by optimal estimation techniques, which is beyond
of the scope of this paper. Although the retrieval was applied to cases with a specific solar zenith angle only, radiative transfer
simulations showed that the spectral sensitivities used in the retrieval algorithm are similar in case of smaller or larger solar
zenith angles. Therefore, the proposed retrieval method has some potential to be implemented for existing spaceborne imagers
such as MODIS or VIIRS. Due to the limited number of spectral bands, for these two instrument A; would have to be exchanged

By retrieving cloud properties continuously alse-along transitions from sea ice to open water +-the retrieval algorithm wilt
alow-allows to analyze the impact of surface changes on the cloud microphysical and optical properties. However, retrieval
results close to such ice edges or in heterogeneous sea ice conditions are influenced by 3D radiative effects (Schéfer et al.,
2015). For the two cases presented here, the cloud base altitude and-therefore-alse-was low and, therefore, the 3D radiative
effects were reduced. Only a limited part of the results had to be excluded from the analysis what might differ for clouds located
at higher altitudes (Schifer et al., 2015).

The presented retrieval assumes that the surface albedo can be described by a pure snow layer of sufficient depth with no
influence of the sub-snow surface. However, polar sea ice is not always covered by pure snow. Over new sea ice the snow
layer might still be

melting season, melt ponds ean-change the surface albedo (Grenfell and Perovich, 2004). Locally, melt ponds almost totally

absorb solar radiation at wavelengths larger 800 nm depending on the pond depth (Lu et al., 2016). However, on larger spatial

scales, the albedo of melt ponds and snow areas mix to an albedo with spectral features similar to snow of large grains sizes
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(Istomina et al., 2015). For such cases, it has to be tested if the proposed retrieval algorithms still ean-improve-improves the
estimated cloud properties. However, the spectral signature of bare-white sea ice and melt-pond-covered sea is stith-close to the
spectral albedo of pure snow for the wavelengths used in the retrieval. In that case, the retrieved r.g g ean-be-is interpreted as
an effective snow grain size representing an arbitrary surface albedo (bare-white sea ice or melt ponds) with the same spectral
characteristics above 1000 nm wavelength as a snow surface with 7 s.

In this study enty-liquid-water-dominated-liquid water clouds have been analyzed. However, a significant fraction of Arctic
clouds are either mixed-phase or ice clouds Mioche-etal+2645)(Mioche et al., 2015). In that case, the retrieval algorithm
presented here may failprovide unrealistic cloud properties. The ice crystals in-these-clouds-absorb solar radiation at similar
wavelength as the snow surface does. Therefore, the information of cloud and surface contribution to the reflected radiation
might not anymere-be sufficiently separated by the wavelengths applied here. Further sensitivity studies have to be performed

to identify a different set of wavelengths that is more appropriate for the remote sensing of ice and mixed-phase clouds.
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