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Abstract V

Abstract

Arctic and Antarctic polynya systenase of high research interest since extensive new ice
formation takes placm these regionsThe monitoring of polynyaand the ice productiois
crucial with respect to thehanging sedce regime.The thirice thicknesgTIT) distribution
within polynyas controls the amount of heat that is released to the atmosphefgasnd
thereforean impact on the ieproduction rates.

This thesis presents an improvedethod to retrievethermatinfrared thinrice thickness
distributions within polynyasTIT with a spatl resolution of km x 1 km is calculated using
the MODIS icesurface temperature and atmosphenmdelvariables within te Laptev Sea
polynya for thewinter periods 2007/08 and 2008/09.

The improvement of the algorithm is focused on the sumesgyflux parameterizations.
Furthermore, a thorough sensitivity analysis is applied to quantify the uncertathgy timn

ice thickness resultsAn absolute mean uncertainty of +4.7 cm for ice below 20 cm of
thickness is calculatedrurthermore, dvantages and drawbacks usutiferent atmospheric
data setsreinvestigated.

Daily MODIS TIT compositesare computedo fill the data gapsarising fromclouds and
shortwave radiationThe resulting maps cover on average?d ®f the Laptev Sea polynya.
An intercomparison of MODIS and AMSR polynya data indicates that the spatial resolution
issue is essential faccuratelyderiving polynya characteristics.

Monthy fastice masks argeneratedusing the daily TIT composites. &befastice masks
are impemented into the coupled se&/ocean model FESOM\n evaluationof FESOM
seaice concentrationis performed with the result that a prescrithegh-resolutionfastice
mask is necessamegarding theaccuratepolynya location However,for a more realisc
simulation of other smalcale sedce features furthemodelimprovemens arerequired.

The retrieval of daily higltesolution MODISTIT composites is an important step towards a
more precise monitoring of thin sea iard sedce production Futurework will addressa
combined remote sensirig model assimilation method to simulate futlgvered thirce

thickness maps that enable the retrieval of accurate ice production values.
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Zusammenfassung

Arktische und antarktische Polyrfystemeagieren alsGebieteintensiverEisproduktion und
stehen daher im Fokus deMeereisbrschung. Aufgrund der sich andernden
Meereisbedingungen in den Polarregionen ist die Beobachtung von Polynjen von grof3em
InteresseDie Verteilung des diunnen Eises in Pogmkontroliert den Warmeverlust zur
Atmosphéare und damit die Eisproduktionsraten.

Diese Arbeit beschaftigt sich mit der Ableitung von thermalen Dinneisdicken in Polynjen.
Dunneisdicken mit einer rdumlichen Auflésung von 1 km x 1 km werden auf Basis von
MODIS Eisobeflachetemperaturen und atmosphéarischen Modelldaten fur die Laptev See
Polynja berechnet. Der Datensatz wird fir die beiden Winter 2007/08 und 2008/09
bereitgestellt.

Ein bestehendeflgorithmus wird beziglich der Parametrisierung \Emergiefliisse an der
OberflacheverbessertWeiterhin wird eine ausfihrliche Sensitivitatabse durchgefihrt, um

den Fehler in den Dinneisdicken zu quantifizieren. Der mittlere absolute Fehler betragt
+4.7cm fur Eisdicken kleinerls 20 cm. Die Vor- und Nachteile der ®wendung von
unterschiedlichen atmosphéarischen Datensatzen werden untersucht.

Nach der Sensitivitdtsanaky werden tagliche MODIS Dunneisdickikomposite erstellt, um

die Lucken, die durch Wolken und kurzwellige Einstrahlung entstehen, zu flllen. Die
Komposite decken im Mittel 70 % der Laptev See PolynjeEab Vergleich von MODIS und
AMSR-E Datensatzen zeigt, dass die raumliche Aufloswumggentlich ist, um Polyrnja
Charakteristika hinreichend genau abzuleiten.

Monatliche Festeismasken werden aus derictégh DUnneisdickefompositen abgeleitet

und in das Meerei®zeanmodell FESOM implementiert. Die Verifizierung von simulierten
Meereiskonzentrationen belegt, dass eine FeBmiametrisierung erforderlich ist, um die
Lage der Polynja realistischiederzigeben Es sind jedoch weitere Modellverbesserungen
notwendig, umdie realistische Simulation weiterer kleinskaliger Meereiseigenschaften zu
gewabhrleisten.

Die Ableitung taglicher, hochaufgeléster MODIS Dinneisdicken ist ein wichtiger Schritt in
Richtung einer genaueren Beobachtung von dinnem Meereis und der Meereisproduktion.
Zukunftige Arbeitenwerdensich mit derAssimilierung von MODIS Dunneidicken in das
MeereisOzeanmodell FESOMbeschaftigen um DunneislickenKarten mit kompletter
Abdeckung zu simulieren und damit die Berechnung von realistischen Eisproduktionen zu

ermoglichen.
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1 Introduction

1.1 Motivation

The Arctic climate system reactplickly and sensitiveto global warming. Recent studies
show that the warming due to greenhouse gases in the Arctic is twice as high as in the mid
latitudes (Serreze and Fran¢®00g, Screen and Simmond&010]). This fmenomenoris
generally referred to as Arctic amplification and might be partially caused by the decreasing
seaice extent and thickness as well as changes in cloud cover and atmospheric water vapor
content (Screen and Simmond010], Serreze et dl2009], Lu andCai [2009], Graversen

and Wand2009]).

The impact of climate change on sea extent and thicknessms beemnvestigated in several
studies According to Comiso et a[2008], the se&e decline has accelerated in the last
decade. The tremaf decreasig seaice extent shifted from2.2% in 19791996 to-10.1% in
19972007. The summer séee minimum was reached in September 2007 with aicgea
extent of 4.1x19km?, 37 % lower than the climatological average (Comiso €©2808]). In
association wh the shrinking se&e extent, a thinning of sea ice is record€&dles et al.
[2008], Kwok and Rothrock2009]) For the winter season 2007/08jles et al.[2008]
estimated an icthickness anomaly of 28n below the sixyear mean from 2002/63007/08.

In addition tothe observation of the largeale sedce extent and thickness, small seale
featuresmust alsobe investigated with respect to climate change. In particutamifisant
attentionmust be paido the polynya systems within the marginal-ggazone of the Arctic
Polynyas are nofinear areas of open water and thin sea ice enclosed by thick ice (Morales
Maqueda et al[2004]). These features contribute substantially to the Arctidceebudget
through extensive wintertime ice productiortesa (Morales Maqueda et gR004]). The
evolution process and the characteristics of polynyas are described in $&&tion

The Laptev Sea is internationally designated as a key region to investigate the climate change
within the Arctic shelf seas (Arctic Climate Assessment (ACI2004]). This shelf sea is
located between the Severnaya Zemlya in the west, the Lena Deltasoutheand the New
Siberian Islands in the eagtigurel).

A particularity of the Laptev Seia the huge freshwater inflow %0 kn? per year (Rigor

and Colony[1997]).70 % of the freshwater inflow discharging into the Laptev &@efnates

from the Lena RiverYenisei, Khatanga and Anabar are other important rivers discharging
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into the Laptev Sea. The freshwater inflow affects the stratificatitimeoivater layeras well

asthe salinity level.

@t® Polynya
Fast-ice edge

120°E

Figure 1. (a) Overview map of the Arctic. The blue band along the coastline denotes the
polynya system occurring during the freezing period in the Arctic. The red box markptee La

Sea in the Siberian Arctic shown in (b). (b) Map of the Laptev Sea. The dashed black lines are
the bathymetric contour lines. The red line denotes schematically the average fedge. The

blue band shows the regions where polynyas occur in theev&ea. (¢) MODIS channel 1
image of the Laptev Sea for 22 April, 2008 1055 UTC. Polynyas can be seen as the dark narrow
band along the faste edge.Redboxes denote the Laptev Sea polynya subsets: the- north
eastern Taimyr polynya (NET), the Taimyr pylg (T), the Anabakena polynya (AL) and the
western NevBiberian polynya (WNS). All subsets together are called LAP.

During the freezing period (Octob&une), fast ice forms along the coastlofethe Laptev

Seaand reaches its maximum extent in April. Offore wind conditions enable the opening

of polynyas along the faste edge during the winter seasétuge amounts of new ice and

dense water are producedthwn the Laptev Sepolynya (Dmitrenko et al[2005]). Due to the

high new ice formation r at e Shisnewlyformedpceiea Se a
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major source of sea icthat is transported through the Transpolar Drift (Dethleff et al.
[1998]). Between 1979 and 1995, the average ice outffateo_aptev Sea was 48®0km?
(Alexandrov et al[2000]). The annual outflow varied between ZBD km? in the winter
period 1984/85 and 73200km? in 1988/89.

Previous studies addressithge seaice production in the Laptev Sea show large discrepancie
in the amount of newly formed idhat might be, at least partlyattributed to methodological
differences (Dethleff et al[1998], Winsor and Bjork2000], Dmitrenko et al[2009],
Willmes et al.[2011], Tamura and Oshinj@011]). For instance, Dethleét al.[1998] used

the simple relationship between wind direction/speed and polynya area to derive an ice
production of 25&m?in the Laptev Sea polynya for the winter season 1991/1992. In contrast,
Willmes et al.[2011] calculatd for the same winter an ice production of 633kiinthe
polynya is covered with thin ice and 114 kifthe polynya is ice free. They udepassive
microwave and thermahfrared satellite data in combination with atmospheric reanalysis
data to retrieve thiee production. Due to thargedifferences in the iecproduction values, it

IS necessaryto improve the existing methods to get more accurate results. According to
Willmes et al[2011] the knowledge of the thiite thickness distribution within the lyayas
needsto be refined because the impact of a -ib& layeron the heat loss is crucial. The
previous methods mostly assume a completelyfra® polynya or an empirical thice
distribution. The importance of the thice thickness distribution fahe ice productiorwas

also demonstrated Hybner et al[2011]. They suggest tht a thinice layer of around cm
reduces the turbulent heat fluxes by up to 27thWWdependingn the temperature conditions
andthewind speed of the atmospheric boundasger above the thin ice.

According to these considerations, the overall aim of this thesis is the implementadion of
improvedthin-ice thickness algorithrto monitor the icghickness distribution and variability

of polynyas in the Laptev Sed dataset of nearly fully-covered higkresoluton thir-ice

thicknessmapsbased on remote sensing dailh be provided

1.2 Polynyas

Polynyas arerecurring elongated areas of open water and thin ice occurring along the
coastline or the fagte edge within the nrginal seaice zones of the polar oceans (Smith et

al. [1990], Martin[2001]). These features can e é ] tens to tens of th
kil ometers | randappead é exaent ogaii ons where a 1

thicker ice cover woulde climatologically expectédBarber and Massof2007]).
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There are two different mechanisms controlling the formadbpolynyas (1) wind-driven
polynyaformation and (2) polynya formation due ¢onvective ocean curren{sigure 2a).
The latent heat polynya opensiring off-shore wind conditions when the ice is advected
away from the coast dhefastice edggBarber and Massof2007]). Because theea water

is at its freezing pointinstantaneous formation of frazil iceccurswhen the insulating
consolidated ice cover is removélring this process latent and sensible heat is releated
the atmosphere, brine is rejected andsdavater is produced. Continuing e$hore wind
pusheghe new ice seawardsausingcontinuedice productionSeveral synonyms for latent
heat polynya are found in the literatusbelfwaterpolynyg coastapolynyaandwind-driven
flaw polynya

Figure2b presents a photograph of the Laptev Sea polynya. This photograph sharsvwa
openwater area and different neee types. According to théVorld Meteoblogical
Organization[1990] the newice types are called frazil ice, grease ice and nilas. Frazil ice
consists of newly formed, loose ice crystétsthe photographthefrazil ice is collected along
the downvelling zones of the Langmuir circulatioffrigure 2b). Ice crystals that clump
together tdorm a soupy layer are called grease ice. Nilas are areas of consolidated ice up to
10 cmthick. TheWorld Meteorological Organizatiof1990] describes nilas aséhin elastic
crust of icdand distinguishes between danddight nilas. Dark nilass thinner tharb cmof

ice thickness ant$ very dark in colorAreas of ce with a thickness betwe&wand10 cmare
classified asight nilas andhave a lighter color The photograph shows an area of dark nilas in
proximity of the fastice edge(Figure 2b). Ice with a thickness between 10 and 30 ism
called young ic§World Meteorological Organizatigri990)).

On the orshore sidethe polynya is bordered by the coastline or theifesedge. Fast ice is
sea ice that is contiguotis a shore and does natove with ocean currents or winds (World
Meteorological Organizatiofl990], Mahoney et al.2007]). The photograph shows snew
covered fast ice in the foregroufiigure 2b). On the offshore sidedrift ice is attached to
the polynya The definition of drift ice is not specified by age, form, origin or thickness but
has the characteristito move or drift with winds, ocean currents and tides (World
Meteorological Organizatiofii990]). In the background, the photograph shows a small strip
of snowcovered drift ic§Figure2b).

The second polynya type is the sensible heat polyRygufe2a). This polynya forms due to
convective ocean currents Barber and Mas§2007]. Warm upwelling watemelts the ice

and an opefwater area occurs. The closing process is initiated by whratsativect ice into
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the polynya. The size and persistence of the sensible heat polynya result from theanteract
between the upelling warmwater and the advection of ice into the polynya.

(a ) SENSIBLE HEAT POLYNYA LATENT HEAT POLYNYA

heat flux heat flux

«\\?’“6
8@
N\
consolidated new ice thinice open watV

brine -
rejection

relatively

cold warm water
dense

cold, high salinity water
(dense water production)

frazil ice collection along
the down-welling zones
of Langmuir circulation

driftice =~

Figure 2: (a) Scheme showing the formation of tfve polynya typessensible heat polynya and
latent heat polynya. (b) Photograph of the Laptev Sea polynya (latent heat polynya) with
different ice types© Photograph: T. Ernsdorf, University of Tri€2008)

Latent heat polynyas are important for the Arctic-seasystem because these features are
areas ofsubstantial n& ice formation. Withrespect toclimate changdt is essential to

monitor the ice productionvithin polynyas. The &y variablesrequiredto derive the ice
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productionwithin polynyasarethe polynyaarea,thethin-ice thickness distribution within the
polynya and atmospheric quantiti@sg., 2m temperature, wind speed)

Due to the good spatial and temporal availabiliatelite observationprovidevaluabledata

ses from which to derive polyya area and thiice thickness Both optical and passive
microwave sensors providelata that is appropriate for theobservation of polynyas. The
Moderate Resolution Imaging Spectroradiometer (MODIS) and the Advanced Very High
Resolution Radiometer (AVHRR)eect visible and infrared radiation. These sensors have a
considerably finer spatial resolutidinanthe passive microwave sensdrsit the data is only
useful under cleasky conditions. The two major passive microwave sensors are the Special
Sensor Micravave Imager (SSM/I) and th&dvancedMicrowave Scanning Radiometeri

Earth Observation System (AMSEH. Using theremote sensing data sets a variety of
methods are developed to derive polynya area anddhithickness distribution.

Atmosphericvariablesare provided by atmospheric modetdocal measurements

1.3 Objectivesand organization of the thesis

The aim of tlis thesis is the improvement tife thin-ice thicknesamonitoringwithin polynyas
to enable a more accurate calculation of the polynya ice produg@ti@nstateof-the-art of
polynya investigatiorshowsthat recenly implemented methods allow the observation of
polynya dynamics and the polynya ice production. However, discrepancibe iresults
indicate that further research is requiiedorderto gain improved data sets aid in the
monitoringof polynyas Hence, thebjectivesof thisthesisare

(1) the improvement of the thermaifrared thinice thickness retrieval,

(2) an uncertaintgstimation of theatellitebasedhin-ice thicknesslata sets

(3) the computation oflaily MODIS thirrice thickness composites

(4) theallocationof MODIS fastice maskgor prescriptionin seaice/ocean models
In order to fulfill the objectivesat firstan establishethin-ice thicknessretrievalis modified
by improving its parameterizationsThe parameterizations of surfaeeergy fluxes in
previous thirice thicknessretrieval methods araot stateof-the-art for the atmospheric
boundary layer and theefore more improvements amequired Secondly, asensitivity
analysis of the thiice thicknessalgorithmis performed The uncertainty estimation includes
a statistical and comparative part to quantify the uncertainty of thécthitmickness data set
and to determine the impact of the input variables on the uncertainty in theethimckness.
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After the assessment of the method andnpeat data setsa daily MODIS thin-ice thickness
composite ofthe Laptev Seas producedfor two winter seasonsnd compared to other
remote sensing data seBased on the dailylODIS thirrice thickness mapsonthly fastice
masks are derived.he polynya simulation of eoupled seace/ocean model isnprovedby
the prescripton of the MODIS fasice area. The sei@e concentrations simulated by this

model are evaluated using remote sensing data.

The thesis is organized as follawsfter the introduction, a reviewf the methods used for
theremote sensing of thin sea ice is given. The sensor systems and methods to derive sea ice
quantities are described. In the subsequent section the used data is¢tscuesd Sectiord

deals with the thisice thickness algorithm and its improvement. Furthermaréhorough
sensitivity analysis is providethe algorithm isappliedto anothershelf sea in the Arctic and

to one in the Antarctic and subsequent processing of MODIS thde thickness mapss
described After the comprehensive analysis of the #hée thickness algorithm, Sectidn
addressethe treatment of fast ice in numerical models and the evaluation of simulateé sea
concentrations with respect to a fast prescriptionThe last section condlies the findings

of the thesis and provides antlookon future work
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2 Remote sensing of thinea ice

2.1 Sensor systems

2.1.1 Optical sensor systems

Various optical and passive microwave sensor systems monitor theghiagions in the
Laptev Sea polynyalhe basic specifications and improvements of these sensors since the
1970s areeviewed in tis section.

Optical satellite datahas beerappliedfor polynyainvestigationsfor more than30 yearsin
October 1978 the TIROSN satellite was launched with the first AdvanceWery High
ResolutionRadiometer(AVHRR) on board. This imaging radiometer captufear wide
channeldrom visible to thermainfrared wavelengths. The secofRdHRR sensorequipped
with five spectral channelbegan operatingn board th&NOAA-7 satellitein 1981 The third
generatiorof the AVHRR sensois equipped with sixspectralchannel40.581 12.5 pm)and
hascollected dataince 1998initially on board the NOAAL5 satellite All AVHRR channds
have a spatial resolution &f1 km x 1.1 km at nadir At least two AVHRR instrumestare
operatingat the same tim® guarantee global coveratyece-daily.

The successor of AVHRR is thdoderate Resolution Imaging Spectroradiomel@©DIS)
with finer spatial and spectral resolution. MODEKSan imaging radiometer that measures
electromagnetic radiation from Oim (visible) to 14.4um (thermal infrared). 36 discrete
spectral bands with a spatial resolution from k@bx 0.25 kmto 1 kmx 1 km capture this
wavelength rang€Table 1). The MODIS sensor has been deployed on two satellites, Terra
and Aqua, whichwere launched in December, 1999 and May, 2002, respectividig.
satellites argpositionedin a sunsynchronous polarrbit at an altitude of705 km and an
orbital period of roughlyl00minutes Making 14.4 orbits per dagythe two MODIS
instrumens are able to scathe whole earthvithin two days (Barnes et al[1998], Hall et al.
[2004]).
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Tablel1: Basic specifications of the MODIS sensor.

Feature MODIS
first instrument 1999 (Terra)

Launch second instrument 2002 (Aqua)
Orbit sunsynchronous, polar
Altitude 705 km

Zenith angle | 55°
Swath size 2330 km

Spectral 0.4um (visible) to 14.4 um (thermal infrared)
range
_ 0.25 kmx 0.25 km(bands 12)
Spatial 0.50 kmx 0.50 km(bands 37)
resolution

1.00 kmx 1.00 km(bands &36)

Data sets MOD/MYD29 ice-surface temperature {Tobtained by NASA

obtained by | MODIS seaice concentration (SIC) obtained by S. Willmes, University of
others Trier

Own data

MODIS thin-ice thicknesgTIT)
sets

2.1.2 Passive microwave sensors

Passive microwave dates beermvailable since 1973 he first datasetwasprovidedby the
Electrically Scanning Microwave Radiome{&SMR) on theNimbus5 satellitefrom 1973 to
1976. This instrument measurat asingle polarization and frequency of 19 GHz with a
field of view (FOV) of 25 km x 25 km at nadir and60 km x 40 km at scan extremes
(Parkinson et al[1987). The Scanning Multichannel Microwave Radiomg@®MMR) was
deployedon Nimbus7 in 1978 and was equipped with i¥e channels between GHz and
37GHz measuringthe brightness temperature &brizontal and verticalpolarizatiors
(Cavalieri et al.[1984] Gloersen et al[1984). The sizeof the FOV varies between
171km x 157 km (7 GHz) and 3&m x 34 km (37 GHz). Since 198the Special Sensor
Microwave Imager (SSM/lhas beeron board the Defense Meteorologicaléllde Program
(DMSP) satellites. SSM/I detecthe brightness temperature faur frequencies between
19 GHz and 85 GHzThree of the frequenci€49, 37 and 85 GHzZAresampledn horizontal
and vertical polarizatignthe 22 GHz fregency is only sampled vertically polarized
(Hollinger et al.[1990] Hollinger et al.[1987). In May, 2002 the Aqua satellitevas
launched carrying thAdvancedMicrowaveScanningRadiometeii Earth Obsemng System
(AMSR-E). Table 2 gives anoverview ofthe baic specification®f this sensarThe conical

scanning microwave radiometeas 12 channeland operatesat six frequencieq6.9, 10.7,
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18.7, 23.8, 36.5 an89 GH2 with horizontal and vertical polarizatiomhe FOV is largest at
6.9 GHz @43 km x 75 km) andsmallest at 89 GHZ4 km x 6 km). The gridded spatial
resolutionranges from25 km x 25 km to 6.25 km x 6.25 km. Due to a sensor failure
AMSR-E data is oty available until SeptembgR011.1t is replaced by AMSR carried on
the Shizukusatellite(GCOM-W1), which was launched in Mag2012. Operational data will
be available idate 2012

Despite thdarge time span from whicBSM/I datais available(this data has been collected

since 1987)only AMSR-E datais usedn this thesiddue tothefiner spatial resolutionf the

AMSR-E sensar

Table2: Basic specifications adhe AMSRE sensor.

Feature AMSR-E

Launch first instrumeanOOZ(Aqua), sensor failure iBeptembeR011
second instrumer012 (GCOMW1)

Orbit sunsynchronous, polar

Altitude 705 km

Zenith angle 55°

Swath size 1445 km

Data setsobtained by
others

AMSR-E / Aqua DailyGridded Brightness temperatu(&g) obtained by NSIDC
ASI seaice concentratiofSIC) obtained bythe University of Hamburg

Own data sets

AMSR-E thirrice thickness (TIT)

AMSR-E polynya area retrieved by thelpnya signature simulation method
(PSSM)

Frequencies (GHz) 6.9 10.7 18.7 23.8 36.5 89.0
Footprint size (km x km) 43x75 | 29%x51 16x 27 18x 32 8x14 4%x6
g‘(mjiefms)pa“a' resolution | 55, o5 | 25x25 | 12.5x125 | 12.5x125 | 12.5x12.5 | 6.25x 6.25

2.2 Review of methods to deriveseaice andpolynya characteristics

In this sectionretrieval methodsthat characteriz@olynya quantitiesin Arctic polynyasare

describedIn the following, the different polynya quantities are explained:

1 Thin-ice thickness (TIT): Different thirice types appeawithin a polynya(see

Figure2c; World Meteorological Organizatiodi990]) The definitions as to which ice

thicknessis called thin ice and hence classified as a part of the polynya idiffee

literature Here, ice up to a thickess of 2@m is defined as thin icé&reviousstudies

(e.g.,Willmes et al.[2010) and the results of &sestudes show thathermalinfrared

and passivenicrowaveremote sensingataprovidereliableinformation aboutheice
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thickness in the range from 0 20 cm. Moreover,the distribution of ie thickness is
required to calculate the ice production within polynyaswith respect toice
production,ce thicknessip to20 cm is sufficient since théeat loss and hendbeice
production is low in regions of thicker icElfner et al[2011)).

1 Seaice concentration (SIC): All pixels in asatelliteimage that coveparts of the
polar ceanareassumed toepresent mixture of open water and sea iddence, he
seaice concentrations thefraction of a pixelthat is covered by sea ice. St@nges
from 0 % (no ice is present within the pijab 100% (the pixel is fully icecovered)

1 Potential open water:The potential opewater is defined as 1 min&C.

1 Polynya area (POLA): The number of pixels that are classified agolynya
multiplied bythe pixel sie. POLA can be defined1) by TIT less thar20 cm,(2) by
all SIC pixels lower thana defined threshol¢a threshold of 70 % SIC is usedthis
thesig, (3) byall Ts pixel higher thana temperatureghresholdand (4) by usingthe

polynya signature simulation methkeSection2.2.6.

2.2.1 lcesurface temperature

Ice-surface temperatur@s) is needed to derive the thioe thickness distribution within the
polynya. The temperatuis retrievedfrom thermalinfrared datawith a spit-window method

(Hall et al.[2004]) The method is based on brightness temperailgeseasured at1l and

12 pym These wavelengthare both located withinatmospheriovater vaporwindows. At a
wavelengthof 11um approximately 80 % of theadiation upwelling from the surfacés
transmittedthrough the atmospherét a wavelength of 12 pmapproximately60 % of the
radiation istransmittedbecase ofthe higher sensitivity to water vapor. Due tcettiifferent
attenuation of the radiation in the two spectral bandsT ghdifference contains information
about the amount of water vapor. Hence, the application of the split window misthod
equivalentto an atmospheric water vapor correction. The simple regression model is defined

as follows
Ts =at b3 TB,11+ C3 (TB,ll_ TB,12) + d3 [(TB,ll_ TB,lZ)3 (Secq_ 1)] (1)

where i and sioare the brightness temperatures at
angle providing information about the path lengthd ad areregression coefficients (Hall et
al.[2004] Key et al[1997)).
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The regression coefficientsdaare determinedusing the low resolution radiative transfer

model LOWTRAN developed for the prediction of atmospheric transmittance and
background radiance Kneizys et [d988]. For this modelTg at the sensor is simulated with
radiosonde profilesThen, aregressioranalyss is applied betweeh h e mo dserfased i c e
temperature and thr@mulated F to determine the coefficients Equationl. Theregression
coefficientsare calculated separately for the Arctic and Antarctic and for three temperature
ranges (Hall et a[2004], Riggs et a[2012]).

In this thesis the product of icesurface temperaturederived byMODIS thermalinfrared
datadetected athe spetral band 31 (11um) and 32 (12 um$ usedHall et al.[2007] (see
Section3.1.1).

2.2.2 Thermal-infrared thin -ice thickness

The retrieval ofthermalinfrared thin-ice thickness(TIT) is based on the strong relation
between icesurface temperature and thae thicknessTIT is calculated usingheice-surface
temperature and additional atmospheric data withadsamptiorthat the total atmospheric
energy flux isbalanced by the conductive heat flux through the ice.

First calculatiors of TIT were performedmore than 30 years ago using airborne infrared
imagery in combination with a very simple surface energy model (Kuhn [di9415]). Since

the 1980s satellit¢thermalinfrared data has beegorovided by theAVHRR sensorwith a
spatial resolution of .1 km x 1.1 km at nadir A first thermalinfrared TIT retrieval study

using AVHRR was presentedby Groves and Stringel991]. Theyapplied Kuhn et al.

[1 97 5] 06dasmaltahaosimple theoretical approach (Mayk@s6]) In spite of using
realistic AVHRR surface temperaturethe retieved icethickness results werambiguous

They postulated that this may resuttm simplified parameterizations of the fluxeghin the

model or inappropriate atmospheric data. Yu and Rothrfk®96] further improvedthe
retrieval of thin-ice thickness by usindVHRR data in a thermodynamic iggowth model
(Maykut and Untersteindrl971]) to retrieve the ice thickness up50 cm with a relative

error of £20 %. Compared to the previous algorithms this model is more detaikxdhs of

the calculation of the net total radiation balance, the separate treatment of the turbulent heat
fluxes and the conductivity of the i@dsnow hyer. Based on Yu and Rothrofgk9 9 6 ] 6 s
method Yu et al[2001], Drucker and Martif2003], Yu and Lindsaj2003] and Willmes et

al.[2010] perfornedcase studies with a slightly modified algorithm for Arctic shelf seas.
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Error analyses othin-ice thickness case studieslemonstrated thligh agreement between
TIT retrieval results and other TIT data sétsg, about 80 % agreememtith moored or
submarineupward looking sonabDrucker and Martij2003], Wang et al[2010]).

A detailed descriptionf the tin-ice thicknesgetrieval as it is used in this thess provided
in Sectiord.2

2.2.3 Thermal-infrared seaice concentration

The following approaches to calculaseaice concentration SIC) are based orthe
assumptiorthat theice-surface temperatunacludes information abouhe fraction of open
waterwithin a pixel(Drie and Heinemanj2004])

Ishikawa et al.[1996] calculded SIC using AVHRR Tg. They usd the brightness
temperature assuming that the physical and brightness temperature are identical. According to
Tanaka et al[1985] this assumption is reasonable for polar regions because of low water
vapor contentsn the atmospherdcor eachAVHRR scene they defineda temperaturdor

thick ice outside the polynyato distinguish between polynya and drift/fast ice. This
temperaturas referred to adackground temperature,l The freezing temperature of open

waterTs is set to-1.8 °C. SIC is calculated as follows:
SIC=100® (T, - T)(T,,- T,)) )

Polynya areaROLA) is calculated using all pixels with a SIC lower than 50 %.

Ciappa et al[2013 modified this algorithmto determine POLAIn the Terra Nova Bay
polynya (Antarctic).They omitted the intermediate step to calculate Skt iteratively
calculatel a temperaturénreshold T, to boundthe POLA

Tth = (Tmax +Tbg)/2 (3)

All pixels classified warmer thanswere rated apart of the polynya.

Instead of a constant The authorsisal the maximum temperaturg,dxin a MODIS scenas
openwater temperatureThe initial background temperatuiiey was specifiedl °C lower
than Tnax During the furthercalculation processyf was determined using the pixels of a
strip next to the boundary of the polynyiéeratively adjusting ¥y and T, POLA was
enlargeduntil it converges withlyg.

Drie and Heinemanf2004] alculatel the SIC with MODIS ice-surface temperatuseTs.

Thar potential operwater algorithm (POTOWAyasdefined as follows:
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SIC=100%: T,¢T,,
sic=(1- (.- T, )AT, - T,y 100 T, <T.<T, 4)
SIC=0%: T.2T,

with a constant {Tof -1.8 °C. Ty was determined within &0 x 50 pixel kernelusing a
bilinear function The obtainedhigh-resolution SIQoroducthas aspatial resolution of km x
1 km.The assessment studyDfiie and Heineman2004]statel that the error of the saee
concentrations ispproximately £10 %Willmes et al.[2010] applied themethod to the

LaptevSea and showed that the estimgietynya areas in agreemenwith otherdata sets

2.2.4 Passive microwave saice concentration

A variety of seaice concentratior(SIC) products arebased on calculationffom passive
microwave dataSSM/I brightness temperature at 19, 37 and 85 Ghzbeen usedo
retrieve SIC products with a gridded spatial resolution oki&5x 25 kmfor the last three
decadegCavalieri et al[1996], Meier et al.[2006). Several retrievals based on SSM/I data
(e.g, Bootstrap, NASA TEAM)were compared by Andersen et #2007] The algorithrs
wereadjusted and enhancéat the higherspatialresolutionof AMSR-E data(Markus et al.
[2008],Markus et al[2011]).

In this thesis seaice concentrationsre used that are derived throutje ARTIST sea ice
(ASI) algorithm (Spreen et al[2005], Spreen et al[2008]). The algorithm is based on the
polarization difference foetween the verticel and horizontdy polarizedAMSR-E 89 GHz
Tg. Two tie points representing tiikg of open water (SIC = 96) and the Rof consolidated
ice (SIC = DO % are required to derive tlseaice concentrationThe choice of the tie points
is important for the accuracy of the SIC retrievBhe AMSR-E 89GHz channed are
sensitiveto water vapor and cloudshereforethe algorithm includes the opacity of the
atmosphere. The opacity defines the transmissionorfaof the atmosphereSeaice
concentration$or 0 % and 100 % are calculated as follows:

{e]

P .6& P, @
SIC=gg¢-19& = 0 for SIC- 0% 5)
C'o ;(i)a:)s,i - Ps,wg
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ap A o4 P, @0
sm:%+%-1§%g 100  for SIC- 100% (6)
o 1 Cn ~C'si SwW =

where R is the polarization difference, £ and R arethe polarization differenseincluding
the atmospheric influender SIC = 0% (open water) and SIC =00 %(closed ice covérand
Psw and R; are the polarization differences for water and, imspectively The sedce

concentrations betweerf@and 100 % are interpolatedth a thirdorder polynomial
SIC=(d,P} +d,P? +d,P, +d,)* 100 (7)

where do-d; are determined witlEquation5 and quation 6 and their first derivatives by
solving a linear equation system.

Spreen et al[2008] addeda weather filter to the ASdlgorithm to reduceffects ofwater
vapor and clous, whichdisturbthe microwave signal that is emitted from the earslrface.
Therefore, Spreen et al[2008] usedthe lower norawveather influenced frequencies at 18.7,
23.8 and 8.5 GHz After the atmospheric correctiponly heavy rainevents result in
overestimated ice concentrations over the open ocean (Spreen [20G8], Kaleschke
[2003). The final sedce concentratioproduct has a spatial resolution of 6KZB x 6.25 km
andthis datas available for the last 10 years

According to Spreen et gR008] the ASlalgorithm yield good results for high SiG-or ice
concefnrations abové5 % the error can be up to 1Q # regions of thin ice the error can be
even highexKwok et al.[2007], Andersen et gl2007]).In these regions (e.g., polynyakgt
passive microwave seee concentrations are underestimat€dat can b explainedoy the
similar microwaveemissivity ofvery thinice and open waterWith increasing ice thickness
the emissivity gradually increases &olevel similar tofirst-year ice(Comiso and Steffen
[2001]). Hencethe similarity of thinice andopenwater emissivity has a significant influence
on the iceconcentration retrievaf a large part of the FOV is covered tyn ice ([Kwok et

al. [2007]) This means thate-concentration maps do not follow the strict definition of-sea
ice concentratio (100 % SIC if the pixel is fully covered by ice) in regions of thin ice
(Comiso and Steffe[2001], Kwok et al[2007]).However,according to Comiso and Steffen,
[2001] the underestimation of Sl@hcreaseghe value of the iceconcentration maps when
thin-ice regions within polynyas amonitored because they can be distinguished from fast

and drift ice.
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Because 0AMSR-EG6s f i ner spati &6.25rkm)she ¢érrortdueadcmed 6. 2 5
pixels near the coast is reduced in comparison to SSM/I SIC.ifipioves the monitoring of

nearcoastpolynyas.

2.2.5 Passive microwave thinmice thickness

Passive microwave brightness temperature incsaagk ice thicknessup to approximately

20cm (Naoki et al.[2008]). As stated by Naoki et aJ2008] the nearsurface brine
distribution is a key factothat contributes to thiselationshipbecause & amountchanges

within the ice layerwhen the ice growsChanges in ne&urface salinityresult in the
modification of t h e I ce |l ayer 6s dielectric properti
emissivity. Thus, the dependence of dielectric properties on brine gives information about the
thin-ice thicknesgNaoki et al[2008], Ukita et al[2000]).

Several thince thicknessretrievals based on passive microwave data were developed in the
last decade. For these methguaislarization ratios of the SSM/I 3dhd 85 GHz channghnd
AMSR-E 36 and89 GHz channg]| respectively, are usedihe usage ofhe polarization ratio
instead of § reduces the dependence the ice type andthe surface temperature and
facilitates the distinction o$helf icefrom open waterand hence smaller coastal polynyas
(Markus and Burng1995). The lower (36, 37 GH} frequenees are less sensitive to
atmospheric influence (mainly water vapor) buvda coarser spatial resolution than the
higher (85, 89 GHz) frequency channels.

The inversion of theolarization ratioto ice thickness requires a regression with thermal
infrared thin-ice thicknesgsee Sectio2.2.2. Table3 summarizes the methods and shohes t
different regression models to infer ice thickness.

Martin [2004] developethe simple polarization ratio ¢ which is derived usinthe vertical

and haeizontal polarized SSM/I 37 GHz channels and appiied approach tahe Chukchi

Sea Table3). The simple polarization ratio ¢ is calculated afllows:

R, = e ®)

TBS?H
The scatteplot in Figure3 shows that the R values decrease with increasing AVHRR TIT.
At a Ry7 value of 1.1and an AVHRR ice thickness of approximatel§ an, a vertical
asymptote of B is approached Martifi2004]. Using an exponential fitting equatioice
thicknesselow20 cm arecalculatedwith agriddedspatial resolution of 2Bm x 25km. This
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method is transferred to the AMSR 36 GHz channel(12.5km x 12.5km) utilizing the
finer spatial resolution of the AMSR sensor (Martif2005]). The finer spatial resolution

allowsamore accurate monitoring of smaller polynyas.
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Figure 3: The satter plot shows the AVHRRIn-ice thicknesginterpolated on the 25 km
SSM/I grid) on the vertical axis and the SSM/I 37 GHz polarization rati) @R the horizontal
axis. The case study is for the Chukchi 8adl2 March, 2000© Figure: Martin [2004],
Figure 3; modified.

Tamura et al[2007p ¢hin-ice thicknessalgorithmis based orthe polarization ratios of the

SSM/Ipassive microwave tafrom the85GHz and 37 GHz chanrsl

TB85(37)V - T385(37)H
PRyan = 9
BT +T ©)

B8537)V

B8X37)H

This algorithm wasdevelopedfor polynyasin the Antarctic. After a comparison between
AVHRR TIT and PR85PR37), linear fitting equations are used to calculate the ice thickness
below 20 cm (Table 3). This algorithm utilizeshte higler spatial resolution of the &Hz
channelforthe r et r i eval A0 cm)vTamuya ett aj400v] siggested th&he
usage ofthe coarser resolution 37 GHz channel, whichlass sensitive toatmospheric
conditions,is sufficientfor the retrieval of ice thickness betwebEhand20 cm. As mentioned
above the 85 GHz channel is influenced by water vapor and clouds resulting in an
overestimation of the ice thickness. Thus, a comwaatif the atmospheric influence is applied
using the 37 GHzhannel teeliminatecontaminated pixels. Usinfese TIT resultsTamura

et al.[2008] calclated the ice production iAntarctic polynyas for the last 20 years. Based
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on these two studieFamuil and Oshim§2011]lmade use o slightly modifiedalgorithmto
determinethe thinice thicknessdistribution within Arctic polynyas Instead of two linear
fitting equations, Tamura and Oshinfd011] usd four equations (two linear and two
exponential fiting curves) to calculate the ice thickness within foustitekness classes with
a maximum ice thickness db6 cm (Figure 4; Table 3). The icethickness resultsverethen

used to calculate thHee productiorin Arctic polynyas

h; = -2.055 x PRy + 0.1765 h; = -4.565 x PR, + 0.3492
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Figure 4. The scatter plots show the AVHRIn-ice thicknesson the vertical axis and the
SSM/I polarization ratio (PR) for (a, ¢) 85 GHz and (b, d) 37 GHz on the horizontalTérds.

solid black lines in (a) and (b) denote the linear lines and in (c) and (d) the exponential curves
of the equations written above the subplots. The vertical lines with crossbars show the standard
deviation of the plots with respect to the linear lemed the exponential curve. The dashed
vertical lines show the PR thresholds. The blue, red and green lines in (a) and (b) are the
principal component axes calculated for the Nertlater polynya, the Chukchi polynya and the
Laptev polynya. The blue, red agcken points are from the NoriVater polynya, the Chukchi
polynya and the Laptev polynya. The fitting equation shown by thecsolid in (d) is close to

that of Martin[2004] shown by the dashed line in (d)F@ure: Tamura and Oshimg2011],

Figure 3; modified.
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Table 3: Overview ofmethodsusedto deiive thirrice thickness(TIT) within polynya from
polarization ratios of passive microwave data and a regressitinthermal thinrice data The
symbols are explained in the folimg: R and PRare polarization ratics; Tg is the brightness
temperature;i s t he ice thickness; U, b and o are
89 refer to the used frequency; the indices V and H refer to vertical and horizontal ptidariza
respectively.

Reference Sensor Polarization ratio Regression model Spatial Region

Frequency resolution

(km x km)

Martin [2004] SSM/I R37:TB,37V/TB,37H hi,37: exp [ 3aﬂ'/b@q’ R 25 x 25 Chukchi

37 GHz U=230.5, b=24 Sea
Martin [2005] AMSR-E R36:TB,36V/TB,36H hi,36: exp [ 3&.'(;4]"' (b gt R 12.5 x 12.5| Chukchi

36 GHz R car (Rae-b)/a U=230.5, b=2/4 Sea

a= 1.3264,b= 0.3444

Tamura et al. | SSM/I PRss= hi gs= -3.912xPRs+0.301 12.5 x 12.5| Antarctic
[2007] 37, 85 (Tessv-TeesH)/(Teesv+ Teesh) Y PR 00.0495; Ocean

GHz PR;= h;=0-10cm

(Tearnv- Tz (Tearnvt Tea7h) h_i,37: '9-QZXPF§7"‘O-7125
Y PRy O 0. 0571;
h,=020cm

Willmes et al. | SSM/I Rgs=Tg g5v/ T g5H hi gs= exp(5.2xR5)*x0.0002 | 12.5 x 12.5| Laptev
[2010] 85 GHz Sea
Willmes et al. | AMSR-E Rso=Tg s0v/ T s9H hi go= exp6.2%xRsg)x86.2 6.25 x 6.25| Laptev
[2010] 89 GHz Sea
Willmes et al. | AMSR-E R3s=Tg.36v/ T 36H hi 35= exp(2.8xRe)*0.002 12.5 x 12.5| Laptev
[2010] 36 GHz Sea
Willmes et al. | AMSR-E RSGsir:TB,36Vsir/TB,36|—Bir hi,BGSiI’: eXp€5.49>< %Gsir) 75%x75 Laptev
[2010] SIR x48.59 Sea

36 GHz
Tamuraand | SSM/I PRs= h; gs= -2.055%PRs+0.1765 12.5 x 12.5| Arctic
Oshima 37,85 (TB,85V'TB,85H)/(TB,85V+TB,85H) Y P%so 0.0494; Ocean
[2011] GHz PR;= h 00.75¢cm

(Teasnv-Tesm) (Tesnv+Team)

h 37= -4.565xPR+0.3492

Y PR;O 0. 0436:;
h 015 cm

hi gs=eXp[1/(UixPRes+b1)]-01

Y PRsO 0.0494:
h O 585cm

hi 37=exp[1/(LxPRe7+0,)] -0,

Y PR 0.0436;
h 0116 cm

U,=215.15,0,=0.508,

9,=1.0395,,=88.49,

0,=1.023,9,=1.1113

Willmes et al. [2010] took these methods and applied them with slightly changed

parameterizations to the Laptev Sea polynyable 3). They used SSM/l 85 GHzgT
AMSR-89 GHz T, AMSR-E 36 GHz & and AMSRE enhanced resolutiongTfor the

calculation of polarization ratios. AMSR enhanced resolution data is reprocessed with the

Scatterometer Image Reconstruction (SIR) method (AMESBIR) and ha a spatial
resolution of 7.%m x 7.5km (Early and Lond2001]).

reg
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To infer TIT, exponetial regression models between the polarization ratios and AVHRR
thermatinfrared thirice thicknesswere applied. Willmes et al[2010] stated that the TIT
calculated using the AMSE SIR 36 GHz data (Tkksi) is valuable forthe operational
retrieval ofi ce t hickness below 20 c¢cm in the Lapte:
resolution and the negligible atmospheric disturbance on the 36 GHz channel. Wherafl IT

Is calculatedbased on the AMSIEE 89 GHz channel (Tkg), is usedand applied todnger

time periodsone has to be careful because of the atmospheerferenceon this channel.
Altogether, the study showed that passive microwave datppiscable for the TIT retrieval
within the Laptev Sea polynya. However, the spatial resolusoa key factor and highly
influences the quality of the results. For narrow polynyas, as occur often in the Laptev Sea,
the low polynya area to edge ratio leads to mixed pixels of open water/thin ice and fast/drift

ice when coarseesolution passivenicrowave data is used.

2.2.6 Polynya signature simulation method

The polynya signature simulation method (PSSMjs developed by Markus and Burns
[1995]to idertify polynya areaROLA) from passive microwave data. The methizdatively
classifiesopen waterthin ice ard thick ice usingSSM/I 37.5 GHz and 855Hz Tg. A
combination of openvater and thirice area describes the polynya args.in Tamura et al.
[2007] the high spatial resolution of the 85 GHz channel andwikak influence of
atmospheric constituenbnthe 37 GHz channelareutilized.

As a first stepthe polarization ratigPR) of the verticlly and horizontdy polarized 85GHz
frequency is calculatedBy eapplying a predefined hin-ice threshold to the 8%5Hz
polarization ratio an initial polynya area isdetermined.Synthetic 37 GHz images are
simulated usinghe initial polynyaarea image whereas siee and opefwater pixels are
allocated with an average brightness temperature. The two simir@gdsare convolved
with the SSM/I antennpattern.The measured and the synthetic 37 GHz polarizationsratio
are compared with each otheefining two thresholds fahe upper and lower boundary of the
polynya areausing the maximum correlation coefficient and the minimum absolute
difference. Thehree steps of classification, simulation and comparison are repeated until the
best fit between the measured and simulated 37 GHz inmgesievedMarkus and Burns
[1995).
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In previous studiesdifferent thinice thresholddor PR were applied for different research
areas. For instanc&ern et al.[2007] applied athin-ice threshold of 0.085 to derive polynya
area in the Ross Sea (Antargtic

Willmes et al.[2010] applied PSSMo AMSR-E 36 GHz and 89 GHz gland adjusted the
thin-ice thresholdfor PRsg to 0.07 for the Laptev Sea to get the best fit of polynya area with
visible andAdvanced Synthetic Aperture Radar§AR) data.They stated thah the Laptev
Seathe PSSMpolynya areancludesice thickness belo&0 cm.

2.2.7 Methods used in thisthesis

In this thesis, several methods are applied to derive polynya characteristics, like polynya area
or thin-ice thickness distribution. The methods are:

1 thethermatinfrared thinice thickness retrievalSection2.2.2);

1 thepassive microwavthin-ice thickness retrievalgSection2.2.5;

1 thepolynya sgnature simulation method (PSSM, Sectiod.6).
The work is focused on the thermafraredthin-ice thickness retrievaBSectiord deals with
the improvement of thalgorithm and provides a thorougknsitivity analysis of thehin-ice
thickness results.
For thedifferentretrievak of polynya characteristics the followidgta products are used:

1 MODIS icesurface temperature;

1 MODIS seaice concentration;

1 AMSR-E brightness temperature;

1 AMSR-E seaice concentration.

Thesedata productsvith thar specifications are described in th#&sequergection.
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3 Data sts

Three tyes of data sets are used imstthesis(Figure 5). The main focus lies onagellite
remote sensing dataptical and passive microwavayailable withhigh spatial coverageas
well asfine spatial and temporaksolution.These data setseaused to derivéhe following
polynya variablesthin-ice thickness, se@e concentration and polynya arda-situ data
measured during th&ransdrift XV expeditionin the Siberian Arctic in 200% usedas a
verification data set fathe optical remotesensing dataAs a third data typanodel datssets
are used.Atmospheric model data supp®the retrieval of thidce thicknesdrom satellite
data Simulated seaice concentration frona coupled sedce/oceanmodelis evaluatedby
remote sensindatato show the ability of tis modelto simulate polynyas.

In-situ data Remote sensing data Model data
Passive Optical data remote Atmospheric Sea-ice/ocean
KT15 microwave data sensing data models model
TIT
Aerial AMSR-E MODIS NCEP FESOM
Photos
TIT
| Verification of MODIS Ts ' COSMO

Products
___________________________________________________________________________________|

1 1 1 1 1

AMSR-E AMSR-E AMSR-E MODIS MQDIS
SIC TIT PSSM SIC TIT

Evaluation of simulated SIC

Figure 5: Overviewof thedata sets and their relationship to each other. Red boxes indicate that
products are acquired from others (see SecBdl); green boxes indicate that products are
derived by the author using the methods mentioned in S&cHon
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3.1 Satellite remote sensinglata sets

The followingsatellite remote sensing data satsused:
1 optical remote sensing dataeasuredby the Moderateesolution Imaging Spectro
radiometei(MODIS);
1 passive microwave datietectedby the Advanced Microwave Scanning Radiométer
Earth Observation Syste(AMSR-E);
1 backscattercoefficients measured byEnvironmental Satellite Ehvisa) Advanced
Synthetic Aperture Radar (ASAR).
These data setsprovide datameasuredwithin various portions ofthe electromagnetic
spectrum each with different spatial resolution and coveragélow these different
measurement characteristic$luencethe thin-ice thicknessmonitoring will be discussed in

Sectiors 4.

3.1.1 Optical remote sensing data

In this thesis the MODIS Terra and Aqua Sea Ice Extentmin L2 Swath producis used
(MOD/MYD29; Hall et al.[2007]). Sea icesurface temperatuneequired for the retrieval of
thin-ice thickness within the polynyastored in the MOD/MYD29 product.

The icesurface temperatuiie automatically generated using tfidlowing MODIS products:
MOD/MYDO021KM Level 1B calibrated radiancegGuenther et al[2002]), MOD/MYDO03
geolocation(Wolfe et al.[2002]) and MOD/MYD35L2 cloud mask(Riggs et al.[2012,
Ackerman et al[1998]). The data is provideavith a spatial resolution of m x 1 km at
nadirand an accuracy of +1& (Hall et al.[2004]). The nhominal swath coverage is 2330 km
(cross track) x 2030 km (along track). Tdeta product is available through the US National
Aeronautics and Space Administratios ( NMe® &égneration Earth Scienésscovery
Tool (http://reverb.echo.nasa.gov/reverb

Because the retrieval of reliable isaerface temperatures is only applicable during clear sky
conditions,the qualitycontrolledMODIS cloud mask (MOD/MYD35_L?2) is applied the
MODIS T productto exclude cloudy regionfAckerman et alf1998], Hall et al[2004] Frey

et al.[2008). The cloudmask algorithm has difficulties in identifying sea smoke and thin low
clouds resulting inoverestimatedhigh icesurface temperatures where theseud#o occur
(Ackerman et al[1998])
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The MODIS cloud mask is derived using all available MODIS .dEt@ data measured with
the visible channels is not usalalenightfor the cloudmask retrieval. Thus, the quality of the
cloud mask for MODIS night scenes is lowtban for day imagesRecently, the thiice
thicknesscalculation is only applicable for MODIS night scenes. Thereforeptbsence of
clouds that are not identified by the cloud mask may occur more often

MODIS seaice concentrationare calculated aceding to Driie and Heinemarj@004]. The
daily data set has a spatial resolution &M x 1 kmandcovers the Laptev Seagion.The
data is provided byhe S. Willmes, University of Trier (personal communicatior201J).
MODIS SIC are used during theompuing processof daily MODIS thirice thickness
compositesis a comparison and correction data set

3.1.2 Passive microwave data

AMSR-E / Aqua Daily L3 brightness temperatuf@dVSR-E Tg) are usedor the retrieval of
thin-ice thicknessandfor the polynyasignature simulation method@he data is acquired by
theUS National Snow and Ice Data CendSIDC) (Cavalieri et al[2004]).Fortheretrieval
method, AMSR-E Tg at 36.5 GHz with a gdded spatial resolution of 12kBn x 12.5km
andat89 GHzwith a gridded spatial resolution of 6.R& x 6.25 km are required.

AMSR-E seaice concentrationsalculatedoy the ASI algorithmare used for thderivationof
openwater and polynya are@he SICproduct witha spatial resolution of 6.28n x 6.25km
is provided by theJniversity of Hamburg (Kaleschke et f2001] Spreen et a[.2008]).

AMSR-E enhanced resolution data is generated from irregularly sampled data using the
Scatterometer Image Reconstruction (SIR) algorithm (Early and [2@@11]). This data set is
referred to as AMSHE SIR. The spatial resolution of ¢hproduct is 7.%km x 7.5km. The
AMSR-E SIR datas obtainedy the NSIDC(Long and Stroevi2011])

3.1.3 Envisat ASAR

Envisat ASARwide swath backscatter dataused for comparison with other remote sensing
data setsPolynya edges can be defined manualinterpretation of thidigh-resolution data
set. The instrument operates ab&hd (5.34 GHz) with vertical epolarization (VV) and
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covers approximately 40Kkm x 800 km with a spatial resolution of 15®x 150 m.ASAR
Level 1 datais provided by the European Space AgefieSA).

3.2 In-situ data sets

Thethesis isa component ofhe GermarRussian projeafSystem Laptev Sealnvestigation
of polynyas and fronsystem& The aims of the project a(&) to describe the annual and
spatial variability of oceanographic fronts and tramsgprocesses(2) to investigate the
reaction of polynya systems to changing forcing varial(@s,to examine thenteraction
between sea floor, polynya argka ice in terms of microbiology and bexchemistry and4)

to monitor the spatibemporal variability of the polynya dynamics aihe texchange between
atmosphere, ocean asda ice within the polynya system.

) p@ Eaa—
o ser. COM
Battery T‘\ é
A=
é RICOH
l’_J
Earth Surface

Figure 6: Measurement system for remote sensing datas(ickace temperature and aerial
photographs) in the helicopter. The green boxixed intheh el i copt er ds hat ch.
photographs are taken with the camera fixed within the box.idéigsurface temperature is

measured with the KT 15 Il P pyrometer outside of the bok. addi ti on to the
1HzGPS an external 1HZ5PSis used for tracking thélights. © Figure: A. Helbig, University

of Trier (2009)

The Transdrift XV expeditionwhich took place in the Siberian Arctic during March and
April, 2009 was part of this project. Measurements in the research field of oceanography,
meteorology and remote sensing were acquired. For oceanographic purposes, moorings
equipped with Acoustic 8&ppler Current Profiler (ADCP) and Conductivity Temperature
Depth Sensor (CDT) were deployed near the -ifast edge during the expedition.

Additionally, salinity, temperature, oxygen and chlorophyll were measured during the
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expeditionds i maic weaherstations [AWS) ware installed near the fast

ice edge to document meteorological conditions during the expedition pErguotg7). The

AWS measured air temperature, humidity, net radiation, wind speed and wind direction.

For remote sensing purposes a measurement system was installed in the helicopter to measure
ice-surface temperatures and to take aerial photographs of the palyngaions Figure 6,

Figure8).

123°E  124°E 125°E 126°E 127°E 128°E 129°E 130°E 131°E 132°E 133°E

74°30'N
740N

73°30'N

ASAR WSM Imagery 0 25 50 100 Kilometers
Date: 20090415 0237 UTC Pttt
Projection: Polar Stereo. WGS-84

Figure 7: The positions of the automatic weather stations (AWS) during the Transdrift XV
expedition are denoted within the map. The AWS BLUE was first installed near tice fzdge

at the position BLUEL and drifted on an ice flo® pcsition BLUED. After the drift the AWS
BLUE wasreinstalled on the fast ice ahe position BLUE2. The AWS RED waat first
installed atthe position RED1. After some repairs, the AWS was reinstalledhatposition
RED-2. In the backgroundraEnvisat ASAR image detectash 15 April, 2009 0237 UTGs
shown The yellow circles denote the position of tbe camps© Envisat ASAR image: T.
Krumpen, AW([2009)
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L‘ l( v a).‘-' "‘,b‘.l'.‘ A -
Figure8: (a) I nside the helicopter: green box is in
camera is fixed in the gimbal. The KT15 pyrometer is fixed outside of the box. (b) Box with

measurement devices sgen through the open hatch of the helicopter Ve through the
helicopter ds h@Photétgraphs: A.iHalldg, Univefrsityiofgr i€R009)

The KT 15 Il pyrometer (KT15Was used to detect acrog®lynya profies of icesurface
temperaturewithin the polynya (Heitronics Infrarot Messtetk GmbH [2012]). The
instrument measures the emitted lamgve radiation in the wavelength range from 9.0 to
11.5 um. Within this wavelength range the influence of atmospheric gases (especially water
vapor and Cg) is very low. The flight altitude is thefore not important. The device provides
temperature values for emission coefficients between 0 and 1. Forttelroeasurements an
emission coefficient of 1.@asused.The devicemeasure# the range o0f50 to 200 °C. The

mean error is 0.03 °@ temperatureneasurement is acquiredlery secondsiven a nominal
helicopter flying altitude of 100 m the spatial resolution of the suitcgerature

measurements is 4 m4 m
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Table4: Details of the polynya transeatseasured during the aerial survey.

Date Time Sta}rt Length l;\)lglr;r?;a: ten?pl)rer& Wind speed _Winq
(UTC) station (km) ; . (ms?h direction
crossings | ture (°C)
26 March 2009 0830 | TI09-3 85 6 -14 5| SW
27 March 2009 0630 | TI09-4 85 6 -15 3| SW
1 April 2009 0330 | TI09-5 15 1 -23.3 2|S
8 April 2009 0550 | TI09-8 100 4 -9.2 5| SE
14 April 2009 0600 | TI09-10 100 4 -18.5 9|S
15 April 2009 0610 | TI09-11 150 3 -11.6 13| S
21 April 2009 0500 | TI09-13 60 2 -10.8 10 | SSW
126°E 128°E

74°N

0 10 20 40 Kilometer
— SIS ® Ice Camps

ASAR WSM Imagery KT15 profiles

Date: 20090415 1232 UTC %

Projection: Polar Stereo. WGS-84 Fastsiceedger 000415
Fast-ice edge 09/03/27

Figure 9: Overviewof the KT15 profiles measured during the Transdrift XV expeditast

ice edge at 27 March, 2009 and 15 April, 2009 as welicascampsare shown.Where the
greenline for the fasice edge in March is not visible it is coincident with fastice edge in

April. In the background an Envisat ASAR image detected at 15 April, 2009 1232 UTC is
shown. © Envisat ASAR image: T. Krumpen, A2009)
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Photogrammetric seiae imagerywastaken with a RICOH digital camera. The camesas

fixed in a gimbal inside the box. At 100 m flight altitude themage dimensions are

120m x 80 m.

For geol ocati on, t -BRS devacanwas asédsin additioreto a airhilar 1 H z
device. The average flight altitude was 100 m and the average flight speedhefitopter

was 120 km H. In total, seven transects were measured between 26 March and 21 April,
2009 fFigure9). All transects cover the Western N&iberian (WNS) polynya and include
several acrospolynya legs-Table4 gives an overview of the length and other details of the

polynya transects.

3.3 Model data sets

Simulation outputs of two different model types are used:

1 atmospheric models

1 coupled seace/ocean models.
Atmospheric data is required for the retrieval of thermfhred thin-ice thickness. In
combination withthe MODIS ice-surfacetemperaturgthe ice thicknesss retrieved with a
surface energy balance model. For solving the atmospheric flux equations atmospheric
variables fronthesemodels are used.
Coupled sedce ocean models simulate the ice coverage of the ocearmadtieledseaice
concentration is compared in terms of polynya simulation witicgeproducts derived from

remote sensing data.

3.3.1 Atmospheric modeldata sets

3.3.1.1 NCEP

Atmospheric variablefom the US National Centers for Environmental Prediction (NCEP)
Department b Energy (DOE) Reanalysis @ata setare used to calculate the atmospheric
fluxes needed for the thite thicknessretrieval (Kanamitsu et al.[2002]). Herg this
reanalysigdata set is referred ®amply as NCEP. The globakanalysis produdtias a spail
resolution of 1.75° (~200 km grid sizetime Laptev Searea) and a temporal resolution of 6
h. Gridded fields of standard atmospheric variables are avaitable N O Baftld System

Research Laboratory. For the purposes ofttiesisthe following variablesareused:2-m air
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temperature (J, 10m wind speed (L), 2-m specific humidity (§ and mean sea level
pressure (p{Tableb).

Table5: Specifications of thBlICEP and COSM@tmospheric data set® Table: Adams et al.
[2012], Table 1.

Model NCEP COSMO
. . 1.75° (~200 km) 5 km
Spatial resolution Global Laptev Sea
Temporal resolution 6 h 1h
Availability since " N
2000 20007 2012 2002i 2011
2-m air temperature, 1t wind speed, 2-m air temperature, 1t wind
Variables 2-m specific humidity, mean sea levg speed, 14n specific humidity, mean
pressure sea level pressure
Polynyas not captured resulting in quynyas capturedsmg AMSR.E
. . . . seaice fields (sedce concentration <
Quality of data in excessivelyold 2m air temperatures 70 % | | . d
terms of polynyas above polynyas, warm bias inr2 air 0 equals to polynya area In Mo
' setup); composed data sétdaily
temperature
model runs
[_)ue to the frequently occurring warn Highest accuracy if MODIS and
air temperature bias ice thickness co . I
. ; . . AMSR-E give a similar polynya
Impact on retrieved be overestimated, otherwise air . ) o
) . ) signal, otherwise underestimation o
ice thickness temperatures are underestimated . R
L . : air temperature resulting in an
resulting in underestimated ice P . . ‘
thickness underestimation of the ice thicknes:

'MODIS icesurface temperatures available since 2000.

3.3.1.2 COSMO

Consortium for Smalscale modeling COSMOQ is a nonhydrostatic regional weather
prediction model (Steppeler et §#£003], Schattler et a[2009]). Since 1999 COSMO has
beena main part of the German Weather SeribV\D)6 s numer i c al w e
system. Schroder et aJ2011] used the model for the Laptev Sea region and implemented a
thermodynamic see model in COSMO. A higlesolution version of COSMO is nested
with two steps in the Global Model Extended (GME with 40 km spatial resolution). AKISR
SICis included in he model setup as an initial field of dea conditions.The ice thickness
within the polynya is set td0 an. Model runs of 30 h (6 h spimp time inclusivewith daily
updated AMSRE SICwere completed and composed to one data set. The simulationas have
horizontal resolution of 5 km and a temporal resolution bf The data is acquired from

D. Schroder (personal communication2013. COSMO simulations are abbreviated as

COSMO in the followingThe variables J Uiom, Ga at 10 m and p are usetiable §

at
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3.3.2 Seaice/ocean modetiata set

The global coupled seace/ocean model FESOM was developed at the Alfred Wegener
Institute for Polar and Marine Research (AWI) in Bremerhaven, GernkakyS O Méake
component is a dynamibermodynamic seme model with the thermodynamics following
Parkinson and Washingtof1979] andan dastid viscous plastic rheology according to
Hunke and Dukowic{1997]

To reduce computer costs, the FESOM simulatioeglect the horizontal advection (and
diffusion) of ocean temperature and saliniBollenhagen et a[2009). This is appropriate
because the dynamics of the Laptev Sea polynyas mainly depend-ice sgaamics (e.g.,
Dethleff et al.[1998). The ocearmodel is reduced to the computation of turbulent vertical
fluxes of heat and salt as a function of the Richardson number.

Surface stresses between ice and ocean/atmosphere are quadratic functions of the wind speed
and the velocity difference respectivefycean surface currents and vertical shear required as
boundary conditions for seee momentum balance and the ocean vertical mixing scheme

have been derived from an annual mean of a fully coupled model run.

Table 6: Specificatims of the se&e/ocean model data set® Table: Adams et al[2011],
Table 1; modified.

FESOM
W|th_out fast without fast W|t_h
ice, . . fastice,
ice, high :
coarse : high
resolution Egséolegl&n resolution
(FESOM HR) (FESOM
CR) FI)
Spatial resolution 1/4° 1/20° 1/20°
-rreesrglﬂct)ii)ar: daily mean | daily mean | daily mean
1 Nov 2007 | 1 April 2008 | 1 April 2008
Period - 11 May T 11 May T 11 May
2008 2008 2008
Name NCEP GME GME
Forcing rSé)Satlal 1.875° 0.5° 0.5°
data T -
reesmp. daily 6 hourly 6 hourly

This modelis usedin two different configurations: simulations covering the whole of the
Arctic are performed on a rotated 1/4° (approximately 25 km) grid (Rollenhagen et al.
[2009]). Starting from a climatological seé= distribution, the model is run over several
decades forced with a combination of daily NOECAR reanasis data for 2m air
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temperature and M wind speed monthly mean humidity from European Centre for
MediumRange Weather ForecastE§CMWF) reanalgis and climatological fields for
precipitation and cloud coveA horizontal ice volume diffusivity of 2000 s* is applied.
The time step is 2 [ his coarsaesolution FESOM version is referred to as FESOR.

A second series of simulations is performedithwa regional, highresolution (1/2C,
approximately 5 km) configuration that covers only the Laptev Sea. Starting from an initial
seaice distribution derived from AMSIE seaice concentrations (daily mean of 1 April
2008) and an initial ice thicknes§ D m with a snow layer of 5 cm, the modforcedwith
datafrom the DWD6 $SME (Majewski et al.[2002]) to specifically simulate the polya
development in April anday, 2008.The horizontal ice volume diffusivity of 108°s™ is
lower than the diffusivity used in FESONIR. The time step in this version ish1 The fine
resolution FESOM version is abbreviasFESOMHR.

Additionally, a third model configuration with fastice mask(FESOMFI) is used as an
enhancement dFESOM-HR. The fastice masks are derived monthly from satellite data for
the winter season from December to April. The retrieval process of the&dastasks is
described in detail in Sectiof.6.2 According to Lieseff2004] the fastice masks are
consecutivelymplemented: the drift velocities within the fasé area are set to zero and the
seaice momentum balance remains unresolved Rozf2@39]. In June, the fast ice is
allowed to drift (Bareis§2003] Bareiss and Go6rg€rz005]).

The daily sedace concentration simulations of the three model configurations are used to
provetheir ability to simulate polynyas in the Laptev S€alle6). The FESOMCR seaice
concentrations cover the entire winter season of 2007/2008. FEEBNhd FESOMFI ice
concentrations are available fopA and May 2008. FESOMCR simulations are obtained
from R. TimmermannAWI (personal communicatior2009. FESOMHR andFESOMFI

simulations are provided by D. Schroder (personal communic2f9.



4 Retrieval of MODIS thirice thickness in the Laptev Sea 33

4 Retrieval of MODIS thin -ice thicknessin the Laptev
Sea

This sction deals with the retrieval of thermafraredthin-ice thicknesgTIT) in the Laptev

Sea The retrievedIT is based orthe MODIS ice-surface temperaturd § and atmospheric
modeldata. In order to verify MODIS ¢ this dataset is compared to isitu measured high
resolution KT15 T (see Sectior8.2). After a detailed description of the TIT retrieval, the
improvementsof the algorithm arecomparedto the study of Yu and Lindsaj2003].
Furthermore, a sensitivity analysis is accomplished to quantify the uncertainty in the retrieved
TIT. In the fifth subsectionthe algorithm isappliedto two other regions: the LincolSea
polynya in the Arctic and the Weddell Sea polynya in the Antargfier that daily MODIS

TIT compositesarecomputedand monthly fastce masks are derive#inally, daily MODIS

andAMSR-E data sets are discussed with respect to dldemntages andrawbacks.

4.1 Verification of MODIS ice-surface temperature

The MODIS T product(MOD/MYDZ29) used hereas described byHall et al.[2004]} They
evaluatedMODIS T separately for the Antarctic and Arctic. In the Antarctic, the MODIS
temperaturavascomparedvith air temperatureat the South Pole. Including the temperature
difference betweersurface and aif a root mean squarerror (RMSE) of 1.2°C was
determined.In the Arctic, air temperature data from drifting buoys and a tide states
compared with the MODIS temperatar@nd a RMSE of 1.3C was calculated. Altogether,

an accuracy of +1.8C for the MODIS icesurface temperaturegas estimatedoy Hall et al.
[2004.

In this thesis MODIS T is verified for the Laptev Sea using theelicopterborne, high-
resolution (4m x 4 m)KT15 Ts measurements from the Transdrift XV expeditibhe maps

in Figure10 give a comparisonf KT15 T, MODIS Ts and Envisat ASAR backscatten 15
April, 2009. TheEnvisat ASARiImage illustratesthe polynya conditionsith a spatial
resolution of 150 x 150 m.Although the polynya boundaries can be estimated by Envisat
ASAR backscatter, it is not possible to derithe ice thickness or ice concentration directly
from this image By visual interpretation it can beuggestedhat the black band along the
fastice edge B1, consists ofopen water and verthin ice (Figure 10a). The stripesn B2

denote accumulatedazil ice due to Langmuir circulatio83 shows an area of consolidated



4 Retrieval of MODIS thirice thickness in the Laptev Sea 34

thin ice. This interpretation is supported by the aerial photographs which were taken parallel

to the KT15 measurements.

-15
46 0 23 46 km

fast ice polynya polynya fast ice polynya

Figure 10: (a) Envisat ASAR imagEom 15 April, 2009 1232 UTC for illustration of the
polynya conditions. Colegraded transect was measured at 15 April, 2009 around 0600 UTC
and shows KT15 iesurface temperature QU Green lines denote the different stages of the
polynya bands (B) 13. (b) MODIS Tfrom 15 April, 2009 0350 UTC. Data gaps (white areas)
result from he MODIS cloud mask. Black line denotes the position of the KT15 transect shown
in (a). Gray triangles mark the position of the aerial photographs (B) llegs (L) 13 denote

the profiles shown in (d). (c) Aerial photographs taken parallel to the KTkh dae picture

size is 120 m x 80 m. (d) KT15dcrosspolynya profiles.

The MODIS and KT15temperature data sets were measured aitime difference of about
2 h (Figure10b). The typical acrospolynya temperature distribution with high temperatures
(near the freezing point of sea water) at the-ifl@sedge and decreasing temperatures moving



4 Retrieval of MODIS thirice thickness in the Laptev Sea 35

in the direction of thelrift ice is shown in boti's data setsThe strong temperature transition
between fast icé-14 °C)andvery thin ice(-1.8 °Q is clearly visible

The MODIS andtheKT15 Ts transectgpresentedn Figure10d are similato each otherThe
temperatures shohigh agreement in regions of open water and very thinDce to itsfiner
spatial resolutionthe KT 15 Ts showsa higher variability thathe MODIS Ts. In particular in

leg L3 between 2Xm and 3Gkm, the temperature peakse not captured by MODIST
Moreover, a small shift between the MODIS and KTL3ump at the fasice edge is seen.
This could result from(1) mixed MODIS pixels including information about fase and
open water or thin ice and (2) small geolocation errors of both dataTsetsmore case
studies showing a comparison between KT15 and MODIS dataesentedn the Appendix
(Figure AL, Figure A2).

Moreover, it becomes obvious that parts of the polynya regioreftarecovered by cloudsr

sea smokeThe disturbing influence of these features make the retrievalaridrhence TIT
from satellite data impossibl@igure 11). Sea smokeappears above the opemater area
within polynyas. Ifcold air passes over the warm ocean, the rapid heating of the air induces
convection currents carrying moisture upwards from the ocean surface. The moisture
condensef the coldair and becomgvisible as sea smokBue to thisphenomenoMODIS

Tsdata is often missing above opemater area(Figure10b).

Figure 11: Photograph of the Laptev Sea polynya taken during the Transdrift XV expedition in
2009 Sea smoke above the opeater area of the polynya and thdjacent fast ice is seen.
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To get a more objective overviegi the relation between KT15 and MODIS, Figure 12

shows a scatter plot of both data sets including four KT15 profiles and corresponding MODIS
data with a maximurdetectiontime difference of 2.5 .hThe correlation betweddODIS and

KT15 Tsis high with a correlation coefficient of r = 0.8Ihe outliers could result from: (1)

the time difference between the two data sets, (2) mixed MODRIGXEIs and (3) small
geolocatiorerrors ofboth data sets.

The verification of MODIS Twith the highresolution insitu data supports theccuracyof

the satellite data set.
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Figure 12 Scatter plot shows KT15 iemurface temperature {ragainst MODIS T KT15
profiles of 26 March 2009 0830 UTC, 1 April 2009 0630 UTC, 14 AH09 0600 UTC,

15 April 2009 0600 UTC and MODIS scenes closest in time (26 March 2009 0905 UTC, 1 April
2009 0400 UTC, 14 April 2009 0445 UTC, 15 April 2009 0350 UTC) to the KT15 profiles are
used.The maximum time difference is 2.5'he correlation codicient (r) is 0.81.

4.2 Thin-icethicknessalgorithm

The thin-ice thickness(TIT) retrievalbased orice-surface temperaturdgs beerconducted
for three decades using an energy balance maggfbachsee Sectio.2.2. Overtime, the
algorithm has been continuously improweith respect to more precise parameterizations
The thin-ice thicknessretrieval described herés based on thenodel of Yu and Lindsay
[2003].In order toimprove theiralgorithm two calculation steps amodified

(1) the calculation of the turbulent heat fluxes by an iterative stability dependent bulk

approach;
(2) improved parameterization of the calculation of the atmospheric emission coefficient

required for the determination dfe incoming longvave radiation.
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The surfaceenergy balance modé& described inFigure 13. The algorithm is based on the
condition that the total energy flux to tla@mosphereQ equals the conductive heat flux
through the ice Q

Qa is calculated as follows:

QA:QO' |_Io' Eo (10)

where Q is the net radiation balanceg I8 the sensible heat flux andiE the latent heat flux.
Ice production will occur if the energy flux to the atmosphexashegative and the water is

at its freezing poinftThe latter is generally observed throughout the winter period.

Atmosphere L L

| H |

Ice h

Figure13: Thinri ce t hickness retrieval scheme. -LZ and
wave radiation componentsyldnd B are the turbulent heat fluxes @@ the net energy flux to

the atmosphere, @ the conductive heat flux through the icgisThe icesurface temperature,

Tris the freezing temperature of sea water and theice thickness. @igure: Adams et al.

[2012], Figure 2.

Regarding thecalculation of @Q, it has to be mentionetthatat this pointin time the thin-ice
thicknessalgorithm is only applicablefor nighttime MODIS T pixels. For an accurate
calculation of the shomvave radiation balan¢¢he variables albedo, solar incidendliegion

and bidirectional reflectance would have to be taken into account (Xiong E08R]).
Currently, the parameterization of these variables is difficult due to the lack of adequate data
of incident solar radiation and albedo with sufficient spaina temporal resolutiod pixel-

by-pixel calculation of sunrise and sunset is implemented to exclude regions affected by
possible incident solar radiatiom this way,daytime conditionsare excludedWang et al.

[2010]) andQy is calculatedy thelong-wave radiation components only:
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Q =L®-L~ (11)
The incominglongvave radiation LZ Bsltamauhasetawsi n
L®=e,sT,’ (12)

where T is the 2m air t e mp &sr the StefarBoltzmann constant
(5.67x10° IK*m?s?), a n d, isCthe atmospheric emission coefficient parameterized
according to Jin et a]2006]:

e, =(0.0003{T,} - 27316)% - 0.0079{T,} - 27316) +1.29833 ({e,} {T.})"" (13)

with T, in K and e, as the 2m watervapor pressuréin hPa)which is calculated using the

specific humidity gand the mean sdavel pressure p:

e, =(q,p)/0.622 (14)

The outgoing longvave rad at i on LY i s Tsand the enlissidn eakfficiers of n g
t he s uwhithdascassumgd toel (Reeg1993)):

L- =esT.” (15)
The latent heat flux &=and the sensible heat fluxptdre calculated using an iterative bulk
approachfollowing Launiainen and Vihm#§1990] (Figure 14). This approach includes the
atmospheric stability using the Mor{bukhov similarity theory and the associatedvarsal
functions An advantage of this method is the usaiethe input variablesvind speed,
temperature and humiditst different levels(Launiainen and Vihmg1990]) This allows
easily using the NCEP-& g, as well as the COSMO 1 g,. Moreover, itallowsthe choice
of an arbitrary calculation lev¢CL). Forthe model version used hefel is at 2m altitude.
Before starting the iteratioprocessthe Monin-Obukhov sability is set to O(neutral
stratification) The potential temperaturetheu p p e r 5 (hezev2em) andft thelower level
ds (here surface), the mean potentehperaturef, t h e a |, the ficton welodityyu |
and thespecific humidity at lower levelsghere surfaceare calculatedA constant roughness
length for momentunz, of 1x10° m is usedThe roughness lengths for temperaturarm

humidity z, (z=z,) are calculated following Andre§$987]:

2, = f(2,,Re) (16)

where Re is the roughness Reynolds number. For an average wind speed of & o6
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5.5x10° m and a Gy (Cu for neutral stratification) of 1.8x10is calculated. For stronger

winds (Uom= 10 m §"), a z of 2.1x10° m and a Gy of 1.4x10° is determinedAccording to

Schroder et al[2003] a Gy of around 1.5x18 is appropriate over thin ice. The values
calculated using the iterative turbulentflcalculation liewithin thisrange.

The iteration starts witthe interpolation othe 10-m wind speed to the-@ level After that,

the temperature differendee t ween surf ace and at mos,phber e @
transfer coefficient for et Gy and evaporation £(Cy=Cg) and the difference of specific

humi dity bet ween s ur tledeomineddlavidg danghisoEs anchHparee oqq a

calculated:
E0 = raLCEmUZm (17)
H, = racpCH DTu,,, (18)

where L is the latent heat of vaporizati@600 J ¢) and ¢ is the specific heat of air
(1003.5W s kg K™).

The next step includes the calculation of the Obukhov lengémd the universal functions in
dependence of the atmospheric stability.

At the end of each iteration (n), the stability is computed:

z,=CL/L., (19)
The iteration stops if theondition

Izn_ Zn-1|<lo_4 (20)

is fulfilled. The convergence criterion is proofed piogtpixel. The iterative approach is
designed in a way that a maximum of 25 iterations are allowed. In case of no eongerg

after25 iterationsthe calculation results for these pixels will be flagged.
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Input variables: Start iteration
ice surface temperature (T;) (neutral stratification)

air temperature at 2 m (T,)

specific humidity (q,) at 2/10 m"! y
wind speed at 10 m (U py,) | Wind speed at 2 m U, I:
sea level pressure (p)

v
Calculation level (RK): 2 m Roughness length for temperature z, and humidity
Constants: “a
roughness length for momentum: z,=1*10*m !
von Karman constant: k=0.405 - - —
specific heat of air: c,~1003.5 W s kg! K Difference of specific humidity between surface
latent heat of vaporization: L = 2500 J g'! and atmosphere Aq
acceleration due to gravity: g=9.81 m s

y
Calculation of: Friction velocity us
— potential temperature at 2 m (0,), surface
(6,) and mean of both (8)

— density of air (p,) Transfer coefficient for heat Cy; and evaporation
— specific humidity at surface (q,) Cr (C;=Cy)
— friction velocity (u«) 1

Monin-Obukhov stability (=0

| Sensible heat flux Hy and latent heat flux E, |

\ 4

| Obukhov length L., Monin-Obukhov stability ¢ |

A 4

Universal functions in dependence of the Monin-
Obukhov stability

stop iteration for pixels
with |G, - &, < 107
or max 25 iterations

Output variables:

sensible heat flux H,

latent heat flux E;

friction velocity us

*INCEP =2-m g, Monin-Obukhov stability {
COSMO = 10-m q,

Figure 14: Flow chart of the iterative approacfollowing Launiainen and Vihma [1990] to
calculate the turbulent heat fluxes &hd & asrequired for the thinice thickness retrieval.
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For the calculation of the conductive heat flux through the ica Qure ice layels assumd

with a linear temperature profile (Drucker and Martin [2003], Wang et al. [2010]). As in other
comparable studies (e.g., Drucker and Martin [2003]) snow on the thin ice is neglected which
is in accordance with #situ observations during the Transdrift X2%pedition (se&igure 10,
Appendix: Figure Al, Figure A2). The heat flux through the thine layer Q can then be
calculated as follows:

Q| = ki (Ts - Tf )/hi (21)

where kis the conductivity of pure ice (2.03 W'Km™), T; is the freezing temperature of sea

water and his the ice thickness.

As described above,Equals Qwhich allows solvingequation21 for the ice thicknessih

h =k(T- T )/Q, (22)

Although the MODIS cloud mask is applied to thenTaps thin clouds and sea smoke are in
some casesnidentified, resulting in overestimatedsTSince polynyas are characterized by
warmer surface temperatursesnilar to the cloud temperature the cloudy pixels appear as
polynya pixels. Thus, a thilte thicknes is falsely calculated for theses pixéls.reduce ice
thickness errors due to the misclassification in the MODIS cloud ,naaglolynya mask
(LAP) is applied to every single MODIS scene ($@égure 1). The polynya mask broadly
covers the regions in the Laptev Sea where polytyaically occur. The central Laptev Sea
Is excluded.
As input variables MODIS Jandatmospheric variablesreusedto calculate the components
of the energy flux to the atmospherg @d hencehe TIT. Each atmospheric variable is
taken from the two different data sets NCEP and COb#eTable5). These data sets are
reprojected to a km x 1 km polar stereographic grid. TIT products are derived using MODIS
ice-surface temperatures in combination with:

(1) NCEP atmospheric variables, referred to asybbls+ncer

(2) COSMO atnospheric variables, referred to as yibbis+cosmo
Thin-ice thicknessdistributiors are calculateth the Laptev Se#or the two winter seasons
2007/08 and 2008/09 with MODISsTand NCEP atmospheric variablekke-thickness
distributionswith MODIS Ts and COSMO atmospheric variables are calculated for case

studiesin orderto compare both products with each other.
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4.3 Improvement of the atmospheric flux calculations

In this section, the modifications of thEIT algorithm are analyzed and discussed in
comparison to Yu and Lindsaj2003]. TITvopis+ncep UP to 50cm are used.The most
significant modification of thelIT algorithm concerns the calculation of the turbulent heat
fluxes. Yu and Lindsa}2003] approximad the 2m wind speed using the geostrophic wind
and a reduction factor of 0.34 (Fissel and T#h§91]) Bulk equations with a constant
transfer coefficient for heat ({ of 3x10° for very thin ice and 1.75x10for thicker ice are

used Thresholds for &ry thin ice and thicker ice are regecified in Yu and Lindsgj2 0 0 3] 6 s
paper

In contrastthis studyapplies the iterative approaclkexplained in the previousutsectionand

takes into account the nesurface atmospheric stratification fop.CThewind speed is taken

from atmospheric model data and adjusted to a height of 2 m using a constant roughness
length of 1x1G'm and a variable stability

Figure15 shows a histogram ofyalculated wittMODIS andNCEP data for the two winter
seasons 2007/08 and 2008/09 for all pixels with an ice thickness betweerb0 @andThe
maximum frequency of Gis at 2.0x1G for both winter seasons. However,dar values of

up to 3.8x10 alsooccurfor very unstable stratification

B Wi0708
I \Vi0809

-
5]

Number of pixels [x10]

o
[¢)

1012141618 2022242628 303234 36 3.8
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Figure 15: Frequency distribution of the heat transfer coefficient)((.2x10° bins) for the
winters 2007/08 (light grey) and 2008/09 (dark grey). The calculation, @ 8ased on MODIS
ice-surface temperatures and NCEP atmospheric varial#fegigure: Adams et al[2012],
Figure 3.
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The constant values for®f 1.75x10°and 3.0xD® used byYu and Lindsay2003]seem to

be reasonable comparedthe resultsof this study(using a variable . In order to quantify
the effect of these constant transfer coefficients oTtheretrieval 10 MODIS scenewith
polynya events are seted (Table7). If a constant G of 3x10° is used instead of a variable
coefficient the icethicknessvaluesbetween 0 an&0 cm will be on average 1.9 cm thinner
(Table §. A maximum of 4 cm difference occurs for th@20 cmice classlf a constant G

of 1.75x10%is usedthe ice thickneswill be on average 6.9 cm thinner in comparison to the
iterative approackiTable 8)

TIT calculated withthe twoconstant heat transfer coefficients generallyunderestimated.
For the 10 MODIS sceng# can be concludel that for simplificationpurposesa Gy of
3.0x10° is applicable fo TIT up to 50 cm. A constant G of 1.75x10° yields larger ice
thickness differences for all ice classes compared to a varigble C

This examination implies thatQr al ues used in Yu and Lindsay
as a first approach. However, the iterative approach following LauniairteRihma [1990]
improves the accuracy of the heat transfer coefficient and theisaccuracy of the derived
TIT.

Table 7. 10 MODIS scenes equally distributed over the two winter seasons 2007/08 and
2008/09. Each scene shows a distinctive polynya eSente analyses are applied using these
scenes as representatives for different polynya situations in the Lapte® $ahle Adams et

al. [2012], Table 2.

10 MODIS scenes for analysis purposes

Satellite  Date Time (UTC)
Terra 31 December 2007 0520
Terra 27 January 2008 1310
Terra 28 February 2008 1310
Terra 16 April 2008 1310
Terra 23 February 2009 1125
Terra 18 March2009 0955
Aqua 4 January 2008 0200
Aqua 28 December 2008 2025
Aqua 31 January 2009 0335

Aqua 18 April 2009 1805
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Table 8: Comparison of thidce thicknes (TIT) calculated with a constant heat transfer
coefficient (1.75x1 and3.0x103) and a variable hearansfer coefficient using the 10
examples shown iiable 7. Absolute diffegnces between the ice thickressfor different ice
classes are show@ Table Adams et al[2012], Table 3.

TIT classes | difference G 1.75x10°1 | difference G 3.0x10° |
(cm) variable G, (cm) variable G, (cm)
0-10 -3.9 -0.7
10-20 -9.2 -4.0
20-30 -9.9 -3.1
3040 -8.2 -1.3
40-50 -3.5 -0.7
mean -6.9 -1.9

A second modification concerns the parameterization scheme of the atmospheric emission
coefficient. Yu and Lindsaf2003] applied the parameterization of the atmospheric emission
coefficient following Efimova[1961] (EF61). Inthis study, the atmospheric emission
coefficientis determinedising a newer improved approach following Jin ef2006] (JI06).

The main diffeence between the two approaches is that EF61 paramstirgzemissivity

usingonly the watetvapor pressure and JI06 ssalditionally the 2m air temperature. JI06

improved the parameterization scheme of Brutdd&75] for clearsky polar regions usg

datafrom two field campaigns in the Canadian Arctic. The developed empirical model is
compared with eleven other parameterization
that their method has the smallest mean error and that their metiqmdidgableto other cold

regions.

The calculation of the atmospheric emission coefficient with MODLISaid NCEP

at mospheric vari abl dahewinte seasgn 200r/086gives coeficiertiso d
bet ween 0.59 and 0. 82. ient ivaries bdiwedn 0.5 ande78 h o d
covering a smaller range. Ice thicknéeseetrieved for the 10 MODIS scenegTable7 using
J10606s and EF610s par ameTlTedriisztartiibountsi.o nAs csohnopwa:
parameterization in general results in thinner ice. The ice thickness is up to 7 cm thinner than
using EF6106s par Omgin afew ecaseshieo ni csec hiesmet. hi cker
parameterization with a maximum of 1 cm.

Assuming that JI10606s approach givegsheimore ac
thicknessin previous studiess mostly slightly overestimated (mean of 10 MODIS scenes

betweenl1.1 and +2.6 cm).
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4.4 Sensitivity analysis

The sensitivity analysis is divided into three parts. The first part is based on a statistical
sensitivity analysis including the ranking of the input variables required forlitheetrieval

as well as a Monte Clar error estimation for the determination of an average-it@n
thicknesserror dependent on the errors of the input variables. The second part includes a
comparativesensitivity analysis. Two different atmospheric model data sets are used in
combinatiorwith MODIS T to infer TIT. The two atmospheric data sets differ in their spatial
resolution and their handling of polynydshis analysis is used to identify specific problems
and advantages of the atmospheric input varialflgsa third sensitivity analgis nearly
coincident MODIS Tand TIT are used as an uncertainty indicafopotential error can be
derived from thi differenceassuming that the polynya conditions do not change overya

short time period.

4.4.1 Statistical sensitivity analysis

4.4.1.1 Method

As a first step the importance of each individual input variable on the retridVed relation

to its uncertaintys analyzed The uncertainties of the input variables T, Uiom and relative
humidity RH are deduced on the basis of verification studiEsble 9). The following
uncertainties based on Renfrew et[aD02], Hall et al[2004] and Ernsdorf et gl2011]are
assumed pT N1. 6,.=AC,. 5pThEs +1.801d &, @RH = Thd Peltived.
humidity is usedinstead of the specific humidity to avoid inconsistencies between air
temperature and saturation humidity. The analysis is performed usingQbeS scenes of
Table 7. TIT fields are calculatedby varying the input variables sequentially with their
minimum and maximum uncertainty.

As a second step a MonBarlo error estimation is performed for MODIS TIT to account for
the combination of the uncertainties of the input variables and their impact on the retrieved
TIT. 2401 MODIS scenes of winter 2007/08 and 2240 MODIS scenes of winter 2008/09 are
used.

TheTIT retrieval is a no#linear function of the input variables:

N =R (T, T, U0, RH) (23)
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Table9: Overview of the uncertainties in the input variables that are used for the calculation of
the thin-ice thickness. The uncertainties are based on the mentioned references. © Table:
Adams et al. [2012], Table 4.

MODIS NCEP

+1.6
(Hall et al. [2004])

Ice-surface temperature (°C

4.5

2-m air temperature (°C) (Ernsdorf et al[2011],

Renfrew et al[2002])
+1.3

10-m wind speed (m/s) (Ernsdorf et al[2011],

Renfrew et al[2002])
+20

(Renfrew et al. [2002])

Relative humidity (%)

For each MODISscene 100 random values within the error range of each variable are
generateqTable9). Then, a population of 100 syntheTitT distributions is calglated using
MODIS and NCEP input variables plus a random error value. Since the focus is on the ice
production only combinations with a negative net energy flux to the atmospheand)
unstable stratification are used (see Secfi@h Due to these restrictions the numbeiT6F
calculations can be less than 100 for some MODIS pixels (89 on average).

4.4.1.2 Results and discussion

The first part of the statistical analysis gives insight into the ranking of the input variables in
terms of their impact on the retrieved ice thickness. The analysis focu3¢§ ap to20 cm

for clarity. Moreover the results of the Monte Carlo erratienation show that a maximum
limit of 20 cm ice thickness is a better choice tfghcm. The errors in the ice thickness
become very large when the ice is thicker tB@rem. Table 10 shows the referengeolynya
area(including all TIT pixels up to20cm) and the anomaly in percent when varying the input
variables about their minimum and maximum uncertainty. The averaged refeayoga
area POLA) is 8,780 km. The highest anomalies are found fog &n underoverestimation

of Taresults in +15457 % pixelsup to20 cmof ice thicknessrespectively.

The results with varying uncertainties indicate thahds the highest (change in POLA of
+141-55 %) and RH theowest impact (change in POLA of #18 %) on the derived|IT

and hencepolynya area ROLA). T has the second highest impact on the calculated ice
thickness (change in POLA of %/744 %). The hierarchy is the followingl) T, (2) Ts, (3)
Uiomand(4) RH.
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Table10: Ranking of the input variables in terms of their impact on the retrieved polynya area

(thin

i ce

O 20

cm) .

The

aver ag e dlabed)landithg a

anomaly in percent when varying the input variables5MODIS icesurface temperature,
Ta= 2-m air temperature, RH = relative humidity,;d4 = 10-m wind speed) about their
minimumand maximum uncertainty is showlrable 9). The thinice thickness is calculated with
MODIS T;and NCEP atmospheric variables. © Table: Adams g28112], Table 5.

Af ter

TIT
- Ts Ts Ta Ta
Variable POLA |\ 16°c | -16°C | +45°C | -a5°C
(km’)
average / change| 8,780 +75% -44% -55% +141%
. RH RH Uiom Ulym
Variable +20% 20% | +1.3ms? | -1.3 ms?
average / change -8% +10% +22% -23%
the examination of POL A, t he

mp act

different ice classes is investigatdeéigure 16a showsthe average number of pixels of the

reference ice thickness for the three ice classgscf (cll), 510 cm (cl2) and 1420 cm

(cl3). The other subplots dfigure 16b-i present the absolute anomaly to the reference ice

thickness varying each input variable by about its minimum and maximum uncertainty. The

uncertainties in the retrieved TIT up to 5 cm are smallest for each variable (e.g42+%6/

for Ts). Higher anomalies are found for the ice class2@@m for all input variables
indicating an increase in TIT uncertainty with thicker ice (e.g., -#42% for T). The highest

anomalies are found forzTan underestimation of jTresults in +154 % more and an

overestimation of Jin -57 % less thirice pixels between 10 and 20 ahthickness This is

in agreement with the analysis of POLA where the overestimation of POLA is highest when

Tais underestimated. The error analysishaf ice classes confirms thatdnd T uncertainties

have the highest impact; RH andk uncertainties have only a minimal impact on the
retrieved TIT.

ar ea

of
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Figure 16: (a) Averaged sum of reference thae pixels for ice classedl 0-5 cm, cl2 510 cm
and cl3 1620 cm. (b}(i) Anomaly to reference ice thickness for the input variables with their
minimum and maximum uncertainfiaple 9). © Figure: Adams et a[.2012], Figure4.

The results of the Monte Carlo error estimation for different ice classes and the winter seasons

2007/08 and 2008/09 are shownTiable11l. Comparing the uncertainty values for the two

years, it is found that up to 20 cm of ice thickness the errors are low and almost the same

(errors of+l to £5 cm). For thicker ice the uncertainties become larger (errotsl®fto

+60cm) and differ strongly between the two winter seasons (24 deratite for the ice

class 4850 cm). A further explanation about this feature is given in Seetiér?

The mean uncertainty in the TIT from 0 to 20 cm is £4.7 cm for the winter 2007/08 and 4.6

cm for winter the 2008/09; the mean over both seasons is +4.FanTIT from 0 to 50 cm

the mean uncertainty is £26.1 cm for the winter 2007/08 and +36.0 cm for winter the 2008/09;

the mean over both seasons is +31.1 cm.

The results of the Monte Carlo error estimation lead to the conclusion that for subsequent

appliation only MODIS TIT up to 20 cm should be used. In terms of ice production, TIT in

this range are sufficient since it is assumed that ice formation rates are strongest in regions
with ice thickness below 20 cm (Ebner et al. [2011]).
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Table 11: Statistical uncertainty calculated with Monte Carlo error estimation using the
uncertainties listed inTable 9 for winter 2007/08 and 20089 and different ice classes.

© Table:Adams et al[2012], Table 6.

Winter 2007/08 Winter 2008/09 | Mean of both winters

Ice class¢m) TIT voois+ncer(EM) | TITvopissncer(CM) | TITwopis+ncer(CM)
0-5 +1.0 +1.0 +1.0
5-10 +2.0 2.2 +2.1
10- 20 +5.2 +5.3 5.3
20-30 +16.8 +12.0 +14.4
30-40 +34.2 +28.4 +31.3
40-50 +36.7 +60.2 +48.5
mean 0- 20 4.7 4.6 4.7
mean 0 50 +26.1 +36.0 +31.1

In conclusiontheresults of the statistical sensitivity analysisw

(1) The mean absolute error footh winter gasons is +4.7 cm for ice ofZD an of
thickness and +31.1 cm for ice @50 cm of thickness;

(2) the uncertainés in Ts and T, strongly influence the calculation of théhin-ice
thickness;

(3) an underestimation of,Tresults in a strong underestimation of tha-ice thickness
(i.,e. more pixels withTIT below 20 cm and hence larger polynya areas); an
overestimation of Jresults in an overestimation of thkin-ice thickness but the
anomaly to the reference valuenederate;

(4) the uncertainties in the atmospheric variables have a smaller impact on very thin ice
(up to10cm) than on thicker ice;

(5) for subsequent applications only MODtlin-ice thickness belov20 cm should le
used

4.4.2 Comparison of icethicknessdata setsusing different atmospheric data

The statisticalanalysis provides the mean error of the calculateditieinthickness The
comparative sensitivity analysis investigates the uncertainties which can emerge from
different atmospheric data sektere, theatmospheric data seldCEP andCOSMO dataare
used The reasons for usifgOSMO inadditionto NCEPas an atmospheric data set are:
(1) Ernsdorf et al[2011] show that COSMO data better agree with observasibtise
fast ice compared to NCEP;
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(2) the high resolution COSMO simulations include the impact of the polynyas on the
atmospheric boundary layer.

Two selected case studies are analyzed and discussed in the folldivfgcusis on the
TIT up to 20 cm (see Sectiort.4.]). Additionally, Envisat ASAR images are used for
comparison.
The first case study was chosen for the 3 January, 2009 0135RiJuZe(17). At this date,
the Anabailena polynya is partly open. The polynya opens on 30 December, 2008 and closes
on 7 January, 2009. MODISsTesolves the polynya structure with a sharp teatpee
transition between fast ice and polynya area. Adjacent to thécéastige a small band of
relatively high temperatures (arourl °C) occur indicating an area of very thin ice. Going
further offshore the surface temperature decreases continudhe\NCEP T field does not
show a polynya signal (no heating of the lower atmosphere). Air temperatures are almost
homogenously distributed {Bround-22 °C) throughout the whole Laptev Sea. In contrast,
the COSMO T field shows higher temperatures (up-fic °C) in polynya regions and an
abrupt change to very cold temperatures (aro@2d°C) going further ofshore. However,
the COMSO T pattern is not the same as for MODIS T
Contour lines for TIT of 10 and 20 care indicated irFigure17a,c. The total polynya area
with thin ice less than 20 cm is approximately the same fogddincep (8054km?) and
TITmobisscosmo (6675 knf) and consistent with the polynya area shown in Envisat ASAR
backscatter coefficientgigurel7e).
In the following, the main probias resulting from the use of coarse resolution NCEP data in
combination with MODIS Tare examined. In addition, the case study also shows how the
high-resolution COSMO data affects on MODIS TIT. When interpretingudbls+cosmo the
differences between pmya area from the remote sensing data sets MODIS and AMISR

must be taken into account.



4 Retrieval of MODIS thirice thickness in the Laptev Sea 51
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Figure 17. () MODIS icesurface temperaturél) from 3 January 2009 0135 UTC with ice
thickness (TIT) contour lines of Tdpis:«ncep Product; (b) corresponding NCEP-12 air
temperature () from 3 January 2009 0000 UTC; (c) MODIgfilom the same date with ice
thickness contour lines of Thdois+cosmo product; (d) corresponding COSMO, Trom 3
January 2009 0200 UTC; Red line in (b) aftj marks the transect shown in (f) and (g); (e)
Envisat ASAR image ofJanuary 2009 0243 UTC (f) NCEP COMS@and MODIS T for the
transect across the polynya; (g) ice thickness as given hyodikIncer@nd Tl Tyopis+cosmofor
the transect across the Iyaya. Fl = fast ice© Figure: Adams et a[.2012], Figure 5.

The interdependence of and T, and the impact on the retrievadT is illustrated with the
acrosspolynya transects shown ifigure 17f,g. Comparing the temperatures and the
correspondinglIT the transes can be dividednto two domains. In domain |, consistent
temperature peaks of COSMQ and MODIS T are observed starting at the transition region
between fast ice and very thin ice. NCEHSTconstant over the entire transect and up%6 4
lower than COSMO T In spite of the difference in NCEP and COSMQthe resulting ice

thickness starts with verthin ice for both retrievals. This can be explairmdthe strong
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temperature gradient betwedme surface andhe lower atmospheresée Equation18) in
regions of very thin ice leading to simil&@fT mostly independent of the atmospheric data
sets. Due to these strong temperature differences the uncertainties of the atmospheric input
variables are masked. Since the quality of MODI&high (accurey of +1.6 °C) and taking

this masking effect into accourit|T are reliable up td0 cm more or less independent of the
uncertainties in the atmospheric variables for this case study. This is supported by the
statistical sensitivity analysi§igure16; Table11). With increasing distandeom the fastice

edge (end of domain 1) the peak in COSM@Idads to thicker ice in THopis+cosmo in
comparison to Tlfiopissncer COSMO T, is more reliable becae the modification of the
atmospheric boundary layer due to polynyakich results in higher air temperatures, is taken
into accountNCEP T, is underestimated resulting in underestimaléd. This means that
atmospheric data sets which do not capturlyryas generally underestimate i these
regions as well as underestimate the calculateddbithickness.

In domain I, MODIS T indicate a gradual thickening of the ice. However, viddis+cosmo

shows thinner ice. The ice thickness for both TIT produis almost identical. This indicates
that COSMO and NCEP,B&re both too low. While the inconsistency between MODJ&nt

NCEP T, is obvious (too coarse spatial resolution, no polynyas), the explanation for the
COSMO data is given by inconsistencies between the AlASfased polynya mask used in
COSMO andthe MODIS data. The polynya signal in COSMO simulations results from
AMSR-E SICused aal ower boundary and the model 6s fin
is able to resolve polynyas. In the COSMO model, all grid cells with AMSRC below

70% are set td0 cm ice thickness; all other séze grid cells are set to 1 m ice thigss.

This jump from thin ice to thick ice results in the relatively abrupt temperature decrease of
COSMO T, downstreanof the temperature peakigurel7df).

In the following the differences between polynya area derived from MODIS and AMSR
investigated in more detail. Although ice thicknesderived from AMSRE (Martin [2005])

these methods rely on a calibration using MODI$ (see Sectior2.2.5. Thus, SIC from
AMSR-E is used. In accordance with other studies it is assumed that all grid cells with
AMSR-E SIC below 70 % describe the polynya area (&lgssom et al[1998], Adams et al.
[2011} see Sectio.2.4. In order toinvestigate the ability of AMSHE to capture polynyas
Figure18 compares AMSHE polynya aea POLA) and TlTvopis+ncep POLA for a complete
winter period. The results indicate that in general the ANESROLA capture polynyas of an

ice thickness betweehO and 15 cm. Polynya regions including higher ice thickness are

mostly missing, particularlyfor mid-winter months. In the view of these resuylit is
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reasonable that a mean ice thickness0afm is used for polynya areas in COSMdwever,
in regionsof thicker ice not classified as a polynya COSMgives lower temperatures than
expected irtheseregions. A transition zone of contiously decreasing temperatyras seen

in MODIS Ts is therefore not represented in COSM@) resulting in the temperature jump

mentionecabove
15000
Bl AMSR-E SIC <70 %
— I TIT.MODIS+NCEP up to 10 cm
[ |TIT.MODIS+NCEP up to 15 cm
TXJ [ |TIT.MODIS+NCEP up to 20 cm
a
< 10000
>,
C
>
(@]
o
) -
g I
= 5000
=]
Z —
0

Dec Jan Feb Mar Apr

Figure 18 Number of polynya pixels cowut from daily TlTiopis+ncer COMposites up to 10 cm
(dark grey), 1==m (light grey) and 20 cm (white) as well as the number of polynya pixels as
counted from AMSIE seaice concentration (SIC) lower than 70 % (blacbs) December, 2007

to April, 2008 MODIS and AMSFE are interpolated to the 5 km COSMO grithe MODIS

daily composites cover on average approximately 70 % of the Laptev Sea polynya (see Section
4.6). Only pixels that are covered by both data sets are used for the calculation. © Figure:
Adams et al. [2012], Figure 6.

The differences in the MODISs&nd the AMSRE data result from the different measurement
techniques of both data s¢¢®e Sectio.1). At 1 km x 1 km,MODIS data has finer spatial
resolutionthan the AMSRE data (6.25km x 6.25 km). The coarse spatial resabutiof
AMSR-E data has an impact on the quality of thedoacentration retrieval.ifels between
fastdrift ice and open water/thin ice are influenced by both ice types resultmgxéa pixels

as stated by Willmes et 4R010]. In particular, this isnportant for narrow polynyas. Due to
these characteristicsAMSR-E POLA is generally underestimated in comparison to
TITvobis+ncep POLA. An adjustment of the SIC threshold from 70 % to a higher value does
not yield better results, but leadsfédse clasgicationin nonpolynya regionsilt is concludel
that COSMO data includdlaw polynyas whose sizes amnderestimated.
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The second case studiiows gpolynya in the Anabakena region on 6 Januar009 0205
UTC (Figurel19). MODIS Tsis around5 °C adjacent to the fagte edge and decreases going
further offshore. Again, NCEP jlis homogenously distributed (arountls °C). COSMO
gives T, around-17 °C in the polynya region and arow#8 °C in the fasice and driftice
regions and shows again the abrupt temperature decrease atgherefpolynya border. As
was also observed ithe first case study, the polynya seen in COSM@sThere narrower

than the polynya signal in MODIST

(a) MODIS Ts (b) NCEP Ta . () - COSMO Ta

Envisat ASAR

TIT.MODIS+COSMO

-20 -15 20
Ts/Ta(°C)

Figure 19: (a) MODIS icesurface temperatures §Tfrom 6 January 2009 0205 UTC; (b)
corresponding NCEP -Bn air temperature () from 6 January 2009 0000 UTC; (c)
corresponding COSMO ,Tirom 6 January 2009200 UTC; (d) Envisat ASAR image of 6
January 2009 0248 UTC; (e) ighickness distribution as calculated with MODIgand NCEP
atmospheric variables (Tibois+ncep; (f) ice-thickness distribution as calculated with MODIS
Ts and COSMD atmospheric variables (T{ibpis+cosmg. © Figure: Adams et al. [2012],
Figure 7.

Although no polynya is captured in NCER, i3 warmerin all regions (fast ice, polynya, drift

ice) than COSMO 7 In the polynya regiorNCEP T, is around 2C warmer; in fasice and
drift-ice regions NCEP Jis around 8°C higherthan COSMO T. The NCEP warm bias
occurs in relation to COSMO for the two winter seasons 2007/08 and 2008/09 with a mean
bias of 1°C and 3°C, respectively. If NCEP Jis overestimad thin-ice thicknesgetrievals

with  MODIS Ts and NCEP atmospheric variables will result in overestimaiéd
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(Figure19e). In contrast, the calculatatiin icethicknesswith MODIS T; and COSMO
atmospheric variables are thinner for this case sthdyfe19f). The area witilIT less than

20 cm is extremely large for THoois+coswvo (large polynya 38,456 kn) in comparison to
TITmopis+ncer (Small polynya 7,862 knf). The contrary impact on the rikeed ice thickness
using overestimated or underestimatedisl 9gnificant In agreement with the statistical
analysis(Figure16; Table 10 the casestudy shows that an underestimation gha&s a strong
influence on the retrievede thickness (TITare extremely underestimated).

Taking this warm bias of NCEP,Tnto accountthe difference of the errors for the two
winters for icethicker than D cm can be explained (Monte Carlo error estimatisee
Sectiond.4.]). The difference results from errors in the NCEP data. The number of dates with
underestimated or overestimated NCERIUiring polynya events must be different in the two
years resulting in differentIT errors.However,a masking effectof the uncertainty in the
atmospheric variables is discovered very thin ice due to the strongriperature gradient
between surface and lower atmosphere (see Set#dod, the differences inthe uncertainty
between the two winter seasargthereforefirstly obvious for thicker ice.

The Envisat ASAR image for the same date shows a polynya signature. Howaever,
conclusion cannot bdrawn about theTIT distribution from Envisat ASAR to decide which
TIT distribution is more reliable.

Summarizing the results from the two case styds situations concerning uncertainties of
the atmospheric variables and their effect on the retrieved ice thickness can be identified:

(1) COSMO has a polynya temperature signal which corresponds to the $AQ@DI
polynya signal (see case study Whllmes et al.[2010): highest accuracy of the
resultingTIT retrieval,

(2) COSMO has a polynya signal, but the polynya is narrower than the one in MODIS
data: high accuracy in the area where COSMO variables are adjodtesl polynya,
excessivelythin ice in the area where MODIE; still shows a polynya signal and
COSMO T, is underestimate@inconsistency at the,Jump from thin ice to thick ice);

(3) COSMO (if the polynya is extremely narrow and not resolved in ANES®IC) and
NCEP do not show a polynya signal, (inderestimated}he retrieved icehicknesds
underestimated

(4) NCEP T, is overestimated (warm biasheretrieved ice thickneds overestimated
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4.4.3 Nearly-coincidentMODIS Tgand TIT asan uncertainty indicator

After the statistical and comparative sensitivagalysis the uncertainty in TIi§ determined

using a third methodrirst, mirs of MODIS sceneghat meet the following three criteria are
identified for the two winter sasons 2007/08 and 2008/0Q) open polynya,(2) only a
20-minute time differences an@) partial spatial overlaprhis allows the data to account for

the uncertainty in the TIT distributions by examination tbé difference of the two
distributions with such a short timag. Using thedifferenceas an uncertainty indicatas
appropriate because the thermodynaimethicknesschange over 20 mites should be
negligible. Schroder et al[2011] analyzedhe ice growth rate in the second half of April
2008for a model studyAccording tothe studythe maximum growth rate per day is 27 cm.
This equates to an average growth rate of 0.38 cm per 20 minutes

The previous sensitivity analyses focused: (1) on the average TIT error including all input
variables and (2) on the impact of then2air temperature error on the TIT uncertainty. In
comparison, this analysis reveals information about the uncertainty in the TIT resulting from
MODIS Ts. The NCEP data used in combination with MODISOoF the calculation of the ice
thickness is availablet  h intervals, implying that the TIT distributions with ther@thute

time lag are retrieved using the same NCEP data but different MODIBh& difference
between the two TIT distributions must occur due to altering MORIS T

Figure20 shows a case study for the 5 January, 2009. The first MODIS scene was detected at
0415 UTC, the second one at 0435 UTC. MODISTEL and E2) and the TIT distributions
(TIT1 andTIT2) for both times are presented as well as thdifference and TIT difference.

The differences are calculated subtracting the first data set from the second one.

At the date of the case study, the Anabar Lena polynya is wide open with considezable ar
of open water and very thin icesITand T2 as well as TIT1 and TIT2 are similar to each
other. They differ slightly near the drfte edge. Upon closer inspection of thaifference,

a small band along the fase edge with large differences isuhd. The differences are
mostly positive, around +15°C, but in some parts negative, ar®idd In all other regions

the Ts differences are betweeg and 0°C.
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Figure 20: Example for deriving the uncertainty in the thoe thickness usingnearly

coincident MODIS imagega) MODIS icesurface temperatures {I) from 5 January, 2009

0415 UTC. (b) MODIS & from 5 January, 2009 0435 UTC. (c) Tide thickness distribution

(TIT1) from the first date and time. (d) TIT2 from #econd date and time. (e) Difference

between J1 and T2 (positive numbers denote temperature increase, negative numbers denote
temperature decrease). (f) Difference between TIT1 and TIT2 (positive numbers denote ice

growth, negative numbers denote decesbise thickness). The bhkgeay-red color map shows

only the pixels that are covered by TIT1 O 50
area where TIT1 shows ice thickness FDthd 0 cm an

yellow color it isvice versa.
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The TIT difference (TITZTIT1) shows a small band of TIT pixels along thefastedge that
only occur in the TIT2distribution (coincident with the areas of strong positivg T
differences). In these regions, warn® Tesults in TIT2. In the regions of strong negaiive

differences (T1 is relatively warmer thangZ), only TIT1 is retrieved.

Table12: An overview of the 6 examples used for the determination of the uncertainty in the
thin-ice thicknessdy nearlycoincident MODIS images

Date First time Second time é\p/)i?c%rivgllr)]d Avgirraeggovxlnd
26 December 2007 0500 0520 6.59 SSE
27 December 2007 0230 0250 4.18 SSE
28 December 2007 0310 0330 3.93 SO
30 December 2007 0300 0320 8.63 SSE
29 December 2008 0230 0250 7.93 SW
5 January 2009 0415 0435 9.78 SW

The TIT difference is approximately zero between the-itastedge, and regions up to
approximately 12 cm. In regions of thicker ice the TIT differences increase #p0 cm
although the Jdifference remains constant. This indicates that the relation betwesmdT

TIT is strong for very thin ice and decreases with increasing ice thickness.

The T difference map shows mostly values between 0-arfeC, which is inagreementvith

the uncertainty in Jof £1.6 C (Hall et al. [2004]). The highetifferences along the fagte

edge might be the result of the different satellite measurement geometry of the two MODIS
scenes and small errors in the geolocation of thelgixrhe geolocation accuracy of the
MODIS data is determined to within £150 m and with an operational goal of +50 m at nadir
(Nishihama et al. [1997]). Due to the satellite measurement geometry (ascending or
descending) it is possible that not exactlyshene areas are covered by the fields of views of
the two MODIS scenes. Thus, the informatissed for the average determination @firm a

field of view could be different for the two MODIS scenes. This means that in regions of
large temperature differees, as they occur at the fase edge, the average determination of

Ts for a pixel can be more influenced either by the warm polynya temperatures or the cold
fastice temperatures resulting in the small shift of theitastedge between the two scenes.
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Figure 21: Polynya regions which are covered by the i@ distributions ofimagesare
selected for the 6 examples listedTable 12 The thinice area is divided into five thilte
thickness (TIT) classes from 0 to 50 cm (10 cm bins). At the lower part of the figure the total
number of pixels counted for each ice class is denoted (based on TIT from the first time, sum of
6 examples)The difference (= uncertainty) between the two TIT distributions ranges-86m

to +35 cm. Divided into 10 cm bins tfieequency distributiorof the uncertainty is given in

percent for each ice class

4.4.4 Summary and conclusion of the sensitivity analyse

The sensitivity analysistudy is divided into three parts. In the first part, the average

uncertainty in the thiice thicknesss determined based on a statistical method. The second

part refers to the uncertainties i gince this variable has the grest impact amongst the

atmospheric variables on the resultiflJ . The effect of uncertainties in MODIS; ©n the

resultingTIT is highlighted in the third part.

The statistical error estimation is performed with MODISahd NCEP atmospheric variables

for the two winter seasons 2007/08 and 2008/09. Firstly, the ranking of all input variables is

analyzed. It is found that the uncertainties gaid T;have the highest impact on the derived

TIT distribution Secondly, a Monte Carlo error estimation isfgened for all MODIS
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scenes in the two winter seasons. The errors between both winters differ for ice tttacker
20 cm, indicating the high influence of the uncertainty in NCEP The mean absolute error
for ice thickness up ta0cmis £4.7 cm.
The canparative sensitivity analysis shows two case studies with NCEP and COSBEO T
well as the derived thiice products TIfiopis+ncepr @nd TlTvopis+cosmo For the higher
quality atmospheric data sé€OSMQ the results show that the prescription of the-isea
field using AMSRE SIC gives polynyathat aretoo narromwhen comparetio MODIS T
Due to theinconsistencies between MODIS and AM&Rpolynya aregsan underestimation
of the ice thickness occuwvgth increasinglistance from théastice edgelt is concludel that
a simple prescription of the polynya area as done in the COSMO model configuration is not
sufficient for a realistic simulation ofhe atmospheric variables. A prescription of &
distribution in atmospheric models as providedtbg TIT vopis+ncep data seis required to
describe th@olynya situation moraccurately
In contrast, NCEP atmospheric dataeslaot capture polynyas, but shewa homogenously
distributed T. If the NCEP T is underestimated the retrievedlT is underestimated
However, the warnbias in NCEP T found in comparison to COSMO,Teads to rather
overestimated|T.
The effect of the uncertainties in MODIS ®n TIT is analyzed witlcoincident overpasses of
different satellitesTheresults arggood forTIT below20 cm. However, along zones of strong
temperature differencesuch as théastice edgethe error in MODIS T (and hence in the
TIT distribution) could be larger due the different satellite measement geometry of the
two scenes and errors in geolocation.
As an overall conclusion of the sensitivity analysesambe demonstrated that
(1) the uncertaint in very thinice is mostly independent of the uncertainties in the
atmospheric variableend MCDIS T,
(2) an underestimation ofsTesults in a strong underestimation of the ice thickness and an
overestimation of Jresults in a moderate overestimation of the ice thickness
(3) the error in MODIS T affects strongly the TITin zones ofstrong temperature
differencesand in areas of thicker icén the latterregions the uncertainty is larger
than £1.6 °C
Due to these reasons, tNEEP data set is appropriate for the calculatioml®fup to 20cm
in the Laptev Sea for the two winter seasons 2007/08 20@B/09. Moreover, the
combination of MODIS Twith NCEP atmospheric variables is applicable for the calculation

of TIT up to 20 cm for longer time periods (20&6@day) and other polar regions. When
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applying the energy balance model to longer peripasblems with the MODIS cloud mask

could appearDuring the night MODIS visible channels cannot be used to identify clpuds
reducing the quality of the maghckerman et al[1998], Frey et al[2008], Ackerman et al.
[2008). TheTIT studies are thereforenty focused on seie regions where polynyas occur
(application of a polynya maskeeSection4.2). This helps to reducglT artifacts.

TITmopis+ncepfor the two wintersepresent valuable highresolutionverification data set for
seaice simulations and remote sensing methods. However, a complete spatial coverage of

seaice areas is rare because of the limitations by cloud coverage dmihmégconditions.

4.5 Transfer of the thin-ice thicknessalgorithm to other regions

In the previous sectigrthe thermainfrared thinice thickness retrieval is applied for the
Laptev Sea and a sensitivity analysis is performed for this region. To temppheationof
the improved algorithithe retrieval igransferred tanother Arctic region, the Lincoln Sea,

and an Antarctic region, the Weddell Sea.

4.5.1 Lincoln Sea (Arctic)

The Lincoln Sea is an Atic shelf sedocated between the nordast coast oEllesmere
Island (Canada)nd the norttwest coast of Greenlan&igure22). In the south, the Lincoln
Sea borders the Nares Strait.

o Lincoln Sea

4

Ellesmere
Island

Figure 22: Overview map of the Lincoln Sea and adjacent regiBesl box denotes the Lincoln
Sea.
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The polynya evolution in the Lincoln Sea as hypothesized by Kb281] is schematically
illustrated inFigure 23. In autumn, an ice arch forms in thennelshaped Lincoln Seand

blocks the icefrom the north During northerly wind conditionsthe ice breaks up at the
southern border of the ice arch and is advected southward through the Nares Strait. This
polynya formation process is typical for a latdeat polynygsee Sectiori.l). Barber and
Massom[2007] categorize the Lincoln Sea polynya as arbragge polynya. If no ice bridge

is formed the sea iceavill be advected from the Lincoln Sea through the Nares Sihg.

marginal seace zone will not turn into a polynya region with new ice formation until an ice
arch forms.

Autumn Later in winter
Latent heat polynya Sensible heat polynya

——
—— -

. ~
Lincoln Sea =

—
] -

_ wind direction
Lincoln Sea

polynya ~ jcearch

/ ice

open water and/or thin ice

Nares Strait

Figure 23: Formation processesf theLincoln Sea polynya

Kozo[1991] further suggests thattér in winteya second ice arch forms at thmuthern end
of the Nares Strait implying a changepaflynya evolutionin the Lincoln SeaThe ice flow
through the Nares Strait stops and the Lincola Belynya should freeze over. However,
historical data documesthat the polynya is open duririgrge partsof the winter season
(Kozo [1991]). The reason for the polynya openingght bethe tidally induced vertical
mixing of heat from deeper water to the surfaceis folynyatype is called sensible heat
polynya (see Sectioh.1). Due tothe two different evolutionary processeghin onewinter
season, the Lincoln Sea polynganamed hybrid polynya (KoZd991]).

In previous studiesheice conditiors in the Lincoln Sea are investigated in combination with

the sedce outflowthrough the Nares Strait and the-mech dynamicgKwok [2005], Kwok
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et al. [2010]). Moreover, Haas et dl2006] analyzedce-thicknessprofiles detected by a
helicopterborne electromagnetic measurement system in the Lincoln Sea. The result of their
study is that multiyear ice dominates the thickness distribution but-fiestr ice isalso
found representing the ice formed in the polynya.

The study of Kozd1991] is the firstone explicitly dealing with the Lincoln Sea polynya.
Extensive monitoring studies using remote sensing data as performed for nwdicyafAd
Antarctic polynya systemare not availablesGudmandsef2000] is the only scientist to have
carried outstudies exanming the occurrence of polynyas in the Lincoln Sea usiigiRR,
SSM/I andEuropean Remote Sensing SatelllERE Synthetic Aperture RadaBAR) data

In a subsequent study, GudmandE2005] investigated the Lincoln Sea polynya and ice drift
with RADARSAT imageryfrom the winter seasons 1996/97 and 199.7B&ed orthe two
studies they tried to provehe hypothesis o& hybrid polynya. Theyinvestigatedthat the
polynya occurs every winter from September/October until Aprik they are indecisive
concening the evolutioary process of the polynyaAdditional atmospheric and
oceanographic data is necessary to investigate properly the polynya formation prbisess.
indicates research demand for the Lincoln Sea polynya concetsiagolution the spatid
and temporal variability of polynya sized hence the new ice formation.

As a first step teards answeing these questions, the thermmadrared thin-ice thickness
retrieval isappliedto the Lincoln SeaThe wo presentedcase studieshow MODIS T,
NCEP T,, NCEP wind speed andrdction, the resulting TITistribution as well as an Envisat
ASAR and an AMSRE SIC image for comparison. The first case study of the 1, RI298
2220 UTC is illustrated irFigure 24. At this time a wide ice arch is formed between
Ellesmere Island and Greenland. The Envisat ASAR image shows a sharp border where the
ice arch occurs. This structure is not seen in MORIS T

NCEP T, shows thesameshortcomingsin the Lincoln Sea as in the Laptev Sea. The
temperature is homogenously distributed and the temperathoze the polynya is

underestimated.
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Figure 24: Case study of the Lincoln Sea polymfad May, 2008 2220 UTC. (a) MODIS iee
surface temperature Tdetectedat this date and time. (b) NCERM air temperature () of

2 May, 2008 0000 UTC. (c) NCEP 1 wind speed (14.) (colormap) and wind direction
(black arrows)of 2 May, 2008 0000 UTC(d) Thirrice thickness (TIT) retrieved with MODIS T
and NCEP atmosphericariables on 1 May, 2008 2220 UTC. (e) Envisat ASAR image detected
of 1 May 2008 1709 UTC. (f) Daily AMSRseaice concentration (SIGf 1 May, 2008. Note

that the colormap showSIC values from 90 to 100 %. White areas in (a) and (d) result from
the MODIS cloud mask.

The TIT distribution shows some thin ice below 20 @inthicknessn the Lincoln Sea and all
over the northern part of the Nares Strait (polynya size = 843 Kime small structures
shown by Envisat ASAR are mostly visible in the MODIS data. In contrast, the ABMSKC
shows no polynya but SIC reduced to 96 %. Followinghyygothesis of Kozo [1991], this
polynyashould be a seiide heat polynya. The southerly vdrat this date could support that
theory.

The second case from 19 April, 2009 0000 UTC is illustrateeigare 25. In 2009, a small

ice arch formed near the Naresat The Envisat ASAR image clearly shows the blodked
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north ofthe ice arch and the ice breag south of it. The two different ice zones are found in
the MODIS T image, as well. The surface temperature of the thick ice blocked by the ice arch
is below -20°C. The polynya in the Lincoln Sea is represented by relatively warm
temperatures. Again, the NCER i§ homogenously distributed and the temperature in the
polynya region is underestimated. The thoa distribution shows mostly ice thickness
between 0 and 20 cm in the Lincoln Sea and the northern part of the Nares Strait (polynya
size = 4667 kif). The AMSRE SICis partly belov 70% in the Lincoln Segpolynya sze =
1431 knf).
In contrast to the first case study, a large, relatively homogenous area covered by thin ice
occurs, allowing the coarser resolution AM&R]ata to capture this area with reduced SIC.
Consistently low wind speeds from the soutbst suppd the hypothesis that the opening of
the polynya is not windlriven.
The conclusionfrom these two case studiase

(1) it is feasible taapplythe TIT retrieval to the Lincoln Sea;

(2) AMSR-E SICis only reliable when larger polynyas ocgur

(3) the position of théce arch variefrom year to year.

To get a better overviewf the polynya dynamics in the Lincoln Sea polyntgee MODIS

TIT retrieval shouldbe applied for the last 12 years. Due to the gaps in the MAQDIS
distribution the fully-coveragedaily AMSR-E SIC can be used to derive the polynya area for
the last 10 years ithe Lincoln Sea.However, me has to note thamallscale structures as
shownon1 May, 2008arenot resolved by AMSHE.

In order to clarify the polynya evolution, the iaech formation in the Lincoln Sea and Nares
Strait has to be further investigated. Barber and Massom [2007] state that the processes
responsible for the formation of the ice arches are not well under$tmpoie 26 shows the
position of the ice arches in the Lincoln Sea and Nares Strait for 13 years and indicates that
the position and number of the hes vary from year to year. Due to the-&zeh dynamics,

the Lincoln Sea, the Nares Strait and the North Water should be moraor@ie system.
Furthermore, oceanographic data is necessary in order to investigate the exchange processes
in the differentocean layers (tidal mixing). Wind speed, wind direction and ocean currents
should be observed for longer periods of time.
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Figure 25; Case study of the Lincoln Sea polymyd9 April, 2009 0000 UTC. (a) MODIS iee
surface tempetare (Ty) detected at this date and time. ¥WCEP 2m air temperature (J) at

the same date and time. (¢) NCEP-iOwind speed (i) (colormap) and wind direction
(black arrows)at the same date and time. (d) THde thickness (TIT) retrieved with MODTS
and NCEP atmospheric variables. (e) Envisat ASAR iniagietectedon 18 April, 2009
2245UTC. (f) Daily AMSRE seaice concentration (SIC) on 19 April, 2008. Note that the
colormap shows SIC values from 0 to 100 %. White areas in (a) and (d) resulthie MODIS
cloud mask.
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Figure 26: RADARSAT and Envisat ASAR imageswing the ice situation in the Lincoln Sea
and NaresStrait for 19972009. The white arrows denote the position of the ice arches.

© Figure: Kwok et al[2010], Figure 1.

4.5.2 Weddell Sea (Antarctig

The Wedd# Sea is a marginal sea of the South@cean(Figure27). The western border of
the Weddell Sea is the Antarctic Peninsatal the southern border the Rosfikehnerice
Shelf In the north the Weddell Sea iBmited by the Atlanticindian ocearridge andin the
eastby CoatsLand. The Weddell Sea has the largest winter-iseacover of the Antarctic
shelf seas with 4.75x2&m? (Drucker et al[2011)). Coastal latent heat polynyas driven by
low pressure systems occur along BenneFilchnerice Shelf and the east coastdmiso
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and Gordon1998). According toMarkus et al[1998] the RonneFilchnerpolynya is the
region in the Weddell Seaherethe largest ice productiarccurs The Wedd# Sea polynyas
contribute significantlyto the production ofAntarctic Bottom WatefAABW) (Marsland
[2004], Van Woer1999).
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Figure 27: Overview map of the Antarctic. Red box denotes the Weddell Sea. Black boxes mark
the position of the polynyas presented in the twce cstsidies shown ifrigure 28 and

Figure 29.

In the pasta fewremote sensingtudieswere performed to investigap®lynya dyamics and
ice production in théntarctic shelf seaslamura et al[2008]used SSM/I data (with help of
thermalinfrared TIT) to derive the polynya are@ee Sectior?.2.5 for description of the
method)and hence the ice production in the Antarctic coastal polygaghe Weddell Sea
they estimated an ice production of 84.6 +253%with a trend of-30 km® (10yn™. Kern
[2009] used thepolynya signature simulation methddSSM) to retrieve polynya area in the
marginal seas of the Antarctic continent (see Se@i@r6for description of the methodjle
calculatel an averageolynya aredor 199220080f 212,000km? for the central Weddell Sea
and220,000 krffor the eastern Weddell Sea



4 Retrieval of MODIS thirice thickness in the Laptev Sea 69

(a)

-30 -25 -20 -15 -10 -5
Ts/Ta(°C)

0 5 10 15 20 0 20 40 6
TIT (cm) SIC (%)

B 20-30cm TIT thick ice

Figure 28 Case studyl of theWeddell Se@olynyaon 14 April, 2008 0305UTC. (a) MODIS
ice-surface temperature {Tdetectedat this date and time. (b) NCERM air temperéure (T,)
at the same date at 0600 UT() Thinrice thicknesgTIT) retrieved with MODIS Jand NCEP
atmospheric variablesd) Daily MODISseaice concentration (SIG)f 14 April, 2008.

Friedrich [2010] studied thdong-term polynya dynamics in the Weddell Sea from 1979 to
2009. She used SSM/I and AMSRSIC with a 70 % thresholdMassom et al[1998]) to
derive polynya areaAdditionally, TIT retrievals following Tamura et a[2007], Martin
[2004] and Martiqf2005] wereapplied (see Sectiod.2 for description of the methoylsThe
TIT resultscalculated byramura et al[2007]agree well with the results of Kefa009].
Moreover,Friedrich[2010] addresse the spatial resolution issue when SSM/I and AMSR
polynya areas compared. AMSRE polynya area is two times smaller than SSM/I polynya
area. Due to the higher spatial resolution of AMSRIata the polynya detection is more
accurate and the influence mixed pixels that are counted as polynya area is loBased on
this, Friedrich[2010] suggestdhat the polynya area and thize thickness distribution based
on SSM/larequestionable. Thereforpolynya studies based tigh-resolution satellite data

areessentiafor theinvestigation of th&Veddell Sea.
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Extensive polynya studies using MODTST have not been performddr the Weddell Sea
until now. In this study, the improved TIT retrieval &plied to the Weddell Seéor case
studies The first case studgn 14 April, 2008 0302 UTCIillustrated inFigure 28, shows a
polynya along théRonneFilchner Shelf Ice. The comparison betweerORIS Ts, SIC and

TIT indicates that th&@IT retrieval workswell for the Weddell Sea. Theolynya covers a
large area bus completely covered with a thine layer.

Regarding the NCEP ,T one can see that the air temperature is not modified due to the
polynya. This drawback of the NCEP data is described in detail in SdctichThe fact that
NCEP data des nat capture polynyas results ianderestimatedl, above the plgnya
indicaing underestimatedIT.

The second case study 20 September, 2008 0205 UTC is presenteHigure 29. At this

time, a long narrow polynyavaspresentalong the east coast of the Weddgdla Again the

TIT distribution indicates that the polynya is completely covered by thin ice and no open
water is detected. As mentioned for the first case study, Tpfoisablyunderestimated due

to the underestimatedCEP T, above the polynyaMODIS TIT and SIC show sirar
polynya structures.

The two case studies indicate the feasibility of the TIT retriapalicationto the Weddell
Sea. As mentioned abgveloud identification by the MODIS cloud algorithm, especially
during the night, is often not precise in regiohthin clouds and sea smoke (Ackerman et al.
[1998], Frey et al[2008]). The cloud coverage in the Antarctic is very high. For instance, the
east Antarctic cloud cover fraction in October 2003as 93 % (Spinhirne[2005]). In
comparison, the global averag®ud fraction was70 % (Spinhirne et a[2004]). This is a
critical factor when applying th&IT algorithm to the Weddell Sea polynya. Thde regions

that can be visually classified as cloud structuappear in many scenes. To reduce the
problem, theapplication of a polynya mask as for the Laptev Sea is necessary. A second
method is to create thige thicknesscomposites to reduce the cloud influence (see
Sectiond.6 and Fraser et a]2009). Moreover, working towards an improved MODIS cloud
mask isnecessaryo solve the cloud problem.

It can be concluded that the thoe thicknessalgorithm isapplicableto the Weddell Sedut

one has to be careful with misclassificatiof polynya area due to clouds that are not
identified by the MODIS cloud mask (sea smoke, thin clouds, etc.).
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Figure 29: Case study 2 othe Weddell Sea polynyan 20 September2008 0205 UTC. (a)
MODIS icesurface temperature (I detectedat this date and time. (b) NCEP-1@ air
temperature (J) at the same date at 0000 UTC. (c) Hge thickness (TIT) retrieved with
MODIS T; and NCEP atmospheric variables. (d) Daily MODIS-g&& concentration (SIC)f
20 September, 2008.

4.6 Retrieval of further MODIS products
4.6.1 Daily thin-icethickness maps

The knowledge presented by tisensitivity analyses in Sectiod.4 is the basisof the
computationof daily thirrice thickness(TIT) maps. The followingresults revealedare
important wherthe TIT composite iggenerated
9 the TITvwopis+ncepproduct ca be usd for long time studies;
1 the highest accuracy with aaverageuncertaintyof 4.7 cmis determined for ice
thickness between 0 a2 cm;

9 the errorof the ie clas20-30 cm is +14.4 cm;
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1 a polynya mask is applied the single TIT scenesxcluding thecentral Laptev Sea
and hencdIT patchesccurringdue to clouds

For thecomputationof daily TIT maps,TITvopis+ncep UP tO an ice thickness of 30 cane
used For this method,hte single MODIS scenes apeovidedwithout the polynyamask.If
necessanythe polynya mask is applied to the final daily TIT composite.
Mostly, MODIS single scenes do not cover the Laptev Sea compldteily.is due to the
restriction that only cloudree T pixels can be usefibr the TIT retrieval Moreover,due to
the satellié measurement geometitye single MODIS images cover often only parts of the
Laptev Sea polynyaln order to achieve a better coveraghily TIT composites are
computed. Additionally, correction schems are implemented to reduce the impact of

incorrectTIT patchege.qg, clouds, underestimated NCER).T

These issues motivatecalculation ofa daily MODIS TIT data setThe calculatiorconsists

of four steps:

(1) Correction of the singleMODIS TIT images using MODIS Ts

As mentioned abovethe usage of NCEP atmosphedata can result in inaccuratee
thickness The comparison ahin-ice distributions with EnvisaASAR images indicates that
an underestimation aflT due to an underestimated NCEPc&n be observed some cases.
To redue the impact ofncorrectTIT patchesa MODIS T; differencethreshold is applied.
According to the calculation of MODISIC following Driie and Heinemanf2004] a
background surface temperature within a 200 x 200 pixel kernel is generated. After that, the
differenceof eachMODIS Ts pixel in this kernel is determined. If tlifferencetemperature
is lower than the predefinadifferencethreshold of 2.5 °Cthe i@ thickness is set to 3fn.
In the following,the correcteainglethin-ice thicknesglistribution is referred tas TlTeorrrs.
The originalthin-ice distributionas calculated by th€IT retrieval is abbreviatedsTIT o in

the following

(2) Calculation of a daily thin-ice composite

A daily thin-ice thicknessmapconsists of all available MODISceneger day, 15 on average.
Due to missing values and the variability of the polynya size during a tti@number of
valid pixels which are used pelayfor the detemination of the composite variégtween 1
and18 (highest numbers during polar night).
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Before starting the conservative composite determingdibice thicknesses aboa® cm are
excluded. For each pixghe medians determinedrom the availablehin-ice thicknesseper
day. The medianvalue compositing is preferable to maximum/minimum/meane
compositing. As a result adhe medianvalug TIT patches due tanidentified clouds are

reduced.

(3) Correction of daily TIT composites ushg MODIS SIC

In very few caseghe conservativeomposite determination causel§ areado disappear in
the daily composite. To correct this, daily MODIS St@ps are usefDriie and Heinemann
[2004], Drie and Heamann[2005]). If a pixel in a dailycomposite is notlassifiedas thin

ice below30 cm but has a SIC less than 70 e pixel is set to@Bcm ice thickness.

(4) Application of a polynya mask due to the cloud problem

The laststep includes ananualverification of all dailyTIT compositeso correct for the
presence ofloudsnot identifiedby the MODIS cloud maslAlthough e MODIST, product
includes a qualiticontrolledcloud masksea smoke or thin cloudse often not detected by
the cloudmask algorithm resulting ioverestimated's (Ackerman et al[1998], Hall et al.
[2004]). In these cases, tiMODIS Tsrepresents the cloud temperattagherthan the surface
temperature. If this temperature is similar to the polyfiydhe clouds are misinterpreted as
thin-ice regions. Due to th, someTsimages show polynya regions in the central Laptev Sea
thatcan definitively be identified as cloud structures. Because the efforts to improve the cloud
identification are insufficienthe daily compositeare proofed manuallgnd a polynya més

is appliedto exclude the central part of the polynya if neces¢segFigure 1; Bareiss and
Go6rgen[2005). This minimizes the error due to cloudsegions where no polynyas occur.

For winter 2007/08the polynya mask is applied to 4t of 152 canposites, for winter
2008/09 to 36 from 151 composites.
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Figure 30: Case studyf 3 January, 2009 0135 UTC. (a) MODIS isaface temperatureT).
Black bordered ara denotes subsets shown in-(€). (b) NCEP T (c) MODIS thinice
thickness (TIT) as a result of the thae thickness retrieval used with MODIS and NCEP
data. (d) MODIS TIT fher the correctionby means othe MODIS T difference thresholdie)
Envisat ASAR image of 3 January, 2009 0243 UTC.

The final thirice thicknessdata setconsists of three classes: (1) ice thickessgetween 0

and 20 cm; (2) a separate bulk classe for ice thicknesses betwee2D and 30 cm (3) ice
thicker than30 cm On average, the thilce thicknessmaps coveb9 % of the entire Laptev
Sea and 67 % of the Laptev Sea polynya

Up to now, tlis method is appliedor the MODIS scenes detectéd the monthsfrom
December to Aprilof the two winter seasons 2007/08 and 2008/A&9€ MODIS data is
available since 20Q@he product can be provided for the last 12 years.

Following the description of the different steps to determine the daily MODISicthin
thickness composite, two case sésdare presented. The first case study for 3 January, 2009
0135UTC shows an open Anabhena polynya Figure 30). The polynya size of Tlly is
14,88 knt and of TITonrs 13,464 km. Because TIdy and TITorrsimages do almost not
differ from each other, it is concluded that the temperature difference threshold correction has
almostno effect on this case study (correction step 1). This caxlained by means of the

maps of MODIS Tand NCEP 7. These two variables mainly impact the resulting-tben
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thickness. The NCEP;has a warm bias at this date in the Laptev Sea region. This avoids the
calculation of underestimated ice thickness agack overestimation of the polynya area. The
visual comparison with the Envisat ASAR image detected on the 3 January, 2009 0243 UTC

shows that the polynya size and edges are reliable.
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Figure 31: Case studyf 13 January2009 225 UTC. (a) MODIS icsurface temperaturery)
Black bordered areas denotes subsshown in (¢fe). (b) NCEPT,. (c) MODIS thinice
thickness (TIT) as a result of the thae thicknessretrieval used with MODISs and NCEP
data. (d) MIS TIT after thecorrection by means dhe MODIS T; differencethreshold. (e)
Daily MODIS sedce concentration (SIC) of 13 Januar3009. All SIC < 70 % are polynya
area.

The second case study presents MODISNCEP T, as well as Tl and TlTeonrs from the
13 January, 2009 2025 UTigure 31). At this date the Taimyr polynya is open. The
comparison of the two TIT maps shows large differendé® polynya size of Tldg is
85,090 kni and of Tl Teorrrs22,902 km. After the correctionthe polynya (TITorTg IS Smaler
in comparison to the Tk, The examination of Jand T.implies that the combination of the
relatively warm T and the coldefT, yields TIT less than 20cm. The comparison with
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MODIS SIC shows that TE,rsfits the polynya edges given by MODIS SIC (polynya means
SIC < 70%).

Figure 32 shows the resulting daily MODIS TIT composite for 3 Janu&§09 and

13 January2009.Regarding the daily composita 13 Januarya thin-ice areain the central
Laptev Sea occsr After applying the polynya maskthe datais excludedin the central
Laptev Sea. On the one hand, this reduces the coverageddtthset buon the other hand
the quality of thedata seis increased. Althougfor some casethe application of a polynya
mask reluces the coverage of the prodube average coverage ofetlentire Laptev Sea is
still 59 %.

The retrieved daily TIT product is a valuable data set for verification of other model and
remote sensing iethickness data. The quantification of the retaiegrror for different ice

classes allows the assimilation of the data inteic@acean models.

Figure 32 Daily MODIS thinice thickness (TIT) composites for (a) 3 Janya809 and (b) 13
January 2009 without polynya maskIT patches appear in the center of the Laptev Sea due to
unidentified clouds. (c) Daily MODIS TIT composites for the 13 Januz099 with polynya
mask.
















































































































































