8 Get polynya area time-series (3.2.8)
8.1. Kara Sea polynya area

The PSSM has been applied to SSMI data of DMSRepihas f10, f13 and f15 (see section
1.2) to obtain the polynya area time-series ofKhaea Sea for 1995-2007. Figure 19 shows
the mean wintertime (Jan.-Apr.) polynya distribatim the Kara Sea for the period 1995-
2004. Figure 20 shows the respective time serigbetotal Kara Sea polynya area for the
period 1995-2004. This data is not restricted to-2gr. but starts when the entire Kara Sea
is ice covered and/or the Kara gate is closed wé&hand ends when melting conditions seem
to hamper a meaningful estimation of the polynyaritiution using the PSSM (typically end
of April / middle of May). Part of this figure sesd as the base for the comparison with
models (section 7).
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Figure 19: Relative polynya distribution as observed with B&SM in the Kara Sea for Jan.-
Apr. of the period 1995-2004. Given is the numldehe used twice-daily overpasses during
which open water or thin ice has been classifiethim respective grid cell (of size 5 km x 5
km), e.g. light blue denotes areas where in ab@u¥20of the used data a polynya occurred.
White areas mark a probability for the occurrendeagpolynya of less than 0.5 %. Land is
flagged light grey, areas with missing data or détgged as not belonging to the region of
interest are given in dark grey.

In order to extend the polynya area time seriekwanls, i.e. to the period when 85 GHz
data were not available, the daily mean polynya afenonths January to April of 1996-2003
has been compared to the mean daily sea ice atea &ara Sea derived from NASA-Team
algorithm sea ice concentration data of a certaiecsed ice concentration range of the same
period. The resulting linear relationship betweennmalized sea ice area and total polynya
area (Figure 21 a) has been used subsequentlyritee detime-series of the total Kara Sea
polynya area for the period 1978/79 until 2003/E4y(re 21 b), Kern, 2008).
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Figure 20: Time series of the twice daily thin-ice area in ara Sea obtained with the
PSSM for 1995 — 2004; squares connected by th& Huld line denote the average winter
(Dec.-Apr.) polynya area, the thin lines denotespgn minus one standard deviation.
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Figure 21: a) Scatterplot of the normalized mean daily seaai@a of the ice concentration
range 65-85% and the normalized mean daily PSSMaslynya area of Jan.-Apr. 1996-
2003. b) Time series of the wintertime total posyayea of the Kara Sea as obtained with the
mentioned linear relationship (solid line) and witte PSSM (diamonds).

8.2 Polynya area: Central Weddell Sea (CWS)

The PSSM has been applied to DMSP-f10, -f13, at8 $SM/l swath data covering all
regions given in Figure 2 for the period 1992-20(06gion WRS: until today, see
http://www.ifm.zmaw.de/~wwwrs/RS _RossSeaPolynyaMatps). SSM/I data of May.-Sep.
are used, i.e. when the sea ice extent is largegénitm allow the consideration of near-coastal
open water areas as a polynya. Only for regions CAN& WRS the application period
includes April also. The mentioned post-procesgiitegging of temporally stable ice, see
Section 2) is carried out. Using the quality measunentioned in Section 2 a supervised list
of the obtained maps of the polynya distributiomade for every region for every year.




In the following, the entire polynya area time eerwill be given separately for each region,
starting with a sample map, which shows the regiattetail and which gives the sub-regions
used to calculate a) the polynya area, and b) fsecaated ice and salt production (see
Section 9). This further yet not mentioned divisionio sub-regions has been regarded
necessary because of two reasons. First, althauiglast two maps are used to exclude those
areas from the PSSM analysis, which might biageh&eval of the polynya area (see Section
2), the regions that are used up (Figure 2) arsidered too large for a physically meaningful
determination of the polynya area time series. 3iiesequently introduced sub-regions are
much smaller and therefore more suitable to obtaasonable polynya area time series.
Secondly, these sub-regions are used to ease thgacson with earlier work regarding the
polynya area and associated ice and brine produfti@. Massom et al., 1998; Van Woert,
1999; Renfrew et al., 2002; Marsland et al., 200d¢co, 2007; Martin et al., 2007)

1: Larsen-B-Ice-Shelf 5: Ronne-Filchner Ice Shelf
2: Larsen-C-Ilce-Shelf North 6: Fastice

3: Larsen-C-Ice-Shelf South 7: Coats Land

4: Palmer Land 8: HALLEY

Figure 22: Zoom of region CWS (compare Figure 3) showing tiieregions selected to
derive the polynya area time series and to caleuthe ice and salt production time series.

Figure 22 shows a sample polynya distribution & thgion CWS together with the sub-
regions used. Note that the upper left part ofréggon, which is often already beyond the ice
edge is not included in the further analysis of ploéynya area and/or ice production. Sub-
region 6 is simply an extension of sub-region Bumnarea of the Weddell Sea, which is quite
regularly subject to a solid fast ice coverage @levhich polynyas are generated. This
becomes more clear in Figure 23. The coastlinello§ub-regions except 6 (Fastice) is a
mixture of ice shelf and the Antarctic landmassstothe latter dominating in Palmer Land
(4) and Coats Land (7), and the former dominatmgub-regions 1-3 and 5.
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Figure 23: Relative polynya distribution of region CWS for tperiod 1992-2005. The
distribution gives the probability of the occurrenaf thin ice or open water in the respective
grid cell for the period Apr.-Sep. of each yearva#lue of 40 (light blue) means that in 40 %
of the included PSSM maps a polynya was found.eWRiions denote missing and/or
flagged data or grid cells where the probabilitydslow 0.5 %. The continent and shelf ice
area are denoted grey.

Figure 23 shows, similar to Figure 19, the relapeéynya distribution in the region CWS for
Apr.-Sep. for the period 1992-2005. A value of 4QI#ght blue) means that in 40 % of the
used PSSM maps a polynya (i.e. thin ice or opernvaas been found for the respective grid
cell. These maps reveal quite some variabilityhie probability of the polynya occurrence.
For example, polynya probability along the Ronnleter Ice Shelf (sub-region 5, Figure
22) takes much smaller values in the winters 12880, and 2001 compared to most other
years. This is the sub-region with the highest rtithe polynya probability peaking 75 % in
1995 and 2005. Polynyas along the temporally varyast ice coverage in the southeastern
Weddell Sea are nicely depicted and can also ogithira probability as high as 40 % (2001).
Other hotspots of polynya development are in theheonmost part of sub-region 7 (Coats
Land, e.g. 2003) and in sub-region HALLEY (sub-cgg8), which shows its highest polynya
probability in 2005.
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Figure 24: Total polynya area of sub-regions 1-4 of region Ci&&e Figure 22) for Apr.-
Sep. 1992-2005. Small symbols connected by thies ldenote sub-daily value; large
diamonds denote the average total polynya area;sthle line above and below the large
symbols gives the envelope of one standard dewni&tidhese average values. Note that the
scale at the y-axis varies.

Figure 24 shows the total polynya area of the esghtregions of region CWS (Figure 22) for
Apr.-Sep. 1992-2005. Values derived from single MS3&aps are displayed together with the
mean (large diamonds, average of the total polyrga taken from all single PSSM maps of
the respective sub-region for Apr.-Sep.) total pgly area and its standard deviation (thick
solid line). The total polynya area of a sub-regmthe sum of all grid cells defined as
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Figure 24, continued.

Open water or thin ice within that sub-region nplied by the average area occupied by one
grid cell, which is approximately 25 km2.

These time series indicate that the Ronne-FilcherShelf polynya has by far the largest
(average) area of around 10 000 km?, followed ze &iy the sub-region HALLEY, where the
mean total polynya extent has been around 4000 kor.this sub-region the mean total
polynya area seems to have increased during thensiof the shown period. However, when
restricting the calculation of the mean polynyaaate months June/July/Aug. this trend
vanishes (see Figures 25 and 26). Table 2 at thek8ection 8 summarizes the mean total
polynya area of all sub-regions using all singleSMISpolynya distribution maps and just



those of June/July/Aug., respectively. Minimum meatal polynya areas occurred in sub-
region 5 in the years 1997, 2002, and 2004. Naettie polynya distribution maps of these
years (Figure 23) do not differ substantially frémose of the other years, though. However,
in case of the sub-region 4 (Palmer Land), whialelean elevated mean total polynya area
in 2000 and particularly in 2001, peaking 5000 kth& polynya distribution maps differ.
These elevated area values have been caused prdiyathie presence of a large iceberg off
the coast of Palmer Land downwind of which a pgéyformed (probabilities exceed 30 % in
2001, see Figure 23).

1992 1994 1996 1988 2000 2002 2004
Time [years], region: CWS, area: RonneFilchnerlceShelf

Figure 25: Same as Figure 24 but restricted to June-Aug.;regibn 5 (Ronne-Filchner Ice
Shelf) and using crosses instead of diamonds totdehe mean total polynya area.
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Figure 26: Same as Figure 25 but for sub-region HALLEY..

8.3 Polynya area: Eastern Weddell Sea (EWS)

Figure 27 shows a sample polynya distribution efrigion EWS together with the four sub-
regions used. Sub-region 1 overlaps with sub-redoaf region CWS (see Figure 22).

Common for all these sub-regions is that the cimestgain comprises a mixture of ice shelf
and the coastline of the Antarctic continent / nglee Figure 28 displays the relative
wintertime (May to Sep.) polynya distribution ofetlentire region EWS for the period 1992-
2005. This Figure shows that basically the entorastline of the region EWS is subject to the
formation of polynyas with probabilities peaking8&t %, i.e. on 80 % of the included PSSM-
based polynya distribution maps are polynya was fiom the respective grid cell. Years with



1: Riiser -Larsen Ice Shelf
2: NEUMAYER
3: Fimbul Ice Shelf

4 Riicer -1 arsen Sea Wesat

Figure 27: Zoom of region EWS — similar to Figure 22.
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Figure 28: Relative polynya distribution of region EWS for gexiod 1992-2005 (see caption
of Figure 23 for details).
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Figure 29: Total polynya area of sub-regions 1-4 of region E& Figure 27) for May—
Sep. 1992-2005 (see caption of Figure 24 for furtietails).

a rather low polynya activity along the coast (4993, 2001) interchange with years of high
polynya probability (e.g. 1994, 1998, 2004).

In addition a substantial relative polynya disttibn can be observed well off the coast with
peak values of about 30 % in 1994, 1997, 1998, 12002. In 1994, 1998, and 2002 these
areas of enhanced polynya variability occur appnaely at the Greenwich meridian (the
line separating sub-regions 2 and 3 in Figure Zfgy can probably be attributed to a weak
Weddell Sea polynya, which occasionally developthevicinity of Maud Rise (e.g. Carsey,

1980; Lindsay et al., 2004). Those areas of enlthpoé/nya probability, which are located



north of sub-region 4 in the eastern part of tiggare EWS in 1994, 1997, and 2002, are most
like caused by a temporal retreat of the ice edgind the early freezing season. If this
retreat happens fast enough the masking procedeserided in Section 2 is not able to
completely remove the influence of the retreatiog iedge from the PSSM analysis.
Consequently the PSSM detects the open water andcth areas along the ice edge (see
Figure 27, sub-region 4). However, the Weddell Rgdyas well as the regions of enhanced
polynya probability due to a retreating ice edge @utside the sub-regions defined in Figure
27 and therefore do not influence the time serfdl@total polynya area shown in Figure 29
for all four sub-regions. See the text associatigd Rigure 25 for a description about how the
shown mean total polynya areas have been comp8tdsregions 2 and 3 reveal the largest
mean total polynya area of around 10 000 km? (saleleT2), followed by sub-region 4
(around 6000 km?2) and sub-region 1, which overhafih sub-region HALLEY of region
EWS (around 3000 km?). None of the sub-regions sadvend in the average total polynya
area. The most interesting years in terms of tHgnga area are 1998 and 2004, when this
average total polynya area of sub-region 2 peaks\atlue of about 16 500 kmz2. Figure 28
reveals that these peak values are partly causadshistantial fraction of polynyas that have
developed off the coast. Figure 30 reveals the ecdas this event, showing the sea-ice
concentration as calculated with the ARTIST Sea (£&I) concentration algorithm
(Kaleschke et al., 2001) from SSM/I 85 GHz data@atays in May/June 1998 (images a) to
f) together with two selected PSSM maps of theae@WSsS (images g) and h).

19980615

19980625

Figure 30: Images a) to f): ASI algorithm sea ice concentratd the Southern Ocean for the
given dates. Black circles denote the embaymemtvéldping polynya. Images g) and h):
PSSM maps of the polynya distribution in region B&WSune 15 and 25, 1998, respectively.



During freeze-up an embayment of open water (saekbtircles in Figure 30) extended
approximately along the Greenwich Meridian soutldvand further southwestward towards
the central Weddell Sea. Although the sea-ice eddeanced further northward this
embayment remained open and subsequently formebtapolynya, which took about 3-4
weeks to close.

8.4 Polynya area: Western Indian Ocean Sector (WIS)

Figure 31 displays a sample PSSM map of region Wé@ther with the four selected sub-
regions. The coastline in this region comprises kself ice but more the coastline of the
Antarctic landmass, particularly in regions 3 and\bte that PSSM-results of this region
could also be subject to the influence of ice edggeat and advance, and also of an
embayment in the sea ice cover, which is rathec#ygor the coast off Enderby Land (sub-
region 4), an embayment which is also known as ©@osmt Sea Polynya when the
embayment is shed off the ice edge and becomelyaypoComiso and Gordon, 1987, 1996;
Geddes and Moore, 2007).

1. Riiser -Larsen Sea East
2: SYOWA

3: Amundsen Bay

4: Enderby Land

Figure 31: Zoom of region WIS — similar to Figure 22.

Figure 32 shows the relative polynya distributian the region WIS for May-Sep. for the
period 1992-2005 as based on PSSM-maps. Thesermagad high inter-annual variability in
the polynya probability. This variability is assam@d a) with the speed of ice-cover
development during the early freezing season, é)vHriability of the ice edge advance and
retreat, and c) the development of embaymentsariceh cover off the coast of Enderby Land
(sub-region 4 in Figure 31). The bays in sub-regidrand 3 (e.g. Litzow-Holm Bay with the
Japanese Station Syowa, see red arrow in Figurd&@me typically fillesd with fast ice
every winter, which extends a few ten kilometerstmsard. Consequently, highest polynya
probabilities are found at the border of this leflfast ice, off Enderby Land (sub-region 4)
and in sub-region 1, which overlaps with sub-reglasf region EWS. Peak values are around
50 to 60 %; only off Enderby Land peak values ot@80 % can be observed (1997, 2001).
In fact the polynyas along the fast ice seem ty planinor role compared to the coastal
polynyas in sub-regions 1 and 4.

Figure 32 reveals — similar to Figure 28 — quitgdaareas well off the coast with elevated
polynya distribution values peaking at least a®8@ not at 50 % (1994, 2003). Further up,
Figure 30 showed one example of how the ice corarral Antarctica could develop during
June. Evidently during June 1998, the sea ice stilgeed quite close to the coast and only at



the end of the month a major northward advancehefite edge could be observed. The
respective polynya distribution map given in FigB8&reveals in fact a band-like feature of
elevated (peaks at about 20 %) polynya probabikilyies stretching at some distance to the
coast along the coastline (see red ellipse). Alamieature can be observed almost every
year. This effect is most pronounced in years 1&862002. During these years the ice edge
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Figure 32: Relative polynya distribution of region WIS for9292005 (see caption of Figure
23 for details). The arrow marks Lutzow-Holm Béug éllipse is referenced in the text.

remained that close to the coast that it has inflad the PSSM analysis even later in the
winter. In the remaining years the high polynyalyataility off Enderby Land (sub-region 4)
is most likely associated with the above-mentioeesebayments in the ice cover of the
Cosmonaut Sea, which eventually form a polynyatludéf coast. Most pronounced events of
this manner took place in 2000 and 2003 as wett 4992 and 1993.

By comparing Figure 31 with Figure 32 it is evidémat the influence of sea ice edge retreat
and advance inside region WIS should be ratherldorathe calculation of the mean total
polynya area of sub-regions 1 and 2 — at least Bfég/June. There might be more influence
of this for sub-region 3. Sub-region 4 is certaimftfuenced by ice edge retreat and advance
most often. This sub-region also captures a bihefCosmonaut Sea Polynya (when present).
This might be of importance when deriving the icel @alt production (Section 9) because
this polynya tends to be initiated and maintaingid|east partly, by upwelling of warmer



water masses (e.g. Arbetter et al., 2004), whiokdees this polynya to be of a mixed type, i.e.
a latent and sensible heat polynya.
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Figure 33: Total polynya area of sub-regions 1-4 of region (@& Figure 31) for May-Sep.
1992-2005 (see caption of Figure 24 for furtherails).

Figure 33 summarizes the time series of the (saby)tbtal polynya area of each of the four
sub-regions together with the average total polyawga for May.-Sep. for the period 1992-
2005. Table 2 lists the displayed average valugsthber with the June-Aug. average and
respective standard deviations. The obtained ma&ah fiolynya areas take values of around
10 000 kmz2, 5000 km2, 3000 km?, and 6000 km? fdr-rgions 1, 2, 3, and 4, respectively.
These values decrease substantially (see Tableh2)) restricting the analysis to the months



of June to August and thereby reducing the infleent rapid ice edge position changes
and/or a still lacking ice cover. The seesaw likeidure of the total polynya area as taken
from single PSSM maps (see Figure 33, e.g. Amun8seamn years: 1992, 1993, 1998, 2001,
2002) indicates, that particularly during May andrtularly in sub-region 3 such a
restriction is meaningful and that care has to deet when interpreting the shown time
series. For the region east of Litzow-Holm Bayl#ngest total polynya area occurred 1997.

8.5 Polynya area: Eastern Indian Ocean Sector (EIS)

Figure 34 shows a sample map of the polynya digioh of region EIS together with the six
sub-regions selected of which sub-region 1 overlapks sub-region 4 of region WIS. Of
particular interest in this region are sub-regi@n8, and 4; sub-region 2 borders to the East
the Cape Darnley, which was recently suggestecktthe site of a quite persistent polynya
(Tamura et al., 2007, 2008). Sub-regions 3 andrddsdhe Amery Ice Shelf and cover Prydz
Bay, respectively, areas, which are also knowradlyeas sites of enhanced polynya activity
(Flocco, 2007). Sub-region 1 borders Mawson Cdashe West Ice Shelf and 6 is located
just west of the Shackleton Ice Shelf, coveringgbethern Davis Sea. All sub-regions except
3 and 5 are beneath a quite steep topographynlthexefore be expected that these sub-
regions are subject to quite strong catabatidawvd.

1: Mawson Coast

2: Lars Christensen Coast
3: Amery Ice Shelf

4: Prydz Bay

5: West Ice Shelf

6: Davis Sea West

Figure 34: Zoom of region EIS — similar to Figure 22.

Figure 35 gives an overview about the relative pgdydistribution (polynya probability) for
the entire region EIS for May-Sep. for the perid@2-2005. These images reveal two
regimes, one regime extending along the coast antlas of high and almost zero polynya
probabilities and one further off the coast withreatively uniform relative polynya
distribution between about 20 and 40 %. The ladgime represents the area influenced by
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Figure 35: Relative polynya distribution of region EIS foetheriod 1992-2005 (see caption
of Figure 23 for details). The black (red) arrownd¢es the location of the Cape Darnley
(Amery Ice Shelf) Polynya.



ice edge advance and retreat and simply illustittievariability of the thin ice / open water
cover along the ice edge / in the marginal ice z(ME). The first regime is the one of
interest concerning the coastal polynyas. Thesg@&® reveal that sub-regions 1 and 5 can be
neglected compared to the other sub-regions instesimthe area within which elevated
polynya probabilities are observed with which pgakies in the other sub-regions.

Figure 36: Total polynya area of sub-regions 1-4 of region E&e Figure 34) for May-Sep.
1992-2005 (see caption of Figure 24 for furtherails).

Polynya probabilities peak a values of 80 %, 80798 and 95 % in sub-regions Davis Sea,
Prydz Bay, Amery Ice Shelf and Lars-Christensens€@@ape Darnley polynya, see black
arrow in Figure 35), respectively. In particularidg winters 1996 and 2002 this last polynya
was very persistent and also quite large. An isterg feature is the well-defined narrow area
of reduced or almost zero polynya probability betweéhe Cape Darnley Polynya and the
Amery Ice Shelf polynya (red arrow in Figure 35}igh is evident every year.



Figure 36: continued.

Figure 36 summarizes the time series of the (saby)tbtal polynya area of each of the six
sub-regions together with the average total polyawga for May.-Sep. for the period 1992-
2005. Table 2 lists the displayed average valugstbher with the June-Aug. average and
respective standard deviations.

Figure 36 reveals that sub-regions 2, 4, and 6 é@2grnley Polynya, Prydz Bay, and Davis
Sea West) contain the largest average total polarga with values around 10 000 km2,
ranging from a low of 9000 km2 to a high of 20 GKQ@2. This compares well with values

published by Massom et al (1998). The shown avekdgg-Sep. values for Prydz Bay and

Davis Sea West tend to increase, a fact, whichatem be observed when restricting the
calculation of the mean total polynya area to thentns June to August (not shown). Note
that in contrast to the region WIS an influenceaafetreating / advancing ice edge on the
mean total polynya area of the sub-regions of re@ts can be excluded.

8.6 Polynya area: Western Pacific Ocean Sector (WPS

Figure 37 shows a sample map of the polynya digioh of region WPS together with the
eight sub-regions selected. Sub-region 1 overlafts sub-region 6 of region EIS. All sub-
regions except sub-region 2 (Shackleton Ice SlaH)characterized by a coastline with a
quite steep topography and (if present) ratheromaice shelves and are therefore subject to
moderate to strong catabatic airflow.

Figure 38 gives an overview about the relative pgdydistribution (polynya probability) for
the entire region WPS for May-Sep. for the peri®@82-2005. As has been shown already for
the region EIS (Figure 35), these images reveal regimes; one regime extends along the
coast with areas of high and almost zero polynydabilities and the other extends further
off the coast. The relative polynya distributionnist as uniform as has been shown for the
region EIS in this outer regime, and ranges betvadmut 20 and 60 % (in isolated areas 80
%). Still, this regime represents the area infleehby ice edge advance and retreat and
simply illustrates the variability of the thin i¢eopen water cover along the ice edge / in the



MIZ. Since the ice edge is closer to the coasilnthe eastern half of region WPS compared
to region EIS (as can be deduced from maps shothi@gnonthly mean Antarctic sea-ice
extent), the larger contribution of thin ice / opeater in the MIZ to the polynya distribution
is not surprising. And obviously major changeshie ice edge position occur on the scale of a
few days — and are thus not filtered out complefebmpare Section 2). However, the suib-
regions have been selected such that the contibofithin ice in the MIZ to the calculation
of the total polynya area of the respective sulereghould be negligible.

1
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: Davis Sea East

: Shackleton Ice Shelf
. Knox Coast
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Figure 37: Zoom of region WPS — similar to Figure 22.

So again the first regime is the one of interesiceoning the coastal polynyas. Sub-regions
4, 5, 6, and 8 (and of course sub-region 1, seedealing with region EIS) contain the
polynyas, which exhibit the highest probability o considerable area. Within these sub-
regions the relative polynya distributions peak tiyoat values between 60 and 75 %. The
highest probability is observed for sub-regiont® Davis Bay Polynya. This polynya reveals
a high inter-annual variability (compare images 04 and 2005 in Figure 38). The
Porpoise Bay sub-region (7) also contains a quék developed polynya; however this is not
the case in every year (compare images for 19968-i®Bigure 38).

Since this region is particularly large comparedthe other regions (Figure 2) and, in
addition, is subject to a substantial weather grlte due to the proximity of the ice edge to
the coast, it turned out to be rather difficultfited an appropriate mask to get rid of fast-ice
and/or shelf ice that has been misclassified asitiel (see Section 2). However, a comparison
with two recently published fast-ice distributionraps obtained from RADARSAT-1 SAR
imagery of November 1997 and 1999 along the Eagtar&tic coast (Giles et al.,, 2008)
reveals that the mentioned post-processing givasorable results. The red and orange
circles in Figure 38 mark the area around the Da#tnd Dibble Ice Tongues, respectively.
Giles at al. (2008) found an about 100 km wide-festcoverage to the East of these tongues.



