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Spatial characteristics of frazil streaks in the Terra Nova Bay
Polynya from high-resolution visible satellite imagery
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Abstract. Coastal polynyas around the Antarctic ttoant are regions ofery strongoceafi atmosphere heat and moisture
exchange,important for local and regional weathesea ice production and water mass formation. Due to extreme
atmosphericonditions (very strong offshore winds, low air temperaturéas well ashumidity) the surface ocean layier
polynyas is highly turbulent, with mixingueto combined_angmuir, windinduced and buoyaneyriventurbulence. One of

the visible signs of aoplex interactions between the mixed layer dynamics and the forming seaeifrazil streaks
elongated patches of high ice concentration separated by areas of open water. In spite of theirallsgutjonal and
modelling analyses of frazil streakave been very limitedargely due to the fact that their significance for heat flux and ice
production is only just becoming apparelmnt this study, the first comprehensive analysis of the spatial variability of surface
frazil concentration is perforndefor the Terra Nova Bay Polynya (TNBP). Frazil streaks are identified inrkiggiution
(pixel size 1015 m) visible satellite imagery, and their properties (surface area, width, sgangrientatiopare linked to

the meteorological forcing (wind spé and air temperature). This provides a singpdgisticaltool for estimating the extent
and ice coverage of the region of high ice production under given meteorological conditisnalso shown that the
orientation of narrow streaks tends to agréh the wind directionsuggesting the dominating role of the local wind forcing

in their formation. Very wide streaks, in turn, deviate from that pattern, as they are presumably influenced by several
additionalfactors, including local water circulatiom@ the associated convergence zoAesanalysis of peak wave lengths
and directions determined from the images, compared to analogeasvaterwave lengthgomputed witha spectral wave
model, demonstrates a significant sldewn in the observedvave gowth in TNBP. This suggests an important role of

frazil streaks in modifying windvave growth and/or dissipation in polynyas.

1 Introduction

Coastal {or latent hea} polynyasare important elements of theSouthern Ocearsea ice landscape.h&y are created
mechanically by wind (possibly combined with currents) leading to sea ice divergence at the coast>quitiia ée
of fshore direct i onis ofttroabditiongllyg sumportedebyimiled guveetionbf extraneousice pack

blocked by islands, peninsulas, ice tongues, grounded icebemher (semi)permanent coastal featyMeralesMaqueda
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etal., 2004). Due to very strong ocebatmospherdeat and moisture fluxes and high rates of new ice produciibntive
associated brine rejection, latent heat polynyas play an important role in shaping the local and regional weatheaspatterns

well asin water mass formation, ocean mixing and baroclimiocessegNakata et al., 20150hshima et al., 2022)

Understanding polynya evolution, dynamics @hérmodynamics, and the océapaicei atmospherénteractions involved,

is crucial fordeveloping parametrizations of the relevant processes, and thus for improving the performance of weather, sec
ice, ocean ah climate models of the polar regior@f particular interest is estimation of, first, the net oé¢aamosphere

heat flux, and second, the sea ice production rates and the associated tatlliree formed within a polynya These
guantitiesthatare verysensitive to the properties of the sea surface (in particular, its roughasess)ll ado the statef the
atmospheric boundary layer (ABL) and theeanmixed layer (OML)Fheseprepertiedin turn,theydepend on the amount

and spatial distributionf frazil and grase ice within the surfadayer of the polynyaas well as itsurfacearea Thus,a

feedback mechanism is formed, with sea ice production and distribution both affected by and affecting the dynamics and
heat transfer in the ABlsea iceOML system.On one branch of that feedback lgdprmation and growth of ice crystals

and their agglomrates, as well as theiransportwithin the OML, are governed y O Méndpsrature structure and
dynamics: Ekman currents, Stokes drift, buoyaimgjuced mixing and Langmuir turbuleng¢e.g., Belcher et al., 2012
Herman et al., 2020n the context of ®L material transport in general, see Chamecki et al., RO89a result, complex,
threedimensional patterns emerge, with ice crystals reaching depths of meters or even tens ¢Dnuetazs et al., 2003,

Ito et al., 2019, 2020, 2020hshima et al.,@®22). At the surface, they tend to accumulate in convergence tatesen
neighbouring Langmuir cells, forming characteristic elongated streaksgrease iceseparating areas of lowrystal
concentration. Closing the feedback loop, the strong lgealients of ice concentratioproduce gradients dfulk density

and viscosity of the idavater mixture, leading to suppressed turbulesmedreduced sea surfaceughnesswithin streaks

The fact that high concentrations of frazil attenuate short wavesell k n o wn ( h e n cger etals)®Reteatrerda 6
measurementshow that a substantial part of the total oéeéimosphere heat flux over polynyas takes place through spray
within the lowest ABL (as opposed to fluirectly through the sea surface; Guest, 2021ab that suppression of wave
breaking and spray generation by frazil streaks has the potential of drastically reducing the heat exchange (Ackley et al.
2022).Hence, the knowledge of the fraction of sea surface covered by streaks in functioratmhalspheridorcing and

distance from the shore is crucial for reliable estimation of that exchange. Similarly, it is reasonable to assume that by
eliminating short waves from theiave energyspectrum, streaks modify the growth and evolution of wind wawes
polynyas.

In spite of recent progress in developing parameterizations of new ice formation (e.g., Wilchinsky et al., 2015, Yue and
Shen, 2021), mny of the processes and interactions mentioned abovather poorly understood at present and therefore

their effects cannot be taken into account in models. réehmtenes®f the affected regions artthrsh conditiongluring

polynya eventsnakeconductingin situ measurementtherea big challenge. This makes satellite observatipagicularly
valuable.Indeed, no s t available informati on o0 nice produgionhaee éen ab@inedr r e |

from satellite dataThe most widely used techniquedsassive microwavéPMW) radiomety, due toits independence
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from sunlightand cloud coversawell as frequent coverage and continuity of observations since the ##l@nds and
Dierking, 2016 and also references thereiiakata et al., 2091 Neverthelesscoarse spatial resolutiadf PMWs sensors

(2.5 25km, dependent on instrument and proddao$s not allow to accurately determine the size and shape pélihe/a.

Several studies have shown the usefulness of satellite thermal imaging (TIR) to charactexiné thepolynya more
accurately(Ciappa etal., 2012,P r e ue€al.,r2015Hollands and Dierking, 2016\ulicino et al., 2018 Vincent, 2019.

Most TIR radiometer®perating from near polar orbifs.g. MODIS, AVHRR, SLSTR have aswath widthof about 1.53
thousands knand aresolution ofapproxmately1 km at nadirto afew km at the swath edgeBhe drawback of this satellite
techniqueis the limitation of useful information to cloudless ardd®reover, toacquiremore detailed spatial information
about the icelistribution and conditioreven higher spatial resolution is neededllands and Dierking2016) emphasize

the potential of synergy of satellite data from differesthniquesincluding synthetic apertureadar (SAR)and optical
radiometerqVIS), asa complementary data soutder increasing the possibilities @haracterizing icén polynyss. Both
techniques can deliver data with a resolution of1BD m, but at the cost of a smaller swath width comp&oethe lower
resolution techniques mentioned abg¢nereover, VIS sensors can be used only at dayiigbioudless conditiosHence,

they are more useful for describing the charactensbpertief the small scaléeaturedike frazil streakge.g Ciappa and
Pietranera, 2003r pancake icée.g.Aulicino et al., 209), than for continuous monitoring of polynya dynamics

Arguably, the presence of frazil streaks at the sea ®urffat s an i ndi cagiomed@fofa tctea t @MEL
atmosphdc forcing, with very high wind speeds and very low air temperatures; Langmuir turbulence associated with short,
fetchlimited waves; frazil ice formation; etc.). Therefofgzil streaksdetected in satellite imagery can be used asoxy

of those processdsprovided a relationship is known between streaks propertieshanstate of th@©ML. Obviously, a
necessary prerequisite for developing such parametrizations is developnusefibfjuantitative measures characterizing

the streaks.

Frazil streaks have been observeditu and in satellite imagerin polar regions of both hemispheresg. in the Weddell
Sea(EickenandLange 1989), Terra Nova BayCiappaand Pietranera2013, Hollandsand Dierking, 2016, Thompsonet

al., 2020) or Chukchi Sea (b etal., 2019. They havealsobeen studied in a laboratofipethleff etal., 2009) and simulated
numerically(MatsumuraandOhshima 2015 Herman et al., 2020)n a wider context, bandsf positively buoyant particles

(so called windrowsaccumulating within surface convergence zones associated with Langmuir turbulenoearen at

all latitudes However, the accounts listed above (for a more complete overview, see Herman et al., 2020) are limited to
qualitative reports of the presence of frazil streaks or their most basic characteristics, like e.g. the average/gpieal dist
betweenneighbouringbands, or probability distribution of distances (which, according to observational and theoretical
studies, often is logormal, see, e.g. Qiao et al., 2009, Csanady, 1998t from the few numerical studies cited above,
modelling of frazil formation as been limited to ordimensional simulations in the water column, i.e., disregarding any
variability in horizontal plane (e.gQmstedt and Svensson, 1984, Holland and Feltham, 2005, Heorton et al., 2017, Rees
Jones and Wells, 2018Coupled sea iddrydrodynamic models of polynyas (e.g., Wang et al., 2021) have insufficient
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spatial resolution to capture fraZDML interactionsat the scale of individual streakBo the best of our knowledge, no
guantitative, systematic analysis of frazil streaks habsgepublished.

Previous works based on satellite data, in which frazil streaks were identified, utilised SAR (@iages and Pietranera,
2013,Nakata et al. 2015;lollands and Dierking, 20)60Operating at microwave frequencies, SAR systems provide data
irrespective of cloud cover and daylight, in contrast to optical sensors. The SAR signal is sensitive to the roughness of the
surface, allowing the separation of open polynya from the consolidatedsiceell as open water from the frazitesaks
inside the polynya or classificationof different ice zones outside. However, single examples of SAR@hdresolution
optical datacomparisonshow that the contrast between water and frazil ice in the visible images igneatér(Hollands

and Dierking, 2@6, Herman et al., 2020which allows for a more accurate characterization of geometric features of the
streaksThis is true speciallyfor streakswith a width close to the data resolution, the distinction of which in SAR images is
hampered by the spdekeffect resulting from coherent wave interferentiee lack or low intensity of sunlight and cloud
cover significantly limit the availability of satellite data in the visible spectrum for the polar re¢domgever, in the last
decade, the EQ, Landsai8 and Sentine? satellites equipped with higiesolution optical radiometers recorded many
scenes inthe polar regionswhich enablefirst statistical characterization of spatial propert@sfrazil streaks Two
constellations of pairs of satellites Senti@eh and B and Lands&® and-9 currently operating fromear polarrbits will

allow to extend thesgossibilitiesin the future.

The aim ofthis studyis to characterizeeometric features-an-analyss-of frazil streaksformedin 32-polynyss, events

based on higiesolution (pixel size 1015 m) visible satellite imagery recordemverthe TerraNovaBay (TNB; Fig. 1) -is

Ppolynya size, ice
concentration, andeometric properties of streaks are determiaed related to the observed smperatureTandwind
speedand directiondw-from-an-automatic-weather-statforexplainobserved patteswof frazil at theseasurfaceand tofind
simple empirical formulae linkingStrong-cerrelation-betwedhe atmospheridorcing andalt-analysed variabless-feund.

Additionally, for a subset ofatellite scenes in which wind waves adéseernible peak wave length and direction are
determined and compared witbrrespondingopenwater wave growth curves computed with a spectral wave mbds|

iopn-of
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2 Data and methods
2.1 Dataset

The studyis based omata from three satellite sensors: Aldvanced Land ImagerOLI (Operational Land Imaggand

MSI (Multispectral Instrument operding respectively on the EQ@, Landsa8 and Sentine? (A and B)satellites. Standard
Level 1 productsr@diometrically andyeo-corrected radiance at the top of the atmospheesg @btained via the following
services: USGS Earth Explorekl{l and OLI) and Copernicus Open Access Hub (MSI). All three sensors record radiation
reaching the satellite in several spectral bands invigible (VIS), near infrared NIR) and shortwave infraed SWIR)
range. ALI and OLI are equipped with an additional panchromatic chd/#éll) which, due to the higkst spatial
resolution, was used to distinguish fingzil streaksIn the case of the MSI sensor, data from RGB channels were averaged
as an equwalent The surface coved with frazil streaks was extracted by image classification, taking into account the
contrast between water and icaused by differenrtght reflectance Additionally, SWIR data was used to prepare the cloud
mask and assess tpessible impact of the atmosphere on the classification resutiescribed further in Section 2The
characteristics othe satellite products anthe spectral channels used in the analysis are presaritath. 1.For the TNBP
region, 32 scenewith visible frazil streaks were obtaineckcorded in the years 2008021, mainly in September and

October(Tab. 2 Suppl. Fig. SL -The lack of sunlight during thaustralwinter limits the use of optical sensors in frazil

analysis mainly to the end of the freezing period. However, previous observations of the TNBP (e.g. Aulicino et al., 2018)

indicate that alternating phases of opening and closing the polynya may occurregmarly throughout the period of

March-October, with no clear seasonal pattern

To investigate the relationship between the properties of the frazil streaks and the conditions in which the @aynya
formed, meteorological data frothe automatioveather statiorManuela(https://amrc.ssec.wisc.edu/ayydbcated on the
Inexpressiblelsland (see Fig. 1)were usedUnfortunately, data on wind speed and direction were not available for the
scenes fronthe year2009. Both the instantaneous data recofdsetibefore the satellite's overpaand the statistics of 10
minute records from longer periddvere analysed. The best correlatioith frazil properties wasobtained for the
characteristicaveraged ovethe 24 hourgrior to the satellite registration, and only these results will be presented further.
Only the wind direction is taken from the last measurement prior to the satellite ovémpagsconsidered situations, the
temperatures range frorl 0 A-G 0t & C, elocitigs of winds blowing from SW to WNW 2 5 30A Ain) the range

of 10-34 m9! (Tab. 2).Speeds above 17 @, characteristic ofkatabatic winds, dominate arate accompanied by
temperatures below2 0 A C.
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2.2 Methods
2.2.1 Satellite datgprocessing

The spectral data was ppeocessed in a standard way by converting the original values to dimensionless reflectance, and
then resampled to a 10 m raster grid in the UTM zone 58S coordinate system (EPSG:32758) if it was irmheatbetour

of the polynya was determined by manually digitizing the image. The downwind edge was markenhlsgparating the

frazil streaks from the consolidated ice, which in most cases was clearly visible for the part of polynya (Fig. 1b).&Vhere th
boundary wablurred (Fig. 1c), the determinant was the presence of elongated operpeatdtrapped between freezing
streaksThe boundary of the ice sheet was drawsuch a way at includeas wellthe areas ofandfast icealong the shore.
Comparing the restd of the OLI sensor with data from the Thermal Infrared Sensor (TIRS), the second instrument on board
the Landsat 8 satellite, shows a good agreement of the boundary drawn in this way with the zone of rapid temperature
change between the warm open polym@yel the colder consolidated ice. It is only the presence of wide zones of frazil
accumulatiorftransformation, where the streaks are no longer visible, that may cause difference in the determination of the
area of the polynya on the base of optical andntlé data, which in the one worst casactes 18%. In other cases, the
differences did not exceed a few percevibst of the scenes were cloudless, or despite the presence of clouds, it was
possible to determing o | y rbquadsig€s. In a few cases, howey, the recorded scene does not cover the gudiggya

(Tab.2).

In the next step, a cloud mask was credgdegmentation ahe SWIRimage, using spectralbamdb out 1. 6 Om, ¢
all three sensors. In this spectral range, the reflectance of sea ice is cesg &5 is the reflectance of water, while for
clouds and haze it remains higfo perform segmentation the eCognition software for image intetipretaith the Multi
Resolution Segmentation (MRS) algorithm was used (Definiens AG, 2012). This iterative algorithm merges consecutively
neighbouring objects (starting fromindividual pixels) taking into account the similarity between adjacent objects
(homogeneity criterion) (Definiens AG, 201RlesnerandOstir, 2014. The process stops when the resulting objects achieve

the maximum allowed heterogeneity, expressed by scale paraifetistinguish clouded areas medium scale segmentation
(scale parametes00) with a homogeneitycriterion based solely on brightness in the SWIR channel were 8sgthents

with an average reflectance abové @ere maskedscovered byclouds. In a few casesadditionally, a relatively smaller
increase in pixel brightness wabserved in the SWIR channel associated with the presence of hiwe douds, which

did not affect the ability to distinguish the streaks and determine their shape, but reduced the contrast between them and op
water, which could affect results of iage classificationFor this reason, an additional level of coarse segmentation (scale
1000, average SWIR reflectance and its variability over segment as homogeneity criteria) was created forftiee elead

These segments were manually classifiedyibyal inspection of SWIR and PAN images, inftothreeregions (i) cloud

shadow (reflectance reduction in both spectral ban@$)haze or thin clouds (increase in SWIR reflectance and its

variability over segmenteduced contrast in PAN banand(iii)) &lead i.e.free ofatmospheriénfluences
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In order to classify pixelinside regionsof the polynyainto open water anite categories, GntrastSplit Segmentation
algorithm (Definiens AG, 2012 Mesnerand Ostir, 2014 was used This algorthm evaluates the optimal threshold for
dividing the scene into dark armtight objects that maximizes the contrast between ti&ince the analysed images were
not subjected to atmospheric correction, the edge contrast ratio mode was used to caladateaiid his mode uses the
difference between reflectance of possible bright and dark objects normalized to thkhsuwtassification was performed
separately for each region in two stages. In the first stage, bright objects were classified agdedkzil The remaining
pixels were classifiedgainin a second step where dark objects weres i gn e d twatelk Tharensainidgpipets of
medium brightness were left to be decided after visual inspection of the results. Mostly, these wegt fliretxiges of
wider bands or pixels forming narrow, less contrasted streaks, so they were also classified as frazil. However, in a few
images, this approach would result in merging the visible streaks inte patghes. Therefore, in these cases, the
intermediate pixels were includeédto the category obpenwater (cases marked ifiab. 2 as classified using adjusted
scheme)Finally, pixels belonging to the same class in different regions (cloud shadow, haze, ‘cleamevgsre Despite

the separate classification, the frazil streaks maintain continuity between regions, which is the result of the reigtively hi

contrast between water and ice, regardless of the overall brightness of the image parts.

2.22 Data analysismethods

Based on the contoutelineating boundary of the polynythe area(S,}, maximum extent{Ls}, as an Euclidian distance
from the shoreline to the most distant point of the polynya, and length of border along the icélLshedéve been
calculatedTab.2). In order to characterize frazil concentration and its spatial variability three metrices haketerarined
taking into accounarea of theopen water anthe frazil streaksin the cloudless part of the polyny@ polynyaaveraged
concentration{C}; (ii) zonalaveraged concentratiofCz(X),} calculated fo'500 m wide zones parallel to the shomose
distance from the shareX,) is determined in the middle of its width; and (sipatiallyaveragedconcentration C«(X,y).
calculatedwithin moving windows of size 25&56 pixels(2.5 2.5 km) The distance from the shore to the neahestil
streak(Xgs) was measured along the shoreline every 20 m perpendictdaits generablirection The regression of these
parameters with the winsbeed and air temperature was studaedhe purpose of thparameteriation ofthe polynya size
characteristicand frazil concentration. Due to the mutual correlatibrronsideredneteorological parameters, in the first
step, multiple regression waseas and partial correlations were examined. Furtkénple linearrelationships were
determined with the selected parameter, which better explains the variability of the characteristigolyhiree The oot
meansquare error (RMSEand the relativeroot-meansquare errorRRMSE) were calculated to evaluate the results of
parameterizationTo charactese geometric features of frazil streakbeir orientation {ges}, width, {Wks), and the distance
between adjacent streakas been calculatedh order to charactesg orientation of the streaks and their spacing, their
contours were smoothed and the skeletal lines were extracted as main lines of polygons using ESRI ArcGISPro software
Frazil streaks with an area of lessrtHE000 mi (10 pixels)or adjacent to cloudwere omitted from the analysis. Due to the

change in the orientation of tlstreaks their widths and distances between them were determined along the Y axis of the

7



raster grid (UTM projection) witlO0 m distancebetween cross sections in the X directidny pi ¢ a | val ues ¢
225 properties were characterized by rmarametric statistics, i.e. median and interquartile rarRyebability density

di stributions of the frazil tedforlegarkhmidallywandforrhesl vahjedue tosthpa c i n

strong skewness of the distributioOrientationwas calculated for eackegment of the streak skeletas the angle,

measured clockwise, between the North and the segment oriented towards downwind edge ofAwbdytnyaal attributes

of thesegmentsuch as itslengta n d f r a zwidth (gedmeticankah of the streak cross sections along the segment)
230 were used in the statistical characteristics of the orientatarability. To show spatial trends of the frazil streaks

orientation, skeleton lines were rasterized aretlian values in the moving windows of 3522 pixels (5.15.1 km) were

computed.

The lkck of another source of observations based on the optical properties of water and ice at a similar or higher spatia

resolution makes it impossible to validate the applied method of frazil streaks extreotitimethree event$6 and 220ct

235 2016,8 Oct2019) there are coinciding pairs of MSI/OLI images, recorded at a time interval of no more than 0.5 hours.

Comparing determined area of frazil and open water shows differences6éb tn the assessment of frazil concentration.
Despite a small differenca the recording time, the location of the streaks and their geometry changes, which is clearly
visible in theanalysedmages and makes it difficult to evaluate the other results.
In order to extract windvave information from th@ganchromatidmages, awo-dimensional (2D) fast Fourier transform
240 (FFT) has been applied to each scd®réor to the analysis, the image wasadlly standatised (across the cloufree areq
using moving windowfilter of 53 5 pixek to reduce the contrast between open water and frazil icecaedhancesmalt
scale variationSpectra were computed within moving windows of size3256 pixels and smoothed with a mowving
average filter of length 9. For each spectrum, its peak frequamtyhe corresponding peak wavelengthwas determined,
as well as the meamavedirection at the peak wavelengtp. Contrary to the remaining characteristics of the spectra, which
245 were very sensitive to the details of the algorithm (size of the FRdlow, location of that window relative to frazil/lopen
water patches, etc.h& values of, and g, remained stable within a wide range of parameters, indicating that they could be
determined in aobustway (with an exception of the first few kilometefiom the coastwhere the halfvavelengths are
comparable with the pixel sizeee SupplFig. S8 and, especially, S9; as the boundary of the regions with splyj@ue
clearly seen in the maps in Fig. S9, they were used to mask those regions before further aealysip. 310a,b for
250 exampleks Moreover, very small differences in the results from the three coinciding MSI/OLI imageapaitableshow
that in spite of resolution differenceseliable values of, and g, can be obtained from both data sourcHserefore, in
terms of wind waves our analysis is limitedlypand g,. Crucially, no information on wave height can be obtained from the
type of imagery ugkhere, as nolearrelationshipexists between pixel values asgia surface elevation or slope.
Among all images available, in 18 cagesarked in Suppl. Figs.S8 and S8k size and geometry of the polyngiows

255 computation of wave growth curveg(X), whereX denotes distance from the coast measured in the wave direction along the



(approximate) central axis of the polynya. For each of those cases, data frkim @&i@e strip was used, averaged over the
strip width.

A onedimensional (1D) version ofié spectral wave model SWAN, version 41(Bitps://swanmodel.sourceforge)ioyas

used to obtain opewater peakwavelengthd , ow(X) corresponding to those estimated frtime satellite imagery. To this
260 end, several deepater, fetcHimited wavegrowth curvesvere computed with SWAN for a range of wind speeds between

10 and 40 & * and with three different wind inpirthitecappingsource term combinatioresvailable in SWAN(according

to the models of Komen et al. 1984, Jansen 1991, and Rogers et al., 2012, respdstigety)on those results, a mean

openwater growth curvewas determined by leasguarefitting a function Lp=aX?, where Ly is the dimensionless

wavelength L, n= Lyg/Uw?, andX, is dimensionless wind fetcbt,= Xg/U.? (g denotes acceleration due to grayige, e.g.,
265 Holthuijsen 2007%.

All symbols used for the analysed variables arelisted in Table AL

3 Results
3.1.Polynya size angholynya-averagedfrazil concentration

The analysed polynyasme characterized by various shamesl size{Suppl. Fig. S1)They cover an arefrom 160 km? to
270 over 1,900 ki, andthe downwindedgeof the polynyaat the most distant point from the shore reache$3.%m (Tab. 2,
Fig. 2). Both quantities, aredS;) and maximumextent(Le), strongly correlate with each othe=0.87, p-level=0.0000).
Polynyas with the largest arezxceedingl000 kn%, which extend up to 3G0 km are observedwhen the average wind
speed exceed24 m@L With similar wind conditions, howevergonsolidatedsea icepack may locally block the
development of the polynya, the shape of which becomes less regular and the area relatively smaller in relation to the
275 maxmum extent In the analysedsituations, the ratio of, to Le vary from 8.7 to 43.4, anthe length of polynya along the
ice sheet from 25 to 80 knConsolidated sea ice extending far towards the ice sheet freqsplitypolynyas into 23
parts.The surfaceslassified azovered with frazil streakare shown irSuppl Fig. S2. Their arearangefrom 35% to 75%
of the analysedsurface of the polynya, depending on the meteorological conditions2)-ighe lowestpolynyaaveraged
ice concentration(C), below 50% of the areés accompanied byelatively lowwind speed (lower than 1m@& %) and high
280 temperature (above20A C) . The | ar gabsve 70%is abseevadivherathei average wind speed exceed
m@ .
Table 3 summarize®sults of the regression analysis which rel#fie parameters characterizing size of the polynya or frazil
concentration to the paraters describing the meteorological conditions in which polynyas were foffheddserved
variability of the area, maximum extenand polynyaaveragedfrazil concentrationis censistentcorrelatedwith the
285 variability of the average wind speed from the 24 hquesedingsatellite overpasdHowever, the area of polynya is less

correlated withdetermined-bymeteorological conditions than its maximum extéiite extent and frazil concentration are
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also sgnificantly correlated withthe averagetemperature(positively and negatively, respectivelyiNeverthelessthe
relationshipwith thetemperature was weaker than with wepkedandit seems that neglecting the influerafethe former
only slightly worsens the estimation of these parameters, RRMSE increases by about 13%dod@ andLe, respectively

(compare multiple and simplegression statistics iflab. 3, Eq. + 6). This suggsts that the wind speed has a dominant

influenceon extent and frazil concentration

3.2. Spatial variability of frazil concentration

The aeacovered with fraziice changes with the distance from the ice shééthin the first kilometer, open water generally
accouns for more than 85% of the area. Streaks begin to be vi8ibld.7 km from the icesheet(Fig. 3a). The stronger the
wind and the lower the temperatutbe shorter the distance from the cq@sth. 3, Eq. 7 8). However, variability in the
width of openwaterzone along théce sheet bordeshould be notedWhen the temperaturis relatively high higher than

-2 0 Aa@d winds with speeds below dose to 171m@ ! (e.g. 26, 29 Oct 201&6 Feb 2018, 11, 12 Nov 2020, 8 Oct 2021)
the distance to the frazil streaks from the ice sisdatgerand more varied in different parts of the polynya, often exceeding
2 km (Suppl. Fig. S2). Such situationsocaur especiallyin areaswhere the growth of the polynyia blocked (near the
Drygalski Ice Tongue or in the northern part of the TNB). In these regionsptillyaveragedin 2.5 2.5 km moving
window) frazil concentratiorCg(x,y) below 0.1lis maintained often to the border of the polyngugpl. Fig. S3).In more
severe meteorological conditionshen thepolynyaaveragedfrazil concentratioris relatively high the streaksat some
sections of the coastline (e.g., off the coast of Inexpreskilaled) can beobservedn the immediate vicinity of the shore
(Fig. 4, Suppl.Fig. S2). In other areas, some of the streaks touch the border of the ice sheet. A typical example is the
relatively wide streakvhich can beseen in most of the satellite images eastward off Cape Rasskdiktending from the
coast to thedownwind boundary ofthe polynya. The location of thisstreakis in an aresslse-indicates—an—arashere
consolidationof frazil and itstransformation to othece typesarefrequently observed, often resulting in separabf the
small section of the polynya in the northermtyd the TNBfrom its main part south of that aré@uppl.Fig. S1).

Starting from the location whetbe streakdirst bemme visible, the surface area covered with frazil ice inceeagzdly

with increasing distance from the coamtthe costof the area ofopen water that separatethem (Fig. 3b). Frazil
concentratioraveraged in 500 m wide zones parallel to the shoseréache 50%aboutl to 3.5 km from the coagtt more
severe \ather conditionsand 4to 8 km when the temperatureis higherand the wind weaker A further increase in
concentratioris slower.In proximity of the polynya border, regardless of its distance from the ice sheet, an increase in the
concentration of frazil was observed. This increase has not been uniform al@mgittblength of the bordemascan be seen

on maps of spatialhaveragd frazil concentratio€s (Suppl.Fig. S3).In most casesa greatefrazil concentratioroccurs
along the border closing the polynya from the nadist (e.gFig. 3c). The opposite situation with greater accumulation of

frazil near the ice bordering the polynya from the south to the sasdfwvas also observed (elfgig. 3d, but less frequently.
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In general, theurves describinghange®of Cz with the distance from thice sheeX shown inFig. 3b can be approximated

by the function of the form:

6 & p Ag® h 9)
whereXs is transformed distance (in km). The best fit results were obtained by transforming the distance according to
® o , (20

wheret; andt; arethe best fit coefficientsFhe-stronger-the-wind,the better the(hig- 5-Suppk-Fig—S4)Polynya events
with the-averagewind speechigher thar25 m@ *have an RMSBbelow 006 (compare Fig. 5 or Suppl. Fig. S4 with Fig..2a)

Larger residalses occur when weather conditionare relatively mild andice transformatiorcan be observedithin the
polynya or if consolidated ice made it difficult to delineate gwynyaedge.

The best fit coefficientsf distance transformatioity andt,, depend on weather conditiofg. 11 and 13 ifab. 4 Fig. 6).
The scaling factot; is determined by the temperature change and the exponantthe wind speednd both can be
approximated by simple linear regress{&y. 12 and 14n Tab. 4. Thus, for a given offshore distan¥eC; increases with
decreasing air temperatuesd mostly decreases with increasing wind speétie latter effectis related to the positive

correlation between wind speed and the overall extent of the polyty@h is the result of the influence of the wind on the

speed of ice driftHowever, it can beompensated by the temperature drop, due to the inverse correlation between the wind

speed and the temperatuvhich is noticeablefor smaller distances (less than 10 kilthoughtherelationshipof t; andt,
with meteorological parameters explanly about 50% oft h e ¢ o e Yafianog theyncansbé useful for predicting
changes ofrazil concentration withthe distance(Fig. 6¢). The RMSE error of th€; estimate doubles whem andt; are
estimated from meteorological data, howevtiee, Eq. 12 and 14Tab. 4)were derived from a small number of data, and the
scatterplots (Fig6a and Fig.6b) show that outliers may have influenced the regression regultsems-that-taking-into
accowmtmMoreobservations in the futumaay improve the parameterizationtpandt,.

3.3. The width and orientation of frazil streaks

The spatial distribution of the lengths of cragstions through the frazil strealdfs) areis shownin Suppl.Fig. S5.When
considering the entire pol yny a,strohglyskewbdvishtthe domunani wadth ofdahie
streaks ranigg from 20 to 100 m, regardless of the conditions in which the polyrasfarmed (Fig. 7a). In theanalysed

casesthe mediarvalues andtheinterquartile range@alues -of the streak widths changethe range of 40- 60 mand60- 160

m-, respectively The areacovered byfrazil in narrowstrips, the width of which does not exceed 100 m, constitute39®4
of the entire area dhefrazil streakdn the polynya(Fig. 7b).

The narrowest streaksare present in the entire polynya, bate mostabundantin the coastal zonéig. 8). The contrat
between water and frazil in the satellite images for these narrow sarelatively low, making detection difficult. Hence
their strong fragmentation into short, straight sectiofairther from the ice sheet, the narrowest streaks5@0n) still

appearfrequently in the spaces between the wider pméch results in the widening of the distributioh streak widtls
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(log-transformedpnd even the appearance of a second mdelar thedownwindborder of polynya, the accumulatifrgzil

ice consolidategausing increase in width of streaks or the formation of wide patches of frazil/grease ice. The upper limit of
the width which stillreferredto the distinct streakwasset to3 km. The widest crossections, in some places up to 10 km,
characterizd areas of frazil accumulation. It is worth noting that ea¢the downwind bordervery narrow streaks were
numerous in théond® of water trapped between the patches of freezing fi@zitan be seen, for example, in the enlarged
part of the image in Figlef.

Wider streaksreclearly visible in the central parof the polynya andatther downwind borde(Fig. 8 and more examples

in Suppl.Fig. S5). Although theyareusually less numerous than the narmwes their contribution o the total surface area
covered withfrazil is muchlarger (Fig.7b). Streaks 100 il km wide account for 373% and those-1B km wide for

6- 35% of the frazilareain the polynyaA closer look at the spatial variability of width allows us to distinginet types
among themThe typical one consistof streaks of medium widthThese are streaks that often merge together and break
apart again to form a kind of net. Locally, at junatipoints th& crosssection increasgo 1 km or more. On the other hand,

at long distances, streaks maintain their width within the range 68@00n. In larger polynyas, a gradual increase in their
width to 500 700 mis noticeable. Thaecondype ofwider streaks are those in the shapé¢hef letterV, the width of which
grows quickly to 1 km and more. Theye characteristic of théorderzone. In many of thanalysedpolynyss, however,
individual streaks of this typareobserved, whiclextertt from the border of the polynya far towards the ice sheet and even
reach it, as mentioned before the streak eastward off Cape Rigpedb- C).

Apart from the periphery areas of thelynya (near shore @ownwindboundary), the water which separateziratreakss
usually 30150 m wide.The distribution of the distansbetween adjacent streaks is less skewed than the distribution of their
width and can be approximated by the-to@ r ma | functi on wistirhthetamge of p.E55 andde7t1®r s O
respectively. Imeans thamediandistance arein the range ofl70/ 260 m. If the narrowest streaks with an average width of
less tharb0 m are omittedthe mediaris in the range oR70' 440 m, which is more consistent witthe range of 306600 m

found by Ciappa and Pietranera (2018) thebasisof SAR data The geometric standard deviation factor does not change
significantly, being in the range of 22.6.

The orientation of the streakmry i n t he range of a(ihey dnglesneakured olockbvigddetween thel 6 0 A
North and the given segment of thgeak skeleton oriented towards downwind edge of polyriyakt often theyextend
towardsENE to SE (histogramsof the frazil streaks orientatidior individual polynyas are shown in Suppig. S§. The
winds in theanalysedsituations usually blevin the direction ENE to E, with the exception of one outlier situation on
September 20, 2012, when thand towards SHhas beembservedTab. 2) In this casethe mean direction of th&reakss

close to the wind directiomeasured just before satellite overpakssiating only slightly to the left 6 . 5I@a)l remaining
caesin whichthe wind diretion at Manuela statiois known, the mean direction of tistreakss deflectedl 0 A  ttoothe3 0 A

right of the wind directiorandthere is strong correlation between ther(86,p-level=0.0000)
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The spatial distribution of the frazil streaks orientation indicttesighestazimuthal angleof the bandsn the areasouth
of the Inexpressible Islan@drig. 9 and more examples Buppl. Fig. SY. In this part of the bay, therientation of streaksni
the coastal zonis usually perpendicular to the boundary line of the ice sheet or tilted to theamghmost streaks maintain

385 their general orientatiofurther from the shoreln the northern part of TNB, despite the similar orientation of the doastl
the azimuth of the strealkssmaller by 1050 degrees than in the southern part. They extend generally to theheasting
their inclination towardsnortheaswith the distance from the coast and towards noftthe TNB In the polynya with a
large extension along the ice sheet and a long range from the shore,-ifmgad pattern of the streada@n beclearly
visible. The gatial variability ofstreakorientation isdifferent in the case of the streaks with greater accumulatiorazif fr

390 reaching the polynya border. They changed their orientation locally by 10 degrees oinrbote,directiors (e.g. Fig.9c,
f). Figure10 shows orientations of the frazil streallentified in all analysed polynyadivided into four size classesyda
the corresponding wind directions. It should be noticed Heavariability in the orientation of theideststreakgan average
of 1- 3 km along the skeleton sectjais the highestwith typical directionsn the range oENE- SSW,and thecorrelation
with the wind direction is relatively weak=0.52,p-level=0.0095).The most stable in terms ofientationare the narrowest

395 streakgon averagéess than 100 m wide) with dominant direcB®SE SE The relationship with the wind directiémalso
the strongest in this cage=0.87,p-level=0.0000).

34. Waves

The curves of, (Xs) for the 18 polynya cases for which they could be robustly deternfseedSection 2jre showrin Fig.
11 together vith the corresponding opemater curvdrom SWAN. The data have been divided into three wiipded lases
400 to illustrate the role of that factor (and the correlated polynya extent) in the wave growtledAtatenind speeds, below
17 m@1, the computed values bf tend to be comparable oreav higher than the correspondingow, especially within the
first 10i 15 km from the coasfFig. 11b). Accordingly, thelL, «(Xn) curves have very mild slopadowever, a the values of
L, in those cases lie within the 1300 m range, it is likelyhat thisbehaviour can be at least partly attributed to uncertainties
in wavelength estimation. For higher wind speeds, above @%,rthe agreement betweép and L, ow tends to be very
405 good within the first few kilometerBom the coast, but the discrepancy between them increases witlX laoithU,,: the
stronger the wind and the larger the fetch, the smaller the ratio behyeewl L, ow. In the largest polynyas, extending to
over 40 kmfrom shore, the observed peak warg]th is never larger th&ti 70 % of the expected opemater wavelength
Possible causes for thag¢haviourare discussed in the next section.
The mean wave directisrat the peak wavelengtbbtained from the Fourier analysifthese 18 polynyavents arein the
410 rangeofangl es f r o m.e. EQEAo ESE direciahdhe spatial distribution of wave directiofig. 12a- b and
more examples isuppl.Fig. S8), despite the smaller variability of the angles, shows a siipdéernas in the case of the
frazil streaks orientatia) described earliefFig. 9e-f and more examples iBuppl. Fig. S7), i.e. smaller angles in the

northern part of TNB (ENE to E) and ¢gr to the south (E to ESH)ue to the erroneous results of the Fourier analysis in
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the coastalzone and thérequentlack of distinctfrazil streaksn the borderzone, a more detailed comparison of thean
orientation ofstreaksand wave directionis possible only for the largepoblynyas. The relationship betweeay, andgrs may
be approximated by the logarithmic functi@ig. 12c- d), which very well illustrates the smaller range \@&riability of
wave directions in regards to the frazil streaks orientation. The difference of anglessB&#andis largerin areaswvhere

thefrazil streaksaretilted towards the soutkast(Fig. 13).

4 Discussion and conclusions

Coastal polynyas are very dynamionstantly changing environments shaped by the local atmospheric forcing as well as the
surrounding sea ice and oceanic conditions (extent, thickness, compactness and motion patterns of the ice pack, local ar
regional ocean currentshhe available satéle and other data show that the shape and extent of polynyas evolve on a daily
or even hourly basiKern et al.2007, Ciappa and Pietranera, 2018ulicino et al., 2018 indicating that processes taking

place there are nonstationary and very sensitive to changesfordhey, i.e. atmospheric conditionandsea ice drift The

images analysed here and in similar, sateliised studies are single snapshotshofe evolving systemsi or, more
precisely, snapshots limited to the ocean surfAseargued in the introduction, patterns of frazil streaks visible in those

shapshots are indicators of dynamic processes taking placedoethe mixed laye®ML.

In this study, a analysis of frazil streaks in 32 polynya events in the Terra Nova Bay is performed basedresdligion

(pixel size 1615 m) visible satellite imagery. For each image, polynya size, ice concentration, and geometric properties of

streaks aredetermined and related to the observed air temperature and wind speed from an automatic weather station

Despite the limited number of available scenes recorded withrhggiution optical sensors, thealyseddata set camins
diverse cases iterms ofthe shape and area of the polysyislost of the scenes cover the entire area of the open water
adjacent to the Nansdne Sheet.Our analysis ignores openings aloagdat the extremityof the Drygalski Ice Tongues

well as anyleads external tthe polynya hencethe estimategholynyss areas(S,}-may be smaller than those estimated on
the basis of thermal data for the entire TR Ciappa and Pietraneré2012) or Aulicino et al. (2018)lIn this study, the
analysis was also limited to the area of the polynya where frazil streaks are visible. Ciappa and Pietranera (2013) describ
the presence of separaied bandsreachingup to the downwind border afeature of polynysin the opening paseln this
phase a narrow zone of accumulating frazil icd the edge of consolidated ice desigsatdge of the polynya. In the
analysed cases, such a rim is clearly visible usually iongpmeparts of the polynya. In the remaining pathe borderis
blurred into a broad zone of frazil accumulatamd transformationConsideringhighly dynamic, intermittent character of
polynyathe-high-dynamics-of-thiormation and disappearaneépelynyss-described in previous studies (Kern et al. 2007,
Ciappa and Pietranera, 2012, Aulicino et al., 20i8)s expected that alternating phases ais¢hprocesss often lead to
such an unevedistribution-of-thefrazil accumulatioralong the downwind edget-the-surfacef the polynya.

The results presented imevious sectionkave showriwo important factsFirst, several featuresf frazil streakgehangest

he-terdency to form
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anexhibit high repeatabilityin spite
of the overall strong variability of polynya sizes and shapes, illustrating certain universal mechanisms governing the

development of streaks and the oWerates of frazil production and transpofthese features are: (Changes of area

covered with fraziwith the distance from the ice shegi), the distribution of the width and orientation of the streaks, and

(ii) the tendency to form narrow bandealg t he entire width of the polAgdny a w

seconda substantigpart of the observedariability can be linked tthe local atmospheric forcing. In spite of the relatively
large uncertainty for individual cases, the engaitirelationship between air temperature and wind speed at a single point
onshore, and increase of frazil concentration with offshore disiamobust angrovides a usef practical tool that can be
applied, among other things, to improve predictionthefnet ocedratmosphere heat transfer and ice production.

The existing estimatesf these quantitieée.g., Nakata et al., 202ihd references therare based on lowesolution satellite
products from which no information on the opevater and frazil/greasiee-coveredsurfacecan be obtainedcrucial for

heat flux computation (Gues2021h Ackley et al., 2022 In this contexthighresolutionradarbasedimageryfrom SAR
systemsseems a veryttmactive data source for subsequent studies, a®uild enable extending the analysed dataset to
polynya eventsn clouded conditions and during the polar night, i.e., situations when no visible imagery is avHilable.
cannot be ruled out that the cdations found in this study are weaker during the winter months, when the more extensive
and compact ice pack limits polynygrowth more strondyer than in the spring months of September and October,
considered hergdowever, the importance of the availatilata recorded in the visible spectrum with radiometers such as
MSI on SentineR or OLI on Landsat 8 and 9, which provide high spatial resolution(@étd5 m) over a relatively wide
swath (185290 km) should be emphasd. Earlier studies, based on higesolution(5 m) SAR data, characterize frazil ice
appearing 34 km from the ice sheet, forming streaks separated byS8@0m (Ciappa and Pietranera, 2013 he results
described irSection3.2 indicate that visible datnable detetion of relatively narrow streaks less tha@0m wide,which

on average contribut20% to the total surface covered with frazilThose narrow streaksdetected by SAR occuetose to

the shore, as well as in open water spaces between wider bands of acaufnaddtelp to the downimd border of the
polynya. Very high correlation of their orientation with the wind directior 0.87)suggests that their spatial distribution
may reflect theoropertiesof Langmuircells Moreover, high resolution SAR modes, tp5m per pixel, usually cover swath

less than 100 km wide. The typical wide swath SAR recording mode, which is able to cover the entire TNB polynya region,
provides data with a lower resolution of-3®W0 m per pixelThe detection of narrow bands is aéuhally hampered by the
specklingeffect In order to better use the synergy of data registered with different techniques, effort must be put into the
development of the classification methods to distinguish frazil streaks from water and other typesnof iictercalibration

of theresults

A very interesting aspect of the results is the influence of wind speethiames in the concentration of frazil with the

distance from the shore representedhs/Cz(X) curves showinga slower increase of ice concentration with distamitie

increasingJywwind speedThe wind speed influencesianges in the ieeovered area with distance from the sh@z€<)-by

modifying (i) the drift speed of the ice (and thus the polynya extent), (ii) the distribution of the ice crystals withétehe
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column, and (iii) the surface heat flux (and thus the ice production rates). The net slower increase of surface ice
conceltration with increasing wind speed suggests that the dynamic effects (fast drift, possibly combined with strong
mixing) dominate over thermodynamic ones. This finding is in agreement with the recent results by Ohshima et al. (2022),
who found a strong pdsie correlation between wind speed and penetration depth of frazil in a coastal polynya in the
Eastern Antarctic. As Figgh shows, only when th€z(X) curves are scaled with polynya extent the role of higher freezing
ratesat higher wind speedsecomes isible. Notably, mixing of frazil down the water column additionally enhances the
surface heat flux by delaying the formation of a continuous grease ice layer at the surface.

In a wider perspectiven situ observations angery-high-resolution, coupledvave, current and icenodels of polynyas,

nested in regional modelsye essential for extending the present, surfaased view to a full thredimensional (3D)

picture. Idealised numerical models (e.g., Herman et al., 2020) clearly show complex 3 ptiee concentration related

to theocean mixed layeBMi-dynamics. At the same time, recent higisolution modellingn the TNB basin provides new

insights into its 3D circulationwith ocean mixed laye®MkL-in front of the Nansen Ice Sheet influenced by circulation

under the ice sheé¢Na et al., 2022)Although the presence ofismesoscale eddies in TNB during katabatic wind events
have been analysaxhly during summertiméMoctezumaFlores et al., 2017, Fadrichs et al., 2022)t seems reasonable to
assume that at least some elements of that circulation are present during polynya event3 tzet wweluld explain the fan

like frazil streak patterns described in this study, with a tendency to anticyclandaiic rotation in the northern/southern

part of the polynya. Similarly, the presence of very stable streaks originating at the headlands, island tips and other
protruding wints at the coastline indicatieat they are associated with convergence zohkgal circulation cellsAs-said,

a-A betterunderstanding of those features and relationships requires observational and modelling insights that are lacking a
present.

For a subset of scenes in which wind waves are discernible, peak wave length and digstlmeerdetermined and

compared with corresponding opaater wave growth curves computed with a spectral wave mOgelall, as mentioned

in the previous sectiooth peak waveairections(_ g and streak directions ) reveal a repeatable fdike pattern, with

much narrower directional variability of waves than that of stremkd increasing variability withincreasingfrazil
accumulation Due to a slight asymmer y i g8 d, telationship(Fig. 12c,d and 18 frazil streaks tend to be oriented

along the peak wave direction in the northern parts of the polynyastieik directiorsis below 90) and to the right from

the peak wave direction in thhremaining parts, with turning angles increasing to the south. In a subsequent study, a two
dimensional setup of the SWAN model, forced with realistic, spatially variable wind patterns, will be used to analyse the
relationships between the local wind difent peak and mean wave direction, and Stokes drift direction in different parts of
the polynyas.

A very important question related to the observed patterns of streak and wave directions is how they are related to the loce
wind forcing. Answering thiguestion is nontrivial with the available data. discussed in Sectio®.3, and as can be seen in

Table 2, Fig10and Suppl. Fig. S@Imost all wind directions measured at the Manuela station durirentiigsedobolynya

events are from the WSMWN sector (see also Friedrichs et al., 202a2hd the streaks are oriented primarily to the ESE, that
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is, to the right of the wind. This relationship holds not only waealysedjlobally (i.e., over the whole dataset, or over the
entire surface of a given polynyasin Suppl. Fig. S6)but also locally: the streaks in the direct vicinity of the Inexpressible
Island are oriented to the right of the wind measured at Manuela (seeirm@pppl. Fig. S7)Assuming that the thin,
nearshore streaks reflect the surfpeet of the local Langmuir circulation, which in turn can be expected to follow the
direction of locally generated wind waves, this would suggest a right angle between the wind at Manuela and the wind over
water directly offshore{Recall that, unfortunalg, the peak wave directions there cannot be reliably estimated due to too

small wavelengthsMost probably this effect is related, first, to the fact thatthéS-automatic weather statias located at

the height of 78 m a.s.l., and second, to somerapdgc influences, impossible to quantify without other, independent data
sources. Importantly, however, even if those effects are present, they seem to produce a bias in the measured wind directio
and to narrow the range of observed values without rihisty their overall variability. Otherwise, it would be hard to
explain the remarkably high correlation, exceeding 0.8, between the meé&sunedd speecand the mean streak direction

for individual polynyasNotably, that correlation is even highelpse to 0.9if the only streaks less than 100 m in width are
taking into accountln short, the available data shows a very strong relationship between the direction of the wind forcing
and the observed peak wadigections and frazil streak orientation, even though the obtained mean angles are presumably
biased. Thus, at least for the large polynyas, the overall spatial pattern of both frazil streaks and wave directions can b
predicted from Manuela observations.

An alternative approach to the problem of wind data would be to use wind fields from a regional atmospheric model, like
e.g. the Antarctic Mesoscale Prediction System (AMPS; Powers et al., 2003, 2012). Indeed, our preliminary analysis of
AMPS data has shen that the AMPS wind directions at and downwind from the Inexpressible Island are oriented to the
ESE and agree well with the observed streak and wave directions in that area. However, the setup and spatial resolution «
the AMPS model changed twice inetiperiod of interest (from 15 km to 1.1 km, and then 0.9 km), and those changes are
clearly visible in the results. In particular, the modelled wind speeds during polynya events in the years 2009 and 2012 are
markedly lower than those in the period froni@®nward, and the correlations betwégpwind speecand polynya area,

extent and frazil concentration, reported in this paper, get much worse when wind speeds from Manuela are replaced witt
those from AMPS. How reliable the modelled wind directions (dliyeat the coast and further offshore) are in different
AMPS versions is therefore very difficult to estimate, and such an analysis is beyond the scope of tHisntstgdingly,

Wenta and Cassano, 2020, found a very good correlation between the MandeAMPS wind speeds; however, their
analysis was limited to a short period in September 2012, i.e., the only situation in our dataset when the Manuela wind was
from the NW sectoy.

As mentioned in Section 2, the type of imagery used in this study does not allow estimation of wave heights. Similarly,
although the very different character of the sea surfac
naked eyeijt is thaté p a t ¢ hhatmakesshi analysis of wave propertidsllenging. In particular, performing FFT on
masked images in order to obtain separate spectra for ice and open water produces ambiguous results because FFT is v

sensitive to gaps in th@ata. In some cases, the presence of (epexddic) frazil streaks leads to artificial peaks in the
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resulting spectra. Withoun situ data that can be used to verify the results, making any inferences from theftégency
parts of the spectiia problematic.Neverthelessinteresting and important conclusions regarding wind wave development in
coastal polynyas can be drawn from the quantities that are not affected by the aforementioned drawbagksvasge

length and directioz-and-g-are largly unaffected by the presence of the ice, they can be robustly determined and, as

described in the previous section, they tend to significantly deviate fromothesponding opewater values. One of the
possible reasons is that the actual conditions peé/nyas do not correspond to those assumed in the idealized model. In
particular, the wind speed measured at the Manuela station might not be representative for winds furtherTaffsbsire.
whether that factor alone might explain the observed slowdown in the wave growtlietehh(L (X)), we performed
additional simulations with SWAN, similar to those described in Se&idnut withU, = Uw,0exp( X/s), whereU,, o denotes

the wind seed atX = 0 andsis thelength scalalescribing the rate of decreasel&f with distance. The goal was to find
values ofs necessary to reproduce the obserlg{X) curves.For the large polynyas with extent exceeding 40 &as low

as 2530 km were needk several times lower thandte-folding length scalegnown from observations during polynya
events over TNBexceeding 100 knand in some cases as large as 190(@uest 2021b).With s > 100 km, ratios of
Lyo/Lp,ow are never lower than ~80 %herefore, the role of decreasing wind speeds in producing the observed slowdown of
wave growth is rather limite@®imilarly, gradientsof wind and wave conditions in the acragsd direction cannot explain

the observedlatg as the waveonditionsin the seécted images are very uniforim that direction within a zone which is
often a few tens of kilometers wide. Consequently, the presence of frazil/grease it® interactions ith OML dynamics

likely arethemaincause of the lsserved wavelength variability.

To sum up, he goal of this studywas to characterize geometric feature$ frazil streaks and relatthem to the

meteorological conditions during polynya everfrong correlation between the atmospheric forcing and all analysed

variablesis found. In particular, the polynya extent and surface area, as well as changes of ice concentration with offshore

distance can be estimated fréemperaturendwind speedvith simple empirical formulae. As expected, ice concentration

increases withoffshore distancdaster at lowertemperaturesLess obviously, the increase of frazil concentration with

distance is negatively correlated witlnd speedas well, suggesting thatjith increasing wind strength, the effects of faster

advection dominate over effects of higher winduced ocean heat losén anal ysi's of streaksbo

characteristic, repeatable fiike pattern The dominant role of the wind in shapinipe streaks decreases with the

accumulation of frazil ice and for the bands with an average width of more than 1 km other factors become more important.

The comparison opeak wave lengtlderived from satellite dateorresponding opewater wave growth curves computed

with a spectral wave model. It is shown that the increase of wavelength with fetch in polynyas is substantially slowed down,

and that only a small fraction of this slowdown can be explained by a deofeesed speed with distance from shore.

Thus, wave interactions with frazil/grease ice are the most plausible explanation for the observed patterns of wave growth

Obviously, further studiesbased on more observatis need to be carried out in order itnprove andvalidate statistical

relationships preented in this work.
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Appendix A

Table Al. Symbols and their description

symbol

nit

description

meteorological conditions

T AC air temperature
Uw m@* wind speed averaged over 24h befeaiellite overpass
Qw A the direction from which the wind blows measured just before satellite overpass

polynya characteristics

S km? areaof the polynya

Le km maximum extenbf the polynya defing as an Euclidian distance from the shoreline to the n
distant point of the polynya

Lp km length ofthe polynyaborder along the ice sheet

frazil concentration

C

polynyaaverageaoncentration of frazil

Cz(X) - zonataveraged concentrationf frazil calculated for 500 m wide zones parallel to the sh
whose distance from the shobg (s determined in the middle of its width
Cox.y) - spatiallyaveraged concentration calculated within moving windowssigé 258 256 pixels

(2.2 2.5 km) assigned to the central pixel ot window(with X, y coordinates)

features ofrazil streaks

Xes km distance from the shore to the nearest frazil streak measured along the shoreline perpen
to its generadlirection

Wes m width of frazil streakdetermined along the Y axis of the raster grid (UTM projection) with 1|
distance between crosections

OFs A orientationof frazil streakdefinedas the angle, measured clockwise, between the North an

segmentf the streak skeletooriented towards downwind edge of polynya

wind-wavecharacterist

ics

Ly m peakwavelength
e A mean wavaelirection at the peak wavelength
Lpn - dimensionless wavelength
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Xn - dimensionless wind fetch
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Figure 1: (a) The Terra Nova Bay (TNB) surroundings and an example of a polynya captured b8entinet2(a); the outline of the
polynya and the location of the Manuela Weather Station on the Inexpressible Island (l.1.) are marked with the white polygamd
blue dot, respectively. The selectedparts of the satellite imageare enlarged toshow. (b) the edge of the polynya with-distinct (b}
and (c) blended {e}-border between frazil streaks and consolidated iced) narrow streaks of frazil near the ice sheetd}-or (e)in
the @ondof water between wider streakge); as well as(f) wavespropagating in sea icef).
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Figure 2: Variability of (a) meteorological parameters T- temperature, Uw i wind speed), derived from 10minute observationsat

Manuela weather station recorded during 24h preceding satellite overpassand characteristics of the analysedpolynyas:_(b) area

(Sp_and; maximum extent (Le), as well asand-(c) frazil concentration (C) estimated from satellite data(different time intervals
730 alongx axis).
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