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Abstract

In recent decades, the Arctic has been undergoing a wide range of fast environmental changes.
The sea ice covering the Arctic Ocean not only reacts rapidly to these changes, but also influences
and alters the physical properties of the atmospheric boundary layer and the underlying ocean
on various scales. In that regard, polynyas, i.e. regions of open water and thin ice within the
closed pack ice, play a key role as being regions of enhanced atmosphere-ice-ocean interactions
and extensive new ice formation during winter. A precise long-term monitoring and increased
efforts to employ long-term and high-resolution satellite data is therefore of high interest for
the polar scientific community. The retrieval of thin-ice thickness (TIT) fields from thermal
infrared satellite data and atmospheric reanalysis, utilizing a one-dimensional energy balance
model, allows for the estimation of the heat loss to the atmosphere and hence, ice-production
rates. However, an extended application of this approach is inherently connected with severe
challenges that originate predominantly from the disturbing influence of clouds and necessary
simplifications in the model set-up, which all need to be carefully considered and compensated
for.
The presented thesis addresses these challenges and demonstrates the applicability of thermal
infrared TIT distributions for a long-term polynya monitoring, as well as an accurate estimation
of ice production in Arctic polynyas at a relatively high spatial resolution. Being written in a
cumulative style, the thesis is subdivided into three parts that show the consequent evolution
and improvement of the TIT retrieval, based on two regional studies (Storfjorden and North
Water (NOW) polynya) and a final large-scale, pan-Arctic study.
The first study on the Storfjorden polynya, situated in the Svalbard archipelago, represents the
first long-term investigation on spatial and temporal polynya characteristics that is solely based
on daily TIT fields derived from MODIS thermal infrared satellite data and ECMWF ERA-
Interim atmospheric reanalysis data. Typical quantities such as polynya area (POLA), the TIT
distribution, frequencies of polynya events as well as the total ice production are derived and
compared to previous remote sensing and modeling studies. The study includes a first basic
approach that aims for a compensation of cloud-induced gaps in daily TIT composites. This
coverage-correction (CC) is a mathematically simple upscaling procedure that depends solely on
the daily percentage of available MODIS coverage and yields daily POLA with an error-margin
of 5 to 6 %.
The NOW polynya in northern Baffin Bay is the main focus region of the second study, which
follows two main goals. First, a new statistics-based cloud interpolation scheme (Spatial Fea-
ture Reconstruction - SFR) as well as additional cloud-screening procedures are successfully
adapted and implemented in the TIT retrieval for usage in Arctic polynya regions. For a 13-yr
period, results on polynya characteristics are compared to the CC approach. Furthermore, an
investigation on highly variable ice-bridge dynamics in Nares Strait is presented. Second, an
analysis of decadal changes of the NOW polynya is carried out, as the additional use of a suite of
passive microwave sensors leads to an extended record of 37 consecutive winter seasons, thereby
enabling detailed inter-sensor comparisons.
In the final study, the SFR-interpolated daily TIT composites are used to infer spatial and tem-
poral characteristics of 17 circumpolar polynya regions in the Arctic for 2002/2003 to 2014/2015.
All polynya regions combined cover an average thin-ice area of 226.6 ± 36.1 x 103 km2 during



winter (November to March) and yield an average total wintertime accumulated ice production
of about 1811 ± 293 km3. Regional differences in derived ice production trends are noticeable.
The Laptev Sea on the Siberian shelf is presented as a focus region, as frequently appearing
polynyas along the fast-ice edge promote high rates of new ice production. New affirming re-
sults on a distinct relation to sea-ice area export rates and hence, the Transpolar Drift, are
shown.
This new high-resolution pan-Arctic data set can be further utilized and build upon in a variety of
atmospheric and oceanographic applications, while still offering room for further improvements
such as incorporating high-resolution atmospheric data sets and an optimized lead-detection.
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Zusammenfassung

In den letzten Jahrzehnten unterliegt die Arktis einem breiten Spektrum schneller Umweltverän-
derungen. Das Meereis, das den Arktischen Ozean bedeckt, reagiert nicht nur sehr schnell auf
diese Veränderungen, sondern beeinflusst und verändert gleichsam die physikalischen Eigen-
schaften der atmosphärischen Grenzschicht und des darunter liegenden Ozeans auf verschiede-
nen Skalen. In dieser Hinsicht spielen Polynjen, also Gebiete mit dünnem Eis oder offenem
Wasser im ansonsten dicken Packeis, eine wichtige Rolle als Regionen erhöhter Atmosphäre-Eis-
Ozean-Wechselwirkungen sowie umfassender neuer Eisbildung im Winter. Ein präzises Monitor-
ing sowie verstärkte Bemühungen langfristige und hochauflösende Satellitendaten zu nutzen sind
daher für die Polarforschung von grossem Interesse. Die Ableitung von Dünneisdicken (TIT) aus
thermal-Infrarot Satellitendaten und atmosphärischen Reanalysedaten mittels eines eindimen-
sionalen Energiebilanzmodells ermöglicht die Abschätzung des Wärmeverlusts zur Atmosphäre
und damit Eisproduktionsraten. Eine ausgedehnte Anwendung dieses Ansatzes unterliegt je-
doch einigen Herausforderungen, die vor allem aus dem störenden Einfluss der Wolken und
notwendigen Vereinfachungen in der Modellkonfiguration resultieren. Diese gilt es sorgfältig zu
berücksichtigen und zu kompensieren.
Die hier vorliegende Arbeit befasst sich mit diesen Herausforderungen und zeigt die Anwend-
barkeit von thermal-Infrarot TIT-Verteilungen für ein langfristiges Polynja-Monitoring sowie
eine hochaufgelöste und präzise Schätzung der Eisproduktion in arktischen Polynjen. Die in
kumulativer Form geschriebene Arbeit ist in drei Teile gegliedert, welche die konsequente Weit-
erentwicklung und Verbesserung der Ableitung von TIT auf Basis von zwei Regionalstudien
(Storfjorden und North Water (NOW) Polynja) sowie einer abschliessenden gesamt-Arktischen
Studie aufzeigen.
Die erste Studie zur Storfjorden Polynja im Svalbard-Archipel stellt die erste auf täglichen TIT-
Feldern basierende Langzeituntersuchung räumlicher und zeitlicher Polynya-Charakteristika dar,
die ausschliesslich auf Basis von thermal-Infrarot Satellitendaten des MODIS-Sensors und ECMWF
ERA-Interim Reanalysedaten gewonnen wurden. Daraus werden typische Eigenschaften wie
die Polynja-Fläche (POLA), TIT-Verteilungen, Auftrittsraten von Polynja-Bereichen sowie die
akkumulierte Eisproduktion abgeleitet und mit früheren Fernerkundungs- und Modellierungsstu-
dien verglichen. Die Studie beinhaltet einen ersten grundlegenden Ansatz, um die von Wolken
verursachten Lücken in den täglichen TIT-Kompositen zu kompensieren. Diese Abdeckungsko-
rrektur (CC) ist ein mathematisch recht einfaches Skalierungsverfahren, welches basierend auf
dem täglichen Prozentsatz der verfügbaren MODIS-Abdeckung die tägliche POLA mit einem
Fehler von 5 bis 6% korrigiert.
Die NOW Polynja in der nördlichen Baffin Bucht ist der Schwerpunkt der zweiten Studie,
die zwei Hauptziele verfolgt. Das erste Ziel beinhaltet die Anpassung und Implementierung
eines neuen statistisch-basierten Wolken-Interpolationsschemas (Spatial Feature Reconstruction
- SFR) sowie eines erweiterten Verfahrens zum Ausschluss von Wolken-Artefakten in den MODIS
TIT-Kompositen. Für einen Zeitraum von 13 Jahren werden die daraus abgeleiteten Polynya-
Merkmale mit denen des CC-Ansatzes verglichen. Darüber hinaus wird auf Basis der täglichen
TIT-Komposite eine Untersuchung der hochgradig variablen Eisbrücken-Dynamik in der Nares
Strasse präsentiert. Als zweites Hauptziel wird eine Analyse dekadischer Änderungen der NOW
Polynja verfolgt. Die dabei zusätzlich verwendeten Daten passiver Mikrowellensensoren erweit-



ern den Untersuchungszeitraum auf 37 aufeinanderfolgende Winter, wodurch detaillierte Vergle-
iche zwischen den Sensoren ermöglicht werden.
In der abschliessenden Studie werden die mittels SFR interpolierten täglichen TIT-Verteilungen
genutzt um hochaufgelöste räumliche und zeitliche Eigenschaften von 17 zirkumpolaren Polyn-
jaregionen in der Arktis für den Zeitraum 2002/2003 bis 2014/2015 abzuleiten. Alle Polynjare-
gionen zusammen weisen im Winter (November bis März) eine durchschnittliche Dünneisfläche
von 226,6 ± 36,1 x 103 km2 auf, was eine durchschnittliche akkumulierte Eisproduktion von
1811 ± 293 km3 in diesen Gebieten ermöglicht. Es zeigen sich deutliche regionale Unterschiede
in den abgeleiteten Trends der Eisproduktion. Im besonderen Fokus steht die Laptev See im
Bereich des sibirischen Schelfs, da die dort regelmässig entlang der Festeiskante auftretenden
Polynjen eine recht hohe Eisproduktion aufweisen. Es zeigt sich ein ausgeprägter Zusammen-
hang zwischen der Eisproduktion in den Polynjen und Meereis-Exportraten aus der Laptev See
in die Transpolar-drift.
Dieser neue hochaufgelöste pan-Arktische Datensatz kann nun in einer Vielzahl von atmo-
sphärischen und ozeanographischen Anwendungen genutzt werden, und bietet Raum für weitere
Verbesserungen wie etwa die Integration höher-aufgelöster atmosphärischer Datensätze und eine
optimierte Eisrinnen-Erkennung.
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1 Introduction

1 Introduction

The polar oceans of both Arctic and Antarctic cover around 7% of the earth’s surface [Wadhams
2000]. This is quite a significant areal fraction that would on its own justify extensive and regular
monitoring efforts. However, recent rapid changes of particularly the Arctic sea ice cover as well
as altered atmospheric and oceanic characteristics highlight the need for increased research
efforts in this region, as the speed of change is hitherto unprecedented in the observational
record. Furthermore, the emerging evidence for mid-latitude linkages [e.g. Francis and Vavrus
2012; Overland et al. 2012; Francis and Vavrus 2015; Cohen et al. 2014] slowly transforms the
thinking about these climatic changes, simply speaking, from being ’fairly remote’ to ’next to
one’s doorstep’. Besides the increased attention from basically all areas of natural sciences, also
the public media, policy-makers and the gas-, oil- and worldwide shipping industry show more
and more interest in the changing Arctic sea ice cover due to the anticipated economic potential
during the summer months, as the ice gets thinner and ice-free conditions prevail over larger
areas and longer time periods [e.g. Kwok et al. 2009; Stroeve et al. 2011, 2014]. Consequently,
a huge scientific focus is set on understanding the observed and ongoing small- and large-scale
changes of the Arctic sea ice cover over the recent decades and to develop advanced strategies
and models to predict its future development in the 21st century. As most field campaigns
and experiments in the polar regions are expensive and complex initiatives under generally
harsh environmental conditions, many investigations are carried out by means of regional and
large-scale modeling of the atmosphere-sea ice-ocean system, or by utilizing the ever growing
data sets from various satellite remote sensing missions that started to become available in the
1970’s. Nowadays, these satellite observations play a leading role in monitoring, analyzing and
understanding remote climatic changes in the Arctic and Antarctic.

The Arctic Ocean itself is basically an almost closed basin with about 10 x 106 km2 in area
and about 13.5 x 106 km3 in volume [Carmack 1986; Wadhams 2000]. The main path for water
exchanges with other oceans is the Fram Strait, a deep passage to the Atlantic Ocean that
is framed by the Svalbard archipelago in the East and Greenland in the West. Among other
important passages are the Nares Strait between Greenland and Ellesmere Island, as well as
several more shallow links with the Atlantic and Pacific Ocean, including the Barents Sea, the
Canadian Archipelago and Bering Strait. A quite unique characteristic of the Arctic Ocean is
the shallowness over broad and extensive shelf areas north of Russia (extending around 800 km
from the coast), so that almost one third of the total ocean area features depths of 100 m or
less [Carmack 1986; Wadhams 2000]. As can be seen in Fig. 1.1, those shelf areas (also the
narrow regions between Alaska and Greenland) frequently feature so called polynyas, which are
areas of open water and thin ice with a huge influence on local physical, chemical and biological
properties [Smith et al. 1990; Barber and Massom 2007]. More details on polynyas will be given
in Chapter 1.3.
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1 Introduction

Figure 1.1: The Arctic region, with locations of polynya occurrences indicated as being referred
to in Barber and Massom [2007]. Further depicted in blue are the two major circu-
lation patterns, namely the Beaufort Gyre and the Transpolar Drift stream, as well
as the main focus areas for the present thesis framed in red. Figure modified from
Jakobsson et al. [2012], showing the international bathymetric chart of the Arctic
Ocean (IBCAO v3).

Since 1993, a multidisciplinary Russian-German cooperation project (WTZ RUS: System Laptev
Sea Transdrift; e.g. Kassens et al. [1995]) is investigating the Laptev Sea region on the Siberian
shelf as a specifically important part of the Arctic climate system and its distinct connection
to a major large-scale drift system - the Transpolar Drift Stream (Fig. 1.1). Sea ice that is
formed in open water and thin-ice regions of the Laptev Sea (and adjacent seas) is subsequently
incorporated in this mostly wind-driven ice flow and within 1-3 years transported across the
Arctic Ocean towards Fram Strait. There, it leaves the Arctic basin and eventually melts into
the North Atlantic ocean [e.g. Wadhams 2000; Haas 2010; Smedsrud et al. 2017].

In the most recent project phase (2013 to 2016), one of the main research goals related to high-
resolution remote sensing was to get a more comprehensive and long-term picture on ice pro-
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1 Introduction

duction and generally atmosphere-ice-ocean interactions in polynyas and leads (i.e., open-water
and thin-ice areas), which are regarded as regions that influence Transpolar Drift characteristics
by generating a substantial amount of ice that is subsequently exported from the shelf areas.
Furthermore, a precise and regular monitoring of those regions is of high interest due to their
role as being ’windows’ [Barber and Massom 2007] between the cold atmosphere (during winter)
above and the relatively warm ocean below. In that regard, polynyas and leads play major roles
in altering the structure of both the atmospheric boundary layer and the upper ocean layers.

Emerging from this project framework, the prime focus of this thesis is aiming towards the
derivation of large-scale and high-resolution thin-ice thickness distributions and the quantifica-
tion of ice production in Arctic polynya systems by using satellite remote sensing data from the
thermal infrared part of the electromagnetic spectrum, measured by the Moderate Resolution
Imaging Spectroradiometer (MODIS), in combination with atmospheric reanalysis data (Euro-
pean Center for Medium-range Weather Forecast (ECMWF) ERA-Interim, Dee et al. [2011]).
The hereby obtained new results build upon the work of earlier project phases [Willmes et al.
2010, 2011; Adams et al. 2013] and feature recent methodological improvements that evolved
in concert with conceptually similar regional remote sensing studies in Antarctica [Paul et al.
2015b, a].

This first introductory chapter aims to give a comprehensive overview on sea-ice fundamentals,
both on a large and small scale, a general description of sea-ice features that promote interac-
tions between the ocean, ice and atmosphere, i.e. thin-ice regions, and an overview on recently
observed and projected changes in the Arctic climate system. Based on this background, Chap-
ter 2 will focus on a methodical review on remote sensing sensors, data, techniques and principles
that are used to monitor sea ice in general and thin-ice regions in specific. This will then serve
as the framework for the following chapters, as Chapter 3 highlights the general motivation and
associated objectives of the present thesis. It also summarizes the three peer-reviewed publica-
tions that all together build the major part of this thesis in Chapters 4 to 6. The final Chapter
7 will summarize the main conclusions and achievements that emerged from these publications
and give directions on how the presented work could be further built upon and improved.

1.1 The role of sea ice in the Arctic

Every year, the sea ice cover in the Arctic experiences some of the most noticable seasonal
changes of any surface type on the Earth. Certainly the most obvious change is the variation
in sea ice extent, ranging from around 4 million km2 in September at its annual minimum after
the summer melt to about 15 million km2 in March (Fig. 1.2), the month featuring the peak
winter-extent where most of the Arctic basin is ice covered [Shokr and Sinha 2015]. Additionally,
seasonally and spatially changing physical properties and surface characteristics of sea ice do
directly influence a wide range of climatological, meteorological and oceanographic properties,
ranging from local to larger spatial scales. Thereby, sea ice plays a key role within the global
climate system. The heat exchange between the usually cold winter atmosphere and relatively
warm ocean underneath are mainly determined by the physical properties of sea ice. Of par-
ticular importance are its thermal properties as well as the released or acquired heat of fusion
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1 Introduction

Figure 1.2: Daily sea ice extent in the Arctic, illustrated for three years with the lowest single day
September values recorded (2007, 2012, 2016; colored lines) and the current year 2017
(red line). The average course for the period 1981 to 2010, the two-times standard
deviation (STD) as well as daily minimum and maximum values are addtionally
indicated in thick and thin grey lines as well as grey shadowing, respectively. Figure
from www.seaiceportal.de (accessed February 10, 2017).

during the freezing and melting of ice, respectively [Shokr and Sinha 2015]. Due to the low
thermal conductivity of sea ice, the ocean-atmosphere heat exchange is reduced when sea ice is
present so that it basically acts as an insulator. This is already the case for very thin ice, as
even an ice layer of only around 10 cm thickness reduces the heat exchange by more than 50%
[Maykut 1978, 1982], and generally affects moisture-, momentum- and gas-exchange processes.
Furthermore, as the latent heat of fusion of ice/water is one of the highest of all substances, the
annual freezing and melting of sea ice triggers a huge heat exchange that affects local weather
systems and even climate on a regional scale [Shokr and Sinha 2015].

The most important optical property of sea ice is its high albedo, representing the highest among
all surfaces on earth, especially when the ice is covered by snow. Compared to less frequently
present open ocean surfaces (around 0.06), the high albedo of often snow-covered sea ice (ranging
from 0.4 to 0.9) is the main driver of the ice-covered polar regions staying cold, as most of the
incident solar radiation is reflected. As will be shown in Chapter 1.4, the climatic conditions in
the Arctic are changing, which has already led to a significant decrease in sea ice extent. It is
expected that this decrease continues in the upcoming decades, as increasingly ice-free conditions
promote a positive feedback mechanism that is triggered by the sharp contrast in albedo. As
the fraction of low albedo ocean areas increases, more heat gets absorbed by the upper ocean
layers, thereby amplifying further melting and more absorption [Shokr and Sinha 2015].

In a general sense, the polar regions serve as the cold end of a huge heat engine, where large
amounts of absorbed incoming solar radiation from equatorial latitudes are transported north
and south by a complex system of global ocean currents and atmospheric circulations. In higher
latitudes, the stored oceanic heat is lost to the atmosphere through the open water fraction of
sea ice, whereby the actual loss rate is determined by certain variables such as the sea ice extent,
the ice thickness and consistency of the ice cover [Wadhams 2000]. This process interacts with

4



1 Introduction

the general atmospheric circulation, which is responsible for generating most weather systems
over north-latitude areas [Shokr and Sinha 2015].

In turn, distinct atmospheric and oceanic circulation patterns strongly influence the motion of
sea ice, which rarely remains stationary when not attached to the shoreline (the latter being
referred to ’landfast ice’). Motion-induced convergence or divergence of the ice cover frequently
causes the ice to pile up (termed ’pressure ridges’) or open up (termed ’leads’, ’cracks’ or
’polynyas’; compare Ch. 1.3), thereby strongly modifying physical parameters of sea ice, i.e.
surface temperature, surface roughness, emissivity, etc., in a spatial and temporal sense [Shokr
and Sinha 2015]. As a consequence, these alterations again feed back to atmospheric and oceanic
dynamics.

Sea ice affects the ocean circulation through the annual cycle of freezing and thawing. When
new ice forms and/or grows during winter, salt is rejected to the underlying water column.
This vertical movement of cold, salty and hence dense water, driven by the gradient in density,
initiates a large-scale pattern of seawater motion around the world, the so called ’thermohaline
circulation’. In turn, the melting of large volumes of ice that has drifted away from the polar
areas during the summer disturbs this circulation by creating a stable oceanic surface layer with
low salinities [Shokr and Sinha 2015].

Equally important, sea ice plays a crucial role for the polar biosphere, as a variety of species
make use of it as habitat or shelter, for breeding, feeding, and nursery or as a hunting ground.
These species range from microorganisms (algae and bacteria) to different fish, birds and marine
mammals (e.g., polar bear, walrus, some species of whales and ice-associated seals) [Shokr and
Sinha 2015].

1.2 Sea ice and ice formation: Physical properties and processes

As briefly mentioned in the beginning of this chapter, the monitoring and documentation of
large-scale changes in the sea ice cover of the polar regions is often done using various types
of remote sensing data (compare Ch. 2 for more details). However, even the highest-resolution
sensors onboard specialized satellites or aircrafts (operating at fairly low altitudes with limited
spatial coverage) are only able to resolve details down to the meter scale. In order to get an
understanding of the processes relating to and depending on the large scale behavior of sea ice,
the evolution of the ice structure and properties needs to be known at even finer scales due to
their role as the driving factors for sea ice growth and decay as well as being highly relevant
regarding the interpretation of remotely sensed data/images [Petrich and Eicken 2010].

Sea water, the origin for most of the sea ice found in polar waters (sea-ice formation through
snowfall, often found around Antarctica, will not be further discussed in the following), is quite
an atypical and complex substance. One of the unique characteristics of water in general is that
the density of its frozen state is lower than in its liquid phase, which causes ice to float on lakes
and seas and not sink down into its melt, as most other solids do [Weeks and Ackley 1986].
This characteristic behavior is the result of the crystal lattice structure of ice ’Ih’ (Fig. 1.3).
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1 Introduction

Figure 1.3: Crystal structure of ice Ih, with the c-axis ([0001]) being indicated at the left and
right panel. In the center panels, the views along (top) and perpendicular (bottom)
to the c-axis is shown (taken from Weeks and Ackley [1986]). Numbers in form
of four digits refer to the Miller indices for planes and directions in a hexagonal
crystalline system [see Hobbs 1974; Weeks and Ackley 1986; Shokr and Sinha 2015].

In theory, water can appear in a dozen of different modifications (pressure- and temperature-
dependent), but the ’h’ in ice ’Ih’ refers to a crystal symmetry in the hexagonal system resulting
from the freezing of water under equilibrium conditions naturally found at the Earth’s surface
[Petrich and Eicken 2010]. In the ice crystal lattice, the water molecules arrange tetrahedrally,
with the so called ’basal plane’ featuring a sixfold symmetry along the a-axis. The principal
crystallographic axis (also c-axis) is oriented normal perpendicular to this basal plane. While
the interface of the basal plane is smooth on a molecular level, as only two atomic bonds need
to be broken, the plane normal to the basal plane requires at least four bonds to break and is
hence regarded as a rough interface [Weeks and Ackley 1986; Petrich and Eicken 2010]. This
results in different interface kinetics and, hence, in a pronounced anisotropy (i.e., directional
dependency) in growth rates and general ice-mechanical properties [Wadhams 2000; Petrich and
Eicken 2010].

Besides water (hydrogen and oxygen; H20), which comprises about 965 to 975.3 kg of every
1000kg of sea water (depending on salinity), the main constituents of sea water are dissolved salt
ions (Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, CO3
2−) with distinct fractional contributions [Weeks

2010; Petrich and Eicken 2010]. Compared to lake (i.e. fresh) water, which is essentially non-
saline, the presence of salt in sea water vastly modifies several characteristics of ice formation.

When sea water that exceeds a salinity-threshold of 24.7 psu (practical salinity units; equivalent
to parts per thousand) is cooled from above, the salinity of the water lowers its temperature
of maximum density until it is below the freezing temperature [Wadhams 2000; Weeks 2010].
The cooling by the atmosphere will therefore always create a dense surface layer, hence forcing
convection with the warmer water below. This convection takes place over the whole polar
surface layer up to the pycnocline around 100-150 m depth (and shallower over Arctic shelf
regions), where a jump in density is observed. When the whole surface layer is cooled down to
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the freezing point (-1.8◦C), the temperature induced convection comes to an end and ice starts
to form [Wadhams 2000]. Most areas of the Arctic Ocean easily exceed a salinity of 24.7 psu,
which marks the critical value to seperate brackish water and sea water. Due to some areas with
an extensive river discharge during summer (e.g., Ob and Yenisei in the southern Kara Sea,
Lena in the southeastern Laptev Sea), there are exceptions where the salinity is less than the
critical value. This favors ice formation to take place earlier in autumn. In the course of winter,
however, ice production on these shelf regions subsequently increases the salinity and density of
these waters, thereby causing it to sink and ventilate the water column [Wadhams 2000].

The actual formation process of sea ice differs from calm to rough ocean regimes (compare
Fig 1.4). Initially, sea ice that forms at the surface consists of a skim of separable crystals and
tiny ice platelets, which float flat on the water surface and have diameters of around 2-3 mm.
Their c-axis is orientated vertically, so they grow outwards laterally until they become unstable
and develop long dendritic crystals, which have again a vertically orientated c-axis. Due to their
fragile nature, these so called frazil ice crystals quickly break up and form a dense suspension
in the upper ocean layer called and grease ice [Wadhams 2000].

Figure 1.4: Different ice types during ice growth under rough (left side) and calm (right side)
conditions [Petrich and Eicken 2010].

When no turbulence is apparent, the frazil ice freezes together and forms a continuous sheet
of thin young ice (grey to grey-white colour), which is also referred to as dark and light nilas
in its very early stage (less than about 10 cm thickness). With further freezing and increasing
thickness, the ice includes more and more air and sea water inclusions, so the color of the
ice changes from transparent (i.e. dark) to white. Following this initial formation stage, a
subsequent and differing process called congelation growth occurs. In this stage, water molecules
freeze on to the bottom of the existing sea ice cover, thereby leading to first year ice (FY) which
can reach thicknesses up to 1.5 to 2 m [Wadhams 2000].

Under rough and wavy conditions, the turbulence generated by the wave-field maintains the
dense suspension of newly formed ice, rather than forming nilas. The frazil ice crystals orbit
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in the wave field and undergo cyclic compression phases, where they can freeze together to
form small coherent floes of ice. When these grow larger through the addition of further frazil
ice, the ice type is called pancake ice, originating from their characteristic shape with raised
rims. With increasing distance to the ice edge, the pancakes grow gradually until they finally
freeze together in groups (consolidated pancake ice). The bottom morphology of pancake ice is
quite different compared to other sea ice types because of the rafting and collisions during the
consolidation process, resulting in a rough bottom surface topography and high thickness values
[Wadhams 2000]. After the initial formation of a continuous ice sheet, the growth of ice crystals
in contact with the ice-water interface continues downwards by freezing of water molecules from
the downside [Wadhams 2000]. The latter process is much easier for ice crystals with a horizontal
c-axis than for those with a vertical c-axis leading to a preferred laminar growth. Typically, ice
crystals at the top of a FY-ice sheet are randomly orientated followed by a transition to a zone
of long vertical columnar crystals with horizontal c-axis. This columnar structure is typical for
congelation growth and a striking visible feature of FY-ice [Wadhams 2000].

As stated above, a high fraction of the salt in the sea water is rejected during the freezing process
[Wadhams 2000; Petrich and Eicken 2010]. The remaining salt accumulates in form of a highly
saline solution called brine between the rows of ice dendrites, and as these advance, the brine
gets trapped and isolated in brine pockets. Hence, sea ice rarely exists of pure ice, but remains
at a bulk salinity of between 0 and 15 psu [Weeks 2010]. With the development of brine drainage
channels, the brine concentration decreases with increasing age of the ice [Wadhams 2000].
Old ice that survives more than one winter is called Multi-Year ice (MY) [Wadhams 2000]. In
the Arctic, around half of the sea ice cover used to consist of MY-ice because of relatively slow
drift- and circulation-patterns, including the Beaufort Gyre (7-10 years) and the Transpolar
Drift Stream expelling in the East Greenland Current (1-3 years). However, the fraction of
MY-ice has decreased to about 20 to 30 % in recent years (compare Ch. 1.4). When the ice has
reached a thickness of around three meters after several winters, the summer melt fairly equals
the winter growth and the thickness starts to oscillate in an annual cycle. Typical properties of
MY-ice are a lower conductivity, a rougher surface and an overall low salinity which makes it
much stronger than FY-ice [Wadhams 2000].

1.3 Polynyas and leads: Hotspots for enhanced
atmosphere-ice-ocean interactions

Interactions between the atmosphere, sea ice and ocean play a crucial role at higher latitudes,
as they ultimately influence and provide feedback on large-scale and long-term dynamics of
the atmospheric and oceanic circulation, as well as the sea-ice mass balance. Generally, these
interactions are quantified as atmosphere-ocean fluxes, which represent the exchange of energy
and material between the atmospheric boundary layer (ABL) and the ocean [Bourassa et al.
2013]. These exchanges comprise net fluxes of momentum from wind (-stress), energy (downward
and reflected shortwave radiation, downward and emitted longwave radiation, latent heat flux,
and sensible heat flux), and mass (moisture, gases, aerosols), with their individual magnitude
being highly variable in space and time. Radiative fluxes feature unique characteristics at
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higher latitudes, as they vary largely depending on cloud cover, aerosol characteristics and
the availability of shortwave radiation in the transition periods between summer and winter.
Among the other fluxes, wind stress, sensible and latent heat fluxes as well as the gas and
aerosol exchange can be classified as turbulent fluxes [Bourassa et al. 2013].

Figure 1.5: Simplified schematic to illustrate the advection mechanism for the formation of cold
and salty halocline waters in a latent heat polynya, as well as the development of
a thermal internal boundary layer (TIBL) in the lower atmospheric boundary layer
(ABL) through the heat release during ice formation. Image modified from Itkin
et al. [2015].

In the polar regions, increased low-level wind speeds can be linked to both small-scale features
such as polar lows, and also large-scale features like warm-core seclusions (i.e., mature extra-
tropical cyclones). On a local scale, both features can be further amplified by the topography
(e.g. channeling effects). Especially at (but not limited to) coastlines or wintertime fast-ice
edges, high wind speeds cause vastly increased air-sea / air-ice momentum exchanges that pro-
mote the formation of so called polynyas (originating from the russian term for ’hole in the
ice’) [Bourassa et al. 2013]. In a general sense, polynyas are defined as persistent and recurring
thin-ice and/or open water areas in the seasonal ice zone, which tend to form at more or less
fixed locations where climatologically a more compact and thick ice cover could be expected
[Smith et al. 1990; Martin 2001]. Due to the highly variable nature of atmosphere-ocean fluxes,
also the timing, duration and areal extent of a polynya can have large variations from daily to
interannual time-scales [Morales-Maqueda et al. 2004]. Traditionally, polynyas are categorized
into a latent heat (also ’wind-driven’ or ’coastal’ polynyas) and sensible heat type (also ’open
ocean’ polynyas), with some polynyas showing documented or assumed hybrid characteristics
[e.g. Smith et al. 1990; Melling et al. 2015; Hirano et al. 2016].
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The continuous removal of newly formed sea ice towards the lee-ward polynya margin by strong
winds and/or ocean currents is the main origin of latent heat polynyas (Fig. 1.5). The resulting
net heat loss to the cold atmosphere, while locally modifying the ABL structure to a convective
regime [Ebner et al. 2011; Gutjahr et al. 2016] rather than being stable or near-neutral over sea
ice for most of the year [Persson and Vihma 2017], is balanced by ice formation, which provides
the latent heat of fusion of ice. The heat loss to the atmosphere during winter can be two
orders of magnitude larger than the heat flux through an adjacent thick ice cover [Maykut 1982]
and may increase local air temperatures by several degrees, thereby enabling the formation of a
thermal internal boundary layer (Fig. 1.5) [e.g. Lüpkes et al. 2008; Tetzlaff et al. 2015]. These
large fluxes are, however, rarely maintained for a long period of time as these open water and/or
thin-ice areas quickly freeze over and/or thicken [Shokr and Sinha 2015]. The amount of ice
formed can thereby reach substantial magnitudes until the removal of new ice ceases in concert
with the forcing mechanism, and further thickening of the ice cover is limited to congelation
growth. Hence, latent heat polynyas are hotspot regions for the (local) sea ice mass budget
and, consequently, deep water formation through the brine release during ice growth (compare
Ch. 1.2). Much of the world oceans’ deep and bottom water is thought to be formed in polar
latitudes as a result of ice formation and growth [Aagaard et al. 1981; Winsor and Björk 2000;
Shokr and Sinha 2015], and major changes in the amount of newly formed sea ice can potentially
disrupt ocean circulations [Maykut 1978; Carmack 1986; Shokr and Sinha 2015]. In the Arctic
Ocean, the generally cold upper halocline layer (Fig. 1.5) is maintained by lateral advection from
the continental shelves, where dense and saline shelf water is produced during freezing with an
pronounced salinization of the water column originating from coastal polynyas [Aagaard et al.
1981].

Polynyas that are exclusively formed by a sensible heat mechanism, where the oceanic sensible
heat flux locally prevents ice formation [Smith et al. 1990], are quite rare in the northern
hemisphere. However, certain polynya regions are thought to be temporarily influenced by this
mechanism, despite the circumstance that direct observations of these hybrid-characteristics
are sparse. Besides from increasing the difficulty to retrieve an accurate quantification of ice
formation (more details in Ch. 2.2.4), this highlights the need for increased efforts to quantify
ocean heat fluxes through in-situ measurements.

Leads, on the other hand, are linear or elongated cracks (i.e., thin ice and open water) in the
ice cover that also originate from diverging ice motions [Smith et al. 1990; Barber and Massom
2007]. A recent study on Arctic lead dynamics underlined that these features are highly variable
both in space (contrary to polynyas) and time [Willmes and Heinemann 2016]. However, their
effect on the atmosphere and ocean through heat loss and ice formation has yet to be fully
quantified.

During winter, the surface temperature of the Arctic sea ice can reach values down to -40◦C.
In contrast, open-water and thin-ice areas in polynyas and leads are characterized by surface
temperatures around or near the freezing point of sea water (-1.8◦C), making the ice-covered
ocean regions among the largest spatially changing surface temperature on Earth [Shokr and
Sinha 2015]. Hence, a precise characterization and monitoring of the spatial distribution of
ice surface temperature (IST) is an important task in order to improve weather and climate
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simulations, as well as related satellite investigations, in particular during winter. Concluding,
polynyas and leads can be regarded as highly important climatic features, and the locations of
appearance as well as the spatial distribution of thin ice within their margins are particularly
important to regional or even global climate models [Shokr and Sinha 2015].

1.4 A changing Arctic sea-ice cover: Overview and implications for
polynyas

In recent years and decades, the Arctic is undergoing fast and strongly noticeable climatic
changes, with direct implications for the sea ice cover and the Arctic cryosphere in general.
In particular, polynyas and leads are highly sensitive to climatic changes due to their direct
connection to the ocean and lower atmospheric boundary layer.

Figure 1.6: Ice extent anomalies in the months of March (maximum ice extent) and September
(minimum ice extent), illustrated for the period from 1979 to 2016. The initial time
series of sea ice extent is based on estimates produced by the National Snow and Ice
Data Center (NSIDC) Sea Ice Index [Fetterer et al. 2002]. For each year, the anomaly
is depicted as the difference (in %) in ice extent relative to the average values for
the reference period 1981 to 2010. The black and red lines are least squares linear
regression lines for March and September, respectively, with their slopes indicating
ice losses of 2.7% and 13.3% per decade. Both trends are significant at the 99%
confidence level [Perovich et al. 2016].

Most apparently, the Arctic sea ice extent, which is commonly defined as the cumulative ocean
area where satellite-derived sea ice concentrations exceed a threshold of 15%), shows a strong
downward trend over the period of regular satellite observations (1979 - today), despite large
year-to-year variations. As presented in Fig. 1.6, this downward trend in extent is highest in
September (-13.3% per decade relative to the 1981-2010 average), but essentially exists for all
months (e.g., -2.7% per decade in March). Although not linearly related, the sea ice volume
(often calculated from the Pan-Arctic Ice Ocean Modeling and Assimilation System (PIOMAS)
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- Zhang and Rothrock [2003]) apparently features a similar downward trend [e.g. Kwok et al.
2009; Laxon et al. 2013; Serreze and Stroeve 2015].

Figure 1.7: Maps of the sea ice age in the Arctic for a) March 1985 [Tschudi and Meier 2016], b)
March 2016, and c) time series of sea ice age fractions for the period 1985 to 2016.
The fractions in (c) are presented as fractions (fraction*100 = percent) of the total
sea ice areal coverage [Perovich et al. 2016].

Despite the relatively short record of satellite measurements of sea ice (compare Ch. 2), available
time series reveal a steepening of the downward trend in sea ice extent since approximately the
middle of the 1990s [Serreze and Stroeve 2015]. It is assumed that the preferred loss of old
and thick MY ice is one of the main contributors to this trend, as the proportion of relatively
thin and young FY ice in the sea ice cover increases [e.g. Comiso 2010; Stroeve et al. 2011].
Figure 1.7 illustrates this by showing information on the age of sea ice in the Arctic, derived
from a Lagrangian tracking of individual ice parcels [Serreze and Stroeve 2015; Tschudi and
Meier 2016]. The comparison of the distributions in March 1985 and March 2016 clearly shows
the loss of old MY ice (older than 4 years) over large portions of the Arctic basin, but most
extensively in the Pacific sector [Maslanik et al. 2007, 2011]. As of 2016, the thickest and oldest
sea ice is limited to the area north of the Canadian Arctic Archipelago and north of Greenland.
Fitting into this context, various observational studies describe a general thinning of the sea ice
cover in several regions throughout the Arctic [e.g. Haas et al. 2008; Kwok et al. 2009; Kwok
and Rothrock 2009; Hansen et al. 2013; Krumpen et al. 2016] which subsequently enables the
sea ice to melt faster, increases its proneness to fracture and enhances the general mobility and
drift speed [e.g. Spreen et al. 2011; Kwok et al. 2013].
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Stroeve et al. [2011] note that this thinning is, however, only one aspect of the general downward
trend in sea ice extent. Another main contribution and potentially a main driver for these
trends is a significant atmospheric warming in the Arctic region in all seasons (but strongest in
autumn and winter), which reduces the possibility of an ice thickness recovery through especially
cold winters. In addition, increasing temperatures lead to a lengthening of the melting season,
thereby enhancing the effect of the ice-albedo feedback [Serreze and Stroeve 2015]. This warming
is often referred to as one aspect of the polar or Arctic amplification, implying a particular
strong increase of the near-surface temperature in the northern latitudes, with rates doubling
those of lower latitudes [e.g. Cohen et al. 2014]. According to Cohen et al. [2014], among the
contributions to Arctic amplification are local radiative effects from greenhouse-gas forcing [e.g.
Stroeve et al. 2011], changes in the snow- and ice-albedo feedback throughout the cryosphere [e.g.
Perovich et al. 2007; Serreze and Barry 2011], aerosol concentration changes and black carbon
deposition on snow and ice [Shindell and Faluvegi 2009], increasing amounts of cloud cover and
a moister atmosphere [e.g. Francis and Hunter 2006; Boisvert and Stroeve 2015], as well as a
relatively less increasing emitted longwave radiation in the Arctic when compared to equivalent
temperature increases in the tropics [Pithan and Mauritsen 2014]. Especially the effect of the
positive ice-albedo feedback, meaning that more energy is absorbed in the increasing fraction of
low-albedo open ocean areas during spring and summer, has already resulted in 4 to 5 ◦C sea
surface temperature anomalies in newly ice-free regions [Wood et al. 2013; Cohen et al. 2014].
Hence, the freeze-up of sea ice has been delayed in recent years [Markus et al. 2009; Stroeve et al.
2014] and fast-ice extents as well as duration are decreasing [Yu et al. 2014]. Overall, the extent
of changes in the Arctic is highly pronounced, so that several studies (as reviewed by Overland
and Wang [2013]) predict a nearly ice-free Arctic Ocean during summer in the upcoming two to
three decades.

A thinner, thus more fragile and mobile, sea ice cover and the evident warming in the Arctic
have direct implications for polynyas and leads due to their high sensitivity to external forcing
mechanisms, i.e. high wind speeds and ocean currents. Recent changes in large-scale atmospheric
dynamics, as proposed e.g. by Rigor et al. [2002], already provide the potential to imprint on
polynya and lead characteristics in the eastern Arctic. As an example, recent autumn seasons
featured extensive open water and thin ice areas as a result of a particularly late freeze-up,
thereby fostering large heat losses from the ocean to the atmosphere and consequently, increasing
rates of new ice formation. While this stabilizing feedback could potentially act against the
recently observed steepening of the downward trend in September sea ice extent, it is apparently
not sufficient to counterbalance other accelerating feedback processes [Serreze and Stroeve 2015].
The general response of polynyas and leads to a changing climate and, more specifically, changing
sea ice properties is rather complex, as the local forcing mechanisms for thin-ice formation are
highly variable throughout the Arctic [Smith and Barber 2007]. However, it can be clearly stated
that the presence of thin-ice will be definitely influenced by the earlier mentioned increase in
surface temperatures, a lengthening of the melting season and the increased role of the ice-albedo
feedback during spring and summer. Further, changes in the location and duration of polynya
activity can be expected, especially for those which depends on the stability and existence of
specific physical features such as an ice bridge (e.g. North Water polynya) or fast ice (e.g.
North-east water polynya, flaw-leads in the eastern Arctic) [Smith and Barber 2007].
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2 Methodical Review: Remote Sensing of Sea Ice and
the Monitoring of polynyas

In a more general sense, the principle of remote sensing can be described as a gathering of
information (i.e., reflected, emitted or scattered radiation) about objects or surfaces, without
actually physically touching them. However, in order to do so, the relation between the elec-
tromagnetic radiation received at a satellite- or air-borne sensor and the physical properties of
the surface needs to be characterized as precisely as possible [Rees 2006]. In case of sea ice, its
complex structure as well as both spatially and temporarily highly variable physical properties
lead to equally complex signatures received at a satellite sensor that require careful data pro-
cessing and interpretation [Lubin and Massom 2006]. Sea ice remote sensing generally focuses
on measuring electromagnetic radiation in so-called atmospheric windows located in the visible
(VIS) to near-infrared (NIR), thermal infrared (TIR) and microwave part of the electromagnetic
spectrum, utilizing the partly high transparency of the atmosphere in those wavelength-ranges
[Spreen and Kern 2017].
Remote sensing systems can be subdivided into active and passive sensors. Active sensors fol-
low the principle of providing an electromagnetic signal themselves and record the reflected or
backscattered radiation from the Earth’s surface. Passive sensors, on the other hand, record
electromagnetic radiation that is either reflected (VIS and NIR range) or emitted (TIR and mi-
crowave range) from the Earth’s surface. Among the features characterizing the data collected
by remote sensing platforms are sensor-specific spatial, temporal, spectral and radiometric res-
olutions [Tedesco 2015].
Due to the mostly difficult and expensive accessibility of the polar regions, remote sensing sys-
tems are a natural fit and therefore in many cases essential for investigations in those extensive
areas. However, the numerous different sensor systems available to date are, depending on the
purpose or requirements, not equally well suited to derive information on cryospheric surfaces,
and even more specifically - sea ice. Consequently, one main aspect of this chapter is to give an
idea of how sea ice is interacting with electromagnetic radiation measured by satellite sensors
and how this is represented in remote sensing data sets.
In the context of this thesis, the characterization of Arctic polynyas is mainly conducted using
optical data from the thermal infrared region of the electromagnetic spectrum as well as passive
microwave remote sensing data. Hence, the beginning of this methodical chapter will concen-
trate on describing these satellite sensors in more detail, together with their individual benefits,
disadvantages and error-sources. Further, it will point out the physical properties of sea ice
that influence remote sensing measurements and give a broader look on sea-ice characteristics
that can be generally derived from satellite data sets. The second part of this chapter will put
emphasis on giving an overview on past remote sensing efforts on Arctic polynyas as well as
regularly used monitoring techniques for thin ice in the polar regions.
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2.1 Satellite remote sensing of sea ice

Figure 2.1: Spectral regions used for thermal and passive microwave remote sensing (Tedesco
[2015], adapted from Lillesand et al. [2007]).

2.1.1 Optical and thermal-infrared sensors

Sensors that operate in the thermal infrared portion of the electromagnetic spectra (i.e., in
particular 8-14 µm) detect the radiation emitted by a surface or object as a result of its physical
temperature [Tedesco 2015]. However, in comparison to the VIS and reflected IR range (0.35 to 3
µm), the longer wavelength and consequently lower energy associated with the photons leads to
several necessary modifications of the detectors, such as an increased detector-size. This comes
at the cost of a generally coarser spatial resolution when compared to sensors that operate
in the high-energy visible and near infrared portion of the electromagnetic spectra. Despite
that and certain limitations for surface observations originating from temperature signals of
superimposed cloud cover, thermal infrared radiometers like the Advanced Very High Resolution
Radiometer (AVHRR) or the Moderate Resolution Imaging Spectroradiometer (MODIS) are
frequently used for a variety of atmospheric, oceanic and land-surface applications [Jensen 2007].
For the present thesis, the majority of results were achieved from the use of MODIS data
products, so a few characteristics of the instrument will be given in the following. MODIS is a
passive optical remote sensing system that is currently deployed on two satellite platforms from
the National Aeronautics and Space Administrations (NASA) Earth Observing System (EOS)
mission, namely AQUA (launched in May 2002) and TERRA (launched in December 1999).
MODIS is measuring electromagnetic radiation with a wavelength between 0.4 and 14.4 µm
(VIS to TIR), subdivided into 36 discrete spectral bands (20 bands from 0.4 to 3 µm, 16 bands
from 3 to 15 µm). Thereby, spatial resolutions vary from 250 m up to 1 km at nadir, with coarser
resolutions in the TIR region. A nominal swath width of 2330 km is achieved through a field of
view of ± 55◦ off-nadir. However, the swath edges suffer from panoramic distortion effects that
decrease the spatial resolution off-nadir [Lubin and Massom 2006]. Due to a sun-synchronous
polar orbit at an altitude of 705 km, the polar regions are covered several times a day and both
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sensors combined are able to capture the entire surface of the earth every 1-2 days [Hall et al.
2004; Rees 2006; Riggs et al. 2006; Jensen 2007].

Satellite sensors in the TIR range such as MODIS observe brightness temperatures (Tb), which
are converted from the radiance (i.e., emitted energy) received at the satellite by an inversion
of Planck’s equation. In effect, brightness temperatures are defined as ’the temperature that a
blackbody in thermal equilibrium with its surrounding would have to match the intensity of a
grey body at a given frequency’ [Tedesco 2015; Shokr and Sinha 2015]. In the TIR range, the
radiation being emitted from a blackbody is proportional to the fourth power of the physical
temperature T (according to the Stefan-Boltzmann law). With the emissivity ε being defined as
the ratio of the emitted radiation of a given body (i.e., greybody; RG) to the radiation from a
blackbody at the same physical temperature (RB) [Shokr and Sinha 2015], the relation between
T and Tb (Eq. 2.2) can be expressed via Eq. 2.1:

ε = RG
RB

= σ · T 4
b

σ · T 4 =
[
Tb
T

]4
(2.1)

with σ being the Stefan-Boltzmann constant (5.671 x 10−8 W m−2 K−4), and hence

Tb = ε
1
4 · T (2.2)

It can be seen from Eq. 2.2 that in the TIR range, Tb is less sensitive to changes in emissivity
and reacts more to changes in the physical temperature of the surface [Shokr and Sinha 2015].
However, the derivation of the surface temperature requires careful atmospheric corrections as
well as detailed information on the surface emissivity and its angular dependence. In case of
sea ice, the emissivity in the TIR range is generally larger than 0.96 and even close to unity for
snow. It is not affected by the ice thickness and mostly determined by the upper millimeters of
the ice (or snow) layer [Lubin and Massom 2006].

TIR data is frequently used for the detection and mapping of sea ice under polar nighttime
conditions as the surface temperature of different ice types is considerably different from that of
open water Lubin and Massom [2006]. The ability to derive ice-surface temperatures (IST) on
large scales is a highly useful tool for the detection and monitoring of thin-ice areas. Further,
IST is an important parameter in regional and large-scale modeling, and it can provide useful
information on snow metamorphosis- and melt-processes as well as on the thickness of thin
ice (Ch. 2.2.1) and ice-growth rates (Ch. 2.2.4) through calculations of the atmosphere-ocean
heat exchange [e.g. Yu and Rothrock 1996; Yu and Lindsay 2003; Hall et al. 2004; Willmes
et al. 2010, 2011]. Sea-ice concentrations can be derived from MODIS IST by setting the
temperature of the ice in relation to an assumed constant temperature of open water [Drüe and
Heinemann 2004, 2005]. In addition and more recently, local anomalies of MODIS IST were
successfully used to derive long-term statistics of lead-occurrences in the Arctic Ocean [Willmes
and Heinemann 2015, 2016]. In case of MODIS, IST are calculated from level 1B calibrated
brightness temperatures (Tb) (band 31 at 11.03 µm (T11) & band 32 at 12.02 µm (T12)) using a
split-window technique in form of a simple regression model [Hall et al. 2004]:

IST = a+ b · T11 + c · (T11 − T12) + d · [(T11 − T12) · (secθ − 1)] (2.3)
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with the regression coefficients a, b, c and d being specifically determined for the Arctic and
Antarctic as well as three different temperature ranges, and θ being the sensor scan angle. The
center-wavelengths of both used bands are located within atmospheric water vapor windows.
Due to a different attenuation behavior of the radiation in these two bands, the Tb difference
contains information about the amount of water vapor in the atmosphere that can be used for
a correction of irritating atmospheric effects [Hall et al. 2004; Adams 2012]. For ideal clear-sky
conditions with a low amount of water vapor in the atmosphere, the IST accuracy is given with
1-3 K. However, advanced methods for cloud detection and masking play an important role in
affecting the IST accuracy, as any cloud or partially cloudy conditions severely decrease the
accuracy [Hall et al. 2004; Riggs et al. 2006].

2.1.2 Passive microwave radiometers

Passive microwave radiometers operate in a frequency range of 0.3 to 300 GHz and measure
the energy that is naturally emitted by the earth, oceans and atmosphere. Likewise to thermal
infrared radiometers, these sensors typically record brightness temperatures (Tb). However, in
the microwave frequency range and for objects with a temperature range to be expected on the
earth’s surface, it is possible to apply the Rayleigh-Jeans approximation, yielding the brightness
temperature with

Tb = ε · T (2.4)

where ε denotes to the object-specific emissivity, dependent on wavelength and polarization,
and T to the object’s physical temperature. Furthermore, the emissivity is largely dependent
on geophysical quantities such as salinity, roughness, porosity and air content in case of sea
ice [Lubin and Massom 2006; Willmes et al. 2014]. More specifically, the combination of four
parameters determines the microwave emissive (and scattering) properties of sea ice and its
potential snow cover: the complex dielectric constant, dielectric discontinuities such as gas
bubbles, the surface roughness and the orientation of the ice/snow surface relative to the azimuth
angle of the sensor. Most notably, the complex dielectric constant ε∗ is of major importance to
understand microwave signatures of snow and ice in the polar regions [Lubin and Massom 2006].
As complex number, it is defined as:

ε∗ = ε0 · (ε′ − iε′′) (2.5)

with ε0 being the free-space dielectric constant. ε′ and ε′′ are the real and relative imaginary
part, respectively. ε′ is the relative dielectric constant or relative permittivity (i=

√
−1) that sets

the absolute backscatter level, while ε′′ refers to the frequency- and temperature-dependent di-
electric loss factor that describes how much energy is lost in the material volume (i.e., frequency-
dependent penetration depth), once it passes a dielectric interface [Lubin and Massom 2006].
Regarding the complex nature of sea ice and its dielectric properties, it is widely considered as
a medium consisting of pure ice, air and liquid brine. Hence, its complex dielectric constant is
mainly influenced by the density of ice, the brine volume as well as their individual dielectric
properties and volume fractions [Weeks and Ackley 1986; Lubin and Massom 2006]. For young
and first-year (FY) ice, the salinity in the upper layers is generally high, which leads to an
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increased absorption, lower reflection and a shallow penetration depth for microwave radiation
through high values of both ε′ and ε′′. Hence, the emissivity for young and FY-ice is higher than
that of MY-ice (compare Fig. 2.2). MY-ice is generally less saline in the upper layers and features
brine pockets in lower layers. Both ε′ and ε′′ are generally lower, which enables an increased
penetration depth and therefore increased volume scattering through dielectric discontinuities
in the ice (e.g. air bubbles). Consequently, the emissivity is also lower and the recorded Tb for a
given physical temperature of MY-ice decreases [Woodhouse 2006; Lubin and Massom 2006].

Figure 2.2: Differences in horizontally (H) and vertically (V) polarized frequency-dependent
emissivities for different sea ice stages and sea water. Values are retrieved from two
field campaigns at an incident angle of 50◦. Frequencies from often used satellite
channels (19, 37 and 89 GHz) are indicated. Figure by Spreen et al. [2008].

Polarization is a characteristic property for the propagation and scattering of energy in the
microwave range. As noted above, it largely influences the recorded signal of an object or surface.
In general, electromagnetic radiation consists of electrical and magnetic waves. Polarization
describes the locus of of the electrical field vector in the plane perpendicular to the direction of
propagation, as electromagnetic waves are transversal waves with an x- and y-component [Lubin
and Massom 2006; Woodhouse 2006]. With the Earth’s surface as reference, a predominant
deflection in x-direction is being referred to as horizontal polarization (H), while a predominant
deflection in y-direction is known as vertical polarization (V) [Woodhouse 2006]. For sea ice
and snow, it is important to note that horizontally and vertically polarized waves interact in a
different manner with the target, yielding different emissivities with varying age of the ice and
frequency [Lubin and Massom 2006], as becomes apparent in Fig. 2.2.

The low frequencies in the microwave range enable the detection of surface features with hardly
any influence from clouds, as most particle sizes found in the atmosphere are smaller than
the wavelengths in the microwave range [Rees 2006]. This represents a huge advantage, as the
possibility to collect data independent from local weather-conditions and the availability of solar
illumination enable high temporal resolutions that are especially valuable regarding the often
cloud-covered polar regions and polar night conditions. On the contrary side, however, less
available energy in this low frequency range leads to very coarse spatial resolutions (typically
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ranging between 3 to 50 km) that may introduce errors from mixed signals wherever there is a
sharp contrast in surface type (e.g. in coastal areas). To some extent, this is compensated by
the large spatial coverage from spaceborne microwave sensors [Tedesco 2015].

For a regular monitoring of polar sea ice cover in both Arctic and Antarctic, the indispensable
’work-horses’ in the passive microwave range are a series of sensors deployed on the Nimbus-7 and
the Defense Meteorological Satellite Program (DMSP) platforms, which build upon the legacy
of the single-frequency Nimbus-5 Electrically Scanning Microwave Radiometer (ESMR; 1972 to
1976). As of today, these sensors span a nearly continuous time series of almost 40 years, based
on measurements from the Scanning Multichannel Microwave Radiometer (Nimbus-7 SMMR;
1978-1986; ten channels between 6.6 and 37 GHz), a series of Special Sensor Microwave / Imager
(DMSP-F8,-F10, -F11, -F13 and -F15 SSM/I; 1987-2009; seven channels between 19.4 and
85.5 GHz) and the Special Sensor Microwave Imager Sounder (DMSP-F17 SSMIS; 2003-today;
24 channels between 19.4 and 183 GHz). A conceptually very similar sensor is the Advanced
Microwave Scanning Radiometer - Earth Observing System (AMSR-E) on-board the AQUA
satellite platform (2002-2011; 12 channels between 6.9 and 89 GHz), as well as its successor on-
board the JAXA Global Change Observation Mission-Water (GCOM-W1, ’Shizuku’) platform,
the Advanced Microwave Scanning Radiometer-2 (2012-today; 14 channels between 6.9 and
89 GHz).

One of the most important and well-known applications for passive microwave data is the deriva-
tion of sea-ice concentrations (SIC), which represent the areal fraction (in %) of sea ice in a given
grid cell with a known surface area. There is a large number of different retrieval algorithms
[Andersen et al. 2007; Ivanova et al. 2014], with each one inhabiting individual strengths and
weaknesses for different ice regimes. In general, these algorithms make use of brightness tem-
perature ratios or differences from one or multiple channels, thereby utilizing frequency- and
polarization-dependent differences in emissivity (Fig. 2.2) between the spectral endmembers
open water, FY- and MY-ice [Lubin and Massom 2006]. Most commonly used are vertically
polarized Tb around 19 and 37 GHz, as the difference in emissivity between water and ice in the
19 GHz channel is large, whereas at 37 GHz the difference between FY- and MY-ice is large
[Ivanova et al. 2014].
Further often utilized characteristics are two ratios, with both being dependent on the frequency
(υ) and polarization (p): the polarization ratio (PR; Eq. 2.6) and gradient ratio (GR; Eq. 2.7).

PRυ,p = Tb(υ, V )− Tb(υ,H)
Tb(υ, V ) + Tb(υ,H) (2.6)

GRυ1,υ2,p = Tb(υ1, p)− Tb(υ2, p)
Tb(υ1, p) + Tb(υ2, p)

(2.7)

Pυ,p = Tb(υ, V )− Tb(υ,H) (2.8)

While the PR is mostly used to differentiate between open water and generally sea ice (based
on the difference in horizontally and vertically received radiation), the GR is widely used to
distinguish sea ice of different age (Young-/FY-/MY-ice) as the Tb difference between ice types
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increases with increasing frequency (Fig 2.2). Generally, the use of ratios yields the advantage
of being less sensitive to variations in the physical temperature variations in the emitting layer
of ice or snow [Ivanova et al. 2014]. As an example, the frequently used NASA Team algorithm
[Markus and Cavalieri 2000] uses both PR and GR to derive SIC.

Other algorithms, such as the ARTIST sea ice (ASI) algorithm [Spreen et al. 2008; Beitsch et al.
2014], make additional use of the polarization difference (P; Eq. 2.8) at the high-frequency chan-
nels (near 90 GHz) to distinguish water (larger difference) and ice (smaller difference). In case
of the ASI algorithm, two tie-points are required to derive sea-ice concentration estimates, with
one tie-point representing the P of open water (SIC = 0%) and the other the P of consolidated
ice (SIC = 100%). The final SIC are then interpolated using a third order polynomial. Despite
the circumstance that the high-frequency channels around 90GHz are influenced by water-vapor
and clouds, which requires the application of a weather filter using the low-frequency channels
[Spreen et al. 2008], these frequencies yield the advantage of increased spatial resolutions (ASI:
SIC with 6.25 x 6.25 km2).

The Soil Moisture and Ocean Salinity (SMOS) sensor, operated by the European Space Agency
(ESA) and launched in 2009, is another passive microwave radiometer that, compared to the
more widely used sensors listed above, measures in a lower frequency range (L-band; 1.4 GHz).
Besides its initially intended purpose of giving new insights on the global soil moisture and ocean
salinity characteristics, Kaleschke et al. [2010] presented a physical approach that related the
sensitivity of brightness temperatures at 1.4 GHz to the sea-ice salinity and temperature, which
enables the retrieval of thin-ice thicknesses up to around 50 cm independent of solar illumination
and weather effects. However, the use of L-band frequencies comes at the cost of a quite coarse
spatial resolution of 30 to 50 km [Spreen and Kern 2017]. A series of follow-up studies [e.g.
Kaleschke et al. 2012; Tian-Kunze et al. 2014; Huntemann et al. 2014; Kaleschke et al. 2016]
provided additional empirical background on the procedure towards an operational distribution
service.

2.1.3 Other satellite sensor types used for sea ice remote sensing

The previous two sub-chapters were mostly meant to give an overview on sea ice remote sensing
techniques that are relevant for the detection of thin ice in the context of this thesis. However,
there are certainly more aspects from the field of sea ice remote sensing that would require further
explanations and details that go beyond the scope of this methodical chapter. Nevertheless, a
few important principles and sensors will be shortly introduced in the following with links and
references to studies that can provide more detail.

Similar to passive microwave radiometers, the use of active microwave remote sensing techniques,
including scatterometry and RADAR (radio detection and ranging), is also very common for sea
ice investigations. Thereby, the phase state and salinity of sea ice, quite similar to emissivity,
have a significant influence on the backscatter of microwave energy emitted from the sensors.
Thereby, more energy is scattered by sea ice, compared to the ocean. For sea ice applications,
scatterometers (e.g. the NASA QuickSCAT (1999 to 2009) or the ESA ASCAT (2009 to today))
are mostly used for coarse-resolution estimates of sea ice extent and the retrieval of first-year and
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multi-year ice types due to their high sensitivity to the salt content of sea ice which decreases
with age [Tedesco 2015].

A bit more frequently and in some cases operationally used, Synthetic Aperture Radar (SAR)
instruments are imaging sensors that respond to sea ice in a similar manner to scatterometers.
SAR sensors provide the advantage of a much higher spatial resolution (1 to 1000 m). Hence,
they are capable to detect small-scale processes in the sea-ice cover, including ice deformation
and the opening of leads and polynyas [Tedesco 2015]. The high spatial resolution is achieved
through artificially constructing a long radar antenna by utilizing the along-track movement of
the satellite. On the downside, SAR sensors generally suffer from poor temporal resolutions
(i.e., long revisit-times) due to their comparatively small areal coverage. SAR systems are most
commonly used for deriving small-scale sea ice motion with high accuracy as well as subdividing
different ice types depending on volume scattering and their surface-roughness (i.e., scattering
behavior) [Spreen and Kern 2017]. Among the most commonly utilized SAR satellite platforms
are RADARSAT-1/-2 with a C-band SAR (1995 to 2013 / 2007 to today; operated by the
Canadian Space Agency (CSA)), TerraSAR-X with a X-band SAR (2007 to today; operated
by the German Aerospace Center (DLR)) and Sentinel-1A with a C-band SAR (2014 to today;
operated by ESA).

For a large scale retrieval of the ice thickness distribution, spaceborne laser (i.e., LiDAR -
Light Detection and Ranging) and RADAR altimeters are used. They are able to detect the ice
freeboard, i.e. the part of the sea ice above the ocean surface. Early satellite missions (e.g. ERS-
1) started in the early 1990s, with the latest satellite radar altimeter mission being Cryosat-2,
which is operated by ESA since 2010. In general, altimeters send out an electromagnetic pulse
to the earth’s surface, from where it reflected back to the sensor. Both the amplitude and the
traveling time of the returned signal as well as the exact position of the satellite in space are
then needed to derive surface elevation estimates relative to an Earth ellipsoid model, which
can be converted to ice freebord and subsequently ice thickness during extensive post-processing
steps [Spreen and Kern 2017]. More details on these procedures and, most importantly, derived
ice-thickness and uncertainty information can be found in e.g. Zwally et al. [2002]; Kwok et al.
[2009]; Laxon et al. [2013]; Kurtz et al. [2014]; Ricker et al. [2014]. Due to a higher relative
uncertainty for thin than for thick sea ice, satellite altimeters are in general not well suited for
thin-ice areas. This demands for dedicated data-fusion approaches with other satellite systems
in order to retrieve information on a wider ice-thickness range of the sea-ice cover and potentially
reduce overall uncertainties [e.g. Kaleschke et al. 2015].

2.2 Satellite observations of polynya characteristics - state of
research

According to Lubin and Massom [2006], the most fundamental contribution of satellites regard-
ing the monitoring of polynyas (compare Ch. 1.3) is the detection and mapping of the polynya
extent (or polynya area - POLA) and its temporal variability. As most imaging satellite remote
sensing systems capture the surface of the Earth in form of a two-dimensional spatial domain,
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it is certainly the most obvious variable. A precise derivation of POLA (and polynya shape) is
essential due to its relevance for polynya formation, evolution and decay, as well as its impor-
tance in providing realistic boundary conditions in climate simulations and models [Hollands
and Dierking 2016]. Most commonly, POLA is derived using passive microwave systems such
as SSM/I-SSMIS or AMSR-E due to their frequent and almost seamless coverage of the polar
regions, thereby utilizing either thresholding approaches on sea-ice concentrations or iterative
classification strategies (more details in Ch. 2.2.2). Manual classification of either high-resolution
optical images or SAR data is another technique to infer the polynya margins as well as differ-
ent ice regimes and types with high accuracy, but is limited to individual case studies due to
high requirements regarding time and user expertise. Hence, it is impractical to apply manual
classifications to large and long-term data sets [Hollands and Dierking 2016].

Although often being hampered by clouds, thermal infrared data is a frequently used and highly
useful tool for polynya studies due to the ability to derive high-resolution ice-surface temper-
atures, which can be subsequently used to infer the thickness of thin ice in an energy balance
model (compare Ch. 2.2.1). This enables not only the derivation of POLA through applying a
thickness-threshold (e.g. 0.2 m; Willmes et al. [2011]; Adams et al. [2013]), but also heat flux
calculations for the estimation of ice production (IP) rates (compare Ch.2.2.4). The derived ice
thickness from TIR data is often referred to as thermal ice thickness (’TIT’; likewise used in
the following for ’thermal ice thickness’ and ’thin-ice thickness’), and can be either analyzed on
its own (as presented in later chapters) or serve as a reference in empirical passive microwave
approaches to derive thin-ice thickness (Ch. 2.2.3). However, while these approaches can yield
realistic estimates of the thin-ice thickness distribution and ice production rate, the in-situ val-
idation of these quantities is extremely difficult. Further, larger errors may result from the
currently used coarse-resolution atmospheric data sets [Adams et al. 2013].

The list of satellite remote sensing studies dealing with Arctic polynya regions as well as associ-
ated ice production and dense-water formation is rather extensive. Hence, only a brief overview
on recent studies will be given in the following, with some of the most common remote sensing
techniques explained in more detail in sub-chapters 2.2.1 to 2.2.4.
Most remote sensing studies on polynyas focus on using passive microwave data, in order to avoid
dealing with cloud effects and other possibly obscuring influences. One of the earlier basin-scale
studies by Cavalieri and Martin [1994] used a combination of satellite, oceanographic and atmo-
spheric data to calculate brine fluxes from polynyas over the Alaskan, Canadian and Siberian
continental shelf regions and their contribution to the cold halocline layer of the Arctic Ocean.
However, the majority of studies concentrated on specific regions, thereby taking into account
their individual local formation mechanisms and physical settings. The Chukchi Sea and Laptev
Sea are certainly two of the most extensively studied regions, with many of the most frequently
used remote sensing techniques for polynyas either being established/developed or further ad-
vanced in those areas. Martin et al. [2004, 2005] used data from both SSM/I (1990-2001; 25 km)
and AMSR-E (only 2003; 12.5 km) to derive thin-ice thickness distributions (Ch. 2.2.3) and ice
production estimates (Ch. 2.2.4) in the Chukchi Sea polynyas. Similar attempts followed by
Tamura and Ohshima [2011], Iwamoto et al. [2013] and Iwamoto et al. [2014], thereby utilizing
the Chukchi Sea as part of their reference areas to establish and develop new empirical thin-ice
algorithms for the use with SSM/I and AMSR-E data on a pan-Arctic scale.
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In the Laptev Sea, [Alexandrov et al. 2000] studied the sea-ice circulation and the ice export to
the Arctic Ocean using sea-ice motion vectors derived from radar and SSM/I data for two single
winter seasons. Willmes et al. [2010] performed a cross-validation of different polynya monitor-
ing techniques in the Laptev Sea polynyas, including thin-ice thicknesses derived from passive
microwave sensors (Ch. 2.2.3) and the thermal infrared AVHRR sensor (Ch. 2.2.1), respectively.
Later, Willmes et al. [2011] used a combination of an empirically derived MODIS thin-ice thick-
ness distribution, polynya areas as classified from SSM/I SIC and atmospheric reanalysis data
to calculate wintertime ice production in the Laptev Sea polynyas for the period 1979 to 2008.
Based on this time series of polynya area, Krumpen et al. [2013] presented a first evidence for
a linkage between the extent of the Laptev Sea polynyas and the area of ice exported from the
Laptev Sea during winter. Other notable studies that were based on passive microwave esti-
mates of polynya area or thin-ice thickness include Barber et al. [2001] (North-Water polynya),
Arrigo [2004] (Cape Bathurst polynya), Kern [2008] (Kara Sea), Jardon et al. [2014] (Storfjorden
polynya), and Barber and Massom [2007], with the latter presenting a comprehensive overview
on locations of polynya occurrences in the northern hemisphere (compare Fig. 1.1). In general, a
major obstacle for inter-comparisons of the numerous local- and basin-scale remote sensing (and
model) studies on Arctic polynya characteristics is an equally wide range of different reference
areas, investigation periods and applied methods and parametrizations.
However, Willmes et al. [2010] already indicated that the coarse spatial resolution of commonly
used passive microwave channels provokes sources of error in the narrow flaw polynyas of the
Laptev Sea (i.e., located at fast-ice edges), induced by mixed signals and associated spill-over
effects at the polynya-margins or completely missed polynya events. Following that argumen-
tation, the usage of high-resolution thermal infrared data should provide an increased spatial
accuracy in polynya detection, given that cloud-induced disturbances are sufficiently addressed.
Hitherto, however, the retrieval and usage of thin-ice thicknesses from thermal infrared data
was mostly limited to case studies or single winter seasons [e.g. Yu and Rothrock 1996; Yu and
Lindsay 2003; Drucker et al. 2003] or as an empirical reference for passive microwave algorithms.
Hence, as will be outlined in Ch. 3, an expanded application of high-resolution thermal infrared
data is one of the major motivations for the present thesis.

2.2.1 Thermal-infrared thin-ice thickness (TIT) retrieval

The sea-ice thickness distribution is an important quantity to characterize sea ice covered re-
gions [Wadhams 2000], as already small differences in ice thickness (a few centimeters) lead to
strong alterations in terms of heat exchange between the ocean and the atmosphere [Ebner et al.
2011]. Hence, the heat exchange in thin ice areas (i.e., polynyas) is much larger than in areas
with thicker ice, which makes the knowledge on the spatio-temporal distribution of polynyas
and leads in the Arctic Ocean a key aspect of climate monitoring and modeling.
For most of the results of the present thesis, an approach following the work of Yu and Rothrock
[1996], Yu and Lindsay [2003] and Drucker et al. [2003] was used, together with significant im-
provements and modifications from Willmes et al. [2010, 2011] and Adams et al. [2013]. The
method utilizes the inverse relationship between ice surface temperature (IST) and thickness of
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thin ice, meaning that the IST increases with decreasing (thin-) ice thickness [Yu and Rothrock
1996; Drucker et al. 2003]. This also implies that the IST of thin ice (without snow cover) is
closer to the freezing point of the upper ocean layer than it is to the lower atmosphere’s tem-
perature [Drucker et al. 2003; Kwok et al. 2007].
The thin-ice thickness is calculated using a one-dimensional energy balance model, which as-
sumes a linear temperature profile through the ice and constant water temperature at the bound-
ary between ice and ocean, set to be at its freezing point (Tf = 271.35 K). In addition, the ice
is assumed to be free of snow (as observed for parts of the Laptev Sea by Adams [2012]). The
model does not explicitly discriminate between different ice types.
The ice thickness is derived from MODIS or AVHRR IST and atmospheric reanalysis data, such
as ERA-Interim [Dee et al. 2011] or NCEP2 [Kanamitsu et al. 2002]. In case of thin ice, the
conductive heat flux through the ice (Qice) equals the total heat flux to the atmosphere (Qatm).
This implies that the energy loss at the ice-surface is compensated for solely by the conductive
heat flux Qice. Qatm and Qice are presented in Equations 2.9 and 2.10:

Qatm = Q0 −H0 − E0 (2.9)

Qice = κice ·
(Tsurf − Tf )

hice
(2.10)

Where Q0 is the total radiation balance, H0 and E0 are the turbulent fluxes of sensible heat
and latent heat, respectively, κice is the thermal conductivity of sea ice, Tsurf is the surface
temperature, Tf the freezing point of sea water and hice is the ice thickness. Ice thicknesses are
only calculated when Qatm is negative (energy loss of the surface). Because of difficulties with
the parametrization of shortwave radiation terms [Adams 2012] and to avoid dealing with snow
and ice albedo effects, only nighttime scenes are incorporated into the calculations. Hence, the
radiation balance Q0 simplifies to:

Q0 = L ↓ −L ↑ (2.11)

Therein, the down- and upwards directed long wave radiation terms L ↓ and L ↑ can be calcu-
lated using the Stefan-Boltzmann law:

L ↓= εatm · σ · T 4
2m and L ↑= εs · σ · T 4

surf (2.12)

With σ being the Stefan-Boltzmann constant (σ = 5.671 x 10−8 Wm−2 K−4) in both equations
(Eq. 2.12), L ↑ is calculated using the satellite-derived IST as Tsurf and the surface emissivity
εs set to 1. L ↓ can be obtained using atmospheric reanalysis 2m-temperatures for T2m and the
atmospheric emissivity εatm is calculated following Jin et al. [2006]. Turbulent fluxes of sensible
(H0) and latent (E0) heat in Eq. 2.9 are calculated using an iterative bulk approach by Launi-
ainen and Vihma [1990], where near surface stratification is considered (using Monin-Obukhov
similarity theory and associated universal functions) for the heat transfer coefficients CH and CE :

H0 = ρ · cp · V2m · CH · (Tsurf − T2m) (2.13)

E0 = ρ · Lv · V2m · CE · (qsurf − q2m) (2.14)
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Here, ρ is the density of air, cp is the specific heat capacity (for constant pressure) of air (cp =
1003.5 W s kg−1 K−1), V2m is the mean horizontal wind speed at a level of 2m (interpolated
from standard reanalysis variables u10m and v10m components by using a constant roughness
length of z0 = 1 x 10−3), Lv is the latent heat of vaporization (Lv = 2.5 x 106 J kg−1) and
Tsurf/2m and qsurf/2m are the temperature and specific humidity at 2m height / at the surface,
with the latter two being calculated using the reanalysis 2m dew point temperatures (Td,2m)
and mean sea level pressure (pmsl). As could be shown by Adams et al. [2013], the standard
approach using constant heat transfer coefficients tends to underestimate the ice thickness by
approximately 7cm on average, when compared to an iteratively and pixel wise calculated heat
transfer coefficient.
The final ice thickness hice is obtained by setting the total atmospheric flux Qatm (Eq. 2.9)
equal to the conductive heat flux through the ice (Qice; Eq. 2.10), and Eq. 2.10 is solved for
the ice thickness hice:

hice = κice ·
(Tsurf − Tf )

Qatm
(2.15)

In Eq. 2.15, the thermal conductivity is set to κice = 2.03 Wm−2K−1 [Drucker et al. 2003; Tamura
et al. 2007]. As already mentioned, the procedure is only applicable to clear sky conditions as
clouds and fog over polynyas, leads and/or open water strongly influence the accuracy the
recorded IST signal [Riggs et al. 2006]. In general, further analysis is limited to TIT values
≤ 0.2 m, as this range is generally regarded sufficient to get reliable results for ice production
[Adams et al. 2013; Yu and Rothrock 1996; Tamura et al. 2007; Tamura and Ohshima 2011].
In addition, the uncertainty for the TIT retrieval increases considerably for thicker ice, as was
shown in a sensitivity analysis by Adams et al. [2013] (±1.0, ±2.1 and ±5.3 cm for TIT classes
0-5, 5-10 and 10-20 cm, respectively). The swath-wise calculated TIT is afterwards merged into
daily composites, from which ice production rates and other quantities can be estimated. In
order to do so, an additional cloud-screening needs to be applied as the MODIS cloud mask
often contains misclassifications and ambiguities from undetected clouds and sea smoke during
nighttime. Further, the daily composites frequently feature cloud-induced gaps, so that fair
comparisons to mostly cloud-insensitive satellite data sets require the application of dedicated
interpolation schemes, which are presented in detail in Chapters 4 to 6.

2.2.2 Polynya Signature Simulation Method (PSSM) and Sea ice concentration
thresholds applied on passive microwave data

The usage of passive microwave data to derive the areal extent of a polynya (i.e., to classify
passive microwave brightness temperatures into regions of open water, thin and thicker ice) typ-
ically follows two different approaches. The first approach is highly straightforward and simply
relies on calculated sea-ice concentrations (SIC), as a SIC threshold of or around 70% (70PT;
[e.g. Kern 2008; Adams et al. 2011]) has proven to delineate polynya margins fairly well. How-
ever, results may vary depending on the utilized SIC algorithm [Kwok et al. 2007].
A more frequently applied approach is the Polynya Signature Simulation Method (PSSM;
Markus and Burns [1995]; Willmes et al. [2010, 2011]), which derives POLA with a classification
strategy applied on brightness temperatures from the 36/37 (less atmospheric disturbance) and
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85/89 (high resolution) GHz channels (frequencies for SSM/I and AMSR-E, respectively). In
the PSSM, first a threshold is applied on the polarization ratio (PR) at the higher frequency
range (85/89/91 GHz) to get an initial guess for the open water area. Then, the best match
between the simulated and measured PR at the lower frequency range (36/37 GHz) is itera-
tively estimated to achieve a classified image (thin ice / polynya and thicker ice) at a spatial
resolution of 6.25 km2 (AMSR-E) or 12.5 km2 (SSM/I). The upper value for ice thickness of
the PSSM-derived polynya area is subject to regional variability and was previously estimated
with 0.2 m for a case study in the Laptev Sea [Willmes et al. 2010] and 0.2–0.25 m for southern-
hemisphere polynyas in the Ross Sea [Kern et al. 2007]. As part of the present thesis, both the
performance of the 70PT and the PSSM were evaluated anew in a study on the North Water
polynya, situated north-west of Greenland (Ch. 5; Preußer et al. [2015a]).

2.2.3 Thin-ice thickness retrieval using passive microwave sensors

The calculation of thin-ice thickness using passive microwave brightness temperatures (SSM/I-
SSMIS, AMSR-E, AMSR2) commonly follows the principle of empirically linking polarization
ratios (PR) of Tb, influenced by the change in salinity with ice thickness [Naoki et al. 2008], to
reference thin-ice thicknesses derived by thermal infrared sensors such as AVHRR or MODIS
[e.g. Cavalieri 1994; Tamura et al. 2007, 2008; Willmes et al. 2010; Tamura and Ohshima 2011;
Iwamoto et al. 2013, 2014]. As PR values at a given frequency decrease as the sea ice thickens,
the relation to the ice thickness can be expressed through linear or exponential regressions
[Tamura and Ohshima 2011]. Other similar approaches are based on a simple ratio between the
horizontally and vertically polarized Tb at 36 and 37 GHz [Martin et al. 2004, 2005; Willmes
et al. 2010] or Tb at 89 GHz [Willmes et al. 2010].
However, while these passive microwave approaches all carry the advantages of a frequent and
mostly cloud-independent coverage, problems and ambiguities can occur due to their coarse
spatial resolutions (ranging from 6.25 to 25 km) and inherent mixed-pixels in coastal areas,
atmospheric influences in the near 90 GHz frequency range as well as similar PR-ranges for thin-
ice and fast-ice areas, requiring dedicated masking procedures [e.g. Iwamoto et al. 2013, 2014].

2.2.4 Derivation of potential thermodynamic ice production in polynyas

The calculation of potential thermodynamic ice production requires an accurate characterization
of the distribution of thin-ice and open water within the margins of a detected polynya. The
previous chapters showed how this can be done using either optical (i.e., TIR) sensors or passive
microwave radiometers. The term ’thermodynamic’ implies, that calculated estimates represent
the amount of ice that would be formed under ideal thermodynamic conditions, i.e. with no
dynamic contribution to ice growth such as ridging and rafting, and assuming a uniform layer
of ice within a grid cell of varying spatial extent. The currently used approach of omitting an
oceanic heat flux from below, which would lower the amount of heat loss to the atmosphere,
leads to the term ’potential’.
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From a geophysical perspective, ice production rates are the most interesting parameter that
can be derived for thin-ice areas, as they are directly related to other physical processes such as
the lateral ice transport out of and into a certain polynya region [Hollands and Dierking 2016].
In addition, the amount of new ice determines the feedback to the underlying ocean column
through salt rejection (compare Ch. 1.2 and Ch. 1.3).

A common approach to calculate ice production rates is using information on the ice thickness
(distribution) in combination with meteorological data from atmospheric reanalysis data sets,
such as the ECMWF ERA-Interim [Dee et al. 2011] or NCEP2 [Kanamitsu et al. 2002] reanalysis.
Despite coarse spatial resolutions and ultimately large uncertainties of these data sets, a wide
range of earlier remote sensing studies [e.g. Renfrew et al. 2002; Martin et al. 2005; Tamura
et al. 2007; Willmes et al. 2011; Tamura and Ohshima 2011; Iwamoto et al. 2014] and model
studies [e.g. Ebner et al. 2011; Bauer et al. 2013; Jardon et al. 2014] as well as the present thesis
followed this approach as it currently the only viable option when investigating large and remote
spatial domains with a lack of in-situ data.

In general, ice production rates are derived by assuming that the entire heat loss at the ice
surface to the overlying atmosphere contributes to new ice formation [Tamura et al. 2007, 2008;
Willmes et al. 2011].

∂h

∂t
= −Q̄ice
ρice · Lf

(2.16)

Equation 2.16 provides the ice production rate ∂h
∂t , with ρice being the density of the ice (ρice =

910 kg/m3; Timco and Frederking [1996]) and Lf being the latent heat of fusion of sea ice (Lf =
0.334 MJ/kg; [e.g. Tamura and Ohshima 2011]). The conductive heat flux through the ice Qice
(compare Ch. 2.2.1, Eq. 2.10) can be retrieved if the ice thickness and ice surface temperature
is known. However, the usage of fixed values for ρice and Lf is of course a simplification that
introduces an additional error source arising from spatially and temporally varying conditions
for ice formation.
The in-situ validation of ice production rates in thin-ice areas is a highly difficult task, especially
during wintertime. Hence, ice production derived by the above described approach should
currently be regarded as a potential upper limit for thermodynamically induced ice growth.
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3 Motivation, objectives and outline of the thesis

A major objective of the Laptev Sea Transdrift project (2013-2016), introduced in Ch. 1, was the
quantification of pan-Arctic sea ice production based on daily derived thin-ice thickness (TIT)
fields. As could be seen in the previous chapter, earlier studies and investigations dealing with
the derivation of TIT and potential thermodynamic ice production from either thermal infrared
or passive microwave sensors were in most cases limited in either a spatial or temporal sense.
Hence, the main topics that are addressed in the this thesis can be outlined as follows:

1. Refine methods and procedures of Adams et al. [2013] and Willmes et al. [2011] and apply
the thin-ice thickness algorithm to a 12-yr data set in an active Arctic polynya region
(Storfjorden polynya / Svalbard) to infer ice production rates

2. Perform a long-term comparison between MODIS thermal infrared data and polynya prop-
erties derived from passive microwave sensors (SMMR-SSMI/S, AMSR-E and AMSR2)
and evaluate differences considering an improved treatment of cloud gaps (North Water
(NOW) polynya)

3. Apply the most recent version of the TIT retrieval to the pan-Arctic region north of 68◦N
for 2002/2003 to 2014/2015 and investigate observed patterns in ice production as well as
interconnections to the Transpolar Drift system

Regarding the first point, the studies by Adams et al. [2013] and Willmes et al. [2011] were
mostly concentrating on improving the heat flux parametrization, with the main focus area be-
ing the Laptev Sea region. By transferring the thereby established concepts (see Ch. 2.2.1) into a
streamlined new version of the thin-ice thickness retrieval, a data set spanning 12 winter seasons
of daily TIT composites could be analyzed and ice production rates were subsequently derived.
In addition, a first attempt of compensating for cloud-gaps in the daily MODIS composites and
hence POLA and IP estimates was introduced. Building upon the study by Paul et al. [2015b],
where a new scheme for cloud-gap interpolation was presented (co-authored by the candidate),
the following study concentrated on a multi-sensor comparison regarding the characteristics of
the NOW polynya over a 37-yr period. The direct comparison between rather cloud-insensitive
passive microwave estimates and corresponding cloud-corrected MODIS estimates yielded inter-
esting insights regarding differences in POLA and the capability to observe polynya-opening and
-closing events. Ultimately, the continuously improved version of the TIT retrieval was applied
to the pan-Arctic domain (featuring all areas north of 68◦N) in order to get a more detailed
picture on polynya dynamics over a period of 13 winter seasons. To date, this represents by far
the largest domain on which this procedure to derive TIT has been applied. By covering such
a large area and considering the length of the data record, derived trends in thermodynamic ice
production revealed distinct hemispheric differences between polynyas in the western and the
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Figure 3.1: Overview on the different input data sets (yellow and light blue boxes) and meth-
ods (dark blue boxes plus grey flowchart in the upper part of the figure) that were
utilized for this thesis. The blue boxes refer to the here presented thesis chapters:
Storfjorden polynya dynamics based on 12-yr MODIS data set with application of
Coverage Correction (CC) scheme to address cloud gaps (Chapter 4), the evaluation
of cloud-corrected MODIS and passive microwave (PMW) derived polynya proper-
ties during the analysis of multi-decadal polynya characteristics between 1978/1979
to 2014/2015 in the North Water (NOW) polynya (Chapter 5), and pan-Arctic appli-
cation of improved MODIS thin-ice retrievals for the analysis of circumpolar polynya
characteristics between 2002/2003 and 2014/2015 (Chapter 6). Orange boxes show
derived polynya properties. Inter-dependencies and potential linkages with studies
that were co-authored by the candidate are indicated in green. An overview of po-
tential future research activities related to the present thesis (Chapter 7) is given at
the bottom of this figure.
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3 Motivation, objectives and outline of the thesis

eastern Arctic. Further, the data set could be utilized in a study on regional climate modeling
in the Laptev Sea by Gutjahr et al. [2016], where the derived long-term thin-ice thickness distri-
bution served as a reference for the initial model set-up and comparisons to the model-derived
ice production could be supported.

Chapters 4 to 6 consist of three peer-reviewed and published publications with a first-authorship,
following the concept of a cumulative dissertation style. Beforehand, the following three sub-
sections will briefly summarize the content of each publication supported with an overview of
the used satellite and meteorological data sets as well as schematics of the underlying concept-
s/procedures that were used to achieve the above outlined thesis objectives (Fig. 3.1).

3.1 Short summary - Publication I (Storfjorden polynya)

As depicted in previous chapters, earlier studies that analyzed (Arctic) polynya dynamics using
thermal infrared remote sensing data were either focusing on regional process studies for single
winter seasons or fixed to a certain geographic location. Very often, the derivation of thin-
ice thicknesses from high resolution TIR data solely served the purpose of producing reference
data that is subsequently used to derive empirical relationships with coarser resolution passive
microwave data. Chapter 2.1.2 showed that this has been motivated by the advantages of a
regular global coverage as well as more or less cloud and illumination insensitivity. The effect
of clouds on TIR data is twofold, as they produce data gaps when correctly identified by the
MODIS cloud mask as well as possibly erroneous IST values when nighttime clouds remain
undetected. However, one of the main purposes of this study was to demonstrate that the
utilization of TIR thin-ice thicknesses is also a feasible approach to analyze multiple winter
seasons in a highly dynamic Arctic polynya region, despite cloud-induced ambiguities and gaps
in the TIR data. Hence, spatial and temporal characteristics of the Storfjorden polynya, a
regularly forming area of thin-ice in between the islands Spitsbergen, Barentsøya and Edgeøya
in the Svalbard archipelago, have been investigated for the period of 2002/2003 to 2013/2014.
This was the first time that such a long-term investigation was carried out using only TIR
satellite data.

Thin-ice thicknesses up to 50 cm can be calculated using MODIS ice-surface temperatures (IST)
combined with ECMWF ERA-Interim atmospheric reanalysis data in an energy-balance model,
as for thin ice the atmospheric heat flux (i.e., total energy loss from the surface to the atmo-
sphere) is considered to be balanced by the conductive heat flux through the ice. As depicted in
Ch. 2.2.1, the model requires a number of necessary assumptions, such as a linear temperature
profile through the thin, hence snow-free, sea-ice, with the bottom-temperature (i.e., ice-ocean
interface) considered as being constant at the freezing point of sea water.

Typical quantities like polynya area, the thin-ice thickness distribution, frequencies of polynya-
occurrences as well as the total ice production were derived and compared to previous remote
sensing and modeling studies. These previous studies on the Storfjorden area suggested an
overall minor importance regarding overall ice production in Arctic polynyas, but this region
was chosen on purpose. Besides being a well documented and investigated study area, which
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3 Motivation, objectives and outline of the thesis

allows to set the MODIS results in a proper context, the comparatively small spatial extents of
the Storfjorden polynya should profit from the enhanced resolution imagery. As a first approach
to address the cloud-induced gaps in daily TIT composites, a basic coverage-correction (CC)
scheme was applied that is based on a mathematically simple upscaling procedure, depending on
the daily percentage of MODIS IST coverage. On average, both polynya area and ice production
are thereby increased by about 30%. Achieved results complement previous studies in the
Storfjorden region [e.g. Skogseth et al. 2004, 2005; Hendricks et al. 2011] and underline the
importance of this polynya considering the total amount of ice production and accompanied salt
release each winter season, despite its comparatively small spatial extent.

3.2 Short summary - Publication II (North Water polynya)

The follow-up study built upon the established methodology from Preußer et al. [2015b], but
featured two significant additions / modifications. First, a newly developed statistic-based cloud
interpolation scheme (Spatial Feature Reconstruction - SFR; Paul et al. [2015b]) as well as ad-
ditional cloud-screening procedures (Persistence Index (PIX) based on on the sub-daily thin-ice
persistence; cloud-filter by applying a threshold on ERA-Interim medium cloud-cover (MCC)
fields) were successfully adapted and implemented for usage in Arctic polynya regions, so that
a detailed comparison to the coverage-correction (CC) approach could be carried out. Sec-
ond, a suite of passive microwave sensors were added to the investigation, as the analysis of
decadal changes in the North Water region was one of the major goals for this study. The
latter also enabled detailed inter-sensor comparisons, which ultimately gave an idea on the per-
formance of cloud-correction techniques as well as new insights into passive microwave derived
metrics. The North Water (NOW) Polynya is a regularly-forming and previously well investi-
gated area of open-water and thin-ice, located between northwestern Greenland and Ellesmere
Island (Canada) at the northern tip of Baffin Bay. Due to its large spatial extent, even in the
midst of winter, as well as its high latitude location, it is a highly important area for a variety
of physical and biological processes.

In this study, a long-term analysis of polynya dynamics and ice production in the NOW polynya
was presented for all winter seasons between 1978/1979 and 2014/2015. In order to do so, re-
mote sensing data from both passive microwave (AMSR-E, AMSR2, SMMR/SSM/I-SSMIS) and
thermal infrared (MODIS) sensors were analyzed to infer characteristic polynya quantities, such
as the total polynya area (POLA), the frequency of polynya-occurrences and thermodynamic
ice production (IP), on various spatial resolutions and temporal scales. In order to allow com-
parisons between MODIS and passive microwave estimates, two well-working approaches were
applied to overcome difficulties with falsely-classified and/or undetected cloud-covered pixels. It
showed that all incorporated sensors were able to capture the overall seasonal development of the
polynya very well. Differences occurred mainly in terms of the areal extent of the NOW polynya,
as the capability to resolve smaller thin-ice features decreases with increasing grid resolutions
(up to 25 km in case of SMMR/SSMIS sea-ice concentrations). Thereby, daily POLA derived
by MODIS exceeds the passive microwave estimates in most cases, presumably with leads and
thin-ice areas in close proximity to the coasts of Greenland and Ellesmere Island being the main
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sources for this difference. However, application of the PSSM method (compare Ch.2.2.2) on
SSM/I-SSMIS brightness temperatures yielded estimates that agreed well with corresponding
cloud-corrected MODIS numbers.

Overall, this multi-sensor study proved that daily gap-filled MODIS composites can indeed
be used for long-term polynya studies. While the differences between solely applying the CC
approach and the additional use of temporal interpolation (SFR) was generally small in case of
the NOW polynya, including the latter added confidence to the MODIS retrievals by relying on
both spatially and temporarily variable, thereby physically more meaningful, statistics. Long-
term time series of POLA (1978/1979 to 2014/2015) and IP (2002/2003 to 2014/2015), as well as
thin-ice characteristics in Nares Strait complement atmospheric and oceanographic observations
and model efforts in the NOW region over the last decades. A future synthesis of atmospheric
and oceanographic modeling and remote sensing observations could help to explain the changes
that are taking place in the NOW region since the 1990s and ongoing as documented in this
study.

3.3 Short summary - Publication III (Circumpolar polynya-regions)

For the final publication, established methods and concepts from the previous two studies con-
cerning the derivation of daily gap-filled MODIS composites were applied to a vastly increased
spatial domain, that features all Arctic ocean areas north of 68◦N. The period of investigation
consisted of 13 winter seasons (2002/2003 to 2014/2015), and a total of 17 different polynya
regions across the Arctic were analyzed with the aim to infer long term spatial and temporal
characteristics.

The study showed that all 17 polynya regions combined cover an average thin-ice area of 226.6 ±
36.1 x 103 km2 during winter (November to March). This allows for an average total wintertime
accumulated ice production of about 1811 ± 293 km3, with the Kara Sea region and the North
Water polynya (both 15%), polynyas at the western side of Novaya Zemlya (20%) as well as
scattered smaller polynyas in the Canadian Arctic Archipelago (all combined 12%) being the
main contributors. Compared to an earlier study on pan-Arctic ice production in polynyas
[Iwamoto et al. 2014], the estimate on the average total ice production is about 52-54% larger.
However, differences in the regarded time frame, reference areas, sensor-specifics as well as
a potential bias due to cloud cover and/or the exclusive assumption of clear-sky conditions
contribute to this difference. Hence, a more profound statement on these discrepancies would
require a more detailed and direct comparison of both data sets.

Overall, indications of hemispheric differences in ice production trends were noticeable with
several regions in the eastern Arctic showing strong increases in wintertime IP, especially in
recent years. While the NOW polynya behaved similar (as depicted in Preußer et al. [2015a]),
other polynyas in the western Arctic showed a higher interannual variability in terms of POLA
and IP. A major focus was set on the Laptev Sea region in the eastern Arctic, as it is known
for being one of the core areas for ice production in the Arctic with a distinct connection to
Transpolar Drift characteristics. With the most significant positive IP trend among all polynyas
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(+ 6.8 km3/yr), an overall share of about 5% to the total IP in Arctic polynyas and a significant
relation with sea-ice area export rates [Krumpen et al. 2013] between 2002/2003 and 2014/2015,
our results once more underlined the significant role of the Laptev Sea. Despite existing limita-
tions originating from the use of thermal infrared remote sensing data during winter, this new
data set of 13 consecutive winter seasons is considered to be a huge step forward for a spatially
accurate characterization of Arctic polynya dynamics and the associated sea-ice budget related
to wintertime sea-ice production.
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Abstract. Spatial and temporal characteristics of the Stor-

fjorden polynya, which forms regularly in the proximity of

the islands Spitsbergen, Barentsøya and Edgeøya in the Sval-

bard archipelago under the influence of strong northeasterly

winds, have been investigated for the period of 2002/2003

to 2013/2014 using thermal infrared satellite imagery. Thin-

ice thicknesses were calculated from MODIS ice-surface

temperatures combined with ECMWF ERA-Interim atmo-

spheric reanalysis data in an energy-balance model. Asso-

ciated quantities like polynya area and total ice production

were derived and compared to previous remote sensing and

modeling studies. A basic coverage-correction scheme was

applied to account for cloud gaps in the daily composites.

On average, both polynya area and ice production are thereby

increased by about 30 %. The sea ice in the Storfjorden area

experiences a late fall freeze-up in several years over the 12-

winter period, which becomes most apparent through an in-

creasing frequency of large thin-ice areas until the end of De-

cember. In the course of an average winter season, ice thick-

nesses below 10 cm are dominating within the Storfjorden

basin. During the regarded period, the mean polynya area is

4555.7± 1542.9 km2. Maximum daily ice production rates

can reach as high as 26 cm d−1, while the average ice pro-

duction is estimated at 28.3± 8.5 km3 per winter and there-

fore lower than in previous studies. Despite this compara-

tively short record of 12 winter seasons, a significant positive

trend of 20.2 km3 per decade could be detected, which orig-

inates primarily from a delayed freeze-up in November and

December in recent winter seasons. This contrasts earlier re-

ports of a slightly negative trend in accumulated ice produc-

tion prior to 2002. Although featuring more pronounced in-

terannual variations between 2004/2005 and 2011/2012, our

estimates underline the importance of this relatively small

coastal polynya system considering its contribution to the

cold halocline layer through salt release during ice-formation

processes. In addition, calculated quasi-daily thin-ice thick-

ness charts represent a valuable data set for atmosphere and

ocean modeling applications.

1 Introduction

Recurrent polynyas are considered to play an important role

for sea-ice production and ocean circulation (Barber and

Massom, 2007). The knowledge of ice production (IP) in

the Arctic is of vital interest for the understanding of the

Arctic climate system and the verification of climate and

ocean models. Divergent ice motions due to wind are the

main cause for the opening of near-coastal polynyas (Smith

et al., 1990). During winter, these areas of open water or

thin ice, exposed to the cold atmosphere, are characterized

by strong ice production and brine release and modify the at-

mospheric boundary layer (Ebner et al., 2011; Bauer et al.,

2013). The timing, duration and size of a polynya can often

have large interannual variations because of the general inter-

annual variability of atmosphere–ice–ocean interaction pro-

cesses (Morales-Maqueda et al., 2004). A precise derivation

of the thin-ice thickness (TIT) distribution, the areal extent

of a polynya (here defined as open water and thin ice below

0.2 m) and the amount of local sea-ice production is therefore

an important step towards a comprehensive understanding of
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Figure 1. Map of the Svalbard archipelago in western Barents Sea.

The study region is located in Storfjorden, which is surrounded by

the main island Spitsbergen in the west and Barentsøya/Edgeøya

in the east. The applied polynya mask is marked in red, enclosing

the Storfjorden basin north of the sill at 77◦ N. Bathymetric data by

Jakobsson et al. (2012) (IBCAO v3.0).

physical processes in the Arctic shelf regions and the Arctic

sea-ice cover in general. Ice production in thin-ice regions

can either be estimated by the use of remote sensing methods

(Willmes et al., 2010) or by using model approaches (Ebner

et al., 2011; Krumpen et al., 2011; Bauer et al., 2013). The

use of thermal infrared and microwave remote sensing data

offers the opportunity for daily monitoring of thin-ice thick-

nesses and their distribution on large spatial scales (Yu and

Rothrock, 1996; Willmes et al., 2010; Adams et al., 2013).

Storfjorden (see Fig. 1), situated in the southeastern part of

the Svalbard archipelago between the main island of Spits-

bergen in the west and Barentsøya/Edgeøya in the east, is

a region of high coastal polynya activity during winter, as

reported by a number of earlier studies (e.g., Haarpaintner

et al., 2001; Skogseth et al., 2004). Two shallow straits, He-

leysundet and Freemansundet, connect the northern part of

Storfjorden with the Barents Sea and show tidally induced

currents as well as exchange processes between water masses

inside the fjord and the Barents Sea (Skogseth et al., 2013).

Persistent and strong northerly to northeasterly winds are

the main cause for larger polynya openings inside Storfjor-

den. These opening events may result in large volumes of

brine-enriched shelf water, which can be significant regard-

ing the total amount of bottom water in the Arctic Ocean by

supplying between 5 and 20 % of all the newly formed dense

water (Skogseth et al., 2004; Hendricks et al., 2011). Besides

thermodynamically induced ice growth in Storfjorden dur-

ing wintertime, the dynamical part due to rafting and defor-

mation processes may play a substantial role in the overall

ice-thickness distribution, as southerly (onshore) winds can

potentially advect sea ice from the Barents Sea into the fjord

(Hendricks et al., 2011). An estimation of thermodynamic

IP within the open water and thin-ice area (i.e., Storfjor-

den polynya) has been conducted in previous studies using

mainly microwave remote sensing (both passive and active

systems) in combination with different model approaches.

Therein, values are ranging between 20 and 35–45 km3 for

single winter seasons (November–May) between 1997/1998

and 2000/2001 (Haarpaintner et al., 2001; Skogseth et al.,

2004, 2005) and 47 km3 when averaged over the winter

seasons (October/November–June/July) from 2002/2003 to

2011/2012 (Jardon et al., 2014). Iwamoto et al. (2014) state

that the Storfjorden polynya contributes with around 4 % to

the average total ice volume produced in Arctic polynyas be-

tween 2002/2003 and 2010/2011 (September to May).

While these estimates make the Storfjorden area appear to

be of minor importance regarding overall ice production in

Arctic polynyas, we chose this region due to several distinct

requirements. These included the availability of a number of

related polynya studies in order to set our estimates into a

proper context as well as the comparatively small spatial ex-

tent of the Storfjorden polynya to profit from the enhanced

resolution imagery.

Based on daily empirically derived ice-thickness distribu-

tions in thin-ice areas at a comparatively high spatial res-

olution, we perform a broad investigation on the associ-

ated quantities polynya area (POLA) and ice production for

the period between 2002/2003 and 2013/2014 using high-

resolution Moderate Resolution Imaging Spectroradiometer

(MODIS) thermal infrared data. The presented results will

develop a more comprehensive understanding of the polynya

dynamics in Storfjorden as well as associated processes over

both annual and interannual timescales (in the course of this

paper, the term “annual” refers to one winter season from

November to March). Furthermore, results will contribute to

pan-arctic studies of polynya dynamics.

2 Data and methods

2.1 MODIS ice-surface temperatures

Thin-ice thickness are computed using the MOD/MYD29

sea-ice product (Hall et al., 2004; Riggs et al., 2006) derived

from MODIS satellite data. We used data from both MODIS

instruments on board the Terra and Aqua polar-orbiting satel-

lite platforms. They are available from the National Snow

and Ice Data Center (NSIDC) located in Boulder, USA (ftp:

//n5eil01u.ecs.nsidc.org/SAN/). The product contains swath

data of ice-surface temperatures (ISTs). Swath-based ISTs

have a spatial resolution of 1km × 1 km at nadir. The accu-

racy of the MOD/MYD29 ISTs is given with 1–3 K (Hall

et al., 2004).

For our analysis, swaths covering the Storfjorden area

were extracted using metadata information for each MODIS
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Table 1. Total number of individual MODIS swaths, which were

incorporated into the thin-ice thickness (TIT) calculations. Numbers

are given for each winter season from November to March.

Winter season Number of MODIS swaths

2002–2003 4054

2003–2004 4023

2004–2005 4062

2005–2006 4073

2006–2007 3990

2007–2008 4069

2008–2009 4135

2009–2010 4142

2010–2011 4205

2011–2012 4129

2012–2013 4137

2013–2014 4244

Sum 49 263

swath, resulting in 27 individual swaths per day on average

for later composite generation. These composites solely con-

sist of nighttime scenes to exclude the influence of incident

shortwave radiation (Yu and Lindsay, 2003; Adams et al.,

2013; cf. Sect. 2.3 and 2.3.1). The total number of incorpo-

rated MODIS swaths is illustrated in Table 1. As MODIS

swath data presumably suffer from inherent panoramic dis-

tortion effects, all IST swaths were mapped onto a 2km×

2 km (0.018◦) equirectangular grid covering the southern part

of Svalbard (75–80◦ N, 10–30◦ E).

A polynya mask (red area in Fig. 1) is applied in order to

cover an area comparable to previous studies (Skogseth et al.,

2004, 2005; Jardon et al., 2014), as well as to limit the prob-

ability of remaining hidden cloud artifacts. The mask com-

prises a total area of 12 594 km2 and has its southern limit

at 77◦ N (following Skogseth et al., 2004), where a 120 m

deep sill serves as kind of a boundary for the accumulation

of brine-enriched shelf water in the Storfjorden basin (see

Fig. 1).

2.2 ERA-Interim reanalysis

For the calculation of thin-ice thicknesses, atmospheric vari-

ables from the ERA-Interim reanalysis product (Dee et al.,

2011) are used to provide 2 m temperature, 2 m dew point

temperature, 10 m wind speed components (u and v) and the

mean sea-level pressure at a temporal resolution of 6 h. The

data set is provided by the European Center for Medium-

Range Weather Forecasts (ECMWF) in a horizontal resolu-

tion of 0.75◦ (∼ 79 km). As the satellite data set is by far spa-

tially higher resolved than the atmospheric data set, a linear

interpolation of the ERA-Interim data is performed to match

the MODIS data. In the course of the TIT calculations, each

MODIS swath is linked to the closest time step of the atmo-

spheric fields.

2.3 Thin-ice thickness retrieval using a 1-D

thermodynamic surface energy model

In order to derive daily TIT distributions, we use an ap-

proach that follows the work of Yu and Rothrock (1996), Yu

and Lindsay (2003) and Drucker et al. (2003), with most re-

cent improvements and modifications made by Willmes et al.

(2010, 2011) and Adams et al. (2013). The applied method

utilizes the distinct relationship between IST and thickness

of thin ice depending on atmospheric energy fluxes. The IST

of very thin ice (with no snow cover) is close to the freez-

ing point of the upper ocean layer and decreasing IST can be

observed for thicker ice (Drucker et al., 2003; Kwok et al.,

2007). However, IST is governed by atmospheric radiation

fluxes and turbulent fluxes of heat, which does not allow for

a simple relationship between IST and ice thickness. The ice

thickness hice (likewise abbreviated “TIT” for thin ice in the

course of this paper) is therefore calculated using a 1-D ther-

modynamic sea-ice model.

Several assumptions have to be made to apply this model.

First, the temperature profile through the ice is assumed to be

linear. This approximation is valid for hice ≤ 0.5 m (Drucker

et al., 2003). Second, the water temperature at the bound-

ary between ice and ocean is constant and at its freezing

point (Tf = 271.35 K). Third, the ice is assumed to be free of

snow. The ice thickness is calculated by using MODIS IST

and ERA-Interim reanalysis data. The method is based on the

condition, that the conductive heat flux through the ice (Qice,

Eq. 1) equals the total heat flux to the atmosphere (Qatm,

Eq. 2). This implies that all energy loss at the ice-surface is

compensated by the conductive heat flux Qice.

Qice = κice×
(Tsurf− Tf)

hice

, (1)

Qatm =Q0−H0−E0, (2)

where Q0 is the net radiation balance, H0 and E0 are the

turbulent fluxes of sensible heat and latent heat, respectively,

κice is the thermal conductivity of sea ice, Tsurf is the sur-

face temperature, Tf is the freezing point of sea water and

hice is the ice thickness. Because of difficulties with the

parametrization of shortwave radiation terms (Adams et al.,

2013), only nighttime scenes were incorporated into the cal-

culations (by checking the solar incidence angle on a pixel-

by-pixel basis), so that the radiation balance Q0 simplifies

to the long-wave radiation terms L ↓ and L ↑. Upwelling

long-wave radiation L ↑ is calculated using the IST from

MOD/MYD29 with the surface emissivity εs set to 1.L ↓ can

be obtained using ERA-Interim 2 m temperatures and the at-

mospheric emissivity εatm, calculated using the formulation

of Jin et al. (2006). Turbulent fluxes of sensible (H0) and

latent (E0) heat in Eq. (2) are calculated using an iterative

bulk approach by Launiainen and Vihma (1990), where near-

surface stratification is considered using Monin–Obukhov

similarity theory and associated universal functions for the
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heat transfer coefficients CH and CE. The 10 m wind speed

is interpolated to the 2 m level. A constant roughness length

for momentum z0 = 1× 10−3 m is used. As could be shown

by Adams et al. (2013), the standard approach used in previ-

ous studies using constant heat transfer coefficients tends to

underestimate the ice thickness by approximately 7 cm on av-

erage, when compared to an iteratively calculated heat trans-

fer coefficient. To obtain the ice thickness (hice), the total

atmospheric flux Qatm (Eq. 2) is set equal to the conduc-

tive heat flux through the ice (Qice; Eq. 1), and Eq. (1) is

solved for hice using a value for the thermal conductivity of

κice = 2.03 Wm−2 K−1 (Drucker et al., 2003).

Calculated ice thicknesses are assumed to be uniform at

a given pixel location and therefore hypothetical (Tamura and

Ohshima, 2011). The described method is only applicable to

clear sky conditions, as clouds and fog strongly influence the

accuracy of the recorded ISTs (Riggs et al., 2006).

In a sensitivity analysis of the above described method,

Adams et al. (2013) state an uncertainty for the ice-thickness

retrieval of ±1.0, ±2.1 and ±5.3 cm for TIT classes 0–5, 5–

10 and 10–20 cm, respectively. Therefore, we constrain our

analysis to ice thicknesses ≤ 0.2 m, as this range is regarded

sufficient to get reliable results for ice production (Yu and

Rothrock, 1996; Adams et al., 2013).

2.3.1 Calculation of daily thin-ice thickness composites

From all available MODIS swaths covering the Storfjorden

polynya region, daily composites of ISTs and thin-ice thick-

nesses were computed. The TIT is first calculated from each

swath on its own with the procedure described in Sect. 2.3.

Subsequently, the mean TIT is computed pixel-wise and

stored with its corresponding IST value.

By using daily composites, the daily IST coverage (per-

centage of pixels within the polynya mask that feature at

least one valid IST value, based on all MOD/MYD29 swaths

covering the Storfjorden region on a given day) is signifi-

cantly increased compared to single swaths, reaching an av-

erage value of 82 % for the winter seasons 2002/2003 to

2013/2014. Figure 2 shows the seasonal and interannual vari-

ability of IST coverage. Noteworthy is a very low coverage in

November to early January 2009/2010, as well as generally

less frequent coverage at the beginning (November) and end

(March) of each winter season. The latter effect originates

from the previously stated restriction to nighttime scenes and

consequently a reduction in the amount of available MODIS

swaths. Hence, it is also the main reason why the months of

October and April were left out in our investigations.

2.3.2 Derivation of ice production and polynya area

Following Tamura et al. (2007, 2008) and Willmes et al.

(2011), daily ice production rates are calculated from the heat

loss at the ice surface by assuming that the entire heat loss to

the overlying atmosphere contributes to new ice formation.

∂h

∂t
=
−Q̄ice

ρice×Lf

(3)

Therein, ∂h
∂t

stands for the ice production rate, Q̄ice is the

daily mean conductive heat flux through the ice, ρice is the

density of sea ice (taken as ρice = 910 kgm−3) and Lf is the

latent heat of fusion of ice (Lf = 0.334 MJkg−1; e.g., Tamura

and Ohshima, 2011). Note that the negative sign in the right

side of Eq. (3) handles the convention thatQatm is considered

positive when the surface gains energy, as well as consider-

ing that ice production only takes place when there is a net

energy loss from the surface. Multiplying ∂h
∂t

with the areal

extent of each pixel in the regarded region yields the vol-

ume IP rate ∂V
∂t

. IP rates are calculated for each pixel with

an ice thickness≤ 0.2 m and afterwards extrapolated to daily

rates for later accumulation and/or averaging. Considering

the total polynya area, a threshold of hice ≤ 0.2 m is applied

to identify pixels containing thin ice in the daily composites

as part of the POLA. The total area of those pixels is then

accumulated to obtain the total daily POLA in square kilo-

meters.

2.3.3 IST coverage correction

Cloud-induced gaps in our daily IST and TIT composites are

a serious problem when we want to compare our initially

calculated POLA and IP to estimates from other studies in

which the use of active and passive microwave remote sens-

ing systems largely reduces the effect of atmospheric distur-

bances.

To overcome these difficulties, a simple scaling approach

is applied that works under the assumption that pixels in the

uncovered part of the masked (Fig. 1) daily composites also

contribute to the total POLA by the same proportion as those

areas that are covered by a IST signal.

The initially calculated daily POLA is therefore scaled by

a factor F:

F = 1/coverage, (4)

POLACC = POLA×F. (5)

The coverage in Eq. (4) could range from 0 to 1, but we ap-

ply the correction only for coverages exceeding 0.5. Simi-

larly, estimated IP values are also scaled by the same factor

yielding a corrected ice production IPCC.

Application of this correction scheme is limited to cases

where the daily IST coverage (compare Fig. 2) within the

fjord (i.e., the predefined polynya mask) surpasses a thresh-

old of 50 %. By using this threshold, unrealistically high

POLACC and IPCC values are avoided. Otherwise, both

POLACC and IPCC are linearly interpolated using bounding

days with a coverage fulfilling this precondition.

In order to test the performance of the cloud-correction

method, we selected a total of six case studies from Jan-
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Figure 2. Interannual overview of the daily ice-surface temperature (IST) coverage (in %) within the applied polynya mask (compare Fig. 1).

Values are derived from daily MODIS IST composites for the complete investigation period from 2002/2003 to 2013/2014 (November–

March).

uary 2009 (DOY 002, 020, 024, 025, 026, 030) which fea-

ture near-clear-sky conditions (IST coverage ≥ 99%). The

coverage correction has been applied for each case study af-

ter randomly removing 45 % of the pixels within the polynya

mask for 1000 realizations. The resulting deviation (in per-

cent) from the “true” polynya area from all case studies com-

bined is shown in Fig. 3. POLACC deviations almost per-

fectly follow a typical normal (Gaussian) distribution, with a

mean value of 0.77 % and a standard error of 5–6 % of the

daily POLA.

Because the correction of IP values uses the same scaling

factor F , the retrieved error margins can also be regarded as

the uncertainty of our IPCC estimates.

3 Results

The bars in Fig. 4 show the mean relative contribution of

each ice-thickness class from the total number of pixels with

a TIT≤ 0.2 m between the winter seasons 2002/2003 and

2013/2014. A temporal differentiation between the beginning

of the freezing season (November–December) and the end

of the freezing season (January–March) as well as a com-

bined distribution for the whole winter period is given. Er-

ror bars refer to ±1 standard deviation (SD) of the inter-

annual averaged distribution frequencies. Between Novem-

ber and March, ice thinner than 0.02 m contributes around

15 % to the total polynya area in an average winter season.

Due to a higher sensitivity of open water and very thin ice

for sea smoke effects and consequently an exclusion of thin-

ice pixels by the cloud mask, this thickness class is poten-

tially biased (Willmes et al., 2011). The average ice thickness

within the polynya mask is 10± 1.8 cm. Thicker ice classes

(> 0.1 m) cover around half of the entire Storfjorden polynya

in January to March and show overall lower contributions at

the beginning of the freezing season. This follows from the

Figure 3. Histogram of coverage-corrected polynya area

(POLACC) deviations, based on six near-clear-sky case stud-

ies from January 2009 (DOY: 002, 020, 024, 025, 026, 030). For

each case study, the coverage correction was repeated several times

(n= 1000× 6), after randomly removing 45 % of the pixels within

the applied polynya mask.The red curve illustrates a fitted normal

distribution.

high contribution of very thin ice in November to Decem-

ber, where over 60 % of the total POLA consists of ice thin-

ner than 0.1 m. SD is highest in the lowest thickness classes

(< 0.04 m) and appears to be lower towards the end of the

freezing season, possibly indicating a stronger seasonal vari-

ability of ice-thickness distributions within the polynya in

November and December over the 12-year record (also ap-

parent in relative TIT frequencies for November–December;

Fig. 5).

Spatial distributions of the relative TIT frequency for

2002/2003 to 2013/2014 are presented as a seasonal com-

parison between the beginning of each freezing season
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Figure 4. Relative thin-ice thickness (TIT) distribution in the Stor-

fjorden polynya, with ice-thickness classes of 2 cm range (x axis).

Input data are based on daily TIT composites. The bars indicate

the mean relative distribution of each thickness class from the to-

tal number of TIT ≤ 0.2 m appearances between the winter sea-

sons 2002/2003 and 2013/2014. Error bars refer to ±1 SD. Besides

an overview of the complete freezing season from November to

March (c), it is further separated between the months November

and December (a) as well as January to March (b).

Figure 5. Early freezing season (November to December) relative

frequency distribution of thin-ice thicknesses ≤ 0.2 m for 2002 to

2013, based on daily TIT composites.

(November–December, Fig. 5) and the end of each freezing

season (January–March, Fig. 6). Therein, a pixel value of,

e.g., 0.25 means that on 25 % of all days, a TIT threshold

of 0.2 m was not exceeded. Following the previously stated

definition of a polynya, these pixels represent the number

of polynya occurrences in the given period. Figure 6 shows

that the main regions for polynya development towards the

end of the freezing season are at the lee sides of Barentsøya

and Edgeøya at the eastern side of the fjord, extending more

(2006–2008, 2010, 2012–2014) or less (2003–2005, 2009,

2011) further southwestwards.

At the beginning of the freezing season (Fig. 5), annual

distributions show a more variable pattern of TIT frequen-

cies. In some years (e.g., 2007, 2009, 2012), frequencies ex-

ceeding 0.3 cover large areas within the masked area in Stor-

fjorden, which might be an effect of a late fall freeze-up and

subsequently longer periods with thin ice and open water in

the fjord. In other years (e.g., 2003, 2004), the observed pat-

tern of high TIT frequencies is similar to typical polynya
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Figure 6. Late freezing season (January to March) relative fre-

quency distribution of thin-ice thicknesses ≤ 0.2 m for 2003 to

2014, based on daily TIT composites.

locations between January and March, indicating an earlier

freeze-up of the ice cover in Storfjorden.

Frequent TIT occurrences in the southern part of Storfjor-

den could originate from a generally northwards retreating

ice edge in Storfjorden in some of the regarded winter sea-

sons. This becomes most obvious in 2006, 2008 and 2012

to 2014 (Fig. 6). Low values (< 0.05) at the (north) west-

ern side of Storfjorden towards the end of a freezing season

(Fig. 6) further indicate typical fast-ice areas, which are most

pronounced in the years 2003, 2004, 2005, 2007, 2009 and

2011.

The daily coverage-corrected (CC) polynya area

(POLACC) for all winters (November–March) between

2002/2003 and 2013/2014 is presented in Fig. 7. Highest

POLACC values are generally found in November and De-

cember, which might be an effect of the already mentioned

late fall freeze-up and therefore very thin newly formed ice

(compare Figs. 4a and 5) in large parts of Storfjorden. From

2006 to 2008 and 2012 to 2013, this effect even extends

Table 2. Accumulated ice production (IP) in cubic kilometers per

winter and average polynya area (POLA) in square kilometers

for each winter season (November to March) in the Storfjorden

polynya, together with the interannual average (mean) and its stan-

dard deviation (SD). CC denotes values after coverage correction,

with relative increase compared to uncorrected values in brack-

ets. All values are calculated within the predefined polynya mask

(Fig. 1).

Acc. IP Acc. IPCC POLA POLACC

(km3) (km3) (km2) (km2)

2002–2003 13.9 16.1 (+16 %) 2185.2 2429.6 (+11 %)

2003–2004 15.2 16.7 (+10 %) 2186.6 2382.0 (+9 %)

2004–2005 19.2 23.7 (+24 %) 2684.7 3296.6 (+23 %)

2005–2006 20.6 25.1 (+22 %) 3934.8 4750.6 (+21 %)

2006–2007 19.4 25.3 (+31 %) 3473.9 4524.2 (+30 %)

2007–2008 27.4 33.1 (+21 %) 4491.0 5472.5 (+22 %)

2008–2009 21.6 24.6 (+14 %) 2965.4 3353.3 (+13 %)

2009–2010 17.3 30.0 (+73 %) 3390.1 6357.0 (+88 %)

2010–2011 23.2 31.9 (+38 %) 2996.0 4024.7 (+34 %)

2011–2012 21.5 29.6 (+38 %) 4087.6 5001.5 (+22 %)

2012–2013 36.0 47.2 (+31 %) 5592.4 7388.0 (+32 %)

2013–2014 25.4 36.5 (+44 %) 4154.3 5688.4 (+37 %)

Mean 21.7 28.3 (+30 %) 3511.8 4555.7 (+29 %)

SD 5.9 8.5 999.6 1542.9

well into January with a series of large POLACC events

(> 5000 km2) developing in February and March.

The mean (November to March) POLA for the entire re-

garded period amounts to 3511.8 ± 999.6 km2, with an in-

crease of 29 % for POLACC when the presented coverage

correction is applied. Around 60 % of this area consists of

ice thinner than 10 cm. A complete overview on wintertime

mean POLA and POLACC values is given in Table 2.

A spatial overview of the resulting accumulated daily

ice production rates (in mwinter−1), averaged between

2002/2003 and 2013/2014 is presented in Fig. 8. Largest val-

ues occur in regions which also show high TIT frequencies

(Fig. 6). The average ice production in the western part of

Storfjorden is generally lower, as thin ice in these areas is

mainly present at the beginning of the freezing season.

Maximum daily ice production rates in the fjord can reach

as high as 26 cm d−1 (winter season 2006/2007), with the

highest rates occurring on average in the northern part of

Storfjorden (north of 77.5◦ N).

Figure 9 shows values of accumulated ice production per

winter season from November to March, both with and with-

out applied coverage correction. The impact of seasonal

differences is highlighted in yellowish and blueish colored

bars. A detailed overview for each winter season is addi-

tionally given in Table 2. On average, the correction scheme

increases the wintertime ice production by approximately

30 %. While the average IP value is 28.3± 8.5 km3 (CC;

21.7± 5.9 km3 for no CC), a high interannual variability of

ice production is found, with values as low as 16.1 km3 (CC;

no CC −16 %) in 2002/2003 and up to 47.2 km3 (CC; no
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Figure 7. Hovmöller diagram of daily coverage-corrected polynya area (POLACC; TIT≤ 0.2 m) in the Storfjorden polynya between

2002/2003 and 2013/2014.

Figure 8. Spatial distribution of the interannual mean accumulated

ice production (IP) rate in mwinter−1. Values are first accumulated

for each winter season from November to March and afterwards

averaged for 2002/2003 to 2013/2014.

CC −31 %) in 2012/2013. Large increases in IP occur from

winter 2003/2004 to 2004/2005 (CC: +7.0 km3) and again

from winter 2011/2012 to 2012/2013 (CC: +17.6 km3). This

could originate from the increasing extent of thin-ice areas

in January–March 2005 and 2013 compared to the same pe-

riod in 2004 and 2012 (Fig. 6). Regardless of an applied

coverage correction, a significant (p ≤ 0.05) positive trend

of 1.2–2.0 km3 yr−1 over the examined 12-winter period can

be observed. It shows that this trend in overall (November–

March) IPCC originates primarily from a significant positive

trend (CC: 1.29 km3 yr−1, p = 9.05 ∗ 10−4) at the beginning

of winter (November–December), while the period from Jan-

uary to March shows no significant trend (CC: 0.73 km3 yr−1,

p = 0.052). This could be an effect of an observable shift

Figure 9. Annual wintertime accumulated ice production in the

Storfjorden polynya, given in cubic kilometers per winter. Estima-

tions are based on daily heat flux calculations using the daily de-

rived thin-ice thickness (TIT) composites. Special emphasis is given

to the effect of an applied coverage correction (CC). Dotted lines

show linear trend estimations for IPCC. Colored bars show a sea-

sonal comparison between November and December (yellowish)

and January and March (blueish).

towards more thin ice in November–December, which is

most probably connected to the later appearing fall freeze-

up and consequently a lot of open water and very thin ice

in the southern part of the applied polynya-mask. A simi-

lar explanation can be given for the high ice production in

2012/2013, where the Storfjorden area features high frequen-

cies of TIT≤ 0.2 m throughout the whole winter season from

November to March.

4 Discussion

In Skogseth et al. (2004, 2005), a manual classification of

several ERS-2 synthetic aperture radar (SAR) images from

1998 to 2002 was performed to derive parameters for a wind-

driven polynya width model (Haarpaintner et al., 2001),

which gives estimates of ice production and brine-enriched

shelf water based on satellite imagery, wind data from nearby
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weather stations and surface hydrography. Ice production

was calculated from surface heat balance and includes con-

tributions from open water (frazil ice), thin ice as well as fast

and pack ice inside the Storfjorden basin north of 77◦ N. This

setup was later extended to a 33-year record of modeled to-

tal ice production covering the winters 1970 to 2002 using

model parameters derived from the examined 5-winter pe-

riod (Skogseth et al., 2005). While the average total ice pro-

duction for 1998 to 2002 was estimated to 43.6± 9.7 km3,

it was slightly lower for the 33-year time series with only

39.9± 11.7 km3. When comparing these numbers to our av-

erage IPCC estimate of 28.3± 8.5 km3 for 2002/2003 to

2013/2014, one has to keep in mind that Skogseth et al.

(2004, 2005) also include ice production under fast and pack

ice inside the fjord, while our study concentrates on open wa-

ter and thin-ice areas only. Assuming an average contribution

of 25 % from fast-ice and pack-ice areas (Table 3 in Skogseth

et al., 2005) and after reducing annually accumulated total

ice production accordingly, the average ice production (1970

to 2002) inside open water and thin-ice areas of Skogseth

et al. (2005) is lowered to approximately 30± 9 km3 which

is within the standard deviation presented here. Skogseth

et al. (2005) give some further information on the inter-

annual variability of ice production within the Storfjorden

polynya, although it is stated that the uncertainty for the 33-

year time series is increased. The presented 33-year time se-

ries shows a slightly negative and non-significant trend of ap-

proximately −2 km3 decade−1, while the last 12 winter sea-

sons presented here show a positive trend of 2.02 km3 yr−1

during the analyzed period. However, the long-term model

estimates by Skogseth et al. (2005) indicate the presence of

multi-decadal fluctuations.

Jardon et al. (2014) developed an ice production model

which uses Advanced Microwave Scanning Radiometer –

Earth Observing System (AMSR-E) sea-ice concentration

data to derive daily open water fractions. Heat flux calcula-

tions over water were performed using ERA-Interim reanal-

ysis data in a bulk algorithm. In contrast to our results, their

estimates of POLA and IP incorporate both frazil ice growth

as well as ice growth under ice thicker than 20 cm. In com-

parison, our results should profit from the enhanced resolu-

tion of MODIS and daily derived TIT distributions. Never-

theless, derived POLA from TIT ≤ 0.2 m in our study com-

pares well with POLA derived from AMSR-E sea-ice con-

centration data. Both wintertime mean POLA and POLACC

are within the 25th and 75th percentile of the estimated open

water area by Jardon et al. (2014) in almost every winter sea-

son except for 2004/2005 and 2010/2011, during which both

values derived by MODIS exceed the 75th percentile. Dis-

crepancies in derived total ice production are obvious but

can be partly explained by differences in the regarded time

frame of each winter season. While Jardon et al. (2014) an-

alyze the full period with sea ice in the fjord (roughly Oc-

tober/November to June/July), we focus on the November to

March period. Even when we reduce the presented IP val-

ues by the amount of frazil ice that is formed in the months

April–July, which in 2006/2007 (example shown in Jardon

et al., 2014) contributed around 15 % to the total volume

of frazil ice in this particular winter season, the time series

differ on average by approx. 40 %. Therefore, Jardon et al.

(2014) presents higher IP values in all winter seasons except

2004/2005 and 2010/2011, but overall the interannual vari-

ability is comparable.

The studies by Tamura and Ohshima (2011) and Iwamoto

et al. (2014) face similar restrictions concerning the spatial

resolution of the applied passive microwave data from Spe-

cial Sensor Microwave Imager (SSM/I) and AMSR-E, which

is most apparent in smaller polynyas such as in Storfjorden.

In Tamura and Ohshima (2011), an average ice production of

137±35 km3 for the period 1992–2007 (September–May) is

presented. This value largely exceeds our estimates as well as

those by Skogseth et al. (2005) and Jardon et al. (2014), most

probably due to the discrepancies in spatial resolution of the

input data. More recent numbers by Iwamoto et al. (2014),

who use an updated algorithm based on MODIS and AMSR-

E satellite data as well as ERA-Interim reanalysis, are also

lower than those in Tamura and Ohshima (2011), with the

mean annual (also September–May) ice production between

2002/2003 and 2010/2011 estimated as 47± 5 km3 (roughly

40 km3 for November–March; based on presented monthly

mean values). A positive trend of 3 km3 per decade is pre-

sented which is much smaller than our value of 18.7 km3

per decade based on the same period from 2002/2003 to

2010/2011. Although Iwamoto et al. (2014) provide en-

hancements in terms of spatial resolution and the inclusion of

land fast-ice detection in comparison to Tamura and Ohshima

(2011), our estimates are still exceeded in every winter sea-

son. The presented interannual variability is similar to our

study, with 2005/2006 and 2008/2009 being the only win-

ter seasons with a strongly contrasting development. Both

Tamura and Ohshima (2011) and Iwamoto et al. (2014) apply

noticeably larger polynya masks to derive ice production val-

ues in the Storfjorden area which extend well into the Green-

land and Barents Sea regions and far beyond Storfjorden it-

self. This omission of local characteristics in the Storfjorden

basin in addition to a differing base period, which spans the

months from September to May, could therefore explain part

of the difference. However, the use of coarse-resolution pas-

sive microwave data certainly leads to a higher uncertainty of

IP estimates, while the sign of the bias cannot be determined

here. It will depend on the distribution of thin ice within the

sensor’s footprint and potential land spillover effects.

5 Summary and conclusions

In this study, we presented a comprehensive overview of

daily thin-ice thickness distributions and resulting thermo-

dynamic ice production rates for the Storfjorden polynya, lo-

cated in the southern part of the Svalbard archipelago. The
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investigation period covers the winter seasons 2002/2003–

2013/2014 from November to March. Our results are com-

plementary to previous studies in the Storfjorden region (e.g.,

Skogseth et al., 2004, 2005; Hendricks et al., 2011) and un-

derline the importance of this polynya considering the total

amount of ice production and accompanied salt release each

winter season, despite its comparatively small spatial extent.

Within the polynya, ice thicknesses below 10 cm dominate in

the course of an average winter season and cover larger areas

in the eastern part of Storfjorden. This enables ice production

rates, which sum up to an average value of 28.3±8.5 km3 per

winter season. There is a positive trend in accumulated ice

production over the last 12 winter seasons which contrasts

earlier indications of a slightly negative trend prior to 2002

(Skogseth et al., 2005).

Compared to other studies which rely on active and passive

microwave remote sensing, the use of MODIS ice-surface

temperatures has distinct drawbacks considering the effect

of clouds, which produce data gaps when correctly identi-

fied by the MODIS cloud mask and possibly erroneous IST

values when nighttime clouds remain undetected. By com-

posing daily composites, data gaps in the Storfjorden re-

gion were minimized, resulting in an average IST coverage

of 82 % within the applied polynya mask. The application

of a coverage-correction scheme yielded plausible adjust-

ments of approximately 30 % to the total polynya area and

ice production, although its current basic approach offers

room for future improvements such as including long-term

spatial statistics. Still, this comprehensive data set will be of

high value for a variety of climate and ocean applications, in-

cluding the provision of quasi-daily high-resolution thin-ice

thickness charts for regional climate and ocean models.
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Abstract: The North Water (NOW) Polynya is a regularly-forming area of open-water and thin-ice,
located between northwestern Greenland and Ellesmere Island (Canada) at the northern tip of
Baffin Bay. Due to its large spatial extent, it is of high importance for a variety of physical
and biological processes, especially in wintertime. Here, we present a long-term remote sensing
study for the winter seasons 1978/1979 to 2014/2015. Polynya characteristics are inferred from
(1) sea ice concentrations and brightness temperatures from passive microwave satellite sensors
(Advanced Microwave Scanning Radiometer (AMSR-E and AMSR2), Scanning Multichannel
Microwave Radiometer (SMMR), Special Sensor Microwave Imager/Sounder (SSM/I-SSMIS)) and
(2) thin-ice thickness distributions, which are calculated using MODIS ice-surface temperatures and
European Center for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis data in a
1D thermodynamic energy-balance model. Daily ice production rates are retrieved for each winter
season from 2002/2003 to 2014/2015, assuming that all heat loss at the ice surface is balanced by
ice growth. Two different cloud-cover correction schemes are applied on daily polynya area and ice
production values to account for cloud gaps in the MODIS composites. Our results indicate that
the NOW polynya experienced significant seasonal changes over the last three decades considering
the overall frequency of polynya occurrences, as well as their spatial extent. In the 1980s, there
were prolonged periods of a more or less closed ice cover in northern Baffin Bay in winter. This
changed towards an average opening on more than 85% of the days between November and March
during the last decade. Noticeably, the sea ice cover in the NOW polynya region shows signs
of a later-appearing fall freeze-up, starting in the late 1990s. Different methods to obtain daily
polynya area using passive microwave AMSR-E/AMSR2 data and SSM/I-SSMIS data were applied.
A comparison with MODIS data (thin-ice thickness ď 20 cm) shows that the wintertime polynya
area estimates derived by MODIS are about 30 to 40% higher than those derived using the polynya
signature simulation method (PSSM) with AMSR-E data. In turn, the difference in polynya area
between PSSM and a sea ice concentration (SIC) threshold of 70% is fairly low (approximately
10%) when applied to AMSR-E data. For the coarse-resolution SSM/I-SSMIS data, this difference is
much larger, particularly in November and December. Instead of a sea ice concentration threshold,
the PSSM method should be used for SSM/I-SSMIS data. Depending on the type of cloud-cover
correction, the calculated ice production based on MODIS data reaches an average value of 264.4
˘ 65.1 km3 to 275.7 ˘ 67.4 km3 (2002/2003 to 2014/2015) and shows a high interannual variability.
Our achieved long-term results underline the major importance of the NOW polynya considering
its influence on Arctic ice production and associated atmosphere/ocean processes.

Remote Sens. 2015, 7, 15844–15867; doi:10.3390/rs71215807 www.mdpi.com/journal/remotesensing
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1. Introduction

Polynyas are distinct features of the sea ice cover in the polar regions. These areas of open water
and thin ice are playing a crucial role in altering a variety of local physical, biological and chemical
processes at the boundary between atmosphere and ocean [1]. Particularly during wintertime, large
energy loss to the atmosphere occurs at these locations, which is associated with strong ice production
and brine release. These processes have strong implications for both the atmospheric boundary layer,
as well as the underlying ocean layers. The knowledge of wintertime sea ice production in the Arctic
is therefore of vital interest for the understanding of the Arctic climate system and the verification
of climate and ocean models. The main cause for polynya openings in the Arctic shelf regions is
divergent ice motions due to wind stress [2]. Consequently, the timing, duration and size of a polynya
can often have large interannual variations [3], and a precise and regular monitoring of thin-ice areas
is needed in order to detect long-term changes and linkages to other environmental compartments.
Since the late 1970s, remote sensing approaches using passive microwave and thermal infrared data
have offered valuable tools for these tasks.

The North Water (NOW) Polynya appears regularly in the northern part of Baffin Bay in
the proximity of Smith Sound. It is bounded by Ellesmere Island (Canada) in the West and
Greenland in the East (Figure 1 [4]). As the NOW polynya is one of the largest polynyas in the
Northern Hemisphere with a huge impact on local biological and physical processes [5], it was
intensively studied in the past decades with strong efforts in the years 1997 to 2000 (International
NOW-study, [6,7]). In the north, the NOW polynya is generally bounded by an ice bridge, which
forms regularly in winter at the southern end of the Nares Strait (at Smith Sound). With its formation,
the ice bridge controls the sea ice outflow from the Lincoln Sea through Nares Strait and Kane Basin
down to Baffin Bay in the south [8]. The southern boundary of the polynya is not defined that
strictly, as it varies drastically in the course of the winter season [2]. After the initial formation
of the ice bridge at Smith Sound, the sea ice south of it experiences a strong advection due to
strong northerly winds from the Nares Strait and prevailing southerly ocean currents [8]. During
late spring, the polynya opens up until it merges with the melted ocean area in the Baffin Bay in
June/July. The NOW polynya can be categorized as a latent heat-type polynya, i.e., the energy
loss to the atmosphere is compensated by the release of latent heat by sea ice formation. According
to Barber et al. [8], air temperatures show an east-west temperature gradient, with higher values at
the eastern side of the polynya (Greenland) than on the western side (Canada). This leads to a slower
sea ice formation and lower ice thicknesses in the east, as well as an earlier melt-onset in summer [9].
Additionally, the eastern side is thought to be under the influence of the West Greenland current,
which transports relatively warm and salty water from the south to the sea surface and is responsible
for a cyclonic ocean circulation in northern Baffin Bay. According to Melling et al. [10] and Mundy and
Barber [9], this does not contribute to the formation of the polynya, but instead to its maintenance. A
less saline and cold ocean surface in Baffin Bay is maintained by water of Arctic origin entering via
three straits (including Nares Strait) in the north [11].

This multi-sensor study uses a long-term record of Moderate-Resolution Imaging
Spectroradiometer (MODIS)-derived ice-thickness distributions in thin-ice areas at a comparatively
high spatial resolution of 2 ˆ 2 km2, as well as long-term records of coarse-resolution Scanning
Multichannel Microwave Radiometer (SMMR), Special Sensor Microwave Imager/Sounder
(SSM/I-SSMIS) and Advanced Microwave Scanning Radiometer (AMSR-E and AMSR2) passive
microwave data (Section 2; see Table 1 [12–19]). By comparing different sensors and methods, our
study will give further insight into sensor-specific differences in monitoring thin-ice areas in the
polar regions (Section 3.1). We then perform a detailed investigation on the associated quantities
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polynya area and ice-production (MODIS data starting in 2002) for the period between 1978/1979
and 2014/2015 (Sections 3.2 and 3.3). Thereby, our results will be discussed and compared to earlier
remote sensing studies, e.g., [8,20,21]. In addition, MODIS-derived ice-thickness distributions in
Nares Strait will be used to infer ice bridge characteristics related to the formation of the North Water
(NOW) Polynya (Section 3.4). Our study will aid in getting a more comprehensive understanding of
multi-decadal polynya dynamics in the North Water region, as well as associated physical processes
over both annual (one winter season from November to March) and interannual timescales.

Figure 1. Map of the northern part of Baffin Bay, Nares Strait and Lincoln Sea, all surrounded by
Ellesmere Island (Canada) in the west and Greenland in the east. The applied polynya mask is marked
in red, enclosing the typical location of the North Water Polynya in wintertime, north of 74˝N and
indicating the main study region south of Smith Sound. Bathymetric data by Jakobsson et al. [4]
(IBCAO v3.0).

Table 1. Overview of sensors, platforms, acquisition sources, raw data and derived parameters,
the analyzed period and the effective spatial resolution on the grid for all of the satellite data that
are used in this study (IST = ice surface temperature, TIT = thin-ice thickness, TB = brightness
temperature, SIC = sea ice concentration, POLA = polynya area, IP = ice production; subscripts of
derived parameters denote different methods: 70PT (70% SIC threshold), PSSM (polynya signature
simulation method), CC (coverage correction) and SFR (spatial feature reconstruction); see Sections
2.5 and 2.6 for details).

Sensor Platform Source Retrieved Variables Derived Parameters Period Spatial Resolution on Grid

MODIS Aqua/Terra NSIDC [12] IST TIT 2002 to 2015 2 ˆ 2 km2

POLACC, IPCC
POLASFR, IPSFR

AMSR-E Aqua/ADEOS-II NSIDC [13,14] TB89V, TB89H POLAAMSR,PSSM 2002 to 2011 6.25 ˆ 6.25 km2

TB36V, TB36H 12.5 ˆ 12.5 km2

Univ.of Hamburg [15] SIC POLAAMSR,70PT 6.25 ˆ 6.25 km2

AMSR2 GCOM-W1 Univ. of Bremen [15] SIC POLAAMSR,70PT 2012 to 2015 6.25 ˆ 6.25 km2

SMMR Nimbus-7 NSIDC [16] SIC POLASSMI,70PT 1978 to 1986 25 ˆ 25 km2

SSM/I and SSMIS DMSP NSIDC [16–19] TB85/91V, TB85/91H POLASSMI,PSSM 1987 to 2015 12.5 ˆ 12.5 km2

TB37V, TB37H 25 ˆ 25 km2

SIC POLASSMI,70PT 25 ˆ 25 km2
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2. Data and Methods

2.1. Remote Sensing Data

2.1.1. SMMR and SSM/I-SSMIS

To achieve a long-term satellite record ranging over the period of November 1978 to March 2015,
we use sea ice concentrations (SIC) generated from passive microwave brightness temperature (TB)
data from the Nimbus-7 SMMR, the Defense Meteorological Satellite Program (DMSP)-F8, -F11 and
-F13 SSM/I and the DMSP-F17 SSMIS, provided at a grid cell size of 25 ˆ 25 km2 [16]. SIC are
calculated using the NASA Team algorithm developed at the Goddard Space Flight Center (GSFC)
and are provided on a daily basis from 1987 onwards. SMMR SIC are provided every other day and
need to be linearly interpolated from bounding days to achieve a continuous time series. To increase
consistency between changing satellites and sensor systems, the dataset includes adjustments of sea
ice algorithm tie points by matching geophysical parameters [16,22].

In addition, we use DMSP SSM/I-SSMIS daily polar-gridded brightness temperatures from
the 37.0 GHz and 85.5 GHz (on SSM/I)/91.7 GHz (on SSMIS) channels in both horizontal and
vertical polarization [19]. While the channels from the latter two frequencies are gridded at a spatial
resolution of 12.5 ˆ 12.5 km2, the 37.0-GHz data are available at a spatial resolution of 25 ˆ 25 km2

(compare Table 1). Brightness temperature data from SSM/I-SSMIS feature dedicated inter- and
cross-calibrations between changing DMSP platforms [19].

As the datasets by Cavalieri et al. [16] and Maslanik and Stroeve [19] are updated on an annual
basis only, daily SIC and brightness temperatures for 2015 are taken from near real-time (NRT)
datasets by Maslanik and Stroeve [18] and Cavalieri et al. [17] to be able to include the most recent
winter season 2014/2015 in our analysis.

2.1.2. AMSR-E and AMSR2

Daily TB data from the AMSR-E instrument on board the Aqua satellite platform is available
from June 2002 to October 2011. We use horizontally- and vertically-polarized TB from the
89.0-GHz [13] and 36.0-GHz [14] frequency channels at a spatial resolution of 6.25 ˆ 6.25 km2 and
12.5 ˆ 12.5 km2, respectively.

Sea ice concentrations are provided for the same period from the University of Hamburg and are
calculated using the ARTIST sea ice (ASI) algorithm [15]. Due to the inclusion of the 89.0-GHz data
(smaller footprint, but more likely weather influenced), they are available at a spatial resolution of
6.25 ˆ 6.25 km2.

Data from the AMSR2 on board the JAXA Global Change Observation Mission-Water
(GCOM-W1, “Shizuku”) satellite platform are available from 2012 onwards, which leaves a gap
of approximately one year after its predecessor AMSR-E. Hence, for the winter seasons 2012/2013
and 2014/2015, we are able to use AMSR2 ASI SIC from the University of Bremen [15], as the SIC
algorithm could be easily transferred to AMSR2 due to the same frequency channels, as well as similar
spatial resolutions and orbital configurations. However, the derivation of AMSR2 SIC using the ASI
algorithm currently uses the same parameters as was used for AMSR-E. Therefore, these data have to
be treated with caution, as no independent validation has been performed so far.

2.1.3. MODIS Ice Surface Temperatures

For the derivation of thin-ice thickness (TIT), we use the MOD/MYD29 sea ice product [12,23]
derived from MODIS satellite data. We incorporate data from both MODIS instruments on board
the Terra and Aqua polar-orbiting satellite platforms. The product features swath data of ice surface
temperatures (ISTs) with a spatial resolution of 1 ˆ 1 km2 at nadir and includes the MODIS cloud
mask (MOD35; [24]). Overall, the accuracy of the MOD/MYD29 ISTs is given with 1 to 3 K [23].
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Swaths covering the NOW area were extracted using metadata information for each MODIS
swath. Afterwards, all IST swaths were mapped onto a 2 ˆ 2 km2 (0.018˝LAT ˆ 0.07˝LON)
equirectangular grid covering the northern part of Baffin Bay (74˝N to 79.5˝N, 62˝W to 86˝W).

2.2. ERA-Interim Atmospheric Reanalysis Data

For the calculation of TIT, atmospheric variables from the ERA-Interim reanalysis product [25]
are used to provide 2-m-temperature, 2-m-dew point temperature, 10-m-wind speed components
(u and v) and the mean sea-level pressure at a resolution of 6 h. The dataset is provided by the
European Center for Medium-Range Weather Forecasts (ECMWF) in a horizontal resolution of 0.75˝,
(approximately 79 km). A linear interpolation of the ERA-Interim data is necessary to match the
spatial resolution of MODIS data. For the thin-ice thickness (TIT) calculations, single MODIS swaths
are linked to the closest time step of the atmospheric data fields.

In order to reduce errors originating from misclassifications of the nighttime MOD35 cloud mask,
we additionally utilize ERA-Interim medium cloud cover (MCC) information. As was shown by Liu
and Key [26], the ERA-Interim MCC fields correspond closely to the MODIS-derived cloud patterns,
both in winter and summer, and can therefore be used as an additional quality control during the
TIT retrieval.

2.3. MODIS Thin-Ice Thickness Retrieval Using a Surface Energy-Balance Model

In order to derive daily TIT distributions, we use an approach that follows the work of Yu
and Rothrock [27], Yu and Lindsay [28] and Drucker et al. [29]. Ice surface temperature (IST) and
the thickness of thin ice are related to atmospheric radiation fluxes and turbulent fluxes of heat
via a one-dimensional energy-balance model. The original method of Yu and Rothrock [27] was
improved and modified by Willmes et al. [30] and Adams et al. [31]. The latest version of the applied
algorithm is described in detail in Preußer et al. [32] and Paul et al. [33]. The procedure to derive TIT
is only applicable to clear sky conditions, as clouds and fog strongly influence the accuracy of the
recorded IST [12]. In addition, only nighttime scenes are used to exclude ambiguities from incident
short-wave radiation [28,31]. A sensitivity analysis of the TIT retrieval by Adams et al. [31] revealed
an uncertainty of˘1.0 cm,˘ 2.1 cm and˘5.3 cm for TIT Classes 0 to 5 cm, 5 to 10 cm and 10 to 20 cm,
respectively. As a thickness range of TIT ď 0.2 m is regarded to be sufficient for reliable estimates on
thermodynamic ice production in polynyas [27,31], we constrain our analysis accordingly.

2.4. Calculation of Daily TIT Composites

In general, a less frequent coverage can be observed at the beginning (November) and end
(March) of each winter season, which originates primarily from the previously-stated restriction to
nighttime scenes and consequently a reduction in the amount of available MODIS swaths. This is
also a limiting factor in our investigations regarding the time period in each winter season.

From all available MODIS swaths covering the NOW polynya region (Table 2), daily composites
of IST and TIT were computed to increase the daily coverage of our area of interest. The TIT is first
calculated from each swath on its own with the procedure described in Section 2.3. Subsequently, the
median TIT is computed pixel-wise and stored with its corresponding IST value, as well as the daily
energy-balance components.

The MODIS cloud mask can have difficulties in detecting thin clouds and sea smoke during
nighttime [24], which may influence the capability to observe “real” thin-ice features. Therefore,
ERA-Interim MCC fields are used for additional cloud-cover information during the composite
generation. Thereby, areas in the ERA-Interim data that exceed a cloud-fraction threshold of 75%
are considered as cloud covered. In order to achieve an enhanced quality measure for each pixel
in the daily composites, four individual classes can be defined based on the combined MODIS
and ERA-Interim cloud information and assigned to each pixel in the area of interest. They range
from (1) confident clear-sky pixels (ccs; clear-sky MODIS and ERA-Interim) over (2) mixed-covered
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pixels (mcp; ratio between clear-sky input swaths and the total number of input swaths per pixel) to
(3) definitive cloud-covered pixels (both in MODIS and ERA-Interim) and (4) completely uncovered
pixels. As was introduced in Paul et al. [33], we also make use of an additional cloud-cover
check that looks at the persistence of a pixel that was classified as thin ice (TIT ď 0.2 m). While
misclassified thin-ice detections are associated with a low persistence due to movements on short
time scales, “real” thin-ice features (i.e., polynyas) in the sea ice cover show a higher spatial and
temporal persistence. This is expressed by a pixel-wise persistence index (PIX), which is defined as
the ratio between the total number of MODIS swaths that featured thin-ice and the total number of
swaths that featured clear-sky conditions on that pixel position. These additional quality attributes
(cloud cover/persistence) for each pixel in the daily composites are utilized in the spatial feature
reconstruction algorithm (compare Section 2.6). An overview of MODIS coverage statistics is given
in Table 2.

Table 2. MODIS coverage statistics for the period from 2002/2003 to 2014/2015. The second column
shows the amount of incorporated MODIS swaths for each winter season (November to March), as
well as the total amount for all years combined. COV1 represents the average daily coverage (decimal
cover fraction ranging from 0 to 1) of confident clear-sky pixels, while high- (>0.5) and low- (<0.5;
min. 1 IST value per day) persistence mcp (mixed-cover pixels) indicate cases where either MODIS
or ERA-Interim medium cloud cover features cloud signals in the daily composites. COV4 shows the
achieved coverage after application of the spatial feature reconstruction (SFR) approach (compare
Section 2.6). All numbers are retrieved based on daily composites and are calculated within the
predefined polynya mask.

Number of Avg. COV1 Avg. COV2 Avg. COV3 Avg. COV4
MODIS (Confident (High-Persistence (Low-Persistence (Incl.
Swaths Clear-Sky) Mcp) Mcp) SFR Areas)

2002 to 2003 4040 0.74 0.86 0.90 0.97
2003 to 2004 4009 0.69 0.79 0.83 0.94
2004 to 2005 4067 0.72 0.82 0.86 0.97
2005 to 2006 4133 0.78 0.88 0.93 0.98
2006 to 2007 4086 0.77 0.85 0.88 0.97
2007 to 2008 4108 0.77 0.87 0.90 0.97
2008 to 2009 4079 0.79 0.86 0.90 0.97
2009 to 2010 4130 0.70 0.81 0.85 0.96
2010 to 2011 4098 0.65 0.76 0.81 0.96
2011 to 2012 4170 0.77 0.86 0.88 0.98
2012 to 2013 4153 0.73 0.86 0.90 0.98
2013 to 2014 4132 0.83 0.90 0.92 0.97
2014 to 2015 3417 0.84 0.90 0.92 0.98

Total/Average 52,622 0.75 0.85 0.88 0.97

2.5. Derivation of Ice Production and Polynya Area

When calculating ice production and polynya area, we apply a polynya mask (red area in
Figure 1) in order to cover a reference area that is comparable to previous studies. The mask comprises
a total area of approximately 110,000 km2 and has its southern limit around 74˝N.

From all available daily MODIS composites, we calculate ice production rates by assuming
that the entire heat loss at the ice surface to the overlying atmosphere contributes to new ice
formation [34–36].

Bh
Bt
“

´Q̄ice
ρice ˚ L f

(1)

In Equation (1), Bh
Bt represents the ice production rate, Q̄ice is the daily mean conductive heat flux

through the ice, ρice is the density of sea ice (ρice = 910 kg/m3) and L f is the latent heat of fusion
of ice (L f = 0.334 MJ/kg; e.g., [20]). The negative sign in the right side of Equation (1) handles
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the convention that the atmospheric heat flux is positive when the surface gains energy, as well as
assuring that ice production exclusively takes place when there is a net energy loss from the surface.
According to the surface energy balance, the heat flux Q̄ice is equal to the total atmospheric heat loss
(sum of net radiation, turbulent latent and sensible heat flux). The ocean heat flux is not considered.
The volume ice production rate BV

Bt (IP) is calculated by multiplying Bh
Bt with the areal extent of each

pixel in the regarded region. Ice production rates are calculated for each pixel with a TIT ď 0.2 m and
afterwards extrapolated to daily rates for later accumulation and averaging. The total area of thin-ice
pixels, i.e., featuring a TIT ď 0.2 m in the applied polynya mask, is accumulated to obtain the total
daily POLA in km2.

The usage of passive microwave data followed two different approaches towards deriving
polynya area (POLA) from AMSR-E and SMMR/SSM/I. The first approach uses a SIC-threshold of
70% (70PT; e.g., [37]), while the second approach utilizes a modified version of the polynya signature
simulation method (PSSM; [30,36,38]) to derive POLA with a classification strategy applied on
brightness temperatures from the 36/37- (less atmospheric disturbance) and 85/89- (high resolution)
GHz frequency range (frequencies for SSM/I and AMSR-E, respectively). The PSSM applies a
threshold on the polarization ratio (PR) at the higher frequency range (85/89/91 GHz) to get an initial
guess for the open water area. Afterwards, the best match between the simulated and measured
PR at the lower frequency range (36/37 GHz) is iteratively estimated to achieve a classified (thin
ice/polynya and thicker ice) image at 6.25 km2 (AMSR-E) or 12.5 km2 (SSM/I). The upper value for
ice thickness of the PSSM-derived polynya area is subject to regional variability and was previously
estimated with 0.2 m for a case study in the Laptev Sea [30] and 0.2 to 0.25 m for Southern Hemisphere
polynyas in the Ross Sea [39].

2.6. IST-Coverage Correction and Spatial Feature Reconstruction

Despite the effort of selecting cloud-free pixels for calculating daily TIT and IST composites
from MODIS swath data, cloud-induced gaps still occur. This limits direct comparisons with passive
microwave remote sensing data, which are more or less cloud-insensitive.

Two distinct approaches are applied to overcome these difficulties. The first one is a relatively
simple scaling approach (“coverage-correction” (CC)) that works under the assumption that pixels in
the cloud-covered part of the daily composites (polynya mask applied; Figure 2) also contribute to the
total POLA by approximately the same proportion as clear-sky areas. Hence, the initially calculated
daily POLA and ice production (IP) are scaled according to the IST-coverage (here defined as the
percentage of pixels within the polynya mask that features at least one valid IST value, i.e., confident
clear-sky and mixed-covered pixels; compare Table 2) to yield corrected daily values (POLACC
and IPCC).

The CC approach is only applied to days where the daily IST coverage within the polynya mask
exceeds a threshold of 50% to avoid unrealistically high values. In the case of a coverage ď 50%,
POLACC and IPCC are linearly interpolated using bounding days. An error-margin of 5 to 6% of the
daily POLA by using the CC method was stated in Preußer et al. [32].

The second approach is based on the “spatial feature reconstruction” (SFR) algorithm
by Paul et al. [40], which was developed to increase the information about cloud-covered areas under
fast-changing environmental conditions and utilizes all available cloud-cover and PIX information
(compare Section 2.4). Cloud-induced gaps in the daily TIT composites are compared to the
surrounding six days, and a probability of thin-ice occurrence is derived using a weighted composite
of the surrounding days. Several case studies in the Brunt Ice Shelf region of Antarctica showed
that the algorithm performed very good by reproducing artificially cloud-covered thin-ice areas
with an average spatial correlation of 0.83 [40]. We apply this procedure on areas with identified
low-quality data (low persistence, cloud covered) to fill the gaps with new information on potential
thin-ice occurrences. Thereby, the daily coverage is increased to around 97% on average (2002/2003
to 2014/2015; compare Table 2). Likewise with respect to Paul et al. [33], also TIT and IST values
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are pixel-wise assigned by a weighted average of the surrounding six days. Afterwards, remaining
coverage gaps (e.g., prolonged periods of stable cloud cover, i.e., no coverage on more than three
consecutive days) are filled by additionally applying the above-described CC approach.

Figure 2. MODIS thin-ice thicknesses (TIT up to 0.5 m) on 14 March 2009, 1055UTC. The black
boundary marks the applied polynya mask, while the sensor-specific retrieved POLA is indicated
by colored contours for MODIS (TIT ď 0.2 m; green contour; 2 km), SSM/I 70PT (red contour; 25 km)
and SSM/I PSSM (light-blue contour; 12.5 km).

3. Results and Discussion

3.1. Sensor Differences in the POLA Retrieval

Concerning the upper value for ice thickness of the PSSM-derived POLA in the NOW region,
Figure 3 shows a similar analysis as in Kern et al. [39] and Willmes et al. [30] for both SSM/I, as well
as AMSR-E/AMSR2 for the period 2002 to 2015. We notice that the vast majority of thin-ice pixels in
the NOW polynya region as defined by PSSM and 70PT does not exceed the 0.2-m threshold, which
is in accordance with previous studies, while at the same time, a significant amount of outliers exists.
In the case of PSSM, the average TIT amounts to 11.2 ˘ 9.0 cm and 10.8 ˘ 8.6 cm for SSM/I-SSMIS
and AMSR-E, respectively. When using a 70% SIC-threshold to derive POLA (70PT), similar values
of 12.4 ˘ 9.1 cm (SSM/I-SSMIS) and 9.7 ˘ 7.8 cm (AMSR-E/AMSR2) are calculated. As these values
are gathered over the complete polynya area as prescribed by PSSM and 70PT, these TIT can be seen
as areal averages.

Differences in the retrieved POLA (AMSR-E/2 vs. SMMR/SSM/I-SSMIS vs. MODIS) can
be mostly attributed to the sensor-specific capability to resolve small thin-ice features, such as
small coastal polynyas and leads, i.e., the spatial resolution of each sensor. Figure 2 illustrates
this effect quite nicely by showing an example (14 March 2009) of the retrieved POLA for MODIS
(TIT ď 0.2 m; green contour; 2 km), SSM/I 70PT (red contour; 25 km) and SSM/I PSSM (blue contour;
12.5 km). While the passive microwave estimates on that given day are comparable (PSSM: 7463 km2;
70PT: 6691 km2), the MODIS-estimates more than double those values (no CC: 17,804 km2; CC
(IST-coverage 92.3%): 19,290 km2).
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Figure 3. Box-plots of the daily TIT distribution in polynya areas as detected by passive microwave
sensors (upper panel: SSM/I-SSMIS; lower panel: AMSR-E/AMSR2). Boxes on the left side show the
MODIS TIT distribution in the PSSM polynya area, while the right-hand boxes show the equivalent
information for the 70PT method. The light blue horizontal bar marks the 0.2-m TIT-threshold
for the MODIS POLA-retrieval. Red bars indicate the median within the 25th and 75th percentile
(inter-quartile range; blue boxes). The whisker length has a default value of 1.5-times the inter-quartile
range, and outliers are marked in green (* no AMSR-E/AMSR2 sea ice concentrations available for
November to March 2011/2012).

3.2. Assessment of Long-Term POLA Development

As the coarse-resolution SMMR/SSM/I-SSMIS SIC dataset features by far the longest available
satellite record (1978 to 2015), Figure 4 shows the daily development of POLASSMI,70PT estimates
for the NOW polynya. This time series of 37 consecutive winter seasons covers a comparatively
long period of time and is therefore better suited for climatological studies than the MODIS and
AMSR-E/AMSR2 estimates, which feature only the last 13 winter seasons. It gets clear that the NOW
polynya changed significantly during the last three decades, regardless of the absolute accuracy of
the underlying SIC dataset [16]. Until the mid-1990s, the overall polynya-activity was very weak.
Larger polynya events occurred mainly at the beginning of a freezing season (November), while the
remaining months only featured sparse periods with enhanced activity. Overall, a shift to a later fall
freeze-up is observed in the last 15 to 16 years, where the polynya exceeds areal extents of 40,000 to
50,000 km2 until the end of December. In addition, also the remaining months of these years show
large polynya events. Less polynya activity is generally observed towards the end of an average
winter season.
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Figure 4. Hovmöller diagram of daily polynya area (POLASSMI,70PT) in the North Water Polynya
between 1978/1979 and 2014/2015. White horizontal dotted lines indicate changing sensors in the
sea ice concentration (SIC) dataset by Cavalieri et al. [16].

Figure 5 shows spatial overviews of the relative frequency of polynya/thin-ice occurrences on
a monthly basis (November to March) based on daily POLASSMI,70PT estimates, POLASSMI,PSSM
estimates and MODIS TIT (using SFR for gap filling). The upper three rows roughly represent the
1980s (1978/1979 to 1989/1990), the 1990s (1990/1991 to 2001/2002) and the 2000s (2002/2003 to
2014/2015) periods to detect decadal changes of the sea ice in northern Baffin Bay. The lower two
rows show equivalent information for the 2000s period based on POLASSMI,PSSM and MODIS. In
the 1980s, the NOW polynya features an overall low activity. These first 12 winter seasons show
appearance rates of around 70% (21 d) in November down to approximately 30% (9 d) in February
and March in the area of Smith Sound. The main polynya activity during this period is limited to
areas north of 76˝N (maximum extent in November). During the 1990s and even more the 2000s, this
region vastly expands down to approximately 74˝N. Even in January to March, appearance rates of
over 20% to 30% extend down to around 76˝N. Remarkably, the monthly duration of the polynya
in the proximity of Smith Sound increases towards 60% (17 to 19 d) in January to March and up to
90% to 100% (28 to 31 d) in November to December. The finer resolving counterparts from MODIS,
SSM/I-SSMIS (PSSM) (Figure 5; 2000s period) and AMSR-E/AMSR2 (not shown) are certainly able
to provide more precise regional differentiations. Not only in the case of MODIS (relative frequencies
of TITď 0.2 m), observed patterns are in accordance with earlier studies (e.g., [8,20,21]) and underline
the previously-stated observations based on coarse-resolution SMMR and SSM/I-SSMIS 70PT data.
In addition, the detection of small-scale features, like the clearly visible shape of the ice bridge at
Smith Sound, as well as larger thin-ice areas at the eastern side of the polynya, profits from the
enhanced spatial resolution of MODIS. Also noticeable is a quite large area with values ranging from
around 35% to 60% south of Ellesmere Island (eastern entrance of Jones Sound).
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Figure 5. Average monthly relative frequency distribution of polynya-pixels as classified by the
70PT-method (SMMR/SSM/I-SSMIS; top three rows), the PSSM method (SSM/I-SSMIS); fourth
row) and based on MODIS thin-ice thicknesses ď 0.2 m (daily TIT composites with applied spatial
feature reconstruction (SFR); bottom row). Note the reference period over which the monthly relative
frequency distributions are calculated, as indicated in the the upper right corner of each row.

Figure 6 sums up the previous findings for the whole regarded period from 1978 to 2015.
It shows the amount of open polynya days (based on POLA estimates from MODIS (CC/SFR),
AMSR-E/AMSR2 and SMMR/SSM/I-SSMIS (both 70PT/PSSM)) exceeding a certain areal threshold
(POLAě1500/5000/20,000/50,000 km2). In the upper panel (POLAě1500 km2), days that are falling
below a threshold of 1500 km2, i.e., an almost closed polynya, can be depicted by the difference
of given values to the total number of days each winter season (November to March; 151/152 d).
In recent winters, the number of very small to almost closed polynyas seems to vanish almost
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completely (except for the SMMR/SSM/I-SSMIS 70PT retrievals). On the other hand, the number
of larger polynyas increases significantly from approximately 1997/1998 onwards, especially those
exceeding a threshold of 20,000 km2. Noteworthy is the higher amount of detected polynyas larger
than 20,000 km2 from MODIS and a good agreement between MODIS and the passive microwave
estimates for very large polynyas (ě50,000 km2).

Figure 6. Number of polynya days with an area of ě1500 km2, ě5000 km2, ě20,000 km2 and
ě50,000 km2 within the applied polynya mask. A comparison is made between POLA estimations
based on daily MODIS TIT composites (CC: dark green crosses; SFR: light green crosses) and passive
microwave sensors (SMMR/SSM/I-SSMIS 70PT: filled red circles; AMSR-E/AMSR2 70PT: unfilled
red squares; SSM/I-SSMIS PSSM: filled blue circles; AMSR-E PSSM: unfilled blue squares). The
numbers indicate the amount of polynya days for each area threshold from zero.

A comparison of the wintertime mean POLA for all available sensors and retrieval-schemes is
presented in Figure 7 for the complete record of 37 winter seasons. In this long-term context, we find
coherent patterns between all incorporated satellites and sensors, although absolute mean values
are differing. Further, a tendency towards larger areal extents of the NOW polynya becomes very
obvious. As could be seen before, the winter seasons around 1996/1997 to 1997/1998 seem to be the
periods where the NOW polynya starts to expand from an average level of around 7000 km2 in the
1980s and early 1990s up to almost doubled average values in recent years.
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Figure 7. Average wintertime (November to March) polynya area (POLA) for the period from
1978/1979 to 2014/2015. A comparison is made between POLA estimations based on daily
MODIS TIT composites (CC: dark green crosses; SFR: light green crosses) and passive microwave
sensors (SMMR/SSM/I-SSMIS 70PT: filled red circles; AMSR-E/AMSR2 70PT: unfilled red squares;
SSM/I-SSMIS PSSM: filled blue circles; AMSR-E PSSM: unfilled blue squares).

This sudden “POLA shift” during the mid-1990s may be related to the clear warming trend
in northwestern Greenland from 1994 onwards [41] (associated with an increasing amount of
blocking events (high-pressure anomalies) over the Greenland Ice Sheet (GrIS), e.g., [42]). The North
Atlantic Oscillation (NAO) and Arctic Oscillation (AO) are well known and widely used indices
that characterize large-scale atmospheric variability in the Northern Hemisphere. While featuring
significant interannual and seasonal variability, the NAO experienced a transition to a prevailing
more negative phase in 1995/1996, which so far peaked in the most negative wintertime NAO index
in 2009/2010 [43]. These negative phases are associated with a high-pressure anomaly/ridges over
the GrIS, which can bring relatively warm southerly winds from lower latitudes to the western side of
Greenland [44]. Although the NAO and AO are very similar from a conceptual point of view and do
strongly correlate (r > 0.8), the recently declining nature of the summer NAO is not replicated in the
AO index [45]. Instead, both indexes show enhanced wintertime variability in recent years [45,46].
However, extreme negative phases, like in 2009/2010, are evident in both the NAO and AO index.
Stroeve et al. [46] highlights that winter months (December to January) for the period 1979 to 2009 with
a strongly negative AO index tend to show positive air temperature (925-hPa level) anomalies and
negative SIC anomalies over Greenland, Baffin Bay, Canada and Alaska. A steady increase in autumn
and winter air temperatures from 1995/1996 onwards could slow down or limit ice growth during
freeze-up and, hence, lead to prolonged periods with very thin ice in northern Baffin Bay. Following
this argumentation, increasing POLA and a later fall freeze-up align well. Therefore, besides having
a potentially large influence on summer melt rates on the GrIS and land surface [41], we assume that
increased winter warming and associated negative NAO phases are also linked to sea ice and polynya
characteristics in the NOW region.

Overall, it can be noted, that MODIS, as well as both AMSR-E PSSM and SSM/I-SSMIS PSSM all
capture the general seasonal development of polynya opening events in good agreement (compare
Table 3). In several cases, MODIS-derived POLA exceeds the passive microwave estimates by a factor
of 1.5 to two, especially for polynyas below 40,000 km2. When comparing individual winter seasons,
a large interannual variability can be observed.
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Table 3. Comparison of calculated monthly mean polynya area (POLA; in 103 km2) from different
sensor types (SSM/I-SSMIS, AMSR-E, MODIS) and methods, averaged over the overlapping period
from 2002/2003 to 2010/2011 (November to March). Cloud-cover corrections have been applied to
the MODIS data where CC denotes the values after coverage correction and SFR denotes the values
after the spatial feature reconstruction (compare Section 2.6). All values are calculated within the
predefined polynya mask (Figure 1).

SSM/I-SSMIS SSM/I-SSMIS AMSR-E AMSR-E MODIS MODIS
70PT PSSM 70PT PSSM CC SFR

(103 km2) (103 km2) (103 km2) (103 km2) (103 km2) (103 km2)

November 50.5 39.3 38.5 39.1 39.3 42.8
December 25.6 21.6 20.5 22.5 29.0 30.8

January 12.9 15.6 13.5 15.3 26.9 28.1
February 11.4 12.6 10.8 13.5 21.8 22.5

March 10.0 12.2 10.5 12.1 19.9 20.3
Mean 22.1 20.3 18.8 20.5 27.4 28.9

SD 17.0 11.3 11.8 11.2 7.6 8.8

3.3. Thin-Ice Thickness Distribution and Thermodynamic Ice Production for 2002/2003 to 2014/2015

Figure 8 shows a histogram of the total wintertime relative TIT distribution for ice thicknesses
below 0.2 m, based on median daily composites. Colors indicate monthly differences. Between
November and March, ice thinner than 0.04 m contributes around 9 to 10% to the total polynya area in
an average winter season, with the largest proportion being present in November during freeze-up.
Thicker ice classes (>0.1 m) show higher contributions of around 10 to 11% in total, therefore covering
more than half of the entire NOW polynya predominately from January to March. Concerning the
thin-ice thickness distribution in the NOW-polynya region, there is only sparse information available
in recent literature. As Ingram et al. [5] states, an improved characterization of the ice-thickness
distribution is one of the main aspects that needs to be further investigated in the NOW region to
get more viable information about the magnitude of heat exchange between ocean and atmosphere.
Nevertheless, some information on sea ice types and associated ice thicknesses in the North Water
region can be found in an older study by Steffen [47]. This study had the purpose of investigating
the general ice conditions in the winters of 1978/1979 and 1980/1981 by means of an aerial survey
performing radiometric temperature measurements of the sea surface. From these measurements,
distinct ice types were classified, and their proportion to the sea ice cover was derived. According to
Steffen [47], more than 50% of the NOW polynya (in his study called “Smith Sound polynya”) was
covered by young ice (0.1 m to 0.3 m), nilas (0 m to 0.1 m) and open water in the months November
to January. This is roughly in accordance to the estimated relative TIT frequencies (TIT ď 0.2 m) for
November to December derived in this study, where values up to 65% are visible south of Smith
Sound. Steffen [47] also states that in February and March, more white ice (>0.3 m) was present
during their flight campaigns. This fits the conclusion made earlier that there is less polynya activity
in the NOW region towards the end of the freezing season (Figures 4 and 5). While there is no direct
comparison available for the TIT distribution shown in Figure 8, the study of Steffen [47] also gives
an indication that the derived proportion of very thin ice is not far off from his observations (see his
Table 3; categories “ice-free” and “dark nilas” combined), despite a possible bias in this thickness
class due to inherent cloud and sea smoke effects [36].
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Figure 8. Histogram of the relative thin-ice thickness (TIT) distribution in the NOW polynya, with
ice-thickness classes of the 2-cm range (x axis). Input data are based on daily TIT composites covering
the complete freezing season from November to March. The bars indicate the relative distribution of
each thickness class from the total number of TIT ď 0.2-m appearances between the winter seasons
2002/2003 and 2014/2015. Contributions of each month with respect to the whole winter season for
each thickness class are indicated by the blueish colors (see the legend).

Based on the calculated thin-ice distributions, daily averaged net surface heat loss
and associated ice production (rates) are pixel-wise calculated. Spatial overviews of
interannual (2002/2003 to 2014/2015) average wintertime ice production (in m¨winter´1)
and the daily maximum ice production rates (in m¨d´1) are shown in Figure 9 with the
purpose of locating regional differences and typical spatial patterns. The highest values
of accumulated ice production (up to 13 to 14 m¨winter´1; Figure 9a) occur directly south
of the Greenland side of Smith Sound (lee-side) and slightly lower values (around 5 to
8 m¨winter´1) in proximity of the West Greenland coast. These values compare well to
Iwamoto et al. [21], who state a maximum rate of 13 m¨winter´1 and are therefore lower than the
19 m¨winter´1 stated by Tamura and Ohshima [20]. Maximum daily rates at these locations can
exceed 20 to 25 cm per day, in certain areas even reaching values as high as 30 cm per day (e.g., south
of Northumberland Island at approximately 77˝N, 72˝W; Figure 9b). It has to be noted that the typical
location of the ice bridge at Smith Sound (see the following Section 3.3) is well visible and recognizable
by its characteristic arch-like shape. However, the main location for high ice formation rates is found
at the eastern exit of Smith Sound, indicating the importance of the gap flow dynamics for the polynya
formation in that area [48]. Other prominent features are large areas of high ice production between
Ellesmere Island and Devon Island in the west of the polynya domain near Coburg Island. While
potentially belonging to individual smaller polynya systems (as implied by Barber and Massom [1]),
these areas are included in our NOW polynya estimates.
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(a)

(b)

Figure 9. Spatial distribution of (a) the average accumulated ice production (IP, in m¨winter´1) rate,
as well as (b) the maximum daily ice production rate (in m¨d´1) in the North Water Polynya for winter
seasons (November to March) 2002/2003 to 2014/2015.

In Figure 10a,b, average wintertime energy fluxes from the heat flux calculations are shown
together with the total accumulated ice production (CC/SFR) per winter season from November
to March. A detailed overview on ice production and polynya area (CC/SFR) for each winter
season is additionally given in Table 4. Overall, the average fluxes from both net long-wave
radiation and latent heat show almost no interannual variability by ranging around 95 W¨m´2 and
25 W¨m´2, respectively. The net energy balance during wintertime is therefore strongly controlled
by the contribution of the sensible heat flux. In the NOW region, average values for H are ranging
between 91 W¨m´2 (2010/2011) and 119 W¨m´2 (2004/2005). Concerning wintertime ice production
in the NOW polynya, results from the two correction schemes (CC/SFR) are overall differing by
approximately 4%. The average IPSFR value amounts to 275.7˘ 67.4 km3 (CC: 264.4˘ 65.1 km3).
We note a high interannual variability of ice production, with values as low as 190.2 km3 (SFR; CC
´6.9 %) in 2003/2004 and up to 405.7 km3 (SFR; CC´3.9 %) in 2013/2014. Large increases in IP occur
from winter 2005/2006 to 2006/2007 (SFR:`108 km3) and again from winter 2011/2012 to 2012/2013
(SFR: `106 km3). Regardless of the applied cloud-cover correction, a non-significant positive trend
of 5.9 km3¨yr´1 can be observed over the examined 13 winters’ record. The high ice production in
2013/2014 can be partly explained by continuously high frequencies of TITď 0.2 m and, therefore,
several large polynya events in the NOW area throughout the whole winter season from November
to March.
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Figure 10. (a) Average wintertime (November to March) energy fluxes of net long-wave radiation
(L*), sensible (H) and latent (E) heat (all in W¨m´2) within the applied polynya mask. (b) Annual
wintertime accumulated ice production (IP) in the NOW polynya (in km3¨winter´1) for 2002/2003
to 2014/2015. Estimations of IP are based on heat flux calculations using the daily derived TIT
composites. Special emphasis is given to the effect of an applied cloud-cover correction (CC/SFR).
The red dotted line shows a linear trend estimation for IPSFR.

Table 4. Accumulated ice production in km3 per winter and average polynya area (in 103 km2) for
each winter season (November to March) from 2002/2003 to 2014/2015 in the North Water Polynya,
together with the interannual average (mean) and its standard deviation (SD). Cloud-cover corrections
have been applied where CC denotes the values after coverage correction and SFR denotes the values
after the spatial feature reconstruction (see the text). All values are derived from daily MODIS TIT
composites after application of the predefined polynya mask (Figure 1).

Acc. IPCC Acc. IPSFR POLACC POLASFR
(km3) (km3) (103 km2) (103 km2)

2002 to 2003 276.6 290.3 30.2 32.1
2003 to 2004 178.0 190.2 20.0 21.7
2004 to 2005 191.0 196.2 20.1 20.8
2005 to 2006 249.2 259.8 27.3 28.8
2006 to 2007 352.2 368.2 35.6 37.6
2007 to 2008 258.2 266.6 27.9 29.1
2008 to 2009 326.2 337.1 34.8 36.5
2009 to 2010 230.5 236.7 27.2 28.3
2010 to 2011 208.1 219.1 23.5 25.4
2011 to 2012 198.3 207.8 22.2 23.8
2012 to 2013 299.4 313.9 33.8 35.6
2013 to 2014 390.6 405.7 41.7 43.7
2014 to 2015 279.1 292.6 30.1 32.0

Mean 264.4 275.7 28.8 30.4
SD 65.1 67.4 6.5 6.7
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Comparative numbers from previous studies in terms of ice production are hard to find
for the NOW polynya. There are recent studies by Tamura and Ohshima [20] (hereafter TO11)
and Iwamoto et al. [21] (hereafter I14), who both estimated pan-Arctic ice production in polynyas.
Their estimated ice production values are based on newly-developed thin-ice algorithms, which
use either SSM/I or AMSR-E brightness-temperature data to calculate thin-ice thicknesses.
These algorithms are based on empirical approaches, which incorporate either Advanced Very
High Resolution Radiometer (AVHRR) or MODIS-calculated reference-thicknesses (TIT). Similar
to our study, these estimated ice thicknesses are then combined with heat-flux calculations
(NCEP2 [49]/ERA-Interim reanalysis serving as the atmospheric dataset) to achieve ice production.

For the NOW polynya, TO11 [20] and I14 [21] state an average ice production of 353 ˘ 69 km3

(1992/1993 to 2007/2008) and 186 ˘ 34 km3 (2002/2003 to 2010/2011), respectively. The base-period
of these studies is extended by four months each winter season compared to our study (November
to March), and the applied polynya masks are differing (similar to the comparisons in [32]), which
makes direct comparisons challenging. For the same averaging interval as I14 and based on IPSFR,
we achieve a 41% higher value of 263 ˘ 61 km3. We assume that the values derived here are more
accurate, as they profit from the enhanced resolution of MODIS. Additionally, they are presumably
far less influenced by ambiguities in heat loss calculations by leaving out the months of September,
October, April and May. Regarding the large ice production in TO11 [20], the study of I14 [21] refers
to a “thin-bias”, which is explained by differences in the applied atmospheric reanalysis data (NCEP2
vs. ERA-Interim). Thereby, larger calculated heat loss and thinner TIT are explained by a lower bias in
2-m-air temperature and a higher bias in wind speed when NCEP2 is compared to ERA-Interim in the
the Arctic Ocean domain (also evident in Lindsay et al. [50]). Part of the difference from I14 is thought
to originate from a smaller areal extent of their polynya mask, which excludes the area of high IP
at the eastern entrance of Jones Sound (around 76˝N, 81˝W; compare Figure 9). We also applied a
smaller polynya mask, which excluded the Jones Sound area for earlier investigations on the NOW
polynya, which resulted in slightly lower IP (CC) estimates (about 8%). Taking this into consideration,
our presented average accumulated IP values would get closer to I14, while still being higher.

Both TO11 and I14 [20,21] state that polynyas located around the Canada Basin (including the
NOW polynya) show the largest ice production values in the early stage of the freezing period
(October to December), which afterwards gradually decrease towards March. This is also revealed
in our data and can be explained by more consolidated pack ice in northern Baffin Bay and several
fast-ice areas around Ellesmere Island at the end of a freezing season, which limit the west- and
south-ward expansion of the NOW polynya.

3.4. Ice Bridge Dynamics in Nares Strait (2002/2003 to 2014/2015)

According to Kwok et al. [51], ice bridges typically form at two distinct locations along Nares
Strait. A deeper understanding of the involved mechanisms and temporal patterns is of high value,
as the movement of sea ice through Nares Strait and, therefore, the export of old multi-year ice from
the north of Greenland is strongly controlled by the timing and location of ice bridge formation.

In the context of the present study, the most prominent location is certainly Smith Sound at
the southern exit of the channel, as it usually is associated with the formation of the NOW polynya
(e.g., [5,8]). According to Barber et al. [8], the timing of wintertime ice bridge formation at Smith Sound
is quite variable by occurring sometime between November and March. Barber et al. [8] analyze time
series of SIC north and south of the typical ice bridge location to infer characteristic development
stages in the course of a year. While a similar analysis using our data worked reasonably well for
the southern ice bridge at Smith Sound, we were not able to apply this analysis to the northern ice
bridge locations at Robeson Channel (compare Figure 1), presumably due to the coarse resolution of
the passive microwave data.

As an alternative approach we decided to take a closer look at the annual (November to March;
151/152 days in total) relative occurrences of MODIS TIT ď 0.2 m, in order to relate typical thin-ice
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locations to nearby ice bridge patterns. The spatial overviews for the winter seasons 2002/2003 to
2014/2015 are presented in Figure 11. The observed locations of an arch-type pattern during each
winter season are marked with a white arrow. The southern ice bridge at Smith Sound is present in
every winter season, except the period from 2008/2009 to 2009/2010. Contrary to Kwok et al. [51],
who also had a closer look at the behavior of the ice bridges in Nares Strait, we cannot confirm the
absence of the southern ice bridge in 2006/2007, which was stated as the main reason for a sea ice
export anomaly through Nares Strait in 2007. It was assumed that the movement of sea ice was not
suppressed by any kind of blocking features both at Smith Sound in the south and Robeson Channel
roughly 450 km further north. While the latter is also observable in our study (high TIT frequencies
in the northerly part of Nares Strait), an arch-type TIT pattern at the southern end of Nares Strait
was present during the whole winter season from November to March, although its location is very
variable. In addition, daily TIT maps reveal several events where large patches of ice broke off at
Smith Sound and drifting further south, thereby still indicating a less stable ice bridge and enhanced
sea ice export at the Canadian side of the channel.

Figure 11. Relative frequency distribution of thin-ice thickness ď 0.2 m in northern Baffin Bay/Smith
Sound, Nares Strait and Lincoln Sea for the complete freezing seasons (November to March)
2002/2003 to 2014/2015, based on daily TIT composites. Observed sites of ice bridge appearances
between November and March are indicated by white arrows.
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Barber et al. [8] stated that the formation of an ice bridge at Smith Sound seemed to be less regular
in the 1990s compared to the 1980s, with a tendency to form later and break up earlier. As we only
regard the case of ice bridge formation during winter, we cannot comment on the timing of ice bridge
break-up for the 2000s and ongoing. Regarding the later appearing ice bridge formation, we noted
a large monthly variability of TIT frequencies in Nares Strait over the last 13 winter seasons, but no
sign of a temporal shift.

Using SAR (Synthetic Aperture Radar) satellite imagery from RADARSAT, Kwok et al. [51]
estimated the average timing of ice bridge formation at Smith Sound to be around 2 February (˘44 d),
blocking the ice movement in Nares Strait on average for 184 ˘ 10 d until the summer melt period.
Based on monthly TIT frequency distributions (2002/2003 to 2014/2015; not shown), we can confirm
that the most regular ice bridge development starts from February onwards. In addition, more than
half of the winters between 2002/2003 and 2014/2015 already feature an ice bridge in November
and December.

Unfortunately, we are not able to directly relate the ice bridge formation in Nares Strait to the
development of the NOW polynya during winter. Years with high wintertime POLA and IP do not
necessarily coincide with long ice bridge periods and vice versa. Hence, we expect that the ice bridge
at Smith Sound becomes more important around April to June, when the NOW-polynya starts to
expand southward.

4. Summary and Conclusions

In this study, we present a long-term analysis of polynya dynamics and ice production in the
NOW polynya for the winter seasons 1978/1979 to 2014/2015. For that purpose, we analyzed
remote sensing data from both passive microwave (AMSR-E, AMSR2, SMMR/SSM/I-SSMIS) and
thermal infrared (MODIS) sensors to infer characteristic polynya quantities, such as the total
polynya area (POLA) and thermodynamic ice production (IP), on various spatial resolutions and
temporal scales. In order to allow comparisons between MODIS and passive microwave estimates,
two well-working approaches are applied to overcome difficulties with falsely-classified and/or
undetected cloud-covered pixels. All sensors capture the overall seasonal development of the
polynya very well, with differences occurring mainly in terms of polynya sizes due to the varying
capability to resolve smaller thin-ice features. Thereby, daily POLA derived by MODIS exceeds
the passive microwave estimates in most cases, as leads and areas in close proximity to the coasts
of Greenland and Ellesmere Island contribute to the estimations. This results in about 30 to 40%
higher average POLA estimates compared to the ones derived by AMSR-E. MODIS estimates can
even exceed the POLA values derived by SSM/I, depending on the type of calculation (70PT/PSSM).
In addition, land spillover effects are reduced compared to coarse-resolution passive microwave
estimates of POLA, which is especially valuable for areas with a very rugged coastline, such as
Greenland. While the difference in POLA between the 70PT and PSSM approach is fairly low
(approximately 10%) for AMSR-E, it can be much larger for the coarse-resolution SSM/I-SSMIS data,
especially in November and December, when large thin-ice areas dominate the NOW region. As
a compromise between a long-term satellite record and a good agreement with the comparatively
high-resolution MODIS estimates, the PSSM method should be used instead of the 70PT method
with SSM/I-SSMIS data to calculate POLA over longer time scales.

Compared to earlier studies in the NOW polynya region, the results presented in this study
extend the time series and use a multi-sensor approach. The derived location of predominant thin-ice
occurrences (i.e., POLA) is in accordance with other studies and focuses on the Smith Sound area with
ice bridge and gap flow mechanics as the responsible formation mechanisms. Our results confirm
earlier observations by Steffen [47] regarding high polynya activity at the beginning of the freezing
period and less polynya activity towards the end of the freezing season and give new insights on
a steady increase in polynya area since the mid-1990s. We suggest a potential connection of this
sudden shift to a predominately negative phase of the NAO since 1995/1996. However, a more
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detailed analysis on this topic is beyond the scope of this study and should be implemented in
a future atmospheric study. Comparative numbers for the ice production in the NOW polynya
are given in Tamura and Ohshima [20] and Iwamoto et al. [21]. Their estimations derived from
coarse-resolution SSM/I and AMSR-E data are either by far higher [20] than the results presented
here from MODIS IST data or clearly lower [21], which is (at least to some extent and also considering
an apparent “thin-bias” in [20]) expected to originate from the shortened investigation period in this
study (leaving out September, October, April and May) and different polynya masks [21].

Increased thin-ice frequencies in Nares Strait could be linked to nearby ice bridge formation
by revealing distinct spatial patterns. Unfortunately, we could not deduce a clear relation to our
calculated polynya metrics and instead assume an increased importance of the ice bridges in Nares
Strait towards spring and summer.

Long-term time series of POLA (1978/1979 to 2014/2015) and IP (2002/2003 to 2014/2015),
as well as thin-ice characteristics in Nares Strait complement atmospheric and oceanographic
observations and model efforts in the NOW region over the last decades. A future synthesis of
atmospheric and oceanographic modeling and remote sensing observations might help to explain the
obvious changes that are taking place in the NOW region since the 1990s and ongoing. Although
the atmospheric part is the essential formation mechanism for the NOW polynya, e.g., [5,8,20],
a more detailed analysis of the ocean heat budget (influenced by the Arctic ocean and different
water masses in Baffin Bay, like the relatively warm West Greenland Current [11]) and potential
implications could certainly help to obtain a complete picture. Supplementary data are available
at http://dx.doi.org/10.1594/PANGAEA.854921.
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Abbreviations

70PT 70% sea ice concentration threshold
ADEOS-II Advanced Earth Observing Satellite; also known as Midori II
AMSR-E Advanced Microwave Scanning Radiometer

-Earth Observing System
AMSR2 Advanced Microwave Scanning Radiometer 2
AO Arctic Oscillation
ASI ARTIST Sea Ice
AVHRR Advanced Very High Resolution Radiometer
CC coverage correction
CCS confident clear-sky
DMSP Defense Meteorological Satellite Program
ECMWF European Center for Medium Range Weather Forecast
GCOM-W1 Global Change Observation Mission-Water
GrIS Greenland Ice Sheet
GSFC Goddard Space Flight Center
IP ice production
IST ice surface temperature
JAXA Japan Aerospace Exploration Agency
MCC medium cloud cover
MCP mixed cover pixels

MODIS Moderate Resolution Imaging Spectroradiometer
NAO North Atlantic Oscillation
NASA National Aeronautics and Space Administration
NCEP2 National Center for Environmental Prediction-Reanalysis 2
NOW North Water
NRT near real time
NSIDC National Snow and Ice Data Center
PIX persistence index
POLA polynya area
PR polarization ratio
PSSM polynya signature simulation method
SAR Synthetic Aperture Radar
SFR spatial feature reconstruction
SIC sea ice concentration
SMMR Scanning Multichannel Microwave Radiometer
SSM/I Special Sensor Microwave/Imager
SSMIS Special Sensor Microwave Imager/Sounder
TB brightness temperature
TIT thin-ice thickness
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Abstract. High-resolution MODIS thermal infrared satellite
data are used to infer spatial and temporal characteristics of
17 prominent coastal polynya regions over the entire Arctic
basin. Thin-ice thickness (TIT) distributions (≤ 20 cm) are
calculated from MODIS ice-surface temperatures, combined
with ECMWF ERA-Interim atmospheric reanalysis data in
an energy balance model for 13 winter seasons (2002/2003 to
2014/2015; November to March). From all available MODIS
swath data, daily thin-ice thickness composites are computed
in order to derive quantities such as polynya area and total
thermodynamic (i.e., potential) ice production. A gap-filling
approach is applied to account for cloud and data gaps in
the MODIS composites. All polynya regions combined cover
an average thin-ice area of 226.6± 36.1× 103 km2 in win-
ter. This allows for an average total winter-accumulated ice
production of about 1811± 293 km3, whereby the Kara Sea
region, the North Water polynya (both 15 %), polynyas on
the western side of Novaya Zemlya (20 %), as well as scat-
tered smaller polynyas in the Canadian Arctic Archipelago
(all combined 12 %) are the main contributors. Other well-
known sites of polynya formation (Laptev Sea, Chukchi Sea)
show smaller contributions and range between 2 and 5 %.
We notice distinct differences to earlier studies on pan-Arctic
polynya characteristics, originating in some part from the use
of high-resolution MODIS data, as the capability to resolve
small-scale (> 2 km) polynyas and also large leads are in-
creased. Despite the short record of 13 winter seasons, posi-
tive trends in ice production are detected for several regions

of the eastern Arctic (most significantly in the Laptev Sea
region with an increase of 6.8 km3 yr−1) and the North Wa-
ter polynya, while other polynyas in the western Arctic show
a more pronounced variability with varying trends. We em-
phasize the role of the Laptev Sea polynyas as being a major
influence on Transpolar Drift characteristics through a dis-
tinct relation between increasing ice production and ice area
export. Overall, our study presents a spatially highly accu-
rate characterization of circumpolar polynya dynamics and
ice production, which should be valuable for future modeling
efforts of atmosphere–ice–ocean interactions in the Arctic.

1 Introduction

The sea-ice cover in the Arctic is subject to continuous
changes through a variety of thermodynamic and dynamic
processes, which are driven by atmosphere and ocean dy-
namics. Areas of open water and thin ice, i.e., polynyas and
leads, are characteristic features in this icescape with a huge
influence on local physical, biological and chemical pro-
cesses at the interface between the atmosphere and the ocean
(Barber and Massom, 2007).

Especially during winter, the presence of open water and
thin ice leads to increased ocean-to-atmosphere heat fluxes,
thereby allowing new ice production and brine release as well
as generally strong modifications of both the atmospheric
boundary layer and upper ocean layers (Ebner et al., 2011;
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Figure 1. Map of all investigated areas of interest located in the Arctic, north of 68◦ N. Except for the Laptev Sea (red frame), all other
applied polynya masks are marked in blue and enclose the typical location of each polynya in wintertime.

Gutjahr et al., 2016). Hence, an accurate assessment of win-
ter sea-ice production in the Arctic is of vital interest for the
understanding of Arctic sea-ice dynamics, the annual sea-ice
mass balance and, in general, for the verification of climate
and ocean models. In the case of the Arctic, it is widely con-
sidered that the main mechanism for polynya and lead open-
ings is divergent ice motions caused by wind-induced stress
(Smith et al., 1990). Therefore, most Arctic polynyas can
be found adjacent to or in the proximity of a fixed obstacle
such as the coastline, attached land-fast ice or ice bridges un-
der offshore-wind conditions (Williams et al., 2007). While
the time of formation, the duration and the spatial extent of
a polynya can be highly variable from year to year, their
location of formation is generally rather stable (Morales-
Maqueda et al., 2004). Leads are, in contrast, far more vari-
able both in space and time (Willmes and Heinemann, 2016).
Regular monitoring of these open-water and thin-ice areas
with a high spatial accuracy is therefore a crucial step to be
able to detect long-term changes, potential linkages and feed-
backs to other environmental compartments as well as spatial
and temporal patterns.

Based on the inventory of Barber and Massom (2007),
we here define a total of 17 individual polynya regions in
the Arctic north of 68◦ N (Fig. 1). Some of these areas are
designed to match reference areas in previous studies (e.g.,
Kern, 2008). The areal extent, i.e. the total ocean area, of
each subregion is depicted in Table 1. The vast majority of
polynyas in our study are located around the Arctic shelf ar-
eas, with the largest fraction in the Siberian shelf region (East
Siberian Sea (ESS), Laptev Sea (LAP), Severnaya Zemlya
North (SZN), Kara Sea (KAR) and Western Novaya Zemlya
(WNZ)). Other well-known sites of polynya formation are
the North Water (NOW) polynya in northern Baffin Bay, sev-
eral other frequently appearing thin-ice zones around north-
ern Greenland (Nares Strait–Lincoln Sea (NSL), Greenland
North (GLN), Northeast Water (NEW) polynya), the Stor-
fjorden (STO) polynya in the Svalbard Archipelago (SVA),
a number of smaller polynya locations around Franz Josef
Land (FJL), the Canadian Arctic Archipelago (CAA), as well
as the Beaufort Shelf (BSH), Cape Bathurst polynya (CBP)
and Chukchi Sea (CHU). The marginal ice zone (MIZ) in
the Fram Strait and northern Barents Sea is mostly excluded
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Table 1. Areal extents (i.e., total ocean area) of all applied polynya masks in km2. Furthermore, the interannual average amount of MODIS
swaths that could be used for calculating daily composites in a given region is indicated, together with the interannual average daily MODIS
coverage (decimal cover fraction ranging from 0 to 1 with their respective standard deviations) before (COV2) and after (COV4) application
of the spatial feature reconstruction (SFR) for each polynya region from 2002–2003 to 2014–2015 (November to March). The abbreviation
“ccs” denotes confident clear-sky coverage, while “HQ mcp” are high-quality mixed-cover pixels where either MODIS or ERA-Interim
medium cloud cover feature cloud signals in the daily composites. In addition, the average thin-ice thickness (TIT, in cm) inside each
polynya region (for all TIT≤ 0.2 m) is given together with its standard deviation. An overview on all applied predefined polynya masks is
given in Fig. 1.

Region Total ocean area Avg. number of COV2 COV4 Avg. TIT
MODIS swaths

(103 km2) (d−1) (ccs, HQ mcp) (ccs, HQ mcp, SFR) (cm)

Beaufort Shelf (BSH) 91.6 6 0.76 ± 0.03 0.97 ± 0.02 14.0 ± 0.5
Canadian Arctic Archipelago (CAA) 719.6 14 0.82 ± 0.03 0.96 ± 0.01 13.7 ± 0.2
Cape Bathurst (CBP) 311.6 10 0.81 ± 0.03 0.98 ± 0.01 14.1 ± 0.4
Chukchi Sea (CHU) 286.0 5 0.55 ± 0.04 0.79 ± 0.03 12.8 ± 0.4
East Siberian Fast Ice (ESF) 110.1 8 0.77 ± 0.04 0.96 ± 0.01 14.3 ± 0.3
East Siberian Sea (ESS) 904.1 9 0.70 ± 0.03 0.92 ± 0.01 14.0 ± 0.3
Franz Josef Land (FJL) 140.1 13 0.79 ± 0.04 0.97 ± 0.02 11.7 ± 0.8
Greenland North (GLN) 33.8 13 0.67 ± 0.04 0.81 ± 0.04 16.3 ± 0.4
Kara Sea (KAR) 725.5 14 0.75 ± 0.04 0.95 ± 0.02 11.7 ± 1.1
Laptev Sea (LAP) 281.1 12 0.80 ± 0.03 0.98 ± 0.01 13.5 ± 0.5
Northeast Water (NEW) 112.0 13 0.81 ± 0.03 0.98 ± 0.01 13.7 ± 0.5
North Water (NOW) 110.1 13 0.85 ± 0.04 0.97 ± 0.01 11.5 ± 0.5
Nares Strait–Lincoln Sea (NSL) 55.5 14 0.83 ± 0.03 0.96 ± 0.01 13.6 ± 1.0
Storfjorden (STO) 11.7 9 0.75 ± 0.04 0.95 ± 0.03 9.2 ± 1.7
Svalbard Archipelago (SVA+STO) 204.3 13 0.68 ± 0.06 0.90 ± 0.04 7.2 ± 1.0
Severnaya Zemlya North (SZN) 65.3 12 0.80 ± 0.04 0.98 ± 0.01 13.5 ± 0.6
Western Novaya Zemlya (WNZ) 211.6 12 0.60 ± 0.07 0.83 ± 0.04 6.8 ± 1.6

Total 436.2 73∗ 0.75 ± 0.04 0.93 ± 0.02 12.7 ± 0.6

∗ Not the sum of all regions, as single MODIS swaths may cover multiple regions at the same time.

in our investigations due to a variety of potential ambigui-
ties originating from ocean heat fluxes and a high interan-
nual variability of the MIZ in terms of location and extent.
However, in order to ensure consistency with previous stud-
ies, the MIZ is to some extent included in the CHU, STO,
NOW, WNZ and KAR areas. For those regions, this implies
that the characteristics derived here may contain periods with
extensive ice-free conditions, first and foremost in early win-
ter.

Pan-Arctic estimations of daily thin-ice thickness (TIT)
and ice production in polynyas were previously published
by Tamura and Ohshima (2011) and Iwamoto et al. (2014),
who both presented newly developed empirical thin-ice algo-
rithms. Therein, commonly used passive microwave remote
sensing data from the Special Sensor Microwave/Imager
(SSM/I) and Advanced Microwave Scanning Radiometer-
EOS (AMSR-E) satellite sensors are related to reference
thin-ice thicknesses from Advanced Very High Resolution
Radiometer (AVHRR) and Moderate Resolution Imaging
Spectroradiometer (MODIS) thermal infrared data, based on
a characteristic inverse relationship between the surface brine
volume fraction and the thickness of sea ice (Iwamoto et al.,

2014). In both studies, the advantages of passive microwave
systems (complete daily coverage in the Arctic with almost
no influence of clouds) come at the cost of quite coarse spa-
tial resolutions (6.25–25 km), which strongly limit the ability
to resolve small and/or narrow thin-ice areas in close prox-
imity to coastlines or along fast-ice edges (Preußer et al.,
2015a).

According to Willmes et al. (2011), a retrieval of long-
term ice production is challenging for several reasons. The
derivation of polynya area needs to be addressed with spa-
tial and temporal resolutions that are sufficient for capturing
the seasonal and regional dynamics of polynya events (Win-
sor and Björk, 2000; Morales-Maqueda et al., 2004; Tamura
et al., 2008; Willmes et al., 2010). Furthermore, the heat loss
over the polynya has to be calculated, which requires detailed
information about the fraction of open water, the ice thick-
ness and its distribution within the polynya. The distribution
of thin-ice largely affects the heat loss by providing feed-
back on the ice-surface temperature, thereby altering the ver-
tical temperature gradients both through the ice as well as to-
wards the lower atmospheric boundary layer. No less impor-
tant, an accurate calculation of heat loss requires a state-of-
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the-art approach regarding the parametrization of the surface
energy balance, turbulent fluxes of latent and sensible heat
and the conductive heat flux through the ice. Thus, detailed
(i.e., region-specific and ideally highly resolved) information
on meteorological quantities and correct formulations for the
turbulent exchange coefficient for heat (CH) are of particular
importance (Gutjahr et al., 2016).

In order to address those challenges, the prime focus of
this study is aimed towards the derivation of daily spa-
tial thin-ice thickness distributions, which allows for a pan-
Arctic retrieval of associated quantities like polynya area
and thermodynamic ice production. We make use of a high-
resolution long-term record of thermal-infrared data from
MODIS, as measured ice-surface temperatures can be com-
bined with atmospheric reanalysis data in a 1-D energy bal-
ance model (Adams et al., 2013) to obtain ice thicknesses up
to 50 cm (Sect. 3.1). Based on these daily distributions and
taking into account the necessary compensation for inher-
ent cloud and data gaps (Sect. 3.2), the amount of new sea-
ice formation can be determined (Sect. 3.3). In Sect. 4, our
achieved results will be presented and discussed before clos-
ing this paper with final conclusions and prospects for fur-
ther investigations. In recent studies using the same method-
ology based on MODIS data, we focused on the Storfjorden
polynya (Preußer et al., 2015b) and NOW polynya (Preußer
et al., 2015a). The present study has a strong focus on the
Laptev Sea region due to significant changes over the last
decade (Sect. 4.2) as well as its role as a central component
of the Transpolar Drift, a large-scale drift system where ice
from the Siberian coastal regions is advected across the Arc-
tic Ocean and through the Fram Strait.

2 Data

2.1 MODIS ice-surface temperatures

The MOD/MYD29 Collection 5 sea-ice product (Hall et al.,
2004; Riggs et al., 2006) is used to derive thin-ice thick-
ness (TIT) from MODIS satellite data. It features swath
data of ice-surface temperatures (ISTs) from both MODIS
instruments on board the Terra and Aqua polar-orbiting
satellite platforms. All swath data offer a spatial resolution
of 1× 1 km2 at nadir and include a basic cloud-screening
procedure using the MODIS cloud mask (MOD/MYD35;
Ackerman et al., 2010). In general, the accuracy of the
MOD/MYD29 ISTs is given with 1–3 K (Hall et al., 2004).
All IST swaths covering the Arctic Ocean and adjacent seas
were extracted using metadata information for each MODIS
swath. Subsequently, single swaths were mapped onto a com-
mon equirectangular (reference) grid covering all areas north
of 68◦ N, with the output resolution set at 2 km in order to
account for the decreasing spatial resolution of the MODIS
sensor off-nadir. For our analysis between 2002/2003 and
2014/2015 (November to March), we used a total of 143 000

MODIS swaths for the complete Arctic domain, averaging at
73 scenes per day. The average number of MODIS scenes per
day and per polynya region are additionally listed in Table 1.

2.2 ERA-Interim atmospheric reanalysis data

In order to provide the necessary atmospheric input for the
applied surface energy balance model, the following vari-
ables from the European Center for Medium-Range Weather
Forecasts (ECMWF) ERA-Interim reanalysis product (Dee
et al., 2011) are used: 2 m temperature, 2 m dew point tem-
perature, 10 m wind speed and mean sea-level pressure. As
the use of the MOD/MYD35 cloud mask during nighttime
often contains misclassifications and ambiguities from unde-
tected clouds and sea smoke, we additionally utilize ERA-
Interim medium cloud cover (MCC) information. The study
of Liu and Key (2014) demonstrated that the ERA-Interim
MCC fields correspond closely to the MODIS-derived cloud
patterns throughout the seasons and can therefore be used
as an additional quality control during the TIT retrieval. The
temporal resolution of all variables is 6 h, so that each single
MODIS swath can be linked to the closest time step of the
atmospheric fields from ERA-Interim for the calculation of
thin-ice thickness, with the overall average time difference
being 90± 52 min (max. 180 min). The data set is provided
by ECMWF at a spatial resolution of 0.75◦ (approx. 80 km).
All ERA-Interim data fields are linearly interpolated and pro-
jected on the common reference grid in order to match the
higher spatial resolution of MODIS data.

3 Methodology

3.1 MODIS thin-ice thickness retrieval using a surface
energy balance model

We derive daily TIT distributions up to 50 cm by using an
approach that follows the work of Yu and Rothrock (1996),
Yu and Lindsay (2003) and Drucker et al. (2003). The core
of this approach is a one-dimensional energy balance model,
in which IST and the thin-ice thickness are related to atmo-
spheric radiation fluxes and turbulent heat fluxes. The orig-
inal method of Yu and Rothrock (1996) was first improved
and modified by Willmes et al. (2010) and Adams et al.
(2013). More recently, the latest modifications of the algo-
rithm are described in detail in Preußer et al. (2015a, b) and
Paul et al. (2015b), together with comprehensive information
on applied parametrization schemes that are used to calcu-
late atmospheric radiation fluxes and turbulent heat fluxes.
A complete overview on the currently used data-processing
chain is given in Fig. 2.

There are certain limitations and simplifications attached
to this procedure to derive TIT. First, it is only applicable to
clear sky conditions, as clouds and sea smoke would strongly
alter the recorded IST (Riggs et al., 2006). Second, we only
use nighttime scenes to avoid potential ambiguities from in-
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Figure 2. Schematic overview on the current version of the MODIS
thin-ice thickness (TIT) retrieval scheme based on Paul et al.
(2015b) and Preußer et al. (2015a). The most recent updates are
marked in green and are mainly aimed towards an additional cloud-
cover treatment. Aside from indicated abbreviations, “IST”, “MCC”
and “PIX” denote the ice-surface temperature, medium cloud cover
and persistence index, respectively.

cident shortwave radiation (Yu and Lindsay, 2003; Adams
et al., 2013). Furthermore, newly formed ice is assumed to be
free of snow and the temperature profile between the surface
(IST) and the lower boundary of the ice (constant; freezing
point of sea water) is linear. Following this assumption, the
approach does not explicitly discriminate between different
ice types within a polynya, as TIT is solely derived from cal-
culating the heat conduction in/through an assumed layer of
ice (aside from subsequent gap filling; see Sect. 3.2).

The study of Adams et al. (2013) presented a sensitivity
analysis of the TIT retrieval, which revealed average uncer-
tainties of±1.0,±2.1 and±5.3 cm for TIT classes 0–5, 5–10
and 10–20 cm, respectively. Between 20 and 50 cm, the un-
certainty increases considerably. Therefore, we constrain our
analysis accordingly as a thickness range of TIT ≤ 0.2 m is
widely regarded as a threshold for polynya areas and for esti-
mates of thermodynamic ice production in polynyas (Yu and
Rothrock, 1996; Adams et al., 2013; Haid et al., 2015).

3.2 Calculation of daily TIT composites and correction
of cloud and data gaps

Because of the restriction to nighttime scenes, a less fre-
quent MODIS coverage is present, especially towards the end
(February to March) of each winter season. In order to in-
crease the MODIS coverage for all considered areas (Fig. 1),
we derive daily composites of IST and TIT from the total
number of available MODIS swaths covering the Arctic do-
main on a given day (compare Sect. 2.1). Following the pro-
cedure described in Sect. 3.1, the TIT is first calculated from
each single swath on its own. Subsequently, the daily median
TIT per pixel is calculated and stored alongside its corre-
sponding IST value and daily median energy-balance com-
ponents. The median is preferred over a simple average in
order to reduce the potential risk of erroneously high or low
values in single swaths, originating from unidentified clouds,
for example.

As described in Sect. 2.2, we additionally make use of
ERA-Interim MCC fields as an indicator for potential cloud
coverage during the generation of daily TIT composites. Pre-
vious studies showed that a threshold of 75 % cloud cover in
the MCC fields is quite effective in identifying, filtering and
removing potentially cloud-affected areas (Paul et al., 2015b;
Preußer et al., 2015a). The combined MODIS and ERA-
Interim cloud information allows for the assignment of four
different quality classes for each pixel in the daily compos-
ites: (1) confident clear-sky pixels (“ccs”; clear-sky MODIS
and ERA-Interim), (2) mixed-covered pixels (“mcp”; ratio
between clear-sky input swaths and the total number of input
swaths per pixel), (3) definitive cloud-covered pixels (“dcc”;
both in MODIS and ERA-Interim) and (4) completely un-
covered pixels (“ucp”).

Paul et al. (2015b) introduced an additional cloud-cover
check based on the daily persistence of each pixel that is
classified as thin ice (TIT≤ 0.2 m). Misclassified thin-ice
detections (i.e., clouds) are generally associated with low-
persistence values due to their more mobile nature and dis-
placements on sub-daily timescales. In contrast, polynyas
show a higher spatial and temporal persistence due to their
distinct formation mechanisms (Sect. 1). Leads, however,
may be discarded by this criteria, since they generally have
a low persistence due to their short lifetime and sea-ice drift
caused by wind, ocean currents and tides. Based on these
simple but distinct relations, we use a pixel-wise persistence
index (PIX), defined as the ratio between the total number
of MODIS swaths that feature thin ice at a given pixel lo-
cation and the total number of swaths that feature clear-sky
conditions at the same pixel position.

All derived quality attributes (MCC filter, cloud-cover in-
formation, PIX) are utilized in the Spatial Feature Recon-
struction (SFR) algorithm (Paul et al., 2015a), which was re-
cently successfully applied on a regional scale in both the
Antarctic and Arctic to increase the information about other-
wise cloud-covered areas (Paul et al., 2015b; Preußer et al.,
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Figure 3. Different stages in the MODIS thin-ice thickness (TIT up to 0.2 m) processing chain for a single exemplary day (15 January 2015).
Subpanels (a), (b), (c1/c2) and (d) all feature a subset (northwestern Laptev Sea) from daily pan-Arctic TIT composites, with (a) showing
the daily TIT without any cloud treatment aside from the MOD35 cloud mask and (b) the resulting TIT distribution after applying the ERA-
Interim MCC filter. Panels (c1) and (c2) feature 2 bounding days with a better coverage of thin-ice thickness as a reference for the highest
relative contribution in the SFR algorithm. The resulting spatial distribution of TIT after application of SFR is shown in panel (d), with new
additional reconstructed areas (up to 20 cm) marked in red. A comparison with Advanced Microwave Scanning Radiometer-2 (AMSR2) ASI
sea-ice concentrations (Spreen et al., 2008; Beitsch et al., 2014; University of Bremen) from the same date is given in (e). The respective grid
resolution is given in the lower right corner of each subpanel.

2015a). The basic principle is that cloud-induced gaps in the
daily TIT composites are compared with the TIT of the sur-
rounding 6 days. In doing so, a probability of thin-ice oc-
currence is derived using a weighted composite of the days
surrounding an initial day of interest (DOI). As in previous
studies, we applied the following set of weights: w3 = 0.02
(DOI± 3), w2 = 0.16 (DOI± 2) and w1 = 0.32 (DOI± 1).
The probability threshold remains fixed at th= 0.34 and
needs to be surpassed in order to assign “new” probable
polynya pixels. Paul et al. (2015a) showed that this combi-
nation is less restrictive in terms of missing MODIS cover-
age in close proximity to the initial DOI. The procedure is
applied on all areas with identified low-quality data (low per-
sistence, cloud covered), so that indicated gaps can be filled
with new information on potential thin-ice occurrences. For
these areas, new TIT and IST values are pixel-wise allocated
using a weighted average (same set of weights w1 to w3 ap-
plied) of the surrounding 6 days (Paul et al., 2015b; Preußer
et al., 2015a). Table 1 gives an overview on the achieved
MODIS coverage before and after application of the SFR al-

gorithm. On a pan-Arctic level, the average (2002/2003 to
2014/2015) MODIS coverage is increased from around 0.75
(confident clear-sky and high-quality mixed-cover pixels fea-
turing clear-sky conditions in more than 50 % of all daily in-
put swaths) to 0.93 (including SFR areas), with certain re-
gions performing better (e.g., CBP, LAP, NEW, SZN) and
some other regions noticeably worse (CHU, GLN, WNZ).

A total of 66 case studies in the Brunt Ice Shelf region of
Antarctica demonstrated the generally good performance of
the algorithm in comparison to more intelligible approaches
by realistically reproducing artificially cloud-covered thin-
ice areas with an average spatial correlation of 0.83 and a
RMSE of 1904 km2 (Paul et al., 2015a). When compared
to reference runs based on equally weighted and in some
cases shorter time intervals, the SFR procedure featuring the
weights w1 to w3 (DOI± 3 days) listed above yielded su-
perior results both in spatial correlation and reconstructed
polynya extent, regardless of the temporal polynya evolu-
tion (e.g., opening–closing events). As an additional exam-
ple from the Arctic (northwestern Laptev Sea), Fig. 3 vi-
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sualizes the basic principle of the SFR algorithm, together
with a qualitative comparison of Advanced Microwave Scan-
ning Radiometer 2 (AMSR2) sea-ice concentration (SIC)
data (Spreen et al., 2008; Beitsch et al., 2014). As a first step,
the MCC filter eliminates potentially cloud-influenced areas
that are in this case located north of the Taymyr Peninsula
(Laptev Sea, Russia). One could argue that this filtering is
a bit harsh, but we chose a more conservative threshold to
minimize the risk of “false” thin-ice pixels. Afterwards, the
SFR algorithm is applied and a new gap-filled TIT compos-
ite (Fig. 3d) is produced. In this particular example from 15
January 2015, the reconstructed TIT distribution compares
well with locations of lower SIC from AMSR2 (Fig. 3e),
while maintaining the increased spatial detail at the same
time. Based on this example and successful applications in
previous works by the authors (Paul et al., 2015a, b; Preußer
et al., 2015a), we conclude that the applied schemes to com-
pensate and correct cloud effects work reasonably well on
a pan-Arctic scale and allow for a fair comparison to other
commonly used remote sensing approaches to infer polynya
characteristics, with limitations regarding the reconstruction
of leads.

3.3 Derivation of ice production and polynya area

Ice production rates are derived by assuming that the entire
heat loss at the ice surface to the overlying atmosphere con-
tributes to new ice formation (Tamura et al., 2007, 2008;
Willmes et al., 2011). Components for the following equa-
tion (Eq. 1) can be taken from calculated and gap-filled daily
MODIS composites.

∂h

∂t
=
−Q̄ice

ρice ·Lf
(1)

Therein, ∂h
∂t

denotes the ice production rate, Q̄ice is the
daily mean conductive heat flux through the ice, ρice is the
density of the ice (ρice = 910 kgm−3; Timco and Frederk-
ing, 1996) and Lf is the latent heat of fusion of sea ice (Lf =

0.334 MJkg−1; Tamura and Ohshima, 2011). ConcerningLf,
Tamura and Ohshima (2011) noted that an accurate value for
areas of high ice production is not known so far. Follow-
ing the work of Martin (1981), Tamura and Ohshima (2011)
argued that frazil ice consists of freshwater ice crystals en-
closed within a thin saline layer and that frazil ice produc-
tion rates are of similar magnitudes to freshwater ice pro-
duction rates. Consequently, we also use fixed values for ρice
and Lf in order to ensure comparability with earlier stud-
ies focusing on sea-ice production in (Arctic) polynyas (e.g.,
Willmes et al., 2011; Tamura and Ohshima, 2011; Iwamoto
et al., 2014). However, this simplification may introduce an
additional error source in our estimates due to spatially and
temporally varying conditions for ice formation. Note that
the negative sign in Eq. (1) implies that the atmospheric
heat flux is positive when the surface gains energy, and at

the same time it assures that ice production only takes place
when there is a net energy loss from the surface. Accord-
ing to the surface energy balance, the heat flux Q̄ice is equal
to the total atmospheric heat loss (sum of net radiation, tur-
bulent latent and sensible heat flux). We do not consider an
ocean heat flux, although it might potentially reduce ther-
modynamic ice growth in certain areas of the Chukchi Sea
(Hirano et al., 2016), the Canadian Arctic Archipelago (Han-
nah et al., 2009; Melling et al., 2015) and northern Baffin
Bay (e.g., Steffen, 1985; Yao and Tang, 2003) by as much as
23–27 % in case of the NOW polynya (Tamura and Ohshima,
2011; Iwamoto et al., 2014). The volume ice production rate
∂V
∂t

(IP) is calculated by multiplying ∂h
∂t

with the areal extent
of each pixel in the regarded region. Ice production rates are
calculated for each pixel with a TIT ≤ 0.2 m, and afterwards
extrapolated to daily rates. However, it has to be noted that
daily IP rates inhibit a positive bias due to the exclusive use of
both nighttime and clear-sky MODIS scenes. The former is
mainly of concern during the late autumn and early spring pe-
riod when polar night conditions are absent, while the latter
circumstance is unavoidable throughout each winter when re-
lying on optical and infrared remote sensing data. Since low-
level clouds reduce the net radiative loss by about 50 Wm−2

in polar regions (Heinemann and Rose, 1990; König-Langlo
and Augstein, 1994), the restriction to cloud-free conditions
in the daily composites results in a positive bias in IP. Con-
sidering an average clear-sky fraction of 73± 8 % per pixel
from all input swaths in a given daily composite and assum-
ing that not all clouds are low level, the overestimation of
net energy loss by our method can be estimated to be less
than 10 Wm−2, which corresponds to less than 0.4 m IP per
winter.

The daily polynya area (POLA, in km2) in each polynya
mask (Fig. 1) is defined as the accumulated total area of
all thin-ice pixels with a TIT≤ 0.2 m. Remaining MODIS
coverage gaps after the application of the SFR approach
(e.g., prolonged periods of persistent cloud cover, meaning
no coverage on more than 3 consecutive days) are handled by
additionally applying an extrapolation approach (coverage-
correction; CC) to calculated POLA and IP estimates, which
yields daily values with an error margin of 5 to 6 % (Preußer
et al., 2015b). In case of very persistent cloud cover inside
the respective reference areas and a resulting daily MODIS
coverage below 50 % (i.e., COV4< 0.5), both daily POLA
and IP are linearly interpolated from bounding days.

The complete period from November to March each win-
ter is considered for the calculation of POLA/IP, which im-
plies that the values derived here are potentially influenced
by shifts in the timing of freeze onset during the early freez-
ing season (November to December). For potentially MIZ-
influenced regions (CHU, SVA, NOW, WNZ, KAR), this has
to be considered when comparing metrics derived for the full
winter period (November to March).

For topographically complex regions like Greenland and
the Arctic fjords, recent studies revealed shortcomings of the
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Figure 4. Average winter (November to March) frequencies of TIT≤ 0.2 m in the Arctic between winters 2002/2003 and 2014/2015. For
each month, frequencies are calculated per pixel as the fraction of days with a TIT≤ 0.2 m relative to the 13-year investigation period. Note
that only thin-ice areas within the margins of a given polynya mask (dashed black lines; see Fig. 1) are used for further analysis, while all
other areas are discarded. Hence, areas with high TIT frequencies in the MIZ around the Fram Strait and northern Barents Sea are excluded
from further analysis due to potential ambiguities originating from ocean heat fluxes and a high interannual variability of the MIZ in terms
of location and extent.

coarse-resolution ERA-Interim data regarding the represen-
tation of mesoscale spatial features in the wind field, such
as tip jets, channeling effects or other topography-induced
phenomena related to locally increased wind speeds (e.g.,
Moore et al., 2016). Thus, ERA-Interim shows a tendency to
underestimate peak wind speeds (Moore et al., 2016), which
might in some cases induce a negative bias (lower heat fluxes,
smaller POLA or less IP) in regions where polynya formation
is strongly influenced by the local topography (e.g., CAA,
NOW, NEW, SZN). In our study, the usage of ERA-Interim is
motivated by ensuring comparability to similar studies (e.g.,
Iwamoto et al., 2014) as well as the constraint that higher-
resolution atmospheric data sets such as the Arctic System
Reanalysis (ASRv1 – 30 km; Bromwich et al., 2015) are cur-
rently not available for the complete time period from 2002
to 2015.

4 Results and discussion

4.1 Thin-ice dynamics, polynya area and
thermodynamic ice production in the Arctic for
2002/2003 to 2014/2015

Interannual average values for TIT≤ 0.2 m are listed in Ta-
ble 1 for each polynya region. They range between 6.8 cm
(WNZ) and 16.3 cm (GLN), with an overall average of about
12.7± 0.6 cm. The underlying long-term time series of av-
erage winter TIT within each polynya (not shown) reveal a
tendency towards decreasing thin-ice thicknesses in almost
every region (e.g., up to 2.5 cm per decade in the Storfjorden
polynya), with the only exceptions being the CAA, GLN and
NEW.

Monthly thin-ice frequencies, calculated per pixel as the
fraction of days with a TIT≤ 0.2 m relative to the 13-year
investigation period, are presented in Fig. 4. Frequencies of
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larger than 0.5 are primarily found around the Canadian Arc-
tic, first and foremost in the NOW polynya and the eastern
CAA. More specifically, coastal areas around Devon Island
and southwestern Ellesmere Island (Hells Gate, Cardigan
Strait) and larger areas at the eastern exits of Lancaster Sound
and Jones Sound are well visible and have previously been
related to tidal currents and slightly increased ocean heat
fluxes (Hannah et al., 2009; Melling et al., 2015). Other ar-
eas with similar magnitudes include the Storfjorden polynya
and coastal areas (north)west of Novaya Zemlya. In addition,
elongated thin-ice areas along the Siberian shelf (Laptev and
Kara seas, frequencies around 0.05 to 0.35 each month) are
well delineated. Locations of frequent thin-ice occurrences
in the Kara Sea are in accordance with results from the study
of Kern (2008). The northern Barents Sea, Franz Josef Land
and the Svalbard Archipelago also feature quite high appear-
ance rates of around 0.1 to 0.3. Contrary to earlier reports
(Barber and Massom, 2007), the Northeast Water (NEW)
polynya in northeastern Greenland (approx. 81◦ N, 13◦W)
neither shows any signs of disappearance, nor is it limited to
the spring to late autumn period. With average frequencies
of around 0.1 to 0.25 each month in winter, it is more likely
to be categorized as a regularly forming polynya. Compara-
tively low frequencies below 0.15 (especially from January
to March) are primarily found in the Beaufort and Chukchi
seas as well as in the East Siberian Sea. Vast fast-ice areas,
e.g., along the Siberian coast, can be detected from monthly
TIT frequencies, as these areas usually appear at fixed loca-
tions attached to the shore and TIT frequencies tend towards
zero as the ice quickly thickens by congelation ice growth.
Hence, our 13-year record of monthly TIT-occurrence rates
offers the potential to further develop optimized automatic
methods for a regular Arctic-wide mapping of monthly fast-
ice extents and could thereby complement currently existing
approaches from earlier studies (e.g., Yu et al., 2014; Ma-
honey et al., 2014; Selyuzhenok et al., 2015).

Compared to the study of Willmes and Heinemann (2016),
leads are only weakly visible in these long-term averages
(frequencies below 0.05–0.1). In Fig. 4, leads are mainly lo-
cated in the area of the Beaufort Sea and north of Green-
land (shear zones), which can be mainly attributed to their
relatively high spatial and temporal persistence. Frequent
lead occurrences in the East Siberian Sea found by Willmes
and Heinemann (2016), for example, are not reflected in
our study. In some regions, however, the influence of (shelf)
bathymetry and associated ocean currents on the spatial dis-
tribution of polynya and lead occurrences is also visible in
the TIT frequencies derived here (e.g., eastern exit Vilkitsky
Strait, Hanna Shoal on the northern Chukchi Shelf, northern
ESS).

In Figs. 5 and 6, the interannual variability of the average
POLA (in km2) and accumulated IP (in km3) is presented
for all examined polynya regions. In both figures, the differ-
ence between the beginning (November to December) and
end (January to March) of the freezing (winter) period is

additionally highlighted. Concerning POLA, it shows that
the largest average winter extents are found in the NOW,
WNZ and KAR areas. The study of Preußer et al. (2015a)
demonstrated that the large POLA values in the NOW region
are part of a (non-significant) long-term increase of average
polynya extents between 1978 and 2015. In case of polynyas
in the proximity of Novaya Zemlya, our average winter value
for POLA of around 42×103 km2 is fairly close to the respec-
tive value from Iwamoto et al. (2014) (49×103 km2), despite
the circumstances that their study covered an extended winter
period from September to May and featured a different mask
area, which stretched over some part of the western Kara Sea.
As mentioned earlier, Kern (2008) presented POLA values
for the Kara Sea. His retrievals are based on approximately
the same reference area (Fig. 1), which in this case allows for
a fair comparison to the numbers presented here. It shows
that the average POLA in the late freezing season reveals
similar magnitudes in recent years. During the period from
1979 to 2004, the average POLA (in Kern, 2008: January to
April) ranged between 1 and 5× 104 km2 (except for 1995,
which was around 6× 104 km2), which is close to the range
of the results presented here for January to March (Fig. 5;
Table 2). Although the estimated positive trend in POLA re-
mains non-significant for the Kara Sea as in Kern (2008),
the magnitude of the trend in the late freezing period (Jan-
uary to March, around 9000 km2 decade−1) seems to have
increased from 2400 km2 decade−1 (Kern, 2008) to around
9000 km2 decade−1 over the last 13 years. The interannual
POLA variability in all regions is generally pronounced, but
it is especially large for smaller polynyas and/or thin-ice re-
gions such as the NSL, NEW and ESS. Concerning seasonal
differences, it appears that some regions (e.g., NEW, GLN,
LAP, SZN) have the tendency towards larger thin-ice areas
during the freeze-up period since the time period of approx-
imately 2006/2007 to 2007/2008. About 8 to 10 polynya
regions show distinct positive trends of up to 18 390 km2

per decade (KAR), with only the LAP, ESF and SZN re-
gions being significant (two-sided t test) with p ≤ 0.05. In-
terestingly, subregions located in the proximity of the Beau-
fort Gyre (BSH and CBP) indicate very large thin-ice ar-
eas between November and December 2007, shortly after
the second lowest September sea-ice extent since 1979 (ap-
prox. 4.7 million km2; Parkinson and Comiso, 2013). This
did not appear in a similar way in 2012 (record low of ap-
prox. 3.4 million km2). A detailed investigation shows that
the freeze-up in the Beaufort Sea area was much slower
in 2007 and extended until mid-December, while in 2012
the same area was ice-covered by 10 November. The study
of Timmermans (2015) linked this significant delay in ice
growth to upward mixing processes of ocean heat in the
Canada Basin, originating from the release of stored solar
heat input following summer 2007. This resulted in large ar-
eas with very thin ice (around 170 000 km2) from November
to December and consequently allowed for huge amounts of
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Figure 5. Regional time series of the annual average polynya area (POLA; TIT≤ 0.2 m) in km2 from 2002/2003 to 2014/2015, together
with a seasonal comparison (November to December vs. January to March) and a linear trend estimation. The estimated linear trend (in
km2 yr−1), its p value and the interannual average POLA (in km2) are additionally listed in each subpanel. Please note the varying scale on
each y axis.
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Figure 6. Regional time series of the annually accumulated ice production (IP) in km3 from 2002/2003 to 2014/2015, together with a
seasonal comparison (November to December vs. January to March) and a linear trend estimation. The estimated linear trend (in km3 yr−1),
its p value and the interannual average IP (in km3) are additionally listed in each subpanel. Please note the varying scale on each y axis.
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Table 2. Average polynya area (POLA) in km2 in each polynya region between 2002/2003 and 2014/2015 (SFR cloud-cover correction
applied). Aside from being based on the available winter period from November to March, it is further separated between the early freezing
season (November to December) and the late freezing season (January to March). All values are derived from daily MODIS TIT composites
after application of the predefined polynya masks (Fig. 1). Trends are additionally given, where underlined, bold and bold italic numbers
denote statistical significance (two-sided t test) at the 90, 95 and 99 % levels, respectively.

November to March November to December January to March

Avg. POLA Trend POLA Avg. POLA Trend POLA Avg. POLA Trend POLA
Region (103 km2) (km2 yr−1) (103 km2) (km2 yr−1) (103 km2) (km2 yr−1)

Beaufort Shelf (BSH) 2.7 ± 2.4 −13 5.5 ± 5.8 132 0.8 ± 1.1 −111
Canadian Arctic Archipelago (CAA) 24.9 ± 5.1 648 41.5 ± 8.3 958 13.7 ± 5.2 438
Cape Bathurst (CBP) 10.4 ± 7.6 205 20.6 ± 16.9 581 3.6 ± 2.0 −49
Chukchi Sea (CHU) 3.7 ± 2.2 −50 8.2 ± 5.7 −95 1.3 ± 1.1 −37
East Siberian Fast Ice (ESF) 1.1 ± 0.7 110 2.3 ± 1.3 200 0.4 ± 0.5 48
East Siberian Sea (ESS) 5.7 ± 2.1 175 10.3 ± 5.2 385 2.5 ± 1.1 33
Franz Josef Land (FJL) 12.9 ± 6.0 850 15.2 ± 9.7 1565 11.5 ± 4.9 380
Greenland North (GLN) 0.6 ± 0.5 28 0.8 ± 0.6 14 0.5 ± 0.4 37
Kara Sea (KAR) 40.2 ± 15.8 1839 64.9 ± 26.8 3209 23.5 ±15.5 904
Laptev Sea (LAP) 12.1 ± 4.2 845 17.0 ± 8.0 1559 8.8 ± 2.7 362
Northeast Water (NEW) 2.8 ± 0.8 −37 3.3 ± 1.0 −10 2.4 ± 0.9 −55
North Water (NOW) 30.3 ± 6.7 711 37.7 ± 7.1 1072 25.4 ± 7.8 464
Nares Strait–Lincoln Sea (NSL) 4.3 ± 2.3 −6 5.7 ± 2.6 18 3.4 ± 2.8 −22
Storfjorden (STO) 3.3 ± 1.0 139 3.9 ± 1.1 175 2.9 ± 1.3 115
Svalbard Archipelago (SVA+STO) 29.9 ± 4.9 488 32.8 ± 6.5 732 27.9 ± 5.3 327
Severnaya Zemlya North (SZN) 2.6 ± 1.5 263 3.4 ± 2.2 353 2.1 ± 1.2 203
Western Novaya Zemlya (WNZ) 42.3 ± 11.1 −588 40.4 ± 13.8 −1806 43.6 ± 13.0 230

Total 226.6 ± 36.1 5468 309.4 ± 62.6 8864 171.3 ± 32.6 3151

latent and sensible heat to be released from the ocean, lead-
ing to extraordinary high IP values in these areas (Fig. 6).

Regarding IP, many of the features described above are
also visible in the regional time series of Fig. 6. Contrary to
Tamura and Ohshima (2011), the majority of polynya regions
show overall positive (up to 126 km3 per decade (KAR)) or
no trends in winter ice production, and only four regions indi-
cate a slight yet insignificant decrease over the last 13 years
(BSH, CHU, NEW, WNZ). Complete overviews of calcu-
lated average POLA and IP values per region, together with
their respective trends, are given in Tables 2 and 3, respec-
tively. These overviews highlight the huge effect that sea-
sonal differences (November to December vs. January to
March) have on calculated average values and trends for
the complete winter period from November to March. Con-
sequently, the numbers discussed here should be regarded
as winter integrals with potentially inherent effects originat-
ing from the timing of freeze-up onset. In cases such as the
Kara Sea, Franz Josef Land, the Chukchi Sea and the Cana-
dian Arctic Archipelago, for example, large thin-ice and po-
tential open-water areas during the early freezing period in
November and December imprint on the total winter aver-
ages as well as derived trends of POLA and IP, especially
from 2007/2008 onwards. While the majority of polynyas
also feature positive trends in the late freezing season from
January to March, these trends are for the most part insignif-
icant.

The average total ice production in Arctic polynyas sums
up to 1811± 293 km3 per winter. Thus, it lies in between
previously determined average values of 2940± 373 km3

(Tamura and Ohshima, 2011; 1992/1993 to 2007/2008)
and 1178± 65 km3 (Iwamoto et al., 2014; 2002/2003 to
2010/2011) per winter. We expect that the MODIS-derived
quantities offer a valuable increase in both spatial and quan-
titative accuracy due to the use of high-resolution and gap-
filled daily fields of thin-ice thicknesses. A shortening of the
averaging interval for the period 2002/2003 to 2010/2011 (as
in Iwamoto et al., 2014, but not accounting for differences
in covered winter period) marginally reduces the average to-
tal ice production derived here by about 1–2 %. In order to
assess apparent differences between our data set and the pas-
sive microwave data set from Iwamoto et al. (2014), a more
direct comparison based on identical reference areas and the
same winter period would be necessary.

A spatial overview of the average (2002/2003 to
2014/2015) accumulated ice production per winter (Novem-
ber to March) is presented in Fig. 7. Similar to Fig. 4, the
NOW polynya stands out at first glance due to its high aver-
age ice production of up to 14 m per winter. However, smaller
polynyas in the Canadian Arctic (around Devon Island) fea-
ture comparatively high values for ice production. Most other
areas in the Arctic produce on average between 1 and 3 m of
ice per winter, with a few noticeable exceptions like Franz
Josef Land (about 4–5 m per winter), the northern tip of No-
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Table 3. Average accumulated ice production (IP) in km3 in each polynya region between 2002/2003 and 2014/2015 (SFR cloud-cover
correction applied). Aside from being based on the available winter period from November to March, it is further separated between the early
freezing season (November to December) and the late freezing season (January to March). All values are derived from daily MODIS TIT
composites after application of the predefined polynya masks (Fig. 1). Trends are additionally given, where underlined, bold and bold italic
numbers denote statistical significance (two-sided t test) at the 90, 95 and 99 % levels, respectively.

November to March November to December January to March

Acc. IP Trend IP Acc. IP Trend IP Acc. IP Trend IP
Region (km3) (km3 yr−1) (km3) (km3 yr−1) (km3) (km3 yr−1)

Beaufort Shelf (BSH) 23 ± 23 −0.5 19 ± 23 0.0 5 ± 5 −0.4
Canadian Arctic Archipelago (CAA) 215 ± 43 5.4 136 ± 23 2.5 79 ± 31 2.9
Cape Bathurst (CBP) 78 ± 54 1.0 60 ± 48 1.1 18 ± 10 −0.1
Chukchi Sea (CHU) 27 ± 16 −0.5 20 ± 14 −0.3 7 ± 6 −0.2
East Siberian Fast Ice (ESF) 9 ± 5 0.8 7 ± 3 0.6 2 ± 2 0.3
East Siberian Sea (ESS) 41 ± 13 1.5 28 ± 13 1.3 13 ± 5 0.2
Franz Josef Land (FJL) 99 ± 41 5.6 42 ± 24 4.1 57 ± 22 1.5
Greenland North (GLN) 5 ± 4 0.2 3 ± 2 0.0 3 ± 2 0.2
Kara Sea (KAR) 277 ± 111 12.6 174 ± 76 9.0 104 ± 56 3.6
Laptev Sea (LAP) 96 ± 33 6.8 51 ± 24 4.8 45 ± 14 2.0
Northeast Water (NEW) 22 ± 7 −0.4 10 ± 3 0.0 12 ± 4 −0.4
North Water (NOW) 277 ± 67 6.0 135 ± 27 3.4 145 ± 45 2.6
Nares Strait–Lincoln Sea (NSL) 39 ± 22 0.1 20 ± 10 0.2 20 ± 16 −0.1
Storfjorden (STO) 21 ± 6 0.9 10 ± 4 0.5 11 ± 4 0.4
Svalbard Archipelago (SVA+STO) 214 ± 33 0.8 91 ± 24 1.6 123 ± 24 −0.8
Severnaya Zemlya North (SZN) 22 ± 11 2.0 10 ± 6 0.9 12 ± 6 1.1
Western Novaya Zemlya (WNZ) 367 ± 124 −7.0 136 ± 56 −6.8 231 ± 88 −0.2

Total 1811 ± 293 34.5 940 ± 178 22.4 871 ± 175 12.1

Figure 7. Average (2002/2003 to 2014/2015) accumulated ice production (m per winter) during winter (November to March) in the Arctic,
north of 68◦ N. The margins of applied polynya masks (Fig. 1) are shown in black dashed lines.
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Figure 8. (a) Decadal trends (m per decade) of winter (November to March) ice production in the Arctic, north of 68◦ N. Trends are
calculated by applying a linear regression to the annual accumulated IP per pixel for the period 2002/2003 to 2014/2015. Areas with statistical
significance (based on a two-sided t test) at the 95 and 99 % level are depicted in (b). The margins of applied polynya masks (Fig. 1) are
shown as black dashed lines.

vaya Zemlya (5–7 m per winter) and some coastal areas in the
Kara Sea (1–4 m per winter). While the core areas of high ice
production show a high resemblance to Iwamoto et al. (2014)
with marginal differences in absolute numbers, MODIS is
capable of providing enhanced spatial detail. This is espe-
cially valuable concerning the narrow thin-ice areas along
the coast and fast-ice edges in the eastern part of the Arc-
tic (Kara Sea, Laptev Sea, East Siberian Sea), as these areas
are not resolved by the coarse-resolution passive microwave
data (6.25 km; Iwamoto et al., 2014). This striking advantage
is also reflected in the comparatively narrow fjords and bays
or sounds around Greenland and the Canadian Archipelago,
where a high ice production of up to 3 m per winter is found.
While these observations, mostly related to differences in
spatial resolution, could explain the discrepancy described
above in average accumulated numbers to some extent (com-
pare Preußer et al., 2015a), the net effect of a lower grid size
cannot be quantified here.

Spatial trends between the winter seasons 2002/2003 and
2014/2015 (November to March) can be calculated by ap-
plying a linear regression to the annual accumulated IP per
pixel. The resulting map is shown in Fig. 8a. Aside from
many interesting small-scale patterns, two main conclusions
can be drawn from this spatial overview: (1) while the trends
identified in the western Arctic show no consistent pattern,
large areas of the eastern Arctic are characterized by signifi-
cant (two-sided t test; significance levels indicated in Fig. 8b)
positive trends that can exceed 2 m per decade and (2) we ob-

serve opposing negative–positive IP trends along the coasts
of the Laptev and Kara seas, which could be due to changes
in fast-ice extent over the 13-year period. Decreasing fast-
ice extents and durations in the eastern Arctic between 1976
and 2007 were recently described by Yu et al. (2014). In ad-
dition, Selyuzhenok et al. (2015) analyzed the fast ice in the
southeastern Laptev Sea in more detail (1999 to 2013). While
their study showed that the winter maximum fast-ice extent
(around March to April) as well as the shape and location of
the fast-ice edge did not vary significantly over the regarded
time period, they likewise presented an overall decrease in
the fast-ice season (−2.8 d yr−1) due to later formation and
earlier break-up. These described changes regarding the tim-
ing of fast-ice formation in early winter could explain the ob-
served structures of positive–negative trends in the proximity
of fast-ice areas.

In order to put these observations into context, we sup-
pose that this characteristic pattern of opposing trends in the
western and eastern Arctic as well as the apparently fast-ice-
related structures in the Laptev Sea and Kara Sea could be
connected to a fall freeze-up that has generally appeared later
(Markus et al., 2009; Stroeve et al., 2014) in recent years,
which itself is thought to result from a complex mixture
and/or interplay of year-round steadily increasing (2 m) air
temperatures (e.g., Cohen et al., 2014), distinct large-scale
atmospheric patterns (e.g., Rigor et al., 2002) and the over-
all downward trend of total sea-ice extent and volume in
the Arctic (e.g., Schweiger et al., 2011; Laxon et al., 2013).
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Figure 9. The geographical location of the Laptev Sea in the eastern Arctic. The applied polynya mask is marked in red, enclosing the loca-
tions of typical polynya formation along the coast and fast-ice edge (dashed white line; position derived from long-term thin-ice frequencies
in March; Fig. 4). Flux gates from the study by Krumpen et al. (2013) at the northern (NB) and eastern (EB) boundary of the Laptev Sea are
shown in the inset map (cyan solid lines). Bathymetric data from Jakobsson et al. (2012) (IBCAO v3.0).

The latter implies a tendency towards a more fragile, and
thus mobile, sea-ice cover in the Arctic, with a potentially
increased sensitivity for external forcing mechanisms (i.e.,
strong winds and/or ocean currents) that are responsible for
thin-ice formation in polynyas and leads. Since the Laptev
Sea is one of the main regions with highly pronounced and
significant positive trends in both POLA and IP throughout
the complete winter period, the following section will take a
closer look at polynya dynamics in the region.

4.2 Regional focus – Laptev Sea

One main advantage of the high-resolution MODIS data is
the ability to perform detailed investigations on a regional
scale across the Arctic. The grid spacing of 2 km allows for
the detection of relatively fine, delineated polynya structures
and for more accurate statements about areas of high ice pro-
duction than were possible in previous studies.

The Laptev Sea was previously described as a key re-
gion to investigate climatic changes in the Arctic shelf seas
(ACIA, 2005), as it is one of the major source areas for sea-
ice export into the Transpolar Drift system (Dethleff et al.,
1998). As can be seen in Fig. 9, the Laptev Sea is located
between the Severnaya Zemlya at the western boundary, the
Lena River delta at the southern edge and the New Siberian
Islands in the east (approximately 70–80◦ N, 100–140◦ E).

The water-mass composition in the Laptev Sea is temporar-
ily quite variable, as there is a huge freshwater inflow during
the summer and autumn period (around 750 km3 per year;
Rigor and Colony, 1997) and strong ice formation accom-
panied by brine rejection in polynyas during winter (Bauch
et al., 2012). These processes significantly alter the stratifi-
cation of the upper ocean layers as well as the salinity levels
in the annual cycle. These and other recurring features of the
sea-ice and ocean environments were recently illustrated and
updated by Janout et al. (2016).

During the freezing period (from roughly October to
June), fast ice forms along the coastlines of the Laptev Sea,
which usually reaches its maximum areal extent by April.
The approximate location of the fast-ice edge at the end of
March is depicted in Fig. 9. For drifting sea ice, the fast-ice
edge forms an advanced coastline with heavy ridging occur-
ring along this edge during onshore wind events (Rigor and
Colony, 1997). The combination of this fast-ice edge and off-
shore components of the mean wind patterns enable the for-
mation of several flaw-lead polynyas across the Laptev Sea,
which can reach widths of up to 200 km (Bareiss and Gör-
gen, 2005; Martin and Cavalieri, 1989; Ernsdorf et al., 2011;
Adams et al., 2013).

When comparing previous studies dealing with ice pro-
duction rates in the Laptev Sea (Dethleff et al., 1998;
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Figure 10. The daily polynya area (TIT≤ 0.2 m) in the Laptev Sea region for the winter seasons 2002/2003 to 2014/2015. Values are
calculated within the margins of the applied polynya mask (Fig. 1) and saturated at a level of 6×104 km2 for a better discrimination of lower
values.

Winsor and Björk, 2000; Dmitrenko et al., 2009; Willmes
et al., 2011; Tamura and Ohshima, 2011; Bauer et al., 2013;
Iwamoto et al., 2014; Gutjahr et al., 2016), it becomes clear
that there are large differences depending on the applied
methods and various data sets. In these studies, values for the
accumulated ice production during an average winter season
(“extended” winter period from November to April) range
between 55 km3 (Willmes et al., 2011) for an approach us-
ing microwave and thermal infrared remote sensing data in
combination with atmospheric reanalysis data and 258 km3

(Dethleff et al., 1998) when using a simple relationship be-
tween wind direction, wind speed, and polynya area. Es-
timated average values (September to May) from Tamura
and Ohshima (2011) (152 km3) and Iwamoto et al. (2014)
(77 km3) range in between. Although derived for different
time periods and slightly varying reference areas, these large
discrepancies highlight the relevance of applying improved,
high-resolution approaches to quantify sea-ice production.

In order to give an overview of the long-term development
of thin-ice areas (TIT≤ 0.2 m) in the Laptev Sea, the daily
POLA is presented in Fig. 10. It is evident that the largest
areas of thin-ice appear on average in November and more
recently also in December (compare Table 2). A tendency to-
wards an increased duration of these polynya events can be
observed. In the winter seasons 2008/2009 and 2009/2010,
large POLA exceeding 50 000 km2 were also observed in
January, and another major polynya event can be noted for
mid-February 2015. A pronounced seasonal variation is vis-
ible for the winter seasons 2004/2005, 2005/2006 and from
2010/2011 onwards, while the other years show less polynya
activity (more lengthy periods with a closed polynya; white
color in Fig. 10) and overall smaller polynya extents in
February and March.

Figure 11 shows an annual comparison (2002/2003 to
2014/2015) of accumulated (November to March) ice pro-

duction (in m per winter) for the Laptev Sea. The highest
ice production rates of sometimes more than 4 m per winter
occur predominantly in the proximity of the Taymyr Penin-
sula and Severnaya Zemlya (western Laptev Sea), as well as
along the southern fast-ice edge (mainly coastward of the re-
gions with high ice production). However, ice production in
the eastern Laptev Sea (west and north of the New Siberian
Islands) shows a greater interannual variability. Furthermore,
it is striking that the position of the fast-ice edge in Fig. 11
is highly variable over the 13-year record (as in Sect. 4.1,
Fig. 8a). However, it has to be noted that certain bands of
higher ice production, especially in the southeastern Laptev
Sea, reflect the winter evolution of fast ice (compare Se-
lyuzhenok et al., 2015) and are hence primarily related to the
early winter period from November to December. Another
interesting observation can be made in the Vilkitsky Strait,
which is located in the western Laptev Sea south of Sever-
naya Zemlya (Fig. 9). The distribution of thin-ice areas con-
tributing significantly to the total sea-ice production in that
area seems to shift westwards towards the Kara Sea in sev-
eral years (2005/2006 to 2012/2013 and 2014/2015). In some
cases, the shape of these areas resembles an arch-type pattern
of an ice bridge mechanism, a feature that commonly appears
in the Nares Strait between Ellesmere Island and Greenland,
for example (Williams et al., 2007).

Krumpen et al. (2013) discovered that most of the ice be-
ing incorporated in the Transpolar Drift originates from the
western and central part of the Laptev Sea. Furthermore, it
is indicated that the contribution from polynyas, while being
generally small, is limited to events in the proximity of the
Laptev Sea boundaries. As noted before, the northwestern
Laptev Sea shows by far the largest contribution to the to-
tal winter ice production in the Laptev Sea polynyas, which
implies a potential significant influence on the interannual
variability of ice export during winter. In order to check this
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Figure 11. Overview of winter (November to March) accumulated ice production (m per winter) in the Laptev Sea region between 2002/2003
and 2014/2015.

hypothesis, we compare annual accumulated IP values to in-
dependently derived ice-area export (IAE) values (both pre-
sented as anomalies and normalized with their standard devi-
ation) in Fig. 12 for 2002/2003 to 2014/2015. IAE values are
taken from the updated time series of Krumpen et al. (2013),
where they were calculated as the integral of the product
between the eastward and northward component of the ice
drift velocity and ice concentration at the northern boundary

(NB) and eastern boundary (EB) of the Laptev Sea, respec-
tively. Similar to a high agreement between polynya area and
across-boundary ice export (Krumpen et al., 2013), there is
also a significant correlation between calculated ice produc-
tion and the areal ice export (r = 0.69 with p = 0.009).

The spatial overview of annual ice production (Fig. 11) is
supplemented by the previously shown time series of the av-
erage winter POLA and accumulated IP per winter (Figs. 5
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Figure 12. Normalized anomalies of accumulated winter ice pro-
duction (IP of the present study, dashed line) and accumulated ice
area export (IAE, solid line) for the winter seasons from 2002/2003
to 2014/2015. IAE data are based on an updated time series from
Krumpen et al. (2013).

and 6, respectively). Both time series of POLA and IP in the
Laptev Sea show an overall positive trend (significant with
p ≤ 0.01), which can for the most part be traced back to
larger thin-ice areas during the freeze-up period in Novem-
ber and December (as described above, Fig. 10). This is un-
derlined by Tables 2 and 3, which both reveal largest aver-
age values of POLA and IP and most significant trends dur-
ing that period of winter. The average ice production from
November to March in the Laptev Sea is estimated with about
96±33 km3 (2002/2003 to 2014/2015), with a positive trend
of 6.8 km3 per year. Compared to other Arctic polynyas (see
Table 3), this corresponds to a share of about 5 % of the total
ice production in polynya regions.

As the relative strength of the Transpolar Drift is depen-
dent on atmospheric dynamics, it has previously been linked
to atmospheric indices like the Arctic Oscillation (AO) index
(Rigor and Wallace, 2004). For the period from 1982 to 2009,
the study by Kwok et al. (2013) presented indicators for a
net strengthening of both the Transpolar Drift and the Beau-
fort Gyre as well as a general increase in the Arctic ice drift
speed, which is presumably related to a decreasing fraction
of thick multiyear (MY) ice. As mentioned before (Sect. 4.1),
the latter is thought to be connected to an increased fragility
and mobility of the Arctic sea-ice cover, which may have
implications for pan-Arctic polynya and lead dynamics. Ac-
cording to Rigor et al. (2002), a positive winter AO pro-
motes both an increased ice transport out of the Arctic Ocean
through the Fram Strait and an increased ice transport away
from the Siberian coastal areas, thereby leaving open water
and thin ice that foster new ice formation. Hence, positive
trends in both POLA and IP not only fit well to the previously
estimated positive trend in IP from Iwamoto et al. (2014) but
also to the positive trend of 0.85× 105 km2 per decade in
the Laptev Sea ice area flux (Krumpen et al., 2013). Other
linkages and dependencies with the Arctic sea-ice extent in
September (annual minimum), the timing of the freeze on-

set and further connections to large-scale atmospheric cir-
culation patterns are very likely and have been proposed
by various previous studies (e.g., Alexandrov et al., 2000;
Deser et al., 2000; Rigor et al., 2002; Willmes et al., 2011;
Krumpen et al., 2013). In particular, a significant lengthening
of the melt season in recent years, and hence a later freeze-
up in autumn, already seems to imprint on the derived POLA
(i.e., thin-ice area) and IP estimates in the early winter pe-
riod (Markus et al., 2009; Parkinson, 2014; Stroeve et al.,
2014). In that context, increasing atmosphere and ocean tem-
peratures in autumn and winter were recently reported by
Boisvert and Stroeve (2015). These increasing temperatures
comprise the potential to alter or shift vertical temperature
gradients with consequences for the surface energy balance
and ultimately IP. Furthermore, a shortened fast-ice dura-
tion and enhanced variability of the fast-ice edge in early
winter (Yu et al., 2014; Selyuzhenok et al., 2015) presum-
ably influences the location of flaw leads and consequently
high ice production and brine release. Admittedly, all these
(potential) interconnections are rather complex and require
more detailed investigations that go beyond the scope of the
present study. In the context of other reported changes dur-
ing the spring and summer period (Janout et al., 2016), it
may emerge that the overall setup for atmosphere–ice–ocean
interactions in the Laptev Sea is gradually changing towards
a new state.

5 Conclusions

In the present study we analyzed circumpolar polynya dy-
namics and ice production in the Arctic based on high-
resolution MODIS thermal infrared imagery and atmo-
spheric reanalysis from the ERA-Interim data set. Pan-Arctic
and daily thin-ice thickness distributions were calculated
using a 1-D energy balance model for the period from
2002/2003 to 2014/2015 (November to March). After ap-
plying a necessary and well-working gap-filling approach to
compensate for cloud and data gaps, the thermodynamic ice
production was derived by assuming that all heat loss at the
ice surface contributes to the growth of sea ice. We presented
results for 17 prominent polynya regions, with a strong focus
set on the Laptev Sea region in the eastern Arctic. Despite
existing limitations originating from the use of thermal in-
frared remote sensing data during winter, we think that this
new data set of 13 consecutive winter seasons is a huge step
forward for a spatially accurate characterization of Arctic
polynya dynamics and the associated sea-ice budget related
to winter sea-ice production. Our main findings and conclu-
sions are the following:

1. The use of high-resolution MODIS data enables the
detection of thin ice much closer to the coast or fast-
ice edges, mitigates land spillover effects efficiently
and generally increases the capability of resolving
small-scale (> 2 km) thin-ice features such as narrow
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polynyas and leads, which therefore contribute to our
ice production estimates. This represents an advantage
compared to other (passive microwave) data sets.

2. The average winter-accumulated ice production in all
17 polynya regions is estimated to be about 1811±
293 km3. The largest contributions originate from the
western proximity of Novaya Zemlya (20 %), the Kara
Sea region and the North Water polynya (both 15 %) as
well as scattered smaller polynyas in the (eastern) Cana-
dian Arctic Archipelago (all combined around 12 %).
By relying on predefined and fixed polynya masks,
these IP estimates can include both thermodynamic ice
growth within detected polynya margins (TIT≤ 0.2 m)
as well as ice production in open ocean and/or MIZ ar-
eas. However, our estimate of the average total ice pro-
duction exceeds that of Iwamoto et al. (2014) by about
52–54 %. We note that differences in the regarded time
frame, reference areas, sensor specifics as well as a po-
tential bias due to cloud cover and/or the exclusive as-
sumption of clear-sky conditions certainly contribute to
this discrepancy.

3. Positive trends in ice production can be detected for sev-
eral regions of the eastern Arctic (most significant in
the Laptev Sea region with an increase of 6.8 km3 yr−1)
and the North Water polynya, while other polynyas in
the western Arctic show a more pronounced interan-
nual variability. These regionally different trends could
potentially originate from changes in the overall sea-
ice mobility (i.e., sea-ice drift), a temporal shift of the
freeze onset in autumn (leading to larger thin-ice areas
in November and December) or distinct large-scale at-
mospheric setups that promote an increased ice export
and enhanced ice production in the Siberian shelf re-
gions during winter.

4. The Laptev Sea region was chosen as a special focus in
our study as it is one of the core areas for ice production
in the Arctic with a distinct connection to Transpolar
Drift characteristics and showing a strong positive trend.
Ice production in the Laptev Sea was mapped with en-
hanced spatial detail, which is especially valuable in
this region with narrow and elongated flaw leads close
to the fast-ice edge. Our results showed that polynyas
in the Laptev Sea contribute at least 5 % to the total
potential sea-ice production in Arctic polynyas. While
the interannual variability in terms of location and ex-
tent seems to be rather high, the positive trends in both
POLA and IP time series fit well to results and observa-
tions from other recently published studies in the Laptev
Sea. A clear relation between increasing sea-ice area ex-
port (Krumpen et al., 2013) and positive trends in IP
could be demonstrated, and future comparisons with re-
cently derived volume-flux estimates in the Transpolar
Drift (Krumpen et al., 2016) certainly promise further

insights into the absolute contribution of polynyas to the
volume ice export out of the Laptev Sea and adjacent
seas.

5. Compared to the MODIS-derived lead product from
Willmes and Heinemann (2016), the SFR algorithm
used in the present study is not able to adequately recon-
struct leads with low spatial and temporal persistence. A
thoughtful combination of both concepts is therefore a
goal worth achieving for future investigations of thin-
ice regions in the polar regions using thermal infrared
data from MODIS or other comparable satellite sensors.
This would also allow for estimates of IP by leads for
the central Arctic Ocean.

6 Data availability

Supporting data, featuring time series of daily polynya area
and ice production for all 17 polynya regions, are available
at doi:10.1594/PANGAEA.869294. Daily maps of derived
thin-ice thicknesses and ice production are available on re-
quest from the authors (preusser@uni-trier.de).
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7 Synthesis & Outlook

In the course of the present (cumulative) thesis, a broad picture of Arctic polynya dynamics
was presented. Considering the fast changing Arctic environment, investigations on the role of
sea ice in general and thin-ice areas in specific are certainly of high interest to the polar scien-
tific community due to their vast range of interconnections to physical, chemical and biological
issues/matters. In order to increase the understanding of those ecological and environmental
hotspot regions, the expanded use of high-resolution optical TIR data is a goal worth to achieve
as it enables a spatially more accurate derivation of daily TIT distributions and polynya margins
than it is possible with other commonly used satellite systems, first and foremost passive mi-
crowave radiometers. However, it also imposes a lot of challenges that originate primarily from
the disturbing influence of clouds, besides other limitations that emerge from the exclusive use
of nighttime and clear-sky data. A main obstacle in that context was the weaker performance of
the MODIS cloud mask during nighttime conditions [e.g. Liu and Key 2014]. Hence, as outlined
in Ch. 3, one of the primary goals of this thesis was to demonstrate the applicability of this
data type to both large-scale and long-term time series of the MODIS sensor and find efficient
ways to compensate for the drawbacks of this approach (i.e., cloud cover). Thereby, a more
accurate quantification of potential thermodynamic ice production in Arctic polynyas should be
possible. In addition, the availability of a long-term MODIS reference data set enables compar-
isons to traditional polynya monitoring methods, which are commonly based on either sea-ice
concentrations or iterative classification strategies from passive microwave radiometers.

The first publication was aimed to address the long-term applicability of MODIS TIR data and
presented results on thin-ice dynamics and ice production in the Storfjorden polynya (south-
ern Svalbard archipelago) for the 12 winter seasons between 2002/2003 and 2013/2014. Thin-
ice thicknesses up to 50 cm were calculated using MODIS ice-surface temperatures (IST) and
ECMWF ERA-Interim atmospheric reanalysis data in an energy-balance model, as for thin ice
the atmospheric heat flux (i.e., total energy loss from the surface to the atmosphere) is balanced
by the conductive heat flux through the ice. The used method extended upon earlier studies
by Willmes et al. [2010, 2011] and Adams et al. [2013] by incorporating less coarse atmospheric
reanalysis data and the derivation of daily TIT composites. Cloud-induced gaps in these TIT
composites were addressed by introducing a basic coverage-correction (CC) scheme. While being
relatively simple in a mathematical sense, this linear extrapolation/upscaling procedure proved
to function reasonably well with a standard error of only 5-6%. However, as this procedure relies
on the daily percentage of MODIS coverage in a predefined polynya mask, i.e. the proportion
of POLA pixels in the covered part of the polynya reference area, it does not consider which
areas are cloud covered and, hence, if the scaling makes sense in a physical way. In case of the
Storfjorden polynya, the CC-approach increased both the average polynya area (4556 km2) and
average accumulated ice production (28.3 km3) by about 30%, when compared to uncorrected
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estimates. Overall, while results were mostly comparable to earlier studies in that region [e.g.
Jardon et al. 2014], the study extended upon the spatial detail as well as a more accurate de-
termination of daily thin-ice thickness distribution and with that, a reduced error in heat flux
calculations. Alongside with an increasing trend in ice production over the 12-yr period, the
importance of this relatively small coastal polynya system considering its potential contribution
to the cold halocline layer through salt release during ice-formation processes could be pointed
out.

The follow-up study focused on a well-known polynya region between the Canadian Arctic and
Greenland - the North Water (NOW) polynya in northern Baffin Bay. The NOW polynya was
chosen on purpose, as it represents the largest and most active Arctic polynya (north of 68◦N)
and has therefore a long history of extended/broad and multi-disciplinary investigations [e.g.
Deming et al. 2002]. However, despite its status and ongoing climatic changes, the last time that
the sea-ice cover and polynya properties of the NOW polynya were explicitly studied was roughly
15 years ago, which urged for an update and continuation of earlier efforts in that region. Be-
sides extending the MODIS time series by one more winter season, one main advancement in this
study compared to the first publication [Preußer et al. 2015b] was a generally more sophisticated
treatment of cloud cover by utilizing (1) additional data from ERA-Interim and a daily measure
for the persistence of thin ice to reduce the risk of misclassifications by the MODIS cloud mask,
and (2) an interpolation scheme (’Spatial Feature Reconstruction’ - SFR; Paul et al. [2015b])
that is aimed at reproducing likely polynya pixels based on derived polynya-probabilities from
bounding days (details in Ch. 5 and Ch. 6). Although still incorporating the CC-approach to
some extent, this SFR-enhanced time series of thin-ice thickness distributions, POLA and IP
enabled an evaluation of estimates that were solely based on the CC-approach, i.e. linear extrap-
olation based on the the daily MODIS coverage in the polynya reference area. Differences were
generally small (POLA IP: around 4-6%), so that it was concluded to rely on SFR estimates
in future studies as they add a certain level of confidence (based on spatial and temporal statis-
tics) and a physically solid explanation for necessary corrections. Based on the MODIS data,
a 13-yr time series of gap-filled TIT, thus POLA and IP, could be established. Furthermore,
the long-term behavior of wintertime ice-bridges in Nares Strait could be obtained from annual
frequencies of thin-ice occurrences. As one of the goals for this study was the analysis of the
multi-decadal polynya variability, different methods were applied on sea-ice concentrations and
brightness temperature data from various passive microwave radiometers (AMSR-E, AMSR2,
SMMR, SSM/I-SSMIS) to obtain the frequency of polynya occurrences and POLA, with also
enabled cross-comparisons to MODIS-derived quantities. Based on the SMMR / SSM/I-SSMIS
time series, starting in 1978/1979, results showed that the NOW polynya experienced signifi-
cant seasonal changes over the last three decades considering the overall frequency of polynya
occurrences and their spatial extent. In the 1980s, there were prolonged periods of a more or
less closed ice cover in northern Baffin Bay in winter. During the last decade, this changed
towards an average opening on more than 85% of the days between November and March. Since
the late 1990s, signs of a later-appearing fall freeze-up became evident. The comparison with
MODIS thin-ice thickness data shows that the wintertime polynya area estimates derived by
MODIS are about 30 to 40% higher than those derived using the polynya signature simulation
method (PSSM) with AMSR-E data. Differences and characteristics of two common microwave
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techniques (i.e., 70PT vs. PSSM) could be further revealed, as it turned out that the difference
in polynya area between PSSM and a sea ice concentration (SIC) threshold of 70% is fairly low
(approximately 10%) when applied to AMSR-E data. For the coarse-resolution SSM/I-SSMIS
data and particularly in early winter, this difference is much larger. Hence, a recommendation
regarding a long-term polynya monitoring (e.g. to be utilized as boundary conditions in numer-
ical models) could be given in that the PSSM method should be used for SSM/I-SSMIS data to
profit both from a long-term data record and realistic, yet potentially underestimated polynya
margins.

The final study evolved from Preußer et al. [2015b, a] and focused back to MODIS-derived
daily thin-ice thickness distributions, yet vastly expanding upon the covered spatial domain,
featuring all ocean areas north of 68◦N. Ultimately, the main purpose behind this study was
to assess pan-Arctic polynya dynamics at a high spatial resolution and a comparatively long
13-yr data record, as well as their possible connections to the Transpolar Drift system. Both
the spatial extent and the length of the data record represented a novelty for this method to
retrieve polynya characteristics and allowed for the first pan-Arctic qualitative comparison to
comparable passive microwave estimates [Tamura and Ohshima 2011; Iwamoto et al. 2014]. The
study used the latest iteration of the TIT retrieval and hence featured improvements from Paul
et al. [2015b]; Preußer et al. [2015a] regarding the treatment of cloud-cover and daily gap-filling
(SFR). In total, 17 major polynya regions were analyzed based on newly derived estimates of
the frequency of polynya occurrences, POLA and IP. In winter, all regions combined cover an
average (2002/2003 to 2014/2015) thin-ice area of 226.6 ± 36.1 x103km2, enabling an average
accumulated ice production of around 1811 ± 293 km3 per winter. The main areas for high ice
production were the Kara Sea region and the North Water polynya (both 15%), polynyas at
the western side of Novaya Zemlya (20%) as well as scattered smaller polynyas in the Canadian
Arctic Archipelago (all combined 12%). It had to be noted, however, that the influence of large
open-water areas during the freeze-up period on the derived IP could be quite significant for
some of these regions. The share of other well-known polynya regions (e.g. Laptev Sea, Chukchi
Sea) to the total ice production was smaller and ranged around 2 and 5%. The use of high
resolution MODIS data showed distinct advantages in narrow fjords as well as in proximity
of coastlines and fast-ice edges. Further, the capability to resolve larger leads was increased.
However, short-lived leads in the central Arctic Ocean were overall underestimated due to a
strict persistence criteria of 50%, meaning that more than half of the MODIS swaths covering
a pixel on a given day had to feature a thin-ice signal. Although the data record of 13 winter-
seasons is relatively short, positive trends in ice production were calculated for several regions
of the eastern Arctic (most significant in the Laptev Sea region with an increase of 6.8 km3/yr)
and the North Water polynya (not significant). Polynyas in the western Arctic showed generally
a higher variability. A special focus was set on the Laptev Sea region, as it remains one of the
core areas for ice production in the Arctic (total share around 5%) with a strong positive trend
and a distinct connection to Transpolar Drift characteristics. Concerning the latter, a clear
relation between increasing sea-ice area export [Krumpen et al. 2013] and positive trends in IP
could be highlighted. Overall, the study contained a spatially highly accurate characterization
of circumpolar polynya dynamics and ice production, with presumably high value for future
modeling efforts on atmosphere-sea ice-ocean interactions.
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Taking a step back and looking at all three publications in total, the consequent evolution of
the applied scheme to derive thin-ice thicknesses becomes obvious. Starting from the first long-
term application, over to noticeable enhancements in cloud-detection and compensation as well
as inter-sensor comparisons, the thesis ultimately ended up presenting a new 13-yr pan-Arctic
data set of daily gap-filled thin-ice thicknesses at a spatial resolution of 2km, which can now be
further utilized in a variety of atmospheric and oceanographic applications. A logical next step
regarding the potential effect on deep-water formation and the contributions to the cold halocline
layer in the Arctic is the circumpolar derivation of salt-fluxes, enabling the quantification of the
polynya-induced salinity increase in the Arctic shelf seas with a so far unmatched spatial detail.
One of the main deficiencies of the current data set is the limited capability to derive IP in short-
lived leads, which asks for a thoughtful combination with the data set / approach by Willmes
and Heinemann [2015, 2016]. This would be the next major upgrade, as this wasn’t possible in
earlier passive microwave studies. Getting a glimpse on the quantitative effect of leads in the
central Arctic on atmospheric and oceanic processes has the potential to be of high relevance not
only for the scientific sea-ice community. Another topic that is worth to address is the utilization
of new/better resolved atmospheric data sets in the TIT algorithm. The currently used coarse
grid-sizes of around 80km (ERA-Interim) impose potentially significant error sources by not
being able to resolve mesoscale spatial features in the wind field, including but not limited to
tip-jets, channeling effects and other topography-induced phenomena [e.g. Moore et al. 2016].
Hence, future versions of the TIT retrieval should evaluate the usage of higher resolution data
sets, such as the COSMO CLM [Gutjahr et al. 2016, 15km] or the soon to be released successor
of ERA-Interim, ERA5 [Hirahara et al. 2016, 30km]. Finding ways to extend the data record
by either incorporating available data from the Advanced Very High Resolution Radiometer
(AVHRR) or preparing for data from new satellite instruments like the Sea and Land Surface
Temperature Radiometer (SLSTR) onboard ESA’s Sentinel-3 satellite platform is another aspect
worth to strive for. However, the optimization of thin-ice retrievals from thermal infrared data
can only be one puzzle-piece in the comprehensive characterisation of the (Arctic) sea-ice cover,
as every sensor techniques has its distinct advantages and limitations. Finding ways to combine
the strengths from a wide range of remote sensing products, while at the same time adequately
addressing spatial and temporal scale-gaps, will ultimately be the key for further advances in the
field of sea-ice remote sensing as well as an accurate quantification and monitoring of climatic
changes in the polar regions.
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