Reply to Reviewer #1:

We thank the reviewer for the time and efforts she/he spent reading our manuscript and providing
valuable suggestions and advices. Please find below a discussion of the reviewer’s comments (italic).
Changes/additions made to the text are underlined and given in quotes.

Major concerns:

Cloud focus: There needs to be more discussion of why cloud cover should impact albedo. Is it due to
more scattered light?

We added some more explanation:

“Clouds affect the spectral behavior of the incident solar radiation and the directional dependence. In
cloudy conditions the incoming radiation field is dominated by the diffuse component, whereas the
transmission of radiation through the clouds is wavelength-dependent. Since the solar radiation is mainly
absorbed by cloud particles in the near-infrared spectral range, a larger fraction of visible to global
radiation is incident on the surface compared to clear sky conditions. Furthermore, the enhanced
multiple-scattering between clouds and snow surface additionally contributes to the spectral shift of the
incident radiation. Consequently, the broadband albedo increases under cloudy conditions.

Effects of the solar zenith angle (SZA) on the observed differences in Figure 7a,b can be excluded here,
since for both days the SZA was in the range between 65° and 68°.”

Additionally, there should be more discussion of how the modifications to albedo for cloud cover would
work in a coupled model. Typically, just surface fluxes (SW, LW) are passed to an ice model from the
atmosphere model. Could SW or LW be used instead of cloud cover because modeled cloud fraction is
notoriously poor.

We derived adjusted albedo parameters, which clearly reflect the impact of the cloud situation with
higher minimum and maximum values (0.80, 0.88) for overcast conditions and lower values (0.66, 0.79)
for clear sky and broken cloud situations (Page 16, second paragraph; Page 17, last paragraph). We do
argue that it is a solid approach to implement those changes into the coupled model HIRHAM-NAQOSIM in
a next step. With this we will follow the common approach where albedo modifications are implemented
in coupled model (e.g., Rae et al., 2015, doi:10.5194/gmd-8-2221-2015; Koenigk et al., 2011,
10.1007/s00382-011-1132-z). It is the aim to improve the physical description of the albedo, and it is
known that the cloud effect needs to be taken into account (see response above). Thus, the next step of
implementing this effect is logically. However, we do agree that clouds are generally poorly simulated in
the Arctic, but the radiative fluxes are poor too (e.g., English, 2015, doi:10.1175/JCLI-D-14-00801.1). Of
course, both are related to each other, and the surface albedo plays an important role (e.g., Karlsson and
Svensson, 2013, doi:10.1002/grl.50768). The step afterwards is therefore to further improve the cloud
cover simulation. We have already shown that we could improve this by a more efficient Bergeron-
Findeisen process and a more generalized subgrid-scale variability of total water content (Klaus et al.,
2016, doi:10.1002/2015GL067530). Still, the simulations are far from being perfect and therefore, this is
still an ongoing topic for us.

According to your comment, we added a short paragraph in section 4 (Summary and conclusion). It reads
(page 18, line 3):

“Although we could improve the cloud cover simulations in HIRHAMS (Klaus et al., 2016), the
simultaneous evaluation of SIS albedo and cloud-radiation (e.g. following Karlsson and Svensson, 2013)
in the coupled model HIRHAM-NAOSIM is on our agenda.”




Snow on the surface: Nearly all the observations compared are over snow covered ice, but there is little
discussion of snow heterogeneity and how this might impact the results. At Pg.8/Ln.2 you mention “snow
type” and also later and at Pg.12/Ln.6 you mention “more structured snow” and “increased roughness”,
all of which allude to the heterogeneity in the snow cover. In fact, Fig.4 (and Pg.8/Ln.15-17) shows that
there doesn’t seem to be good correlation between changes in temperature, which is relatively constant
between early and late June, and albedo, which drops off during this period. Since during this time the ice
remains snow covered, this suggests to me that perhaps changes in the snow rather than temperature
should be the impetus for the albedo change. Finally, on Pg.14/Ln.2 you mention grain size or snow
thickness as being important for temporal evolution on albedo. Why don’t you focus on better
understanding these snow effects on albedo rather than clouds? Could these snow differences be
important for the larger variability in observations than the parameterization? It’s known that the snow
type is important, it seems worth more mention in this manuscript.

We totally agree that the relation of snow property changes controlling the snow albedo is very
important. In fact, those snow processes (changes in grain size and density, metamorphism, compacting
and ageing, multiple layering, etc.) are commonly covered (by different complexity) in land surface
models (e.g., Wang et al., 2016, doi:10.5194/tc-10-1721-2016 and references therein) and ice-ocean
models (e.g., Lecomte et al., 2015, doi:10.1016/j.0cemod.2014.11.005; Liston et al., 2018,
doi:10.1002/2017JC013706). But, these complex snow processes are still generally only basically covered
in sea ice models as part of global coupled climate models (e.g., Hunke et al., 2010,
doi:10.3189/002214311796406095), and are currently incorporated only in few global coupled climate
models (e.g., Blazey et al., 2013, d0i:10.5194/tc-7-1887-2013). New models are currently configured
(e.g., Petty et al., 2018, 10.5194/gmd-11-4577-2018). However, also, site-level snow measurements are
quite limited over Arctic sea ice and the derivation of reliable snow and ice thickness products from
satellite data is still a research in progress.

Actually, we follow both these model and observational developments of these aspects. Accordingly, we
will analyse the measured data set which will be gained during the one-year Arctic MOSAIC campaign in
2020.

The albedo variation shown Fig.4 and discussed on Pg.8/Ln.15-17 includes all data along the flight track
and consequently comprises also other surface types than snow covered ice (e.g., dark open water).
Figure 8 illustrated the temperature and cloud dependence for snow covered ice only. It shows clearly
that the snow type variation (change of roughness, grain size, ...) is in the same order than the
illumination effects. Thus, there is definitely a need to improve the parameterization in this regard too.
According to your comment, we added a short paragraph in section 4 (Summary and conclusion). It reads
(page 18, line 13):

“Furthermore, our results indicate that the snow type variation (e.g., change of roughness, grain size,
density) is of the same order of importance for albedo variations than the illumination (cloud cover)
effect. This supports the need to put efforts to improve the snow process parameterizations in coupled
models as discussed by Hunke et al. (2010).”

Other surface types: | am concerned that all the comparisons are done over ice with nearly 100% snow
cover. You are clear that the results of the work are valid for covered ice, but later in the season does that
mean these results are unimportant? Do clouds have any impact when there are more melt ponds, and is
it worth the effort to include cloud cover?

The reviewer raises an important question here. The adjustments proposed in this work provide
improvements for the observed period. It has to be tested how the new parameterization performs for
other periods. Also this will be answered based on the MOSAIC observations. We are aware that the
importance of melt ponds will increase in the summer season and the adjustments made for the
parameters controlling the snow covered ice albedo are of minor importance then, but we expect similar
cloud effects on the variation of the melt pond albedo than observed during ACLOUD/PASCAL for snow,



because the physical reason (spectral shift of incident radiation) is also valid for melt ponds which are
characterized by a pronounced spectral signature of the albedo between the visible and near-infrared
spectral range.

According to your comment, we added a short paragraph in section 4 (Summary and conclusion). It reads
(page 18, line 14):

“The presented results are valid for nearly 100% snow covered sea ice. In the later summer season, melt
ponds become an important feature. Still, it is expected that the effect of cloud cover on the variation of
the melt pond albedo plays a role due to the spectral shift of incident radiation.”

Minor concerns.
There are just a number of small clarifications or suggestions for figures.

Fig.1a — Add a colorbar.
Added as suggested:
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Figure 1. {a) Contour plot of the 515 albedo dependent on snow depth and surface temperature as parameterized from the SIS albedo scheme
of HIRHAM-NAOSIM for an area with 100 % sea ice cover. The vertical red-dotted line marks a surface temperature of -0.1°C, for which

the surface subtype fractions are plotted in (b).

Fig.4 —is there a better way to show this? | can hardly see the whiskers or differentiate between polar 5
and 6 flights. The other thing to point out is that in panel b there is a large range of observed albedos on
each day. This is worth pointing out. Even in early May there are albedos of 0.7 within one standard
deviation.

We adjusted the figure (decrease symbol size, colors instead of black/white) for a better separation
between individual data points:
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Figure 4. (a) Mean surface temperature over sea ice along flight tracks for selected days derived from KT 19 measurements onboard of Polar
5 and Polar 6. (b) Mean albedo of sea ice surface. The error bars give the standard deviation.

Furthermore we comment the broad standard deviation as follows:
“As indicated by the range of the standard deviation, the spatial variability of the SIS albedo may have
the same order of magnitude than the temporal variation.”




Fig.6 — can you clarify on the figure which part is a and b of the components for assessment?
We adapted the figure by using background colors for separation of the two components:
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Figure 6. Flow chart of validation procedure of {a) surface albedo (blue background), and (b) surface type fraction (red background) param-

elerization.

Fig.7 — the dashed lines are very hard to see.
We changed the line style representing all data to thin solid lines and adjusted the annotations
accordingly:
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Figure 7. (a)-(1) Histograms of measured (red) and parameterized (black) surface albedo for all selected days. Thick lines represent the cases

when more than 90 % of the surface is covered by sea ice. Thinner lines show all cases matching the selection criteria described in Sec. 2.2.

Fig. 9 — Do red or black correspond to measurements? The caption and legend conflict.

Thanks for this advice. We fixed the issue by adjusting the figure caption:

“Box-and-whisker plot of measured (red solid lines) and parameterized (black dotted lines) surface
albedo for selected flight paths in the surrounding of the ice floe where snow depth data were sampled.”

Table 2 — it looks like for a number of days the parameterized and observed albedos are similar. Is it
worth mentioning this?

We added a short statement:

“In contrast, at the end of June this relation is reversed, while in the transition period the mean
parameterized SIS albedo agrees well with the measurements, particularly for overcast cloud
conditions.”




Throughout — Does SIS just mean “sea ice surface” or it is the name of the model albedo
parameterization.

The abbreviation SIS was introduced in Section 1 as follows:

“The CMIP5 model spread in the representation of the sea ice surface (SIS) albedo directly affects the
estimates of the cloud radiative forcing (CRF) as shown by Karlsson and Svensson (2013).”

Equation 6 — Why is the maximum fraction for melt ponds (22%) so low? Is there justification?

According to Kgltzow (2007) the threshold temperature for the onset of melt pond development
(derived from SHEBA measurements) was set to -2°C. The limitation of the amount of melt pond fraction
to 0.22 prevents a complete conversion from snow to melt ponds when temperature is reaching 0°C like
observed during ACLOUD. However, the given number of 0.22 refers to SHEBA measurements but is not
further discussed in the publication by Kgltzow (2007). We are aware that the melt pond fraction may
span a larger range than assumed in the parameterization, in particular for July and August (e.g.,
Istomina et al., 2015).

Pg. 5 Line 17-18: It looks like for hs > 0.1 then the fraction is solely snow-covered ice while for smaller
snow depth melt ponds or bare ice become more relevant. | didn’t follow the text here.

The reviewer is right. For h_s > 0.1 m no other ice types are modelled when temperature is lower than
0°C. Fig. 1b illustrates exemplarily the subtype fraction for T=-0.1°C. The fraction of bare ice is only
dominating (50% of total ice fraction) when snow depth is lower than 0.01 m for this specific
temperature. We changed the number in the text:

“The bare ice fraction (c_bi=1-c_s-c_m) is only dominating when snow depth values are lower than 0.01
m for this specific case.”

Pg.6 Line 20: The winds cause the southwesterly ice drift but your wording is confusing: “due to northerly
winds coupled with a southerly to southwesterly sea ice drift.”

We changed the wording:

“In May, the sea ice edge was far south in this region, due to northerly winds a southerly to
southwesterly sea ice drift was observed. With the beginning of the warm period at the end of May, the
southerly winds led to a north-eastward ice drift (Wendisch et al., 2018).”

Pg.6 Line 30-31: What are the increase of 9% and 32% compared against.

We changed the wording:

“Considering only the percentage of measurements with hs < 10 cm, revealed an increase of this fraction
on the overall snow depth observations from 9 % on 5 June to 32 % on 14 June.”

Furthermore, we added the units in Fig. 3 (insert table):
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Figure 3. Histogram of snow depth in cm measured by the Magna Probe on the ice floe during PASCAL for different days of the period 5-14
June. Additionally, the mean snow depth and the standard deviation, as well as the fraction of measurements with a snow depth below 10 cm

(fru.<10em) 18 given for each day.

Pg.9 Line 14: No bars in Fig.5 have 70% open water.

Figure 5 only shows the fractions of Polar 6 measurements. The 70 % of open water fraction refers to
Polar 5 observations. To make it clearer, we adjusted the figure caption and modified the sentence
slightly:

Figure 5. Subtype fractions of ice and water surface for selected flight sections of Polar 6 during ACLOUD/PASCAL.
“The same area was probed on 18 June by the Polar 5 giving a mean open water fraction of 70 % (not

shown).”

Pg.10 Line 15: do you mean “coming from directly below the aircraft for (i) only.” ... “Therefore approach
(ii) might lead...”.

The parameterized albedo in one model grid is the mean of the albedo of all subtypes weighted by their
fraction of subtype occurrence (Eg. 2). In contrast, the measured albedo along the flight track is
additionally depending on the cosine weighting because of the definition of the quantity irradiance.
Therefore, we compared the non-weighting (i) and the cosine weighting approach (ii). We revised the
sentences:

“This implies that the reflected radiation from side directions has a minor contribution relative to the
radiation coming from nadir direction. [...]Therefore, approach (i) might lead to uncertainties due to the
neglect of cosine weighting.”

Pg.11 Line 19: Why did you use 50 as a threshold?
The minimum sample (n) size can be approximated by:

with z: confidence (95% = z = 2), 62 variance, and e: assumed precision of the mean albedo. Taking the
measured variance (0.07%) and the desired albedo uncertainty (0.02) into account, n needs to be larger
than 49.

Pg.12 Line 14: what is snow grain size differences less important relative to?

The comparison is related to the roughness and illumination effect, mentioned the sentence before. We
connected both sentences now:

“Thus, the likely dominating effect of the clear sky conditions together with the increased roughness lead
to a decrease of the measured SIS albedo, whereas the snow metamorphism causing larger grain sizes is




probably of minor importance, since the surface temperature is below melting temperature (Tsurf =

-4°C).”

Pg.16 Line 1: the values of albedo given for min and max don’t match those in Table 4. I’'m confused. Also
the precision for RMSE values is probably too great.

The lines the reviewer is referring states the old and the new threshold values. The new numbers agree
with the numbers in table 4. The two albedo values (o._min =0.77 and o._max = 0.84) from Dorn et al.
(2009) are not listed in table 4. We added the reference to table 2 to omit misunderstanding.

“The adjusted albedo parameters clearly describe the two cloud conditions with higher minimum and
maximum values (0.80, 0.88) for overcast conditions and lower values (0.66, 0.79) for clear sky and
broken cloud situations compared to the suggested numbers given in the original sea ice albedo scheme
from Dorn et al. (2009) with a._min =0.77 and o._max = 0.84 (Table 1).”

However, we reduced the number of digits for the RMSE in the text and in table 4:

“The greatest improvement was found for the parameterization of clear sky surface albedo, where the
RMSE values for all cases with c_s>99% reduced from 0.13 to 0.04, and for all data matching c_i> 90%

from 0.14 to 0.04. For overcast situations, the RMSE reduces only slightly from 0.06 to 0.05 for c_s>99%
and for cases with c_i>90%.”

Table 4. Variation range of minimum and maximum albedo values for snow covered ice and threshold temperature for the adjustment of the

sea ice albedo parameterization following Eq. (3) and (4). The albedo and temperature are modified in steps of 0.01 and 0.1°C, respectively.

Final fitting values of ovin, Qmax, and T4y are given for clear/broken cloud and overcast conditions together with the new and old (in brackets)
RMSE values.

Clear/broken cloud Overcast
Range cvmin 0.50 to 1.00 0.50 to 1.00
Range ovmax 0.50 to 1.00 0.50 to 1.00
Range Ty (°C) -5.0t0-0.1 -5.0 to -0.1
New tvpin 0.66 0.80
New s 0.79 0.88
New T4 (°C) -2.5 -3.0
RMSE (¢; > 99 %) 0.04 (0.13) 0.05 (0.06)

RMSE (c; =90 %) 0.04 (0.14) 0.05 (0.06)




