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Abstract. Knowing when sea ice will open is crucial, notably for scientific deployments. This was particularly obvious when
the Weddell Polynya, a large opening in the winter Southern Ocean sea ice, unexpectedly re-appeared in 2016. As no precursor
had been detected, observations were limited to chance autonomous sensors, and the exact cause of the opening could not
be determined accurately. We investigate here whether the signature of the vertical ocean motions or that of the leads, which
ultimately re-open the polynya, are detectable in spaceborne infrared temperature before the polynya opens. From the full his-
torical sea ice concentration record, we find in-faet-30 polynyas since 1980. Then, using the full time series of the spaceborne
infrared Advanced Very High Resolution Radiometer, we determine that these events can be detected in the two weeks before
the polynya opens as a reduction in the variance of the data. For the three commonly used infrared brightness temperature
bands, the 15-day sum and 15-day standard deviation of their area-median and -maximum are systematically lower than the
climatology when a polynya will open. Moreover, by comparing the infrared brightness temperature to atmospheric reanaly-
sis, hydrographic mooring data, and autonomous profilers, we find that temporal oscillations in one band and decrease in the
difference between bands are-satisfactory-may be used as proxies for upwelling of warm water and presence of leads respec-
tively, albeit with caution. Therefore, although infrared data are strongly limited by their horizontal resolution and sensitivity

to clouds, they could be used for studying ocean or atmosphere preconditioning of polynyas in the historical record.

Copyright statement. TEXT

1 Introduction

Global changes in the sea ice cover, of which the continuous decrease in summer Arctic sea ice since satellite observations
began in the 1970s is the most dramatic example (Stocker et al., 2014; Notz and Stroeve, 2016), lead to a development in
exploitation of ice-infested waters in both hemispheres (Meier et al., 2014; Schillat et al., 2016). Consequently, for planning
purposes, early detection of sea ice opening is urgently needed. Polar researchers would also benefit from such product. In
2016, the most famous opening in the Antarctic sea ice, the Weddell Polynya (Carsey, 1980), re-appeared for the first time

in over a decade (Swart et al., 2018). Luckily, two autonomous profilers were drifting over the polynya region as it was
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opening (Campbell et al., 2019), but these are the only in-situ data ever collected during one of its openings. Knowing of such
upcoming re-opening, even if it is but a few days in advance, would allow for potentially re-routing autonomous sensors or

nearby expeditions and hence obtaining sueh-precious data.

Polynyas are large openings in the winter sea ice, in both hemispheres, located by the coast or in the open ocean (Morales Maqueda

et al., 2004; Smith Jr et al., 2007). By suddenly exposing the comparatively warm ocean to the cold winter atmosphere, they
have a large impact on the entire climate system: they modify the whole water column (Gordon, 1978), contribute to deep
water formation (Martin and Cavalieri, 1989) and hence impact the global ocean circulation (Heuzé et al., 2015a), and may be
responsible for the observed warming of the deepest waters (Zanowski et al., 2015). Moreover, the vertical motion of water
that they trigger ventilates the deep ocean and brings nutrients up, making polynyas a biological hotspot (Smith Jr et al., 2007).
The largest of them all, the Weddell Polynya or Maud Rise Polynya, opens in austral winter in the Weddell Sea sector of

the Southern Ocean. Unti26+6,ithad-been-observed-onty-onee;It was first observed at the beginning of the satellite era in
winters 1974-1976, when-it reached-reaching a maximum area of 350 000 km? (Carsey, 1980). Adthough there-was-no-Weddell

ars;-There was no large Weddell Polynya until 2016, but a “halo” of low sea
ice concentration did regularly appear in the region (Lindsay et al., 2004; Smedsrud, 2005; de Steur et al., 2007), suggesting

that the process that caused the polynya was still at play. The 1970s polynya has been extensively studied using models (e.g.
Timmermann et al., 1999; Cheon et al., 2015; Cabré et al., 2017), but the exact, general-case opening process is still debated,

owing to the lack of in-situ data. The many hypotheses fall into two broad categories:

— the atmospheric argument is based on relationships between the polynya and the strength or persistence of the Southern
Annular Mode, the strength of the wind itself (e.g. Cheon et al., 2014; Francis et al., 2019; Campbell et al., 2019), or

even on moisture transport (Francis et al., 2020);

— the oceanographic argument is two-fold: that the Maud Rise region is weakly stratified, hence prone to deep convection
and polynya events (Kjellsson et al., 2015; Heuzé et al., 2015b; Wilson et al., 2019), and that the polynya opens when
comparatively warm Circumpolar Deep Water is upwelled (Holland, 2001; Martin et al., 2013; Dufour et al., 2017;
Cheon and Gordon, 2019).

Could the lack of in-situ data be compensated by satellite-based observations? The most common method to monitor sea
ice globally consists in daily estimates of sea ice concentration from passive radiometers (Spreen et al., 2008), mostly in the
microwave region (e.g. AMSR-E highest frequency of 89 GHz, or wavelength of approx. 3 mm). Passive microwave remote
sensing is also commonly used for the determination of sea ice age (e.g. Maslanik et al., 2007), a proxy for its thickness
and salinity. Passive microwave remote sensing products have a relatively low horizontal resolution of the order of 3 km, so
(active) Synthetic Aperture Radar (SAR) has become common for high resolution applications such as lead (e.g. Murashkin
et al., 2018) or melt pond detection (Mékynen et al., 2014), sea ice drift tracking (e.g. Demcheyv et al., 2017), classification
(e.g. Aldenhoff et al., 2018) and especially thickness retrievals (e.g. Zhang et al., 2016). To the best of our knowledge, none
of these methods has been used for detecting that sea ice is about to open. We here use a subcategory of passive radiometers

in the infrared region of the electromagnetic spectrum, known as the Advanced Very High Resolution Radiometer or AVHRR.
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AVHRR has been used to monitor sea ice since the late 1970s from multi-mission satellites, which gives it a higher-than-daily
coverage and makes it a quite robust method (Comiso, 1991). Our hypothesis, based on our preliminary study (Heuzé anc
Aldenhoff, 2018), is that the upwelling and/or heat loss to the atmosphere caused by sea ice thinning prior to the Weddell
Polynya opening is detectable in these infrared data.

We here investigate whether spaceborne infrared imagery can be used to detect an upcoming re-opening of a polynya. Ir
particular, we want to know whether these data can be used for pure binary detection of whether a polynya is upcoming (section
3), and also for determination of the process responsible (section 4). We base our study on the AVHRR Polar Path nder (APP),
provided by the National Oceanographic and Atmospheric Administration (Key et al., 2019). After detailing our processing
in section 2, in particular the cloud masking, we start by verifying how many polynya events have occurred since records

infrared time series can provide satisfactory proxies for lead opening or for upwelling, using in-situ and reanalysis data as

reference (section 4).

2 Data and Methods
2.1 Data

In the interest of readability, we now indicate only the key characteristics of the data used for this study. The reader is en-
couraged to consult the corresponding data description papers that we cite. In this study, we rst determine the dates of past
polynya events using the daily product "Bootstrap Sea Ice Concentrations from Nimbus-7 SMMR and DMSP SSM/I-SSMIS,

and available continuously since 1 November 1978 (Comiso, 2017, dataset doi: 10.5067/7Q8HCCWS4I0R).

We then study these events using spaceborne infrared data, validated against in-situ hydrographic and atmospheric reanalys

data. Our region of interest (Fig. 1), hereafter referred to as “the polynya-prone region”, is the xed 7k&h0GOea that

lies over the topographic feature Maud Rise, in the eastern Weddell Sea sector of the Southern Ocean (longfitiode?6

E; latitude 68 S to 60 S), where polynyas and halos have been consistently reported in the literature (e.g. Beckmann et al.,
2001; de Steur et al., 2007; Campbell et al., 2019).

The spaceborne infrared data come from the AVHRR Polar Path nder or APP, provided by the National Oceanographic
and Atmospheric Administration (Key et al., 2019, dataset doi: 10.25921/X2X1-JR34). It provides twice-daily, 5 km gridded
composites of all available AVHRR infrared brightness temperature data since 1982. We use only the ones acquired in the 6h
interval around 2 AM local solar time. The three bands that we use are commonly referred to as T3b (wavelength of 3740 nm),
T4 (10800 nm) and T5 (12000 nm). Over the polynya-prone region, the APP data contain 90 000 grid cells.
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To determine whether speci c infrared brightness temperature signals can be used as a proxy for either upwelling or lead

and 10 m horizontal wind components u and v from the European Centre for Medium-Range Weather Forecasts ERA5 hourly
reanalysis, provided on a 0.2§rid (dataset doi: 10.24381/cds.adbb2d47). Hydrographic data come from three moorings de-
ployed along the Prime Meridian by the Alfred Wegener Institute, named AWI229 (Fahrbach and Rohardt, 2012a; Rohardt and
Boebel, 2019, dataset doi: 10.1594/PANGAEA.793018 and 10.1594/PANGAEA.898781), AWI 230 (Fahrbach and Rohardt,
2012Db, c, dataset doi: 10.1594/PANGAEA.793080 and 10.1594/PANGAEA.793082) and AWI 231 (Fahrbach and Rohardt,
2012d, dataset doi: 10.1594/PANGAEA.793089). Each mooring deployment has different characteristics, but they all measure
temperature, salinity, pressure, and current velocity (not used here) at up to 15 irregularly spaced depth levels, every 15 min,
for on average two years. The earliest deployments were in April 1996, and the program continues to date.

To determine the presence of leads, we use the position information from the autonomous Southern Ocean Carbon anc
Climate Observation and Modelling or SOCCOM (Riser et al., 2018) pro ling oat 5904468, obtained via the Southern Ocean
Observing System (SOOS, https://www.soosmap.aq/platinfo/piroosdownload.aspx?platformid=9388). In particular, the oat
dataset features a position quality ag to indicate whether the position is correct ( oat at the ocean surface) or interpolated
(oat under ice). The oat ascendsadtriesto-surfaceevery 10 days. If the median temperature over the depth range 20-50 m

indicates for sure the presence of a lead on that date, and strongly suggests the presence of a lead 10 days prior.
2.2 Cloud masking of APP data

Clouds are a known issue for AVHRR data, especially in polar regions (e.g. Drinkwater, 1998). The rst cloud lters adapted
to the polar regions were designed by Yamanouchi et al. (1987), which imposed criteria on T4, T34 (T3b minus T4) and T45
(T4 minus T5) to detect thick, high and thin clouds, respectively. Saunders and Kriebel (1988) added a geographical/texture
perspective, imposing criteria on 3 by 3 pixel areas, while Key and Barry (1989) added a temporal perspective, comparing each
pixel from day to day. But these Iters did not perform as well as expected, and we had to wait until Vincent et al. (2008) for
extra criteria on T45 that can detect ice fog, and more recently Vincent (2018) to detect dust.

We aim to create a system that can work on individual images independently, so the approach of Key and Barry (1989) is
not adapted. Likewise, Saunders and Kriebel (1988) is mostly based on day-time images, so not adapted to our work either.
As detailed in Appendix A, after validation using the reference cloud mask MYD35_L2 v6.1 (Ackerman et al., 2017, dataset
doi:10.5067/MODIS/MYD35_L2.006) over the period 4 July 2002 - 31 December 2018 that is common to both products, we
chose to use the following three criteria to detect clouds (example on Fig. 1):

— T4 < 245 K (indigo, Yamanouchi et al., 1987);

— |T34|> 1.5 K (green, after Yamanouchi et al., 1987, see appendix A);
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Figure 1. Infrared brightness temperature T4 from APP (provided by NOAA, Key et al., 2019) on 13 August 2009 before (a) and after (b)
cloud masking. Colours indicate the different masking criteria on T4 (Yamanouchi et al., 1987, indigo), T34 (as detailed in appendix A,
modi ed from Yamanouchi et al., 1987, green), and T45 (Vincent et al., 2008; Vincent, 2018, yellow). Insert indicates the location of the
two images.

— T45< 0K or T45> 2 K (yellow, Vincent et al., 2008; Vincent, 2018).

As shown on Fig. 1 and in Appendix A, these criteria are not perfect but they are powerful enough to detect most of the
clouds. On average, only 14% of the cloud pixels are missed, but 15% of the pixels are also wrongly eliminated as cloudy even
though they are clear. We strongly suspect that this is caused by the difference in acquisition time of the images used by eact
product, but could not verify this as APP is only directly available as a composite instead of distinct images. Moreover, leads
and polynyas generate a large heat and moisture ux (e.g. Cheon et al., 2014), so we need a cloud mask that is not so sensitiv
that it would mask the leads and polynyas and prevent us from detecting them. As our cloud masking is based on published
literature and that cloud masking is not the topic of this paper, any further study of this question would be beyond the scope of
this paper. Any pixel that meets any of the three criteria listed above is set to NaN in all three bands T3b, T4 and T5 for our
calculations. The polynya events and the days leading to them that we study in this paper have a similar amount of cloud free
pixels to any of the non-polynya years in the series (supp. Fig. B1).
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2.3 Methods

There are many criteria to detect a polynya, based on sea ice concentration or thickness thresholds (see Mohrmann et al.
2021, and references therein). In section 3.1, we detect polynyas by applying already published methods based on sea ic
concentration threshold on each pixel and on the area-average. We show only the three different thresholds used by Gloerse
et al. (1992); Gordon et al. (2007); Campbell et al. (2019), but we tested and visually assessed, using the authors' experience
each option between 15 and 100% on the single-pixel sea ice concentration. We compute the polynya area by detecting the
contour of the enclosed area with a sea ice concentration lower than the speci ¢ threshold (see codes if needed). An event is
de ned as an uninterrupted series of consecutive days with sea ice under that threshold (60% in this study); if there is a day
with higher sea ice concentration in between, a new event is created. We will show in section 3.1 that there has been more thar
20 polynya events over the last 40 years covered by the sea ice concentration product, and use the polynya events here detect
to determine the characteristics of the infrared brightness temperature in the days leading to each event.

The overarching aim of our project is to eventually produce an automatic system that would be scanning the polynya-prone
region, so we do not track individual polynyas and instead analyse the infrared brightness temperature time series over the
whole region in section 3.2. We also computed daily anomalies of these infrared brightness temperatures relative to daily
climatological values over the whole 38 year period covered by APP. For each day from 1982 to 2019, we produce time series
of the geographical median, standard deviation, minimum and maximum infrared brightness temperature over the polynya-
prone region for each band.

Finally, the atmospheric and hydrographic data used in section 4 are directly studied without further processing, except for
the wind components. We produced for each polynya event a time series of what we hereafter call curl of the wind. We cannot
compute the wind stress curl per se, as we lack the drag coef cient, which will anyway change depending on whether the
polynya is open or close. So instead, we use a similar method as e.g. Petty et al. (2016) and work with the curl of the wind

components u and v:

_ @v @u
curl = @x @y )

We are not studying the actual values of that curl, only whether it is positive (suggesting divergence that could open a lead) or
negative (suggesting a downwelling, Marshall and Plumb, 2016).

3 Results: an infrared-based criterion valid for all polynya events

3.1 Polynya dates

We start by determining the dates of the polynya events that we want to further study according to three traditional criteria:
sea ice concentration (SIC) minimum over the region lower than 15% (after e.g. Gloersen et al., 1992, black, Fig. 2) or lower
than 60% (Campbell et al., 2019, blue), and average SIC lower than 92% (Gordon et al., 2007, red). As explained previously,
we study the xed "polynya-prone" region of longitudesV8 to 12 E and latitudes 68 to 60 S. We limit ourselves to the
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Figure 2. For each year of thelSIBE-sea ice time series (1978-2018), number of days between 1st July and 31st October with a polynya
according to the three most common criteria in the literature: black, minimum sea ice concentration (SIC) lower than 15% (e.g. Gloersen
et al., 1992); blue, minimum sea ice concentration lower than 60% (Campbell et al., 2019); red, average sea ice concentration over the ( xed)

polynya-prone region lower than 92% (after Gordon et al., 2007).

period 1st July to 31st October. As noted by Campbell et al. (2019) already, these methods return qualitatively similar results;
it is only the number of days that differs for each criterion. They all agree there was some polynya activity in the late 1980s -
early 1990s and in the early 2000s, referred to as the Maud Rise halo, already studied notably by de Steur et al. (2007). Then
the region was rather quiet until the widely reported 2016-2017 return of the polynya (Swart et al., 2018).

The 60% criterion represented by the blue line probably includes late freeze-up or early melt events. The actual method used
by Campbell et al. (2019) does not use xed dates for winter, but instead limits itself to the period that starts one week after
the rst 90% SIC and nishes one week before the last 90%. For consistency with the other two methods, we used xed winter
dates for all criteria. We then visually checked the individual images to separate such late freeze-up / early melt from the actual
polynya events. This con rmed that although most sensitive, the 60% criterion used by Campbell et al. (2019) performs best
(not shown).

The characteristics of the events thus detected are given in appendix table B1. We have 24 events over 11 years, which yield:
30 polynyas because 5 events have two to four polynyas in the region simultaneously. Note that all durations make the polynya
disappear on 1st November because of our end date criterion.






