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Abstract. Accurately representing the snow depth (SND) distribution on sea ice is essential for sea ice thickness (SIT)
retrievals, ecological studies, and climate medelingmodelling. Using co-located SND and SIT measurements from multiple
Aretic-and-Antaretie-polar in-situ sea ice campaigns, this study examines sub-kilometer-seale-SIND-vartabilityconsidering both

iee-type-and-SIT-and-sub-kilometre-scale SND variability and identifies the most suitable statistical-distributions-probabilit
density function (PDF) to represent SND distributions across different ice ages and thicknesses. First, we examine the statistical

properties of SND and their dependence on SIT, finding a linear increase ef-in SND with SIT for new-and-first-year ice;

esﬁmafeekdﬁeeﬂyﬁem%h& standard deviation/mean SND) remains constant at 0.50 across all SIT regimes, allowing direct
estimation of variability from mean SND. NetablyIn particular, lower-than-expected SND variability was observed ever-the

floeded-site;-at flooded sites, where snow loading depresses the ice and allows seawater to infiltrate the snow. resultlng in a
reduced CV.

Moreover, the results reveal differences in SND distributions across ice ages and SIT during winter and summer. Specifically,
snow over younger ice has a shorter residence time and is best represented by a log-normal distribution, whereas progressive
wind-driven redistribution shifts the SND towards a skew distribution. Accordingly, snow over older ice, which typically has a
longer residence time, is better represented by a skew distribution. Notably, although the log-normal distribution performs best

under specific conditions (e.g. new or melt-season snow), its performance can deteriorate substantially over older and thicker

ice, whereas the skew distribution provides a robust representation across heterogeneous ice types. SND correlation lengths
derived from semi-variograms show a positive relation with SIT and are enhanced by snew-drift-events—Theresultsreveal
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sub-kilometre SND distribution and improve sub-grid-scale representations of SND variability in remote-sensing retrievals

and climate models.

1 Introduction

Over sea ice, snow depth (SND) distributions are controlled by the presence of snow bedforms (e.g. dunes, ripples, or sastrugi)
(Filhol and Sturm, 2015), along-with-as well as by wind redistribution, seasonal melting, the underlying ice surface (Massom
etal., 2001; Herzfeld et al., 2006), and ice ages-age (Warren et al., 1999; Iacozza and Barber, 1999; Trujillo et al., 2016; Shalina
and Sandven, 2018; Kochanski et al., 2018; Wagner et al., 2022). A detailed understanding of SND distributions is essential
i i i s-applying coarse-grid-scale SND products in biological studies, such as determining
ideal habitats for ringed seals (Kelly et al., 2010; Chambellant et al., 2012; Iacozza and Ferguson, 2014) er-hew-muech-tight
penetrates-tnder-and light penetration beneath sea ice (Perovich, 1996; Nicolaus et al., 2012; Arndt et al., 2017). Moreover,

for

an improved understanding of sub-kilemeter-sub-kilometre SND distributions is essential for matching coarse-resolution snow
models (tens of kilometerskilometres) with the fine spatial resolution of freeboard measurements (hundreds of metersmetres)
used to derive sea ice thickness (SIT). To address this, SND redistribution approaches based on sigmoidal functions (Kwok
and Cunningham, 2008) or piecewise functions (Kurtz et al., 2009; Petty et al., 2020) have been employed. Glissenaar et al.
(2021) further-demonstrated that small-scale snow variability exerts a significant influence on SIT estimates derived from
laser freeboards. Furthermore, SND is a key parameter influencing both the thermodynamic and dynamic processes of sea ice.
The spatial variation of SND is essential in-for understanding snow surface morphology and controls the onset of melt pond
formation on level first-year ice (FYI) (Petrich et al., 2012).

Given the high spatial variability of snow cover, even over scales of just a few metersmetres, it is eften-impractical to define
modeling-modelling units small enough to assume a uniform snow distribution within each unit. A common approach to address
this challenge is to use larger medehﬂggggglgg&un1ts (e.g. >1 km) while representmg wb—kﬂemeteﬁmanablhty
through statistical distributions.
meteorological and geophysical eonditionss-the-processes, snow cover is naturally highly-uneven;-thus-uneven. Consequently,
the assumption of being-distributed-uniformly-cannota uniform distribution (Veyssicre et al., 2022) cannot accurately represent
the snow-distributions-withinthe- SND distribution within a sub- grld %ﬁ%hﬂ—dﬁt&b&&@ﬂ—b&%&mﬁheﬁteaﬁdepfh—h%—beeﬂ

SND (Mallett et al., 2022) has been used in model simulations for under-ice light estimations (Stroeve et al., 2024; Heorton
et al., 2025).

Numerous studies have examined SND statistics on terrestrial snow using Nermatnormal (Marchand and Killingtveit, 2005),

Log-normat-log-normal (Donald et al., 1995; Kuchment and Gelfan, 1996; Marchand and Killingtveit, 2004), and Gamma

Due to various
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gamma distributions (Kolberg and Gottschalk, 2010; Skaugen, 2007; Skaugen and Randen, 2013; Skaugen and Melvold, 2019)

For snow on sea ice, lacozza and Barber (2010) investigated SND on smooth landfast sea ice and reported that probability
density functions (PDFS) evolved from a unimodal to a multimodal form with Ionger tails, indicating the development of deep

and smgle Gaussian variograms, respectively (lacozza and Barber, 1999). Liston et alse%}emaheeagersstrengly
#erekte%NDaFMeéynamiese%%ne\MNa%eiequwaienmevealeda I|nea,r_,r,elatlonsh|pbetweenparcelage and SND,

ice, wind-blown snow tends to accumulate preferentially on younger ice (CIemens—SewaII et al., 2022), where it can form a

off level ice and deposned on ridges (Hames et al., 2022) and deformed ice (Merkounadi et al., 2025) due to wind-driven

redistribution A

the wind-driven redistribution osrewdepttEND, Trujillo et al. (2016) examined the impact of a typical storm on SND at
high spatial resolution (1-10 cm) over a 100 100 m area, revealing substantial local chargessithicknessSND while the
overall statistical distribution of surface elevation remail%sgeiystable.
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2 Data

{Twao criteriawereappliedin selectinghedatasetstirst, sincethis studyaimsto investigatethein uence of ice ageandSIT on

datasetwas selectedas the
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Table 1. Summary of sea ice thickness (SIT) and snow depth (SND) across all sites. Within each site, co-located SIT and SND measurements
were collected over several transects. The number of transects at each site is given in the last column. The mean, median, and standar
deviation (Std) of SIT and SND are calculated over all the transects for each site. Ice ages include rst-year ice (FYI), second-year ice (SYI),
and multi-year ice (MYI), with (F) denoting sites identi ed as susceptible to ooding.

Primary SIT SND No. of
Test sites ] Month
ce age mean (m) median(m) Std(m) mean(m) median(m) Std (n%ansects
MOSAIC - Nloop SYI Oct - May 2.97 2,51 1.84 0.27 0.23 0.14 24
Lincoln Sea MYI Apr 2.59 2.34 1.14 0.33 0.30 0.23 9
MOSAIC - Summer SYI Jun-Jul 2.46 2.27 1.08 0.07 0.06 0.07 25
N-ICE2015 SYI(F) Jan-Mar 1.58 1.43 0.79 0.50 0.49 0.16 4
Weddell Sea MYI(F)  Jun-Aug 1.43 1.48 0.57 0.53 0.53 0.17 1
MOSAIC - Sloop FYI Oct - May 1.47 1.35 0.66 0.22 0.18 0.15 17
Resolute Bay FYI Apr 1.20 - - 0.11 0.09 0.06 2
MOSAIC - Runway FYI Jan - Feb 1.16 1.13 0.18 0.12 0.09 0.08
Weddell Sea FYI Jun-Aug 0.69 0.59 0.33 0.19 0.18 0.07
the Weddell Sea(2013)in-campaignsSecondthe Antaretic;aswel-asN-ICE2615(2015);-Lincoln Sea (2017)}MOSAIC

2.2 Instruments

equipped with a data logger and GPS (Sturm and Holmgren, 2018). The device has a maximum measurement depth of 1.2m
with an estimatedaccuracyof 3mm _ (Sturm et al., 2006). In the Lincoln Sea, MOSAiBgsetuteBay;-and Weddell Sea

campaignsihe-total thickness (snow + ice thickness) was sampled using a ground-based electromagnetic (EM) induction
system (GEM-2, Geophex Ltd.) operating at multiple frequencies (Hunkeler et al., 2015, 2016). During the N-ICE2015
campaign, totaleethickness was measured with portable EM instruments (EM31 and EM31SH) mounted on a sledge (ltkin

The accuracydecreasesn roughanddeformedice, andthe EM canunderestimatghe ridge thicknessby up to 50% (Haas



denotetestsite
2013 (Lemke, 2014)Thedataarefrom thethreeice stations:PS81/503grey:PS81/506andPS81/517Grey shading indicates ice cover on

Juhy315-2613(nat-statien)July 2013 Blue areas represent ice shelves derived from the NSIDC EASE-Grid 2.0 Land-Ocean—Coastline-Ice
Masks dataset (Meier and Stewart, 2023).

140 et al., 2009)For all datasets, SND and total thickness measure wereacquiredalongthe

145 andEM measurementsyhichis aroundl-5m (Itkin et al., 2023; Haas et al., 2017; Wever et al., 2021; Merkouriadi et al., 2017)

150 2.3 In-situ measurements



L is thetotal lengthof thetransect(a) and(i) MOSAIC northernloop (Nloop) transecbn 14 November2019.(b) and(j) MOSAIC southern

loop. (Sloop) transecton 26

transecbn 3 July 2020.(e) and(m) Lincoln Sea2017,transectl. (f) and(n) N-ICE2015transecbn 28 January2015.(g).and(0). Resolute

7



valueswi

2.3.1 MOSAIC 2019-2020



155

160

165

170

thinnerice sectioncomparedo the Nloop (Nicolaus et al., 2022; Wagner et al., 2022; Itkin et al., 2048 meanSIT and

175  exhibitedsmoothandthin ice conditionswith ameanSIT andSND of 1.16 mand0.12 m,respectivelyThe MOSAIC Summer

on FYI (Webster et al., 2022)The Summersite hada meanSIT of 2.46 m,while the snow layer was very thin (meanof

The-Antarctic- Winter-Ecosystemand-Climate Study-(AWECS, ANT-XXEXFA _recent eldwork _was conductedat two

185 CanaddFig. 1a).This dataserepresentgsmoothFYI coveredby a thin and smoothsnow layer. During datacollection, air
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transectsadsimilar meanSND valuesof 0.11 m.The transecbon

deviation)aresimilarto thoseof the MOSAIC Runwaydatase{Table 1) therebyprovidinga usefulcomplemengiventhatthe
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co-locatednagnaprob@ndEM measurementserecollectedat ninetransectsata spacing oft—5m—FertheFYl-oes{(503

SIT of 2.59 manda meanSND of 0.33 m,respectivelyshownin-see Table 1 and Fig. hedetailedDetailedSND and SIT

2.3.4 N-ICE2015

ThemultidiseiplinaryNerwegianyeunglSE2015(N-ICE2015)-expedition took place from January to June 2015 aboard the

2 (Merkouriadi et al., 2017). The geolocation of the four transects is shown in Fig. 1a.

10
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transectseachwithin-an-abeut400-60Qwo,_repeattransectsat a spacingof 1-5m. Eachtransectwas within_an areaof

expedition, widespread negative freeboard and snowpack ooding were observed, resulting from thick snow over relatively

thin sea ice (Rosel et al., 2021; Merkouriadi et al., 2017). Speci cally, ooding was observed in 3 of the 10 drill holes (Résel

etal., 2021)FresnoewpackentheWeddelSeaM oe-andduringtheN O eld-campaigrarethethickestsnowpacks
In-April-2017

2.3.5 Weddell Sea 2013

betweenJuneand August2013 (Lemke, 2014)During the campaign, SND anébtal thicknesswere measuredveekly over

SH-andSNDB-measurementaresummarized shownin Table 1 and Fig. 3. The detailed SND and SIT observations along each

11
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265 3 Methods

3.1 Statistical distributions

x_ g)?

270 N(X; g5 ¢)= e%e 23 Q)
2 g
The PDF of th&ewmmﬁdﬁ%ﬂbaﬂemﬂhme&mu%ndvaﬁaﬂe#‘z—&f—l—!gg;norma!g;@gributionfollows
(Gaddum, 1945):
1 (In D?
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!

275 andvarianceareel '* 1°=2 ande?.!* T el 1 |, respectively.

Ga(x;ag; )= (agl)agxag e )

2801976; Azzalini and Capitanio, 2002):
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where ! is the scaling parametes;as is the shape parameter, is the location parameted,erf( ) is the error function.

Gnanadesikan, 1968):

Vv

u 1)@
RMSE:%J 0 (Qobs;i Q & )2 ©)
i=1

13



where Qps;i and Q; are the ith quantiles of the observed and tted distributiosisefin-the-blue-dotsin-Fig. 4ob-e),
respectively, and n is the total number of quantile points considered. A lower RMSE indicates a better t.
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310

orientation on sea ice(lacozza and Barber, 1999)
correlationlengths:A variogram can be computed by relating the semi-variance (h) to the lag distance (Sturm et al., 1995):

1
2N

(h)= No(Xi X i )2 (6)

where x and x., are the sample values (measured SNDhatlocation i and i+ h respectively. N denotes the number of
31Bbservations at a speci ¢ Iag distance h.

320 ,e,nsuressuf cient, pomt palrs perbm wh|le resoIV|ngspatlalvarlablhty up.to thesill. A constantin width of 3 m enablesa

325 (the operatlonallmlts of the magnaprobeWereremoved

as an example. The tted exponential model approaches the sill, and the effective range corresponds to the lag distance wher:

the modeled semi-variance reaches 95% of the sill va




330 gverwhich the SND remainsspatially correlated;,beyondthis

i i i i measurementbecomegeffectively independent.
The correlationlength providesa statisticalmeasureof spatialcontinuity. Largercorrelationlengthscanbe associatedvith

335 prominentsurfacefeaturessuchas

20109.

4 Results

In this section, we rst examine the statistical properties of the SND distribution (mean and standard deviation) and their
relationship to ice type and SIT. We then t the SND observations using statistical PDFs and identify the most suitable model

aerossfor different ice types. Finally, wenatyzeestimatethe SND correlatiodength-by-eomputinglengthsfrom semi-
345 variograms ands+efatienanalysetheir relationship to SIT and meteorological events.
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4.1 Statistical properties of snow depth
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snp =CV SND (7

Figure 7. Relationship between each transect's average snow depth (SIND) and the corresponding standard deviatiogn ). (&) The

sites and ice types, respectiveThe 95%con denceinterval(Cl) and95% predictioninterval (PI) areplottedin coralandgray shadeThe

—sno—>-0:3m—Most of the Lincoln Sea samples lie above the tted line, indicating enhanced SND variability which can be
linked to observed ice rafting events and signi cantly deformed surfaces.
In contrast, samples from N-ICE2015 and the Weddell Sea (MYI) fall below the tted line, avithichtowerCV-than

17
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validationthroughsuf cient in-situ SND andSIT measurementat_ooded sites.
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Table 2. Performance of probability density function (PDF) tting for snow depth (SND) across all sites. The root-mean-square error (RMSE)
values measure the goodness of t. The mean of sea ice thickness (SIT) and SND are calculated over all the transects for each site (row).
Mean SIT range refers to the difference between the 95th and 5th percentiles of SIT for all transects within the site. The best-performing
PDF (i.e. smallest RMSE value) is in bold. RMSE values that are underlivgidate PDFs for which the difference in RMSE is less than

0.003 m, corresponding to the instrumental precision of the magnaprobe. Ice types include rst-year ice (FYI), second-year ice (SYI), and
multi-year ice (MYI), with (F) denoting sites identi ed as susceptible to ooding.

. Primary Mean MeanSIT  Mean RMSE (m)
Test sites ) Month SIT SND
Ice age (m)  range (m) (m) skew log-normal gamma normal
) SYI Oct - 30 Jan 3.06 6.79 0.23 0.016 0.012 0.018 0.039
MOSAIC - Nloop
SYI 30 Jan - May 2.90 4.13 0.29 0.009 0.037 0.013 0.039
Lincoln Sea MYI Apr 2.59 3.13 0.33 0.034 0.160 0.043 0.058
MOSAIC - Summer SYI Jun-Jul 2.46 2.95 0.07 0.019 0.015 0.0170.026
N-ICE2015 SYI (F) Jan-Mar 1.58 2.47 0.50 0.032 0.082 0.048 0.037
Weddell Sea MYI (F) Jun-Aug 1.43 191 0.53 0.015 0.051 0.027 0.016
. FYI Oct - 20 Feb 1.29 1.65 0.19 0.024 0.014 0.021 0.045
MOSAIC - Sloop
FYI 20 Feb - May 1.79 1.83 0.27 0.019 0.037 0.018 0.054
Resolute Bay FYI Apr 1.20 - 0.09 0.009 0.006 0.008 0.018
MOSAIC - Runway FYI Jan - Feb 1.16 0.38 0.12 0.026 0.016 0.022 0.038
Weddell Sea FYI Jun-Aug 0.69 0.88 0.19 0.010 0.014 0.0120.015

4.2.1 Temporal variability

repeatedneasurementsollectedalongthe sametransectgrom the MOSAIC datasetThe namesof the transectsisedin this

420 studyarelistedin thesupplementarinformation(TableS1). The tting performances (i.eRMSE valuespf MOSAIC Nloop,

425 eventgeportedn Wagner et al. (2022reindicatedin_Fig. 8. Stormswerecloselyrelatedto ice deformationevents.The_rst
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leadto a more evenly redistributed snow layer.

From 19 Decembe2019 to 30 Januarg020, the performance of tligamma(bluelinesjandSkew(blacklines)improvesand
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SND )-values {a)}NieepThe dateson.which the log-normalperformsbestare markedby greenbars. (b)Steegand (d). showskewnesgand
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reportedin Table2. Suchdeformedice

480 q:gz_scribeday:;he::§kew distribution.
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Section 4.2.3.

and the kurtosis values range fromtd 13 ( Fig.??€9b), higher than those of the MOSAIC Nloop and Sloop. This indicates
that the observed SND distribution from the Runway is more sharply peaked and exhibits heavier tails than the Nloop and

For the MOSAIC SummetransectsneastredverSyt-sitesbetween 29 June and 26 July 2020, the snow layer was very
thin ( snp <0:1m) and smooth {snow<8:674m_snp < 0:07m), while the underlying 51 exceeds 2m. In Figi8-the
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weeklytimescalepvertheNloopandSloop,the SND distributionexhibitsconsistentitemporalariability, with thelog-normal

performingbestinitially, followed by atransitionto theskewdistribution. This transitionfrom log-normaito skewis associated

4.2.2 Regional comparison

The tting performancefrerm-othersitesin-additionto-MOSAIC-areat sitesotherthan MOSAIC is shown in Fig. 10. For the

30 January-wherethe-seaice-exhibitssimitar-SH-level-2020. Speci cally, Skewthe skew distributionyields the lowest

RMSE for Sites1;2-transectsl-7, while for transectst ;-5;-6-andNE-while-for Site 3;- beth-Gammaand Skewand 7, both

gammaandskew perform comparablf:er Site-#-with—si—=-1:78m;-the Gammaprovidesthe best t—Sites3-and 7-exhibit

locatednearthe FYI zoneandthereforecontainsa mixture of MYl andFYI (Haas et al., 2017)his transecexhibits kurtosis

perform equally better, whileeg-rermallog-normal does not provide a properdhewnin-Fig—10b-.
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( sno =0:53m), where the snow and ice conditions are similar to those of the N-ICE2015 sampleSkdhgkewprovides
550 the best t, consistent with the performance observed in the N-ICE2015 transects.

555

FY+FYI oes 503 and 506 have an average SIT of 0:69m, which is the thinnest ice in the entire dataset. Floe 506 exhibits
higher skewnessnékurtosisvatuesgreaterthan2-in-Figthan oe 503 andkurtosis??i> 2, indicating an asymmetric and

560 results of FYI from MOSAIC Runway and Resolute Biys. However, oe 503 shows poor performance forithg-nermal
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thresholds at:5m—2m—1.5 m:::and:::Zm: is based on the observed transition in the best— tting distribution from the MOSAIC
585Sloopsitetime-series observations.
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effectivelyservesasa proxy for the detailedice ageon aweekly scale TheobservedIT dependencthereforemainly re ects

edeviationgrom theobserved5ND distributions Thereforethe

Section 3.2. Noteve-transeetsinetuding-MOSAICNleep-that four transectspamelythe MOSAIC Nloop transecton 27
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