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Executive Summary

The Polynya Signature Simulation Method (PSSM)vedldo obtain polynya area and sea ice
edge with an accuracy of about 200 km? and 10 kespectively, using an iterative
classification of data acquired by the satellitecnmivave radiometer Special Sensor
Microwave/ Imager (SSM/I) into three different aagé types: open water, thin ice, and thick
ice. A modified version of the PSSM is used heredtimate the daily total area occupied by
Antarctic coastal polynyas for the period 1992-2@08 polynyas in the Kara Sea, Arctic, for
the period 1995-2004. The total area comprise$réotion of open water and thin ice up to a
thickness of approximately ten centimeters. The tmogportant modifications enclose
generation and usage of a new, high-resolution r&titaland mask, filtering of ambiguous
polynya area retrievals caused by shelf ice / iggbé fast ice, and utilization of regionally
varying tie points as required by the classificatiSatellite infrared and visible imagery are
used in combination with meteorological data ineordo estimate ice production, brine
release and the thin-ice area and thickness fopthaya areas. Data from the new satellite
microwave radiometer Advanced Microwave Scanningdi®aeter (AMSR-E) aboard
AQUA are used to obtain high-resolution ice congaimin, which is combined with the
results of the PSSM to enhance the robustnesseofcth production estimates. The main
results of this project, which have partly beeradty published or are going to be published
soon in 5 papers (see Section 14) (at least thoge papers are in preparation) are as follows:
 The average wintertime (June-Aug.) total circumakotic polynya area amounts
about (235 000 + 12 400) km?; the largest contiutto this area is made by
polynyas along East Antarctica and the Ross Sea.

* The most frequent polynyas are the Mertz Glaciéyrp@, the Cape Darnley polynya
and the Terra Nova Bay polynya; these occurredvamage on at least 80% of all
days during winter.

* The average winter-time polynya area of Antarct@stal polynyas seems to have
been constant during 1992-2005 in almost all ingattd regions.

* The average winter-time (Jan.-Apr.) Kara Sea payasea is (25 030 = 7 185) km?
for the period 1995-2004; an extension of this tisegies to the period 1979-2004
reveals an increase in the total Kara Sea polyrsa lay 2400 km?2 / decade.

* The average wintertime (June-Aug.) total circum-gkatic ice production is about 860
km3 with an uncertainty of between 15 and 30 %; tfue period May-Sep. this
production is about 1600 kms3. These two valuessted@ into an average salt
production of about 19 x Bkg and 36 x 1% kg, respectively.

* Based on an under-estimation of the surface wirgkgpof up to 23 m/s (Mertz
Glacier polynya) as derived from co-located autamnateather station data and
ERA40 re-analysis data and the influence of thidemrestimation on the heat flux
calculation, it can be assumed that the ice praglucbbtained in this study for
polynyas that are situated in regions with a paldidy steep topography could be
twice as large as given here.

Changes to the work plan

Project activities in Hamburg focused on a set afdifications of the PSSM, a better
handling of ambiguous classification results, ahd derivation of supervised, temporally
consistent, quality checked time-series of the mydyarea and the associated ice and salt
production. These activities include in particutdevelopment, testing and application of
special masking and filtering approaches to renambiguities in the ice type classification



done with the PSSM. Moreover, in order to minimize effect of an old, static land-mask of
Antarctica with just 25 km grid cell size, a neweolas been developed, which is up-dated
every other year in those regions of the Antaraticich are subject to notable changes in the
shelf ice border line, and which has 5 km grid sg&tke. These activities were partly carried
out at the expense of other work that has beenogeap the Kara Sea polynya area time-
series spans just years 1995-2004 and the Antgrotisiya area time series stops in 2005
instead of 2006.

The results obtained with regard to the polynya alid not suggest to emphasizing on a daily
cycle of the polynya area. Instead, the computedpiduction values have been checked
extensively with those available from previous aadent studies, triggering a comparison
between the used model data and independent imlaiéuto judge the quality of the obtained
results.

Regarding the retrieval of the thickness of thmtice activities focused on the adaptation of a
new algorithm based on SSM/I data, which was d@eslaecently by others, to the Antarctic
environmental conditions. This adaptation faileccaaese of too variable sea-ice surface
properties. Instead the method was exemplarilyiegs it is in order to obtain information
about the ice thickness that is typically foundhivitthe polynyas as identified with the
modified PSSM. New results obtained from in-sits@ivations of thin ice by others suggest
that this new method is in fact quite sensitivéi® surface properties of thin ice and therefore
has just been applied to the Ross Sea.

Project activities in Bremen focused on the ARTISda Ice (ASI) algorithm, its application
to data of the Advanced Microwave Scanning Radiemé@AMSR-E), and its validation
under various conditions, especially thin ice. Teéason is the good agreement in horizontal
resolution of the PSSM/SSMI and ASI/AMSR-E data assults. The additional confidence
obtained by validations of the ASI algorithm ungarious conditions serves for better results
when developing combined applications as is dorbignstudy.

The originally proposed resolution harmonizationtltdé AMSR-E data using the Backus-
Gilbert technique turned out to be much more timesaming than was originally thought,
because of a so far undetected geo-location probfetimie AMSR-E data. This problem has
been solved now. However, this proposed resolutianmonization, the adaptation of the
PSSM to AMSR-E data (Work Program, 3.2.2), andaghgication of the PSSM on AMSR-E
data (3.2.5) with a subsequent generation of anyalyarea time-series based on ASMR-E
data (Work Program, 3.2.8) were not carried oubwvithis project.

1. Acquire and project SSM/I and AMSR-E data (3.2.1
1.1 SSM/I data acquisition

In principle, data of the Special Sensor Microwawager (SSM/I) is available since
June/July 1987. However, in order to use the IcgeEDetection (IED) method and the
Polynya Signature Simulation Method (PSSM), the585Hz channels of the SSM/I are
required. These channels suffered from seriousermisblems starting in 1988 and ending in
1991 and therefore cannot be used. Data acquighienefore has to begin with data starting
December 1991 acquired by SSM/I sensor aboard DM&orms f10 and f11. SSM/I data
are available from aboard the following DMSP platis for the given periods:

- f10: December 1990 to November 1997

- f11: December 1991 to November 2000

- f13: April 1995 until present

- f14: May 1997 until present

- f15: February 2000 until present



SSM/I data can be obtained from various sources iandarious formats: as brightness
temperatures already projected into a polar-steegdgc grid (NSIDC-grid, EASE-grid), as
orbital brightness temperatures (i.e. together withlatitude and longitude information of the
center of each effective field-of-view, EFOV, ortground), and as antenna temperatures. In
order to obtain optimal spatial resolution and irdev to apply the Backus-Gilbert
interpolation technique as proposed, orbital dagaraquired. Actual and more recent data
have been downloaded automatically fréim//ghrc.msfc.nasa.qov, starting with day 134 of
year 2002 until present for DMSP-f13, -f14, andb5-fiThese are orbital brightness
temperatures. Data from DMSP platform f16 are redtarailable from this ftp-server. Data
prior to this date are obtained in collaboratiamirthe Max-Planck-Institute for Meteorology
from the NOAA-NESDIS archive. Until present, thealdownload is as follows:

- f13 - f15: completed for the project but ongoingdiuioday

- 10, f11: completed

1.2 SSM/I data projection

NOAA-NESDIS SSM/I data is antenna temperatures,civhieed to be converted into
brightness temperatures first. This has been deimg software (FORTRAN, C++) provided
by NOAA NESDIS. This software has been embeddeal amt IDL-routine, which allows to
converting large amounts of antenna temperaturés lmightness temperatures and a
consistency check by plotting the brightness temtpees channel by channel.
The next step for both MSFC and NOAA data is ternpolate and project it into the NSIDC
polar-stereographic grid (NSIDC, 1996). The intémion is done using the Backus-Gilbert-
Interpolation technique, which permits some resofutimprovement (Stogryn, 1978;
Hunewinkel et al., 1998), and the drop-into-thekmic method together with the
latitude/longitude information provided with the 88 data. The 37 GHz data is projected
into the 12.5 km x 12.5 km NSIDC grid (is used tloe 85 GHz data originally); 85 GHz data
is projected into a fine-mesh version of this grith 5 km x 5 km grid-cell size. Prior to the
interpolation an algorithm seeks for missing seéaad and scan lines, which are not located
correctly. Where necessary, data of these scas Imeemoved. The possible ambiguity
between 0 and 360 degrees longitude when inteipgldte data has been considered.
The conversion into brightness temperatures (NOAZSRIS data) and the interpolation and
projection into the NSIDC polar-stereographic giSIDC, 1996) has been completed. Data
of the following periods has been processed:

- f15: Feb. 2000 — Oct. 2005 (but ongoing until tadag: Mar. 2008)

- f14: May 1997 — October 2005

- f13: May. 1995 — October 2005 (but ongoing untildg, i.e. Mar. 2008)

- f11: Jan. 1997 — Nov. 2000 (Arctic)

- f10: Jan. 1995 — Nov. 1997 (Arctic)

- f10: Jan. 1992 — Nov. 1997 (Antarctic)

Data download and processing has been continuet taday in a way, that enables to

routinely get the most recent available data neéolethe generation of polynya maps, which
are subsequently put on the webpage of the IfM witime day time lag to the acquisition by
the SSM/I sensor.

At the end SSM/I data of DMSP platform f10, f13,dafl5 is used. In order to obtain a
homogeneous time series an inter-sensor calibraioequired (e.g. Colton and Poe, 1999).
For this purpose three different regions of thetramigh Antarctic continent each of size 90
000 km? have been selected. SSM/I data obtain8@ &Hz and 85 GHz, both polarizations,
during June and July 1996 over these regions frooar@ DMSP platform f10 and f13 and



during June and July 2002 from aboard DMSP platftif®hand f15 are compared with each
other. Data of different platforms has to be aapiiwithin a time difference of one hour to
each other to be included in the comparison. Tkalt® of a linear regression between the
data of two platforms is used to transform SSM/tadacquired from aboard the older
platform onto the level of the newer platform, kattDMSP-f10 and DMSP-13 SSM/I data
are converted onto the level of DMSP-f15 SSM//ladd&igure 1 shows, as a sample set the
scatterplots of SSM/I brightness temperatures ataBd 85 GHz as acquired by DMSP
platform f13 and f15 in July 2002 over the thregioas. Table 1 gives the respective
conversion coefficients (bias and slope obtainetth Wie linear regression) together with the
mean RMS error and the mean linear correlationfiooeft.
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Figure 1. DMSP-f13 versus DMSP-f15 SSM/I brightness tempezatat 37 and 85 GHz as
obtained over three different specifically selectedions of the high Antarctic continent
within one hour time difference in July 2002. Tk&dr H and V denotes horizontal and
vertical polarization, respectively. The solid (ghat) line marks the line of perfect agreement
(the linear regression line).



Coefficients for 37 GHz, h-pol. 37 GHz, v-pol. 8814 h-pol. 85 GHz, v-pol.
F10 to F13: Bias 5.616585 1.943709 1.112833 5.08363
Slope 0.969523 0.991117 0.995633 0.971935
RMS 0.98 K 0.94 K 1.07 K 1.07 K
Correlation 0.969 0.928 0.968 0.971
F13 to F15: Bias 0.721235 -1.061621 2.727245 22076
Slope 0.993213 1.005835 0.981042 0.985856
RMS 0.85K 0.85K 1.03 K 1.20 K
Correlation 0.967 0.963 0.977 0.977

Table 1: Results of the linear regression of DMSP-f10 ariB-dnd DMSP-f13 and —f15 37
and 85 GHz brightness temperatures obtained oweretkpecifically selected regions in the
high Antarctic continent during June/July 1996 ahche/July 2002 (see Figure 1 and text).

1.3 AMSR-E data acquisition and geo-location

The complete AMSR-E L1A/B data are being collecé¢dhe University of Bremen (UB),
together with the resulting ARTIST sea ice (ASHalithm concentrations (Kaleschke et al.,
2001; Spreen et al., 2008). The complete archiaedgssible for the public atww.iup.uni-
bremen.de/seaice/amdrhe originally planned resolution harmonized btiggss temperature
data set using the Backus-Gilbert interpolationhodthas not been established because of the
geo-location problems of AMSR-E (see above). Howethee geo-location problem has been
solved, and the results have been published in &/etbal. (2008). The Backus-Gilbert
interpolation is still in work.

The originally planned resolution harmonization tbe different AMSR-E channels and
frequencies required an exact geo-location, i.eerdenation of the geographic latitude and
longitude of the centre point of the footprint bétdifferent channels. However, it has turned
out the currently available Level 1la and Level AMSR-E data have an insufficient geo-
location with errors of up to five kilometres. Thtare, as an initial step a geo-location
correction had to be developed. This has been oot master thesis of Wiebe (2007). The
results are being published in Wiebe et al. (2008).

The process of determining the geographic latitutk longitude (short: lat/lon) of the centre
point of the footprint is called geo-location, whics currently suboptimal for AMSR-E
(Advanced Microwave Scanning Radiometer for Eartbsé€dving System) Level 1 data
provided by the Japan Aerospace Exploration AgddgyA). Here we present a study for
improving the geo-location. The viewing angles {nashgle and scan angle) that define the
bore-sight direction of the instrument are optirdizand new lat/lon coordinates are
calculated. The optimization method is based onmiaing differences between ascending
and descending swaths. The results of the hereillatdd viewing angles have an overall
standard deviation of 0.005°, which is 170 m ornugbfor the nadir angle and 70 m for the
scan angle. The residual geo-location error ramgéseen 425 m (89 GHz) and 1425 m (6
GHz). The averaged repositioning between JAXA andgeo-location ranges between 3.5
km and 7 km, i.e. in the order of one footprintesat 89 GHz. A comparison with a similar
study performed by Wentz, shows good agreemenrtenviewing angles. The RMS of the
differences is 0.0083%(283 m) for the nadir angle and 0.0132°101 m) for the scan angle.
As the geo-location problem has been solved ordgnity, the Backus-Gilbert interpolation
of AMSR-E data is still in work.




2 Set up of PSSM (3.2.2)
2.1 Set up of PSSM for SSM/I data

The PSSM as developed by Markus and Burns (199%)naodified by Hunewinkel et al.
(1998) has been further modified in order to cavey main issues of this project. First, this
project aims at retrieving the open water as welihee thin-ice area of the polynya. It can be
anticipated that in the polynya during cold corati8 new ice forms and either covers the
entire polynya or is advected towards the lee-sid#e polynya. It is important to monitor
this area in addition to the open water area. leantlore, the open water area inside a polynya
may be too small to be detected by the PSSM as 8uthmost likely the PSSM will be able
to detect it as area of thin ice because a smalh eyater area inside the SSM/Is’ EFOV alters
the measured brightness temperatures sufficienthatds a brightness temperatures being
typical for thin ice. Hunewinkel et al. (1998) shedvalready some promising results for
including thin ice into the IED and the PSSM. Setahis project aims at generating a time
series of open water and thin ice extent for theogel992-2006 for the entire Southern
Ocean. Both require that tie points chosen forahalysis have to be valid for a) several
months and b) for areas with different typical sma-types and therefore brightness
temperatures.

The PSSM used in this project is a combinatiorhef ED and PSSM and works as follows
(compare Markus and Burns, 1995; Hunewinkel etl8198):

a) Calculate the brightness temperature polarizatitferdnceP for 37 GHz (12.5 km x
12.5 km grid-cell size) and 85 GHz (5 km x 5 kndegell size).

b) Classify the map oP at 85 GHz into thick and/or consolidated ice ahnith tand/or
loose ice plus open water using a threshold (tietpeeparating typical values Bfat
85 GHz for these surface types. This thresholchzssen somewhat arbitrarily at the
beginning but is changed through the analysis (sdew). The result is a 2-class
binary map.

c) To all grid cells of this binary map, which belotwthe thick and/or consolidated ice
class, the typical value of tHe at 37 GHz (tie point) for this ice class is assin
Because the thick and/or consolidated ice can bkiymar ice or first-year ice or
exhibit surface/snow properties, which cause ababualues foP at 37GHz, this tie
point is calculated for every PSSM run. Only valoé$ at 37 GHz are used which
belong to an area with more than 90 % ice concemtraas calculated with the
COMISO-Bootstrap algorithm (Comiso, 1995). Depegdam region and season, this
tie point takes values between 0.02 and 0.04. IlTgrid cells, which belong to the
thin and/or loose ice plus open water class, t@aoint at 37 GHz, which applies for
this surface type is assigned. Here a fixed bubredependent value between 0.08
and 0.09 is taken, which results from compariso8 /1 data with AVHRR infrared
data of polynyas with such an ice-water mixturee Tésult is called synthetic map of
P at 37 GHz.

d) This synthetic map is now convoluted with the antepattern of the 37 GHz channel
of the SSM/I. The result is called simulated magPait 37 GHz and contains high-
resolution information about the above-mentionedase types as would be viewed
by the 37 GHz channels of the SSM/I.

e) Measured and simulated map Bfat 37 GHz are compared with each other by
calculating the root-mean-square (RMS) differenod #e correlation coefficient.
The aim is by changing the tie point used in stef 2teratively optimize the result of
this comparison, i.e., maximize the correlation emdimize the RMS difference. This
iteration is done in the following way: First, the point is chosen to overestimate the
thin and/or loose ice plus open water extentjtiis.close to the typical value for open
water (0.2). The tie point is then reduced sucwegsiby a constant, loop-number



dependent (see below) increment (usually dividiegveen 0.2 and 0.02, the typical
value for consolidated and/or thick ice), and feery new tie point synthetic and
simulated maps oP at 37 GHz as well as correlation and RMS differeiace
calculated. The tie point with the best result gitbe starting value for the next
iteration loop and so on. On average about eigiration loops are necessary to
achieve stability in the resulting values of caateln and RMS difference (see
Hunewinkel et al., 1998). The synthetic map beloggito the highest
correlation/lowest RMS difference shows the mogelyi distribution of surface
classes thick/consolidated ice and thin/loose las ppen water.

f) Repeat steps 2) to 5) considering only the thiséoi@e area plus open water, using a
different start value for the tie point & at 85 GHz, and using a fixed but region-
dependent value between 0.170 and 0.182 as open tapoint forP at 37 GHz in
order to detect any open water within the thin/eom® area.

The introduced changes allow to applying the PS8Mdtimate the open water and thin
and/or loose ice area within a polynya. Moreoviee, introduction of a variable thick and/or
consolidated tie point allows to using the PSSVhwviite same configuration in a) different
regions and b) for different typical thick and/@nsolidated surface conditions.
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Figure 2: Regions selected to apply the PSSM in the Souesan.

Figure 2 shows the nine regions, which are seletdedpply the PSSM; these are (listed
clockwise, starting at the Antarctic Peninsula,etbgr with the most well-known polynyas
within these regions):

Central Weddell Sea (CWS), Ronne-Filchner IcelfSPolynya
Eastern Weddell Sea (EWS)

Western Indian Ocean Sector (WIS

Eastern Indian Ocean Sector (EIS)

Western Pacific Ocean Sector (WPS)



Eastern Pacific Ocean Sector (EPS), Mertz Gldidynya

Western Ross Sea (WRS), Ross Ice Shelf and Newva Bay polynyas
Western Bellingshausen Sea (WBS)
Eastern Bellingshausen Sea (EBS)

Not considered in this analysis is the northernnpast of the Antarctic Peninsula and the
coast between the Ross Ice Shelf (Cape Colbeck)amuht Siple (the gap between regions
WRS and WBS). The latter area has been discard=ibe first analysis showed that a) there
occur hardly any polynyas that are large enougbetadentified with the PSSM, and b) the
weather influence in this area often causes misifiestions. The northern Antarctic
Peninsula has been discarded because of stronpeweafluences, and because of a short
freezing season in this part of the Antarctic.

EWS
WIS

CWS o EIS

EBS

WBS ;

WPS
WRS

EPS

Figure 3: Sample PSSM maps of the polynya distribution arofintarctica. Open water,
thin and/or loose ice, thick ice, and “stable ic€ee text) are given in pale yellow, blue,
orange, and brown, respectively (see also FigureTde continent is flagged light grey.
Missing data (caused by the finite swath widthhef 8SM/I), and masks to focus on polynya
infested waters around the coast and to get ridhef influence of the open water regions
beyond the ice edge (see text) are flagged dark @kack boxes within each region denote
sub areas, which are explained and shown in motaildater.



A number of improvements and modifications turnatto be necessary after having applied
the PSSM to a larger amount of data for the Sontl@cean. At first, cases where the
brightness temperature polarization difference &tG3z for thick and/or consolidated ice
exceeds a global threshold value of 0.035 wereadigd from further analysis (Figure 4 f
could be taken as an example of the effect thatldvbe caused by NOT using such a
threshold). It turned out that such high polarizatdifferences are quite abundant over the
Southern Ocean sea ice due to the weather influemt¢be sea-ice and snow properties. We
used the polarization difference at 85 GHz instefaithe one at 37 GHz (where this influence
was observed to be stronger) because it allowsttadjof such cases with less ambiguity.
Secondly, two additional masks are applied. Bothddhe PSSM to focus on polynya
infested waters around the coast. This was coreideecessary because the polynya area
tends to be underestimated when the marginal ice amd the open water beyond the ice
edge dominates the scene, i.e. a large portioheopolarization ratio shows the high values
typical of open water. In this case the PSSM fosuse the large change in the polarization
difference across the ice edge rather than onrtfadler changes in the polarization difference
associated with a polynya. The first mask simphg$l the northern parts in each region.
Figure 2 shows arbitrarily selected sample mapgh@polynya distribution around Antarctica
as obtained with the PSSM; the map of region CW8gyan example of this first mask. The
second mask is generated from the biweekly ave€@mmaiso-Bootstrap algorithm sea ice
concentration distribution. That region where tHistribution takes values below 30% is
considered as open water and accordingly is algmadied from further analysis. This mask is
generated daily and relies on the ice concentratiminthe two weeks before the day of
interest. All regions except CWS, WRS, and WBS ghawFigure 3 give an example of this
second mask. Depending on the ice concentratiaabikity during the two weeks before the
day of interest and this day itself, this secongkmaight not be able to completely mask out
the open water area — particularly in case of apamhice edge (see regions WIS, WPS, and
EPS in Figure 3).
Thirdly, fast ice attached to the land or ice sheleften has a polarization difference, which
is significantly above that of first-year ice. Tame is valid for ice shelves and tabular
icebergs. Consequently, the PSSM often misclassiéist ice, ice shelves, and icebergs as
thin and/or loose ice. For this reason it was neangsto develop a fast ice map. This turned
out to be quite difficult because the polarizattfierence observed for Southern Ocean fast
ice is quite variable, can be substantially inflceh by weather effects, and exhibits a similar
polarization difference as thin ice at all SSMAduencies. A first version of a fast ice map
based on a region-dependent combination of diftdbeghtness temperature gradient ratios
and the local polarization difference turned outbt insufficient. The used fast ice map,
which is called “stable ice mask” henceforth, issdxh on the idea, that the polarization
difference measured over a polynya should vary nmmokhe in time than the one obtained
over an ice shelf, fast ice or a tabular icebeny.this mask, the 85 GHz polarization ratio is
temporally averaged over two weeks right before dhg of interest for each grid cell. A
threshold is applied to the resulting map, whickeds areas with an average 85 GHz
polarization ratio that is higher than that of tiygar ice. The threshold is selected such that
the selected area contains fast ice, shelf iceergs and the polynya area (i.e. thin ice and/or
open water). In order to separate the polynya faoma the other types mentioned, this map is
combined with the map of the temporal variabiliyenthe same period. By assuming that on
a scale of two weeks the 85 GHz polarization rafs a larger temporal variability over a
polynya compared to fast ice/shelf ice/icebergs, ltiter three types can be separated and
assigned to the stable ice (SI) mask. This maskbsequently applied to all PSSM maps.



Figure 4 demonstrates how this method works fordiggon WRS; it shows from left to right
the biweekly average 85 GHz polarization ratioit)corresponding temporal variability b),
the actual 85 GHz polarization ratio c), the uefétdd PSSM polynya map d), and the filtered
PSSM polynya map e). Image f) of this figure shanwsexample of the thin ice distribution as
obtained with the method of Oshima et al. (2005)eyuse simple thresholds to estimate the
areas covered by thick ice and thin ice of diffétbickness (0-10cm and 10-20 cm).
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Figure 4: (a) Average 85 GHz polarization ratio (2 weeks)region WRS; b) its variability;

c) the actual 85 GHz polarization ratio (June 7 2002 UTC); d) the resulting PSSM map;
e) the same map after applying the mentioned nsesktéxt); f) polynya distribution after the
method of Oshima et al. (2005) with h the ice théds in centimeters. Polynyas and icebergs
encircled red in a) exhibit elevated values of 8eGHz polarization ratio. White ellipses in
d)-f) mark the region where application of the $taioe (SI) mask mitigates misclassification
of icebergs and fast ice as thin ice by the PSSivoyms OW, TI, FY, and Sl in the legend
of d) and e) denote open water, thin ice, thick &el stable ice, respectively.

FY SI h<10 10<h<20 FY

The red ellipses in image a) highlight areas coingi elevated values of the biweekly
average 85 GHz polarization ratio. These elevastdes can be caused either by polynyas or
by fast ice/shelf ice/tabular icebergs. In parecuthe area of elevated 85 GHz polarization
ratios, which extends along 170°E in the southwadR®ss Sea is caused by the giant tabular
iceberg B15A (see e.g. Martin et al., 2007). Pedprrar to this one, a second giant tabular
iceberg (C19) extends in east-west direction altrgice shelf border. These two areas
exhibit a rather low temporal variability of the &z polarization ratio (Image b), while to
the East and North of tabular iceberg C19 thisalmality is large. Applying the PSSM to the
actual 85 GHz polarization ratio shown in imaggie)ds the polynya distribution map shown
in image d). Areas occupied by the two mentionddltr icebergs are misclassified as thin
ice. Now, the map generated from the informatiaeigiin images a) and b) reveals the stable



ice mask, which when applied to image d) yieldsgea). The misclassified areas are
successfully flagged, while the polynyas along Ruwss Ice Shelf, iceberg C19, the Terra
Nova Bay, and at Cape Adare are preserved. Notdhbastable ice mask flags also sea ice
areas, which exhibited temporally stable conditidngparticular, the fast ice extending from
Cape Adare westward along Oates Land is succegshaltked as stable ice (image e).

Note also, that the simple method of Ohshima e{(2005), which is based on threshold
values of 0.045 and 0.056 applied to the 85 GHz3&Hz polarization ratio, respectively,
does reveal a polynya distribution similar to thee @btained with the PSSM, except that a)
fast ice/shelf ice/tabular icebergs need to begtagas well, and b) the usage of the 37 GHz
polarization ratio enhances the likelihood of massifications of areas where this ratio is
potentially influenced by weather induced surfacé sub-surface property variations.
However, the fast ice mask as described above tenfdsl for very persistent polynyas, i.e.
polynyas lasting longer than two weeks, becauskisncase the temporal variability of the 85
GHz polarization ratio falls below the thresholdsan to separate the polynya area from the
regions occupied by fast ice/shelf ice/tabular é&gb. In order to get rid of this problem a
post-processing step has been introduced. PSSM ofamse region of one month, which
have already been filtered using the stable iceknaas read and manually checked for the
occurrence of stable ice in an area, which shoalddrupied by a polynya. Subsequently, a
revised stable ice mask is generated from the maximumber of consecutive PSSM maps
of one month (at least of five days). This reviséable ice mask is then applied to all PSSM
maps of that region of the particular month to obta revised, supervised set of filtered
PSSM polynya distribution maps.

Forth, after having applied the PSSM to a largeoamh of data for the Southern Ocean of the
more recent years, it was decided to improve thd lmask. The land mask being in use for
SSM/I data is quite old and does not include changehe extent of the Antarctic shelf ice,
which took place over the last 15 years. It is e8akfor the estimation of the area covered by
coastal polynyas, however, that the coastline tatkd as accurate as possible. For this
purpose, the land mask was improved manually bpngu#AVHRR clear-sky imagery,
processed, calibrated and projected onto the NSJBCwith 1km x 1km spatial resolution
for each region given in Figure 2. Figure 5 shohes tesults of this very time consuming
improvement of the land mask (about four weeksdioe year) for 2002. Figure 6 gives a
closer view of the achieved improvement for regi@WS, EPS and WRS. Because of the
required effort, the fact that largest changeshia tand mask can be expected for those
regions (see Figure 1), which contain large andadyin ice shelves, and the possibility to flag
ice shelves in the final product using the stabdemask described above, the improvement of
the land mask has been carried once (2002) foertkiee Antarctic, and for 1992, 1994, 1996,
1998, 2000, and 2002 for regions CWS, EIS, EPSVER&. Note that as a side effect of this
work, the spatial resolution of the land mask ipiaved from 12.5 km to 5 km.

Finally, we have included the output of sort of @akfy measure of the obtained PSSM
polynya maps by storing the final polarization eifince values, which mark the transition
open water — thin ice and thin ice — thick ice éwery overpass, and by calculating the daily
mean value and its standard deviation of this fp@hrization difference. These values are
subsequently used to rank the obtained PSSM polyngas. If the final polarization
difference value falls within the ranges given bg tmean values (both transitions) plus or
minus on standard deviation, then the polynya mapted a good one. If both ranges are not
met, the polynya map is considered a bad one -ndiépg however, how large the ranges are.
This turned out to be necessary to optimize thersiged selection of polynya maps used to
generate time series of the polynya area (secdion 8



Figure 5: Antarctic land mask (top = old, bottom = new, ispring 2002); some of the most
obvious changes are marked by circles (see alsorgig).



Figure 6: Antarctic land mask for selected regions (Top: CW#ldle: EPS, Bottom: WRS,
see also Figure 1), left = old, bottom = new, spring 2002.

2.2 Set up of PSSM for AM SR-E data

Because of the geo-location problem of the AMSRaEadwhich has been solved within this
study (Wiebe, 2007), the Backus-Gilbert interpalatof the AMSR-E data is a still ongoing
work. Since this interpolation is regarded as intgoatr pre-requisite for the adaptation of the
PSSM for its use with AMSR-E data, this method daubt be adapted and not be applied to
AMSR-E data. Accordingly, neither the circum-Ant&golynya distribution as based on the
PSSM applied to AMSR-E data (point 3.2.5 of the kvplan for UB), nor a time series of
such a distribution based on this data has beexngut (point 3.2.8 of the work plan for UB).
As a substitute the focus of the activities was@uthe refinement and validation of the ASI
algorithm, as described in Section 3.



3 Set up of other software (3.2.3)

In order to accurately calculate the clear-sky aaeftemperature, which is required to
estimate the thickness of thin ice via the heat-flnethod (see Section 10) the software
package CASPR developed by Key (2002) has beernineldtaand installed. The CASPR
software allows to calculating the surface tempeeabn the basis of calibrated data of the
Advance Very High Resolution Radiometer (AVHRR)achels 4 and 5 (10.3-11.3um and
11.5-12.5um) (Key et al, 1997). The software wagle@mented into IDL on a LINUX-
Workstation and was used to derive the surface ¢eatygre from AVHRR data acquired over
the region WRS for the period April to October 2G0®1 May to September 1999. Examples
of the derived surface temperature are given ini&@ed0.

In order to derive the thin-ice thickness with Heat-flux method (see Section 10) and the net
surface heat flux to obtain the ice productionedated to the polynyas (see Sections 6 and 9),
the 6-hourly analysis of the main meteorologicatapzeters (2m air temperature and
humidity, surface air pressure, 10 m u- and v-camept of the wind speed) of the Re-
Analysis project ERA40 of the European Centre foedddm Range Weather Forecast
(ECMWF) are used (Kallberg et al. 2004). This daaavailable at the Institute of
Oceanography, Hamburg, via collaboration with therr@an Climate Research Centre
(DKRZ). In order to read and transform this dattoia user-friendly format that can be
further used by other software like IDL or Matlabthe PINGO package
(http://www.mad.zmaw.de/Pingo/pingohome.html) hagrb obtained, installed, and used to
read and transform ERA40 data of the period 01/11@908/2002 for further analysis and
application.

As substitute to the missing PSSM algorithm adapoedts application to AMSR-E data
because of the problems with the geo-location ABé algorithm, which is based on the 89
GHz data of the AMSR-E (Kaleschke et al., 2001 e8pret al., 2008), has been applied to all
AMSR-E data available. Time series of the obtaieadconcentrations are available at the
Institute of Environmental Physics, Bremen, andlitistitute of Oceanography, Hamburg, via
the webpagehttp://www.seaice.deASI/AMSR-E ice concentrations have been combined
with the PSSM/SSMI polynya data. Both data typesehea similar horizontal resolution, and
the combination has been used to derived a reakstimates for the ice production for all
Antarctic polynyas, see Section 9. In order to dretissess the reliability of the used
ASI/AMSR-E sea ice concentrations, comprehensiVelaton studies have been performed
(see Section 5).

4 Acquire and project evaluation and other data.43.

About 340 NOAA (14, 15, 16, and 17) AVHRR imagevé&een acquired for modification
and evaluation of the PSSM, the improvement ofldmel mask, and the calculation of the
clear-sky surface temperature from the NSIDC Stdefictive Archive (SAA). The data is

obtained in LAC format (Local Area Coverage wittbabl km spatial resolution). The data
is processed and projected into the same grid ased for the SSM/I data — with grid-cell
sizes of 5 km x 5 km (for an overview, see Figurand 1 km x 1 km for specifically selected
areas (see Figure 8) using IDL and FORTRAN routines



Figure 7: NOAA-16 AVHRR image of channel 4 of the Weddelb&€atober 2, 2002, 19:19
UTC (LAC, not projected). Gray-levels are choserstiow the full range of temperatures
(white = low, black = high temperatures).

Figure 8: Sub-region of the image shown in Figure 7 projedted the fine-mesh version
(1km x 1km spatial resolution) of the NSIDC polarsographic grid for the Central
Weddell Sea (see Figure 6). Gray levels are chts@chieve best discrimination of relevant
features with black: 271K, and white: < 235K.



As already indicated in Section 3, data of the Rahsis ERA40 of the ECMWEF (6-hourly
analysis of 2m air temperature and humidity, s@fac pressure, 10m wind speed) has been
acquired. This data has been transformed to arelifte user-friendly format using the
PINGO-package, and data covering the Southern QcAatarctica has been selected for the
period 01/1992 until 08/2002 (the ERA40 time sestxps here). Subsequently the data has
been interpolated to the same fine-meshed versiadheoNSIDC grid that is used for the
PSSM, i.e. with 5 km x 5 km grid cell size.

Difficulties arising during the calculation of appriate net surface heat fluxes on the basis of
the ERA40 data and hints from the literature (gan Woert, 1999) led to the acquisition of
meteorological data as obtained from the net ofofatic Weather Stations (AWS) in the
Antarctic. These AWS stations measure the air teatpes, air pressure and wind speed —
typically at heights between 2 and 4 meters abbeegtound. The two main sources for the
AWS data taken are the Australian Antarctic Diuvsio (see e.g.
http://aws.acecrc.org.au/awswebsite/background)htarid the Antarctic Meteorological
Research Center (AMRC) at the Space Science anidéargng Centre (SSEC) in Wisconsin
(seehttp://ice.ssec.wisc.edu/aws.hjymiVhere available data of the full period, i.e922001
has been obtained for the months May through Sdperfnom stations marked on the map
given in Figure 9.




1: Limbert 13: Possession Island
2: Butler Island 14: Young Island
3: Larsen Ice Shelf 15: Cape Webb

4: Dismal Island 16: Penguin Point
5: Kirkwood Island 17: Eder Island

6: Mount Siple 18: Cape Denison
7: Ferrell 19: Port Martin

8: Willie Field 20: D10

9: Cape Bird 21: Lanyon
10: Marble Point 22: Apfel
11: Manuela 23: Ranvik
12: Whitlock 24: Rumdoodle

Figure 9: Map of Antarctica and the location of the AWS dafawhich is used for
comparison with ERA40 data.



5 Apply & evaluate PSSM on test periods and reg(8t3.5)
5.1. Evaluation of the PSSM based on SSM/I data

For testing and evaluation the modified PSSM (ayrghesis of PSSM and IED) has been
applied for data acquired during November 2002 Mtadch 2003 in the Kara Sea and
September/October 2002 in the Southern Oceane@itbms, see Figure 2). Thin ice and open
water area were calculated from SSM/I data of DM&®Pand -f15. Figure 10 shows an
example of maps of the polarization ratio at 37 @d5Hz, the resulting polynya distribution
map derived with the PSSM, and the correspondiniyl{S®-Bootstrap ice concentration for
the Kara Sea.

Figure 10: Sample set of P at 37 GHz (a), at 85 GHz (b), &salting PSSM map (c) and the
corresponding COMISO-Bootstrap ice concentrationfd the Kara Sea, March 11, 2003, 8
UTC (Siberian coast at the top, Novaja Semlja &t lbiottom, Severna Semlja to the left).
Values in (a) and (b) range from dark blue/violeD to orange/red = 0.18 (a) and = 0.12
(b). In (c) orangel/red denotes thick/consolidated, iblue thin/loose ice, and white/pale
yellow open water. Land appears gray (a to c) ortevfd), coasts are black, missing data are
dark gray (a to c) or white/pale yellow (d). Theitgharrows indicate a fast ice area, which
apparently can also be a problem in the Kara Seaweler, this fast ice patch is located
outside the Kara Sea in the Petchora Sea and therafoes not influence the polynya area
retrieval in the Kara Sea itself. Errors due totfase coverage in the Kara Sea have been
found to be negligible. The same applies to therr{fresh water) ice, which is flagged in a
post-processing step before the polynya area tenesis calculated.

See Figure 3 and 4 for examples of the Southerrai@ddaps of the polynya distribution
derived with the PSSM but also of the polarizatimtios are compared with about 80
AVHRR images for March 2003 and about 25 AVHRR iesépr November 2002.



Figure 11: (a) AVHRR image, channel 4, of the Kara Sea fordWiat4, 2003, 11 UTC,
superposed by PSSM isolines for the transitionktkidhin ice (black) and thin ice — open
water (white). The thick gray line gives the aredested as primarily being cloud free (see
(b), thick white line); (b) PSSM map of surfaceetysuperposed with isolines of surface-
temperature estimates from channel 4 at —1.8°Cn(tbiack) and —9°C (thin white).
Orange/red denotes thick/consolidated ice, blue tb@ and white/pale yellow open water.
Land appears dark gray, coasts are black, misseig dre medium gray.

Maps of AVHRR IR-temperature are superposed witlines denoting the transition thick
ice — thin ice and thin ice — open water (FigureallMaps showing the thick ice, thin ice,
and open water distribution are superposed bynissliat —1.8°C (open water — thin ice
transition) and -9°C (approximate thin ice — thick transition) (Figure 11 b). For the latter
temperature values of —6°C and —12°C have also te=ted but are not used, because these
values led to unrealistic distributions of thin.idéis comparison is only possible for cloud-
free areas, which have been delineated manuallevery used AVHRR image. The
comparison is merely based on AVHRR data acquitedhannel 4; if daylight permits



AVHRR data acquired at channel 1 are used as Well.the latter a sun-incidence angle
correction has been applied in order to optimizegtay-level distribution and to increase the
usable area of a particular image. The outcomehe$e comparisons helped not just to
evaluate the final PSSM map but also to tune th@aints mentioned in section 2 to achieve
optimum agreement between the polynya area obtaiitbdthe PSSM and the polynya area
as seen in AVHRR imagery.

Figure 12: Example of the evaluation for region EBS for Ogt2@02; a) AVHRR image
acquired with channel 4, superposed with isolinéshe transition open water — thin ice
(white lines) and thin ice — thick ice (black lipes found by the PSSM. The thick grey lines
encloses the cloud-free area (see thick white itnb); b) PSSM polynya distribution map
superposed with isolines of surface-temperaturenesés from AVHRR channel 4 at —1.8°C
(thin black) and —9°C and -12°C (thin white). N¢bat these isolines are only given in the
cloud-free area marked by the thick white line. dlaand coastlines are marked grey and
black respectively. For color coding of the PSSMraae Figure 4. None of the other masks
are shown here in order to get the full picture.

The Figures 12 and 13 show one example each ofdhmparison between PSSM polynya
distribution maps and AVHRR imagery for the regideBS and EIS. This comparison /
evaluation had been done similar to what has besaribed for the Kara Sea. In total about
220 AVHRR images are used to tune the PSSM anegarately evaluate the results obtained
for all nine regions (see Figure 2). Figure 12daeals about eight open water areas seven of



which are found with the PSSM (see white isolineghe cloud-free area in Figure 12 a).
Figure 13 b) reveals also about eight open watasaeight of which are found by the PSSM
(see white isolines in the cloud-free area in Fegl® a).

Figure 13: As Figure 12 but for the region EIS for October 2@02. Note that the size of the
shown image is just half the original size.

5.2 Validation of ASI/AM SR-E ice concentrations

As is mentioned in Section 3, problems with the-lpmation of AMSR-E data, delayed the

adaptation of the PSSM to AMSR-E data. Instead nermhasis was put on the ASI

algorithm.

The ASI algorithm has been extensively validated imumber of studies with four different

types of independent validation data:

- Comparison with ship-borne observations from R/NaBstern in the Arctic (see Spreen et
al., 2008; Heygster et al., 2008).

- Validation with EMT+/Landsat-7 data in the Bering&Sand Bering Strait (see Wiebe,
2007; Heygster et al., 2008).

- Comparison with SAR-derived ice concentrations fittwa Arctic (see Spreen et al., 2008;
Heygster et al., 2008).

- Comparison with NASA Team-2 and Bootstrap Algorith(WT2 and BT) from the Arctic
and the Antarctic (Spreen et al., 2008; Heygstat.e2008).

The comparisons of the ASI, NT2 and BT results wliip observations from cruises in three

different years give a rather consistent picturghwne exception (NT2 during ARK XXII),

the biases of all three algorithms coincide witBi#o bias and 2% RMS error.

Consistently over all four analyzed Landsat scettes ASI algorithm detects first-year ice



with an accuracy, that is very similar to that asleid with the NT2 algorithm (bias below 1%,
RMS errors 1 to 4 %). For young and even morenéw ice (which cover much less area)
the bias and RMS error increase, for new ice upo. Note, however, that the comparison
of ASI ice concentration data with the ice concatidn obtained independently from Landsat
and SAR scenes yields different results; obviotisity data (Landsat and SAR) considered as
ground truth detect different ice types differenflyeas that are identified as new ice by the
optical sensor have higher ice concentrations coadpdo those indicated by the ASI
algorithm. So, the ASI algorithm tends to undeireate the ice concentration when new ice
is present. On average, the ASI ice concentratrange between those from Landsat and
SAR. Both the bias intervals (-2.9 % to +2.6 %) #mel RMS errors are slightly higher than
those of the NT2 algorithm, applied to the samasse

In order to overcome the limitations of regionadlgd seasonally limited case studies, the
differences between the ASI and the NT2 and BTltgstespectively, have been determined
independently for both hemispheres and over thesy2@02 to 2006. The biases of the four
cases do not exceed 2%, the RMS error ranges hetivaad 11% ice concentration (Spreen
et al., 2008). At first glance, these RMS errorg/rappear relatively high. However, none of
the three involved ice concentration data setsbearegarded as ‘ground’ truth. Rather, they
all three carry their own errors as the differehbice of channels in use determines the
sensitivity of the algorithms to direct and indireeeather influences, ice thickness and ice
surface properties.

According to Parkinson and Comiso (2008) the meanthly ice concentration obtained with
the NT2 and the BT from AMSR-E data for May and Asiy 2003 to 2006, drop down to
values of 80 % to 85 % in those areas around Ammtarcwhich are sites of recurring
polynyas, i.e. the Ross Sea, around the Mertz &amlynya and along the East Antarctic
coast. The differences between these two algoritihntisese areas are less than five percent.
According to Spreen et al. (2008) ice concentratiaveraged over the period June 19, 2002,
to August 31, 2006, tend to be lower in these at®asip to 8 % when using the ASI
algorithm instead of the NT2 or the BT. Note, thiase areas of reduced ice concentration
are also smaller in size compared to the other dlgorithms. This is both caused by the
enhanced spatial resolution achieved with the Ag@irghm; with which the ice concentration
ice obtained with spatial resolution of the ordebd&m x 5 km, instead of 12.5 km x 12.5 km
as is typical for the other two algorithms. A sianilconclusion was drawn by Kern (2004)
who compared ice concentrations, which were deriveéd 85 GHz SSM/I data on a grid
with 12.5 km grid cell size, with the NASA-Team afghm ice concentration available with
25 km grid cell size. Therefore the ASI algorithmshbeen chosen to use it in combination
with the PSSM applied to SSM/I data.

6 Perform analysis of ice production (3.2.6)

Ice and salt production as associated with thergbdepolynyas is calculated as follows:

- Take ECMWF ERA40 data (air temperature and humidiynd speed, surface
pressure) and interpolate this data onto the fieshm(5 km grid cell size) version of
the NSIDC-grid used to get the polynya distributiaith the PSSM (see Section 4).

- Restrict the further calculation and analysis ®ionths April (May) to September to
minimize the influence of solar radiation, whichfatt is neglected here.

- The net surface heat flux then comprises the mgt-\eave heat flux and the turbulent
fluxes of sensible and latent heat (see e.g. VaertW6999). The following formulas
are used to calculate the net surface heat fluXirsttthe net surface heat flux i5
given by:



=F_.+F + +
I:t FS I:I FUD I:down'

Fs, R, Fp and Rown are the sensible, latent, long-wave emitted, amg-lwave
downwelling fluxes, respectively. The sensible #atdnt heat fluxes are calculated using
common bulk formulae:
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In these two equations,: = 1.3 kg /m?3 is the density of cold aip, £ 1004 J / kgK is the
specific heat of dry air, &= 0.0018 is the bulk transfer coefficient for heatoisture (at a
height of 2 m), u is the wind speed at a heigh? af, L = 2.5 x 10J/kg is the latent heat
of evaporation, Ji is the air temperature at a height of 2 myke is the surface
temperature and set to the temperature of freez@@gwater: -1.8°C, g is the specific
humidity at a height of 2 m, and.gaceiS the specific humidity at the surface. The value
used for the bulk heat transfer coefficient is Q®0This differs from values reported in
the literature and used for similar purposes. Ban®gle, Yu and Lindsay (2003) and
Drucker et al. (2003) used a value of 0.003, whighs deduced from in-situ
measurements over narrow leads (Lindsay and Rdthrb894). These values are,
however, valid for a height above ground of 10 rd arntemperature difference between
the surface and the air of at least 10 K. Andreaal.g1979) and Andreas and Murphy
(1986) defined the bulk transfer coefficient overctic leads to be between 0.0021 and
0.0025 at a height of 2 m above sea level, but 6913 at a 10 m height. Over open
water they defined Cas being 0.001. Finally, by carrying out air-bomeasurements
Walter et al. (2006) found values fog 6f about 0.0012 for a mixture of thick ice and
leads valid for a height above ground of 10 m.

So the value of @o be used in bulk formulae to calculate the twehtisensible and latent
heat fluxes depends on the height above grounavifiich this calculation is carried out
and on the temperature / humidity difference betwtee surface and the air. In this study
the calculation are carried out for a height of Zlbove the ground so values like 0.003
and/or 0.0021 to 0.0025 seem to be appropriatenewer only for small leads / polynyas
and a large temperature difference. In order toowaat for the fact, that most of the
polynyas considered in this study are quite laagealue between the open water value to
those given above is chosen: 0.0018.

The wind speed in the ERA40 data is given for gleof 10 m above the ground. Using
the logarithmic wind profile equation the wind sgest 2 m height above ground can be
approximated as follows,d = Wom / 5> The specific humidity is calculated via
computation of the partial water vapour pressuoenfthe dew-point temperature using
the Clausius-Clapeyron formula using coefficierafid/for saturation with respect to ice.
For Guraceit is assumed, that the relative humidity dire@tythe surface is 100 % so that
the partial water vapour pressure at the surfacaledhe saturation water vapour pressure
at a surface of g[iace = -1.8°C with saturation with respect to ice.

Finally for the net long-wave heat flux,Gown the parameterization of Berliand and
Berliand (1952) is used:
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Heree = 0.98 is the long-wave emissivity,= 5.67 x 16 W/m?2 is the Stefan-Boltzmann
constant, T is the air temperature at 2 m heighis @e cloud coverage, and ie the
saturation water vapor pressure at the surface.

Having the net total surface heat flux the ice piitbn can be calculated using:

Pice :Ft/ pice [Lh
where the ice productioncPis the total net heat flux; Bivided by the density of the ice
(frazil ice) pice = 950 kg/m3 and the latent heat of fusign=L334 J / kg.

7 Comparison with models (3.2.7)
7.1 Kara Sea

Maps of the polynya distribution as obtained whk PSSM for the Kara Sea for 1999-2004
are compared to maps of the ice compactness (rueentration) derived with the HAMSOM
(HAMburg Shelf Ocean Model) model. For the periodbfuary 1-16, 2001, a direct
comparison between PSSM maps of the polynya digioib, maps of the COMISO Bootstrap
ice concentration and the ice concentration as teddeith HAMSOM has been carried out.

Sen ice roncentration [%]
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Figure 14: Top row: PSSM map showing the extent of thick/dateted ice (red/brown),
thin/loose ice (blue), and open water (white/paddiow) for the Kara Sea (Siberian coast at
bottom, Novaja Semlja at top, Severna Semlja rigghtj-ebruary 1, 4, 7, and 10, 2001, going
from left to right; middle row: HAMSOM ice concegtion; bottom row: COMISO-Bootstrap
ice concentration

A sample set of this comparison is shown in Figlde This Figure demonstrates basically
three things:
a) Locations of thin/loose ice and open water in th@SKl maps agree with the
HAMSOM ice concentration.
b) During this event ice is pushed away from the easteast of Novaja Semlja over a
long distance permitting a large polynya to deve(Bpbruary 4) which gradually



closes (more thin/loose ice instead of open watedP$SM map and less steep ice-
concentration gradient in HAMSOM map, February tpared to February 4) and,
which shifts towards the southwest (February 10).

c) The COMISO-Bootstrap algorithm captures this evéayt yielding lower ice
concentrations in the polynya area. However, opatems usually missed.

The latter fact is evident more clearly from Figd#e showing thin ice and open water area
together with the average COMISO-Bootstrap ice eatration. The average ice
concentration for the thin ice area takes valuesbolut 75 %, the one for the open water area
amounts about 55 %, values which both cannot rettecconditions met in reality.
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Figure 15: Thin/loose ice (diamonds) and open water (squaes$gnt in the Kara Sea for
February 1-16, 2001, as obtained with the PSSMamparison to the average COMISO-
Bootstrap ice concentration for the thick/consolath (first-year) ice area (solid line), the
thin/loose ice area (dotted line), and the openawvarea (dashed line).

The polynya area time series of the Kara Sea, wiwidhbe shown in Figure 19, has been
compared with the compactness of the ice covehéenKara Sea as obtained from sea-ice
concentration maps derived with the COMISO-Boopstitad/or NASA-Team algorithm (see
Kern et al., 2006) and the export of sea ice ouhefKara Sea towards the north as obtained
with HAMSOM. The main result of this comparisontist winters with a high (low) sea-ice
export out of the Kara Sea coincide with a redu@ecreased) compactness of the ice cover
and a higher (lower) mean total polynya area (Kedral., 2005). Therefore, in this case the
output of HAMSOM in terms of sea-ice export coull Used to get a first guess of the total
polynya area / polynya activity during the consetewinter.

7.2. Southern Ocean

A two dimensional, steady state polynya flux mo@tgs et al., 2000) has been applied to
the polynya regions marked by the red boxes infégd7 and 18 in regions EIS and WRS,
respectively. The model is based on the followingation describing the motion of the
polynya edge C(X,0) in time. As time tends to irtfinn the solution of this equation, the
steady state polynya edge is traced out. The balsniound when the ice forming within the
polynya reaches the pack ice at the polynya eddeies up against it. Figure 16 shows the

dX mc=
¢, +dXme=0



Ilm Palynya > Packice

ice collection depth

consolidated ice depth (e.g. 15 cm)
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Figure 16: Scheme of a polynya as realized in the polynyarfladel.
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Figure 17: Map: relative frequency of occurrence of a polymyaach 5km x 5 km grid cell
of the region EIS for July 1996. A value of 50 far(sition from light blue to green) indicates
that on 50 % of the included PSSM-maps of the palyhstribution in July a polynya has
been observed. Graphs b) to f): Comparison betweedeled (diamonds) and PSSM-based
total polynya area for the Prydz-Bay / Amery IcelShrea (see red line in map) for July of
the years 1995-1999. The graphs show the totalnyalyarea and that polynya area, which
lies inside the line given by a 50 % probability fiee occurrence of a polynya in July of the
respective year.
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Figure 18. Same as Figure 17 but for the region WRS and thss Re Shelf polynya. The
map shown in a) is the relative polynya distribatior July 1995. Note the different scale of
the y-axis.

scheme of a model polynya. Input for the model iIsdwspeed, air temperature, dew point
data taken from 6-hourly analysis of the globalrapenal ECMWF weather forecast model.

Net surface heat fluxes and the ice productiorcateulated by using bulk formulae given by
Van Woert (1999).

Figures 17 and 18 give a comparison between thgnpalarea as obtained with this steady
state polynya flux model (SSPFM) on the one handnfdnds in images b) to f)), and the

polynya area as obtained with the PSSM on the dthed (solid lines without symbols). The

comparison has been done for the month of Julyl895-1999 and reveals the following

results:

- The polynya area obtained with the PSSM is muchenvariable than the one based
on the SSPFM
- The polynya area based on the PSSM is much lahger the one obtained with the
SSPFM. The latter takes values between 0 and 2060de the Prydz-Bay polynya
and between 0 and 23 000 km? for the Ross-lce Siwinya region. The over-
estimation of the polynya area by the PSSM relatovéhe one obtained with the
SSPFM is larger for the Prydz-Bay polynya.
This discrepancy could be explained based on tHewimg facts. First, the Prydz-Bay
polynya area is much more subject to catabatic svbidwing down the Antarctic continent.
These winds are a local phenomenon and are stbgrind topography. The model data used



to force the SSPFM are taken from the ECMWF glotedther forecasting model with a grid

resolution of 1.125° x 1.125°. At such a spatiadotation the steep topography, which is
typical for almost the entire Antarctic coastling,certainly smoothed. This results in less
pronounced catabatic winds, and thus in a poténtihaller wind speed than would have
been observed in reality (see Section 9). Accordiing detailed investigation a doubling of
the wind speed yields almost a doubling of the pgdywidth at constant temperature (Flocco,
2007). Note, that when limiting the polynya areatty 50 % probability iso-line (see map a)
in Figures 17 and 18) for the occurrence of a pgdym July of the respective months, the
agreement between the SSPFM-based and the PSSM-hadgnya area increases

substantially (see thick grey lines in images ) ia Figures 17 and 18).

Finally it has to be stressed that the PSSM-baséghya area is totally independent of the
SSPFM result, i.e. cases in which the model (SSRiH do not (yet) favor the development
of a polynya at all might coincide with a well déyged polynya as observed with the PSSM
and vice versa. Additionally it has to be notedt tvhile in the PSSM-based data set the
transition between thin and thick ice, i.e. theedf the polynya, is at approximately 10 cm
ice thickness (see Section 10) this is more diffitu give a fixed thickness value describing
the edge of the polynya in the SSPFM data set sgere 16). Thickness values at the
polynya edge depend on the wind speed and thegfireed value of H (Figure 16) and may

take values between 5 and 25 cm.



