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:

r— Canon KT19 Magna probe
hi’t.i type fractions temperature snow depth
. Cos Cow Come Chi Ts.wf 'hs
| i ===
1 ) 1 |
i Albedo i i Fraction i
i parametrization | | parametrization |
i E@-@  f | EaW@)-(6) |
Il__________ PR —— | L _--_------:
Pyranometer i Canon
i?—-u albedo /igl; type fractions
o g oo Ce Coner Chyi

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)




Reply to Reviewer #2:

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:

The overwhelmingly dominant surface type for this study is snow-covered ice. Should that be reflected in
the title?

We agree with the reviewer, that the validation is mainly attributed to the parameterization
performance of snow covered ice. For the season May/June bare ice and melt ponds surface types are
still in minority. However, the range of surface albedo values of snow covered ice underlies strong
variations due to changing snow reflection properties and a decreasing snow depth which has to be well
characterized for a sufficient parameterization. This magnitude of variation is in the same order than for
melt ponds. With the planned observations during the MOSAIC campaign in 2020 we will also cover the
melt pond season for an extended validation.

Instead of changing the title (which would make it even longer), we pointed out in the abstract that the
validation has some restrictions concerning the observed surface types:

“The selected low-altitude (less than 100 m) flight sections of overall 12 flights were performed over
surfaces dominated by snow covered ice. It was found that the range of parameterized SIS albedo for
individual days is smaller than that of the measurements.”

In addition, we added in the Summary and conclusion:

“The presented results are valid for nearly 100% snow covered sea ice.”

The conclusions of this manuscript, as stated p. 18, line 3 provide only limited scientific insight. The details
of the model parameterization and the data set being used to validate it are nicely described, but there is
not a lot of fresh scientific insight that results.

The presented “offline” method to evaluate the SIS albedo parameterization in terms of temperature,
snow and cloud cover based on airborne measurements is a reasonable and well suited method. It
bridges the local observations of ground-based validation data (which only partly represents the
variability of surface characteristics) and satellite comparisons (albedo product derived from multi-day
observation and only under cloudless conditions).

By using concurrent measurements as input parameters, the “offline” method allows a validation which
is not affected by the uncertainty of modeled parameters (e.g., surface temperature) caused by the
complexity in a coupled climate model. From previous studies (e.g. Dorn et al., 2009) it is known that an
improved simulation of feedback processes can finally only be obtained by a harmonized combination of
improved parameterizations. In a later study we will implement the adapted parameterization into the
model, will perform ensemble runs and evaluate statistically the model skills. Also here, the one-year
observations during MOSAIC will serve as perfect test bed.

This validation clearly reveals limitations of the current version of the SIS albedo parameterization in
HIRHAM-NAOQOSIM, which as mentioned are the choice of temperature thresholds when reflection
properties change significantly, and the illumination dependence. Since a number of other climate
models include similar parameterizations, this study may encourage also other modelers to revise their
approaches. From the measurement point, it was already well known that clouds have an impact of the
magnitude of the surface albedo, but our study reveals directly the effect of including this information on
the performance of the SIS albedo parameterization, which is worthwhile to point it out in a publication.
We tried to improve the Summary and conclusion section.



Minor points:

Abstract line 5: “The SIS albedo parameterization was tested using measured quantities of the prognostic
variables surface temperature and snow depth to calculate the surface albedo and the individual
fractions of the ice surface subtypes (snow covered ice, bare ice, and melt ponds) derived from digital
camera images taken onboard of the Polar 5/6 aircraft.” It would be helpful to include the albedo
measurement in this list (broadband? Spectral?).

We included the observations a little bit earlier here:

“Therefore, the sea ice surface (SIS) albedo parameterization of the coupled regional climate model
HIRHAM--NAOSIM was examined against broadband surface albedo measurements performed during
the joint ACLOUD (Arctic CLoud Observations Using airborne measurements during polar Day) and
PASCAL (Physical feedbacks of Arctic boundary layer, Sea ice, Cloud and Aerosol) campaigns which were
performed in May/June 2017 north of Svalbard.”

abstract line 10: “...a temporal bias was observed...” Is this necessarily a temporal bias? It’s probably
more likely a surface type bias. | doubt the bias depends explicitly on time, but it more likely depends on
surface type.

We exchanged the phrase “temporal” by “time-variable” to emphasize that the bias was variable during
the course of the campaign. Nevertheless, the change of surface properties (and consequently the
surface albedo) is not instantaneously changing with the increase of temperature. Therefore, one could
call it a time-dependent bias.

“Furthermore, a time-variable bias was observed with higher values compared to the modeled SIS
albedo (0.88 compared to 0.84 for 29 May 2017) in the beginning of the campaign, and an opposite
trend towards the end of the campaign (0.67 versus 0.83 for 25 June 2017).”

p. 2, line 2: “...the second main contributor.” compared to what process?

We added the lapse rate feedback:

“Pithan and Mauritsen (2014) quantified the strength of various feedback mechanisms contribution to
Arctic amplification using climate simulations from the Coupled Model Intercomparison Project Phase 5
(CMIP5; Taylor et al., 2012) and found that the snow/ice albedo feedback is the second main contributor
besides the lapse rate feedback.”

p. 2, line 6: “the spread of climate model results with respect to the snow/ice albedo feedback has been
discussed” can this be made more specific? | think | understand this sentence is trying to convey that the
sensitivity of climate model results to parameters directly related to snow/ice albedo feedback are
discussed, but this is not clear.

The sentence introduces the more specific subsequent paragraph. However, we changed the wording:
“In particular, the spread of climate model results quantifying the snow/ice albedo feedback has been
discussed (Qu and Hall, 2014; Thackeray and Fletcher, 2016; Thackeray et al.,2018).”

Table 1: Where do the min and max values come from? 0.51 - 0.57 seems like a range that | would expect
to be biased low.

The numbers given in Table 1 are suggested by Kgltzow (2007) who introduced the sea ice albedo
scheme of HIRHAM. The range of the bare ice albedo (0.51 — 0.57) is taken from Table 7:



Table 7. Albedo Values for Different Surface Types in the
Proposed New Sea Ice Albedo Scheme
teprysnow — 0.84 Grenfell and Perovich [1984], Grenfell

et al. [1994], Curry et al. [1996] and
[Curry et al., 2001]

EMAELTING SMOW 0.77 CI'I?'?‘}' et at’., 2001, L:’ua‘say and Rothrock
[1994] and Perovich et al. [2002a]
agare 1cg — 0.37 [Persson et al., 2002; Eicken et al., 1994]
AELTING SEA ICE 0.51 (_Tuf'f}’ et al [200']
tpErTronns (1) = 0.36—-0.1  Techudi et al. [2001], Perovich and
2+ Tg) Ty = —2°C Grenfell [1981], Langleben [1969]

and Perovich et al. [2002a]

(from Kgltzow, 2007)

p. 10, line 14: “This implies that the reflected radiation from side directions has a minor contribution than
radiation coming from directly below the aircraft.” Please rewrite for clarity— “...has a minor contribution
relative to radiation...”?

We changed the wording:

“This implies that the reflected radiation from side directions has a minor contribution relative to the
radiation coming from nadir direction.”

p.12 line 6: delete “it”, also please explain what is meant by “structured snow covered ice”.

We adjusted the sentence and used now the term “surface roughness” instead of the phrase “structured
snow covered ice”. “Surface roughness” is probably more appropriate in this scientific field:

“This results in an increase of surface roughness on 31 May which is also apparent from the digital
camera images.”

p. 14, line 2 -3: If | understand correctly, this albedo parameterization does not account for varying grain
size and snow depth? That seems like it is important to mention.

As suggested, we explicitly mentioned it now in a separate sentence:

“In fact, the decrease in SIS albedo is mainly caused by a temporal change (Figure 8b) of the surface
properties, as grain size and snow thickness. As obvious from Eq. (3), both parameters are not
considered in the SIS albedo parameterization of HIRHAM-NAQOSIM.”

p. 14, line 7: “...also the illumination conditions might have an impact on the variation of the surface
albedo. Lower SIS albedo values were measured for all cases under cloudless and broken cloud conditions
compared to overcast situations with similar surface temperatures ranges.” That is expected and it would
be helpful to acknowledge that here.

We gave some references of publication where the illumination dependence was discussed:

“Besides snow property changes, also the illumination conditions might have an impact on the variation
of the surface albedo (Choudhury and Chang, 1981; Pirazzini et al., 2015).”
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Abstract. For large scale and long term Arctic climate simulations appropriate parameterization of the surface albedo are re-
quired. Therefore, the sea ice surface (SIS) albedo parameterization of the coupled regional climate model HIRHAM-NAOSIM
was examined against broadband surface albedo measurements performed during the joint ACLOUD (Arctic CLoud Obser-
vations Using airborne measurements during polar Day) and PASCAL (Physical feedbacks of Arctic boundary layer, Sea ice,
Cloud and AerosoL) campaigns which were performed in May/June 2017 north of Svalbard. The SIS albedo parameterization
was tested using measured quantities of the prognostic variables surface temperature and snow depth to calculate the surface

albedo and the individual fractions of the ice surface subtypes (snow covered ice, bare ice, and melt ponds) derived from digital

camera images taken onboard of the Polar 5/6 aircraft. Based-on-data-gained-during-The selected low-altitude (less than 100 m
flight sections of overall 12 flights -it-were performed over surfaces dominated by snow covered ice. It was found that the range

of parameterized SIS albedo for individual days is smaller than that of the measurements. This was attributed to the biased
functional dependence of the SIS albedo parameterization on temperature. Furthermore, a temporal-time-variable bias was
observed with higher values compared to the modeled SIS albedo (0.88 compared to 0.84 for 29 May 2017) in the beginning
of the campaign, and an opposite trend towards the end of the campaign (0.67 versus 0.83 for 25 June 2017). Furthermore, the
surface type fraction parameterization was tested against the camera image product which revealed an agreement within 1 %.
An adjustment of the variables, defining the parameterized SIS albedo, and additionally accounting for the cloud cover could
reduce the root mean squared error from 0.14 to 0.04 for cloud free/broken cloud situations and from 0.06 to 0.05 for overcast

conditions.

1 Introduction

Arctic amplification is significantly driven by the snow/ice albedo feedback. The reduction in snow/ice cover results in a
decrease of surface albedo, which enhances the solar heating of the surface due to more absorption of solar radiation at the

surface, leading to a further decrease of snow and ice cover (Schneider and Dickinson, 1974; Curry et al., 1995). In particular, in
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spring , when the solar insolation is rapidly increasing, the Arctic climate system is highly sensitive to changes of sea ice cover
(Groisman et al., 1994; Hall, 2004; Déry and Brown, 2007). Pithan and Mauritsen (2014) quantified the strength of various
feedback mechanisms contribution to Arctic amplification using climate simulations from the Coupled Model Intercomparison
Project Phase 5 (CMIP5; Taylor et al., 2012) and found that the snow/ice albedo feedback is the second main contributor
besides the lapse rate feedback. Studies as presented by Pithan and Mauritsen (2014) show the need of models to represent
the individual processes and feedback mechanisms that contribute to Arctic amplification. In general, these feedbacks are
qualitatively captured in current climate models, but their magnitude and relative contributions are quite uncertain (Qu and
Hall, 2014; Fletcher et al., 2015).

In particular, the spread of climate model results with-respeetto-quantifying the snow/ice albedo feedback has been discussed
(Qu and Hall, 2014; Thackeray and Fletcher, 2016; Thackeray et al., 2018) . Exemplarily, Thackeray et al. (2018) calculated
the sensitivity of snow-covered surface albedo («) to surface temperature (Ty,,¢) in terms of Aa/ AT, s based on the CMIP5
model results, and compared the model output with estimates from satellite observations and reanalysis data. They found a
range of -0.67 % K~ > Aa/ ATyt >-1.26 % K~ compared to an observed value of -1.22 % K~!. Qu and Hall (2014) derived
arange of Aa/ ATyt between -0.46 % K~ to -1.37 % K~ for a similar study based on CMIP5 models. They concluded that
the parameterization of snow and ice surface albedo in several models contributes significantly to the bias in the magnitude of
the feedback, as a result of the strong sensitivity of simulated snow-covered surface albedo to surface warming. Flanner et al.
(2011) and Crook and Forster (2014) have identified an underestimation of the snow/ice albedo feedback in models compared
to observations.

In the Arctic, Ao/ ATy, is primarily related to the reduction of snow/ice cover leading to a decrease of surface albedo,
mostly affected by the change of snow properties caused by snow metamorphism processes (Fletcher et al., 2012). Therefore,
the representation of the evolution of snow cover and surface albedo, in particular in the melting period, is crucial to obtain
reliable estimates from climate models. The scale of snow cover variations is significant on meter-scales, much smaller than
common grid sizes of climate models, therefore, snow/ice cover fractions are parameterized in models, often as function of
snow depth or mass. With respect to snow albedo, most climate models assume constant values for fresh and old snow with
some assumptions considering the transition between both extremes (linear or polynomial dependency). Either the snow albedo
change dependends on time since last snowfall and snow age, or a relation between temperature and snow albedo is applied
to account for snow property changes. Pirazzini (2009) and Thackeray et al. (2018) gave a comprehensive overview of the
different assumptions describing snow albedo and cover in climate models.

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). In particular in summer months, the strong dependence of
the CRF from the surface albedo may even lead to different signs in modelled CRF. In fact, during the summer, the differences
in SIS albedo contributes more to the model spread in CRF estimates than cloud fraction (Karlsson and Svensson, 2013).

A careful validation of the model output with observations is mandatory. Snow/ice albedo and cover are mainly validated
against satellite observations (e.g., Qu and Hall, 2014; Zhou et al., 2014; Fletcher et al., 2015; Verseghy et al., 2017; Thackeray

et al., 2018). This is an appropriate method to compare the model output for periods over several years documenting annual
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and seasonal changes deduced from observations and climate models. However, the variety of representations of the snow/ice
albedo and cover in these models represents a main reasons for the spread of the model output. Therefore, a direct validation of
the surface albedo parameterizations can reveal shortcomings of the applied assumptions. To apply these parameterizations, de-
coupled from the model itself, the input parameters (e.g., surface temperature, snow age) have to be provided by measurements.
Satellite observations are limited in their spatial and temporal resolution. The latter issue gets important during rapid melting
events, which cannot be adequately documented by satellite-based albedo measurements, commonly accumulated over sev-
eral days as the 16-day MODIS (Moderate Resolution Imaging Spectroradiometer) product (Wang et al., 2014). Furthermore,
optical surface observations by satellites are restricted to cloud free situations.

On a local scale, Curry (2001) and Kgltzow (2007) applied various surface albedo parameterization schemes on the one year
data set of ground-based observations collected during the Surface Heat Budget of the Arctic Ocean project (SHEBA, Persson
et al., 2002). They found that the seasonal cycle of the surface albedo is not-well represented by most of the parameterizations.
In particular, the temperature-dependent schemes calculated too low surface albedo values in the transition period between
spring and summer. Pedersen and Winther (2005) investigated the performance of different surface albedo schemes based
on measurements performed over 59 years at eight ground sites located in Russia, France, and on Svalbard. On average, the
modeled snow surface albedo exhibited smaller values than the measurements. Overall, the local mean root mean squared error
(RMSE) between the observed and modeled albedo ranged between 0.09 and 0.15 for the individual models. Pedersen and
Winther (2005) emphasized the need for comparisons on larger spatial scales. On model grid scales this can be only achieved
against satellite observations.

In this paper, a comparison is performed on an intermediate spatial scale. Aircraft and ground-based observations taken
during the concurrent ACLOUD (Arctic CLoud Observations Using airborne measurements during polar Day) and PASCAL
(Physical feedbacks of Arctic boundary layer, Sea ice, Cloud and AerosoL) campaigns (Wendisch et al., 2018) are used to
validate the SIS albedo scheme of the coupled regional climate model HHRHAM-NAOSIM (Dorn et al., 2018). Both campaigns
were performed north of Svalbard during the spring—summer transition in 2017. As typical for climate models, the snow/ice
albedo is parameterized as a function of surface temperature, whereas snow cover fraction is related to the snow depth. In
Section 2, the measured data set (surface albedo, temperature, snow depth, snow/ice fraction) and the parameterization scheme
are presented. The validation of the surface albedo and ice/snow cover fraction parameterization was performed for several
flights under different sun illumination conditions. A resulting adjustment of the SIS albedo parameterization in HIRHAM—

NAOSIM for sea ice surfaces is given in Section 3.

2 Seaice surface albedo scheme and measurements

2.1 Seaice albedo scheme of HIRHAM-NAOSIM

The most recent version of the coupled regional climate model HIRHAM-NAOSIM consists of the atmosphere component
HIRHAMS and the ocean-sea ice component NAOSIM in its fine-resolution version. A detailed model description is given

by Dorn et al. (2018). Using a regional model with focus on the Arctic allows an improved description of Arctic processes
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and feedbacks between atmosphere, sea ice, and ocean (Rinke et al., 2013). However, as stated by Kgltzow (2007), the model
sensitivity to changes in the SIS albedo parameterization would be higher in such coupled climate models, which may lead to
larger uncertainties.

The latest version of the SIS albedo scheme applied in HIRHAM-NAOSIM is described by Dorn et al. (2009). Here only
the essential equations are presented, which are directly applied on the measured data set. For an inhomogeneous surface, the
surface albedo in a model grid cell can be considered as a sum of the individual surface albedo values weighted by the areal

fractions (c) of the respective surface subtypes:
a=c -ait(l-c) aw , (1

with the subscript i indicating the sea ice types, and ow representing open water. Since the surface albedo of sea ice is highly
variable compared to open water, which is assumed to be 0.1, the individual albedo of ice types needs to be classified in
subtypes: snow-covered ice (subscript s), bare ice (subscript bi) and melt ponds (subscript m) following the parameterization

of Kgltzow (2007). This results in an overall SIS albedo calculated by:
Qy=Cs Qg+ Cm -+ (1—cs—cm)-opi - 2

The albedo of the surface subtypes is variable due to their changing physical properties. In particular in the melting season, the
surface reflection properties are changing on a daily basis depending on the surface temperature and snow depth. In the SIS
albedo scheme applied in HIRHAM-NAOSIM, Dorn et al. (2009) estimated ranges of possible surface albedo values as shown
in Table 1.

Table 1. Minimum and maximum values of surface albedo of snow covered ice, bare ice, and melt ponds as used in the SIS albedo scheme.

Ice Subtype Albedo Albedo

minimum (amin) maximum (amax)

Snow covered ice 0.77 0.84
Bare ice 0.51 0.57
Melt ponds 0.16 0.36

The parameterized surface albedo of the subtypes is determined by:
@ = amin + (Qmax — @min) * f (Tourt) )
with f(Ty,r) representing the surface temperature dependent function:
f(Toure) = min(1, max(0, Tgurt /Ta)) (€))

where Ty, and Ty are given in degrees Celsius. Ty describes a temperature threshold, where the surface albedo change of the

subtypes is expected to be significant. In HIRHAM—-NAOSIM the value of Tj is set to -0.01 °C for snow covered and bare ice,
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while for melt ponds T} is estimated with -2 °C (Dorn et al., 2009). This results in a sharp drop of albedo for bare ice and snow
covered ice from aupax tO min between Ty ¢ = -0.01 and 0.0 °C, whereas for melt ponds a linear decrease of oy, between
Tsurf =-2.0 and 0.0 °C is estimated.

After parameterization of the sea ice subtype surface albedo, their areal fractions according to Eq. (2) need to be retrieved to
calculate the final SIS albedo of the model grid cell. The discrimination between bare ice and snow covered sea ice is estimated
by the prognostic variable snow thickness (hs) in HIRHAM-NAOSIM. The parameterization of the snow cover fraction as
presented by Dorn et al. (2009) reads:

Cs = Cs,max * tanh ( hS ) ) (5)

ho.75
where ¢s max 18 the maximum snow cover fraction of 0.99 and hg 75 gives the snow thickness at which 75 % of the sea ice is

covered by snow, which is estimated with hg 75 = 0.03 m. The melt pond fraction is parameterized by:

Cm = Cm,max ' (]- - f(Tsurf)) 5 (6)

as suggested by Kgltzow (2007) with ¢y max = 0.22 giving the maximum melt pond fraction.

The parameterized SIS albedo for a sea ice cover of 100 % is illustrated in Figure 1a. It comprises the temperature dependence
of the subtype’s surface albedo (Eq. 3) and the melt pond fraction (Eq. 6), as well as the snow depth dependence of the surface
fraction of snow covered ice (Eq. 5). The significant gradient of the surface albedo around 0°C is mainly related to the choice
of the small temperature range where the surface albedo of snow covered ice and bare ice migrates from the maximum to
the minimum value within AT+ = 0.01K. Outside the temperature range between threshold temperature 74 and 0.0°C,
the parameterized SIS albedo is only dependent on the snow depth, which is directly linked to cs. The change in the surface
subtype fractions, exemplarily determined for -0.1 °C, is shown in Figure 1b. The bare ice fraction (cp,; = 1 — ¢s — ¢yy) is only
dominating when snow depth values are lower than 6:020.01 m for this specific case. Together with Figure 1a, it becomes

obvious that the snow depth dependence of the surface subtype fraction gets solely relevant for ~s < 0.1 m.
2.2 Ground-based and aircraft observations

To test the SIS albedo scheme of the HIRHAM-NAOSIM model offline from the HIRHAM-NAOSIM output, measured values
of the prognostic variables Tg,,s and hg are used to calculate the SIS albedo and the individual fractions of the sea ice subtypes.
The combined ACLOUD/PASCAL campaigns were conducted in May/June 2017 north of Svalbard as part of the (AC)3
project (Wendisch et al., 2017). During ACLOUD, airborne observations of cloud, aerosol particle, and surface properties were
collected by the two research aircraft Polar 5 and Polar 6. In connection to the aircraft activities, during PASCAL ground-
based measurements on a drifting ice floe station and ship-borne observations with the Research Vessel (RV) Polarstern were
conducted in close collocation to the aircraft. Also a data set of the SIS albedo was sampled from buoy observations from the
beginning of June to mid of July. An overview of the concurrent campaigns and a synoptic overview is given by Wendisch et al.
(2018) and Knudsen et al. (2018), respectively. Three different synoptic periods were classified during ACLOUD/PASCAL, a
cold period (23-29 May 2017), followed by a warm period (30 May to 12 June 2017), and a normal period (13-26 June 2017).
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Figure 1. (a) Contour plot of the SIS 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).

Suitable measurement cases for the validation of the SIS albedo scheme were selected based on the following restrictions:
(i) flight altitude lower than 100 m to minimize atmospheric masking in the surface albedo from the aircraft, (ii) aircraft pitch
and roll angle are in a range of + 4°, and (iii) no clouds between aircraft and surface. Applying these filters on the aircraft
data, suitable flight sections on 14 flights were identified. The corresponding flight paths of these days from both aircraft are
plotted in Figure 2. The percentage sea ice concentration derived for 15 June 2017 from satellite observations by the Advanced
Microwave Scanning Radiometer (AMSR) instrument (Spreen et al., 2008) is displayed in the background. As indicator of
the variability of the sea ice concentration within the course of the campaign, the 75 %-isolines for 27 May and 26 June are
additionally plotted in gray and black color. The most significant decrease of sea ice extension becomes obvious between 8°
and 12° longitude in the Northwest of Svalbard. In May, the sea ice edge was far south in this region;-due-. Due to northerly
windseoupled-with-, 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). This specific area was mainly observed at
the end of May by both aircraft, and mid of June by the Polar 5 aircraft. However, most of the selected flights were conducted
over regions with more than 80 % sea ice coverage.

During a three-weeks period, snow depth was measured along a 3 km long transect (spatial resolution along track approx.
1 m) over the PASCAL sea ice floe using a Magna Probe (Sturm and Holmgren, 2018). The temporal development of the daily
snow depth frequency distribution along the transect is depicted in Figure 3. The mean snow depth decreased rapidly in the
course of the campaign as a result of melting in the warm period from 37424 cm on 5 June to 22+18 cm on 14 June. Mostly
relevant for the magnitude of snow albedo is a snow depth below 10 cm, where the albedo reveals an asymptotic increase with

increasing snow depth (Grenfell and Perovich, 2004; Perovich, 2007). Considering only the percentage of measurements with
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Figure 2. Selected flight sections from Polar 5 and Polar 6 during ACLOUD/PASCAL (colored lines). The black stars indicate the area
reached by the drifting ice floe between 5 June and 14 June 2017. In the background, the sea ice concentration derived from satellite
measurements (AMSR-sensor) for 15 June is shown. Additionally, the 75 %-isolines of the sea ice concentration are plotted for 27 May (in

gray) and 26 June (in black).

hs < 10 cm, an-inereaserevealed an increase of this fraction on the overall snow depth observations from 9 % on 5 June up-to
32 % on 14 Junewas-observed.

According to Eq. (3), surface temperature data are needed to apply the SIS albedo scheme of HIRHAM-NAOSIM. Onboard
of both aircraft, Polar 5 and Polar 6, a nadir pointing infrared sensor (KT19.85, Wendisch et al., 2018) with a field of view
of 2° was installed to measure the brightness temperature of the surface along the flight track. The instrumental sensitivity
covers parts of the atmospheric window between 9.6 um and 11.5 ym wavelength. Within this spectral range, the emissivity
of snow and sea ice surfaces varies between 0.965 and 0.995 depending on snow type (Hori et al., 2006). The mean surface
temperature and its standard deviation is shown for specific days in Figure 4a. Since Polar 5 was mainly operated above the
clouds, less days with suitable cases were found compared to the Polar 6 data set. The increase of surface temperature at the
end of May indicates the change of the synoptic situation (Wendisch et al., 2018). In particular temperatures between -2 ° and
0°C mid of June represent a crucial range where the albedo of sea ice may change significantly, as considered in Eq. (4). The
temporal development of the standard deviation in Figure 4 shows that the variability of surface temperature caused by the
contrast between warmer open water and colder sea ice along the individual flight tracks decreases with time.

The effect of the surface temperature increase on the SIS albedo is directly evaluated using concurrent measurements of the
surface albedo by upward and downward looking pyranometers. These pyranometers (Wendisch et al., 2018) were installed on

both aircraft to sample the broadband solar irradiance between 0.2 — 3.6 ym wavelength. The irradiance data were corrected
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Figure 4. (a) Mean surface temperature over sea ice along flight tracks for selected days derived from KT19 measurements onboard of Polar

5 and Polar 6. (b) Mean albedo of sea ice surface. The error bars give the standard deviation.

for aircraft attitude (pitch and roll angle) following the techniques described by Bannehr and Schwiesow (1993). A deconvo-
lution method was applied on the pyranometer measurements to enhance the temporal resolution (20 Hz) of the slow-response
sensors (Ehrlich and Wendisch, 2015). The daily mean surface albedo along the selected flight sections as derived from the
ratio of upward and downward irradiances is shown in Figure 4b. As indicated by the range of the standard deviation, the

5 spatial variability of the SIS albedo may have the same order of magnitude than the temporal variation. A broad range of ice
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surface albedo values is noticeable between the end of May (« = 0.86) and the end of June (« < 0.6) as was also shown by
Wendisch et al. (2018) (cf. Figure 12 in there). The clearly delayed decrease, caused by the temperature increase, indicates the
transformation of sea ice properties.

The fractions of sea ice subtypes were documented by commercial digital cameras on both aircraft (Ehrlich et al., 2012;
Wendisch et al., 2018). The cameras were equipped with a 180°-fisheye lens to observe the entire lower hemisphere with a
spatial resolution of 3908 x 2600 pixels. Images were taken every six seconds. Laboratory calibrations of the cameras were
performed with respect to their spectral, geometrical, and radiometrical properties. Subsequently, the raw signal for each image
pixel was transferred to an absolute radiance value per viewing angle. Techniques to classify the surface types from remote
sensing imagery, in particular in Arctic regions, have been introduced by several authors (Perovich et al., 2002; Pedersen et al.,
2009; Renner et al., 2013; Divine et al., 2015). In this study, the method of partitioning the image by manually selecting red,
green, and blue (RGB) thresholds, based on color intensity histograms, is applied (Perovich et al., 2002). Depending on the
illumination conditions, these thresholds were set based on training samples.

The temporal change of the surface subtype fractions derived from Polar 6 measurements along the flight sections, as plotted
in Figure 2, is summarized in Figure 5. It shows the daily mean surface subtype fractions of snow covered ice, bare ice, melt
ponds, and open water. Note that also flooded sea ice at the sea ice edge might be interpreted as melt ponds by the surface
classification method, since these areas exhibit similar spectral features in their reflectectivity as melt ponds. This explains also
the occurrence of classified melt pond pixels in the images taken on 31 May.

Since the region of observation is variable (Figure 2), only results of distinct days can be compared with each other. Ex-
emplarily, the mean open water fraction on 31 May was 6 % (Polar 6). The same area was probed on 18 June by the Polar
5 giving a mean open water fraction of 70 % (not shown). More northern areas were overflown on 5 June, 14 June, and 16
June. Compared to a 96 % sea ice coverage on 5 June, mid of June 90 % of the area was classified as sea ice. However, the
fractions of the sea ice subtypes were almost constant (97 % snow covered ice and 3 % melt ponds and bare ice). Summarized,
the surface types were dominated by open water and snow covered ice, whereas melt ponds have only a minor contribution
in the probed area during ACLOUD/PASCAL. Thus, the measured quantities are representative for the period describing the

beginning of the melting season.

3 Validation of the HIRHAM-NAOSIM surface albedo scheme
3.1 Procedure

The validation of the SIS albedo scheme of HIRHAM-NAOSIM comprises two components: (a) the surface albedo itself
(Sec. 3.2), and (b) the surface subtype fraction parameterization (Sec. 3.3). The procedure is illustrated in Figure 6. The
characterization of the surface is based on the digital camera images. For each time step of the images the derived surface
albedo from the pyranometers and the surface temperature of the KT19 is selected.

In step (a) the measured surface albedo was compared with the calculated albedo based on the surface subtype fractions

deduced from the camera images. T, is taken to determine the temperature dependent function f(74.,¢) according to Eq. (4).
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Figure 6. Flow chart of validation procedure of (a) surface albedo (blue background), and (b) surface type fraction (red background

arameterization.

Since Eq. (4) will be representative for one scene, only images with 90 % sea ice coverage were selected to omit temperature
variations in the field of view of the pyranometer caused by different temperatures of open water and sea ice. Surface subtype
fractions derived by the camera were calculated based on two approaches: (i) the summation of area sizes of similar surface
types (linear approach), and (ii) similar to (i) but additionally with a weighting by the cosine of the viewing angle. The later
approach takes into account that the irradiance is defined as the angular integration of the radiance weighted by the cosine
of the viewing angle. This implies that the reflected radiation from side directions has a minor contribution than-relative to

the radiation coming from direetly-betow-the-aireraftnadir direction. For a precise validation of Eq. (2) the albedo needs to
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be measured for all individual surface subtypes close to the surface. Aircraft observations always integrate over a larger area.
Therefore, approach (i) might lead to uncertainties due to the neglect of cosine weighting. For this reason, the derived surface
subtype fractions of both approaches are compared. Mean surface subtype fractions over the different flights were calculated
and mean differences not larger than 2 % were found between the two approaches (i) and (ii). The correlation coefficient of the
linear regressions between the surface subtype fractions of both approaches were larger than 0.98. Because of this approximate
equality the comparison of measured and parameterized SIS albedo was simplified using only the derived surface subtype
fractions, which were based on the linear approach.

Since the digital camera images deliver surface subtype fractions of snow covered ice, melt ponds, bare ice, and open water,
the individual subtype fractions have to be adapted for the application of Eq. (2). There, only the fractions of the sea ice
subtypes are considered to weight o, iy, and oy, and to calculate the overall SIS albedo ag;. Therefore, the surface subtype
fractions are rescaled with respect to their total sum.

In step (b) the fraction parameterization of snow covered sea ice and melt ponds (Egs. (5) and (6)) is validated against
estimated surface subtype fractions derived from the digital images. The surface subtype fraction parameterization is based on
measured surface temperatures from the KT19 and snow depth data provided from the magna probe. The selection of cases is
limited as compared to the SIS albedo scheme validation, caused by the availability of snow depth data in the surrounding of
the aircraft flight paths. Only flight sections in the vicinity of the ice floe station were taken into account. Since snow depth is
highly variable (Figure 3), the parameterization was applied for the whole distribution of snow depth for the individual days
and the measured KT19 temperature. Out of this, the mean parameterized surface subtype fraction for each image time step is
compared to the measured fraction of sea ice subtypes. Only scenes with total ice coverage of 95 % were considered. Finally,

the SIS albedo parameterization is applied based on the modeled surface subtype fractions from step (b).
3.2 Application of the sea ice albedo parameterization

Histograms of the measured and parameterized SIS albedo based on measured surface subtype fractions and surface tempera-
ture for individual days during ACLOUD/PASCAL are shown in Figure 7. The days 27 May and 20 June were excluded here,
because the number of cases per day was less than 50. The distributions indicated by the thick colored lines, represent the
results for a sea ice cover larger than 90 %. Additionally, all cases independent of sea ice coverage are plotted by thin detted
solid lines. Table 2 summarizes the daily mean measured and parameterized SIS albedo together with their standard deviation
of the shown distributions.

The impact of open water within the field of view gets mainly obvious for 18 June and 26 June, where measured and param-
eterized SIS albedo exhibit also modes for smaller albedo values. For 18 June, the cases showing open water are dominated by
subtype fractions c.y, > 50 %, which results in o < 0.5. In contrast, on 26 June, the images indicate the presence of ice floes
with ¢,y lying in the range between 20 % and 30 %, leading to « > 0.5.

Two issues become noticeable when comparing the histograms. First, the parameterized SIS albedo shows a narrower dis-
tribution than the measured surface albedo. This is especially pronounced for scenes of uniform surface type and surface

temperatures which result in f(Ty,,) = 0 according to Eq. (4). In particular, on 29 May temperatures below -4 °C over mostly
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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. Fhin-dotted-Thinner lines show all cases matching the selection criteria described

in Sec. 2.2.

snow covered ice were measured. This results in a narrow distribution of the SIS albedo, which corresponds to the maximum
albedo of snow covered ice aax = 0.84 (Table 1). Only with an increase of temperature, when snow melting is considered
in the SIS albedo parameterization and when multiple sea ice subtypes are identified in the image, a broader distribution of
parameterized albedo is observed (26 June, Figure 71).

The second issue obvious from Figure 7 is the temporal change when comparing both SIS albedo distributions. In the
beginning of the campaign, when Ty,,¢ is lower than -2 °C, the parameterized SIS albedo is systematically lower than the
measured one (see also Table 2). 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. An exception of this
trend was found for 31 May when the mean measured albedo of sea ice (o = 0.77) was lower than the parameterized albedo
(v = 0.83). Sea ice concentration maps from the AMSR sensor show that the ice edge moves further North from 29 May to
31 May, in the area of the flight tracks. This results in more-structured-snow-covered-ice-for-an increase of surface roughness
on 31 May s-as-tt-which is also apparent from the digital camera images. Furthermore, different illumination conditions were
observed on both days. While on 29 May the SIS albedo was measured under overcast conditions, broken clouds up to clear
sky occurred on 31 May. The effect of cloud conditions on the surface albedo was already discussed by several authors before
as by Choudhury and Chang (1981) and Yamanouchi (1983) or more recently by Pirazzini et al. (2015). Clouds tend-te
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
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to the spectral shift of the incident radiation. Consequently, the broadband albedo increases under evereast-eonditions: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°. Thus, the inereased-roughness—together—with-likely dominating effect of
the clear sky conditions might-together with the increased roughness lead to a decrease of the measured SIS albedo—Snew
metamorphism-leading-to-, whereas the snow metamorphism causing larger grain sizes is probably of minor importance, since

the surface temperature is below melting temperature (7, = -4 °C).

Table 2. Averaged SIS surface albedo and standard deviation (sdv) of each flight retrieved from aircraft observation and parameterization.
Additionally, the mean temperature, number of cases, and the illumination conditions are given. Note, that only cases with an ice fraction

larger than 90 % are considered here.

Date in 2017 Surface Temperature (°)  Measured Albedo  Parameterized Albedo  Number of Cases Cloud Conditions

mean-tsdv mean-tsdv mean-tsdv

29 May -7.4+£0.5 0.88+0.06 0.84+0.01 146 overcast

31 May -4.7+0.4 0.77£0.06 0.834+0.02 151 clear / broken cloud
2 June -1.9+0.5 0.83+0.06 0.83+0.06 157 overcast

4 June -2.24+0.6 0.85+0.07 0.83+0.03 189 overcast

5 June -0.7£0.5 0.82+0.05 0.82+0.03 272 overcast

8 June -2.1£0.5 0.79+£0.06 0.83+0.02 85 clear / broken cloud
14 June -0.2+0.3 0.82+0.06 0.82+0.03 50 overcast

16 June -0.4+0.3 0.74+£0.07 0.82+0.02 53 overcast

17 June -0.7£0.3 0.76£0.06 0.82+0.03 118 overcast

18 June -0.2+0.2 0.75+0.07 0.82+0.03 53 clear / broken cloud
25 June -0.4+0.2 0.67+£0.03 0.83+0.02 342 clear

26 June 0.0£0.2 0.59+0.04 0.76£0.04 64 clear / broken cloud

In the HIRHAM-NAOSIM albedo scheme, the parameterized SIS albedo of all surface subtypes only depends on the tem-
perature and the predefined maximum and minimum thresholds of the surface albedo (Eq. (3)). This relation is tested against
the measured temperature dependence. For the selected flights, the fraction of melt ponds and bare ice subtypes have never ex-
ceeded the 90 % threshold, which was set to assume a homogeneous surface type. Therefore, the evaluation of the relationship
between temperature and SIS albedo based on the ACLOUD data set is limited to the snow covered sea ice subtype. All data
were filtered with respect to a fraction of ¢ = 100 %. The mean values of surface temperature and SIS albedo for all selected
flights is shown in Figure 8a. The data set is separated according to the daily illumination conditions, either overcast (closed
symbols) or clear sky / broken cloud (open symbols). Additionally, the corresponding parameterized SIS albedo is marked by
the dashed line, revealing the sharp drop of albedo around 0 °C.
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Figure 8. Mean albedo of snow covered ice scenes as function of surface temperature (a) and time (b) separated into clear sky / broken clouds
and overcast situations. Vertical bars indicate the standard deviation of the averaged surface temperature on each day. The symbols represent

the measured albedo and the dashed gray line represents the parameterized albedo.

Figure 8 illustrates that the measured SIS albedo does not follow the surface temperature dependence as assumed by the
parameterization. In general, the albedo is decreasing over the early summer with changing temperature. A short term tem-
perature increase does not necessarily result in a sharp drop of surface albedo as would be predicted by Eq. (3). In fact, the
decrease in SIS albedo is mainly caused by a temporal change (Figure 8b) of the surface properties, as grain size and snow
thickness;-which-is-net-eovered-by-. As obvious from Eq. (3), both parameters are not considered in the SIS albedo seheme-
Sueh-a-parameterization of HIRHAM-NAOSIM. The temporal decrease of albedo was already observed in Figure 4b with
difference that Figure 4b includes also selected scenes of multiple subtypes. Consequently, not only the conversion of surface
subtypes results in the decrease of SIS albedo, but rather the temporal change of snow reflection properties of the snow covered
sea ice subtype, which accounts for the largest fraction of all subtypes in the studied cases (see Figure 5).

Besides snow property changes, also the illumination conditions might have an impact on the variation of the surface albedo
(Choudhury and Chang, 1981; Pirazzini et al., 2015). Lower SIS albedo values were measured for all cases under cloudless
and broken cloud conditions compared to overcast situations with similar surface temperatures ranges. This indicates that the

SIS albedo parameterization should also take account of the dependence on cloud cover fraction.
3.3 Application of the surface type classification and full albedo scheme

In this section, the fraction parameterization following Eqs. (5) and (6) is applied including measured snow depth and surface
temperature data. While surface temperature data were collocated in time and space with the digital camera observations, the
ground-based measured snow depth data were sampled not directly below the aircraft on the selected flight days. Therefore,
the data set was further limited to cases where the aircraft position has not more than 50 km distance from the points of snow
depth measurements. In addition, the flight date may differ by one day from the ground-based observation of snow depth.
Both restrictions in space and time should ensure the representativeness of local point measurement of the snow depth for the

selected area.
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Table 3 summarizes the statistics of the measured and parameterized fractions for each day. Here, the median instead of
the daily mean is calculated to exclude the effect of outliers. Furthermore, the distance of the upper and the lower quartiles
are given to estimate the range of measured fractions. According to Eq. (5), the snow depth determines the fraction of snow
covered ice. The maximum value of cs of 0.99 is reached for a snow depth larger than 10 cm as defined in Eq. (5). The snow
depth distributions in Figure 3 reveal that for all days, apart from 15 June, the majority of snow depth values is larger than
10 cm. Therefore, it is not surprising that the parameterized fractions of snow covered ice is 99 % in all these cases independent
from the shape of the snow depth distribution. The remaining 1 % fraction is either related to melt ponds or bare ice, as defined
by the surface temperature. Equation (6) determines the melt pond fractions and indirectly the fraction of the bare ice subtype,
because the sum of all three subtypes adds up to one. From the temperatures measured along the selected flight paths, melt
ponds were calculated for the days 5 June and 14 June. In summary, the measured and parameterized surface subtype fractions
are in very good agreement. However, the variation of surface types is quite low, since the observed region around the ice floe
is covered almost completely by snow. Only in the second half of June, where now snow depth data were measured, the surface

type distribution got more complex.

Table 3. Measured (meas.) and parameterized (par.) subtype fractions of snow covered ice (cs), melt ponds (¢, ), and bare ice (cp;) for selected
flight sections on individual days. Q2 stands for the median, Q3-Q1 represent the distance of the upper and lower quartiles. Additionally, the

horizontal distance between Polar aircraft and Magna probe is given.

Date in 2017 ¢s (meas.) cs (par.)  cm (meas.)  cm (par)  cpi (meas.)  cp; (par.) Date in 2017 Distance

Canon data Q2/Q3-Ql Q2 Q2/Q3-Ql Q2 Q2/Q3-Ql Q2 snow depth data (km)
(%) (%) (%) (%) (%) (%)

4 June 100.0/0.0 99.0 0.0/0.1 0.0 0.0/1.7 1.0 5 June 4+5

5 June 99.9/3.7 99.0 0.0/0.2 1.0 0.1/3.5 0.0 5 June 78

8 June 99.6/7.5 99.0 0.0/0.1 0.0 04/73 1.0 9 June 1+2

14 June 100./0.1 99.0 0.1/0.2 1.0 0.0/0.2 0.0 14 June 246

Finally, the calculated fractions as derived above were used as input for Eq. (2) to compute the SIS albedo «; for all sections
connected to the ground-based snow depth measurements on the ice floe. Then, together with measured open water fractions,
the final SIS albedo o was derived according to Eq. (1). In Figure 9 the daily averaged albedo values are presented as a box-
and-whisker plot. As for the subtype fraction statistics, the median and the quartiles are shown, since the number of cases
is quite low (less than ten for 8 June and 14 June) compared to the studied scenes shown in Sec. 3.3 (minimum 50 cases).
No variation of the parameterized SIS albedo is found on most of the days, due to the constant relation between the subtype
fractions. The variation visible on June 5 and June 8 arises from the variable fraction of open water with a subtype albedo of
Qow = 0.1. However, the variability of the measured SIS albedo cannot be fully reproduced by the albedo scheme. The absolute

values of measured and parameterized SIS albedo exhibits largest differences for cases which were measured under cloudless /
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broken cloud conditions (8 June). As the surface temperature dependence function is the main parameter, the resulting modeled

SIS albedo for Tg,,¢ > 0°C corresponds with o = aupin, While on the other days with T, < 0°C, as equals iy ax.
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Figure 9. Box-and-whisker plot of measured (blaek-red solid lines) and parameterized (red-black dotted lines) surface albedo for selected
flight paths in the surrounding of the ice floe where snow depth data were sampled. Minimum and maximum values are displayed as vertical
bars. The boxes indicate the 25th, 50th (median), and 75th percentiles of the distribution. The individual days are separted by alternate gray

and white areas.

3.4 Adjustment of the sea ice albedo parameterization

From the 12 flight days during the ACLOUD campaign, differences between modeled and measured SIS albedo (opar, Omeas)
were attributed to the impact of illumination conditions (cloudiness) and the choice of minimum and maximum surface albedo
values used in Eq. (3). Since uniform subtypes were limited to measurements over snow covered ice, an adjustment of the
parameter quy,x, Omin, and the temperature threshold Ty is only provided for this subtype. All data points with c5 > 99 % were
separated into two classes depending on the cloud cover, similar to the classification shown in Figure 8. The three parameters

were varied systematically to find the optimum combination with a minimum RMSE as calculated by:

n

1 2
in(RMSE) = mi - ( meas,i ar,i\®max, ®min, T ) 7
min( ) = min " ;:1 Qtmeas,i — Cpar,i( QY ! 1) @)

The final parameters and the corresponding RMSE values for overcast and clear/broken cloud conditions are summarized in
Table 4 together with the variation range of cyax, Qmin, and 7. The minimum and maximum albedo values were tested in a
range of 0.5 up to 1.0 in steps of 0.01. 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

Qmin =0.77 and apax = 0.84 (Table 1). Also the threshold temperature was adjusted from -0.01 °C to -2.5 °C (cloudless/broken
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cloud) and -3.0 °C (overcast). The greatest improvement was found for the parameterization of clear sky surface albedo, where
the RMSE values for all cases with ¢s > 99 % reduced from 6-433-t6-0:0440.13 to 0.04, and for all data matching ¢; > 90 %
from 6-+4+-t0-6-0410.14 to 0.04. For overcast situations, the RMSE reduces only slightly from 6-:659-t60-6-651+-0.06 to 0.05 for
¢s > 99 % and frem-0-062-t6-0-054-for cases with ¢; > 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 &min, max, and Ty are given for clear/broken cloud and overcast conditions together with the new and old (in brackets)

RMSE values.

Clear/broken cloud Overcast
Range amin 0.50 to 1.00 0.50 to 1.00
Range amax 0.50 to 1.00 0.50 to 1.00
Range Ty (°C) -5.0to -0.1 -5.0to -0.1
New aumin 0.66 0.80
New aunax 0.79 0.88
New Ty (°C) -2.5 -3.0

RMSE (cs > 99 %)
RMSE (c; > 90 %)

4 Summary and Conclusion

The parameterizations of sea ice albedo and sea ice subtype fraction as used in the SIS albedo scheme of the coupled regional
climate model HIRHAM-NAOSIM were tested with airborne surface albedo, sea ice fraction, and surface temperature mea-
surements taken during the ACLOUD/PASCAL campaign performed north of Svalbard in May/June 2017. The SIS albedo
parameterization requires information on surface temperature and sea ice subtype (snow covered ice, bare ice, and melt ponds)
cover fractions. In HIRHAM-NAOSIM, these subtype fractions are calculated from the prognostic variables of surface tem-
perature and snow depth. In this paper, we use corresponding measurements of these parameters, calculate the respective sea
ice fractions and surface albedo using the scheme of HIRHAM-NAOSIM, and compare with concurrent measurements.

In a first step, both parameterizations (sea ice albedo and sea ice fraction) were considered separately to compare them with
measurements of surface albedo and surface subtype fraction. In step two, both parameterizations were combined. Based on
the measured surface temperature and surface subtype fractions, the SIS albedo was calculated for low-level flight sections
which were selected from 12 flights over Arctic sea ice under different illumination conditions.

It was found that (i) the daily histograms of the modeled surface albedo exhibit a narrower distribution than the aircraft
measurements, in particular for surface temperatures that are outside of the transition range between dry and melting snow/ice.

Furthermore, (ii) a temporal shift of the deviation between both products was observed with lower modeled SIS albedo com-
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pared to measurements in the beginning of the campaign (0.84 vs. 0.88) and higher values derived at the end (0.76 vs. 0.59).
Finally, (iii) a dependence of the illumination conditions was observed from the measurements, which are confirmed by former
publications (e.g., Choudhury and Chang, 1981; Pirazzini et al., 2015) reporting also lower SIS albedo values for clear sky
conditions than in overcast situations.

The subytpe fraction parameterization was applied to ground-based measurements of the snow depth taken on an ice floe for
cases when the aircraft position was within a 50 km radius. The modeled surface subtype fractions agreed within 1 % with the
measurements, which is also related to the fact that the variability of surface types in the observed area is low with mostly snow
covered surfaces. As a result, similar findings were derived when using modeled fractions for the SIS albedo parameterization
compared to the decoupled case.

Finally, the SIS albedo parameterization was adjusted for the ACLOUD/PASCAL conditions by defining new values of
maximum and minimum surface albedos and threshold temperatures for snow covered sea ice under cloud-free/broken clouds
and overcast situations, resulting in deviations to the standard parameters Aayy,;, = +0.03 /-0.11 (overcast/cloud-less), Ay ax
= +0.04 / -0.05, and a new temperature threshold value of Ty = -3.0°C / -2.5°C compared to T = -0.01°C as used in the
standard scheme. These adjustments reduced the RMSE from 0.14 to 0.04 for cloud-less/broken clouds and from 0.06 to 0.05
for overcast conditions. The implementation of the adjusted SIS albedo parameterization into HIRHAM-NAOSIM is underway.
In the near future, we plan to perform ensemble sensitivity experiments and statistically evaluate the model’s skill, including

the involved feedback mechanisms. Although, the cloud cover simulations were improved 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

These results indicate that the correlation between surface temperature and snow surface albedo, and the choice of the
minimum and maximum albedo values can serve only as rough estimate of the real albedo. As already shown by Pirazzini
(2009), the daily mean surface albedo dependence on surface temperature exhibits a significant variation and is affected by the
surface albedo of underlying sea ice when snow melting has started.

Two main conclusions can be drawn from this study. First considering the dependence on cloud cover fraction in the SIS
albedo parameterization, and a second one adjusting the maximum and minimum values of the surface albedo, in particular
for low snow depth. For a snow depth lower than 10 cm, snow albedo is significantly decreasing with decreasing snow depth
(Perovich, 2007), which could be considered in an adapted parameterization as proposed by Ahmad and Haider (2015). Both
parameters, cloud fraction and snow depth are variables delivered by HIRHAM-NAOSIM.

Furthermore, a-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).

A larger data set will be necessary to check if the adjustments based on the ACLOUD/PASCAL conditions are valid for other
conditions and locations. 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. The upcoming Multidisciplinary drifting Observatory for
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Studies of the Arctic Climate (MOSAIC) will provide such an opportunity starting in autumn 2019, when the research vessel
Polarstern will be drifting with the sea ice for one year supported by two major aircraft campaigns, where the instrumental
setup from ACLOUD will be extended by a snow depth radar and a infrared imager, providing an unique data set to validate

albedo schemes which are based on surface temperature and snow depth information.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. We gratefully acknowledge the funding by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)
— Projektnummer 268020496 — TRR 172, within the Transregional Collaborative Research Center “ArctiC Amplification: Climate Relevant
Atmospheric and SurfaCe Processes, and Feedback Mechanisms (AC)3. The authors are grateful to AWI for providing and operating the two
aircraft during the ACLOUD campaign. We thank the crews of Polar 5 and Polar 6, the technicians of the aircraft for excellent technical and
logistical support. The generous funding of the flight hours for ACLOUD by AWI is greatly appreciated. We thank the captain T. Wunderlich
and the cruise leaders A. Macke and H. Flores of the Polarstern expedition PS106 (grant: AWI_PS106_00) for their support in order to enable

the ground truthing data from the ice.

19



10

15

20

25

30

35

References

Ahmad, B. and Haider, S.: Parameterization Experiment on the Effect of Temperature on Snow Albedo and Snow Depth, Pakistan Journal of
Meteorology, 11, 77-84, 2015.

Bannehr, L. and Schwiesow, R.: A Technique to Account for the Misalignment of Pyranometers Installed on Aircraft, J. Atmos. Oceanic
Technol., 10, 774-777, 1993.

Choudhury, B. J. and Chang, A. T. C.: The albedo of snow for partially cloudy skies, Bound.-Layer Meteor., 20, 371-389,
https://doi.org/10.1007/BF00121380, 1981.

Crook, J. A. and Forster, P. M.: Comparison of surface albedo feedback in climate models and observations, Geophys. Res. Lett., 41, 1717—
1723, https://doi.org/10.1002/2014GL059280, 2014.

Curry, J.: Introduction to special section: FIRE Arctic Clouds Experiment, J. Geophys. Res., 106, 14 985-14 987, 2001.

Curry, J. A., Schramm, J. L., and Ebert, E. E.: Sea Ice-Albedo Climate Feedback Mechanism, J. Climate, 8, 240-247,
https://doi.org/10.1175/1520-0442(1995)008<0240:STACFM>2.0.CO;2, https://doi.org/10.1175/1520-0442(1995)008<0240:SIACFM>
2.0.C0O;2, 1995.

Déry, S. J. and Brown, R. D.: Recent Northern Hemisphere snow cover extent trends and implications for the snow-albedo feedback, Geophys.
Res. Lett., 34, https://doi.org/10.1029/2007GL031474, 2007.

Divine, D. V., Granskog, M. A., Hudson, S. R., Pedersen, C. A., Karlsen, T. I., Divina, S. A., Renner, A. H. H., and Gerland, S.: Regional
melt-pond fraction and albedo of thin Arctic first-year drift ice in late summer, The Cryosphere, 9, 255-268, https://doi.org/10.5194/tc-9-
255-2015, http://www.the-cryosphere.net/9/255/2015/, 2015.

Dorn, W., Dethloff, K., and Rinke, A.: Improved simulation of feedbacks between atmosphere and sea ice over the Arctic Ocean in a coupled
regional climate model, Ocean Model., 29, 103 — 114, https://doi.org/10.1016/j.ocemod.2009.03.010, 2009.

Dorn, W., Rinke, A., Koberle, C., Dethloff, K., and Gerdes, R.: HIRHAM-NAOSIM 2.0: The upgraded version of the coupled regional
atmosphere-ocean-sea ice model for Arctic climate studies, Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-278, in re-
view, 2018.

Ehrlich, A. and Wendisch, M.: Reconstruction of high-resolution time series from slow-response broadband terrestrial irradiance measure-
ments by deconvolution, Atmos. Meas. Technol., 8, 3671-3684, https://doi.org/10.5194/amt-8-3671-2015, 2015.

Ehrlich, A., Bierwirth, E., Wendisch, M., Herber, A., and Gayet, J. F.: Airborne hyperspectral observations of surface and cloud directional
reflectivity using a commercial digital camera, Atmos. Chem. Phys., 12, 3493-3510, https://doi.org/10.5194/acp-12-3493-2012, 2012.
Flanner, M. G., Shell, K. M., Barlage, M., Perovich, D. K., and Tschudi, M. A.: Radiative forcing and albedo feedback from the Northern

Hemisphere cryosphere between 1979 and 2008, Nat. Geosci., 4, 151 — 155, https://doi.org/10.1038/nge01062, 2011.

Fletcher, C. G., Zhao, H., Kushner, P. J., and Fernandes, R.: Using models and satellite observations to evaluate the strength of snow albedo
feedback, J. Geophys. Res., 117, https://doi.org/10.1029/2012JD017724, 2012.

Fletcher, C. G., Thackeray, C. W., and Burgers, T. M.: Evaluating biases in simulated snow albedo feedback in two generations of climate
models, J. Geophys. Res., 120, 12-26, https://doi.org/10.1002/2014JD022546, 2015.

Grenfell, T. C. and Perovich, D. K.: Seasonal and spatial evolution of albedo in a snow-ice-land-ocean environment, J. Geophys. Res., 109,
https://doi.org/10.1029/2003JC001866, c01001, 2004.

Groisman, P. Y., Karl, T. R., Knight, R. W., and Stenchikov, G. L.: Changes of Snow Cover, Temperature, and Radiative Heat Balance over
the Northern Hemisphere, J. Climate, 7, 1633-1656, https://doi.org/10.1175/1520-0442(1994)007<1633:COSCTA>2.0.CO:;2, 1994.

20


https://doi.org/10.1007/BF00121380
https://doi.org/10.1002/2014GL059280
https://doi.org/10.1175/1520-0442(1995)008%3C0240:SIACFM%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1995)008<0240:SIACFM>2.0.CO;2
https://doi.org/10.1175/1520-0442(1995)008<0240:SIACFM>2.0.CO;2
https://doi.org/10.1175/1520-0442(1995)008<0240:SIACFM>2.0.CO;2
https://doi.org/10.1029/2007GL031474
https://doi.org/10.5194/tc-9-255-2015
https://doi.org/10.5194/tc-9-255-2015
https://doi.org/10.5194/tc-9-255-2015
http://www.the-cryosphere.net/9/255/2015/
https://doi.org/10.1016/j.ocemod.2009.03.010
https://doi.org/10.5194/gmd-2018-278
https://doi.org/10.5194/amt-8-3671-2015
https://doi.org/10.5194/acp-12-3493-2012
https://doi.org/10.1038/ngeo1062
https://doi.org/10.1029/2012JD017724
https://doi.org/10.1002/2014JD022546
https://doi.org/10.1029/2003JC001866
https://doi.org/10.1175/1520-0442(1994)007%3C1633:COSCTA%3E2.0.CO;2

10

15

20

25

30

35

Hall, A.: The Role of Surface Albedo Feedback in Climate, J. Climate, 17, 1550-1568, https://doi.org/10.1175/1520-
0442(2004)017<1550: TROSAF>2.0.CO;2, 2004.

Hori, M., Aoki, T., Tanikawa, T., Motoyoshi, H., Hachikubo, A., Sugiura, K., Yasunari, T., Eide, H., Storvold, R., Nakajima, Y., and Fumihiro,
T.: In-situ measured spectral directional emissivity of snow and ice in the 8—14 pm atmospheric window, Rem. Sens. Environ., pp-—486—
502, https://doi.org/10.1016/j.rse.2005.11.001, 2006.

Hunke, E. C., Lipscomb, W. H., and Turner, A. K.: Sea-ice models for climate stud
1162—1172, https://doi.org/10.3189/002214311796406095, 2010.

AAARAAANANRA

: retrospective and new directions, J. Glaciol., 56(200)

Karlsson, J. and Svensson, G.: Consequences of poor representation of Arctic sea-ice albedo and cloud-radiation interactions in the CMIP5
model ensemble, Geophys. Res. Lett., 40, 4374-4379, https://doi.org/10.1002/grl.50768, https://agupubs.onlinelibrary.wiley.com/doi/abs/
10.1002/grl.50768, 2013.

Klaus, D., Dethloff K., Dorn, W., Rinke, A., and Wu, D. L.: New insight of Arctic cloud parameterization from regional climate model

simulations, satellite-based and drifting station data, Geophys. Res. Lett., 43, 5450-5459, https://doi.org/10.1002/2015GL067530, 2016.
Knudsen, E. M., Heinold, B., Dahlke, S., Bozem, H., Crewell, S., Heygster, G., Kunkel, D., Maturilli, M., Mech, M., Rinke, A., Schmithiisen,

H., Ehrlich, A., Macke, A., Liipkes, C., and Wendisch, M.: Synoptic development during the ACLOUD/PASCAL field campaign near
Svalbard in spring 2017, Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-494, 2018.

Kgltzow, M.: The effect of a new snow and sea ice albedo scheme on regional climate model simulations, J. Geophys. Res., 112,
https://doi.org/10.1029/2006JD007693, 2007.

Pedersen, C. and Winther, J.: Intercomparison and validation of snow albedo parameterization schemes in climate models, Clim. Dyn., 25,
351-362, https://doi.org/10.1007/s00382-005-0037-0, 2005.

Pedersen, C. A., Roeckner, E., Luthje, M., and Winther, J. G.: A new sea ice albedo scheme including melt ponds for ECHAMS general
circulation model, J. Geophys. Res., 114, D08 101, https://doi.org/10.1029/2008JD010440, 2009.

Perovich, D. K.: Light reflection and transmission by a temperate snow cover, J. Glaciol,, 53, 201-210,
https://doi.org/10.3189/172756507782202919, 2007.

Perovich, D. K., Tucker, W. B., and Ligett, K. A.: Aerial observations of the evolution of ice surface conditions during summer, J. Geophys.
Res., 107, SHE 24—-1-SHE 24-14, https://doi.org/10.1029/2000JC000449, 2002.

Persson, P. O. G., Fairall, C. W., Andreas, E. L., Guest, P. S., and Perovich, D. K.: Measurements near the Atmospheric Surface Flux Group
tower at SHEBA: Near-surface conditions and surface energy budget, J. Geophys. Res., 107, Art. No. 8045, 2002.

Pirazzini, R.: Challenges in Snow and Ice Albedo Parameterizations, Geophysica, 45, 41-62, 2009.

Pirazzini, R., Raisanen, P., Vihma, T., Johansson, M., and Tastula, E. M.: Measurements and modelling of snow particle size and shortwave
infrared albedo over a melting Antarctic ice sheet, Cryosphere, 9, 2357-2381, https://doi.org/10.5194/tc-9-2357-2015, 2015.

Pithan, F. and Mauritsen, T.: Arctic amplification dominated by temperature feedbacks in contemporary climate models, Nature, 7, 181-184,
https://doi.org/10.1038/nge02071, 2014.

Qu, X. and Hall, A.: On the persistent spread in snow-albedo feedback, Clim. Dyn., 42, 69-81, https://doi.org/10.1007/s00382-013-1774-0,
2014.

Renner, A. H., Dumont, M., Beckers, J., Gerland, S., and Haas, C.: Improved characterisation of sea ice us-
ing simultaneous aerial photography and sea ice thickness measurements, Cold Reg. Sci. Technol., 92, 37 - 47,

https://doi.org/https://doi.org/10.1016/j.coldregions.2013.03.009, 2013.

21


https://doi.org/10.1175/1520-0442(2004)017%3C1550:TROSAF%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017%3C1550:TROSAF%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017%3C1550:TROSAF%3E2.0.CO;2
https://doi.org/10.1016/j.rse.2005.11.001
https://doi.org/10.3189/002214311796406095
https://doi.org/10.1002/grl.50768
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/grl.50768
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/grl.50768
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/grl.50768
https://doi.org/10.1002/2015GL067530
https://doi.org/10.5194/acp-2018-494
https://doi.org/10.1029/2006JD007693
https://doi.org/{10.1007/s00382-005-0037-0}
https://doi.org/10.1029/2008JD010440
https://doi.org/10.3189/172756507782202919
https://doi.org/10.1029/2000JC000449
https://doi.org/10.5194/tc-9-2357-2015
https://doi.org/10.1038/ngeo2071
https://doi.org/10.1007/s00382-013-1774-0
https://doi.org/https://doi.org/10.1016/j.coldregions.2013.03.009

10

15

20

25

30

35

Rinke, A., Dethloff, K., Dorn, W., Handorf, D., and Moore, J. C.: Simulated Arctic atmospheric feedbacks associated with late summer sea
ice anomalies, J. Geophys. Res., 118, 7698—7714, https://doi.org/10.1002/jgrd.50584, 2013.

Schneider, S. H. and Dickinson, R. E.: Climate modeling, Rev. Geophys. Space Phys.,, 12, 447-493,
https://doi.org/10.1029/RG012i003p00447, 1974.

Spreen, G., Kaleschke, L., and Heygster, G.: Sea ice remote sensing using AMSR-E 89 GHz channels, J. Geophys. Res., 113, C02S03,
https://doi.org/10.1029/2005JC003384, 2008.

Sturm, M. and Holmgren, J.: An Automatic Snow Depth Probe for Field Validation Campaigns, Water Resour. Res., 0,
https://doi.org/10.1029/2018WR023559, https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018WR023559, 2018.

Taylor, K. E., Stouffer, R. J., and Meehl, G. A.: An Overview of CMIP5 and the Experiment Design, Bull. Amer. Meteorol. Soc., 93, 485-498,
https://doi.org/10.1175/BAMS-D-11-00094.1, 2012.

Thackeray, C. W. and Fletcher, C. G.: Snow albedo feedback: Current knowledge, importance, outstanding issues and future directions, Prog.
Phys. Geog., 40, 392-408, https://doi.org/10.1177/0309133315620999, 2016.

Thackeray, C. W., Qu, X., and Hall, A.: Why Do Models Produce Spread in Snow Albedo Feedback?, Geophys. Res. Lett., 45, 6223-6231,
https://doi.org/10.1029/2018GL078493, 2018.

Verseghy, D., Brown, R., and Wang, L.: Evaluation of CLASS Snow Simulation over Eastern Canada, J. Hydrometeor., 18, 1205-1225,
https://doi.org/10.1175/JHM-D-16-0153.1, https://doi.org/10.1175/JHM-D-16-0153.1, 2017.

Wang, Z., Schaaf, C. B., Strahler, A. H., Chopping, M. J., Roman, M. O., Shuai, Y., Woodcock, C. E., Hollinger, D. Y., and Fitzjarrald, D. R.:
Evaluation of MODIS albedo product (MCD43A) over grassland, agriculture and forest surface types during dormant and snow-covered
periods, Remote Sens. Environ., 140, 60 — 77, https://doi.org/https://doi.org/10.1016/j.rse.2013.08.025, 2014.

Wendisch, M., Briickner, M., Burrows, J. P., Crewell, S., Dethloff, K., Ebell, K., Liipkes, C., Macke, A., Notholt, J., Quaas, J., Rinke, A.,
and Tegen, L.: Understanding causes and effects of rapid warming in the Arctic, Eos, 98, 22-26, https://doi.org/10.1029/2017EO064803,
2017.

Wendisch, M., Macke, A., Ehrlich, A., Liipkes, C., Mech, M., Chechin, D., Barrientos, C., Bozem, H., Briickner, M., Clemen, H.-C.,
Crewell, S., Donth, T., Dupuy, R., Ebell, K., Egerer, U., Engelmann, R., Engler, C., Eppers, O., Gehrmann, M., Gong, X., Gottschalk, M.,
Gourbeyre, C., Griesche, H., Hartmann, J., Hartmann, M., Herber, A., Herrmann, H., Heygster, G., Hoor, P., Jafariserajehlou, S., Jikel,
E., Jarvinen, E., Jourdan, O., Kistner, U., Kecorius, S., Knudsen, E. M., Kéllner, F., Kretzschmar, J., Lelli, L., Leroy, D., Maturilli, M.,
Mei, L., Mertes, S., Mioche, G., Neuber, R., Nicolaus, M., Nomokonova, T., Notholt, J., Palm, M., van Pinxteren, M., Quaas, J., Richter,
P., Ruiz-Donoso, E., Schifer, M., Schmieder, K., Schnaiter, M., Schneider, J., Schwarzenbock, A., Seifert, P., Shupe, M. D., Siebert, H.,
Spreen, G., Stapf, J., Stratmann, F., Vogl, T., Welti, A., Wex, H., Wiedensohler, A., Zanatta, M., and Zeppenfeld, S.: The Arctic Cloud Puz-
zle: Using ACLOUD/PASCAL Multi-Platform Observations to Unravel the Role of Clouds and Aerosol Particles in Arctic Amplification,
Bull. Am. Meteorol. Soc., in review, 2018.

Yamanouchi, T.: Variations of Incident Solar Flux and Snow Albedo on the Solar Zenith Angle and Cloud Cover, at Mizuho Station, Antarc-
tica, J. Meteor. Soc. Japan, 61, 879-893, https://doi.org/10.2151/jmsj1965.61.6_879, 1983.

Zhou, X., Matthes, H., Rinke, A., Klehmet, K., Heim, B., Dorn, W., Klaus, D., Dethloff, K., and Rockel, B.: Evaluation of Arctic land snow
cover characteristics, surface albedo and temperature during the transition seasons from regional climate model simulations and satellite

data, Adv. Meteorol., 2014, 604 157, https://doi.org/10.1155/2014/604157, 2014.

22


https://doi.org/10.1002/jgrd.50584
https://doi.org/10.1029/RG012i003p00447
https://doi.org/10.1029/2005JC003384
https://doi.org/10.1029/2018WR023559
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018WR023559
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1177/0309133315620999
https://doi.org/10.1029/2018GL078493
https://doi.org/10.1175/JHM-D-16-0153.1
https://doi.org/10.1175/JHM-D-16-0153.1
https://doi.org/https://doi.org/10.1016/j.rse.2013.08.025
https://doi.org/10.1029/2017EO064803
https://doi.org/10.2151/jmsj1965.61.6_879
https://doi.org/10.1155/2014/604157

	Reply to Reviewer1
	Reply to Reviewer2
	diff_review190426

