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Abstract The snow cover on Antarctic sea ice persists during most of the year, contributing significantly to
the sea ice mass budget due to comprehensive seasonal transition processes within the snowpack as

well as at the snow/ice interface. Consequently, snow on sea ice varies not only in depth but also in particular
in its physical characteristics such as snow density and stratigraphy. In order to quantify the heterogeneous
nature of the Antarctic snowpack on different spatial scales, that is, small (<10 m), floe-size (1-2 km), and
regional (seasonal/perennial ice) scales, we present here a case study of snow analyses in the Weddell Sea in
austral winter 2013. The resulting high variability of snow parameters in the basal snow layer reveals the
need to distinguish between seasonal and perennial ice regimes, when retrieving, for example, snow depth
using satellite microwave radiometry. Considering the full vertical snow column, a more detailed
distinction of the perennial sea ice regime into, for example, more ice classes is suggested in order to
represent the high variability range. For the internal snowpack variability, however, we identify the grain size
variability as the main driver, while snow density variations can be neglected. Moving from regional to
floe-size scales, a similar variability range of the studied snow properties is found, suggesting that a large
number of snow samples on a few floes is more crucial than covering a large region with fewer floe-scale
measurements. The spatiotemporally heterogeneous variability in snow accumulation, redistribution, and
metamorphism is, however, too large to upscale the given findings beyond regional scale.

Plain Language Summary Snow on sea ice alters the properties of the underlying ice cover as well
as associated exchange processes at the interfaces between atmosphere, sea ice, and ocean due to

its highly insulative and reflective properties. The snow cover on Antarctic sea ice generally persists
throughout the year but undergoes substantial seasonal changes in its internal snowpack properties, as, for
example, snow density, grain size, and grain shape. However, the spatial variability of these properties is
poorly understood, yet this knowledge is crucial for sea ice mass budget calculations as well as the analysis of
satellite remote sensing data. In this case study, we present a comprehensive snow data set covering
different spatial scales. Thus, snow was sampled on seasonal and perennial sea ice floes across the
Weddell Sea, while one floe was more frequently sampled, respectively. An additional 10-m transect allows to
conclude also on small-scale variability. Revealed scale-dependent snow property variability is

discussed in the context of assumptions in energy and mass budget calculations as well as in recent retrievals
of, for example, sea ice thickness, from satellite remote sensing observations in the ice-covered

Southern Ocean.

1. Introduction

Snow on sea ice alters the properties of the underlying ice cover as well as associated exchange processes at
the interfaces between atmosphere, sea ice, and ocean. The snowpack on Antarctic sea ice generally persists
throughout the year having a substantial year-round influence on the radiative and insulative properties of
the sea ice cover, and thus, its role in climate and ecosystem processes (M. Sturm & Massom, 2017).
Significant seasonal changes do occur in its physical properties, however, with the transition from
autumn/winter freezing to spring/summer melting conditions, and vice versa (Jeffries et al., 1997; Massom
et al, 2001). One important process is the surface flooding and subsequent refreezing of slush at the
snow/ice interface due to the generally thick Antarctic snowpack depressing the sea ice below water level
(Eicken et al., 1994; Haas et al., 2001; Nicolaus et al., 2009). This process and the subsequent formation of
snow-ice, as the surface slush freezes, are referred to as flood-freeze cycling (Fritsen et al., 1998). In situ
measurements suggest that snow-ice formation contributes significantly to the sea ice mass budget of
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particularly first-year ice in the Southern Ocean (Eicken et al., 1994; Eicken et al., 1995; Haas et al., 2001; Jeffries
et al,, 1997; Maksym & Markus, 2008; Nicolaus et al., 2009). Surface flooding is also thought to be seasonally
and regionally dependent, with its occurrence increasing with the beginning of austral summer as basal ice
melt increases due to high oceanic heat fluxes in the Southern Ocean (Martinson & lannuzzi, 1998), while the
thick snowpack remains. In addition, diurnal freeze-thaw cycles during spring and summer initiate the down-
ward percolation of (fresh) meltwater through the snowpack, leading to formation of superimposed ice
within the snowpack (Arndt et al., 2016; Haas et al., 2001, 2008; Nicolaus et al., 2009; Willmes et al., 2006).
Both snow-ice and superimposed ice formation are affected by snow metamorphism processes, which con-
tribute to a strongly layered snowpack on Antarctic sea ice (M. Sturm & Massom, 2017). The compaction of
the basal snow layer accompanied by snow-ice formation adds significantly to the sea ice growth at the sur-
face, and thus to the mass budget of Antarctic sea ice (Eicken et al., 1994, 1995; Haas et al., 2001; Jeffries et al.,
1997; Nicolaus et al,, 2009). In contrast, sea ice melt processes are observed mainly at the bottom of Antarctic
sea ice, as well as from lateral solar radiation input.

Detailed knowledge of the stratigraphy of the Antarctic snowpack is important for a better understanding of
seasonal changes in the sea ice mass budget and is also required to quantify the radiative transfer processes
in the climate system between atmosphere, sea ice, and ocean. In addition, snow is a major determinant of
the sea ice surface albedo (Brandt et al., 2005; Perovich, 1996; Perovich et al., 2011) and light transmittance
through sea ice (Light et al.,, 2008; Perovich, 2007; Zatko & Warren, 2015). However, the heterogeneous nature
of the snow cover on Antarctic pack ice and its strong metamorphism over time obscure a direct correlation
between, for example, the under-ice light field and snow depth (Arndt et al., 2017).

Understanding internal snow structures associated with liquid water changes in the snowpack does not only
improve the understanding of seasonal and interannual sea ice mass budget variations in the Southern
Ocean but is also a crucial step toward increasing the accuracy of important satellite-derived sea ice data
products. A wet snowpack, for example, impacts and limits the accuracy of both sea ice concentration
retrievals from passive microwave data (Comiso et al., 1992; Willmes et al., 2014) and sea ice thickness and
snow depth retrievals based on microwave radiometry (Cavalieri et al., 2012; Kern et al,, 2016; Kern &
Ozsoy-Cicek, 2016), synthetic aperture radar (Paul et al, 2015), and radar altimetry (Ricker et al.,, 2014).
Thus, detailed information on seasonally changing snow stratigraphy, density, and liquid water content
and potentially improve the accuracy of the freeboard-to-thickness conversion for Antarctic sea ice using,
for example, CryoSat-2 data (Paul et al., 2018; Robert Ricker et al., 2015; Schwegmann et al., 2016), as well
of existing snow depth retrieval algorithms (Comiso et al., 2003; Kern & Ozsoy-Cicek, 2016).

In a recent study, seasonally evolving properties of sea ice and snow dominating its respective dielectric
character, such as changing density, grain size, stratigraphy, and liquid water content, were utilized to detect
both diurnal thawing and refreezing at the snow surface as well as internal snowmelt on a pan-Antarctic scale
by satellite microwave observations (Arndt et al., 2016; Willmes et al., 2009). Results of the study suggest that
in particular the Weddell Sea is highly spatially and temporally variable regarding the identified snowmelt
patterns related to appearing/missing surface and internal snowmelt on the regional scale, respectively.
However, local point-to-point comparisons with in situ snow accumulation data indicate large uncertainties
of the retrieved data product, suggesting large small-scale variability in local snow metamorphism and snow
drift events, that cannot be sufficiently described by satellite remote sensing. These results rise the question:
To what extent do the described snow properties, such as snow stratigraphy, vertical density, and grain size
distributions, actually vary on different spatial scales, that is, on small (<10 m), floe-size (1-2 km), and regional
(seasonal/perennial sea ice) scales? Which snow properties are the main driver of the variability of different
snow regimes and on which scales?

To answer these questions, we present here a comprehensive snow data set from the Antarctic Winter
Ecosystem Climate Study (AWECS) in the Weddell Sea in austral winter 2013. The sampled 87 snow pits were
examined for snow properties, such as depth, density, temperature profile, and stratigraphy. In order to
quantify scale-dependent ranges of variations for these snow properties, measurements were carried out
on both seasonal and perennial sea ice and snow regimes (regional scale), while one floe was more frequently
sampled, respectively (floe-size scale). An additional 10-m transect allows to conclude also on small-scale
variability. Results are discussed in the context of scale-dependent snow property assumptions in energy
and mass budget calculations as well as of recent retrievals of main sea ice variables (e.g., sea ice
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Figure 1. Locations of all snow pits sampled during the Antarctic Winter Ecosystem Climate Study R/V Polarstern cruise (PS81, ANT-29/6). The squares denote snow
pit work during comprehensive ice stations (1 to 5 days), while the given numbers indicate the amount of snow pits sampled on the respective station. The green
squares are analyzed in more detail in that paper. The purple triangles denote additional snow pits reached by helicopter (1 snow pit per landing).

thickness) from satellite remote sensing observations in the ice-covered Southern Ocean. Comparisons to
data sets in a similar study area and in a similar time period supplement the discussion.

2, Data and Methods
2.1. Study Site Descriptions

All measurements were performed during the expedition PS81 of the German ice-breaker R/V Polarstern
during the AWECS in the Weddell Sea (Figure 1, hereafter referred to as PS81; Lemke, 2014). The presented
87 snow pit measurements were carried out either during nine ice stations (in total 67 snow pits), lasting
for 1 to 5 days, or by additional helicopter surveys along the cruise track (20 snow pits; Figure 1). Doing so,
20 first-year and 9 multiyear ice floes were sampled. When distinguishing between first-year and multiyear
ice floes, we are referring here to sea ice areas characterized by level ice with little ridges smooth surface
structures in the Eastern Weddell Sea and to areas determined by rough surfaces with a high proportion of
ridges in the Western Weddell Sea (close to the Antarctic Peninsula), respectively. During these ice stations,
between 1 and 28 snow pits were sampled per ice floe. Sampling sites were chosen, on the one hand, by
representativeness of the floe examined by additional snow depth transects (see section 2.2) to ensure
covering different snow depth regimes, and on the other hand, associated with other interdisciplinary sea
ice measurements (Tison et al., 2017). Therefore, all presented snow data were well distributed over the ice
floes. At station PS81/506, an additional 10-m transect line was sampled every meter to study the small-scale
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Table 1

Overview of Characteristic Parameters of One Station in the First-Year (PS81/506) and One in the Multiyear (PS81/517) Sea Ice
and Snow Regimes in the Weddell Sea

Station PS81/506 PS81/517

Date 11-15 July 2013 29 July to 2 August 2013
Location 67°11.85'S/23°03.34'W 63°36.16'S/51°12.921'W
Ice/snow type First year Multiyear

Mean ice thickness 69 + 42 cm 153 £ 54 cm
Mean snow depth 21 £8cm 55+19cm
Number of snow pits 28 (incl. 10 on transect line and four after 12

significant snow surface changes)

variability in the snowpack. For the analysis of the full first-year data set, the transect measurements were
excluded a spatial bias.

To examine the spatial variability of snow properties on floe-size scale, one station on first-year and one
station on multiyear were chosen for detailed analysis. The first-year ice floe (PS81/506) was sampled at about
67°11.85’S and 23°03.34'W from 11 to 15 July 2013 (Table 1). The sea ice surface and weather conditions were
stable from 11 to 14 July 2013, while afterward a strong low-pressure system has passed through (Figure 2).
The analysis of this station as well as for the full first-year data set therefore excludes data of 15 July 2013 (four
sampled snow pits) in order to ensure comparable surface conditions. Second, a multiyear ice floe (P$81/517)
was sampled close to the Antarctic Peninsula at about 63°36.16'S and 51°12.921'W from 29 July to 02 August
2013 (Table 1). During this period, sea ice surface and weather conditions were stable, which allows merging
all snow pits sampled at this ice station (Figure 2).

2.2. Data Acquisition

All snow measurements were taken on the undisturbed shaded working wall of the snow pit. Vertical profiles
of snow temperature and density were sampled in all snow pits with a vertical resolution of 2 to 5 cm from the
top (snow-air interface) to the bottom, depending on the total snow depth and internal layering. However,
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Figure 2. Weather conditions during PS81 along the cruise track while R/V Polarstern was in ice-covered oceans (upper
panel) and for the two detailed ice stations PS81/506 (lower left panel) and PS81/517 (lower right panel). Measurements
were taken automatically on deck of R/V Polarstern (Konig-Langlo, 2013).

ARNDT AND PAUL

8865



AAAAAAAAAAAAAA
'AND SPACESCIENCE.

Journal of Geophysical Research: Oceans

10.1029/2018JC014447

Table 2

Snow Type Observations and According Classification During PS81 Following

Fierz et al. (2009)

due to hard ice layers close to the snow/ice interface or time limitations,
vertical snow density profiles may not reach the snow/ice interface at all

Observations in the field

sampled snow pits. Additional intermediate ice layers in 10 of the sampled

Symbols used  snow pits might prevent a continuous profile. These limitations might lead

I-A

I-B

II-B-2, if hardness >1,2 fingers
I-A-1

II-A-2

1I-B-1

II-B-2, if hardness <1,2 fingers
1lI-A-1

1lI-A-2

lII-A-3

IV-A

S in Figure 9 to a slight underestimation of the given density values. Snow temperature
New snow + was measured with a hand-held Pt-1000 thermometer, protected from
) direct solar radiation. Snow density was determined volumetrically with
\li\:;r;r:i?ed / a density cutter (volume: 100 ml, height: 3 ¢cm). Snow stratigraphy was
visually classified according to Fierz et al. (2009) (Table 2). For each identi-
fied layer (Figure 3), snow grain size and type as well as layer hardness
were determined. Snow grain type and size were examined with an 8X
Faceted o magnifying glass and millimeter-scale grid card identifying the respective
Depth hoar A main grain size and type per layer.
Melt-freeze oo For the grain type description (Table 2), we distinguish between unmeta-
Ice crust ¢ morphosed and metamorphosed snow (Sommerfeld & LaChapelle,
Slush . - 1970). (Unmetamorphosed) new snow consists of easy distinguishable
Snow-ice e

snowflakes (I-A/B). As soon as the snow surface is subjected to wind, snow-
flakes are rounded and hardened forming small-grained wind slab (II-B-2).
For snow metamorphism, the prevalent temperature gradient in the snowpack drives, for example, vapor
moisture diffusion within the snowpack controlling the size and shape of the snow grains (Akitaya, 1974).
Therefore, within a snowpack with small temperature gradient or even equi-temperature conditions, frag-
mented crystals develop preferable (II-A/B-1/2, destructive metamorphism). In contrast, strong temperature
gradients foster the gradual formation of both faceted (lll-A-1/2) and depth hoar grains (lll-A-3), while the
critical threshold for the latter is —0.25 K/cm (e.g., Colbeck, 1982). In addition, diurnal freeze-thaw cycles
during spring and summer initiate the downward percolation of (fresh) meltwater through the snowpack,
leading to formation of melt-freeze forms (IV-A) as well as (superimposed) ice layers within the snowpack.

The hardness was determined from the snow pits’ wall by hand testing the penetration resistance of each
layer, which divided the hardness in six different classes: very soft (fist; F), soft (3,4 fingers; 4F), medium
(1,2 fingers; 1F), hard (pencil; P), very hard (knife blade; K), and ice (I).

In addition to the vertical snow profiling, total sea ice thickness (sea ice thickness plus snow depth) was mea-
sured on each ice station during transect measurements (length: one to several kilometers) with a ground-
based multifrequency electromagnetic induction instrument (GEM-2, Geophex Ltd.; Hunkeler et al., 2016).
A Global Positioning System (GPS)-equipped Magna Probe (Snow Hydro, Fairbanks, AK, USA) was operated
simultaneously in order to obtain snow depth along the GEM-2 tracks. Snow depth measurements were
taken every 1.5 to 2.5 m along the track. Sea ice thickness was then calculated as the difference of total
sea ice thickness and snow depth.

2.3. Data Analysis

Based on the measured vertical snow temperature and density profiles sampled in a certain depth, the mean
density, thermal conductivity, and temperature gradient of the snowpack were calculated.

5

Location on transect in m

Figure 3. Pictures of the snow pit walls sampled on the 10-m transect at ice station PS81/506. The rods mark the identified layers (see Figure 9). The picture on meter

4 is missing.
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Figure 4. (left boxes) Relative frequency distribution functions of all snow measurements separated into first-year (grey) and multiyear (cyan) snow samples and
(right boxes) boxplot comparison of all measurement separated for first-year and multiyear ice (FY/MY), the detailed first-year and multiyear ice floe (FY (f)//MY
(f)), and the 10-m transect only (T10) for (a) snow depth, (b) density, (c) thermal conductivity (k), (d) number of identified layers in the respective snowpack, (e) grain
size, and (f) grain type. In the histograms of each plot, the dashed lines indicate the respective mean values. In the boxplots, boxes span over the first and third
quartiles. The whiskers display the 20 and 80 percentiles. The solid lines indicate mean values; the dashed lines indicate median values.

Mean density values were derived by averaging the measured density of each 3-cm-thick snow layer over the
entire snowpack. As the density cutter is missing hard ice layers in the snow, the resulting mean snow density
values might tend to slightly too low values.

The thermal conductivity of snow is calculated dependent on the averaged density over the entire snowpack
(p expressed in kg/m* (Calonne et al., 2011))

ks = 2.5107%:p? — 1.23:10"*p + 0.024. 1

The temperature gradient within the snowpack is calculated as

aT T,—T,
dz  z,

)

where T is the temperature at the snow/air interface (snow surface), T, is the temperature at the snow/ice
interface, and z; is the total snow depth. Throughout the manuscript, for z, we define 0 cm as the
snow/ice interface leading to negative temperature gradients for To > T..

In order to quantify the variability of all analyzed snow parameters, including the grain size, their relative stan-
dard deviation (RSD) is computed, which is the ratio of the calculated standard deviation (SD) and the mean
of the respective parameter.

3. Results
3.1. Snow and Sea Ice Thickness
Separating all sampled snow pits for first-year (FYl) and multiyear ice (MYI) shows a clear shift in the

distribution functions of snow depth toward shallower snow depth on FYI (Figure 4a). Data reveal an
averaged snow depth of 22 + 9 cm over FYl and 52 + 22 cm over MYI. While the calculated mean values
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Table 3

Calculated Standard Deviations (SD) for Different Snow Properties in the Sampled
Snowpack Separated for FYI/MYI, Detailed Ice-Floe (PS81/506 and PS81/517)

Analysis, and the 10-m Transect

match the modal snow depth over FYI well, the modal value over MYl is
about 10-15 cm higher than the MYI average, which is related to a
broader variation range compared to FYI (Table 3).

Sampled snow pits at ice station PS81/506 on FYl and PS81/517 on MYI

SD FYI MYI PS81/506 PS81/517  Transect
S deoth 5 - n a 5 only show an averaged snow depth of 18 + 4 cm over FYl and
now depth in cm + . . _ . . .

Density in kg/m’> 66 29 - 28 20 47 + 24 cm over MYI. Considering the 10-m transect line at. ice station
Thermal conductivity ~ 0.083  0.037 0.077 0.038 0.031 PS81/506 on FYI, an averaged snow depth of 19 + 2 cm is sampled,
inW m~' K~ matching the prevalent snow depth at the ice station.

Number of layers 1.6 3.1 1.0 33 1.1 . . "

Grain size in mm 09 12 10 10 09 For the more detailed ice stations on FYI an.d MYI add|t|9nal snow depth
Temperature gradient 023 0.26 0.25 0.30 0.10 data from Magna Probe transects are available revealing an averaged

in K/cm

snow depth of 21 £ 8 cm and 55 = 19 cm, respectively (Figure 5).

However, the calculated mean values match the modal values of the
respective distribution functions.

Even though the sample sizes from Magna Probe transects (FYI: 736, MYI: 355), sampled snow pits on the
respective ice floes (FYI: 17, MYI: 12) and all snow pits (FYI: 64, MYI: 23) differ substantially, similar mean values
and SD emphasize the representativeness of the selected sampling locations for the area.

For the sea ice thickness, both FYl and MYI reveal a bimodal distribution (Figure 5). For FYI, the distribution
function indicates the strongest mode (33% of all measurements) for the bin of 45 to 55 cm, while the
averaged ice thickness is 69 + 42 cm. For MY], three consecutive bins from 135 to 165 cm show the strongest
mode of about 8% (of all measurements on the floe), respectively, matching the mean sea ice thickness
of 153 + 54 cm.

3.2. Snow Density

Figure 6 shows the vertically averaged snow density over the entire snow pit of all sampled snow pits as well
as the snow density of each single layer (layer thickness 3 cm). While the latter is indicating the range of snow
density values throughout the profile, the vertically averaged snow density is analyzed in more detail in
the following.

The vertically averaged snow density of both first-year (FYS) and multiyear snow (MYS) was rather similar with
averaged values of 276 + 66 kg/m? and 277 + 29 kg/m>. The RSD of the snow density of FYS (0.24) was about
2.5 times higher than of MYS (0.10; Table 4). Analyzing the topmost 10 cm only, the vertically averaged den-
sity was lower compared to entire snowpack with 263 + 84 kg/m> for FYS and 270 + 48 kg/m? for MYS
(Figure 7). The RSD values for the topmost part are larger by 0.08 for both FYS and MYS compared to the
entire snowpack.

Considering the individual station PS81/506 and PS81/517 only, differences between first-year and multiyear
snow become a little clearer (Figure 4b). While the vertically averaged density was 258 + 65 kg/m?3 for FYS, it
was 281 + 28 kg/m3 for MYS. The RSD values of the density of FYS floe (0.25) and MYS floe (0.20) are similar to
the entire FYS/MYS data set.

03 5 ‘ PS81/505 (FY) | |
' ; 3 I PS81/517 (MY)
g | |
02! ; |
> ' '
o f :
o : ; :
w 0.1 : }} 1 : :
- it
0 .: [ :HHHHW—V—\ L m E:L“_TILD ‘ E DDDQDV_H | -
0 20 40 60 80 100 120 0 50 100 150 200 250 300

Snow depth in cm Ice thickness in cm

Figure 5. Relative frequency distribution functions of measured snow (left, bin width: 5 cm) and sea ice (right, bin width:
10 cm) thicknesses during the first-year (PS$81/505, gray) and multiyear (PS81/517, cyan) snow and ice station. The
vertical dashed lines denote the calculated mean values of each class.
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Table 4

First-year snow Multi-year snow

T T T T T T - S E——— T
800 - 3-cm layer density E v .
¢ Mean FYS density i oo
e Mean MYS density i i 1
- 6001 ° Mean 10-m transect density 1 .
e b
o o o
= 400 N . i 1
= . . ° !
= 3 g . 200 . oy : |
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o iooce . LI S . ot
200 1 ' Bt s e oot
oe® | i
. ! i
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Snow pit

Figure 6. Density (p) for every single layer per snow pit (3-cm height; gray circles) and as vertically averaged values for first-
year snow (FYS, black), multiyear snow (MYS, cyan), and the 10-m snow pit transect (red). The dashed boxes denote ice
station PS81/506 and PS81/517 on first year and multiyear ice, respectively, which are analyzed in more detail.

For the 10-m transect the density measurements were taken only every 2 m for time reasons. Here the
vertically averaged density over the five sampled snow pits was 268 + 29 kg/m? (Figure 4b) with a resulting
RSD of 0.11.

3.3. Snow Temperature Gradients and Thermal Conductivity

Figure 8 shows the calculated snow temperature gradient for the entire snowpack between snow surface (z;)
and snow/ice interface (zq; equation (2)). Most of the presented measurements were conducted during
twilight or night conditions due to the timing (polar night) of the expedition leading to air and snow surface
temperatures far below freezing point (Figure 2). Also, temperatures at the snow/ice interface never
exceeded —2.1 °C, while they did not drop below —12.3 °C either. Consequently, all calculated temperature
gradients throughout the entire snowpack were negative, except for four measurements on 15 July after a
strong low-pressure system has passed through bringing in warm air masses. Thus, temperature gradients
ranged from —0.77 to +0.15 K/cm in FYS with an averaged gradient of —0.40 + 0.23 K/cm (Figure 8). For
MYS, the average temperature gradient was about 13% lower than for FYS (—0.35 + 0.26 K/cm) varying
between —1.30 and 0 K/cm. Separating for the detailed ice stations PS81/506 and PS81/517, similar results
with a higher variability are obtained. Considering the upper snowpack only results in an averaged tempera-
ture gradient of —0.70 £ 0.48 K/cm in the FYS and —0.62 + 0.47 K/cm in the MYS.

Figure 4c shows that the calculated snow thermal conductivity (equation (1)) ranged from 0.043 to

0.426 W - m~2 - K~' with a mean value of 0.192 + 0.083 W - m~2 - K" in FYS. For MYS, the overall range is

much smaller varying between 0.119 and 0273 W - m™2 K~', while the mean value of

0.183 + 0.037 W - m 2 - K" is roughly similar. Calculations for the more detailed ice floes PS81/506 and

PS81/517 confirmed the mean values as well as the range of the variability with RSD values of 0.43 (all sam-

ples) and 0.45 (PS81/506 only) for FYS and 0.20 for MYS. Also, the 10-m transect on FYS indicates the same
mean snow thermal conductivity (0.192 W - m™2 - K™"); however, the
RSD, and therefore the small-scale variability, is smaller than on larger
scales (0.16).

Calculated Relative Standard Deviations (RSD) for Different Snow Properties in

the Sampled Snowpack Separated for FYI/MYI, Detailed Ice-Floe (PS81/506 and
PS81/517) Analysis, and the 10-m Transect

3.4. Snow Stratigraphy
3.4.1. First-Year Versus Multiyear Snow Properties

RSD of FYl MYl PS81/506 PS81/517 Transect In general, the snow stratigraphy of the FYS and MYS shows substantial dif-
Syl 042 042 06 0.50 0.09 ferences. B:.:\s§d on obseryatlons from th.e snow pits, we lfjentlﬁed on ayer—
Density 024 0.0 0.25 0.10 0.11 age four distinct layers in the FYS, while, on average, in the MYS eight
Thermal conductivity 043  0.20 0.45 0.20 0.16 layers were found (Figure 4d). The additional layers are expected to be
Number of layers 038 041 0.21 042 0.20 formed in the previous season by snow accumulation on top and internal
Grain size ) 049 061 0.51 0.57 0.55 seasonal variations in the snow structures due to, for example, melt-freeze
Temperature gradient 0.58 0.73 0.77 0.67 0.15

cycles throughout the season. The different composition of the crystal
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Snow parameters of topmost 10 cm
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Figure 7. Relative frequency distribution function of all snow measurements in the topmost 10 cm only, separated into
first-year (gray) and multiyear (cyan) snow samples. The vertical dashed lines denote the calculated mean values of each
class.

structure in the respective snowpack confirms the differences between both snowpack types, as summarized
in Figure 4f and Table 5. In the FYS, we observed that most of the snowpack consisted of wind slab (30%) and
faceted (32%) layers. Only 6% of the FYS was made of fragmented crystals. Also, melt-freeze forms (10%) and
icy (9%) layers were regularly observed. In contrast, the MYS was dominated by an almost equal number of
layers with fragmented (21%), faceted (20%), and depth hoar (19%) crystals as well as melt-freeze forms
(18%). Slush layers at the bottom of the snowpack were rarely observed in both FYS (2%) and MYS (2%).
One observation that was consistent for both FYS and MYS was that layers with (larger) depth hoar crystals
were found predominantly near the snow/ice interface, while softer layers with smaller grains were more
prevalent in the upper snow layers. The mean grain sizes varied between 1.5 and 2 mm for both FYS and
MYS (Figure 4e). However, in the MYS also larger grains were observed frequently due to the larger
amount of depth hoar crystals.

Considering the topmost 10 cm of the FYS only, the major crystal types are similar to the entire snowpack;
only the relative distribution shifted toward a higher proportion of wind slab layers (43%; Table 5 and

First-year snow Multi-year snow
! ‘ T — T
0.2+ Lo | .
e °® : i
- 0 : =
£ . . Vo °
:2 -02 ’ o . ® ® oo s E.O 3 ® e o .... -
E _0.4_ . " ° 4 . .0. ° . . E 30. Pe 0-: e |
O b o ° ¢ ‘e ... ° . : : S e :
%-06’. o.. . .... .o' '...: ! o i 7
.® o o v i
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-1¢ I L 1 1 1 L : L’s ””” i e ]
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Snow pit

Figure 8. Calculated snow temperature gradients between snow surface (z;) and snow/ice interface (zp) according to equa-
tion (2). The dashed boxes denote ice station PS81/506 and PS81/517 on first-year and multiyear ice, respectively, which are
analyzed in more detail.
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Table 5

Relative Amount of Different Snow Classes (in %) in the Sampled Snowpack
Separated for FYS/MYS, Detailed Ice-Floe (PS81/506 and PS81/517) Analysis,

and the 10-m Transect

Figure 7). In contrast, the MYS composition of the topmost 10 cm is
significantly different when comparing it to the entire snowpack. Hence,
the topmost 10 cm of the MYS was made of wind slab (42%) and

fragmented (34%) layers.

e PS81/ PS81/ 3.4.2. Regional Versus Floe-Size-Scale Snow Properties
Snow class Al 10cm Al 10cm 506 517  Transect Comparing the snowpack composition of all sampled FY snow pits to the
New snow 54 112 06 58 141 00 190 individual ice floe PS81/506 shows an enormous shift within the relative
Wind slab 303 432 146 417 164 146 211 distribution of crystal types, while the averaged grain sizes and identified
Fragmented 6.3 98 214 342 105 202 125 number of layers are similar for both spatial scales. However, faceted layers
Faceted 319 267 200 129 238 259 143 were observed as the main crystal type on both all FYS sites (32%) and the
Dgptnloser 22 DR dE2 o od v as o individual floe (24%). In contrast, the individual floe revealed a significant
Melt-freeze 9.7 3.1 18.4 2.2 12.3 18.5 4.2 . . X
Rap— 94 36 36 08 16.9 25 23.7 proportion of ice crusts (17%) and melt-freeze forms (12%), which were
Slush 20 16 22 0.0 27 40 0.0 less dominant when considering all FYS samples. Also, the proportion of
Snow-ice 1.8 0.0 0.0 0.0 24 0.0 5.2 wind slab layers was higher on the individual floe (14%) compared to all
FYS pits (5%).
In contrast, the snow stratigraphy for all MYS samples and the individual ice floe PS81/517 are widely
consistent. Thus, on average, the number of identified layers (8), the mean grain size (1.5-2 mm), and the
crystal type composition, with major proportions of wind slab, fragmented, faceted, and depth hoar layers,
over the respective spatial scale are similar.
3.4.3. Small-Scale Snow Properties on the 10-m Transect
Figure 9 shows the observed stratigraphy of the 10-m transect line of snow pits sampled at ice station PS81/506.
Based on the identified crystal types and hardness class per layer in each snow pit, four main layers A to D
(bottom to top) were identified over the whole transect. The bottom layer, layer A, was a very hard layer, with
values ranging from P to |. The 5- to 10-cm-thick layer was composed of fragmented, melt-freeze form, snow-
ice through to icy layers. Layer B varied considerably in layer thickness with estimates between 3.5 and 9 cm.
Even though the main characteristic was comparatively soft layer structure with values ranging between 1F
and 4F, the layer composition also showed a rather wide range, including faceted, fragmented, and wind slab
layers. Layer C is an intermediate crust layer with an average thickness of about 1 to 2 cm. While it is missing
in the first two sampled snow pits of the transect, it increases up to 5 cm in thickness in locations 8 and 9. The
surface snow layer, layer D, is a soft (4F to F) new snow layer ranging between 1- and 9-cm thickness.
New snow |:|Wind slab EFragmented E Snow-ice
25+ :|Melt-freeze :|Ice crust |:]Faceted
€20 -
&)
£
< 15
Q
O}
210
o
-
0 5
0 | | | | | |

2 3 4 5 6 7 8 9 10
Location on transect in m

Figure 9. Schematic of observed stratigraphy and layering of a 10-m transect line of snow pits sampled at ice station PS81/506. All symbols are explained in Table 2.
The snow hardness is given right to each layer: F, fist; 4F, 4 fingers; 1F, 1 finger; P, pencil; K, knife; |, ice. The horizontal solid black lines denote identified main layers in
the snowpack labeled with A to D.
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4, Discussion
4.1. Winter Snowpack Properties in the Weddell Sea

The stratigraphy of a winter snowpack on sea ice is mainly controlled by internal snow metamorphism
processes associated with internal snow temperature gradients, snow density, and grain size, leading to a
comprehensive layering of the entire snowpack. However, after snowfall events, snow density of the new
snow as well as recrystallization processes are determined by compaction as a function of air temperature
and wind speed.

Previous studies have identified the vertical temperature gradient as a main driver for vapor moisture
diffusion within the snowpack, which in turn controls the shape and size of the snow grains (e.g., Akitaya,
1974). In the presented case study, the observed linear temperature gradients of the austral snowpack on
the Weddell Sea pack ice ranged from —1.30 to 0.15 K/cm with largest temperature gradients in thin snow
covers and vice versa, approving the reverse relationship between snow depth and temperature gradient.
In 76% of all sampled snow pits, the temperature gradient was below —0.25 K/cm, which is the critical
threshold that fosters depth hoar formation (e.g., Colbeck, 1982). Consequently, depth hoar and faceted
crystals dominate both the first-year and multiyear snowpack composition (on average 37%), similar to the
sampled snowpack during the Winter Weddell Gyre Study in 1992 (Massom et al., 1997).

Overall, the range of the temperature gradient and the snow composition of the presented snow samples are
in high agreement with published literature on winter snow conditions (e.g., Massom et al., 1997, 2001). Also,
the mean snow density values of 276 + 64 kg/m> and 277 + 29 kg/m? for FYS and MYS are in the same order
of magnitude with that of about 320 kg/m? during the Winter Weddell Gyre Study in 1992 (Massom et al.,
1997). The same holds for the estimated averaged thermal conductivity values of
0.192+0.083W-m2-K'and 0.183 £ 0.037 W-m~2-K~ " in FYS and MYS comparing well with the averaged
value of 0.178 £ 0.134 W - m~2 - K estimated by M. Sturm et al. (1997) over seasonal sea ice.

The overall good agreement of the sampled snow pits with those from previous studies in a similar study area
and time of the year emphasizes the representativeness of the selected data in the vicinity and allows
therefore for an independent analysis of scale-dependent snow properties in the following sections.

4.2, Variability of Snow Properties in Different Snow Regimes

In order to compare and quantify the variability of the above described snow properties of the two snow
regimes, we use two different approaches: While the RSD (Table 4) is a measure to compare that the
variability of snow properties investigates in that study within a certain snow class (e.g., FYS/MYS), the
(absolute) SD (Table 3) is used to compare the variability of the same snow property across different snow
classes and scales. Doing so, we take only independent variables into account and therefore neglect the
thermal conductivity which is a function of the snow density.

In our case study in the Weddell Sea, RSD values in FYS (all measurements) of snow depth (0.42), number of
layers (0.37), and grain size (0.49) are up to twice as high as the RSD of snow density (0.24). For MYS, the RSD
of snow density (0.10) is even lower compared to the other properties with the highest RSD in grain size
(0.61). Thus, our study reveals that for both FYS and MYS the snow density is the weakest contributor to
the spatial variability of both snow regimes in the Weddell Sea. This highlights that the mean snow density
is the most homogeneously distributed parameter investigated in this study. Instead, snow depth, the
number of layers, and the grain size determine the variability on the regional scale.

Analyzing the mean value as well as the SD of the grain size, the main driver of the snow regime variabilities,
our results show rather similar values for FYS (1.8 + 0.8 mm) and MYS (1.8 £ 1.2 mm). However, taking also the
snow composition into account, the relative amounts of faceted and depth hoar layers tend to be lower in
FYS (35.1%) than in MYS (39.2%), despite the observed large temperature gradients in both snow regimes
(section 4.1). The difference of the fraction of faceted and depth hoar layers between FYS and MYS is larger
for the detailed investigated floes: 24.7% and 40.2%, respectively (Table 5). To explain these differences, we
must consider both the different snow regimes (FYS/MYS) and the regional differences. The western Weddell
Sea close to the Antarctic Peninsula is characterized by strong storm activity driven by the Amundsen Sea
Low (ASL; Parish, 1983; Turner et al., 2015), which might lead to temporal temperature gradient drops down
to about 0 K/m. Consequently, the strong temperature gradients required for constructive metamorphism
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and the subsequent formation of faceted and depth hoar grains are intermittently interrupted (e.g., Colbeck,
1982). Instead, thaw-refreezing events might have developed the pronounced melt-freeze forms in the MYS
during the previous spring-summer transition, which is supported by observation of multiple basal and internal
thaw-refreezing events by satellite microwave observations in the area (Arndt et al., 2016; Willmes et al., 2006).
In contrast, FYS is dominated by snow accumulation (wind slab) and fragmented grains, the prestate of depth
hoar, dominated. Thus, the presented study rises the need to differentiate between FYl and MY], since both the
different snow composition of FYS and MYS and the examined significant higher number of internal snow
layers in MYS (on average 8 layers) than in FYS (on average four layers) have a crucial impact on the
calculation of energy and mass budgets for the ice-covered Southern Ocean. In particular, the higher number
of internal layers results in an increased vertical variability of snow density and grain size leading to higher
thermal conductivity of the prevalent snowpack. Including the larger grains also leads rather to an increased
scattering and light absorption than to light transmission to the snow/ice interface and vice versa
(Perovich, 1996).

Furthermore, following our assumption that the density can be neglected for the variability analysis, an
overall higher property variability is evident for MYS than for FYS. This might be attributed to diurnal
thaw-freeze cycles in the upper snowpack as well as internal melt events in the previous summer in the area
observed in a field studies on snow properties during the spring-summer transition by, for example, Nicolaus
etal. (2009) as well as identified by Arndt et al. (2016) from passive microwave observations. In contrast, FYS is
expected to be more homogenous. We therefore suggest to differentiate for more detailed MY classes (e.g.,
second-year ice/snow and third-year ice/snow) for the calculation of the energy and mass budgets in order to
represent the given variability.

Considering the topmost part of the snow regimes only, the differences between FYS and MYS increase for
the mean values of the snow properties, while the SD significantly decrease, especially for the MYS. In this
regard, it is expected that the variability of snow properties in the basal snow layer, although the snow is
dry, might have a profound impact on microwave emissivity and might well impact snow depth retrieval
using satellite microwave radiometry (Kern & Ozsoy-Cicek, 2016; Markus & Cavalieri, 1998). Our results
highlight therefore the importance to distinguish between FYS and MYS, while an additional subdivision of
either snow types is not necessary for this application.

4.3. Variability of Snow Properties on Different Spatial Scales

To conclude on scale-dependent assumptions, the presented study examined one individual ice floe in
each ice/snow regime, respectively, in more detail. It is shown that the variability within the MYS on regio-
nal and on floe-size scales is for all studied snow properties rather similar. For FYS, both the floe-size and
regional scale variabilities are mainly driven by the grain size distribution (RSD around 0.5). In contrast, the
impact of the number of layers as well as the snow depth on floe-size scale is reduced to RSD values of
0.21 and 0.26 compared to the entire FYl area (0.38 and 0.42). Temperature gradients, in contrast, show
a substantial higher RSD on floe-size than (0.77) on regional scale (0.58) suggesting an increasing variabil-
ity with increasing scale range. However, the actual value range of the FYS and MYS parameters is similar
on regional and floe-size scales. The previous section indicates the mean snow density as the most
homogeneously distributed parameter, which becomes more evident when moving to smaller scales on
the 10-m transect: RSD of the snow density, and therefore its impact on the snowpack variability, decreases
with decreasing spatial scales from around 0.25 for the regional and floe-size scales toward 0.11 on the
local scale.

Also, on a 10-m transect, we examine a variability of individual properties, which is again dominated by the
grain size variability but also by the vertical extent and position of the identified layers. Therefore, we
hypothesize that the 10-m along-transect variations in the vertical composition of the snow and the resulting
spread, that is, small-scale variability, are well represented by taking snow samples distributed on a single
floe. Although the magnitude of the variations is by far not as pronounced as on larger scales, the small-scale
variability highlights the need of a high sampling rate for local snow process studies in the snow column as
well as in the coupled sea ice and snow system.

From these results of our study, we hypothesize that snow property variations on regional scale can be well
approximated with floe-scale data, meaning that a large number of measurements on a few floes is more
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crucial than covering a comparably large region with fewer floe-scale measurements. Therefore, we suggest
to distribute 10 to 20 vertical snow measurements related to local effects leading to different prevalent snow
patterns across the floe in order to catch the examined variability. Doing so, a terrestrial laser scanner may be
used prior to the snow measurements to obtain a high-resolution snow surface topography (Williams et al.,
2013). Also, additional snow thickness transects with the Magna Probe might allow to identify different pat-
terns of snow accumulation rates (e.g., snow dunes) across the floe, which in turn might indicate areas of dif-
ferent snow property evolution.

Comparing the ice cover in the Weddell Sea with, for example, the Ross Sea, where the sea ice area can also
be subdivided into different ice-age classes, suggests a possible transfer of our outlined assumptions from
the Weddell to the Ross Sea area. However, the snow properties of FYS/MYS and in particular their spatial
variability in the Ross Sea differ crucially from those in the Weddell Sea as, generally, snow properties are
predominantly a function of the atmospheric conditions in the respective area. This leads to higher snow
accumulation rates in the Ross Sea during winter time (Matthew Sturm et al., 1998). Also, the snow density
tends toward higher mean values in the Ross Sea, while a higher range of variability is observed in the
Weddell Sea accompanied by a larger mean and value range of snow grain sizes compared to the Ross
Sea sector (Massom et al, 1997). Thus, our study suggests that the large spatial variability in snow
accumulation rates and the examined snow properties associated with seasonal snow structure changes
(e.g., snow metamorphism) prevent an upscaling to a pan-Antarctic scale. Instead, to describe snow
properties beyond the regional scale, comprehensive initial ice conditions, as for example, ice type and
typical local atmospheric conditions, needs to be considered.

5. Conclusions

This case study presents a comprehensive data set on snow properties covering different snow regimes in the
Weddell Sea pack ice during austral winter. An improved understanding of the variability of snow properties
on different spatial scales and the quantification of the main driver determining the snow property variability
are needed to further understand how satellite remote sensing data relate to Antarctic sea ice mass and
energy budget variations in the ice-covered Southern Ocean.

The presented observations show the different compositions of seasonal and perennial snow associated with
substantial differences in the number of layers highlighting the need to distinguish between seasonal and
perennial snow regimes. Analyzing the full vertical snow column, the snow property variability tends to
higher values in MYS than in FYS, suggesting more MY subclasses for calculations of the Antarctic sea ice
energy and mass budgets. In contrast, assuming that, for example, for the retrieval of snow depth using
satellite microwave radiometry, not the snowpack in general but the uppermost part is of particular interest,
there is no need for additional classifications, as the internal snowpack variability diminishes. However, low
RSD of the snow density, in both FYS and MYS, reveal that the snow density can be neglected when analyzing
the snowpack variability, even though its absolute value plays a crucial role for satellite remote sensing
approaches of snow depth and sea ice thickness. Instead, the RSD analysis indicates that the variability in
snow depth and snow stratigraphy, in particular the grain size distribution, are the main drivers for the
variability of FYS and MYS properties.

When moving from regional to floe-size scales, similar variability ranges (absolute SD) of the studied snow
properties become apparent on both scales, suggesting that the number of snow samples prevails over their
widespread regional-scale distribution. In other words, a large number of measurements on a few floes are
more crucial than covering a comparably large region with fewer floe-scale measurements suggesting that
regional-scale snow property variations can be well approximated with the floe-scale data. However, the
spatially heterogeneous variability in snow accumulation rates as well as in seasonal snow processes, as for
example, snow metamorphism, obscures an upscaling of snow properties to beyond the regional basin scale
toward pan-Antarctic estimates. Doing so, we suggest to include a comprehensive analysis of processes at (1)
the air/snow interface, that is, typical local atmospheric conditions, and (2) the snow/ice interface for proper
estimates of energy and matter fluxes beyond the interface. Considering seasonal large-scale processes and
its variations between air, snow, and sea ice will be key to understand energy and mass budget variations on
a pan-Antarctic scale.
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