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Reply to Referee reviews

Manuscript title

Comparison of different methods to retrieve effective snow grain size in central Antarctica

Date of reply
31 July 2017

Dear Reviewers,

thank you for the helpful comments and suggestions on improving the manuscript.

The detailed replies to your comments (highlighted in gray) are given below, followed by the specific changes made in the
manuscript (changes are highlighted in bold text). The marked-up version (see below) illustrates all changes made compared
to the manuscript published in The Cryosphere Discussions.

Kind regards from the authors.

Replies to comments of Referee 1 (E. Zege)

Page 8, Lines 3-6:

The large uncertainty of the SGSP retrieval for high solar zenith angles is related to the conversion of the measured reflectance
from one viewing direction by the satellite sensor into measured albedo. For this, the bidirectional reflectance distribution
function (BRDF) of the snow surface has to be assumed.

This statement is incorrect. 'The conversion of the measured reflectance from one viewing direction by the satellite sensor into
measured albedo' is not used in the SGSP algorithm. Actually in the SGSP algorithm, the angular dependency in the registered
signals is excluded using registration of the signal for additional wavelength, and no assumptions about BRDF is used. It is one

of the main advantages of this technique.

Thank you for pointing out this formulation mishap. What we intended to say here is related to the surface albedo model and
not the conversion of the measured radiance into albedo. The assumption on the particle form factor and approximation of the
photon escape function which defines the angular behavior of the light reflected from a medium can be less accurate for oblique
illumination angles. Similarly, as can be seen from Zege et al. (2011) Fig. 1, the slight dependence of the phase function on the

wavelength is angle dependent. This means that for some angles the assumption of the spectrally constant BRDF shape holds
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better than for others, which may explain the diurnal cycle of the retrieved snow grain size discussed below. These details have

been included in the manuscript.

Changes in manuscript:

After a preliminary separation of snow pixels, the effective snow grain size of each pixel is retrieved from radiance mea-
surements of MODIS channels 3 (469 nm wavelength), 2 (858 nm), and 5 (1240 nm). Assuming a spectrally constant bidi-
rectional reflectance distribution function (BRDF) of snow and using the combination of three spectral channels, the
angular dependency of the measured radiance is excluded.

(...)

The large uncertainty of the SGSP retrieval for high solar zenith angles is related to the assumptions on the particle
form factor A and the approximation of the escape function K((6y) which is less accurate for oblique illumination
angles. In combination with the strong forward scattering characteristic for snow grains, small errors in the assumed
A and K (6y) can greatly distort the albedo. Similarly, the spectral behavior of the BRDF of snow slightly depends on

the illumination angle (Zege et al., 2011). Consequently, within this work the satellite retrieval is limited to 6y < 75°.

P.8, Lines 6- 7:
Due to the strong forward scattering characteristic for snow grains, small errors in the assumed BRDF greatly distort the
albedo, especially at low sun elevations

Correspondingly, this sentence should be corrected, because there is no use of 'assumed BRDF' in SGSP procedure.

Similar to above, this sentence referred to the assumptions on particle form factor and the assumption that the BRDF shape

does not change with the wavelength. This has been reformulated (see above).

P.10, Fig 5:
Fig. 5 presents important data. For more fast understanding and analysis it would be very useful to give the corresponding Sun

polar angles as the second scale at X- axis.

Thank you for this suggestion. We adjusted Fig. 5 accordingly.

Changes in manuscript:
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Figure 5 shows the results retrieved from ground-based measurements with CORAS (SSA and effective snow grain size) on 24

December 2013 between 6 UTC and 18 UTC. During this time, the solar zenith angle varied between 52° and 67 °.

P.10, Lines 7-8:

As no snowfall occurred on that day, the diurnal cycle is likely to be an artifact originating from the change in solar zenith
angle and the assumed escape function K(0o).

It might be a very interesting and useful observation. In all cases it makes a reader think about necessity to use more accurate

approximation of the K (6p) function for interpretation data at low Sun positions. The recommended formula
3 2
Kemp(bo) = ?(1.5 +1.1cosby) = ?(1 +0.73cosbp)

should be rather taken as empirical approximation for considered case. This result requires a more detail consideration in future

studies.

Yes, we agree and have corrected the manuscript accordingly. The equation given in the manuscript was derived purely from
empirical analysis of the diurnal time series of this single case and is likely not valid in other cases. For a more general
adjustment of the escape function, a more careful consideration must indeed be performed. However, this is out of the scope of
this work, but should be addressed in future studies using explicit BRDF measurements.

Changes in manuscript:

The analysis of measurements during other cloudless days showed similar features. Therefore, K., was applied for the
entire period of measurements. However, it should be noted that the escape function K., from Eq. 13 is an empirical
approximation for the cases investigated here. To derive a more general description of the escape function, more cases

and explicit BRDF measurements are needed, which is beyond the scope of this study.
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P.10, Lines 8-10:
The escape function might be incorrect if the snow BRDF is more complex due to the non-spherical snow grain shape.
This statement is incorrect. More accurate would be 'The used approximation (3) for escape function might be incorrect for

snow at very oblique incidence because of its very elongated phase function'.

Thank you for this comment. Indeed, the oblique angles are problematic because of the strong forward scattering phase function
and any inaccuracies in the approximation will have a greater effect at these angles. At the same time, we meant to highlight
the importance of the correct selection of the form factor, that is, the asymmetry parameter and the absorption enhancement
parameter at this point. We have changed the text to accommodate for these details.

Changes in manuscript:

The approximation for the escape function (Eq. 4) might be incorrect for snow at oblique incidence due to its elongated
phase function. At the same time, a representative form factor A is required to account for the non-spherical snow grain

shape.

P.11, Lines 24-25:
Therefore, each instrument retrieves the effective grain size from a different depth within the snowpack.
Moreover, even the same instrument takes measurements from layers with different depth dependent on wavelength. All re-

trievals considered in this paper (and in many others) were performed neglecting snow layer stratification.

This statement is true. We included this comment to foster reading comprehension.
Changes in manuscript:

All retrievals considered in this study were performed neglecting snow layer stratification.

P.13, Line 4:
which can be related to snowfall of about Imm at Kohnen

Do authors really mean 'Ilmm'?

Yes, we indeed mean snowfall of about 1 mm. This is an approximate value which stems from visual estimation as no quantita-
tive measurements were performed during the observations. In the dry atmosphere over the high Antarctic plateau, precipitation
events with less than a few mm depth are common.

Changes in manuscript:

(...) which can be related to snowfall of about 1 mm at Kohnen (visual estimation).
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Abstract P.1:

The effective size of snow grains affects the reflectivity of snow surfaces and thus the local surface energy budget in particular
in polar regions. Therefore, the specific surface area (SSA) was monitored.

There is some breach of logic: 'The effective size of snow grains affects... Therefore, the specific surface area (SSA) was

monitored.' Still it is not stated how these quantities are related.

Thank you for pointing this out, we changed this part of the abstract to avoid this breach of logic.

Changes in manuscript:

The size of snow grains affects the reflectivity of snow surfaces and, thus, the local surface energy budget in particular in
polar regions. Therefore, the specific surface area (SSA) as an equivalent measure for snow grain size was monitored for a

two-month period in central Antarctica (Kohnen research station) during austral summer 2013/14.

P2, Line 5:

For example, Munneke et al. (2008) found variations of the broadband albedo of snow at five different locations in Dronning
Maud Land in a range between 0.77 and 0.88.

I recommend small change:

'For example, Munneke et al. (2008) found variations of the broadband albedo of snow in a range between 0.77 and 0.88 at five

different locations in Dronning Maud Land.'

Thank you. We changed it as suggested.

P2, Line 3-7:

However, the snow surface albedo varies both on a temporal and spatial scale. For example, Munneke et al. (2008) found
variations of the broadband albedo of snow at five different locations in Dronning Maud Land in a range between 0.77 and
0.88.

This variability is caused by different parameters such as snow grain size (and shape), surface roughness (e.g., Warren et al.,
1998), soot content (e.g., Bond et al., 2013), and cloudiness; it depends on wavelength. . . and solar position.

Because the first sentence is only about the broadband albedo, the second sentence is required to be corrected.

This is correct, thank you for pointing it out. We adjusted the manuscript accordingly.

Changes in manuscript:

Changes of broadband and spectral snow albedo are caused by different parameters such as snow grain size (and shape),
surface roughness (e.g., Warren et al., 1998), soot content (e.g., Bond et al., 2013), and cloudiness. It further depends on

wavelength (e.g., Hudson et al., 2006; Warren and Brandt, 2008) as well as solar position (e.g., Wiscombe and Warren, 1980;



Wiscombe, 1980; Dumont et al., 2010) and varies with snow depth (e.g., Wiscombe and Warren, 1980) and liquid water
content (e.g., Wiscombe and Warren, 1980; Gallet et al., 2014).
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Replies to comments of Referee 2 (G. Picard)

Overall the paper is quite short. The authors should address in their response to reviewers the reason why this study is not
merged with the paper in preparation (Freitag et al.). The review of the literature is also relatively light and should be completed
(see some personal suggestions below, but works from other groups should be considered as well). The discussion should be

completed with an analysis of the results with respect to other previous studies.

The reason why these two studies are not merged are the different focuses of both studies. While the manuscript discussed here
compares methods to retrieve effective snow grain size from different remote sensing platforms, the manuscript in preparation
by Freitag et al. focuses on the seasonal evolution of SSA at Kohnen station and concentrates on the microphysical processes
within the snowpack. Merging both studies would produce synergy effects but rather weaken the visibility of each individual
study. In our manuscript, the in situ dataset is only used for validation of the remote sensing results. Of course, time series and
changes of SSA are discussed but any analysis of the microphysical processes causing these changes are beyond the scope of
our study. In the opinion of the authors, this justifies separate manuscripts.

The comments on the literature review and the discussion are considered within the specific comments.

Uncertainties are given at different stages of the methodology, which is very useful, but the way these uncertainties have
been estimated is not described, and they seems to me often overoptimistic. Even though it is notoriously difficult to estimate
uncertainties, some justification are required. In addition, the authors do not consider the effect of the roughness, and they
neglect the impact of wavelength-dependent errors of spectra calibration on the ratio R. Both are probably not negligible and

should be evaluated or at least indicated.

We have revised the uncertainty estimation and its description to make clear where the uncertainties of each measurement

result from. The changes made in the manuscript are stated at the corresponding specific comments.

The paper does not show albedo spectra from which SSA are derived. Given the focus of the paper, it could be acceptable.
Nevertheless I suggest to add example of spectra for one date to illustrate the derivation of SSA from albedo and to possibly

help in the analysis of the bias observed between the airborne timeseries and other time-series which remains unexplained.

We agree that showing a measured spectral albedo can further illustrate the derivation of SSA. We therefore included a spectral
albedo measured by CORAS on 24 December 2013 (14 UTC) in Fig. 4a and adapted the simulated snow surface plane albedos
to the solar zenith angle of the time of measurement (around 54°). In addition, we modified Fig. 4b as follows: for the illustration
of retrieved 7. from the ratio R we now use the ratio computed from the spectral albedo by CORAS as shown in Fig. 4a.

Changes in manuscript:
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Left (a): Surface plane albedo for effective snow grain sizes between 10 um and 200 pm, 6y = 54°, A = 5.8, x-data from War-
ren and Brandt (2008). M3, M2, and M5 mark MODIS spectral bands used within the SGSP algorithm. A; and A\; denote
wavelengths used within the CORAS and SMART grain size retrieval. The read solid line and shaded gray show a spectral
albedo measured by CORAS on 24 December 2013 (14 UTC). Right (b): Illustration of retrieval principle. dependence of
ratio R with respect to effective snow grain size for different solar zenith angles (50° to 80°) and for overcast conditions,
A =5.8, x-data from Warren and Brandt (2008). Blue and red lines illustrate the retrieval of effective snow grain size from a

measured albedo ratio R = 0.7 with a relative uncertainty of 5.5 %.

Furthermore, a spectral albedo between 700 nm to 1600 nm wavelength measured by CORAS on 24 December 2013
(14 UTC) is shown. The data gap between 1300 nm and 1400 nm wavelength is resulting from low signal-to-noise ratios
at these wavelengths.

Applying Eq. 12 to the spectral albedo measured by CORAS on 24 December 2013 (Fig. 4a), the measured ratio R of
0.70240.039 leads to an estimated effective snow grain size of about 90+31 pm at ¢y = 54° (blue and red lines in Fig.
4b).

To foster comparison in the future, I recommend to publish the four timeseries once the paper is accepted.

This is a valuable comment, thank you. Indeed, we have already planned to publish the following three time series of SSA in
the Publishing Network for Geoscientific & Environmental Data (PANGAEA) : CORAS, SMART, MODIS.

This will be done as soon as the manuscript is published.

Abstract:
The term 'effective size of snow grain' is not well defined, especially 'effective’ is relative to the domain (optics, microwave,

chemistry, etc). Optical grain size is more adequate.

This is correct. The definition of the term 'effective size of snow grains' was described too late. We therefore refrain from

using 'effective’ within the abstract already. Instead, we introduce the study in the abstract on the basis of the SSA alone.
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Additionally, we carefully revised the use of 'effective’ . If the quantity of 'effective snow grain size' is used, 'effective’ is
included. If, in general, we refer to the size of snow grains without explicitly pointing to a physical quantity, 'effective’ is
omitted.

Changes in manuscript:

The size of snow grains affects the reflectivity of snow surfaces and, thus, the local surface energy budget in particular in
polar regions. Therefore, the specific surface area (SSA) as an equivalent measure for snow grain size was monitored for a
two-month period in central Antarctica (Kohnen research station) during austral summer 2013/14.

(...)

{viee-versaforram),

(...)

{overestimation-of-ror)

Abstract:
The abstract tells what has been done, but is not an abstract of the paper. The objective of the study is missing, as well as the

conclusion.

We revised the abstract accordingly.

Changes in manuscript:

The size of snow grains affects the reflectivity of snow surfaces and, thus, the local surface energy budget in particular in polar
regions. Therefore, the specific surface area (SSA) as an equivalent measure for snow grain size was observed for a two-month
period in central Antarctica (Kohnen research station) during austral summer 2013/14. The data were retrieved on the basis
of ground-based spectral surface albedo measurements collected by the COmpact RAdiation measurement System (CORAS)
and airborne observations with the Spectral Modular Airborne Radiation measurement sysTem (SMART). The Snow Grain
Size and Pollution amount (SGSP) algorithm, originally developed to analyze spaceborne reflectance measurements by
the MODerate Resolution Imaging Spectroradiometer (MODIS), was modified in order to reduce the impact of the
solar zenith angle on the retrieval results and to cover measurements in overcast conditions. Spectral ratios of surface
albedo at 1280 nm and 1100 nm wavelength were used to reduce the retrieval uncertainty. The retrieval was applied to the
ground-based and airborne observations and validated against optical in situ observations of SSA utilizing an IceCube device.
The SSA retrieved from CORAS observations varied between 27 m? kg~! and 89 m? kg—!. Snowfall events caused distinct
relative maxima of the SSA which were followed by a gradual decrease in SSA due to snow metamorphism and wind-induced
transport of fresh fallen ice crystals. The ability of the modified algorithm to include measurements in overcast conditions
improved the data coverage especially at times when precipitation events occured and the SSA changed quickly. SSA
retrieved from measurements with CORAS and MODIS agree with the in situ observations within the ranges given by the
measurement uncertainties. However, SSA retrieved from the airborne SMART data underestimated the ground-based results

by a factor of 2.
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P2 1.3:

'most of the sea ice are covered with snow with little seasonal variability'. The variability of sea ice is huge in Antarctica.

Thanks for pointing out this potential misconception. We did not mean the variability of sea ice, but of the snow cover on the
sea ice. We reformulated the sentence.

Changes in manuscript:

In Antarctica, more than 99.8 % of the continent and most of the sea ice are covered with snow all year round (Burton-Johnson
et al., 2016).

P2 L9:
'Furthermore, snow surface albedo varies with snow depth and the liquid water content'. Need a reference for each effect. The

dependence to snow depth is almost irrelevant in Antarctica.

Thank you. We added exemplary references for the two parameters influencing the snow surface albedo. The importance of the
dependence on snow depth for the study is indeed small, however, we mention this parameter for comprehension.

Changes in manuscript:

It further depends on wavelength (e.g., Hudson et al., 2006; Warren and Brandt, 2008) as well as solar position (e.g., Wis-
combe and Warren, 1980; Wiscombe, 1980; Dumont et al., 2010) and varies with snow depth (e.g., Wiscombe and Warren,

1980) and liquid water content (e.g., Wiscombe and Warren, 1980; Gallet et al., 2014).

P2L11:
Add references of published works (Libois et al., Munneke et al., Picard et al., Pirrazini et al., Warren and co, Zender and co,

etc).

We added some additional references to demonstrate the influence of snow grain size on snow albedo.

Changes in manuscript:

From these parameters, the snow grain size has the largest effect on snow albedo. Simulations by Wiscombe and Warren
(1980) showed that the spectral albedo in the near-infrared part of the spectrum may drop by a factor of 2 or more when
the snow grain size increases from 50 pm to 1000 pm. Dang et al. (2015) showed that the transition from fresh fallen snow
with a typical effective grain size of 100 um to aged snow (1000 um) leads to a decrease in snow albedo (spectrally integrated
over 0.3-4.0 ym) of 15 % from 0.83 to 0.72. This relation could clearly be identified in ground-based measurements by
Domine et al. (2006) analyzing snow samples taken at Svalbard in 2001. They measured a decrease in reflectance at
1310 nm wavelength by 45 % with increasing grain size from 290 pm to 1175 pm. Libois et al. (2015) and Picard et

al. (2016) retrieved a three-year time series of SSA from spectral albedo measurements at Dome C, Antarctica, which

10
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emphasized the dynamical evolution of near-surface SSA by displaying a 3-fold decrease every summer in response to
the increase of air temperature. A detailed comparison of this dataset with snow model simulations and a geophysical
interpretation are presented by Libois et al. (2015). Similar seasonal variations but little year-to-year variation was
found by Jin et al. (2008) who retrieved snow grain size from measurements with the MODerate Resolution Imaging
Spectroradiometer (MODIS) at 1.64 and 0.64 um over the Antarctic continent for four days each year between 2000 and
2005. Therefore, a positive feedback mechanism can be postulated: increasing snow temperatures are followed by an
accelerated snow metamorphism and a decrease of the snow albedo, which leads to higher absorption and heating of the
snow. However, the expected snow albedo decrease due to temperature-induced metamorphism (0.3 % for a warming
of 3 K) can be overcompensated by an increase in snow albedo by 0.4 % owing to a projected increase in precipitation

during the twenty-first century in interior Antarctica (Picard et al.,2012).

P2 L18:
Are these values here for optical grain size ? Is the reference about optical grain size or other grain size metrics ? The sentence

should be more precise about this.

The reference is about the geometric grain size (visually determined by means of a magnifying glass). We added this informa-
tion in the manuscript.

Changes in manuscript:

Observations showed that the geometric grain size (from visual determination) of snow crystals varies between 10 um for

fresh fallen snow and up to 3 mm for aged snow (Singh, 2001).

P3L7:
It is not clear if the sentence is about the impact of the albedo-grain shape or BRDF-grain shape. Both are quite different and
have different impact depending on the algorithm used for the retrieval. For the former issue, the value of 2.6 is extreme. See

Kokhanovsky and Zege 2004, Picard et al. 2009, Libois et al. 2013 for other works on this question.

The study of Dang et al. (2016) deals with the influence of grain shape on the snow albedo, not the BRDF. Among other things,
Dang et al. (2016) simulate the spectral albedo at 1300 nm wavelength for non-spherical snow grains (with aspect ratio 1) and
spherical snow grains. A measured albedo of 0.59 would cause a retrieved effective radius of 60 um (spherical) or 144 um
(nonspherical). Therefore, the representation of non-spherical snow grains by a population of spherical grains with the same
area-to-mass ratio can lead to an underestimation of the effective snow grain size by a factor of 2.4.

Thank you for the suggested references. We want to take this opportunity and included a second reference on this question.
Changes in manuscript:

These albedo models mostly assume spherical grains, which is unrealistic because the grain shape is usually far from being

spherical (e.g., Kokhanovsky and Zege, 2004; Libois et al., 2013; Leppénen et al., 2015). Picard et al. (2009) estimated an

11
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uncertainty of +20 % when determining SSA from albedo measurements in case of an unknown snow grain shape. A
common approach to account for the non-spherical shape of snow grains is to represent the non-spherical snow grains
by a population of spherical grains with the same area-to-mass ratio in the spectral albedo model. However, as shown by
Dang et al. (2016), this approximation can lead to an underestimation of the retrieved effective snow grain size by a factor

of more than 2.

About P3, Libois et al. 2015 and Picard et al. 2016 (both in The Cryosphere), have produced time-series of SSA (3 years) at
Dome C in Antarctica which seems relevant to the present study. See also Jin et al. 2008 and Picard et al. 2012 for earlier (and

shorter) time-series of SSA in-situ and satellites measurements.

This is true, thank you. We added the suggested studies to the introduction.
Changes in manuscript:

See comment above about P2L11.

P3L12-13:
'However, polar orbiting satellites do not provide a sufficiently high temporal resolution that may resolve snow precipitation
events and snow metamorphism that typically can advance in a matter of hours'. With the number of satellites (MODIS,

Sentinel, SSM/I, AMSU, ...) and the convergence of the orbits in the polar regions, subdaily resolution can be achieved.

This is true, in theory a subdaily resolution could be achieved. However, to our knowledge no hourly satellite products of snow
grain size are currently available. We rephrased the sentence in order to make it less definitive.

Changes in manuscript:

Up to now, grain size products of polar orbiting satellites do not provide a sufficiently high temporal resolution that may

resolve snow precipitation and metamorphism that typically can advance in a matter of hours.

P4L8:
According to Gallet et al. 2009, IceCUBE (i.e. DIFUSSS with 1300 nm only) can not be used from SSA of 60m2/kg and above.
If the “in prep” paper shows different results, it would be interesting to add a sentence here. Otherwise the limitation should be

indicated.

Thank you for indicating that this limitation was not yet stated in the manuscript. However, the snow samples for which Gallet
et al. (2009) reported problems with SSA of 60m? kg—! and above were all of low density below 100 kg m™3. Within this
study, the density of the snow samples used for the SSA measurements were all well above 100 kg m~3 (around 60 % of the
samples with densities between 280-350 kg m~3). The higher optical depth of the samples than in Gallet et al. (2009) might

indicate a higher limit for the SSA measurements. Still, we included in the manuscript that SSA values above 60 m? kg !

12
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require caution. Out of a total of 4900 single measurements, SSA values above 60 m? kg~! were recorded 499 times on 17

different days (10 %).

Changes in manuscript:

SSA values above 60 m? kg ! require caution as the insufficient optical depth of the snow sample may cause artifacts
as reported by Gallet et al. (2009). However, the densities of the snow samples for which Gallet et al. (2009) reported
this limitation were below 100 kg m 3, whereas the observed snow densities within this study were all well above this
value (around 60 % of the samples with densities between 280-350 kg m—3). The higher optical depth of the samples
might indicate a higher limit for the SSA measurements. However, SSA values above 60 m? kg~ occured only in 10 %

of the measurements..

P41.15:

invert the temperatures

We followed your suggestion and changed it in the manuscript.

Fig 1:

I’m not convinced that this first figure (the octa plot) is useful for the paper. It shows raw data that are not used as is in the
following and the interpretation is short and inconclusive. Instead, I suggest to plot a time-series (a normal one as for the
air temperature, not a time versus date graph) cloudy/not cloudy as used by the algorithm to switch between diffuse/direct

radiation.

Thank you for your opinion and your suggestion for improvement. However, we think the hourly cloud cover plot is helpful to
the reader in the way it is presented in the manuscript. Changing to a single time series of cloudy/cloudfree looks too crowded
for the two months of measurements as cloudfree/cloudy periods partly switch too often. In the hourly plot, the times when
measurements are analyzed can be identified much more precisely. We, therefore, added open and filled circles (corresponding
to the same symbols used in Fig. 6) to the octa plot in order to both show the exact time of retrieval and whether the algorithm
uses cloudless or overcast conditions. In that way, the cloud cover plot is much more meaningful compared to the original
version. We adjusted the manuscript accordingly to account for the changes in Fig. 1.

Changes in manuscript:

13
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Figure 1. Time series of 2 m air temperature (red line) and hourly cloud cover (blueish squares) at Kohnen station between 10 December 2013
and 31 January 2014. Snowflake symbols denote days with snowfall. Black circles show times when SSA was retrieved from CORAS

measurements (Fig. 6) and denote retrievals for cloudless (open circles) and overcast (filled circles) conditions.

3.2.1 Application in cloudless conditions

For each day, the times when SSA was retrieved from measurements with CORAS are added to Fig. 1 as black open
circles. It has to be noted that the cloud cover was estimated from visual observation every full hour, whereas CORAS
measurements were partly analyzed for times in between the visual observation and the cloud cover given here might
not be representative for the actual CORAS measurement (e.g., 5 octa on 27 December 2013). Therefore, the CORAS
measurements were carefully screened for any cloud contamination by analyzing the downward solar irradiance to
guarantee homogeneous cloudless or overcast conditions.

3.2.2 Extension to overcast conditions

Retrievals in overcast conditions were applied on four days and are denoted as black filled circles in Fig. 1.

PSL1:
'polar day'. This term is ambiguous and the sentence is not strictly logical, air temperature decrease observed before the end of

the 'polar day'is due to a change of solar elevation, not a change of day duration.

Thank you for pointing this out. We followed your suggestion and changed it in the manuscript.
Changes in manuscript:

Towards the end of the measurement period, the temperature level decreased due to lower sun elevations.

P5L10:

14
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where these values of uncertainty are coming from ? As explained in the general comment, the description of the CORAS
instrument and the evaluation of the uncertainty are missing. This part needs to be expanded but at least one paragraph. Please
also consider the shadowing effect, frost formation, ... Information such as the cosine correction method, the frequency of

observation, and other instrumental details are needed as well.

We carefully revised the uncertainty estimation and its description to make clear where the uncertainties of each measurement
result from.

Changes in manuscript:

The spectral resolution is 2 to 3 nm between 0.3 and 1.0 um and 15 nm up to 2.2 pm wavelength, with a full spectrum mea-
sured every 15s. The uncertainties of albedo measurements with CORAS range between 4.0 to 8.0 % depending on
wavelength and combining different sources of instrumental errors. The signal-to-noise ratio accounts for 1.3-3.0 %
uncertainty. Dark spectra were recorded constantly throughout the measurements resulting in a reliable correction
for dark current and stray light within the spectrometer (0.1 % uncertainty). The wavelength calibration of the spec-
trometer accounts for 1.0 % uncertainty. For albedo measurements, the two optical inlets were cross-calibrated with an
identical radiation source at four times during the observation period. The temporal stability of this cross-calibration is
estimated with 1.0-4.5 % depending on wavelength. Furthermore, the non-ideal cosine characteristics of the irradiance
optical inlets were characterized within the laboratory. The optical inlets were mounted on a turn table and the lamp
signal under different angles of incidence (-95° to +95° in steps of 5°) was recorded. This procedure was repeated for
four different relative azimuth angles between lamp and optical inlet and was used to compute correction factors for
the cosine response depending on solar zenith angle, wavelength, and the direct fraction of the global irradiance. The
azimuthal stability of the correction factors of 3.5 % was used to estimate the instrumental errors attributed to the
non-ideal cosine response of the optical inlets. This way, the instrumental uncertainties combine to 6.8 % at 1280 nm
wavelength. The analyzed measurement times were carefully selected to avoid errors due to frost formation and shadow
effects which were typically observed during early morning.

(...)

SMART albedo measurements have an estimated uncertainty between 4.1 to 8.1 % also taking into consideration uncertainties
due to the active horizontal stabilization of 1.0 %.

(...)

The measurement uncertainty of albedo measurements at 1280 nm wavelength was estimated with 6.8 %. Using R, the
uncertainty is reduced to 5.5 % as the transition to relative measurements yields independence from the cross-calibration. In
addition to the instrumental errors, the surface slope at the footprint scale may influence the retrieval results. Using
data from Picard et al. (2016), Dumont et al. (2017) found variations of the surface slope caused by wind drift at Dome
C of + 2°. They estimated a resulting uncertainty of 10 % in retrieved SSA due to these variations of the surface slope.

Assuming a similar variability of the slope of the surface at Kohnen, an additional uncertainty of 10 % is assumed
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for the retrieval of SSA. Applying Eq. 12 to the spectral albedo measured by CORAS on 24 December 2013 (Fig. 4a), the
measured ratio R of 0.702+0.039 would lead to an estimated effective snow grain size of about 90+31 um at 8, = 54° (blue
and red lines in Fig. 4b). However, the relative uncertainty of the retrieval varies with solar position and effective snow grain
size. In general, it is higher for smaller snow grains. Overall, the retrieval uncertainty ranges between 25 % and 37 % for the
SSA throughout the measurement period.

(...)

The uncertainties of the retrieval were estimated similarly to the ground-based CORAS measurements, with the exception that
the uncertainty of irradiance measurements is assumed to be slightly higher due to the remaining uncertainty in the horizontal
leveling of the airborne sensors by the horizontal stabilization of SMART (6.9 % at 1280 nm wavelength). As a result, the

estimated uncertainty of the measured albedo ratio R is about 5.6 %.

P7L.20:

Regarding the choice of the values of B and g in the 'middle of the range':

1) Values obtained from measurements are now available. Libois et al. 2013 and 2014 have measured B and recommended
some values of g based on measurements.

2) The uncertainty of these values impacts the SSA estimation and needs to be taken into account in the evaluation of the

uncertainties proposed in this paper which only considers instrumental uncertainties.

Thank you for this comment! Indeed, values of B and g based on measurements have been reported by Libois et al. The general
recommendation by these authors is to refrain from spherical snow grains and use the shapes with B=1.64-0.2 to model snow
grains. In our approach, we use B=1.5 which is in the range recommended by Libois et al. We are well aware that an inaccuracy
in the particle form factor will affect the snow grain size retrieval. According to Zege et al. (2011), the retrieval inaccuracy
which may stem from the wrong assumption of A is less than 25 %. This has been highlighted in the text of the manuscript.
Changes in manuscript:

Within the SGSP algorithm, a value of 5.8 is used as an average value over a mixture of randomly oriented hexagonal plates
and columns with B(&) ~ 1.5 and g(&) ~ 0.84. This is in accordance with Libois et al. (2014) who recommend a value for
B(¢) within 1.6 £ 0.2 based on measurements in Antarctica and the French Alps. Any inaccuracy in the form factor A
will affect the snow grain size retrieval in addition to instrumental errors. According to Zege et al. (2011), the retrieval

inaccuracy which may stem from a false assumption of A is less than 25 %.

PSLS5-LS:
A few critical information are missing about the MODIS algorithm. - Which BRDF parameterization has been used and how
7 - How the radiances have been converted to ground-level surface reflectances ? - Has an atmospheric model been used ? -

Which product and version have been used here ?
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The following clarifications are included into the manuscript:

1. MODIS Level 1B Collection 5 data have been used.

2. The angular reflective properties of the medium have been set via the particle form factor and the photon escape function.
The BRDF is assumed to be wavelength independent.

3. The effect of the atmosphere has been removed using the radiative transfer model RAY (Tynes et al., 2011).

4. Subarctic winter atmospheric model (Kneizys et al., 1996) and Arctic background aerosol model (Tomasi et al., 2007) were
used for constant atmospheric conditions. The amount of aerosol in Antarctica is in general two times less than in the Arctic
(aerosol optical thickness 0.05 in the Arctic and 0.02-0.03 in the Antarctic at 500nm, from Tomasi et al. 2007 and AERONET

data). The effect of this very low pollution onto the retrieval is considered to be negligible at the retrieval channels.

Changes in manuscript:

For the retrieval of effective snow grain size from satellite data, snow-atmosphere radiative interactions have to be taken into
account by employing an atmosphere model as described in Zege et al. (2011). The effect of the atmosphere has been
removed employing the radiative transfer model RAY (Tynes et al., 2001) using the subarctic winter atmospheric model
(Kneizys et al., 1996) and the Arctic background aerosol model (Tomasi et al., 2007) for constant atmospheric conditions.
The effect of the very low pollution in Antarctica (e.g., AOD of 0.015 at 500 nm at Kohnen station, Tomasi et al., 2007)
onto the retrieval is considered to be negligible at the retrieval channels.

Radiance data from MODIS (Level 1B Collection 5) onboard the Aqua and Terra satellites were used to retrieve effec-
tive snow grain sizes in the entire area covered by the campaign. The SGSP algorithm was applied for areas identified as
cloudless. After a preliminary separation of snow pixels, the effective snow grain size of each pixel is retrieved from radiance
measurements of MODIS channels 3 (469 nm wavelength), 2 (858 nm), and 5 (1240 nm). Assuming a spectrally constant
bidirectional reflectance distribution function (BRDF) of snow and using the combination of three spectral channels,

the angular dependency of the measured radiance is excluded.

POL13:
The argument implicitly assumes that the calibration error is wavelength-independent, which is often not the case. Even if the
ratio R is less sensitive to calibration issues, the residual wavelength dependence can greatly affects the estimation of SSA as

shown in Picard et al. 2016 (e.g. cosine correction, 100% direct assumption...).

We carefully revised the section on the measurement uncertainties and extended the description of the various sources of

uncertainty. For the changes made in the manuscript, please see the comment above.

P8L16:
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these values have been obtained for perfect clear-sky. To my personal experience, direct/diffuse ratio shows huge variations in
the infrared due to thin cloud (more than in the visible because the diffuse component is already quite large). Calculations of
the atmosphere model with cloud with varying optical depth and crystal size would be useful, because the estimation of SSA

using ratio (i.e. Eq 9) is sensitive to the spurious wavelength-dependence resulting from cloud cover.

It is true that thin clouds would change the direct/diffuse ratio significantly. We applied the retrieval under cloudless conditions
using Eq. 9 only after a careful manual selection of the retrieval times based on a comparison between measured and simulated
downward irradiance. Therefore, it was assured that no thin clouds did increase the diffuse radiation and contaminated the
measurements and Eq. 3 is applicable. Nevertheless, also in cloudless conditions, the diffuse radiation is not zero. From
radiative transfer simulations, we estimated the fraction of direct solar radiation with respect to the global irradiance to lie
between 94.6 and 99.8 %. This value was used to quantify the retrieval uncertainties due to the assumption of 100 % direct
radiation. However, we think a detailed sensitivity study with respect to cloud optical depth and crystal size would be beyond
the scope of this study.

Changes in manuscript:

Hence, after careful selection of cloudless periods, the effective snow grain size can be calculated directly by inverting Egs.
3 and 8.

P10L7:
I suggest to improve a little the justification of the constance of SSA during the day. E.g. doi:10.5194/tc-8-1205-2014

Thank you very much for pointing out this reference. Gallet et al. (2014) indeed found diurnal variations in SSA due to crystal
growth in the same order of magnitude as observed from the CORAS retrieval. However, the changes observed by Gallet et al.
strongly depend on meteorological conditions. Therefore, variations due to crystal growth can be not symmetric to noon and
even change the sign on a day-to-day scale. Although an influence of crystal growth on the SSA variations cannot be ruled
out for the measurements presented here, the evident dependence on the solar zenith angle and the symmetry to noon of the
observed diurnal cycle of the SSA retrieved from CORAS strongly indicate that the crystal growth influences the results less
than the changing solar zenith angle.

Changes in manuscript:

Furthermore, Gallet et al. (2014b) observed SSA variations on a sub-daily scale using the DUFISSS instrument (DUal
Frequency Integrating Sphere for Snow SSA measurements; Gallet et al., 2009) at Dome C in January 2009. They mea-
sured a drop in SSA at around noon from 40 m? kg—! to 33 m? kg ! before the SSA increased again to 41 m? kg1 at
midnight. These temporal changes were attributed to the growth of sublimation crystals during daytime and nighttime
formation of surface hoar. The SSA variations observed by CORAS on 24 December 2013 are in the same order of mag-
nitude. However, the variations observed by Gallet et al. (2014b) are not symmetric to noon and their sign changes on a

day-to-day scale due to the strong dependence on meteorological conditions. Even though an influence of crystal growth
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processes cannot be ruled out for the measurements presented here, the evident dependence on the solar zenith angle
and the constant symmetry to noon of the diurnal cycle observed in the SSA retrieved from CORAS measurements

strongly indicate a dominating influence of the solar zenith angle.

P10L10:
the surface roughness/slope at the footprint scale is another likely player that affects the theory used here. See e.g. Dumont et

al. 2017 in TC (see the slope estimation).

Thank you for pointing at this specific reference. We included a discussion on the uncertainties introduced by the unknown

slope at the footprint scale (see comment above).

P14LS:

the argument on the scales seems weak because the airborne data are between the in-situ and MODIS data in terms of scales
and MODIS shows little bias w/r to in-situ measurements. I guess that the authors have analyzed in details the spectra and
various sources of errors from the different sensors without success. May be add part of this analysis. For instance, showing
coincident spectra from the different sensors could help to understand the differences, and at least to rule out some potential

defects of the sensors.

It is true that the airborne data are between the in situ and MODIS data in terms of scales. However, whereas MODIS averages
over 50 x 50 km? with Kohnen station situated in the central pixel, the area over which the airborne data is averaged is largely
determined by the flight track. Thereby, local influences on the SSA cannot be ruled out entirely. Furthermore, unidentified
systematical errors in the airborne SMART measurements are a possible reason for the underestimation of SSA and deserve
further attention in future studies. We further clarified that within the manuscript.

Changes in manuscript:

SMART measurements have a larger footprint and were averaged over an area of 5x5km? surrounding Kohnen station.
Furthermore, the area over which the airborne data is averaged is largely determined by the flight track. On such
scales, the local small-scale variability of SSA as indicated by the in situ measurements can lead to significant differences in
SSA. Already along the 100 m-transect, in situ SSA varied by up to 34 % (4 January 2014). On larger scales, this variability
is likely to increase. In addition, unidentified systematical errors in the airborne SMART measurements are a possible

reason for the underestimation of SSA and deserve further attention in future studies.
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Abstract. The effeetive-size of snow grains (+sr)-affects the reflectivity of snow surfaces andthus-, thus, the local surface en-
ergy budget in particular in polar regions. Therefore, the specific surface area (SSA) was-menitered-as an equivalent measure
for snow grain size was observed for a two-month period in central Antarctica (Kohnen research station) during austral sum-
mer 2013/14. The data were retrieved on the basis of ground-based spectral surface albedo measurements collected by the
COmpact RAdiation measurement System (CORAS;-ground-based)-and-) and airborne observations with the Spectral Modular
Airborne Radiation measurement sysTem (SMART;-airberne). The Snow Grain Size and Pollution amount (SGSP) algorithm,
originally developed to analyze spaceborne reflectance measurements by the MODerate Resolution Imaging Spectroradiome-
ter (MODIS), was modified an

speetral-in order to reduce the impact of the solar zenith angle on the retrieval results and to cover measurements in overcast
conditions. Spectral ratios of surface albedo at 1280 nm and 1100 nm wavelength were used to reduce the retrieval uncertainty.

The retrieval was applied to the ground-based and airborne observations and validated against optical in situ observations of
SSA utilizing an IceCube devicewere-used-to-validate-theretrievalresults. The SSA retrieved from CORAS observations var-

ied between 27 m? kg~ ! and 8689 m? kg~ !. Snowfall events caused distinct SSA-maxima-which-were-oftenrelative maxima

of the SSA which were followed by a gradual decrease in SSA due to snow metamorphism and wind-induced transport of

fresh fallen ice crystals{viee—versafor+em)—SSA-rtetrieved-by-data—from—, The ability of the modified algorithm to include

measurements in overcast conditions improved the data coverage especially at times when precipitation events occured and the
SSA changed quickly. SSA retrieved from measurements with CORAS and MODIS agree with the in situ observations within

the ranges given by the measurement uncertainties. However, SSA retrieved by-from the airborne SMART observations-data
underestimated the ground-based ebservationsresults by a factor of 2-4(everestimation-of-rer)—2.
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1 Introduction

The cryosphere plays a fundamental role in determining the Earth’s surface radiative energy budget, as snow and sea ice
represent surfaces with the highest albedo on Earth. Picard et al. (2016) estimated that a hypothetical change in global surface
albedo of one percent would result-in-offset a difference in reflected energy comparable to the globally averaged radiative
forcing of 1.82 W m~2 caused by the increase in CO5 concentration since the preindustrial time (Myhre et al., 2013). This
change in global surface albedo could be caused either by a variation in snow and sea ice cover or by a change of the snow
albedo itself. During boreal winter, snow and sea ice cover up to 15 % of the Earth’s surface (Vaughan et al., 2013). Although
these areas are mainly in polar regions with mestly-Jew-partly low values of incoming solar radiation, the high valies-ef-snow
and sea ice albedo may facilitate substantial changes in the local surface energy budget. In Antarctica, more than 99.8 % of the

continent (Burton-Johnson-etal;20+6)-and most of the sea ice are covered with snow with-tittle-seasonal-variabilityall year
round (Burton-Johnson et al., 2016). However, the snow surface albedo varies both on a-temporal and spatial sealescales. For

example, Munneke et al. (2008) found variations of the broadband albedo of snow atfive-differentlocationsinDPronningMaud
Fand-in-in a range between 0.77 and 0.88 at five locations in Dronning Maud Land.

This-vartability-is-Changes of broadband and spectral snow albedo are caused by different parameters such as snow grain size
(and shape), surface roughness (e.g., Warren et al., 1998), soot content (e.g., Bond et al., 2013), and cloudiness;-it-. It further
depends on wavelength (e.g., Hudson et al., 2006; Warren and Brandt, 2008) and-as well as solar position (e.g., Wiscombe and
Warren, 1980; Wiscombe, 1980; Dumont et al., 2010)—+Furthermore; snow-sturface-albedo-, and varies with snow depth and-the

(e.2., Wiscombe and Warren, 1980) and liquid water content —Outof (c.g.. Wiscombe and Warren, 1980; Gallet et al., 2014a).
From these parameters, the snow grain size has the largest effect on snow albedo. Measurements-on-the-East-Antarctie-plateau
show-thatan-inerease-inSimulations by Wiscombe and Warren (1980) showed that the spectral albedo in the near-infrared part
of the spectrum may drop by a factor of 2 or more when the snow grain size due-to-snow-metamorphism-may-deecrease-the

local-surface-albedo-by-three pereent(Freitag-et-alin-prep-jincreases from 50 um to 1000 pm. Dang et al. (2015) showed that
the transition from fresh fallen snow with a typical effective snow grain size of 100 um to eld-aged snow (1000 um) leads to

a decrease in selar-snow albedo (spectrally integrated over 0.3-4.0 um) of 15 % from 0.83 to 0.72. This relation could clearl

be identified in ground-based measurements by Domine et al. (2006) analyzing snow samples taken at Svalbard in 2001 They
measured a decrease in reflectance at 1310nm wavelength by 45 % with increasing grain size from 290 um to 1175 pm,
Libois et al. (2015) and Picard et al. (2016) retrieved a three-year time series of SSA from spectral albedo measurements at
Dome C (7576’ S, 123°0" E), Antarctica, which emphasized the dynamical evolution of near-surface SSA by displaying a
3-fold decrease every summer in response to the increase of air temperature. A detailed comparison of this dataset with snow.
model simulations and a geoph
year-to-year variation was found by Jin et al. (2008) who retrieved snow grain size from measurements with the MODerate
Resolution Imaging Spectroradiometer (MODIS) at 1.64 and 0.64 jum wavelength over the Antarctic continent for four days
each year between 2000 and 2005. Therefore, a positive feedback mechanism can be postulated: increasing snow temperatures
are followed by an accelerated snow metamorphism and a decrease of the snow albedo, which leads to higher absorption

sical interpretation are presented by Libois et al. (2015). Similar seasonal variations but little
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and heating of the snow. However, the expected snow albedo decrease due to temperature-induced metamorphism (0.3 % for a
warming of 3 K) can be overcompensated by an increase in snow albedo by 0.4 % owing to a projected increase in precipitation
during the twenty-first century in interior Antarctica (Picard et al., 2012).

The larger the snow grains are, the longer is the photon path length through the individual ice crystals and the higher is
the probability of photon absorption leading to a lower surface albedo (Wiscombe and Warren, 1980). This effect is most
pronounced at wavelengths larger than 1000 nm where the imaginary part of the complex refractive index of ice increases.
Observations showed that the grain—size-geometric grain size (from visual determination) of snow crystals varies between
10 um for fresh fallen snow and up to 3 mm for old-aged snow (Singh, 2001). As snow ages, the grains become larger and more
spherical (Colbeck, 1983; Kaempfer and Schneebeli, 2007). This snow metamorphism can even be effective at-temperatares
below the freezing fevel-temperature and is influenced by the vertical temperature profile within the snowpack, the snow
structure, air temperature, and air humidity.

The grain size is traditionally defined by the geometric length of the largest extension of a snow grain (Fierz et al., 2009;
Leppinen et al., 2015), which may-eause-causes ambiguities due to the complex shapes of snow grains. Therefore, not only
for radiative transfer applications, the optical-equivalent grain size is introduced as the effective radius r.g of a collection
of spheres with the same volume-to-surface ratio compared to the actual non-spherical snow grains (Grenfell and Warren,
1999; Neshyba et al., 2003). The specific surface area (SSA, surface area of ice-air interface per unit mass) is related to the
optical-equivalent-grainsize-effective radius of the snow grains and the density of ice pice (917 kgm™3) by:

SSA = L (1
Pice * Teff

SSA (in units of m? kg~!) ean-be-measured-with-different-is measured with techniques such as methan adsorption (e.g.,
Domine et al., 2001; Legagneux et al., 2002), stereology (e.g., Matzl and Schneebeli, 2010), and X-ray microtomography
(e.g., Flin et al., 2005; Kaempfer and Schneebeli, 2007). Those methods are difficult to employ in the field. Therefore, optical
measurements that utilize the spectral absorption of snow grains are applied in field studies (e.g., Gallet et al., 2009) for the in
situ measurement of SSA. However, in situ techniques to measure SSA are restricted to single observation sites. Consequently,
longer time series of SSA are scarce in remote Arctic and Antarctic areas.

To retrieve SSA and r.g, measurements of reflected solar radiation are required (e.g., Bohren and Barkstrom, 1974; Wis-
combe, 1980; Grenfell et al., 1994). The retrievals use-theseradiation-measurements-and-are based on the spectral variability of
snow albedo as a function of effective snow grain size. Snow albedo models are used-employed to calculate the spectral albedo
and to invert the measurements to retrieve the effective snow grain size (e.g., Wiscombe and Warren, 1980). These albedo mod-
els mostly assume spherical grains, which is eritieat-unrealistic because the grain shape is usually far from being spherical —As
shewnbyDangetal(2016)therepresentation-of(e.g., Kokhanovsky and Zege, 2004; Libois et al., 2013; Le
Picard et al. (2009) estimated an _uncertainty of +20 % when determining SSA from albedo measurements in case of an

unknown snow grain shape. A common approach to account for the non-spherical shape of snow grains is to represent the
non-spherical snow grains by a population of spherical grains with the same area-to-mass ratio in the spectral albedo model.

dnen et al., 2015).
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However, as shown by Dang et al. (2016), this approximation can lead to an underestimation of the retrieved effective snow

grain size by a factor of 2:4-more than 2.

Several algorithms have been developed that consider snow grains of irregular shape (e.g., Kokhanovsky and Zege, 2004;
Lyapustin et al., 2009). The Snow Grain Size and Pollution amount (SGSP) retrieval algorithm by Zege et al. (2011) to ana-
lyze satellite observations by the-MODerate ResolutionImaging-Speetroradiometer-(MOD MODIS was validated against
ground-based in situ measurements from the Arctic, the Antarctic, Greenland, and Japan revealing a correlation coefficient of
0.86 (Wiebe et al., 2013). Hewever,-Up to now, grain size products of polar orbiting satellites do not provide a sufficiently high
temporal resolution that may resolve snow precipitation events-and-spow-and metamorphism that typically can advance in a
matter of hours.

In this study, ground-based measurements with high temporal resolution were utilized to study the evolution of effective snow
grain size in central Antarctica. Independent methods are introduced and applied in Sect. 2. The SGSP retrieval algorithm was
further-developed-advanced and adapted to ground-based spectral albedo measurements as discussed in Sect. 3. The obtained
resulting time series of effective snow grain size estimates is presented in Sect. 4 including results from in situ measurements
{Freitag-etalinprep--as well as from remote sensing by ground-based and additional airborne and satellite observations.

2 Measurements and instrumentation

The measurements were conducted at and in the vicinity of the Kohnen research station operated by the Alfred Wegener
Institute, Helmholtz Centre for Polar and Marine Research (AWI). Kohnen station is located at the outer part of the East
Antarctic plateau (75°0” S, 0°4’ E, 2892 m a-s-above sea level), approximately 500 km from the coastline, where the local
weather and-elimate-is mostly determined by weak catabatic winds. The annual snow accumulation is 62 mm liquid water
equivalent (Oerter et al., 2000) with moderate snowfall (1 mm to more than 5mm water equivalent) occuring only a few
times per year (Birnbaum et al., 2006). The atmosphere is both clean with an Aerosol Optical Depth (AOD) at Kohnen station
of 0.015 (at 500 nm, measured 2001-2006, Tomasi et al., 2007) and dry (mean integrated atmospheric water vapor between
December 2013 and January 2014: 1.1 kg m~2). The black carbon (BC) ead-concentration in the snowpack on the Antarctic
plateau is low; for the South Pole, Hansen and Nazarenko (2004) reported a mean BC lead-concentration of 0.2 ppbw (parts
per billion by weight).

2.1 Ground-based observations

The ground-based measurements were embedded in the *Coldest Firn” (CoFi) project by AWI, which targets-investigates mi-
crostructure as well as physical and chemical composition of snow and firn on the Antarctic plateau. Solar broadband and
spectral radiation measurements of snow surface albedo combined with meteorological observations (temperature, humidity,
wind velocity and direction, radio sounding, synoptic observations) were conducted. In addition, effective snow grain size
and density of snow samples were measured in situ on a daily basis at Kohnen station, accompanied by measurements of

vertical snow temperature profilestFreitag-et-alsinprep-). Snow samples from in situ measurements were extracted daily (ex-
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Figure 1. Time series of 2 m air temperature (red line) and hourly cloud cover (blueish squares) at Kohnen station between 10 December
2013 and 31 January 2014. Snowflake symbols denote days with snowfall. Black circles show times when SSA was retrieved from CORAS

measurements (Fig. 6) and denote retrievals for cloudless (open circles) and overcast (filled circles) conditions.

cept on 5 December, 12, 17, 18, and 19 January) along a 100 m-transect. After extraction, the measurements of SSA were
conducted with an IceCube device, which uses a laser diode at 1310 nm to illuminate the snow sample underneath an inte-
grating sphere (Gallet et al., 2009). The reflected signal is detected by a photodiode. By means of a certified standard, the
hemispherical infrared reflectance is derived, which is used to calculate SSA and 7.g applying a radiative transfer model
(for details, see Gallet et al., 2009). For the derived SSA values between 5 to 130 m? kg, the measurement uncertainty is in

the range of 10 %(Freitaget-at—inprep-— SSA values above 60m*kg™" require caution as the insufficient optical depth of
the snow sample may cause artifacts as reported by Gallet et al. (2009). However, the densities of the snow samples for which
Gallet et al. (2009) reported this limitation were below 100kgm™?, whereas the observed snow densities within this study
were all well above this value (around 60 % of the samples with densities between 280-350 kg m™~2). The higher optical depth

of the samples might indicate a higher limit for the SSA measurements. However, SSA values above 60 m? kg ~* ~occured only
in 10 % of the measurements.

Two downward-looking digital cameras were employed for ground-based photogrammetric measurements of surface rough-
ness structures. Another digital camera was used to resolve the hemispherical-directional reflectance factor (HDRF) of the
snow surface following a method described by Ehrlich et al. (2012). For the definition of reflectance quantities used within this
study, we refer to Schaepman-Strub et al. (2006). Furthermore, an all-sky camera was used for cloud observations. AOD was

determined by means-of-a sun photometer.
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The ground-based measurements were carried out during austral summer between 4 December 2013 and 31 January 2014.
Within this period, nine snowfall events occured (recorded by visual observation), surface temperature ranged from —+5-40°C
to -40-15 °C. The time series of the measured 2 m air temperature and the hourly cloud fraction are presented in Fig. 1. The
temperature indicates diurnal cycles on most days. Only on days with high cloud cover almost constant air temperatures were
observed. Towards the end of the measurement period, the temperature level decreased due to the-approaching-end-ofthepolar
daylower sun elevations. The mean total cloud amount over the entire period was less than 4 octa. Only five completely overcast
days were reported. Fotat-The total cloud cover was highly variable and mainly influenced by cirrus clouds.

The spectral snow albedo «(\) was measured from beth-ground-based and airborne instruments. At Kohnen station, the
COmpact RAdiation measurement System (CORAS) measured upward and downward spectral irradiance [FT()), F¥(\)]
within 0.3 to 2.2 um wavelength. The spectral snow albedo was obtained by:

T
a(h) = m @)
The spectral resolution is 2 to 3nm between 0.3 and 1.0um and 15nm up to 2.2 um wavelength—The-uneertainty—, with
a full spectrum measured every 15s. The uncertainties of albedo measurements with CORAS of-33range between 4.0 to

8.0 % depending on wavelength and combining different sources of instrumental errors. The signal-to-noise ratio accounts for
13-30% . o : : T . . Juncertainty.
Dark spectra were recorded constantly throughout the measurements resulting in a reliable correction for dark current and stray.
light within the spectrometer (0.1 % Sten ise-rati '
the spectrometer (2-5accounts for 1.0 % j-as-welt-as-the-eorrection-of-uncertainty. For albedo measurements, the two optical
inlets were cross-calibrated with an identical radiation source at four times during the observation period. The temporal stability
of this cross-calibration is estimated with 1.0-4.5 % depending on wavelength. Furthermore, the non-ideal cosine characteristic
characteristics of the irradiance optical inlets t+-Owere characterized within the laboratory. The optical inlets were mounted on a
turn table and the lamp signal under different angles of incidence (-95° to +95° in steps of 57) was recorded. This procedure was
repeated for four different relative azimuth angles between lamp and optical inlet and was used to compute correction factors
for the cosine response depending on solar zenith angle, wavelength, and the direct fraction of the global irradiance. The
azimuthal stability of the correction factors of 3.5 % J-was used to estimate the instrumental errors attributed to the non-ideal
cosine response of the optical inlets. This way, the instrumental uncertainties combine to 6.8 % at 1280 nm wavelength. The
analyzed measurement times were carefully selected to avoid errors due to frost formation and shadow effects which were

typically observed during early morning.
The location and mounting of the ground-based instrumentation are illustrated in Fig. 2. Table 1 lists the ground-based and

uncertainty). The wavelength calibration of

airborne instruments relevant to investigate the evolution of snow microphysical and optical properties.
2.2 Airborne data

To characterize the representativeness of the local ground-based observations, an intensive observation phase including airborne

measurements using the Polar 6 research aircraft from AWI was conducted between 24 December 2013 and 5 January 2014.
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Figure 2. Left (a): Aerial photograph of Kohnen station. The positions of different ground-based instruments are marked with black rectan-
gles. USA: Ultrasonic anemometer. AWS: Automatic weather station. Right (b): Instrument setup at the ground-based radiation rack: optical

inlets of the CORAS instrument and the broadband radiation instruments CM22 and PIR.

The aircraft flew 60 hours to characterize the spatial variability of snow properties above Dronning Maud Land. A map of the
tracks of the 18 research flights is shown in Fig. 3. During each flight, an overpass over Kohnen station was realized to compare
airborne and ground-based measurements. The airborne observations covered a wide variety of surface roughness structures as
well as different-precipitation patterns, which strongly influence snow albedo. Beside solar broadband and spectral radiation
measurements, the airborne observations included measurements of snow HDRF by means of a digital camera and surface
roughness measurements using a laser scanner. Meteorological measurements were provided by the Aircraft-Integrated Me-
teorological Measurement System (AIMMS20). The aircraft instrumentation additionally included geophysical observations
within the CoFi project (snow and ice thickness).

On Polar 6, irradiance measurements similar to the ground-based observations were conducted using the Spectral Modular
Airborne Radiation measurement sysTem (SMART) which applies an active horizontal stabilization of the optical inlets to
correct for aircraft movement (Wendisch et al., 2001; Ehrlich et al., 2008). SMART albedo measurements have an estimated
uncertainty ef3-4between 4.1 to 8.1 % also taking into consideration an-additional-souree-of uneertainty-uncertainties due to

the active horizontal stabilization of 1.0 %.

3 Methodology
3.1 SGSP retrieval algorithm using satellite data

Absorption of solar radiation by ice gets-becomes crucial in the near-infrared part of the solar wavelength spectrum (Warren

and Brandt, 2008). As the effective photon path is longer within larger snow grains, the magnitude of absorption is determined
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Figure 3. Map of flight patterns with the Polar 6 research aircraft during the campaign. Each color corresponds to a different flight.

by the size of the snow grains. Hence, snow surface albedo in the near-infrared mainly depends on the effective snow grain
size. Zege et al. (1991) showed that the plane albedo o, (6) as a function of solar zenith angle 6, can be parameterized using

an asymptotic solution of the radiative transfer theory by:

ap(00) = expl—y- Ko(6)]  with  Ko(fo) = %(1 42 cosfy).

5
pfo)= oxplzy:- Kolbo)l, _ with ®)
Ko(0o)= g(l +2 cos ). “)

The escape function K (6p) (dimensionless) describes the angular distribution of the number of photons escaping from a
non-absorbing, semi-infinite medium. The uncertainty introduced-by-its-approximation-of o, introduced by the approximation

10 of Ky(6p) given in Eq. 34 (Kokhanovsky and Zege, 2004) is below 2 % for 6 < 78°. Following Kokhanovsky and Zege
(2004), the parameter y depends on the volumetric extinction and absorption coefficients of SNOW beyy and bap,s (both in m ™)

and the dimensionless asymmetry parameter (average cosine over the phase function) g(€) of the snow grain which shape is

represented by the parameter &:

babs
=4, —2> 5
Y 3bext : []- —g(f)] ( )
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Assuming pure snow and applying the framework-principles of geometrical optics, the volumetric extinction and absorption
coefficients of snow can be derived by (Kokhanovsky and Zege, 2004):

1.5C, 4
boxt — OCV and babs - B(f) : babs.ico . Cv - B(f) : LX : Cva
Teff ' A
and-
b= 228 and ©)
o Teff
4T x
Q}\l/)g: B(f) 'babs,ice O = B(f) . T -C. @)

bext and b,ps only depend on the volumetric concentration of snow grains C., (dimensionless, psnow/pice), the effective snow
grain size reg, the absorption enhancement parameter B(&) (dimensionless), and the absorption coefficient of pure ice baps ice
(m~1), which is determined by the imaginary part of the complex refractive index of ice y at wavelength \. Consequently, Eq.

5 reduces to:

. dmx : _4 [ 2B

y=A ;y Toff with Afg T—9(8)"

y=A- MTX e, with )
4 2B(¢§)

A=— . )]
3V 1-g(¢)

The form factor A accounts for the snow grain shape ealy-by merging B(&) and g() into a single parameter. Equation
8 forms the basis of the SGSP retrieval algorithm by Zege et al. (2011) who applied the x data base by Warren and Brandt
(2008) and assumed a form factor of A = 5.8. The factor A varies in general between 5.1 (Kokhanovsky and Macke, 1997) for
fractals and 6.5 for spheres. Within the SGSP algorithm, a value of 5.8 is used as an average value over a mixture of randomly

oriented hexagonal plates and columns with B(£) ~ 1.5 and g(§) ~ 0.84. This is in accordance with Libois et al. (2014) who

recommend a value for B(&) within 1.6 4= 0.2 based on measurements in Antarctica and the French Alps. Any inaccuracy in

the form factor A will affect the snow grain size retrieval in addition to instrumental errors. According to Zege et al. (2011), the

retrieval inaccuracy which may stem from a false assumption of A is less than 25 %. For the retrieval of effective snow grain
size from satellite data, snow-atmosphere radiative interactions have to be taken into account by employing an atmosphere

model as described in Zege et al. (2011). The effect of the atmosphere has been removed employing the radiative transfer
model RAY (Tynes et al., 2001) using the subarctic winter atmospheric model (Kneizys et al., 1996) and the Arctic background

aerosol model (Tomasi et al., 2007) for constant atmospheric conditions. The effect of the very low pollution in Antarctica

2., AOD of 0.015 at 500 nm at Kohnen station, Tomasi et al., 2007) onto the retrieval is considered to be negligible at the

retrieval channels.
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Radiance data from MODIS (Level 1B Collection 5) onboard the Aqua and Terra satellites were used to retrieve effective
snow grain sizes in the entire-area covered by the campaign. The SGSP algorithm was applied for areas identified as cloudless.
After a preliminary separation of snow pixels, the effective snow grain size of each pixel is retrieved from radiance measure-
ments of MODIS channels 3 (469 nm wavelength), 2 (858 nm), and 5 (1240 nm). Assuming a spectrally constant bidirectional
reflectance distribution function (BRDF) of snow and using the combination of three spectral channels, the angular dependency.

The final product of estimated effective snow grain sizes is provided in 2D-maps of spatial resolution of 1 km. For the local
effective snow grain size at Kohnen station, the spatial average of the 50 x 50 pixel of MODIS surrounding the geographic coor-
dinates of Kohnen was calculated. Daily averages combine up to four MODIS overpasses per day under cloudless conditions.
For the solar zenith angle range between 60° and 80°, the relative error of the retrieval is below 10 % for effective snow grain
sizes between 30 pm to 300 um. It grows with increasing solar zenith angle and gets as high as 20 % for 6y = 85°, and even
higher for lower sun elevations. Therefore, the retrieval is generally not applied for 6y > 85°. The large uncertainty of the SGSP

retrieval for high solar zenith angles is related to the converst

has-to-be-assumed:Due-to-assumptions on the particle form factor A and the approximation of the escape function Ko (6g).
which is less accurate for oblique illumination angles. In combination with the strong forward scattering characteristic for
snow grains, small errors in the assumed BRDE-A and K (6y) can greatly distort the albedo;espeeially-attow-sun-elevations,
Similarly, the spectral behavior of the BRDF of snow slightly depends on the illumination angle (Zege et al., 2011). Conse-

quently, within this work the satellite retrieval is limited to 6y < 75°. Furthermore, an additional uncertainty of 2 % originates

from the atmospheric model.
3.2 Retrieval of effective snow grain size from spectral albedo measurements

In contrast to the satellite observations, for the ground-based and airborne spectral albedo measurements, the atmospheric
influence can be neglected because of the high surface elevation providing a dry and aerosol-free atmosphere (Wendisch et al.,
2004). To test this assumption, the direct fraction of global irradiance was simulated with the library for radiative transfer
libRadtran by Mayer and Kylling (2005) using the discrete ordinate radiative transfer solver DISORT by Stamnes et al. (1988).
The radiosondes released up to four times a day were used for meteorological input (profiles of air temperature, relative
humidity, and static air pressure). The contribution of direct solar radiation to the global irradiance measured at the surface was
estimated to vary between 94.6 and 99.8 % at the wavelengths used in the retrieval algorithm. Therefore, the simulated diffuse
part hardly exceeded 5 % of the total incident irradiance. Hence, after careful selection of cloudless periods, the effective snow
grain size can be calculated directly by inverting Eqs. 3 and 8:

2
Inay

Teff =
A-Ko(0o) -/ %

(10)
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The uncertainty of the retrieved reg is related to the measured albedo and the assumed particle shape. Especially surface
albedo values close to unity are uncertain due to the small differences between upward and downward irradiance. To minimize
uncertainties, the retrieval algorithm was adapted to spectral ratio measurements as introduced by Werner et al. (2013) and
Briickner et al. (2014). Using ratios of measured snow albedo at different wavelengths decreases the retrieval error as the
impact of measurement uncertainties is reduced. For the ground-based CORAS and airborne SMART measurements, the ratio
‘R of albedo measurements at 1280 nm normalized by the albedo at a weakly absorbing wavelength of 1100 nm was used:

_a(A\ =1280nm)

~ a(\y=1100nm)’ (D

Equation 10 thus changes to:

InR
o [

with A7 = 1280nm and Ao = 1100 nm.

Toff = withA; = 1280and), = 1100., (12)
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Figure 4. Left (a): Surface plane albedo for effective snow grain sizes between 10 um and 200 um, 65==666y = 54°, A = 5.8, x-data from
Warren and Brandt (2008). M3, M2, and M5 mark MODIS spectral bands used within the SGSP algorithm. A; and A2 denote wavelengths

used within the CORAS and SMART grain size retrieval. The red solid line and shaded gray show a spectral albedo measured by CORAS on
24 December 2013 (14 UTC). Right (b): Illustration of retrieval principle. Pependanee-Dependence of ratio R with respect to effective snow

grain size for different solar zenith angles (50° to 80°) and for overcast conditions, A = 5.8, x-data from Warren and Brandt (2008). Blue

and red lines illustrate the retrieval of effective snow grain size from a measured albedo ratio R = 0.7 with a relative uncertainty of 35.5 %.

Figure 4a shows simulated snow surface plane albedos based on Eg—10-Egs. 3 and 8 for the wavelength range between
300 nm and 2200 nm for different effective snow grain sizes (10 pm to 200 um) at 6654° solar zenith angle (A = 5.8, x-data
from Warren and Brandt, 2008). In addition, it shows the MODIS channels used within the SGSP algorithm (M3, M2, and M5)

and the spectral albedos o, at wavelengths Ay and A used for calculating the albedo ratio R. The spectra of «, are related to

the wavelength-dependanee-wavelength-dependence of the imaginary part of the complex refractive index of ice. Band M5 and

11
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A1 are situated within a spectral albedo region which is more sensitive to effective snow grain size due to stronger absorption

by ice. The-Furthermore, a spectral albedo between 700 nm to 1600 nm wavelength measured by CORAS on 24 December

2013 (14 UTC) is shown. The data gap between 1300 nm and 1400 nm wavelength is due to low signal-to-noise ratios at these
wavelengths. The retrieval principle is illustrated in Fig. 4b. For four different solar zenith angles (§y = 50°—80°), it shows the

dependanee-dependence of the measured albedo ratio R with respect to the effective snow grain size utilizing Eq. 12 (4 =5.8,
x-data from Warren and Brandt, 2008). Photons entering the snowpack under grazing angles have a higher probability of
escaping the snowpack due to the pronounced forward scattering of ice crystals. This increases the spectral albedo mostly
in the spectral range of stronger ice absorption. Therefore, R increases with lower sun position. The overcast line in Fig.
4b corresponds to a solar zenith angle of around 50° wnder-in cloudless conditions, which is in accordance with Wiscombe
and Warren (1980). The measurement uncertainty using-of albedo measurements at 1280 nm wavelength was estimated with
6.8 %. Using R, the uncertainty is reduced to 35.5 % as the transition to relative measurements yields independance—from
the radiometrie-ealibration—Using-independence from the cross-calibration. In addition to the instrumental errors, the surface
variations of the surface slope caused by wind drift at Dome C of + 2°. They estimated a resulting uncertainty of 10 % in

an additional uncertainty of 10 % is assumed for the retrieval of SSA. Applying Eq. 12 ;-ato the spectral albedo measured b
CORAS on 24 December 2013 (Fig. 4a), the measured ratio R of 0:7000.702+0-02+-weuld-tead-0.039 leads to an estimated

effective snow grain size of about +06090+1731 pm at #57=-6060y = 54° (blue and red lines in Fig. 4b). However, the relative
uncertainty of the retrieval varies with solar position and effective snow grain size. In general, it is higher for smaller snow
grains. The-Overall, the retrieval uncertainty ranges between 4325 % and 3137 % for the SSA throughout the measurement

period.
3.2.1 Application in cloudless conditions

The retrieval algorithm was tested for specific measurements collected on a day with prevailing cloudless conditions. During
this day, changes in effective snow grain size are expected to be small as the last snowfall took place six days earlier. Figure 5
shows the results retrieved from ground-based measurements with CORAS (SSA and effective snow grain size) on 24 Decem-
ber 2013 between 6 UTC and 18 UTC. Effeetive-During this time, the solar zenith angle varied between 52° and 67°. Effective
snow grain sizes were calculated according to Eq. 12 using the escape function K (6p) given by Eq. 34 (black line). The re-
trieved SSA shows a pronounced diurnal cycle and varies between 27-3728-38 m? kg =1 (o ="96—120mrg = 86 — 117 um).
As no snowfall occured on that day, the diurnal cycle is likely-te-be-very likely an artefact originating from the change in solar
zenith angle and the assumed escape function /o (f). The eseape-funetion-approximation for the escape function (Eq. 4) might
be incorrect if-the-snow-BRDF-is-more-complex-due-to-the-for snow at oblique incidence due to its elongated phase function.
At the same time, a representative form factor A is required to account for the non-spherical snow grain shape. In order to

12
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Figure 5. Diurnal cycle of SSA retrieved from CORAS measurements and effective snow grain size at Kohnen station on 24 December 2013.
Black: SSA retrieved with original escape function Ko(6o) (solid line) with retrieval uncertainty (shaded gray), Blue: SSA retrieved with

empirically adjusted escape function Kemp(6o) (solid line) and retrieval uncertainty (dashed lines).

eliminate the unrealistic diurnal cycle in the retrieved time series, the escape function was empirically adjusted to:
3
Kemp(eo):?(1.5+1.1 cosbp). (13)

Applying Kemyp, the diurnal cycle in the retrieved SSA was significantly reduced (blue line in Fig. 5). The SSA ranges only
between 32-3533-36 m? kg ~! (93-10191-99 um). Anatyses-of time series-on-The analysis of measurements during other cloud-

5 less days showed similar features. Therefore, K., was applied for the entire period of measurements. However, it should be

noted that the escape function Key,, from Eg. 13 is an empirical approximation for the cases investigated here. To derive a
more general description of the escape function, more cases and explicit BRDE measurements are needed, which is beyond
the scope of this study. Furthermore, Gallet et al. (2014b) observed SSA variations on a sub-daily scale using the DUFISSS
instrument (DUal Frequency Integrating Sphere for Snow SSA measurements; Gallet et al., 2009) at Dome C in January 2009,
10 They measured a drop in SSA at around noon from 40 m* kg ™" to 33 m* kg ™" before the SSA increased again to 41 m* kg ™" at
midnight. These temporal changes were attributed to the growth of sublimation crystals during daytime and nighttime formation
of surface hoar. The SSA variations observed by CORAS on 24 December 2013 are in the same order of magnitude. However,
the variations observed by Gallet et al. (2014b) are not symmetric to noon and their sign changes on a day-to-day scale due to
the strong dependence on meteorological conditions. Even though an influence of crystal growth processes cannot be ruled out
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for the measurements presented here, the evident dependence on the solar zenith angle and the constant symmetry to noon of
the diurnal cycle observed in the SSA retrieved from CORAS measurements strongly indicate a dominating influence of the
solar zenith angle.

To minimize the impact of solar zenith angle even further, measurements between 13 UTC and 14 UTC were preferably
analyzed to represent the typical daily value of SSA and r.g. Using these times of day additionally ensures higher upward
and downward irradiances and, therefore, a reduced measurement uncertainty by enhanced signal-to-noise ratios. The retrieval

time period is also close to the probing of in situ SSA between 15 and 18 UTC which is favorable for the comparison. For

each day, the times when SSA was retrieved from measurements with CORAS are added to Fig. 1 as black open circles. It
has to be noted that the cloud cover was estimated from visual observation every full hour, whereas CORAS measurements
were partly analyzed for times in between the visual observation and the cloud cover given here might not be representative
for the actual CORAS measurement (e.g., 5 octa on 27 December 2013). Therefore, the CORAS measurements were carefully

screened for any cloud contamination by analyzing the downward solar irradiance to guarantee homogeneous cloudless or
overcast conditions.

3.2.2 Extension to overcast conditions

The retrieval in overcast conditions was only applied when no cloudless period occured during the day. The-eriginal-Even

though new approaches to retrieve effective snow grain size below liquid clouds from airborne remote sensing are available
and potentially transferable to spaceborne observations (Ehrlich et al., 2017), the SGSP algorithm is restricted to cloud-free

scenes. However, in case of ground-based measurements, the analysis can be extended to cloudy conditions by using the
spherical albedo and assuming isotropic illumination by the clouds. In this case, the spherical albedo a4 can be expressed by

using Ky (6p) = 1 (isotropic) in Eq. 3 (Kokhanovsky and Zege, 2004):

as =exp(—y). (14)

Using the albedo ratio R in Eq. 12, the retrieved effective snow grain size is obtained in overcast conditions:
2

pcld _ InR
eff —
47 x (A 47 x (A
S el

Equation 15 is illustrated within Fig. 4b for comparison (overcast line). Retrievals in overcast conditions were applied on four
days and are denoted as black filled circles in Fig. 1.

5)

3.2.3 Retrieval using airborne measurements

For the airborne observations, SSA and r.g were retrieved in a similar way as described above for ground-based data but using
measurements of SMART. For comparison with the ground-based observations, any flight leg over the 5 x 5 pixel of MODIS

surrounding Kohnen station (5 x 5 km?) is regarded as an overflight. The retrieval was not applied to each single measurement
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point but to the mean albedo measured within this box. The uncertainties of the retrieval were estimated similarly to the
ground-based CORAS measurements, with the exception that the uncertainty of irradiance measurements is assumed to be
slightly higher due to the remaining uncertainty in the horizontal leveling of the airborne sensors by the horizontal stabilization
of SMART (6.9 % at 1280 nm wavelength). As a result, the estimated uncertainty of the measured albedo ratio R is about
335.6 %.

3.3 Influence of wavelength choice

The in situ measurements and all retrievals (in the original and adapted SGSP algorithm) use different wavelengths. Therefore,
each instrument retrieves the effective snow grain size from a different depth within the snowpack. All retrievals considered in
this study were performed neglecting snow layer stratification, Vertical differences in snow grain size can impose systematic
differences in the retrieved values between the various instruments. To quantify the impact of the choice of wavelength, the
e-folding depth €(\) was calculated—It, which is defined as the distance in the snowpack over which the irradiance reduces to

1/e or 37 % of the incident value and is wavelength-dependent. Following Zege et al. (1991), it is calculated by:

)= {a L. for X -B(£>~[1—g<s>]}1. (16)

Pice et
The calculation assumed a mixture of hexagonal plates and columns (A = 5.8). The IceCube system penetrates 0.14-0.31 cm
into the snowpack at 1310nm (at snow densities between 280 and 360 kg m~2). At the wavelengths more sensitive to ice
absorption, CORAS (SMART) mainly measures photons reflected in a depth up to 0.30 cm (at 1280 nm) and MODIS channel
5 (1240 nm) receives reflected radiation from a depth similar to the IceCube system. Hence, the penetration depth is almost

identical for all measurement device

a comparison of the different SSA retrievals.

4 Results and discussion

Figure 6 shows the time series of SSA and respective effective snow grain size derived from satellite (MODIS, red), ground-

based (CORAS, blue) and airborne (SMART, green) observations between 10 December 2013 and 31 January 2014 at Kohnen
station. For comparison, the in situ data frem-Freitag-et-al—(in-prep--are shown in black.

4.1 SSA and effective snow grain size from CORAS (ground-based)

SSA retrieved from CORAS measurements (blue circles in Fig. 6) varied between 27 m? kg~! and 8689 m? kg1 throughout
the campaign. The evolution of the time series revealed four pronounced maxima (minima in reg) on 18 December 2013, 3,
17, and 22 January 2014, which can be related to snowfall of about 1 mm at Kohnen (visual estimation). The fresh fallen snow
consists of smaller grains which increases SSA of the uppermost snow layer. The average snowfall-induced increase in SSA
is 28 m? kg ~!. These highest SSA values are followed by a gradual decrease in SSA. From 18 to 30 December 2013, the
SSA decreased daily by approximately 3.2m?* kg~ d~! from 6566 m? kg~! to 27 m? kg . This corresponds to an increase
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Figure 6. Time series of measured SSA and reg for the entire campaign at Kohnen station. Black: Mean (solid line) and standard deviation
(shaded gray) for in situ measurements{datafrom:Freitag-et-alin-prep-), Red: MODIS retrieval, Blue: CORAS retrieval in cloudless (open
circles) and overcast (filled circles) conditions, Green: SMART retrieval in cloudless (open circles) conditions. Top right: mean and standard

deviation of the SSA retrieved by the different instruments. Snowflake symbols denote snowfall events.

in effective snow grain size by 5:95.8 um per day. This decrease in SSA is slightly slower than measured by Libois et al. (2015)
at Dome C{75%6>S;+23°0E)-, Antarctica. They observed a drop in SSA from 90 m? kg ! to 30 m? kg~! within 10 days
due to snow metamorphism. However, some abrupt decreases in SSA such as from 3 to 4 January 2014 cannot be explained
by metamorphism alone, especially under the cold conditions on the Antarctic plateau. Instead, this strong increase in effective
snow grain size within one day is supposedly caused by strong wind, which removes the small, fresh fallen snow grains and

-1 at

exposes deeper layers of larger grains. With mean wind speeds of 4 ms~! and maximum wind gusts reaching 11 ms
Kohnen station, drifting snow occured mainly due to creeping or saltation of the ice crystals. This wind-induced transportation
of fresh fallen snow grains is superimposed on the signal of snow metamorphism in the temporal evolution of SSA retrieved
from CORAS.

The mean SSA is 42413 m? kg~!. The SSA retrieved from CORAS measurements reproduces the in situ probing (solid
black line in Fig. 6) within the measurement uncertainties and range within the shaded gray area, which indicates the standard
deviation of the mean SSA value along the 100 m-transect where SSA was probed. The standard deviation is a measure of

the small-scale variability in SSA mainly caused by wind-induced roughness structures of the snow surface. Nevertheless, the

temporal signal in SSA is significant for all sample positions. Only during the end of the campaign, the last two snowfall-
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induced maxima in SSA are overestimated by CORAS. The agreement between the SSA retrieved by CORAS and the in situ
data is reflected in the linear correlation coefficient of 0.81 (95 % confidence interval: 6:670.66-0.89).

On eight days throughout the campaign, no retrieval of SSA using CORAS data was possible due to broken clouds. For
that reason, e—g--the first maximum of the in situ measured SSA (15 December 2013) could not be reproduced by CORAS
data. Overcast retrieval conditions were used on four days (filled circles: 3, 6, 10, and 12 January 2014). The retrieved SSA on
overcast days agree well with the in situ measurements and are in coherence with the retrieved SSA under cloudless conditions.
This illustrates the potential of extending the retrieval method by applying the spherical albedo. In addition, it highlights the
benefit of ground-based observations that, in comparison to satellite observations, provide continuous time series and are not

restricted to cloudless time periods only.
4.2 SSA and effective snow grain size from SMART (airborne)

On five days between 27 December 2013 and 2 January 2014, SSA and r.g were retrieved from airborne spectral albedo
measurements by SMART (green circles in Fig. 6). With a mean value of 2041 m? kg~', SMART seems to systematically
underestimate in situ SSA by a factor of 2.1. Using the same calibration reference and the identical retrieval algorithm for
both CORAS and SMART, the differences are likely connected to the different sizes of the sampling areas covered by both
instruments. While CORAS measurements represent a spot of about 2x2m?, SMART measurements have a larger footprint
and were averaged over an area of 5x 5km? surrounding Kohnen station. Furthermore, the area over which the airborne data
is averaged is largely determined by the flight track. On such scales, the local small-scale variability of SSA as indicated by
the in situ measurements can lead to significant differences in SSA. Already along the 100 m-transect, in situ SSA varied by
up to 34 % (4 January 2014). On larger scales, this variability is likely to increase. In addition, unidentified systematical errors

in the airborne SMART measurements are a possible reason for the underestimation of SSA and deserve further attention in
future studies.

4.3 SSA and effective snow grain size from MODIS (spaceborne)

A smaller bias is present in the SSA retrieved from MODIS data (37411 m? kg—!, red line in Fig. 6), which integrates over an
area of 50x 50 km? surrounding Kohnen station. The uncertainty in Fig. 6 is given as the standard deviation of SSA over the
50 x 50 km?. The SSA derived from MODIS observations could reproduce the SSA signal from in situ measurements, the linear
correlation coefficient is with 0.86 (95% confidence interval: 0.75-0.92) slightly higher than for the CORAS measurements.
Furthermore, it was able to resolve abrupt changes in SSA due to precipitation or wind-induced transportation of snow grains.
For high solar zenith angles, the SGSP algorithm is known to underestimate the actual effective snow grain size (Zege et al.,
2011). During the entire observation period, the solar zenith angle varied between 52° and 87° and in 48 % of the time was
higher than 70°. However, the effective snow grain size retrieved from MODIS data mostly showed a slight overestimation
compared to the in situ measurements. The comparison of the ground-based (CORAS) and spaceborne (MODIS) remote
sensing methods to retrieve SSA yields a linear correlation coefficient of 0.77 (95 % confidence interval: 0.61-0.87) which lies

in the same range as the correlation coefficient between CORAS and the in situ measurements.
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5 Conclusions

The temporal variability of SSA and respective r.g¢ on the East Antarctic plateau were investigated during austral summer
2013/14 utilizing spectral albedo measurements (ground-based and airborne) and MODIS reflectance measurements. The re-
trieved SSA and r.g were compared with in situ data.

For the retrievals from spectral surface albedo measurements, the SGSP algorithm was extended to spectral ratios of
albedo at 1280 nm and 1100 nm wavelength. Being independent of systematic measurement uncertainties (e.g., radiometrie
calibrationcross-calibration of the optical inlets), this approach decreases the uncertainty of the retrieved SSA compared to
the single-wavelength approach. The retrieval was successfully applied to measurements in overcast conditions by using the
spherical instead of the plane albedo. Satellite observations are limited by clouds in space and time. During the two months
of observations at Kohnen station, cloudless conditions were present only 264 h out of 1272 h total observation time (21 %).
However, many cloudy periods were characterized by a broken cloud field (62 % of total observation time). In this case, the
concept of spherical albedo is not applicable and SSA retrievals might fail. Therefore, only overcast conditions were included
in the analysis.

SSA retrieved from CORAS measurements varied between 27 m? kg~! and 8689 m? kg~! and revealed distinct maxima
related to light snowfall at Kohnen station. The average increase in SSA due to snowfall was 28 m? kg~!. The maxima were
followed by a gradual decrease in SSA, which was partly caused by snow metamorphism and by wind-induced transport of the
fresh fallen ice crystals. During the longest dry period (18 until 30 December 2013), SSA decreased on average by 3.2 m? kg ~*
per day. This corresponded to a daily increase of reg by 5:95.8 um.

The temporal evolution of SSA retrieved from the ground-based CORAS measurements could reproduce the in situ mea-
surements (linear correlation coefficient: 0.81). The same holds true for the spaceborne MODIS retrieval (0.86). Despite the
biases in SSA retrieved from the different instruments, the agreement especially between SSA retrieved from CORAS and in
situ measurements emphasizes the potential of the retrieval algorithms. SSA retrieved from airborne SMART measurements
underestimated in situ SSA by a factor of 2.1. This might be due to spatial averaging. However, especially the differences
between SSA derived from CORAS and SMART measurements need to be investigated in more detail in further research,
before extending the retrieval validation between SMART and MODIS to a larger area in Dronning Maud Land which would
also cover coastal areas with supposedly higher variability in SSA. An Antarctic-wide survey of albedo mapping can only
be achieved by satellite observations. For this purpose, a more detailed understanding of the relation between satellite and
in situ observation of SSA is required, including the influence of the different spatial scales of satellite, airborne, and in situ
measurements.

The validation presented in this study provided an unique testbed for retrievals of effective snow grain size from satellite
reflectance and spectral surface albedo measurements under Antarctic conditions where in situ data are scarce and can be used

for testing prognostic snowpack models in Antarctic conditions.
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Table 1. List of instruments operated on ground and on Polar 6 aircraft.

Instrument

Measured quantity

Specifications

Ground-based

Kipp & Zonen CM22

FY FT (Wm™?)

Broadband, 0.2-3.6 um

(Kohnen) Eppley Precision Infrared Radiometer ~ F*, FT (W m™2) Broadband, 3.5-50 um
CORAS FYO), FT(O) (Wm™2nm™) Spectral, 0.3-2.2 ym
CANON EOS 6D I"Wm2nm tsr™?) 180° fish-eye lens
CANON EOS 600D All-sky images
CANON EOS 600D (2x) Photogrammetric images Image overlap: 50 %
Sun photometer SP1A31 AOD 10 channels: 368.5 to 1019.4 nm
Automatic weather station p, T, RH, FT, Fi, 7, 1 min averages
snow accumulation
Ultrasonic anemometer v
Radio sounding p, T, RH, g
Synoptic observations Cloud cover, precipitation Visual observation
IceCube by A2 Photonic Sensors SSA (m%kg™1), Psnow (kg m~?) Wavelength: 1310 nm
Pt-100 Snow temperature profile
Airborne Kipp & Zonen CMP22 FY FT (Wm™?) Broadband, 0.2-3.6 um
(Polar 6) Kipp & Zonen CGR4 FYFT (Wm™?) Broadband, 4.5-42 ym
SMART FYO), FT(O) (Wm™2nm ™) Spectral, 0.3-2.2 um

CANON EOS 1D Mark IIT
RIEGL VQ580

AIMMS20

KT19

YOO, ITA) (Wm™2nm ™ sr™t)

I"Wm2nm s
Surface topography

7, p

Tsurt

Spectral, 0.3-2.2 ym

180° fish-eye lens

Airborne laser scanner
Meteorological measurements

Radiation thermometer

F¥: downward irradiance, F'T: upward irradiance, A: wavelength (indicates spectral quantity), I T reflected radiance, AOD: aerosol optical depth, p: pressure, 1"

temperature, RH: relative humidity, ': wind vector, SSA: specific surface area, psnow: snow density, Tsyr¢: surface temperature

24



