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Abstract

Salt expelled during the formation of ice in polynyas leads to a d ownward precipitation of brine

that causes thermohaline convection and erodes the density strati�cation of the water column.

In this thesis we investigate by means of �ux models and satel lite data the ability of the West-

ern New Siberian (WNS) �aw polynya to modify the strati�catio n of the water column and to

form saline bottom water. The accuracy of existent microwave satellite-based polynya mon-

itoring methods is assessed by a comparison of derived estima tes with airborne electromag-

netic ice thickness measurements and aerial photographs take n across the polynya. The cross-

validation indicates that in the narrow �aw polynyas of the La ptev Sea the coarse resolution

of commonly used microwave channel combinations provokes er rors through mixed signals

at the fast and pack ice edges. Likewise, the accuracy of �ux mo dels is tested by comparing

model results to ice thickness and ice production estimates d erived from high-resolution ther-

mal infrared satellite observations. We �nd that if a realis tic fast ice boundary and parameteri-

zation of the collection depth H is used and if the movement of the pack ice edge is prescribed

correctly, the model is an appropriate tool for studying polynya dynamics and estimating as-

sociated �uxes. Hence, a �ux model is used to examine the effect of ice production on the

strati�cation of the water column. The ability of the polynya to form dense shelf bottom water

is investigated by adding the brine released during an except ionally strong WNS polynya event

in 2004 to the average winter density strati�cation of the water body. Owing to the strong den-

sity strati�cation and the apparent lack of extreme polynya even ts in the eastern Laptev Sea, we

�nd the likelihood of convective mixing down to the bottom to b e extremely low. We conclude

that the recently observed breakdown of the strati�cation d uring polynya events is therefore

predominantly related to wind- and tidally-driven turbulen t mixing.
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1

Introduction

1.1 The Arctic Ocean

The Arctic Ocean is divided into two basins, the Eurasian and t he Canadian Basins, separated

by a narrow ridge (Lomonosov Ridge) that crosses the whole Ar ctic straight from Siberia to

Greenland. The marginal seas cover the shallow continental shelves surrounding the Arctic

Ocean. Three connections to the worldwide ocean system exist , where water �ows in and out

of the basins (Fig. 1.1). The Fram Strait between Greenland and Scandinavia as the deepest

and widest one. Much narrower, the Bering Strait between Ala ska and Siberia allows the entry

of Paci�c Water into the Arctic Ocean. The third gateway for w ater masses consists of a system

of narrow channels between the islands of the Canadian Archi pelago. In terms of water mass

exchange the Fram Strait is the most important one (Brandon an d others, 2010).

The Arctic Ocean is usually described as consisting of three layers, characterized by different

water masses: the Arctic Surface Water, the Atlantic Water, and the Deep Water.

The Arctic Surface Water is subdivided into the upper Polar Mixed layer (upper 30 - 50 m) and

the Cold Halocline layer beneath (50 - 200 m, Barrie and others, 1998 ). The surface waters are

in�uenced by freezing and melting of sea ice, precipitation an d input of freshwater from the

shelves and are consequently far less salty than the waters be low (Brandon and others, 2010).

The layer is characterized by two main circulation systems: the clockwise Beaufort Gyre ex-

tending over the entire Canadian Basin and the Transpolar Dri ft running lengthwise across the

Eurasian Arctic from the Siberian Coast out through the west ern Fram Strait (Fig. 1.1)

The Cold Halocline layer is maintained by lateral transport o f water from the shelves and is

markedly strati�ed in density and salinity, while the temper ature is at the freezing point

(Melling and Lewis, 1982; Melling and Moore, 1995; Schlosser and ot hers, 1994). Its strati�ca-
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2 1 Introduction

tion prevents deepening of the Arctic Surface layer and insula tes the much warmer (tempera-

tures above 0°C) Atlantic layer below from surface processes. Any deepening of the mixed layer

is without consequence for the sea ice, because the surface wa ter remains at the freezing point.

The Atlantic Water enters the Arctic Ocean through the easte rn side of Fram Strait (West Spitzber-

gen Current) and the Barents Sea. North of Fram Strait, the At lantic Water encounters sea ice

which is melted such that the Atlantic Water submerges below the fresh surface layer. Without

further contact with the atmosphere, the Fram Strait Branch o f the Atlantic Water follows the

continental slope eastward at intermediate depth between 200 an d 900 m (Barrie and others,

1998). On its path around the basin, diffusion and mixing processes with other water masses

lead to a decrease of salinity and temperature. East of the St. Anna Trough, the Fram Strait

Branch is joint by the Barents Sea Branch of the Atlantic Wate r, which is much colder due to

intense cooling in the well-mixed Barents Sea. The Atlantic W ater is transformed into cold and

relatively saline Intermediate Water and cold and fresh Pol ar Water which exit the Arctic Ocean

through the Fram Strait. The Arctic shelf seas are essential for the transformation of two sepa-

rate water masses.

The cold and saline Arctic Deep Water is situated below the At lantic Water. Both in�ow and out-

�ow of deep waters can only occur through the Fram Strait beca use of the shallow sill depths

of the Bering Strait, the Canadian Archipelago, and the Baren ts Sea (Brandon and others, 2010).

The deep Arctic Ocean is mainly renewed from the adjacent she lves (Aagaard and others, 1981)

which results in a net conversion of surface to deeper water. S ea ice formation is an important

process in the conversion.

1.2 Dynamics and importance of sea ice

Arctic sea ice plays a crucial role in Northern Hemisphere clim ate and ocean circulation (e.g.

Serreze and others, 2009; Budikova, 2009). Sea ice in the Arctic Ocean forms when the surface

temperature falls below the freezing point of sea water. The ext ent and thickness of the sea

ice cover is governed by thermodynamic (e.g. heat content of ocean and air) and dynamic

processes (e.g. wind�elds and ocean currents) in the ocean, a tmosphere and the ice itself

(Petrich and Eicken, 2010). Likewise, the in�uence of sea ice on ocean and atmosphere is man-

ifold. For example, sea ice directly affects the vertical and/o r horizontal redistribution of salt

and is a driver of the global thermohaline circulation by provi ding cold and dense water during

the freeze-up period and fresh water during the melt season (B arry and others, 1993; Zakharov,
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Figure 1.1: Main surface circulation pattern (arrows) in the Arctic Ocean and annual net sea ice �ux in
km2 (boxes) of the Fram Strait and marginal seas (redrawn from Barrie a nd others (1998)). The sea
ice extent (light blue shading) is equivalent to the sea ice situat ion as observed by passive microwave
satellites in March, 2010. The yellow line represents the mean f ast ice extent in winter (see section 1.3
and Buzov, 1991). Source of ice �ux data: (Zakharov, 1976; Vin je, 1987; Aagaard and Carmack, 1989;
Kvambekk and Vinje, 1993; Kotchetov and others, 1994; Alexandro v and others, 2000)).

1997; McBean and others, 2005). Moreover, sea ice re�ects much of th e solar radiation back

into space, whereas dark ice free ocean absorbs more of the sol ar energy. Hence, the presence

of an insulating ice layer prevents the ocean from heating by l imiting the �ow of heat between

ocean and atmosphere. This results in a positive feedback loop called ice albedo feedback,

which causes the loss of the sea ice to be self-compounding.

The long-term average extent of sea ice in the Arctic Ocean var ies seasonally from 15.5 £ 106

km2 in March to 7.5 £ 106 km2 in September (Comiso, 2003). The motion patterns of ice and

surface water are about the same, as a long-term average, and largely wind-driven (Wadhams,

2000). The Beaufort Gyre primarily recirculates ice formed in th e Beaufort, Chukchi, and East

Siberian Seas and is responsible for the formation of thicker and older perennial sea ice zones
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north of Greenland and north of the Canadian Islands. Dependi ng on the dominant atmo-

spheric circulation over a year the Beaufort Gyre can be expande d or limited to a small re-

gion. The Transpolar Drift acts as a gigantic conveyor belt by transporting ice from the Kara,

Laptev, and East Siberian seas, toward the Fram Strait, where it exits the central Arctic Basin

(Colony and Thorndike, 1985). Following Vinje (2001) and Koeberle and Gerdes (2003), between

600 - 1200 £ 103 km2 of the polar pack ice is exported annually from the Arctic Basin to the

North Atlantic. This is equivalent to an volume �ux of 2.0 - 4.2 £ 103 km3 per year. The approx-

imate annual net sea ice area �ux out of Fram Strait and the mar ginal seas of the Arctic Ocean

is shown in Figure (1.1).

At longer time scales, the variability in the sea ice drift pat tern is mainly controlled by chan-

ges in the large-scale atmospheric circulation. The Arctic a tmosphere alternates between two

regimes of a weakened or strengthened anticyclonic circula tion (Beaufort Gyre) and an inten-

si�ed or suppressed cyclonic circulation in the eastern Arcti c (Bareiss and Goergen, 2005). The

changes between the atmospheric circulation regimes can be d escribed by the Arctic Oscilla-

tion (AO) index, which is de�ned as the leading principal compone nt of Northern Hemisphere

sea level pressure (SLP, Zhao and Liu, 2007). The AO governs the decadal and multidecadal vari-

ability of the atmospheric and oceanic circulation in the Arc tic (Bareiss and Goergen, 2005).

In this context, Proshutinsky and Johnson (1997) de�ne the two ar ctic-wide observed wind-

driven oceanic circulation patterns as the anticyclonic and cyclonic circulation regime, each

of which is persisting from 5 to 7 years.

In recent years, the summer Arctic sea ice extent and thicknes s have undergone dramatic chan-

ges. The sea ice extent has been declining at an annual average rate of approximately 3 % per

decade over the satellite record, and the summer decline see ms to be accelerating (Comiso,

2010; Kwok and others, 2009; Kwok and Rothrock, 2009). In September 2007, an u nusually low

summer ice extent of 4.2 £ 106 km2 was revealed by satellite observation, which was 1.6 £ 106

km2 or 23 % less than the previous record set in September 2005 (Stroeve an d others, 2008).

Climate models agree that the sea ice extent will further decl ine through the 21st century in

response to atmospheric greenhouse gas loading (Zhang and Wal sh, 2006). The rapid reduc-

tion in Arctic summer ice extent is thought to be a consequence of anomalously high surface

air temperatures (Stroeve and others, 2005). Meier and others (2007 ) suggest that both the AO-

induced circulation changes and increased temperatures hav e contributed to the decline. An

increased advection of thick multi-year ice out of the Arcti c through Fram Strait, replaced by

thinner ice, might further precondition for rapid sea ice retr eat in summer (Rigor and Wallace,
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2004).

So far, feedback mechanisms, and the consequences of a signi �cantly reduced summer ice

cover, on the climate of the Northern Hemisphere are still spec ulative. Nevertheless, the trend

in sea ice decline, the lack of winter recovery (Kwok and Roth rock, 2009), early onsets of spring

melting, and warmer-than-average temperatures suggest a sy stem that is trapped in a loop of

positive feedbacks, in which responses to inputs into the syste m cause it to shift even further

away from normal (Scott, 2008).

1.3 The Laptev Sea

Among the marginal seas of the Arctic Ocean the Laptev Sea is co nsidered as one of the most sig-

ni�cant regions of net ice production and export (Fig. 1.1, Zakha rov, 1966; Dethleff and others,

1998) giving it a key role in the future fate of the Arctic sea ice an d the ocean water mass dis-

tribution and larger scale circulation. Following Rigor an d Colony (1997) as much as 20 % of

the ice transported through the Fram Strait is produced in the L aptev Sea, which is located be-

tween the coast of Siberia, Severnaya Zemlya and the New Sibe rian Islands (Fig. 1.2). It is a very

shallow shelf sea with water depths between 15 and 200 m (Timokhov , 1994) and comprises

an area of approximately 500 £ 103 km2 (Dmitrenko and others, 2009). 5 major river systems

(Khatanga, Anabar, Olenek, Lena and Yana river) drain into t he Laptev Sea, the Lena River be-

ing the biggest one (Fig. 1.2). The Laptev Sea is ice covered fro m October to June, while during

summer most of the sea becomes ice free. The sea ice cover of th e Laptev Sea can be divided

into three regimes: the fast ice, the pack ice, and �aw polynyas (Eicken and others, 2005).

The fast ice consists of bottomfast and landfast ice. Bottom fast ice is sea ice that has frozen

to the sea �oor over shallow parts of less than 2 m water depth. It extends 10 - 30 km off-

shore the coast and is important maintaining the submarine per mafrost in near-shore areas

(Reimnitz and others, 1995; Eicken and others, 2005).

The �oating landfast ice is sea ice that has fastened along co asts. It covers more than 50 % of the

shallow eastern Laptev Sea and up to 25 % of the western Laptev Sea . The mean fast ice thick-

ness is around 2 m (Kotchetov and others, 1994). The lateral exten t of the landfast ice roughly

coincides with the position of the 20 m to 25 m isobaths and is cont rolled by the presence

of small islands and shoals (Reimnitz and others, 1994). Accord ing to Dmitrenko and others

(1999), small scale changes in the extent of the fast ice edge are r elated to the interannunal vari-

ability in the entrainment of river discharge onto the shelf from the Khatanga, Anabar, Olenek,

Lena and Yana rivers. Figure (1.2) shows the mean position of th e fast ice edge at the end of
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Figure 1.2: Map of the Laptev Sea showing the three distinct sea ice components: the fast ice zone, the
pack ice zone, and the location of the �aw polynyas. The mean la teral extent of the fast ice at the
end of the winter is indicated by the black dashed line. The grey sha ded area north of the fast ice
represents the pack ice zone. Between pack ice and fast ice edge, �aw polynyas are formed. The New
Siberian polynya (NS), the Western New Siberian polynya (WNS), th e Anabar-Lena polynya (AL), the
Taymyr polynya, the North-Eastern Taymyr polynya (NET) and the Eastern Severnaya Zemlya (ESZ)
polynya. Color coding corresponds to the bathymetry (water depth i n m, source: Smith and Sandwell,
1997).

the winter, as derived by Bareiss and Goergen (2005) from Advanc ed Very High Resolution Ra-

diometer (AVHRR) satellite images.

The freely �oating ice pack offshore the fast ice edge consist s mostly of ice formed during the

freeze up in autumn. According to systematic observations c arried out by the Soviet Union

since the 1930s, pack ice in the Laptev Sea grows up to a mean thicknes s of 1.57 m § 0.25 m

(Romanov, 1996). The pack ice drift in the Laptev Sea during autumn , winter and spring is dom-

inated by persistent offshore winds pushing the pack ice away fr om the fast ice edge (Timokhov,

1994; Rigor and Colony, 1997). Satellite based estimates made by Al exandrov and others (2000)

have shown that the annual areal ice exchange with the Arctic Ocean through the northern and
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northeastern boundaries of the Laptev Sea amounts to roughly 300 £ 103 km2 y¡ 1 (Fig. 1.1).

Following Proshutinsky and Johnson (1997) an increased advect ion away from the coast can be

observed during years with an anticyclonic circulation reg ime. In contrast, during years of cy-

clonic atmospheric circulation, the average winter pack ice e xport is lower.

As the pack ice drifts away from the fast ice edge, polynyas are f ormed. Open water with a

temperature close to the freezing point of sea water is exposed to the cold polar air and heat

loss from the open ocean to the atmosphere results in the format ion of frazil ice in the wa-

ter column that is transported by wind and currents towards th e downwind pack ice edge.

The frazil ice arriving at the downwind edge forms a thin layer of ice and water slurry called

grease ice that thickens by thermodynamic and dynamic proces ses as it drifts further offshore

(Smith and others, 1990; Winsor and Bjoerk, 2000; Willmott and othe rs, 2007). If the polynya is

limited on one side by landfast ice it is referred to as a �aw pol ynya and if the coast de�nes

its onshore extent, it is called coastal polynya. According to its geophysical mechanism and

shallow bottom topography, the recurrent �aw polynyas in the La ptev Sea are classi�ed as shelf

water latent heat polynyas. Different to latent heat polynyas , sensible heat polynyas are ther-

mally driven. They appear as a result of oceanic sensible heat e ntering the area of polynya

formation in amounts large enough to melt any preexisting ice a nd prevent the growth of new

ice (Morales Maqueda and others, 2004). The physical processes tak ing place inside a latent

heat �aw polynya are illustrated in Figure 1.3.

The waters on the shelves have a tendency towards a two-layer ed structure (Aagaard and others,

1985) due to sea ice melt in summer, large freshwater inputs from r ivers and precipitation. How-

ever, when ice is formed in polynyas, salt is expelled, leading t o a downward precipitation of

brine that causes thermoholine convection and temporarily e rodes the density strati�cation of

the water column (Ivanov and Golovin, 2007). Other processes that contribute to a destrati�-

cation of the water body in areas of open water are turbulent mi xing processes induced by cur-

rents and winds. In polynyas, where ice production is exception ally strong compared to its areal

size, the thermohaline convection together with wind- and c urrent-induced mixing processes

may indeed lead to total water homogenization, in which case dense bottom water is formed

(Backhaus and others, 1997). These cold saline waters may be tra nsported by large-scale cur-

rents downslope and have considerable impact far away from the ir source. For instance, the

Cold Halocline is maintained by advection of cold saline wat er formed as a result of sea ice

growth over the continental shelves of the Arctic Ocean and t he Bering Sea (Aagaard and others,

1981; Cavalieri and Martin, 1994; Winsor and Bjoerk, 2000). Moreover, polynyas are important

for a number of other environmental processes: If mixing cells a re deep enough, nutrients are
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Figure 1.3: The upper panel shows a schematic drawing of physical processes taki ng place inside wind-
driven latent heat �aw polynyas. Offshore winds push the pack ice a way from the fast ice edge, ex-
posing the freezing surface waters to the cold atmosphere. Frazi l ice is formed and herded downwind
until it consolidates at the pack ice edge. When drifting further offshore, the consolidated thin ice
is growing by thermodynamic and dynamic processes. During ice format ion, brine is released and
added to the water body. If ice formation is strong enough, thermohal ine convection (C) together
with wind- and current-induced mixing processes (T) may indeed erode the strati�cation and lead to
a total water homogenization, in which case dense bottom water is f ormed. The saline bottom water
accumulates over the shelf and eventually �ows down the shelf brea k slope to form deep water. The
aerial photographs in the lower panel were taken during the TR ANSDRIFT XIII campaign and show
the fast ice and pack ice zone and open water (with frazil ice fo rmation) and thin ice areas inside an
active polynya.

circulated from the water bottom to the upper surface layer str engthening biological productiv-

ity (Barrie and others, 1998; Arrigo, 2005). In addition, polynyas a ct as a sink for contaminants

and are sites of strong ocean-to-atmosphere moisture and hea t losses, which lead to a rapid

warming of the air column above and downwind of the polynya and therefore to modi�cations

in the mesoscale atmospheric motions (Smith and others, 1990; Al am and Curry, 1995; Sharma,

2003; Morales Maqueda and others, 2004).

In the Laptev Sea, persistent offshore winds generate a quasi-pe rennial �aw polynya extend-

ing almost 2000 km along the shelf and landfast sea ice several hu ndreds of kilometres wide

(Morales Maqueda and others, 2004). Following Zakharov (1966), the prominent �aw polynyas

in the Laptev Sea are the New Siberian polynya (NS), the Western New Siberian polynya (WNS),

the Anabar-Lena polynya (AL), the Taymyr polynya, the North-E astern Taymyr polynya (NET)

and the Eastern Severnaya Zemlya polynya (ESZ, compare Fig. 1.2) .

According to calculations made by Aagaard and others (1985) and Dmitrenko and others (2009),



1.3 The Laptev Sea 9

the annual net sea ice production in the entire Laptev Sea amoun ts to roughly 900 km 3.

Following Dethleff and others (1998), who investigated ice for mation in Laptev Sea polynyas

by means of a model applied to calculate ocean-to-atmosphere he at �ux and the resulting new

ice formation over open water, as much as 258 km 3 of ice is produced in polynyas. Putting

the results of Dethleff and others (1998) in relation to the annu al ice production estimated

by Dmitrenko and others (2009), �aw polynyas produce about 26 % of th e annual Laptev Sea

ice. The average annual polynya ice production calculated by W insor and Bjoerk (2000) is far

lower. The authors investigated Arctic polynyas during 39 win ter seasons from 1958 to 1997

by means of a large scale polynya model and calculated an avera ge annual ice production of

43 km3 (4.3 % of the annual ice production). Findings made by Willmes a nd others (2010a) are

somewhat similar to what is suggested by Winsor and Bjoerk (2000 ). According to their satellite-

based estimates, the annual polynya ice production amounts to only 5.5 % (55 km3) for the

total seasonal ice production and is hence signi�cantly smal ler than approximations made by

Dethleff and others (1998).

Large discrepancies exist in the estimated contribution of La ptev Sea polynyas to the annual

net sea ice formation. This might be a consequence of the use o f different sensor systems, mod-

els, observation periods and alternating de�nitions for the term 'active polynya'. Nevertheless,

without an exact quanti�cation of ice formation rates, an approxi mation of polynya induced

formation of saline water is dif�cult.

Following Schauer and others (1997) and Lenn and others (2008), pote ntial sites for dense wa-

ter formation are located in the central and northwestern La ptev Sea where ice production is

comparatively high. Dense water formed in these polynyas is be lieved to feed the Cold Halo-

cline but is found to be insuf�ciently dense to ventilate the layers below.

Compared to the central and northwestern polynyas, the Wester n New Siberian polynya (WNS;

Fig. 1.2) located in the eastern Laptev Sea is a region of relati vely weak to moderate ice for-

mation rates (Willmes and others, 2010b). In addition, the large summer run-off of the Lena

river freshens the surface ocean layer and leads to the devel opment of a distinct vertical den-

sity gradient in the water column (Dmitrenko and others, 2005). The strength of the strati�ca-

tion is controlled by the atmospheric circulation during sum mer months. Anticyclonic wind

conditions force the riverine water northwards and result i n a stronger density strati�cation.

Cyclonic atmospheric circulation de�ects the freshwater plu me of the River Lena eastward to-

wards the East Siberian Sea, thus causing higher salinities and a weaker density strati�cation

in the eastern Laptev Sea and the area around the WNS polynya (Ho elemann and others, 2010).
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Following Dmitrenko and others (2005), who evaluated ice produc tion in the Laptev Sea based

on a hydrographical dataset, this strong vertical density gr adient limits the probability for the

occurrence of convection down to the sea �oor during a polynya event in the eastern Laptev

Sea to 20 %.

1.4 Scope of this work

Since ice production and salt formation in the Laptev Sea have r eceived comparatively little

attention, and existing studies show large discrepancies in i ce and salt �ux estimates, little is

known about the role of the Laptev Sea polynyas for shelf water m ass modi�cation. However,

understanding vertical mixing and convection processes in co astal polynyas is important, since

they affect momentum, heat and biogeochemical air-sea �uxes (Morales Maqueda and others,

2004), and provide conditions for downslope transport of water, sed iments and pollutants.

(Reimnitz and others, 1994; Sherwood, 2000; Smedsrud, 2004).

In recognition of its importance and its barely explored state, the Laptev Sea in general and the

eastern Laptev Sea in particular has been subject of several Ru ssian-German research projects.

In the framework of this cooperation, the Arctic and Antarcti c Research Institute (AARI) in St.

Petersburg, the Alfred Wegener Institute (AWI) in Bremerha ven, the Leibniz Institute of Ma-

rine Sciences (IFM-Geomar) in Kiel, the University of Trier , the Academy for Science and Lit-

erature in Mainz and the Lena Delta Reserve in Tiksi, focus on year-round, integrated system

studies of sea ice cover, water column and sea �oor across and along frontal zones and the

Laptev Sea �aw polynyas during two seasonal cycles (2007 - 2009, System Laptev Sea, 2008).

The objective of the project is to investigate the response of f rontal zones and the polynya sys-

tem in the Laptev Sea to a changing Arctic environment (e.g. Dmi trenko and others, 2010a,b;

Hoelemann and others, 2010; Krumpen and others, 2010b; Willmes and ot hers, 2010b). The

presented thesis is part of the Russian-German research cooper ation 'Laptev Sea System'.

Because of its accessibility, a focus of the study is put on the WNS polynya in the eastern Laptev

Sea. The polynya is located less than 300 km away from Tiksi, a Rus sian settlement at the coast

of the Lena Delta. To aid scienti�c investigations, oceanog raphic, physical and biogeochemical

processes in the WNS polynya were studied in the �eld by means of 3 ship-based summer ex-

peditions and 2 helicopter-based winter expeditions (TRANSDRI FT (TD) XII, September 2007;

TD XIII, April 2008; TD XIV, September 2008; TD XV, March 2008 and TD XVI, Septem ber 2009).

The aim of the ship-based expeditions was to deploy 4 oceanographi c year-round moorings on

the Laptev Sea shelf in the vicinity of the WNS polynya. During th e winter expeditions, WNS
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Figure 1.4: Scienti�c activities during TD XIII expedition. The upper left p anel shows the assembling
of a weather station. The lower left panel pictures the recove ry of a mooring deployed for 1 month
under the fast ice by means of a tripod. The right �gure shows the so ca lled EM-Bird, an airborne
electromagnetic (EM) system towed by a Russian MI-8 helicopter 15 meters above the ice surface. The
instrument utilises the contrast of electrical conductivity betw een sea water and sea ice to determine
the distance to the ice-water interface (ice thickness).

polynya dynamics and ice formation were monitored with the ai d of helicopter-borne surveys

such as electromagnetic (HEM) ice thickness measurements a nd aerial photographs. In addi-

tion, a series of moorings and weather stations was installe d along the fast ice edge to record

hydrographic and atmospheric processes. Figure 1.4 shows scien ti�c activities during TD XIII.

At present, it is unclear whether ice formation in the WNS polyn ya is high enough to induce ver-

tical mixing processes that penetrate down to the sea�oor. Neve rtheless, owing to the strength

of the strati�cation and the noticeable lack of extreme polyny a events (Winsor and Bjoerk, 2000),

we hypothesize that ice production alone in the WNS polynya is no t high enough to erode the

halocline and that the probability for dense water formation is far lower than estimated by

Dmitrenko and others (2005). Hence, we believe vertical mixing pr ocesses to be predominantly

related to wind-driven or current-driven turbulent process es.

To test the hypothesis, an appropriate method to investigate poly nya dynamics and subsequent
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�uxes on a small-scale basis is required. We therefore �rst co mpare and evaluate different es-

tablished satellite or model-based approaches. The method of choice is then used to estimate

ice production and salt rejection taking place during strong po lynya opening events and to ex-

amine the effect on the strati�cation of the water body benea th.

1.5 Structure of the thesis

In this thesis we investigate the ability of the WNS polynya to modify the strati�cation of the

water column and to form higher saline water. Owing to the str ong strati�cation and moderate

ice formation rates, we believe the probability for dense she lf bottom water formation to be far

lower than estimated by Dmitrenko and others (2005). The most appr opriate approach for an

estimation of ice production and salt rejection in this area i s determined through a comparison

of different satellite-based methods and models.

In the �rst paper

Willmes, S. , T. Krumpen, S. Adams, L. Rabenstein, C. Haas, J. Hoelemann, S. Hendricks and

Heinemann G., 2010b. Cross-Validation of polynya monitoring met hods from multi-sensor

satellite and airborne data: A case study from the Laptev Sea, Canadian Journal of Remote Sens-

ing, 36(1), in press

we test spatial and temporal transferability of established s atellite-based polynya monitoring

methods to the Laptev Sea region. First we provide an overview of t he feasibility and compa-

rability of the existing methods in describing distinct polyn ya features, in particular polynya

area and thin ice thickness. Second, we cross-validate sate llite-derived polynya characteristics

and compare approaches to high-resolution helicopter-borne ic e thickness measurements and

aerial photography acquired during the TD XIII expedition in wint er 2008. Finally, we will eval-

uate the presented methods with respect to their applicability f or long-term investigations of

the Laptev Sea polynya dynamics and the inter-annual variabil ity of ice production.

Because we �nd existing passive microwave satellite-based pol ynya monitoring methods to suf-

fer from coarse resolution and errors in the ice thickness re trieval, monitoring of ice production

in narrow leads and polynyas remains dif�cult with satellite s alone. This gap may be �lled by

�ux models capable of simulating polynya evolution and ice �uxe s. Questions still remain as

to the consistency and accuracy of �ux model assessments.

The aim of the second paper
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Krumpen, T. , S. Willmes, M. A. Morales Maqueda, R. Gerdes, C. Haas, J.. Hoelemann and D.

Schroeder, 2010c. Veri�cation of a polynya �ux model by means of th ermal infrared satellite

observations, Annals of Glaciology, in press

is therefore to test whether �ux models provide realistic ice pr oduction estimates and can be

used to �ll the gap in narrow lead and polynya ice production mon itoring. Hence, we apply a

two-dimensional �ux model developed by Morales Maqueda and Wi llmott (2000) to simulate

ice production of an 11 day polynya event that took place in the sou thern Laptev Sea in late

December, 2007. Model results are compared to ice thickness and ic e production estimates, cal-

culated using high-resolution thermal infrared satellite data obtained from the Moderate Reso-

lution Imaging Sensor (MODIS) in conjunction with an atmosph eric dataset (Riggs and others,

2003; Yu and Lindsay, 2003).

In the third paper

Krumpen, T. , C. Haas, S. Hendricks, J. Hoelemann, R. Gerdes and D. Kalmbach, 2010a. HELIOS,

a nadir-looking sea ice monitoring camera, submitted to Cold Region Science and Technology

we describe the development of a simple nadir-looking low-cos t photogrammetric system that

is used to obtain aerial photographs over sea ice: The HELicopte r-borne Ice Observation Sys-

tem (HELIOS). The system was applied in this thesis (Krumpen and others, 2010c,b) and in a

number of other studies (e.g. Busche and others, 2009; Dmitrenk o and others, 2010b) to obtain

information about polynya characteristics and to document o ther airborne observations. Our

objective is to test whether the system ful�lls requirement s on accuracy for the documentation

of ground- and airborne surveys of sea ice. We present the aeri al unit, the image processing

techniques and evaluate, based on data obtained during forme r expeditions, the precision of

the system.

The hypothesis of the thesis is tested in the fourth paper

Krumpen, T. , J. A. Hoelemann, S. Willmes, M. A. Morales Maqueda, T. Busche , I. A. Dmitrenko,

R. Gerdes, C. Haas, G. Heinemann, S. Hendricks, S. Kirillov, L. Rabenstein and D. Schroeder,

2010b. Sea ice production and water mass modi�cation in the easter n Laptev Sea, submitted

to Journal of Geophysical Research

by applying a �ux model to an exceptionally strong and consisten t polynya event in 2004. In

paper 2 we �nd that this simpli�ed physical polynya model provides a g ood and fairly accurate

alternative to passive microwave polynya monitoring techniqu es. The ability of the polynya
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to form dense shelf bottom water is judged by integrating the computed amount of salt rejec-

tion over a water body with a relatively weak vertical densit y gradient, pre-conditioned by a

cyclonic circulation during summer. The underlying hydrog raphic data were taken from the

data archive of the AARI and former Russian-German expedition s. Prior to the simulation of

the major polynya opening event observed in 2004, we test the model pa rameterizations and

performance using a minor but well documented opening event ob served during TD XIII.
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Abstract
Wind-driven �aw polynyas in the polar oceans are recognized as regions of extensive new ice

formation in the cold season. Hence, they may play an increasi ng role in the uncertain future of

the sea ice budget in the polar oceans. The Laptev Sea polynyas in the Siberian Arctic are well

recognized as signi�cant ice producers and might gain special attention with regards to ice

volume changes in the Arctic. A long-term monitoring and cha racterization of these polynyas

requires stable methods to detect the area of open water as well as growth, thickness and evo-

lution of thin ice. We examine different parameters and method s to observe polynya area and

thin ice thickness during a prominent polynya event in the Lapte v Sea in April 2008. These

are derived from visible, infrared and microwave satellite d ata. Airborne electromagnetic ice

thickness measurements with high spatial resolution and aer ial photography taken across the

polynya are used to assess the feasibility of the used methods for long-term and large-scale

polynya monitoring within this area. Our results indicate th at in the narrow �aw polynyas of

the Laptev Sea the coarse resolution of commonly used microwa ve channel combinations pro-

vokes sources of error through mixed signals at the fast and pac k ice edges. Polynya monitoring

results can be signi�cantly improved using enhanced resolut ion data products. This implies

that previously suggested methods for the retrieval of polynya area, thin ice thickness and ice

production are not transferable in space and time. Data as well as method parameterizations

have to be chosen carefully to avoid large errors due to regio nal peculiarities.
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2.1 Introduction

The Arctic Ocean has been subject to signi�cant changes in su mmer and fall sea ice extent

during the last two decades, in particulary during the last 5 y ears (Serreze and others, 2007;

Stroeve and others, 2007). In addition to the apparent decrease in ice extent, recent studies

provide evidence for a remarkable thinning of Arctic sea ice (e. g. Kwok and others, 2009). This

has the potential to trigger an even accelerated depletion of s ummer sea ice in the near future

which will affect the global climate system as well as the glo bal ocean circulation (Zakharov,

1997). From this perspective, an accurate monitoring and quanti�c ation of ice production dur-

ing winter is crucial for an assessment of the Arctic sea ice s tate.

Flaw (wind-driven) polynyas are nonlinear-shaped regions of open water and thin ice within

a closed ice cover, formed by offshore winds advecting the pac k ice away from the fast ice

edge (Smith and others, 1990). Most of these polynyas are recurri ng and represent dynamic

regions with large amounts of new ice forming during winter. Heat loss across the water-air in-

terface results in strong ice production and salt rejection ( Morales Maqueda and others, 2004)

and the newly formed ice is incorporated into the main drift sy stems of the Arctic Ocean. A

satellite-based operational estimation of ice formation wi thin a polynya is preceded by mainly

two monitoring challenges. First, open water/thin ice area, h ereinafter referred to as polynya

area (POLA), has to be derived with high accuracy and second, thin ice thickness ( hi ) distri-

bution within the polynya needs to be determined. Afterwards surface heat loss and ice for-

mation can be calculated with the aid of meteorological data . Sea ice concentrations as de-

rived from the Scanning Multichannel Microwave Radiometer (SMMR) and Special Sensor Mi-

crowave/Imager (SSM/I) satellite sensors can be used to estim ate POLA (Martin and Cavalieri,

1989; Massom and others, 1998; Bareiss and Goergen, 2005) within pre-de �ned boxes. This

comes at the cost of a low spatial resolution (25 £ 25 km2) and hence, the neglect of subpixel-

scale �aw leads. As shown by Kwok and others (2007), one has to tak e into account that large

areas of thin ice are capable of in�uencing sea ice concentrat ion retrievals such that the real sea

ice area is underestimated. Alternatively, Markus and Burn s (1995) suggested a Polynya Signa-

ture Simulation Method (PSSM) that iteratively classi�es o pen water and thin ice at a higher spa-

tial resolution of up to 5 £ 5 km2 from microwave brightness temperatures. The PSSM was previ-

ously used with slightly changing parameterizations in diff erent studies (Kern and others, 2005;

Arrigo and van Dijken, 2004; Renfrew and others, 2002). Kern (2009) sho wed that the PSSM can

be used to observe the spatiotemporal variability of polynya dy namics. The method provides

the three surface classes open water, thin ice and thick ice. A comparison with ice thickness
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derived from thermal infrared data revealed that the PSSM th in ice class includes hi values of

up to 0.25 m (Kern and others, 2007).

A method to infer hi from microwave data was suggested by Martin and others (2005, 2007) and

recently reinforced by Tamura and others (2007, 2008) and Naoki and others (2008).

Martin and others (2005) found the polarization ratios from micr owave sensor data to corre-

late with high-resolution ( » 1 km2) hi data calculated from surface temperatures as measured

in the thermal infrared (Advanced Very High Resolution Radi ometer (AVHRR) and Moderate-

Resolution Imaging Spectroradiometer (MODIS) sensors) (Yu and Lindsay, 2003). The high-

resolution hi retrieval is also referred to as thermal ice thickness ( hi T H ) and restricted to clear-

sky conditions. However, it provides a reasonable estimate of thicknesses for sea ice up to 0.5

m. A comprehensive comparison of SAR data with SSM/I sea ice conc entrations, PSSM, and

numerical modelling used to delineate the distribution of o pen water and thin ice as well as

size and shape of the polynya, is given in Dokken and others (2002).

Here, we apply the polynya monitoring methods mentioned previous ly to a well documented

polynya event in the Laptev Sea. Our goal is to test the spatial an d temporal transferability of

established methods to the Laptev Sea region, which is special in terms of a) strong local ice

formation directly feeding the Transpolar Drift and b) very l ow salinities due to high input of

freshwater from the Lena River. The �rst point makes a monitor ing of ice production within

Laptev Sea polynyas crucial for an assessment of the Arctic sea ice budget. The second point

allows for a test of the applicability of monitoring methods to a region with an expected differ-

ence in surface microwave response compared to other polynya ar eas.

First we provide an overview of the feasibility and comparabilit y of the existing methods in de-

scribing distinct polynya features, in particular POLA and hi . Second, we will cross-validate

satellite-derived polynya characteristics and use high-re solution helicopter-borne ice thick-

ness measurements and aerial photography acquired during an In ternational Polar Year (IPY)

campaign to assess previously suggested approaches for the class i�cation of POLA and hi from

satellite data.

Lastly, we evaluate the presented methods with respect to thei r applicability for long-term in-

vestigations of the Laptev Sea polynya dynamics and the inter- annual variability of ice produc-

tion as well as their capabilities for model evaluation and ca libration.
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Figure 2.1: Map of the Arctic showing the location and subset of the Laptev Sea (upper panels) and
MODIS(Aqua), channel 1 images for the Laptev Sea area (1 £ 1 km2 resolution, large �gures) with
enhanced subset (250 £ 250 m2 resolution) of the Western New Siberian polynya for April 29, 20 08 at
11.00 UTC (lower left panel) and April 30, 2008 at 03.35 UTC (l ower right panel). The HEM �ight track
from April 30 at 02.25 UTC is indicated by a yellow line.

2.2 Data and methods

This study focuses on a polynya event in the south-eastern Lapt ev Sea on April 29 - 30, 2008 (Fig.

2.1). The event was chosen because clear-sky conditions allo wed for the use of visible/infrared

satellite data while coincident Synthetic Aperture Radar (S AR) data, electromagnetic ice thick-

ness measurements from helicopter (Helicopter Electro-Magn etic, HEM) and aerial photogra-

phy are available. On April 29 - 30 the recurring Western New Siber ian polynya, an eastern

branch of the Laptev Sea �aw polynya (Barber and Massom, 2007; Bare iss and Goergen, 2005),

was widely open and revealed mixed and partially rafted ice types as well as open water. Air-

borne data and ice thickness pro�les from HEM measurements pre sented here were acquired

during the TRANSDRIFT XIII expedition in April 2008. This �eld campai gn was part of an series

of land- and ship-based expeditions to the Laptev Sea within the I PY-assigned joint German-

Russian project 'Laptev Sea system'.

All data were projected onto a common polar-stereographic grid centred over the observed

polynya. The spatial resolution of the grid in each case was adj usted to the native resolution



20 2 Cross-Validation of satellite-based polynya monitoring methods (Paper 1)

of the projected data. Another consideration in the selectio n of imagery was that the time win-

dow of acquisitions is suf�ciently small to minimize bias fro m ice advection and ice growth

that takes places in between the records (see Table 2.1, Appendix) . Most of the data shown

were recorded between April 29, 20.00 UTC and April 30, 02.37 UTC ( ¢ t = 6.5 hours). In addi-

tion, we used two MODIS images acquired on April 29 at 11.00 UTC and Apr il 30 at 03.35 UTC

(Fig. 2.1) that enclosed the actual observation period. These images show that the temporal

variability of the polynya extent was small during the period th at is covered by the presented

data.

2.2.1 Satellite data

Environmental Satellite (ENVISAT) SAR images were used to del ineate polynya edges and high-

resolution backscatter features in the thin ice zone. The EN VISAT C-band wide swath data is

VV-polarized and covers an area of approximately 400 £ 800 km2 with a spatial resolution of

150£ 150 m2. Level 1 data was obtained from the European Space Agency (ESA) , automatically

processed and send to �eld for campaign planning in near real-ti me with a mean delay of ap-

proximately 1.5 hours.

Level 1B calibrated radiances (visible and thermal infrared) from the MODIS sensor were pro-

vided by the U.S. National Aeronautics and Space Agency (NASA) Level 1 and Atmosphere

Archive and Distribution System (LAADS), while adequate AVH RR data were acquired from the

U.S. National Oceanic and Administration (NOAA) Comprehens ive Large Array-data Steward-

Ship System (CLASS). In this study, MODIS data were only used to produce an overview of the

polynya area from the visible channels with 1 £ 1 km2 resolution and 0.25 £ 0.25 km2 enhanced

resolution (Fig. 2.1). In terms of minimizing bias from ice gr owth and advection, the overpass

time of AVHRR was more adequate for a detailed comparison with c oincident data (compare

Table 2.1, Appendix) .

Daily polar gridded microwave brightness temperatures ( T B) from the SSM/I sensor and Ad-

vanced Microwave Scanning Radiometer (AMSR-E) Aqua L2A globa l swath spatially-resampled

brightness temperatures (Ashcroft and Wentz, 2008) were acquire d from the U.S. National Snow

and Ice Data Center (NSIDC). In addition, satellite data wit h enhanced spatial resolution were

obtained from the Microwave Earth Remote Sensing (MERS) Lab oratory at Brigham Young Uni-

versity (BYU) Center for Remote Sensing (Long and Hicks, 2005). Here we use AMSR-E bright-

ness temperatures and QuikSCAT backscatter coef�cients repr ocessed with the Scatterometer

Image Reconstruction (SIR) method. The SIR data yield an enh anced effective spatial reso-
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lution by recovering surface signals from irregularly dist ributed swath data (Early and Long,

2001).

Brightness temperatures and QuikSCAT backscatter coef�cie nts are used to calculate polariza-

tion ratios which are necessary for the microwave retrieval of POLA and hi . Table (2.2, Ap-

pendix) provides an overview of the T B- and backscatter- derived parameters together with

their speci�cations and equations as well as the product they ca n be inverted to.

AMSR-E sea ice concentration (Spreen and others, 2008; Kaleschk e and others, 2001) for the

date and area of interest was provided as a daily average (6.25 £ 6.25 km2) by the University of

Hamburg. A sea ice concentration chart with a resolution of n early 1 km 2 was produced from

AVHRR surface temperature data. This is achieved by utilizing the relationship with fractional

sea ice cover and open water area within one pixel (POTential Open WAter Algorithm, POTOWA,

Druee and Heinemann (2004).

2.2.2 Airborne data

Ice thickness data from HEM measurements ( hi HEM ) were acquired with a single-frequency

(4.08 kHz) airborne electromagnetic system, a so called EM-Bi rd (Haas and others, 2009). The

instrument was towed by a helicopter 10 to 15 meters above the ice surface. The method utilizes

the contrast of electrical conductivity between sea water an d sea ice to determine the distance

to the ice-water interface. An additional laser altimeter y ields the distance to the uppermost

re�ecting surface, hence hi HEM is obtained as the ice plus snow thickness from the difference

between the laser range and the EM derived distance. Since th e laser beam is always re�ected

at the uppermost surface, snow thickness, if present, is includ ed in hi HEM . The measurements

were taken with point spacing of 3 to 4 m depending on the speed of th e helicopter. Within the

footprint of a single measurement (40 - 50 m) the accuracy over le vel sea ice is in the order of

§ 10 cm (Haas and others, 2009; Pfaf�ing and others, 2007). HEM measure ments over the thin

ice of the WNS polynya are challenging for two reasons: The proc essing of the EM-Bird data is

based on the assumption that sea ice can be regarded as a non-co nductive medium. Over thin

ice however, this assumption may be invalid because the condu ctivity of saline young ice can

be signi�cantly higher than that of older �rst or multiyear i ce. This can lead to an underesti-

mation of the real ice thickness. Therefore all hi HEM data have to be interpreted as minimum

ice thicknesses. Second, the conductivity of the surface wat ers can be low and highly variable

due to the proximity to the freshwater input by the Lena River. Al though a water conductivity

between 2200 and 2400 S/m was used for the retrieval of ice thicknesse s, our processing algo-
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rithms do not take into account conductivity variations duri ng individual �ights.

On all HEM �ights, geo-coded aerial photographs were taken wit h a downward-looking digital

camera (RICOH 500SE) connected to an external 1 Hz global position ing systen (GPS) device

(Krumpen and others, 2010a). System calibration �ights showed th at the along-track accuracy

of the GPS position of individual photographs was approximately § 60 m. Camera height was

obtained from the HEM-bird laser altimeter. Images were use d to provide general information

about ice conditions and to aid in the calibration of HEM ice t hickness measurements and SAR

image interpretation.

2.2.3 Polynya area retrieval

POLA (open water plus thin ice) is derived from the Polynya Sign ature Simulation Method

(Kern, 2009; Arrigo and van Dijken, 2004; Renfrew and others, 2002) whi ch provides a classi�-

cation of thin ice and open water areas. The method uses microw ave T B data and is based on

the sensitivity of passive microwave polarization ratios (ver tically minus horizontally polarized

brightness temperature, normalized over their sum) to thin i ce and open water. It combines

the low atmospheric in�uence at 37 GHz with the higher spatial re solution at 85 GHz. This is

accomplished by applying a threshold to the 85 GHz polarization ra tio (PR85) maps and ad-

justing this threshold iteratively until the resulting cla ssi�cation agrees best with coincident 37

GHz maps. For the Ross Sea Polynya in the Antarctic, the averag e PR85 threshold is found to

be at 0.085 (Kern and others, 2007). We slightly shifted this value i n our analysis iteratively to

assess its in�uence on the accuracy of POLA retrieval, in part icular with respect to the spatial

resolution and the in�uence of mixed pixels at the polynya edges. All in all, the PSSM allows

for an increase of the spatial resolution of the input data to ma ximum 5 £ 5 km2. However, we

used this output resolution of PSSM (PSSM 5) only with AMSR-E T B data (PR89, PR36, see Table

2.2, Appendix) to ensure a reliable retrieval of the 5 £ 5 km2 POLA. SSM/I T B data were only

used to derive POLA on the 12.5 £ 12.5 km2 grid (PSSM12).

2.2.4 Thin ice thickness retrieval

Surface temperatures were derived from AVHRR thermal infrare d channels following the split-

window method of Key and others (1997). We chose AVHRR instead of M ODIS because its

record time was closer to the SAR image record. Moreover, sur face temperatures acquired

in the absence of direct radiation improve the inversion to ic e thickness since bi-directional

albedo effects do not impede a retrieval of the surface radiat ion budget. The hi T H was calcu-

lated using the surface energy balance model suggested by Yu and Lindsay (2003) with the aid
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of NCEP/DOE meteorological reanalysis data (Kanamitsu and o thers, 2002). The thickness re-

trieval is based on the assumption that the heat �ux through th e ice equals the atmospheric

heat �ux. The method yields good results for ice thicknesses b elow 0.5 m assuming further

that vertical temperature pro�les within the ice are linear an d no snow is present on top of

the ice (Drucker and others, 2003). As this study presents a cross -validation, no truth reference

data are declared. Nevertheless, we consider hi T H and hi HEM as most accurate among the pre-

sented data, simply because they provide the highest spatial res olution and were successfully

applied in previous studies (Yu and Lindsay, 2003; Drucker and other s, 2003; Kern and others,

2007; Pfaf�ing and others, 2007). The largest source of error in hi T H probably arises from uncer-

tainties in NCEP data. Especially in the proximity of a polynya, m eteorological reanalysis data

tend to underestimate near-surface air temperature and to ov erestimate near-surface wind

speed. We performed an error analysis with hi T H and NCEP data varying air temperature by

§ 5±C and wind speed by § 3±C. This resulted in maximum hi T H errors of § 20 %. Given the

above mentioned NCEP uncertainties over a polynya (air temp. too low, wind speed too high),

an underestimation of hi T H within the § 20 % error range is more likely than an overestima-

tion.

Thin ice thickness was also derived from T B data using the polarization ratios of 37 GHz SSM/I

(R37) and 36 GHz AMSR-E (R36) channels (Table 2.2, Appendix). The inver sion to hi (hi R37,

hi R36) is carried out by applying the exponential model derived by Mart in and others (2004,

2005). Tamura and others (2007) used polarization ratios in the 85 GHz (PR85) and 37 GHz

(PR37) SSM/I channels to infer thin ice thickness. They also sug gested a correction scheme for

atmospheric in�uences which should not be applied to the Northe rn Hemisphere without fur-

ther investigation. In this study, we do not apply their method ology exactly, but rather use R85

and R89 (see Table 2.2, Appendix) to ensure a comparison of the feasi bility of T B ratios rather

than methodological details. As all previously used microwav e proxies for thin ice are based

on a regression with hi T H data, the inversion to hi in this study is performed by applying an

exponential �t to the relationship with hi T H from this case study (see results and discussion

sections). The use of 85 GHz and 89 GHz channels is associated wi th the problem that these

data are subject to atmospheric disturbances. Thus, 36 GHz dat a from AMSR-E and Ku-band

backscatter from QuikSCAT are used for comparison.
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2.3 Results and discussion

2.3.1 General ice conditions and their representation in satellite data

The Western New Siberian Polynya (WNS) started to open on April 27, 2008 and reached its

maximum width 2 days later, on April 29, 2008. Figure (2.1) shows that af ter opening, between

April 29, 11.00 UTC (21.00 local time) and April 30, 03.35 UTC (13.35 local time), e xtent and po-

sition of the outer polynya edge were very stationary. The posi tion of the fast ice edge is located

at the long-term average, which coincides approximately with t he position of the 20 m isobaths

Bareiss and Goergen (2005). During the observation period, thre e automatic weather stations

located along the fast ice edge measured south-easterly nea r-surface winds with 8 m/s and

a daily average of near-surface air temperature of -15 ±C. The maximum width of the polynya

between the fast ice edge and the down-wind pack ice is approximat ely 60 km while the south-

western and north-eastern edges span a distance of nearly 250 km (Fig. 2.1).

Aerial photographs taken along the HEM �ight track (compare Fig . 2.1) are shown in Figure

(2.2). The open water close to the fast ice edge was partially cov ered by frazil ice streaks which

were aligned parallel to the off-shore wind (image 1, section I I). Open water width at the time

of image acquisition was approximately 6 km. Further off-shore, frazil ice consolidated to thin

and partly rafted ice with open water patches (image 2, section II ). Image 3 shows a zone of

broken thin ice pieces about to refreeze to a new consistent th in ice layer. With distance from

the fast ice edge the rafting frequency increased (image 4-7, s ection II-IV), while the size and

frequency of open water patches decreased (Krumpen and others, 2010a ). Rafted �oes with

increased ice thicknesses are found at position 7 and a closed and rather levelled ice cover is

prevailing at the end of the pro�le (image 8, section V). At the we stern edge of section V newly

formed ice piles up against a region of older and deformed thin ice that was formed during a

previous event.

Different thin ice age and thickness stages are distinguish able in the SAR scene taken on April

30, at 02.37 UTC (Fig. 2.3a). Three bands of different backscatter o rientated parallel to the

polynya edge (B1-B3, see Fig. 2.3a) were formed during an opening ev ent on April 10 (B3), and

two sequenced periods of strong wind speeds on April 24 (B2) and April 28 (B1). The corre-

sponding surface temperatures from AVHRR infrared data (Fig. 2. 3b) indicate decreasing tem-

peratures with increasing distance from the fast ice edge.

The offshore edge of the polynya shows minimum surface tempera tures of approximately -14 ±C

which was close to the near-surface air temperature of -15 ±C. Maximum surface temperatures
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Figure 2.2: The central part of the �gure is a SAR image of a part of the WNS pol ynya surveyed by he-
licopter during the polynya event on April 30, 2008 (compare Fi g. 2.1 and 2.3a). Sections I-V indi-
cate zones of different ice conditions with locations of aeria l photographs (numbers 1-8) across the
polynya. Photographs were taken at a- height of 50 m, covering a footprint of 60 £ 40 m. The HEM-
Bird is visible in the centre of images 1-8.

were found close to the fast ice edge and not higher than -4 ±C. This temperature is lower than

expected for a region with large patches of open water (compare Fig . 2.2, section II) and most

likely results from a new thin ice layer that formed between t he acquisition of the aerial pho-

tographs and the AVHRR image. A composite of SAR backscatter and surface temperatures is

presented in Figure (2.3c). Additionally, contour lines indi cate boundaries between different

thickness classes within the polynya as derived from hi T H (shown later). Here, the prevailing

ice thickness for the three bands B1-B3 shown in Figure (2.3a) a re indicated. Ice thickness con-

tours do not perfectly agree with the transition of the backsc atter bands B1-B3. However, the

youngest band (B1) is characterized by thicknesses mostly be low 0.1 m. Thicker ice of 0.1 m to
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Figure 2.3: Western New Siberian polynya. a) ENVISAT SAR backscatter (dB) for Ap ril 30, 2008 (02.37
UTC). Characteristic backscatter bands B1-B3 and the helicopter �ight track from April 39 at 02.54
UTC are indicated. b) Surface temperature (between -14 ±C and -4±C) as derived from AVHRR IR
brightness temperatures from April 29, 2008 at 20.00 UTC. c) Comp osite of a) and b) together with
contour lines (0.05 m, 0.1 m, 0.2 m, 0.5 m) of the thermal ice thickne sshi T H (derived from data in b).

0.5 m is found in bands B2 and B3. The increase in density of the th in ice contour lines at the

off-shore edge is probably related to an increased dynamic ic e growth through ice advection

and compression.

Coincident enhanced resolution (SIR) QuikSCAT backscatte r and two sea ice concentration

products are shown in Figure (2.4). The gridded daily average r eveals increasing backscat-

Figure 2.4: a) QuikSCAT SeaWinds backscatter (horizontal polarization) fr om Scatterometer Image Re-
construction (SIR) data on April 29, 2008. b) ASI sea ice concentrat ion (daily average) from AMSR-E
data for April 29, 2008. c) POTOWA sea ice concentration derived f rom AVHRR surface temperatures
for April 29, 2008 at 20.00 UTC (see Fig. 2.2b) at the Western New Siberian polynya. The 0.5 m ice
thickness contour line from hi T H is shown as a white line.
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ter towards the off-shore edge. This agrees partly with the li near backscatter gradient found

in the ENVISAT C-band imagery (Fig. 2.3a). The resolution of 6 £ 6 km2 impedes a more

detailed detection of thin ice features and increases the di sturbing in�uence of mixed pixels

at the polynya edge. The daily averaged ASI sea ice concentrat ion (Spreen and others, 2008;

Kaleschke and others, 2001), Fig. 2.4b) with a resolution of 6.25 £ 6.25 km2 indicates the effect

of thin ice on the sea ice concentration retrieval (Kwok and o thers, 2007) through a signi�cant

underestimation of sea ice concentrations. The same applies f or POTOWA sea ice concentra-

tions (Druee and Heinemann, 2004) as derived from surface temper atures with a resolution of

approximately 1 £ 1 km2 (Fig. 2.4c).

2.3.2 Comparison of different POLA and hi retrievals

An accurate estimation of POLA and hi is the most crucial step for a long-term polynya moni-

toring with respect to ice production. PSSM POLA was derived fr om AMSR-E swath data with

a PR89 threshold of 0.070, yielding a resolution of 5 £ 5 km2 (PSSM070
5 , Fig. 2.5a, white line).

In comparison, PSSM POLA from SSM/I data is shown for PR85 thresh olds of 0.070 and 0.085

(PSSM070
12 , grey line and PSSM085

12 , black line). The 0.070 threshold was applied in contrast to the

0.085 threshold to achieve best alignment with polynya edges as i denti�ed in the visible and

SAR satellite data (Fig. 2.1 and 2.3). Figure (2.5a) shows that the coarse resolution of PSSM12

suffers from large inclusions of fast and pack ice area. POLA d erived from PSSM070 in each case

does not include ice thicker than approximately 0.2 m. This is com mensurate with results of

Kern and others (2007), where the applicability of PSSM was limite d to hi of less than 0.25 m.

The spatial distribution of R85, R36, R89 and R36 SIR (compare Table 2.2, Appendix) is presented

in Figures (2.5b-e). Each of these ratios is expected to correla te inversely with hi for thicknesses

less than 0.2 m (Naoki and others, 2008). In addition, the backsca tter polarization ratio QR SIR

is shown in Figure (2.5f) . R85 and R36 show maximum values in the pol ynya center (Fig. 2.5b,

2.5c). This seems implausible and indicates a source of error t hrough the contribution of low R

values from fast ice, that affect the signal due to the compara bly large �eld of view of the sensor

(see Table 2.2, Appendix). Thin ice in the proximity of the fast ice e dge (see 0.05 m contour line)

should instead respond with high R36 and R85 according to Naoki a nd others (2008).

A more reasonable spatial distribution is revealed in R89, R36 SIR and QRSIR (Fig. 2.5d). Here,

the T B ratio is inversely related to hi as indicated through the 0.5 m and 0.05 m contour lines.

The absence of this pattern in R85 and R36 values can be explained wi th the lower spatial reso-

lution (12.5 £ 12.5 km2) as compared with R89 (6.25 £ 6.25 km2), R36SIR (9 £ 9 km2) and QRSIR
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Figure 2.5: PSSM polynya area. a) Surface temperatures (between -14 ±C and -4±C) as derived from
AVHRR IR brightness temperatures from April 29, 2008 at 20.00 UT C and AMSR-E (PSSM070

5 , white
line) and SSM/I (PSSM 070

12 , grey line and PSSM085
12 , black line) microwave brightness temperatures. b)

R85. c) R36. d) R89. e) R36 from AMSR-E enhanced resolution SIR data. f ) QuikSCAT enhanced
resolution SIR data polarization ratio H/V, with 0.05 m (black) a nd 0.5 m (red) hi T H ice thickness
contour lines as well as PSSM070

5 polynya area (white).

(6 £ 6 km2). Here, the resolution of the gridded data is less important t han the actual �eld of

view (FOV) of the sensor (compare Table 2.2, Apendix). Due to a larg e FOV, fast ice areas are

contributing with very low R36 and R85 values to pixels covering t he transition between fast ice

and polynya, thus masking out high R36 and R85 values resulting f rom thin ice.

We performed an exponential �t between R values and hi T H data from our case study to obtain

an inversion from microwave data to hi . Results show that R36 and R85 values are rising with

increasing hi T H (Fig. 2.6a, b). This contradicts the in-situ based �ndings of Naoki and others

(2008) and results from mixed microwave signals at the fast ice ed ge, spoiling the thin ice sig-

nature through comparably low R values (compare Fig. 2.5b, c). T he R89, R36SIR and QRSIR

correlations with hi T H (Fig. 2.6c, d, e) show decreasing R values with increasing hi . This in-
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Figure 2.6: Scatterplot of thermal ice thickness hi T H vs. a) R85 (hi R85 Æexp(5.2£ R85) £ 0.0002;r 2 = 0.31),
b) R36 (hi R36 Æexp(2.8£ R36)£ 0.002;r 2 = 0.08), c) R89 (hi R89 Æexp(¡ 6.2£ R89)£ 86.2;r 2 = 0.45), d) R36SIR

(hi R36(SIR) Æexp(¡ 5.49£ R36SIR) £ 48.59; r 2 = 0.48), and e) QRSIR (hi QR(SIR) Æexp(¡ 3.55£QRSIR) £ 1.96; r 2

= 0.33). Black lines show exponential �ts used for the inversion in Figure (2.7b-f).

terrelationship is commensurate with other studies (i.e. T amura et al., 2007). R89 and R36SIR

provide a similar quality for the inversion to hi (r = 0.45 and 0.48, respectively). Taking into ac-

count that the atmospheric in�uence on the 36 GHz T B channels is negligible compared with

that in the 89 GHz channels, R36 SIR seems to provide a convenient proxy for operational hi

retrievals. The performance of QR SIR (Fig. 2.6e) appears to be much better for hi Ç 0.1 m. For

thicker ice, QR SIR increases signi�cantly. This deteriorates the exponential � t in the entire hi

range from 0 to 0.2 m.

The result of the hi retrieval is presented in Figure (2.7). Values are only shown f or the area that

was classi�ed as a polynya through PSSM 070
5 . The hi T H (Fig. 2.7a) shows that almost the entire

polynya is covered with ice of less than 0.1 m thickness. Thickn esses of up to 0.5 m can only

be found close to the off-shore polynya edge and thicknesses o f less than 0.05 m are limited to

regions close to the fast ice edge (Fig. 2.7a, contour lines).

The hi R85 (Fig. 2.7b) as derived from the exponential model (Fig. 2.6a) yie lds a reasonable spa-

tial variability of hi within the polynya. However, one has to be cautious because th is model

does not explain the physical relationship between R values and hi . The positive correlation
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Figure 2.7: a) Thermal ice thickness ( hi T H ) as derived from AVHRR surface temperatures from April
29, 2008 at 20.00 UTC. b) Thin ice thickness hi R85 as derived from R85 (see Fig. 2.6a). c) Thin ice
thickness hi R36 as derived from R36 ((Martin and others, 2005), see Fig. 2.6b). d) T hin ice thickness
hi R89 as derived from R89 (see Fig. 2.6c). e) Thin ice thickness hi R36(SIR) as derived from R36SIR (Fig.
2.6d). f ) Thin ice thickness hi QR(SIR) as derived from QR SIR (Fig. 2.6e). Gridded ice thickness data
are shown for POLA as detected with PSSM 070

5 (grey line), and hi T H contour lines from data in a) are
shown for 0.05 m (white), 0.2 m (blue) and 0.5 m (red).

between R85 and hi T H (compare Fig. 2.6a) allows for an exponential �t for the two parame ters

but represents a signi�cant source of error since it results f rom the unwanted in�uence of fast

ice that contributes to the sensor's �eld of view area. hi R36 (Fig. 2.7c) as derived according to

Figure (2.6b) yields an insuf�cient result due to the bad corr elation of R36 and hi T H .

The thickness parameters hi R89, hi R36(SIR) and hi QR(SIR) represent reasonable spatial distribu-

tions of hi within the polynya (Fig. 2.7d-e). Here, the inversion is based o n a reliable correlation

(compare Fig. 2.6) and the obtained hi is continuously increasing across the polynya with max-

imum thicknesses of 15 cm within the PSSM 070
5 area. As stated above,hi QR(SIR) overestimates

ice thickness in the range above 10 cm.
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Results of the retrieval of POLA and average hi within the polynya are summarized in Table

(2.3, Appendix). Surface temperatures, as derived from IR bright ness temperatures, yield a con-

venient spatial resolution for polynya monitoring. The hi T H , which was calculated from these

data, results in a POLA value of 11.4 £ 103 km2 if values of hi Ç 0.5 m are considered a polynya

and a POLA of 10.2 £ 10 km2 if the hi threshold is set to 0.2 m. The average hi results in 0.1 m

for the �rst case and in 0.07 m for the latter. SSM/I T B data give a POLA value of 4.9 £ 103 km2

(with avg. hi R85 of 0.03 m) using PSSM085
12 and 10.5 £ 103 km2 (with avg. hi R85 of 0.06 m) for

PSSM070
12 . In comparison, AMSR-E T B data give a POLA value of 7.7 £ 103 km2 (with avg. hi R36

of 0.03 m and hi R89 of 0.05 m) using PSSM085
5 and a POLA of 10.3 £ 103 km2 (with avg. hi R36

of 0.03 m and hi R89 of 0.07 m) using PSSM070
5 . Averagehi R36(SIR) and hi QR(SIR) within PSSM 070

5

POLA amount to 0.08 m and 0.07 m, respectively.

Previous studies have found that hi retrieval from microwave data is only possible for hi Ç

0.2 m (Naoki and others, 2008). Therefore, one should only compare POLA and hi from mi-

crowave data with hi T H values Ç 0.2 m. In doing so, the best agreement is found using the high-

resolution microwave thin ice proxies ( hi R89, hi R36(SIR), hi QR(SIR)) with PSSM070
5 for POLA. As

stated above, this is primarily an effect of the higher spatial resolution allowing for a better sep-

aration between thin ice and fast ice / pack ice at the polynya ed ges.

Using the spatial distribution of hi T H Ç 0.2 m as a POLA reference, this case study shows that

POLA derived from T B data is underestimated by as much as 50 % (30 %) when a PR85 thresh-

old of 0.085 is applied instead of 0.070 with PSSM 12 (PSSM5).

Although average hi values do not differ extremely, one has to be aware that the ice thickness

pro�les within the polynya are poorly represented by hi R36 (Fig. 2.7).

2.3.3 Comparison of pro�les across the polynya

A comparison of different satellite and airborne parameters a long the HEM pro�le (see Fig. 2.1

and 2.2) is shown in Figure (2.8). The helicopter track across the polynya led from the fast ice

edge in the East (right hand side in Figure (2.8) towards the pac k ice in the West (left hand side

in Fig. 2.8), spanning a distance of roughly 45 km. SAR and QuikSC AT backscatter as well as nor-

malized re�ection from MODIS channel 1 increase along-trac k with distance from the fast ice

edge (Fig. 2.8a). Lowest radar backscatter as well as the darkest surfaces are found immediately

adjacent to the fast ice edge of the polynya (section II), wher e open water with frazil ice streaks

are prevalent (Fig. 2.2, image 1). The along-track variability of the SAR linear backscatter values

is higher than the brightness scatter from the visible channe l (both data sets were resampled
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Figure 2.8: Along-track pro�les of different satellite and airborne parame ters. a) SAR backscatter (blue),
QuikSCAT inner beam (horizontal polarization) backscatter fro m Scatterometer Image Reconstruc-
tion (SIR) data (purple) and swath-normalized re�ection in MODIS channel 1 (grey). b) Surface tem-
perature from AVHRR IR brightness temperatures (red) and the the rmal ice thickness hi T H (black).
c) HEM-Bird ice thickness hi HEM (green, running average, n = 23), hi R36(SIR) ice thickness (orange),
hi R89 ice thickness (red), hi QR(SIR) ice thickness(blue) and thermal ice thickness hi T H (black). d) Sea
ice concentration as derived from microwave data (grey) and fro m AVHRR IR brightness temperatures
(black) for swath data as given in Table (2.2, Appendix). Grey (shade d) boxes denote different sections
as described in the text and shown in Figure (2.2).

to a spatial resolution of 200 m). Coincident values of the AVHRR s urface temperature reveal

an almost constant decrease from -6 ±C to -10±C along the EM-track (Fig. 2.8b, red curve). The

hi T H (Fig. 2.8, black curve) shows thin ice of 4 cm minimum in sectio n II. The indicated lack

of open water results from cold frazil ice streaks which decre ase average surface temperatures

below freezing (Fig. 2.2, image 1). Thicker ice up to 13 cm is foun d at the end of the pro�le

(Fig. 2.8b, black curve). An intermediate hi T H minimum of 4 cm occurs at about one third of

the pro�le after ice thickness had initially increased to 6 cm (transition from section II-III). This

could be a result of a more consistent ice cover at this positio n (Fig. 2.2, image 3) in comparison
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Figure 2.9: Scatterplots of coincident along-track data. a) HEM ice thickn ess hi HEM vs. thermal ice
thickness hi T H , b) hi T H vs. hi R89 ice thickness, c) hi T H vs. hi R36(SIR) and d) hi T H vs. hi QR(SIR). Data
pairs are interpolated to the grid with the smaller resolution.

to the centre of section II (Fig. 2.2, image 3).

In Figure (2.8c), different retrievals of hi are shown in comparison. In addition to hi T H (black

line), hi R36(SIR) (orange line), hi R89 (red line), hi QR(SIR) (blue line) and hi HEM (green line, run-

ning average, n = 29) are shown. The microwave based hi values reasonably depict the along-

track increase in hi T H (black curve and Fig. 2.8b). hi R36 is not shown because of bad perfor-

mance in this case study.

The hi HEM is characterized by large deviations from the microwave and t emperature retrievals

at the end of the pro�le (section V). Here, hi HEM values reach up to 30 cm as averaged over

approximately 1 km width (corresponding to a 23-point running avera ge), while hi from mi-

crowave data and hi T H do not exceed 13 cm. The opposite is found in section IV, where hi HEM

values are up to 7 cm lower than hi R36(SIR), hi R89, hi QR(SIR) and hi T H . Discrepancies between

the hi HEM and the hi T H data are more a result of uncertainties in the HEM data than in the

satellite retrievals. Even with older, thicker ice with a lo wer conductivity the HEM measure-

ments are only accurate to within § 0.1 m (Haas and others, 2009; Pfaf�ing and others, 2007).

Therefore, a comparison of results with thicknesses in the ra nge of 0 to 0.15 m is very challeng-

ing. Large deviations of hi HEM from hi T H as found in section IV and V might be explained with

local variations of the water conductivity. The best �t is fou nd in section II, where absolute val-
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ues and qualitative changes agree well.

Figure (2.8d) moreover illustrates the effect of thin ice on s ea ice concentration algorithms.

Microwave- as well as temperature-derived sea ice concentra tions are both subject to the pres-

ence of thin ice causing an underestimation of actual sea ice concentrations.

The concordance of the results of different hi retrieval methods is summarized in Figure (2.9,

with data pairs interpolated to the lower resolved grid). hi T H and hi HEM correlate reasonably

up to thicknesses of 0.1 m with hi T H exceeding hi HEM constantly by about 3 - 4 cm. Above hi

values of 0.1 m, hi HEM is signi�cantly larger than hi T H (Fig. 2.9a).

A good relationship is revealed for hi R89 and hi T H (Fig. 2.9b), which is not surprising, taking

into account that the �rst is derived in an exponential relatio nship from the latter (Fig. 2.6).

Less data points, but a similar agreement is found for hi R36(SIR). The hi QR(SIR) again reveals an

overestimation of hi for ice thicker than 0.08 to 0.1 m.

2.3.4 Implications for long-term and large-scale investigations of polynya dynamics

Together with meteorological data and/or results from regio nal climate models, remote sensing

offers great potential to derive polynya dynamics (Kern and ot hers, 2007; Arrigo and van Dijken,

2004; Dokken and others, 2002) and thin ice thickness that can be use d to calculate heat loss

and ice production (Tamura and others, 2008; Martin and others, 2005 ). As con�rmed in our

study, the hi retrieval approaches suggested by Martin and others (2005), Naok i and others

(2008) and Tamura and others (2007) provide information on the spatial variability of ice thick-

nesses below 0.2 m within the polynya. However, our case study r eveals strong limitations in

narrow polynyas due to the coarse resolution of the microwave data. The thin ice microwave

signature is affected by the proximity of the fast and pack ice wi th different emissivities. This

might be negligible where the area/edge ratio is high and appare ntly, most microwave data

can be successfully used in larger polynyas (Kern and others, 2007; Tamura and others, 2007;

Martin and others, 2005). In long and narrow �aw polynyas, where t he fraction of nonedge pix-

els is comparably small, the in�uence of microwave signals fr om the fast and pack ice becomes

a major source of error in the thickness retrieval. Hence, as the width of the polynya decreases,

the spatial resolution of the input data becomes increasingly important. For the case study

presented here, AMSR-E 89 GHz, AMSR-E 36 GHz (SIR) and QuikSCAT (SIR) data reasonably

depicted the across-polynya ice thickness increase as indica ted by hi HEM and hi T H . Using

hi R89 for a long-term monitoring of hi is impeded by non-negligible atmospheric in�uences

in the frequency range of 80-89 GHz, such that atmospheric correct ion schemes would have to
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be carefully applied. However, the enhanced resolution image products from AMSR-E 36 GHz

and QuikSCAT data indicate good potential for an operational t hin ice monitoring.

With respect to the in�uence of regional particularities, one has to take into account that the

microwave properties of sea ice formed in the Laptev Sea may diff er from those of sea ice in

other regions. The relatively fresh surface waters origina ting from Lena River, one of the largest

rivers in the Arctic, will in�uence the dielectric properties of sea ice forming in this region. As

microwave properties of sea ice depend critically on sea ice prope rties related to salinity and

porosity, a careful validation of algorithms is required bef ore they can be more routinely ap-

plied. The same applies for polynya area detection with PSSM. If u sed in narrow �aw polynyas,

the results are very sensitive to the thresholds used to disc riminate between thick and thin ice.

Barber and Massom (2007) identi�ed more than 60 recurring polynya s in the Northern Hemi-

sphere. Since most of these are comparably small in extent, a lon g-term monitoring would re-

quire high-resolution microwave satellite data. Regionall y limited studies are applicable if the

parameters are chosen carefully and validation with high-re solution data is performed (Kern,

2008; Martin and others, 2005). Previous long-term hemispheric stud ies (Tamura and others,

2008) of ice production do not take into account the fraction of na rrow polynyas and the ac-

companying in�uence of mixed signals at the polynya edges, possi bly causing major errors in

the hi retrieval.

As shown by Dokken and others (2002), SAR imagery provides a reason able means to derive

polynya area and shape. Long-term and large-scale investigat ions with SAR data require sub-

stantial effort compared to using PSSM with passive microwave data. An automatic thin ice

area retrieval from SAR is impeded by highly variable backsca tter features of thin ice (bare thin

ice, frost �owers, rafting). Scatterometer data (SeaWinds , Fig. 2.4) are apparently somewhat

sensitive to hi . However, the thin ice backscatter variability applies here i n the same way as

with SAR data. The sensitivity of sea ice concentrations to th in ice (Kwok and others, 2007)

might provide a proxy for hi . Determining if open water or thin ice are responsible for low s ea

ice concentrations is arbitrary however, if not validated w ith hi data and/or in-situ measure-

ments.

In the entire Laptev Sea �aw polynya, part of which is represented by the WNS in our case

study, the winter ice production for the winter of 1991/1992 was estima ted to be 258 km 3

(Dethleff and others, 1998) which equals about 9 % of the volume o f the Siberian Branch of

the Transpolar Drift. Thus, an investigation of the long-ter m variability of ice formation in this

area would be of substantial interest for an assessment of Ar ctic sea ice variability. Our results
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indicate that SSM/I data can be used to determine POLA from the PSSM method. However, an

accurate hi retrieval requires sensors or data products with a higher spati al resolution.

2.4 Summary and conclusions

The Western New Siberian polynya in the Laptev Sea is investiga ted by a combination of multi-

sensor satellite and airborne data. Our goal was to assess th e feasibility of various polynya

monitoring methods with respect to long-term investigation s of polynya dynamics and ice for-

mation within this area.

Results show that a major source of error in the derived ice th ickness information arises from

the in�uence of mixed water, thin and thick ice signals at the po lynya edge when coarse resolu-

tion microwave data are used. Using enhanced resolution dat a products indicates potential for

a signi�cant improvement of thin ice monitoring.

Long-term polynya studies need to account for regional partic ularities of polynya size and

shape. Large-scale studies might suffer from errors in the th ickness retrieval when coarse res-

olution microwave data are used. The retrieval of polynya are a by means of the Polynya Sig-

nature Simulation Method is very sensitive to applied thresho lds and can easily be underesti-

mated by as much as 50 %.

In this study we present helicopter-based high-resolution ic e thickness data (hi HEM ). These

observations show that the spatial variability of ice thickn ess is largely smoothed out using in-

frared (hi T H ) or microwave data. Nevertheless, hi T H , and hi R89, hi R36(SIR), and hi QR(SIR) in

the presented case study capture the across-polynya increase i n ice thickness, while the accu-

racy of thin ice retrieval from 36 GHz, 37 GHz and 85 GHz T B channels is signi�cantly reduced

by the low spatial resolution.

Our results imply that previously suggested algorithms for the regional-scale detection of thin

ice thickness from microwave data are not necessarily trans ferable to the Laptev Sea. Long-

term studies in this region need to take into account speci�c po lynya features, such as prevail-

ing surface salinities and the fraction of nonedge pixels.
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Table 2.1: Overview of raw data, sensors and platforms, derived parameters, sou rce of acquisition and time of record for all the data presented in this study.
Note: SSM/I brightness temperatures and SeaWinds scatterometer data were used as daily averages for April 29, 2008 because no suitable swath data were
available.

Sensor Platform and speci�cations Derived parameters Source Record time
Satellite
MODIS Terra, MOD02QKM Visible: normalized re�ection LAADS Apr il 29, 1100 UTC

April 30, 0335 UTC
AVHRR NOAA-15, LAC Surface temperature, hi T H , sea ice concentration CLASS April 29, 2000 UTC
ASAR ENVISAT Surface backscatter ESA April 30, 0237 UTC
SSM/I DMSP F-13 T B, PSSM POLA,hi R37, hi R85 NSIDC April 29, daily avg.
AMSR-E Aqua T B, PSSM POLA,hi R36, hi R89 NSIDC April 29, 2134 UTC
AMSR-E Aqua T BSIR, hi R36(SIR) BYU April 29, daily avg.
SeaWinds QuikSCAT BackscatterSIR, hi QR(SIR) BYU April 29, daily avg.

Airborne
HEM-Bird Helicopter hi HEM AWI April 29, 02.54 UTC

Orthographic camera Helicopter Surface photography AWI April 29, 02. 54 UTC
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Table 2.2: Overview of T B channels used (V denoting vertical and H denoting horizontal po larization), frequency, �eld of view of sensor channels (FOV) ,
equations, retrieved parameters, effective spatial resoluti on on grid, and names of methods.

Sensor data
Frequency
(GHz)

FOV (km)
Parameter
ID

Equation
Retrieved
quantity

Method Name
Spatial res-
olution on
grid (km)

SSM/I 85 15 £ 13 PR85 (85V-85H)/(85V+85H) POLA PSSM PSSM12 12.5£ 12.5
SSM/I 37 37 £ 28 PR37 (37V-37H)/(37V+37H) POLA PSSM PSSM12 12.5£ 12.5
AMSR-E 89 6£ 4 PR89 (89V-89H)/(89V+89H) POLA PSSM PSSM5 5 £ 5
AMSR-E 36 14£ 8 PR36 (36V-36H)/(36V+36H) POLA PSSM PSSM5 5 £ 5

SSM/I 37 37 £ 28 R37 37V/37H hi
(Martin and others,
2004)

hi R37 25 £ 25

SSM/I 85 15 £ 13 R85 85V/85H hi Exp. �t (Fig. 2.6) hi R85 12.5£ 12.5

AMSR-E 36 14£ 8 R36 36V/36H hi
(Martin and others,
2004)

hi R36 12.5£ 12.5

AMSR-E 89 6£ 4 R89 89V/89H hi Exp. �t (Fig. 2.6) hi R89 6.25£ 6.25
AMSR-E (SIR) 36 14£ 8 R36SIR 36V/36H hi Exp. �t (Fig. 2.6) hi R36(SIR) 10 £ 10
QuikSCAT (SIR) 13.4 35£ 25 QRSIR ¾0V/ ¾0H hi Exp. �t (Fig. 2.6) hi QR(SIR) 6 £ 6
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Table 2.3: Comparison of polynya area (POLA) and average thin ice thickness ( hi ) within the polynya
as derived from the various algorithms discussed in the paper. a) Th ermal ice thickness data hi T H

for POLA (as indicated by the 0.2 m and 0.5 m contour lines) and hi . b) SSM/I microwave brightness
temperatures with PSSM (in different parameterizations) for POLA and with hi R37 and hi R85 for hi .
c) AMSR-E microwave brightness temperatures with PSSM (in different p arameterizations) for POLA
and with hi R36 and hi R89 for hi . d) hi R36(SIR) for average hi and e) hi QR(SIR) for average hi .

Sensor POLA (103 km2) avg. hi (m)
a) AVHRR (20.00 UTC) (Fig. 2.7a)
Thermal ice thickness hi T H Ç 0.5 m 11.4 0.1
Thermal ice thickness hi T H È 0.5 m 10.23 0.07

b) SSM/I (daily avg.)
PSSM085

12 4.9
hi R37 0.04
hi R85 0.03
PSSM070

12 10.5
hi R37 0.05
hi R85 (Fig. 2.7b) 0.06

c) AMSRE (21.24 UTC)
PSSM085

5 7.7
hi R36 0.03
hi R89 0.05
PSSM070

5 10.34
hi R36 (Fig. 2.7c) 0.03
hi R89 (Fig. 2.7d) 0.07

d) AMSR SIR (UTC noon)
hi R36(SIR) (Fig. 2.7e) 0.08

e) QuikSCAT SIR (daily values)
hi QR(SIR) (Fig. 2.7f) 0.07
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Abstract
Here we test the ability of a two-dimensional �ux model to sim ulate polynya events with nar-

row open water zones by comparing model results to ice thicknes s and ice production esti-

mates derived from thermal infrared MODIS observations in c onjunction with an atmospheric

dataset. Given a polynya boundary and an atmospheric dataset, the model correctly repro-

duces the shape of an 11 day-long event, using only a few simple co nservation laws. Ice pro-

duction is slightly overestimated by the model, owing to an u nderestimated ice thickness. We

achieved best model results with the consolidation thickne ss parameterization developed by

Biggs and others (2000). Observed regional discrepancies betwe en model and satellite esti-

mates might be a consequence of the missing representation of t he dynamic of the thin ice

thickening like rafting. We conclude that this simpli�ed poly nya model is a valuable tool for

studying polynya dynamics and estimating associated �uxes of single polynya events.
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3.1 Introduction

Wind-driven �aw polynyas are nonlinear-shaped regions of open -water and thin ice within a

closed ice cover, formed by offshore winds advecting the pack ice away from fast ice edges

(Smith and others, 1990). In �aw polynyas, large amounts of ice ar e generated and salt is ex-

pelled into the underlying waters (e.g. Renfrew and others, 2002 ). As Arctic sea ice volume

shrinks rapidly (Haas and others, 2008; Kwok and others, 2009), the m onitoring of ice produc-

tion within Arctic polynyas with satellites and models is a cr ucial objective of ongoing polar

research.

Passive microwave satellites allow for a direct deduction o f polynya area, and together with at-

mospheric data, a retrieval of thin ice thickness and ice produ ction. With their global coverage

and their ability to penetrate cloud cover, passive microwave sensors can be used for long-term

and large-scale monitoring of polynya dynamics and associat ed ice formation (e.g. Kern, 2009

and Willmes and others, 2010a). Unfortunately, the accuracy of t he retrieval method depends

on regional particularities of polynya size and shape. The coar se spatial resolution of passive

microwave satellite data, if applied to narrow polynyas, gener ates errors through mixed signals

at the fast and pack ice edges (Willmes and others, 2010b), and resu lts in an underestimation

of ice production.

Thus, monitoring of ice production in narrow leads and polynya s remains dif�cult with satel-

lites alone. This gap may be �lled by �ux models capable of simu lating polynya evolution and

ice �uxes. Flux balance models were �rst formulated by Pease ( 1987), embracing the idea of

Lebedev (1968) that wind-generated polynyas attain a maximum siz e resulting from a balance

between the �ux of frazil ice produced in the open water area and the wind-driven offshore

divergence of consolidated new ice. If �uxes are not in balanc e, the polynya area is evolving.

Questions still remain as to the consistency and accuracy of �ux model assessments.

Markus and Burns (1995) found that the area of a polynya retrieved from passive microwave

data agreed reasonably well with area estimates made by a one -dimensional polynya �ux model.

Haarpaintner and others (2001) and Skogseth and others (2004), who c ompared �ux simula-

tions in the Storfjorden polynya with ice area and ice drift in formation obtained from Synthetic

Aperture Radar (SAR) images, con�rmed these good agreements . The estimation of ice and salt

�uxes in polynyas requires, besides correct representation of t he polynya extent, an accurate

determination of ice growth in both open water and thin ice zon es. However, a direct compar-

ison of ice production estimates made by �ux models with satel lite-based approximations is
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still missing.

The aim of this paper is therefore to test whether �ux models provi de realistic ice production

estimates and consequently are capable of �lling the gap in nar row lead and polynya ice pro-

duction monitoring.

Below we apply a two-dimensional �ux model developed by Morales Maqueda and Willmott

(2000) to simulate ice production of an 11 day polynya event that too k place in the southern

Laptev Sea in late December 2007. Model results are compared to ice t hickness and ice produc-

tion estimates calculated using high-resolution thermal i nfrared satellite data obtained from

the Moderate Resolution Imaging Sensor (MODIS) in conjunct ion with an atmospheric dataset

(Riggs and others, 2003; Yu and Lindsay, 2003). The approach is limite d to clear sky conditions,

but yields good results for ice thicknesses below 0.5 m (Willm es and others, 2010b). Based on

the comparison, we will evaluate model applicability and ident ify mechanisms in the model

that are fairly well represented or require further adjustme nts.

The paper is structured as follows: We �rst describe the model a nd dataset used for comparison

(section 2). In section 3 we link simulations to satellite est imates. Model results are discussed

in section 4. A conclusion is drawn in section 5.

3.2 Material and methods

Below, we brie�y introduce the concept of the two-dimensiona l time-depended polynya �ux

model, the methodology to derive ice production from thermal infrared satellite data and the

applied atmospheric dataset. The polynya event was chosen based on MODIS and Environ-

mental Satellite (ENVISAT) SAR observations. In late Decemb er 2007, 11 days of offshore winds

and low temperatures led to the formation of a wide coastal poly nya, located directly north of

the Lena Delta: the Anabar-Lena polynya. Fast ice and pack ice e dges, and the polynya area are

easily identi�able in SAR images in Figure (3.1). The ENVISAT C -band wide swath data is VV-

polarized and covers an area of approximately 400 £ 800 km2 with a spatial resolution of 150 £

150 m2. According to SAR observations, the thin ice formed during 11 days of offshore winds

covers an area of approximately 3.5 % of the entire Laptev Sea. Beca use relatively calm wind

conditions combined with low air temperatures limited the de velopment of large open-water

areas, passive microwave sea ice concentration data reveals no or only minor polynya activity.
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Figure 3.1: The upper left panel shows the Laptev Sea and mean recurrent coa stal polynya locations
(orange line). The red box represents the footprint of three EN VISAT SAR images, shown in the upper
right, lower left and lower right panels. The scenes were acqu ired between December 21 and Decem-
ber 28, 2007, and cover the position of the Anabar-Lena polynya, showing the fast ice belt (south of
white line), the active polynya zone and a region of freely �o ating pack ice (north of dashed white
line).

3.2.1 Model description

The applied two-dimensional �ux model was developed by Morales Maqueda and Willmott

(2000) to simulate the location and temporal evolution of wind-d riven polynyas. This model

builds upon earlier one-dimensional unsteady and two-dimen sional steady theories (Pease,

1987; Darby and others, 1994, 1995; Willmott and others, 1997).

The model distinguishes between two regions in a wind-drive n polynya (Fig. 3.2). Region 1 is

the area of open water where frazil ice is formed. Region 2 is th e thin ice area. This latter region

starts where the frazil ice, arriving from region 1, consolida tes to a new ice layer and ends at the

�rst year ice pack. The term polynya includes both the open water area and the thin ice zone.

The boundary between region 1 and region 2 will be termed 'open w ater edge'.

The open water edge is represented by a curve C(R, t ) Æ0, where R is the position vector of a
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point on the open water edge. From Morales Maqueda and Willmott ( 2000) the evolution of the

point R is determined by

@R

@t
Æ

H U ¡ hcu

H ¡ hc
, (3.1)

where hc and u are the thickness and velocity of frazil ice arriving at the ed geC. H is the thick-

ness of the consolidated ice formed when the frazil ice 'piles u p' against C, while U is the drift

velocity of the consolidated new ice.

According to Morales Maqueda and Willmott (2000) the evolution o f H , U, hc and u is deter-

mined as follows:

When the wind is blowing offshore, the pack ice drifts away fro m the fast ice edge and open

water is formed. Within the open water zone, frazil ice format ion takes place. The frazil ice

production in the open water area is calculated following Mart in and Kauffman (1981) by

@h/ @t Æ
¡ Qnet

½f Ls
. (3.2)

½f in Equation (3.2) is the frazil ice density of 950 kg m 3 (Martin and Kauffman, 1981) and Ls

= 234.14 kJ kg¡ 1 is the latent heat of fusion for sea ice (Yen and others, 1991). Th e surface heat

balance Qnet can be decomposed as

Qs Å Ql Å Qlw Å (1¡ ®)Qsw ÆQnet , (3.3)

where Qs and Ql are the turbulent sensible and latent heat �uxes calculated u sing a bulk param-

eterization with a transfer coef�cient of 2.0 £ 10¡ 3 (Morales Maqueda and others, 2004), Qlw is

the net longwave radiation of the sea surface, Qsw is the shortwave solar radiation and ® is

the surface albedo (e.g. Cavalieri and Martin, 1994 and Morales Maqueda and others, 2004). If

Qnet is negative, the water body emits heat to the atmosphere and fr azil ice is produced. In late

December, the incoming solar radiation and the heat �ux due t o precipitation can be neglected.

The atmospheric forcing is assumed to be uniform over region 1 and region 2.

After formation, Langmuir circulation, created by the inte raction of the waves with the wind

stress, herds frazil ice into slurries taking the form of lon g bands or plumes. Wind pushes the

long bands of grease ice downwind (Pease, 1987; Martin, 2001). The v elocity u of the frazil ice

drift is determined following Martin and Kauffman (1981). The e ffect of surface currents on the

frazil ice drift trajectories is neglected.
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Figure 3.2: Schematic drawing illustrating the polynya model in the one-dimensio nal (a) and two-
dimensional (b) cases (adapted from Willmott and others (1997)). In the open water area frazil ice
growths with rate @h/ @t , and is then herded downwind with speed u, until it arrives with thickness
hc at the open water edge, C(R, t ) = constant. Here it piles up to a thickness H , and then drifts as
consolidated ice away from the edge with speed U.

At the open water edge, hc consolidates to a thin ice layer with thickness H . In this study, we ap-

ply the parameterization for H developed by Biggs and others (2000) to avoid situations where

hc becomes larger than H . Following Biggs and others (2000), H is derived in terms of the depth

of frazil ice arriving at C and the component, normal to C, of the frazil ice velocity relative to

the velocity of the consolidated new ice.

After consolidation, the continuous thermodynamic growth of new ice formed is calculated

by Stefan's law (Maykut, 1986; Petrich and Eicken, 2010). Through s ome simpli�cations, the so

called degree day model is capable of estimating a fairly accu rate prediction of sea ice growth.

The drift of the new ice is determined by Zubov's law (Leppaeran ta, 2005). The occurrence of

rafting inside the thin ice area is not taken into account.

For a comprehensive description of the model and numerical met hods employed we refer the

reader to Morales Maqueda and Willmott (2000) and Willmott and ot hers (2007).

3.2.2 Thermal infrared satellite data

We use Level 1B calibrated radiances (thermal infrared) from the MODIS sensor, provided by

the U.S. National Aeronautics and Space Agency (NASA) Level 1 and Atmosphere Archive and

Distribution System (LAADS) to derive ice surface temperatu res from brightness temperatures

at 11 ¹ m and 12 ¹ m (MODIS channels 31 and 32, respectively, (Riggs and others, 2003)) . The
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spatial resolution of the sensor is approximately 1 £ 1 km2. The MODIS cloud mask (MOD35)

product is used at the 'con�dent clear' level to determine clea r-sky regions and to avoid a po-

tential temperature bias due to sea smoke.

Following Yu and Lindsay (2003), the thermal thin ice thickness h th is inferred from the ob-

tained ice surface temperatures Ts by

h th Æk i (Ts ¡ To)/ Qnet , (3.4)

where To = -1.86 ±C is the seawater temperature at freezing point and k i = 2.03 W m¡ 1 K¡ 1 is

the thermal conductivity of sea ice (Drucker and others, 2003). Qnet is calculated from Equa-

tion (3.3), with same parameterizations as used for the model. The thickness retrieval is based

on the assumption that the heat �ux through the ice equals the t otal atmospheric heat �ux.

The method implies that vertical temperature pro�les within th e ice are linear and no snow is

present on top. It yields good results for ice thicknesses bel ow 0.5 m, for which its accuracy is

estimated to be § 20 % (Drucker and others, 2003).

In total, we identi�ed 67 MODIS scenes, covering the Anabar-L ena polynya between Decem-

ber 20 and December 30, 2007. The time of interest is characterized by very low cloud coverage

and the absence of snowfall, such that surface temperature co mposites could be assembled on

a daily basis, except for December 29.

Assuming that surface heat loss is entirely used for ice form ation, the ice production for ice

thinner than 0.5 m is determined by equation

@h th / @t Æ
¡ Qnet

½i Ls
, (3.5)

where ½i = 920 kg m3 is the density of thin ice. For a detailed description on ice th ickness

retrieval from surface temperature information we refer to W illmes and others (2010b).

3.2.3 Atmospheric data

Model and MODIS computations are based on 6-hourly analysis da ta from the global numeri-

cal weather prediction model of the German Weather Service GME (Majewski and others, 2002).

Mean sea level pressure, 2 m air temperature and humidity and 10 m wind vector were extracted

from a single grid point in the centre of the polynya (Fig. 3.3). T he applicability of the analyzed

data is shown by a comparison with automatic weather stations (Schroeder and others, 2010).
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Figure 3.3: 2 m air temperatures and 10 m wind vectors during study period take n from atmospheric
dataset. Wind vectors show the direction of air �ow, with their le ngths representing wind speed.

3.3 Results

The evolution of open water and thin ice, and associated ice pro duction was simulated with the

polynya �ux model. Model results were interpolated to a grid wi th a spacing equal to the spatial

resolution of the MODIS sensor. The drift algorithm for cons olidated ice (Zubov's law) requires

the ice drift deviation angle from the wind direction and ice d rift velocity in percent of wind

velocity to be known. These constants were taken from SAR ima ges (Haarpaintner and others,

2001). The model boundary is the fast ice edge. Broken fast ice pie ces at the polynya edge ham-

per comparison of model results with MODIS thermal estimates. Hence, we restrict compari-

son to the 100 km wide polynya centre covered solely by thin ice. T he area is located between

124± E and 127± E. The method to infer thermal infrared thickness and product ion is restricted

to ice thinner than 0.5 m. We therefore limit the model evaluat ion to this thermal range (0 - 0.5

m). Model thicknesses and resultant ice production exceedin g 0.5 m are excluded from com-

parison. Note that for December 29 a MODIS composite is not avail able. For this particular

date, we interpolate between satellite approximations made on D ecember 28 and December

30.

Figure (3.4) shows �ux model results and satellite estimates for December 25. Polynya ice

thickness distribution and ice production were computed from MODIS data and model results.

A SAR image, taken on December 25 at 02 a.m. UTC shows the areal extent of the polynya (com-

pare Fig. 3.1). The banded zones of high and low backscatter in b etween fast ice edge and pack

ice correspond to young ice, formed between December 20 and Dec ember 25. Partially, these

patterns are preserved in thermal MODIS ice thickness informa tion. The mean thickness for

the polynya area below 0.5 m is 0.32 m with minimum ice thicknesses of 0.04 m. The ice area

adjacent to the pack ice edge (compare SAR scene) is thicker tha n 0.5 m, and consequently not



50 3 Polynya �ux model evaluation (Paper 2)
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Figure 3.4: Polynya �ux model results and satellite estimates for December 25. (a ) and (b) represent ice
thickness distribution inside the thin ice area, from MODIS approxi mations and model, respectively.
(c) shows a SAR scene, taken at 02 a.m. UTC. (d) and (e) show satellite- based and modelled daily ice
volume production.

included in the thermal approach. The mean model polynya thickn ess is lower (0.27 m), and

the maximum thickness does not exceed 0.4 m. According to Figur e (3.4) the agreement be-

tween MODIS and model ice production is high and the shape of the polynya is well resolved

by the model. Note that the opening event is not visible in sea ic e concentration data derived

from the Advanced Microwave Scanning Radiometer (AMSR-E).

Below, we compare satellite and model polynya area evolution, thickness distribution and ice

production rates for ice thinner than 0.5 m.

The polynya area evolution, as retrieved from model, MODIS an d ENVISAT SAR estimates, is

presented in Figure (3.5). The thermal and model area estimate s show the evolution of ice areas

thinner than 0.5 m. In contrast, SAR area estimates include, b ased on a visual image segmen-

tation, the entire thin ice area formed between fast ice and pa ck ice edge during 11 days of

Figure 3.5: Total polynya area (light-blue shaded) and open water fraction ( blue shaded) calculated
with the �ux model. MODIS based polynya area estimates are presented i n the red shaded area. Dia-
monds show area information taken from ENVISAT SAR images.
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Figure 3.6: Zonally averaged polynya ice thickness distribution (m) as a func tion of distance from fast
ice edge (km) for 9 days of polynya activity. The red dotted line re presents MODIS thermal ice thick-
ness and the blue solid line �ux model estimations. Corresponding shaded areas indicate one stan-
dard deviation from mean thickness.

polynya activity (compare Fig 3.1).

According to the last SAR image available prior to the end of th e observation period, the polynya

reaches an area of approximately 7.9 £ 103 km2. This corresponds to an average opening width

of 87 km. During the �rst 8 days of offshore winds (compare Fig. 3. 3), polynya area is continu-

ously increasing regardless of the methodology used for are a calculation. MODIS area approx-

imations are slightly lower than SAR area estimates, since t he thickness of thin ice close to the

pack ice edge is beyond the limit of the thermal ice thickness r etrieval. Ice growth beyond 0.5 m

also causes the sharp drop in MODIS area from 4.8 £ 103 km2 down to 1.1 £ 103 km2 between

December 28 and December 30. Model thin ice areas exceed ice thic knesses of 0.5 m only at the

very end of the observation period. Hence, the model area clos ely follows SAR area estimates.

A direct comparison of the computed open water area with satelli te approximations is not pos-

sible, since reliable satellite-based open water estimates are missing. In SAR images, often no

clear limit exists between open water and consolidated thin ic e, due to the smooth transition

from low to high frazil ice concentration. MODIS based open wa ter estimates suffer from mixed

pixel signatures. Following Equation (3.4) open water areas are c haracterized by a surface tem-

perature close to the freezing point of seawater. Unfortunate ly, the presence of frazil ice, Lang-
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Figure 3.7: Zonally averaged 24 h ice volume production (m) as a function of di stance from fast ice edge
(km) for 9 days of polynya activity. The red dotted line correspon ds to ice production as derived from
MODIS. The blue solid line represents �ux model estimations. Correspon ding shaded areas indicate
one standard deviation from mean thickness.

muir streaks or ice �oes in the water column lowers the averag ed surface temperature within

the sensor footprint beneath freezing point, such that potenti al open water areas are classi�ed

as very thin ice.

Figure (3.6) shows the zonally averaged ice thickness pro�le a cross the polynya and its standard

deviation, computed from MODIS composites and model results fo r 9 days of polynya activity.

Both MODIS and model show an increase in ice thickness with in creasing distance from the

fast ice edge. The simulated ice thickness tends to be genera lly lower than thermal ice thick-

ness. Standard deviations are higher for thermal ice thickne sses than for model thickness.

Nearby the fast ice edge, the model shows a small strip of open w ater with ice thickness equal

to 0. Within this zone, ice growth in the model takes place as fra zil ice formation, which is

herded offshore until it consolidates at the open water edge. Following the parameterization

developed by Biggs and others (2000), the consolidation thickne ss varies between 0.06 m (De-

cember 27) and 0.15 m (December 25). After consolidation, the ice th ickness in the model is

governed by thermodynamic processes as described by Stefan' s law (Petrich and Eicken, 2010).

The MODIS sensor does not show open water zones. Instead, the z one close to the fast ice edge

is characterized by very low thicknesses varying between 0.06 m (December 30) and 0.20 m
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Figure 3.8: Total amount of ice produced (m) within 11 days of polynya activit y (December 20 - Decem-
ber 30, 2007). Left panel: Ice production based on MODIS thermal inf rared data. Right panel: Model
simulated ice production. In the area near the fast ice edge the acc umulated ice production amounts
to 1.3 m (MODIS) and 1.2 m (�ux model), respectively. The dashed black l ine shows the extent of the
mask area applied in Figure (3.9).

(December 22). With increasing distance from the fast ice edge , the difference in MODIS and

model estimates is decreasing, except for December 21 and Dece mber 22.

Figure (3.7) shows the zonally averaged ice production across the polynya computed from

MODIS and model results. Modelled ice production agrees well with MODIS estimates. At

the fast ice edge, highest ice production rates are achieved, either in the form of frazil ice pro-

duction (model), or by means of conductive heat �ux through v ery thin ice (MODIS, compare

Fig. 3.6). Ice production is then decreasing with distance from the fast ice edge, owing to the in-

creasing ice thickness. Largest deviations in MODIS and mode l ice production estimates occur

0 to 10 km offshore the fast ice edge.

The accumulated total ice production over 11 days in the entire polynya area is presented in

Figure 3.8. Because modelled ice thickness exceeds 0.5 m only a t the end of the observation

period, its ice production area extends far north (see also Fig. 3.5). MODIS and the �ux model

calculate the accumulated ice production per km 2 in the area near the fast ice edge to be 1.3

m and 1.2 m, respectively. Beyond the fast ice edge region, ice f ormation rates are higher in

the model, which results from lower ice thickness estimates (Fig. 3.6). The mean accumulated

ice production per km 2 is 0.4 m and 0.37 m, for MODIS and model respectively. The satellit e

observed characteristics of ice production are well captured by the model.
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Figure 3.9: MODIS and model mean daily and accumulated total ice production betwe en December
20 and December 30. Upper panel: Mean daily and accumulated total ice production within a pre-
de�ned 900 km 2 big area offshore the fast ice edge (mask area is shown in Fig. 3.8). Mo delled and
thermal mean daily ice production (km 3/d) are represented by the solid red and dashed red line, re-
spectively (left axis). Modelled and thermal accumulated total i ce production (km 3/d) is represented
by the solid black and dashed black line (right axis). Lower panel: M ean and accumulated total ice
production for the entire polynya area. The color and line code are the same as in the upper panel.

Figure (3.9) presents the MODIS and model mean daily and accumu lated total ice production.

Calculations in the upper panel are limited to an area of 900 km 2 adjacent to the fast ice edge.

This area includes open water and parts of the thin ice zone. The extent of the mask area is

drawn in Figure (3.8) and is equivalent to the polynya area 1.5 da ys after opening. During

the �rst 8 days, the modelled mean daily and accumulated tota l production slightly exceeds

MODIS estimates. However, an increase in MODIS ice productio n on December 28 and De-

cember 30, causes the accumulated ice volumes to equal towards the end of the observation

period. The total ice production inside the mask area amounts t o 0.9 km3.

In the lower panel, all ice areas thinner than 0.5 m were taken in to account for volume approx-

imations. Again, in the beginning the model shows a higher da ily mean production, until, on

December 28, the MODIS polynya area is decreasing owing to an inc rease in ice thickness be-

yond 0.5 m (compare Fig. 3.5). As a consequence, modelled daily i ce production becomes twice

as high as MODIS estimates, resulting in a 30 % higher total ice volume.

3.4 Discussion

The determination of the open water edge is a central element i n the model concept. Unfor-

tunately, the reliability of the modelled open water width is dif�cult to assess directly, since
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for the prescribed situation satellite-based open water widt h estimates are missing. This is

because the identi�cation of open water in SAR and MODIS scene s is hampered by the narrow-

ness of the open water zone and the presence of frazil ice in the w ater column.

Nevertheless, since ice production rates are highest inside the open water area, the spatial dis-

tribution of highly productive zones gives evidence for the ext ent of open water. Consequently,

the achieved accuracy of the open water simulation can be dete rmined through a comparison

of satellite-based estimates with modelled zones of high ic e growth rates. Moreover, a good

agreement between modelled and thermal ice thickness distr ibution is a second indication for

model reliability.

An initial comparison of thermal infrared ice thickness and pr oduction estimates with model

computations has shown that the �ux model is capable of reproduc ing quite well the shape of

the polynya and salient features of the landfast ice boundary .

Note that the equations to derive ice thickness and ice product ion from MODIS are, by de�-

nition, very close to the equations that are used in the model. In addition, the applied atmo-

spheric forcing is identical. Hence, the accuracy of the simu lation primary depends on if a real-

istic fast ice boundary is used and if the movement of the pack i ce edge is prescribed correctly

(by estimating appropriate parameters for Zubov's law from SAR i mages). Another well-known

uncertainty in polynya simulations is the parameterization o f the collection depth H , since the

evolution of the open water edge is extremely sensitive to it. E arly one-dimensional and two-

dimensional polynya �ux models have used constant values for H , typically between 0.02 and

0.3 m (e.g. Martin and Kauffman, 1981; Pease, 1987; Haarpaintner and o thers, 2001), chosen

by �tting �ux model results to the observed widths of the open- water zone. Winsor and Bjoerk

(2000) assumeH to be a linear function of the 10 m wind speed, increasing from 0.1 to 0.3 m as

the wind speed increases from 5 to 35 m s ¡ 1. Biggs and others (2000) developed a parameteri-

zation to avoid situations where the thickness of frazil ice arriving at the polynya edge becomes

larger than H . All different parameterizations for H were tested in the model and results were

compared to satellite approximations (not shown here). For the e vent investigated in this pa-

per, we found that the parameterization developed by Biggs and o thers (2000) yields the most

realistic open water extent. Parameterizations using consta nt H are either numerically unsta-

ble or lead to a crude overestimation in open water area.

Furthermore, regional differences between satellite esti mates and model results are related to

the representation of physical processes in the model and possib le de�ciencies in the atmo-

spheric datasets. Below, we discuss parameterizations and me chanisms that are fairly well rep-
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resented or require further adjustments.

Because the GME dataset is spatially quite uniform, we use atmo spheric forcing �elds extracted

from a single grid point in the centre of the polynya. The mean de viation in longshore wind ve-

locity from the polynya centre is 0.4 § 0.21 m sec¡ 1. The average longshore differences in wind

direction and temperature are 4.4 § 3.1± and 0.34 § 0.32±C, respectively. The resultant uncer-

tainty in heat �ux computations is 35 § 30 W m¡ 2, which is equivalent to a frazil ice production

error of 1.1 § 0.009 m m¡ 2 d¡ 1. However, in reality strong gradients of air temperature and wind

speed across and along the polynya may exist which are not capture d by the GME dataset and

which may lead to uncertainties in ice production estimates. Furthermore, in the atmospheric

GME model polynyas are not present, thus the 2 m air temperatures are valid over thin ice only.

Following Ebner and others (2010), 2 m air temperatures over open w ater can be signi�cantly

higher than over the ice. This may result in an overestimatio n of both model and satellite-based

ice production.

Some physical processes that do have an impact on the formation a nd maintenance of the

polynya are not considered in the model. There is evidence that frazil ice trajectories are af-

fected by ocean currents (Willmott and others, 1997). In the �ux model, we assume frazil ice

motion to be purely wind driven, since the strength and direct ion of near surface currents are

unknown. In addition, inertial motions and tidal currents m ight advect warmer water from

outside into the polynya area, thus hindering frazil ice produ ction (Willmott and others, 2007).

The error associated with this uncertainty is unknown.

The simpli�cations made in the model become increasingly impo rtant as the open water re-

gion grows in size. In our case, the simulated polynya develops under moderate wind speeds

and low air temperatures, such that the open water area stays re latively small. If the open water

width becomes wider, which is the case for polynya events in th e Laptev Sea taking place in late

April (Willmes and others, 2010a), spatial variations in atmospher ic and oceanic forcing would

signi�cantly alter frazil ice motion.

Beside the parameterization of H , discrepancies between satellite estimates and model can

also be a consequence of the incomplete, or missing, representa tion of dynamic processes tak-

ing place inside the thin ice area. According to Skogseth and o thers (2005), rafting and ridging

in polynyas can play a signi�cant role in ice thickening, the cr eation of open water area and ice

production. Rafting and ridging primarily result from a compre ssion of the thin ice zone, owing

to differences between the drift of the outer pack ice and the e volution of the open water edge.

During the opening of the Anabar-Lena polynya, we assume compre ssion to result exclusively
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in rafting. This assumption is supported by aerial photographs ta ken on winter expeditions in

the Laptev Sea during different �ights across active polynyas (TRANSDRIFT XIII, TRANSDRIFT

XV). The aerial images show that the occurrence of rafting in creases with distance from the fast

ice. This is because, at the onset of an opening event, when the thin ice zone is rather small,

compression operates on a relatively small thin ice area leadi ng to high rafting rates. With in-

creasing thin ice width, the rafting probability weakens. Th is possibly explains the decrease

in discrepancies between satellite approximations and model re sults towards the end of the

observation period. To account for rafting in the model, one c ould simulate the evolution of

the outer pack ice and open water edge separately and take the dif ference between drifts as a

measure of compression acting on the thin ice zone. Neverthel ess, an implementation of a dy-

namic thickening component is dif�cult, since studies on raf ting probabilities in thin ice zones

are limited to characterizations of processes such as energy consumption (Worby and others,

1996; Babko and others, 2002).

The spatial and quantitative agreement between modelled and s atellite-based total ice volume

production is high (Fig. 3.8). The largest deviations in ice prod uction estimates coincide with

areas of high disparity between simulated and thermal infrar ed thickness (compare Fig. 3.6,

Fig. 3.7 and Fig. 3.9). If we limit satellite and model compariso n to the highly productive zone

close to the fast ice edge (masked area in Fig. 3.8 and upper panel o f Fig. 3.9), differences in ice

volume calculations are even smaller. Taking into account t he entire polynya area (lower panel

Fig. 3.9), the model overestimates ice production by 30 %. This i s due to the differences in sim-

ulated and satellite-based polynya area estimates (Fig. 3.5), which is again, a consequence of

the underestimated model ice thickness.

3.5 Conclusion

We have compared two commonly used approaches to estimate ice pro duction by applying

them to an observed Laptev Sea polynya event. A two-dimensiona l �ux model developed by

Morales Maqueda and Willmott (2000) is used to calculate the loca tion of transition between

open water and thin ice, the drift of consolidated new ice and a ssociated ice formation. Results

from this model are in agreement with ice thickness and produc tion estimates obtained from

MODIS thermal infrared data in conjunction with an atmospher ic dataset.

Given a polynya boundary (coastline or fast ice edge) and an at mospheric dataset, the model

is capable of describing the shape of the polynya realistically using only a few simple conserva-

tion laws. The mean accumulated ice productions unit area for 11 days of polynya activity are
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0.4 m and 0.37 m for thermal and model estimates, respectively. Th e accumulated ice produc-

tions in the area near the fast ice edge amount to 1.3 m and 1.2 m, r espectively. Further offshore,

ice formation rates are overestimated by the model, owing to the fact that it underestimates the

ice thickness.

We conclude that this simpli�ed physical polynya model is a valu able tool for studying polynya

dynamics and estimating associated �uxes of single polynya ev ents. It provides an alternative

to passive microwave polynya monitoring techniques, which are often not capable of resolving

narrow polynyas formed under moderate or low wind forcing.

The best model results are achieved with the consolidation t hickness parameterization devel-

oped by Biggs and others (2000). The implementation of dynamic thi n ice thickening could

eventually improve observed regional discrepancies between model and satellite. When simu-

lating polynya events of larger longshore dimension, the use of a spatially non-uniform forcing

dataset would be required. However, with increasing complexit y, a purely numerical approach

is needed.
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Abstract
We present the prototype of a simpli�ed photogrammetric system (H ELicopter-borne Ice Ob-

servation System, HELIOS) and demonstrate how it can be used for the documentation of

ground- and airborne sea ice surveys. The aerial unit consis ts of a nadir-looking digital cam-

era mounted on a gimble, a GPS receiver and a computer. It is of l ow-cost and weight and is

designed such that it withstands low temperatures, operates a utonomously and �ts to any stan-

dard helicopter skid. Systematic errors arise from the GPS-b ased determination of the camera

position, the pointing accuracy of the gimbal, and the camera a lignment in �ight direction.

Because most sea ice mapping projects require an accuracy far be low conventional mapping

standards, HELIOS offers a broad range of applications. This i ncludes the photogrammetric

documentation of experimental sites as well as the veri�catio n of satellite-, and model-based

estimates of sea ice and snow cover properties. Images taken si multaneously with other air-

borne observations provide a valuable tool to assess the accur acy of those measurements.
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4.1 Introduction

The investigation of sea ice in Arctic regions by means of aer ial photography goes back until

the 1940s. By that time photographs were the only remote sensing too l obtained on an oper-

ational level at high latitudes (Johannessen and others, 2005) . Because practically all sea ice

characteristics that are captured by the human eye can be dete rmined on the basis of pho-

tographs as well, they were used to support navigation in Norther n Sea Routes and to gain fun-

damental insight into principals of ice dynamics and formatio n (Bushuyev and others, 1964;

Tucker and Govon, 1981; Hall and Rothrock, 1987).

Today, aerial photographs are no longer used on an operational b asis. Since the 1980s, infor-

mation on sea ice concentration and dynamics have been obtai ned, most reliably and over

larger regions, from passive and active microwave sensors mo unted on satellites or airborne

platforms. In addition, the implementation of camera systems on board of aircrafts in Polar

regions poses dif�culties different to standard photogramme tric surveys: First, the transport of

expensive photogrammetric systems demands extensive logistic al efforts (Barnea and others,

2009). Second, most aircrafts that are used on Arctic surveys ar e helicopters without a desig-

nated shooting hole. Consequently, the heavy camera equipmen t needs to be placed outside

the aircraft, which requires special protection and heating an d limits the payload. Third, the

camera operation can be complicated and time consuming.

The lack of aerial photography of sea ice was pointed out at the Cl imate and the Cryosphere

(CliC) workshop on Arctic sea ice observations in Tromsoe, 2009. The objectives of this work-

shop were to develop, standardize, and implement observatio n and measurement protocols

for Arctic sea ice in coastal, seasonal, and perennial ice zon es (Perovich and Gerland, 2009). It

was proposed that there is a need for better and standardized do cumentation of airborne and

ground-based sea ice measurements. Here, aerial photographs do provide a valuable contribu-

tion. Moreover, images can be used on �eld campaigns and expedit ions to support planning

and decision making (Steer and others, 2008) as well as to valida te the accuracy of model results

and airborne and satellite-based estimates of sea ice and sn ow cover properties

(Leisti and others, 2009; Krumpen and others, 2010b).

In this paper, we describe the development of a simple nadir-look ing low-cost photogrammet-

ric unit that is capable of �lling the gap in experimental site do cumentation. The HELicopter-

borne Ice Observation System (HELIOS) is designed such that it can be easily mounted on

standard helicopters, withstands extreme conditions, operat es autonomously and is simple to
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manufacture. Our aim is to test whether the system ful�ls req uirements on accuracy for the

documentation of ground- and airborne surveys of sea ice.

Below, we present the aerial unit, the image processing techni ques and evaluate, based on data

obtained during former expeditions, the precision of the syste m. Finally, we address and dis-

cuss several camera applications on sea ice.

4.2 The aerial unit

The presented aerial unit is based on a low-cost consumer came ra. The usage of these cameras

for aerial photogrammetry has been discussed for a long period among the photogrammet-

ric community (Barnea and others, 2009). It was shown by Laebe an d Foerster (2004), Petrie

(2006) and Petrie and Walker (2007) that low-cost consumer cameras , under certain, limited

accuracy requirements, can be succesfully implemented for pho togrammetric purposes. The

photogrammetric requirements in terms of accuracy and image qu ality for sea ice applications

like the veri�cation of satellite-, and model-based estima tes are far below conventional map-

ping standards, since the image error is several magnitudes s maller than the spatial resolution

of common model or satellite data products. Below, the system components and image pro-

cessing techniques are described in detail.

Photogrammetric surveys in the Arctic environment require r obust and energy ef�cient digi-

tal equipment. The HELIOS prototype is equipped with a rugged digit al camera, the RICOH

Caplio 500SE. The camera has an 8.3 megapixel sensor (7.18 x 5.32 mm CCD) and a wide angle

3 x optical zoom lens, equivalent to a focal length of 28 - 84 mm on a 35 mm �lm. The image

quality is high, with good saturation and contrast, and there is little to no evidence of corner

softness and radial distortion. The camera is enclosed in a w eatherproof plastic dome, which

has been designed to withstand contact with water and extreme temperatures.

To compensate for pitch and roll of the aircraft, the nadir-loo king camera is �tted on a two-axis

gimbal (Fig. 4.1, left panel). The camera mount contains isola tion bushings, insulating the

sensor from vibration. The camera and gimbal were given addit ional weather protection by

placing the unit inside a heated plastic enclosure (0.41 x 0.41 x 0.3 m ). The plastic enclosure is

designed such that it �ts to any standard helicopter skids (Fi g. 4.1, right panel).

The RICOH camera is capable to write GPS information into the i mage header. Geographic po-

sitions can be taken either from an internal or external GPS de vice. The internal GPS receiver
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Figure 4.1: (Left) RICOH® camera 500SE placed on a two-axis gimbal for tilt comp ensation. (Right)
Photograph of HELIOS (HELicopter-borne Ice Observation System) mou nted on a BELL Helicopter.

consists of a 1 Hz SiRFStar III chip. As an external receiver we are using a 4 Hz Amtel/u-blox

Antaris® chip placed outside the plastic enclosure to improve G PS reception. The position ac-

curacy of the GPS receivers were tested by comparing measurem ents against a reference point

of known location. Results are listed in Table (4.1).

Some mapping applications like photogrammetric surveys of experim ental sites require proper

�ight track and acquisition point planning. This can be done usi ng a geographical information

systems (GIS) or a �ight management software. During �ight, a GPS connected to the software

shows the real-time position of the aircraft relative to the m ission trail and the image acquisi-

tion points. When the acquisition point is reached, the camera i s released manually by a laptop

computer from inside the helicopter via a Bluetooth channel. If photographs are taken simulta-

neously with other airborne measurements, the system can be set such that it is released auto-

matically with a prede�ned acquisition interval. Photographs taken are stored on the camera

internal �ash memory card. Under �ight conditions, the opera ting-time of the battery driven

system is approximately 4 hours.

Table 4.1: Accuracy of GPS receivers tested by comparing the measurements aga inst a reference point
of known location.

GPS-Chip SiRFStar III Amtel/u-blox Antaris

Frequency 1 Hz 4 Hz
Mean distance § 4.4 m § 2.9 m

from reference point
STDV § 7.2 m § 2.2 m
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4.2.1 Image processing

The fundamental task of aerial photography is to establish the geometric relationship between

the image and the object as it existed at the time of the image ev ent (Mikhail and others, 2001).

Below, this process is referred to as georeferencing (Mather 1999).

To locate and orientate the image in the object coordinate sy stem, the image center coordinates

(X0, Y0, and Z0), the focal length, and the three orientation parameters, pit ch, roll and yaw

(! ,' ,· ), are needed (Mikhail and others, 2001; Kasser and Egels, 2002; Paine and Kiser, 2003;

Lillesand and others, 2004). High precision photogrammetry also requires the determination

of camera interior parameters in a laboratory. However, our r equirements on accuracy are com-

paratively low and the interior camera calibration is a cost i ntensive procedure. Thus, the lens

geometry is neglected by assuming it to be �at-�eld.

X0, Y0, and Z0 positions are taken from the camera internal GPS device. If usi ng an external

antenna, X0, Y0, and Z0 need to be corrected for the displacement between the external GPS

receiver and the camera position.

Pitch and roll of the aircraft are assumed to be fully compensa ted by the gimbal shown in Figure

(4.1), such that ! and ' are set to 0. · is close to the �ight direction and can be computed from

a GPS receiver with two antennas placed at different positions . The measurement differences

taken by the two antennas enable the determination of an accu rate camera orientation rela-

tive to the �ight direction. Note that this method requires a dditional processing and �ltering

(Barnea and others, 2009). To keep the system as simple as possible we therefore suggest to set

· equivalent to the �ight direction. Errors associated to this assumption are discussed below.

4.2.2 Qualitative system evaluation

During a Russian-German research expedition in winter 2009 (TRAN SDRIFT XV), the accuracy

of the camera system was tested by making 20 �ights across a set of points of known location

(ground control points, GCP). Flight speed was approximately 130 km /h and �ight height was

constant around 85 m. Image positions were taken 10 times with th e external 4 Hz GPS receiver,

and 10 times with the internal 1 Hz device. An image example is give n in Figure (4.2).

The mean displacement of image points from the GCP's is equival ent to the X0 and Y0 position

error induced by the use of different GPS frequencies. Image georeferencing based on a 1 Hz

device results in a position mismatch of § 60 m. The use of a 4 Hz chip signi�cantly improves

the accuracy of X0 and Y0 determination by 75 % to § 15 m.
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Figure 4.2: Aerial photograph taken with HELIOS on March 24, 2009 (TD XV) u sing a 4 Hz GPS receiver.
Image was obtained at 85 m �ight height and covers a footprint of 109 x 72 m. The black crosses mark
ground control points (GCP) of known locations on the fast ice ( see enlargement). The white crosses
show the locations of corresponding image points on the georefer enced image. Displacements be-
tween image points and GCP's gives evidence for the accuracy of t he system. Residuals should be of
comparable size and point in random directions. A tendency in the disp lacement indicates the pres-
ence of a systematic error. Here, the image is tilted by an angle of 4± against �ight direction (pitch, ! ).
The mean offset of image points from GCP's is 12 m.

Following Mikhail and others (2001), the pointing accuracy of th e gimbal is calculated via the

relative displacement between image points. We estimated the pointing accuracy in ' direc-

tion to be within a range of § 1±. Thus, the pointing accuracy of the gimbal in roll direction i s

satisfying. Unfortunately, the camera pitch against �ight d irection, induced by high helicopter

velocities, cannot be fully compensated by the suspension. Du e to momentum, the precision

of ! compensation is § 5±.

To keep the system as simple as possible, we suggest setting yaw equivalent to the �ight direc-

tion. However, an aircraft in a crosswind can have several de grees of yaw. To quantify how close

yaw (· ) is to the �ight direction, we compared the camera orientatio n recorded by a digital com-

pass with �ight direction estimates computed from the GPS trac k (Fig. 4.3, upper panel). The

data were obtained during a crosswind �ight with a Russian MI -8 helicopter (TD XV). The wind

velocity during �ight was approximately 6 m sec ¡ 1. For the prescribed �ight, the mean devia-

tion between �ight direction and camera orientation was § 2±, which is acceptable. However,
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Figure 4.3: (Upper panel) Yaw ( · ) error resulting from the assumption that the camera is aligned wi th
the �ight path. The error is computed from the difference betwee n true camera orientation recorded
by a digital compass and �ight direction computed from the GPS track . Data was obtained during a
crosswind �ight with a Russian MI-8 helicopter. The wind velocit y at 2 m height was approximately 6
m sec¡ 1. (Lower panel) Comparison of the camera height as obtained from t he 1 Hz GPS receiver with
height information taken from a laser altimeter. The difference gives evidence about the accuracy of
the estimated GPS camera height. Data was obtained during a HEM �igh t in April, 2008 in the Laptev
Sea (TD XIII).

maximum values of § 8± can occur. Note that yaw angles might signi�cantly differ un der higher

wind speeds and if using smaller helicopters.

An additional error arises from uncertainties in GPS camera height estimations. A comparison

of the camera height as obtained from the 1 Hz GPS receiver wit h height information taken

from a laser altimeter, gives evidence about the accuracy of t he estimated camera height (Fig.

4.3, lower panel). If the helicopter maintains height at a const ant level, the mean Z0 position-

ing error is approximately § 4 m. Data were obtained to during a helicopter-borne, electro -

magnetic (HEM) ice thickness measurement �ight (Haas and ot hers, 2009) in April, 2008 in the

Laptev Sea (TD XIII).

The error associated to the missing interior calibration of the camera is unknown. For example,

lens distortion might result in radial displacements of imag ed points from their theoretically

correct positions. This is the most relevant interior aberra tion and can directly affect the ac-

curacy of the system. Nevertheless, aberrations related to the lens geometry are rather small

compared to systematic errors introduced by the GPS and the gi mbal. Hence, an interior cali-

bration of the camera would not signi�cantly improve the perfo rmance of the system.
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4.3 System applicability for various mapping projects

Whether HELIOS can be used to document ground- and airborne s ea ice surveys depends on

the required accuracy of the mapping project.

An important application for aerial photography is to service shor t-range ship navigation of

scienti�c groups and companies by using imagery to visually cla ssify sea ice distribution and

characteristics. For this application, requirements on geom etric image accuracy are usually low

and adequate results can be achieved by a hand-held camera, wh ere the system time has been

synchronized with a GPS. A trained observer can then easily s eparate between multiyear and

�rst year ice, estimate the rate of compression in sea ice �eld s and localize potential navigation

passages. Here, the advantage of a system like HELIOS merely lies in its simple autonomous

operation.

Furthermore, aerial photographs can be used for the veri�cati on of satellite-, and model-based

estimates of sea ice and snow cover properties (Steer and other s, 2008). For this application

HELIOS is suitable, as the image error is several magnitudes smaller than the spatial resolution

of common model or satellite data products.

In the past, images obtained by HELIOS were successfully applie d in a number of studies. For

example, information taken from aerial photographs were used by Willmes and others (2010b)

to contribute to the cross-validation of ice thickness esti mates made by the Moderate Resolu-

tion Imaging Sensor (MODIS) and the Advanced Microwave Scan ning Radiometer. They fur-

ther aided interpretation of Environmental Satellite (ENVISA T) Synthetic Aperture Radar (SAR)

imagery (Krumpen and others, 2010b) and TerraSAR-X scenes (Busch e and others, 2009). More-

over, photographs taken during a �ight across a polynya in the La ptev Sea were employed for

the calibration and validation of a polynya �ux model (Krumpen and others, 2010b), and to in-

vestigate the hydrographic response to ice formation (Dmitre nko and others, 2010b).

If investigating potential anchoring grounds for ships and la nding strips for planes, mapping

sea ice characteristics in the vicinity of experimental sites, or surveying the experimental site

itself, a much higher accuracy (in an order of several meters ) is needed. It was shown that this

level of accuracy is archived by the camera system, if a GPS wi th a frequency of more than

4 Hz is used and �ight conditions are relatively stable. Figu re (4.4) shows a mosaic of aerial

photographs taken with HELIOS over an experimental site of the Oc ean Atmosphere Sea Ice

Snowpack (OASIS 2009) campaign in Barrow, Alaska. According to the mismatch between reg-

istered images, the accuracy of the georeferenced photograph s is around § 8 m. Theoretically,
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Figure 4.4: Mosaic of aerial photographs, taken during a �ight over Barrow , Alaska. 2 images were ob-
tained with a 50 % overlap heading towards North-West, and 2 phot ographs were taken without over-
lap heading towards South-East. Flight height was 250 m and �igh t speed was approximately 70 km/h.
The mismatch between registered images gives evidence for the system a ccuracy (see enlargement).

the precision of the image localization and orientation can b e further improved by the use of

10 Hz GPS, a GPS reference station and/or a reduction in �ight spe ed.

Moreover, HELIOS was applied to document a number of other airb orne observations. For

instance, images taken simultaneously to sea ice surface te mperature records made by a py-

rometer were used to obtain information about the spatial dis tribution of open water patches,

compression such as rafting or ridging, and the presence of fro st �owers or snow on top of the

ice. Some parameters such as ice concentration, ice type, compr ession and �oe size can be

extracted automatically from digital 8-bit, RGB (red, green, blue) images. This is done by band

thresholding, simple classi�cation methods or convolution �lters. For an in-depth description

and discussion of these processing techniques we refer to Weis sling and others (2009).

Figure (4.5) shows a series of aerial photographs collected dur ing the pyrometer �ight across
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Figure 4.5: Aerial photographs taken during a �ight across the Western New S iberian polynya in the
Laptev Sea on March 27, 2009. The image footprints are plotted as coloured dots on top of a SAR
scene, acquired approximately 1 h before the survey (left panel) . The color-code corresponds to the
classi�ed fraction (%) of open water present in each image. In addit ion to information on sea ice
concentration, photographs provide insight into ice dynamics ( rafting and ridging), and the presence
of frost �owers or snow on top of the ice (right panel).

an active polynya on March 27, 2009. To determine the fractions of open water in each photo,

a band thresholding method is used. Note that photographs take n over water or ice with-

out snow cover often show mirror-like re�ections of light. T hese specular effects are caused

by the relationship that exists among solar elevation, azimu th angle and camera orientation

(Lillesand and others, 2004). Thus, a radiometric image enhanc ement needs to be done prior

to segmentation. Cross- and along track variation in illumi nation are corrected by �tting a poly-

nomial function of second order to the cross- and along track means.

Likewise, spatial information on rafted and unrafted ice in po lynyas can be obtained from the

imagery. Figure (4.7) shows a single image taken simultaniou sly with a HEM �ight on April 29,

2008 across a polynya and segmentation results. The segmentatio n thresholds were set such

that a digital number (DN) below 60 identi�es open water, while a DN above 120 comprises

rafting. Classes are then segmented into areas of connected pixels. The minimum area of a po-

tential open water or rafting zone is 0.2 m 2. To separate between rafted ice and unrafted ice a

minimum contrast between features is needed. Flat sun angle s, clouds or the presence of snow

or frost �owers on thin ice make it dif�cult or impossible to di stinguish between rafted and

unrafted ice using a simple threshold value. Another limitin g factor for ice feature separation

is the ice thickness. Unrafted ice thicker than 0.3 m has a brig htness value similar to rafted ice.

Thus, a separation works well only for unrafted ice thinner th an 0.3 m. Figure (4.6) presents

fractions of classi�ed open water and rafted ice in individual aerial photos taken during the

same �ight with distance from the polynya edge. At the time of t he aerial survey, the observed



70 4 HELicopter-borne Ice Observation System (Paper 3)

Figure 4.6: Image segmentation results of an aerial photo survey performed acr oss a polynya in the
Laptev Sea on April 29, 2008 at 4 UTC: Blue triangles represent the open water fraction extracted from
individual aerial photos with distance from fast ice edge. The black circles show the fraction of rafted
thin ice.
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Open water Thin ice Thin ice, rafted

Classification resultGeocoded image

Figure 4.7: Ice type segmentation. Top: georeferenced aerial image acquir ed on April 29, 2008 at 4 am
UTC over the polynya. The photograph was taken simultaneously w ith a HEM survey at 45 m height.
Image footprint is 70 x 62 m. Bottom: Image segmentation result showin g the separation of open
water (blue) and areas of non-rafted (red) and rafted (green) i ce.

polynya open water width was 7 km. Thin ice covered an area of 7 to 38 km on the downwind

side of the polynya. Data gaps between 9 - 14 km and 23 - 26 km result fr om HEM instrument

calibration (Haas and others, 2009).

Some airborne instruments, like HEM ice thickness sensors, require �ying altitudes below 50

m. Hence, the image footprint becomes relatively small and co nverges towards the accuracy

of the georeferenced image. As a consequence, features measured by the instrument may be

outside the image frame. Nevertheless, photographs can be use d to assess the relative accuracy

of the low-level airborne measurements.
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4.4 Conclusion

In this paper we present the prototype of a low-cost photogrammetri c system that can be used

for the mapping of sea ice in high latitudes. The system is desig ned for simplicity and �exibil-

ity. It withstands low temperatures, operates autonomously a nd �ts to any standard helicopter

skid.

The performace of the system was tested by means of accuracy an alysis and case studies. Over-

all, we found HELIOS to be suf�cient for the documentation of various ground- and airborne

sea ice surveillances. This applies to standardized and regul ar documentation of sea ice sur-

face properties as well as the veri�cation of satellite-, and m odel-based estimates of sea ice

and snow cover properties. Images taken simultaneously with o ther airborne observations pro-

vide a valuable tool to assess the accuracy of those measureme nts. Depending on the required

accuracy of a mapping project, HELIOS can further be used for phot ogrammetric surveys.

4.5 Acknowledgments

This work was part of the German-Russian cooperation 'System La ptev Sea' funded by the

BMBF under grant 03G0639A and the Alfred Wegener Institute. The aut hors kindly acknowl-

edge exchange and helping hands during �eld campaigns from oth er project members and

Russian colleagues. ENVISAT Satellite data were obtained th rough ESA Project EO-500 'Forma-

tion, transport and distribution of sediment-laden sea-ice in the Arctic Shelf seas'.



72 4 HELicopter-borne Ice Observation System (Paper 3)



5

Paper 4: Sea ice production and water mass modi�cation in the

eastern Laptev Sea

Manuscript, submitted to Journal of Geophysical Research

Thomas Krumpen 1, Jens A. Hölemann2, Sascha Willmes3, Miguel Angel Morales Maqueda 4,

Thomas Busche5, Igor A. Dmitrenko 6, Rüdiger Gerdes1, Christian Haas 7, Günther Heinemann 3,

Stefan Hendricks 1, Heidi Kassens6, Lasse Rabenstein8, and David Schröder 3

1Department of Sea Ice Physics, Alfred Wegener Institute, Bus se Str. 24, 27570 Bremerhaven,

Germany

2Department of Observational Oceanography, Alfred Wegener In stitute, Busse Str. 24, 27570

Bremerhaven, Germany.

3Department of Environmental Meteorology, University of Trie r, Behringstr. 21, D-54286 Trier,

Germany.

4National Oceanography Centre, 6 Brownlow Str., Liverpool L3 5D A, UK

5Microwave and Radar Institute, German Aerospace Center, Obe rpfaffenhofen-Wessling, Ger-

many

6Leibniz Institute of Marine Sciences, University of Kiel, G ermany

7Department of Earth & Atmospheric Sciences, University of Alb erta, Edmonton, Alberta, Canada

8Institute of Geophysics, ETH Zurich, Sonneggstr. 5, Switzerl and

73



74 5 Sea ice production and water mass modi�cation (Paper 4)

Abstract
A simple polynya �ux model driven by standard atmospheric forci ng is used to examine the ef-

fect of ice formation taking place during an exceptionally str ong Western New Siberian polynya

event in February 2004 in the Laptev Sea. The ability of the polynya to form dense shelf bottom

water is investigated by adding the brine released during th e 2004 polynya event to the average

winter density strati�cation of the water body, pre-conditi oned by summers with a cyclonic

atmospheric forcing (comparatively weakly strati�ed water c olumn). Beforehand, the model

performance is tested by applying it to the simulation of a well d ocumented event in April 2008.

Neglecting the replenishment of water masses by advection in to the polynya area, we �nd the

likelihood of convective mixing down to the bottom to be extrem ely low. The strong density

strati�cation and the apparent lack of extreme polynya events in the eastern Laptev Sea limit

convective mixing to a depth of 20 m or less. We conclude that the o bserved breakdown of

the strati�cation during polynya events is therefore predomi nantly related to wind- and tidally-

driven turbulent mixing.
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5.1 Introduction

Numerous coastal polynyas form every winter in all peripheral s helf seas of the central Arctic

(Gloersen and others, 1992; Barber and Massom, 2007). These coastal polynyas (also termed

�aw polynyas when they form adjacent to landfast-ice), are no nlinear-shaped regions of open

water and thin ice created as offshore winds push the pack ice aw ay from the coast or the

landfast-ice edge (Smith and others, 1990; Morales Maqueda and o thers, 2004). Surface heat

loss within a coastal polynya results in the formation of fraz il ice that is transported towards

the downwind edge of the polynya. The frazil ice arriving at the polynya edge forms a thin layer

of ice and water slurry called grease ice (Winsor and Bjoerk, 2000) which thickens and eventu-

ally consolidates as it drifts further offshore. Salt expelle d during the formation of ice leads to a

downward precipitation of brine that causes thermohaline con vection and erodes the density

strati�cation of the water column (Ivanov and Golovin, 2007). Th e thermohaline convection

may indeed lead to total water homogenization, in which case dense bottom water is formed

(Backhaus and others, 1997). Density-driven vertical mixing in coastal polynyas is a key control

of the shelf sea dynamics since it affects momentum, heat and biogeochemical air-sea �uxes

(Morales Maqueda and others, 2004), and provides conditions for do wnslope transport of wa-

ter, sediments and pollutants. (Reimnitz and others, 1994; Sher wood, 2000; Smedsrud, 2004).

The Laptev Sea �aw polynyas are among the most controversially discussed circum-Arctic shelf

seas in terms of ice production and polynya induced formation o f higher saline water (Zakharov,

1966; Cavalieri and Martin, 1994; Dethleff and others, 1998; Dmitrenk o and others, 2005, 2009;
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Figure 5.1: Map of the Laptev Sea and mean location of recurrent coastal pol ynya (yellow line). The
grey box indicates the position of the Western New Siberian polyny a.
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Willmes and others, 2010a). It is estimated that as much as 20 % of th e ice transported through

Fram Strait is produced in Laptev Sea �aw polynyas (Rigor and Col ony, 1997). This shows that

the polynyas in the Laptev Sea are very active with high ice produ ction. However, the ice vol-

ume produced is fairly modest compared to, for example, the Beauf ort Sea owing to the rela-

tively short coastline (Winsor and Bjoerk, 2000). Following Wi nsor and Bjoerk (2000), who in-

vestigated Arctic polynyas between 1958 and 1997 by means of a polynya model, there is also a

noticeable lack of polynya extreme event.

Potential sites for dense water formation are located in the central and northwestern Laptev Sea

(Willmes and others, 2010a). Following Schauer and others (1997) an d Lenn and others (2008)

the dense water formed in these polynyas is believed to feed th e Arctic halocline but is found

to be insuf�ciently dense to ventilate the layers below.

In the eastern Laptev Sea and the area around the Western New Si berian polynya (WNS; Fig.

5.1), the large summer run-off of the Lena river freshens the s urface ocean layer and leads to the

development of a distinct vertical density gradient in the wa ter column (Dmitrenko and others,

2005). The strength of the strati�cation is controlled by the at mospheric circulation during

summer months. Anticyclonic wind conditions force the rive rine water northwards and result

in a stronger density strati�cation in the eastern Laptev sea . Cyclonic atmospheric circulation

de�ects the freshwater plume of the River Lena eastward towar ds the East Siberian Sea, thus

causing higher salinities in the eastern Laptev Sea and the ar ea around the WNS polynya. This

results in weaker density strati�cation, as observed in 2007 by Hoelemann and others (2010).

According to Dmitrenko and others (2005), the probability for co nvective mixing in the region

of the Western New Siberian polynya is around 20 %. Their �nding s are based on hydrological

data obtained between 1979 and 1999 rather than sea-ice observatio ns. Owing to the strong

strati�cation and the noticeable lack of extreme polynya even ts (Winsor and Bjoerk, 2000), we

hypothesize that ice production alone in the WNS polynya is not h igh enough to erode the halo-

cline and that the probability for dense water formation is fa r lower than the 20 % calculated by

Dmitrenko and others (2005). In this paper, this hypothesis is test ed by examining the effect of

intense ice formation taking place during an exceptionally st rong and consistent polynya event

on a water column structure with a relatively weak vertical d ensity gradient, pre-conditioned

by a cyclonic atmospheric circulation during summer.

Below we use an idealized polynya �ux model (Pease, 1987) to simul ate an extremely strong

opening event of the WNS polynya. Starting on February 10, 2004, const ant offshore winds

opened up the polynya for a period of 27 days. The �ux model computes the evolution of
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the open water area and resultant thin ice zone, and the associ ated ice and salt �uxes. The

water body was pre-conditioned toward a weak strati�cation s tate by a cyclonic atmospheric

circulation regime during summer 2003. For the calculation prese nted in this study we used

an average water mass structure that is representative of the density strati�cation in the area

of the WNS polynya during years with a cyclonic atmospheric cir culation. The underlying hy-

drographic data were taken from the data archive of the Russia n Arctic and Antarctic Research

Institute and former Russian-German expeditions. The abilit y of the polynya to form dense

shelf bottom water is judged by integrating the amount of sal t rejection over the weakly strati-

�ed water column.

Because ice production and salt rejection in a polynya are high est inside the open water zone,

an accurate determination of ice and salt �uxes requires a cor rect simulation of the open wa-

ter edge evolution (Morales Maqueda and others, 2004). Unfortun ately, a satellite-based ver-

i�cation of computed open water extents is dif�cult, since open w ater edges are not easily

identi�able in satellite images (Barber and others, 2001; Haar paintner and others, 2001). Prior

to the simulation of the major polynya opening event observed i n 2004, we therefore tested

the model parameterizations and performance by applying it to a m inor but well documented

opening event in April, 2008. The event lasted for approximately 6 days and was observed dur-

ing the TRANSDRIFT XIII (TD XIII) expedition carried out withi n the framework of the Russian-

German research cooperation programme "Laptev Sea System". In formation on the temporal

and spatial evolution of the open water area and pack ice edges, a s well as the thickness of thin

ice, were obtained from photogrammetric and electromagneti c airborne surveys, thermal in-

frared satellite imagery and high-resolution RADAR satell ites.

The structure of the paper is as follows. First, the model descr iption is given in section 2. We

then describe the dataset used for model calibration and ver i�cation (section 3). In section 4,

we apply the model to the well documented event of April 2008 and to th e exceptionally strong

opening event of February 2004. In addition, the model parameteriz ations and performance

are tested and discussed by comparing simulated open water wid th and thin ice thickness with

observations and satellite-based estimates. Subsequently , we investigate the effect of ice pro-

duction during the 2004 event on a weakly strati�ed water body, pr e-conditioned by a cyclonic

circulation regime in summer (section 5). Conclusions are dr awn in section 6.



78 5 Sea ice production and water mass modi�cation (Paper 4)

�

��

� � � �

� �	


� �


������	������	����
	����� �������	�������
���	

���
���

�	�
	��

	

��	
���

�
	
��	

��	

Figure 5.2: Schematic illustrating of the polynya model. In the open water are a, heat loss to the atmo-
sphere (Qnet ) results in frazil ice growth with rate ¢ h f / ¢ t . Frazil ice piles up against the open water
edge with thickness H and then drifts away from the edge with speed u. The pack ice edge moves
with velocity U . The instantaneous salt �ux from frazil ice growth in the open w ater zone is given by
SR. Salt rejection induced by the continuous growth of consolidat ed new ice is denoted by SI .

5.2 Polynya �ux model description

The objective of our model is to calculate the amount of ice pro duction and salt rejection in a

�aw polynya on the basis of wind and air temperature informatio n. Below, we brie�y describe

the concepts behind the model. Following Haarpaintner and oth ers (2001), two simple one-

dimensional drift algorithms are used to simulate the evolu tions of the open water region and

the pack ice edge (Fig. 5.2).

The �rst algorithm computes the width of the wind-generated o pen water zone R (Pease, 1987).

Because of its simple idealized formulation and its ability t o provide fairly accurate ice produc-

tion estimates (Krumpen and others, 2010c), a �ux model is used. Po lynya �ux models were

�rst formulated by (Pease, 1987), embracing an idea of Lebedev ( 1968) that wind-generated

coastal polynyas attain a maximum size determined by a balance between ice production within

and �ux of ice out of the open water zone (e.g. Willmott and othe rs, 2007).

Following (Pease, 1987), the width of the open water zone, R, can be expressed as

Rt ÆRt ¡ ¢ t (1 ¡ ¢ h f / H ) Å u¢ t , (5.1)

where Rt is the open water width at time t and ¢ t is the temporal resolution of the atmospheric

dataset. ¢ h f is the amount of frazil ice produced in the water column betwee n time t and t ¡ ¢ t ,

calculated from the surface heat balance Qnet (Cavalieri and Martin, 1994):

Qs Å Ql Å Qlw Å (1¡ ®)Qsw Æ ¡Qnet /
¡
½f Ls

¢
Æh f , (5.2)
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where Qs and Ql are the turbulent sensible and latent heat �uxes, respectivel y, Qlw is the net

longwave radiation at the sea surface, Qsw is the shortwave solar radiation, and ® is the surface

albedo (Cavalieri and Martin, 1994; Morales Maqueda and others, 2004). In Equation (5.2), ½f

is the frazil ice density and Ls is the latent heat of fusion for sea ice (Martin and Kauffman, 1981;

Pease, 1987). IfQnet is negative, the water body transfers heat to the atmosphere a nd frazil ice

is produced. The atmospheric forcing is assumed to be uniform o ver both the open water and

thin ice regions. Finally, u in (1) is the speed of consolidated new ice at the open water edge

(Fig. 5.2).

After formation, frazil ice instantaneously piles up agains t the open water edge and consoli-

dates into a thin ice layer with thickness H . Following Biggs and others (2000), in this study

we determine H as a function of the depth of frazil ice arriving at the open water edge and an

increase in thickness caused by the piling up of frazil ice aga inst ice �oes.

According to Skogseth and others (2004), the drift of consolida ted new ice away from the open

water edge, u , can be described by

u Æ² cUacos(' m ¡ ' o), (5.3)

where ² c is a non-dimensional proportionality constant, Ua is wind speed, ' m is the wind di-

rection, and ' o is is the wind direction with strongest effect on the opening o f the polynya

(Haarpaintner and others, 2001). Following (Pease, 1987), the cons tant of proportionality is set

to 0.03. In Equation (5.3), ' o is taken from satellite images (Skogseth and others, 2004) and i s

set to 130± for the WNS polynya.

The continuous thermodynamic growth of the consolidated ne w ice is calculated by Stefan's

law (Petrich and Eicken, 2010). In spite of its simplicity, the so c alled degree day model is capa-

ble of producing fairly accurate predictions of sea ice growth .

The evolution of the pack ice edge P is reconstructed by a second drift equation

Pt ÆPt ¡ ¢ t ÅU ¢ t , (5.4)

where Pt is the pack ice extent at time t and U is the velocity of the pack ice drift. U is calculated

similar to Equation (5.3), but with ² c set to 0.01. Following Haarpaintner and others (2001), the

variability in ice drift between 1 % of the wind velocity in ve ry dense pack ice and 3 % inside the

polynya area is based on a comparison between the displacement o f individual ice �oes in SAR

scenes and the wind velocity.
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The width of the thin ice zone I is calculated as the difference between P and R. The area of

the polynya is computed by multiplying its width times the along shore length L of the WNS

polynya (195 km).

The accuracy of ice production estimates obtained from a polyn ya �ux model was investigated

by Krumpen and others (2010c), who compared model results to ice thi ckness and ice produc-

tion estimates derived from thermal infrared satellite dat a. It was found that regional discrep-

ancies between model and satellite observations are at leas t partly due to the missing represen-

tation of the dynamics of thin ice thickening. To overcome th is de�ciency, we parameterize the

effect of dynamic thickening of thin ice in the model by assum ing that the differential drift of

the pack ice and consolidated new ice, U ¡ u, results in ice rafting and, therefore, compression

of the thin ice zone, I . The dynamic ice thickening caused by this compression is gov erned by

the equation of conservation of mass. Based on literature and �eld observations we assume raft-

ing to be limited to ice thinner than 0.3 m (Melling and others, 1993; Worby and others, 1996;

Babko and others, 2002). There is a lack of studies on rafting prob abilities in thin ice, and so it

is not known how the compression is distributed through ice th inner than 0.3 m. However, for

simplicity, we assume the effects of compression on a thin ice z one to decrease linearly with ice

thickness.

As ice grows, salt is rejected and added to the water body. The amount of salt rejected is depen-

dent on the initial surface salinity. The instantaneous sal t �ux from frazil ice growth in the open

water zone, SR, is calculated following Winsor and Bjoerk (2000). The formula tion of Ryvlin

(1974) is used to estimate salt rejection induced by the continu ous growth of consolidated ice,

SI .

5.3 Data

5.3.1 Satellite observations

The evolution of the 2004 and 2008 polynya events were continuously m onitored with different

satellites.

Environmental Satellite (ENVISAT) Advanced Synthetic Apertu re Radar (SAR) images provide

information about ice dynamics in the eastern Laptev Sea. Eac h polynya event is covered by

4 scenes. Two of the scenes for 2008 and another two for 2004 are shown in Figure (5.3) and

Figure (5.4), respectively. The ENVISAT C-band wide swath data is VV-polarized and covers an

area of approximately 400 £ 800 km2 with a spatial resolution of 150 £ 150 m2. Fast ice and
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Figure 5.3: ENVISAT SAR images acquired on April 27 and May 1, 2008, covering the Western New
Siberian polynya. The sea ice regime consists of the fast-ice zone ( south of the black solid line), an
active polynya zone (open water and thin ice), and a region of freely �oating pack-ice (north of the
black dashed line). The red line in the left panel highlights the pro�le of the HEM-Bird ice thickness
measurements on April 29 at 4 UTC.
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Figure 5.4: ENVISAT SAR images acquired on February 18 and 27, 2004. The scenescover the position
of the Western New Siberian polynya, showing the fast ice belt, the active polynya zone, and a region
of freely �oating pack ice.

pack ice edges, and hence the polynya width, are easily identi� able in SAR images. The deter-

mination of open water width is not straight forward, since th e backscatter signatures inside

the open water region and the consolidation zone can be very in homogeneous and vary with

meteorological conditions. In addition, often no clear bou ndary does exists between open wa-

ter and consolidated thin ice. To validate open water width si mulated by the model in 2008,

the interpretation of ENVISAT SAR imagery is aided by helicopte r-based observations, high-

resolution TerraSAR-X scenes, meteorological data, and su rface temperature information from

the Advanced Very High Resolution Radiometer (AVHRR). The va lidation of the 2004 event sim-

ulation is exclusively based on ENVISAT SAR scenes, thermal AVHRR images and atmospheric

information.

The TerraSAR-X scenes (Strip Map Mode, X-Band) are dual-pola rized (HH-VV) with a spatial
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Figure 5.5: TerraSAR-X SAR image acquired on April 28, 2008 at 8.37 UTC. The scene covers parts of
the open water and thin ice zones of the WNS polynya. Aerial ph otographs taken on a helicopter
�ight across the polynya are plotted on top of the SAR scene as ora nge dots. The three enlarged aerial
photographs, with the black lines pointing to the correspondin g footprint, show the open water zone
(a), the open water edge (b), and rafted thin ice (c).

resolution of 6.6 £ 1.2 m2 and cover a 15 km wide and 150 km long swath across the polynya.

The 5 images were primarily used to investigate polarimetric i ce signatures (Busche and others,

2009). However, we also found the high-resolution sensor to be a valuable instrument to mon-

itor thin ice dynamics and the evolution of the consolidatio n and open water zone during TD

XIII. An example is given in Figure (5.5). A TerraSAR-X image obt ained on April 28, 2008 at 8.37

UTC is shown together with drift corrected aerial photographs , taken three hours and 40 min-

utes before satellite acquisition. The three enlarged aeria l photographs, with the black lines

pointing to the corresponding footprint, show the open water zon e (a), the open water edge

(b), and rafted thin ice (c).

To validate the model simulated ice thickness, thermal infr ared data is used to derive estimates

of thermal ice thickness, hT H , calculated with the aid of an atmospheric dataset (section 3. 4)

using the surface energy balance model suggested by Yu and Li ndsay (2003). Ice surface tem-

peratures are derived from thermal infrared channels follow ing the split-window method of

Key and others (1997). Level 1B calibrated radiances (visible and thermal infrared) were ob-

tained from the U.S. National Oceanic and Administration (N OAA) Comprehensive Large Array-
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Figure 5.6: Thermal ice thickness ( hT H ) as derived from AVHRR surface temperatures taken on Febru-
ary 18, 2004, at 12:00 UTC and NCEP/DOE reanalysis data.

data Stewardship System (CLASS). The spatial resolution of A VHRR Local Area Coverage (LAC)

data is 1.1 £ 1.1 km2. The method requires clear-sky conditions. In total, we ide nti�ed 1 scene,

covering the event in 2008, and 2 scenes imaging the opening in 2004. The thickness retrieval

is based on the assumption that the heat �ux through the ice equ als the atmospheric heat

�ux. The method yields good results for ice thicknesses below 0.5 m, further assuming that

vertical temperature pro�les within the ice are linear and no s now is present on top of the ice

(Drucker and others, 2003). Figure (5.6) shows the thermal ice th ickness distribution inside the

polynya area as derived from an AVHRR image taken on February 18, 2004.

5.3.2 Airborne data

During TD XIII, two helicopter-borne surveys of electromagn etic (HEM) ice thickness, hHEM ,

were performed across and along the WNS polynya. The pro�le obta ined on April 29, 2008 is

shown in Figure (5.3). It is used to validate polynya �ux computa tions. The so called EM-Bird, is

an airborne electromagnetic (EM) system with a single-freq uency of 4.08 kHz (Haas and others,

2009). The instrument was towed by a helicopter 15 meters above the ice surface. The method

utilises the contrast of electrical conductivity between se a water and sea ice to determine the
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distance to the ice-water interface. An additional laser al timeter yields the distance to the up-

permost re�ecting surface, hence hHEM is obtained as the ice- plus snow thickness from the

difference between the laser range and the EM derived distan ce. Since the laser beam is al-

ways re�ected at the uppermost surface, snow thickness, if pres ent, is included in hHEM . How-

ever, the polynya event in 2008 is characterized by the absence of a snow cover on the thin

ice, and therefore hHEM presents the real ice thickness. The measurements were taken with

point spacing of 3 to 4 m depending on the speed of the helicopter. Wi thin the footprint of a

single measurement (40 - 50 meter) the accuracy over level sea i ce is in the order of § 0.1 m

(Pfaf�ing and others, 2007; Haas and others, 2009).

On all HEM �ights, geo-coded aerial photographs were taken wit h a downward-looking dig-

ital camera (Krumpen and others, 2010a). Images were used to provide general information

about ice dynamics, to support the calibration of HEM ice thick ness measurements and to aid

TerraSAR-X and ENVISAT image interpretation (Fig. 5.5).

5.3.3 Historical hydrographic information

The mean strati�cation of the water column in winter 2004 was con structed by using salinity

records obtained during the Arctic and Antarctic Research I nstitute (ARRI) Sever expeditions

(1979-1990, 1992 and, 1993), together with CTD measurements made during seve ral Russian-

German winter expeditions (Dmitrenko and others, 2005). The mean strati�cation pattern and

its standard deviation (STDV) is calculated by averaging sal inity measurements made during

winter surveys, pre-conditioned by summers with a cyclonic a tmospheric circulation regime.

In total, 10 stations completed between February and May in the region of the WNS polynya

are used to calculate the mean strati�cation pattern. Most of the surveys were carried out

in the 70s and 80s, when the atmospheric circulation in summer was pr edominantly cyclonic

(Dmitrenko and others, 2009).

5.3.4 Atmospheric dataset

The model is driven with atmospheric data extracted from a sing le grid point in the center of

the polynya. Polynya evolution, ice production and salt rejec tion are calculated using sea level

pressure, 2 m air temperature and humidity, precipitation, surf ace net radiation and 10 m wind

vectors.

The simulation of the opening event of 2008 is driven with 1-hourly data from COSMO simula-

tions (Consortium for Small-Scale Modeling) which were spec i�cally performed for the Laptev



5.4 Model simulations 85

Sea area by Schroeder and others (2010). By prescribing the polyny a areas daily these data ac-

count for the impact of polynyas on the atmospheric boundary lay er. The quality of the COSMO

data is shown by a comparison with automatic weather stations and surface temperature de-

rived from MODIS satellite data (Schroeder and others, 2010).

Ice and salt �uxes during the polynya event of 2004 are computed with 6-hour NCEP/DOE re-

analysis atmospheric forcing �elds (Kanamitsu and others, 2002 ).

5.4 Model simulations

5.4.1 Satellite observations and atmospheric conditions during the 2008 event

According to airborne observations, AVHRR scenes and TerraS AR-X and ENVISAT SAR imagery,

the 2008 polynya event started on April 27 and lasted for a period of 6 d ays. Consistent offshore

winds and temperatures between - 17 ±C and - 4±C, upper panel) led to the formation of a 4 - 16

km wide open water zone and an extensive region of new thin ice. O n May 2 air temperatures

raised above the freezing point of sea water, causing the polyn ya to gain heat and ice produc-

tion to halt.

The COSMO-based 1-hourly air temperatures and 6-hourly wind ve locities for the time of inter-

est are presented in the upper panel of Figure (5.7). Figure (5.3) sh ows the WNS polynya as ob-

served by two SAR scenes acquired on April 28 and May 1, 2008. Open water z ones are made visi-

ble by the brighter parallel wind-generated Langmuir streak s oriented perpendicular to the fast

ice edge (Drucker and others, 2003). The bright and dark radar ba ckscatter features within the

polynya region are associated with pancake and frazil ice form ation (Kwok and others, 2007).

Several bands of consolidated new thin ice orientated nearl y parallel to the fast ice edge are

apparent downwind of the open water area.

5.4.2 Simulation of the 2008 event

The polynya �ux model was used to simulate the �rst 5.25 days of th e 2008 polynya opening

event. The model's atmospheric forcing was extracted from the COSMO atmospheric dataset.

Frazil ice production in the open water area, ice growth in the t hin ice zone, and associated

salt rejection were calculated by making the following assu mptions. First, the salinity of the

surface layer at the onset of the polynya opening was set to 26 psu, following hydrographic

observations made along the fast ice edge during TD XIII. Sec ond, frazil ice growth in model
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Figure 5.7: Atmospheric data (COSMO) and polynya model results during the study perio d in April
2008. Upper panel: 2 m air temperatures and 10 m wind vectors sho wing the direction of air �ow,
with their lengths representing wind speed. Lower panel: Modell ed (black dashed line) and observed
(black rectangles) total polynya width. Modelled ice thickness i s colour-coded. The white area is the
simulated open water width and the black triangles represent the o bserved open water width. Dotted
vertical lines mark the dates of ice thickness reference measureme nts (HEM-Bird: April 29, 4 UTC;
AVHRR: April 29, 20 UTC) used for model veri�cation.

computations was suppressed for the �rst 24 hours, because superc ooling of the water body

started approximately 1 day after the polynya started to open (Dmi trenko and others, 2010b).

The lower panel of Figure (5.7) presents the simulated and obser ved evolution of the widths

of the open water and thin ice areas, and the modelled thin ice t hickness over the 5.25 days

of simulation. At the onset of the polynya event, persistent ea sterly winds push the pack ice

edge offshore, resulting in the development of a wide open wate r zone. A thin ice zone in the

model develops 24 hours after frazil ice formation starts, and is then continuously thickening

by thermodynamic and dynamic processes. On April 29, the modelle d thin ice zone extends

up to 40 km offshore and the open water area reaches a width of appro ximately 8 km. Later, a

slight change in wind direction and a temporary decrease in wi nd velocity cause a slow down

of ice offshore transport, reducing the width of the open water zone to 4 km.

The simulated evolution of the WNS polynya agrees well with ob servations. The mean devi-

ation between modelled and satellite observed position of th e pack ice edge is 0.5 km. The

deviation between modelled open water width and satellite and airborne observations is 1.4
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Figure 5.8: Upper panel: Comparison of the HEM-Bird ice thickness pro�le (so lid red line) taken on
April 29, 2008 at 4 UTC across the thin ice zone with the modelled i ce thickness pro�le (dashed blue
line). Lower panel: Comparison of an AVHRR derived ice thickness pro�le ( hT H , solid red line, April
29 2008, 20 UTC) of the thin ice zone with the simulated ice thick ness pro�le (dashed blue line).

km.

The accuracy of the simulated thin ice thickness is tested by comparing model results to ice

thickness estimates obtained from the HEM �ight on April 29 at 4 UTC and from a thermal in-

frared AVHRR scene acquired 14 hours later (Fig. 5.8). For compari son, HEM measurements

were averaged over a 250 m interval. Gaps in hHEM data at distances of 9 - 14 km and 23 - 26

km offshore the fast ice edge are the result of HEM instrument calibration (Pfaf�ing and others,

2007). The comparison shows that simulated ice thickness is near the range of hHEM measure-

ments, although the model slightly underestimates the obse rvations. Highest ice thicknesses

can be found close to the pack ice edge in both HEM observations and model simulations.

The agreement between AVHRR infrared ice thickness and model results is also high. Note

that the AVHRR ice thickness pro�le shown in Figure (5.8) is aver aged along the polynya. Both

AVHRR and model data show an increase in ice thickness with dis tance from the fast ice edge.

The simulated ice thickness tends to be generally lower than thermal ice thickness observations.

As opposed to the model, the AVHRR sensor does not resolve the open water zone. Instead, the

zone close to the fast ice edge is characterized by very low th icknesses varying between 0.01

and 0.05 m.

In total, an ice volume of 1.3 km 3 is formed between April 27 and May 01, 2008. Of this ice,

38 % (0.5 km3) is produced in the open water zone, which represents on average 25 % of the

entire polynya area. The total amount of salt rejected is abou t 0.14 £ 1011 kg, of which 0.08 £

1011 kg are rejected as frazil ice forms in open water zone. Accordi ng to calculations made by

Winsor and Bjoerk (2000), the mean seasonal salt rejection in th is area is around 0.77 £ 1011 kg.

Without any advection and the absence of a strati�cation, 0.08 £ 1011 kg of salt would increase



88 5 Sea ice production and water mass modi�cation (Paper 4)

the salinity of the open water zone, which has a depth of 25 m, by appr oximately 1.0 psu.

5.4.3 Discussion of �ux model parameterizations and perfor mance

Because ice production and salt rejection are highest in the o pen water area, accurate determi-

nation of the open water edge in the model is of paramount importa nce. The comparison of

simulated open water width with observations made by helicopt er, high-resolution TerraSAR-X

scenes and ENVISAT SAR images has shown that the �ux model is ca pable of simulating cor-

rectly the extend of the open water zone (Fig. 5.7). This is in agre ement with �ndings made by

Haarpaintner and others (2001), Skogseth and others (2004) and Krum pen and others (2010c).

Deviations between simulated and observed open water widths a re related to the parameteri-

zations and representation of physical processes in the model, and are discussed below.

The assumption of spatial uniformity is justi�ed by the fact th at longshore variations in wind

direction and air temperature, and their associated errors i n computed ice and salt �uxes, are

comparatively small for both polynya events. Nevertheless, i f dealing with larger longshore

polynya dimensions, the use of a two-dimensional �ux approach d riven by a spatially vari-

able atmospheric forcing is required (Krumpen and others, 2010c). Note that in contrast to

the NCEP/DOE reanalysis data used for the simulation of the 2004 e vent, the COSMO dataset

incorporates the impact of the polynya on the atmospheric bounda ry layer. Therefore 2 m air

temperature and the resulting ice production rate are more acc urate.

A shortcoming of the polynya �ux model is that frazil ice is ass umed to instantaneously pile up

against the thin ice edge. The incorporation of a �nite frazil ice drift rate (Ou, 1988) and the ef-

fect of currents on the modelled frazil ice drift trajectori es (Willmott and others, 1997) becomes

important as the open water region grows in size. However, the d evelopment of large open wa-

ter zones in the eastern Laptev Sea polynyas is generally a rare event owing to prevailing low

temperatures and moderate wind speeds during winter (Winsor a nd Bjoerk, 2000).

We �nd the simulated open water region width and thin ice thick ness to be extremely sensitive

to the parameterization of the collection depth H . Different parameterizations used in one-

dimensional and two-dimensional polynya �ux models are disc ussed in Martin and Kauffman

(1981), Pease (1987), Winsor and Bjoerk (2000), Morales Maqueda and Wil lmott (2000) and

Krumpen and others (2010c). The use of a constant thickness paramet erization (0.1 m or 0.2 m)

leads to a crude overestimation of the width of the open water r egion and the thin ice thickness.

In our study, the best results were achieved by using the param eterization of Biggs and others

(2000), who determine the consolidation thickness as the sum of the thickness of frazil ice ar-
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riving at the edge and a pile up depth. In an earlier study we have s hown that, in addition to a

more correct representation of the open water extent, the use of this parameterization results

in more realistic thin ice thickness (Krumpen and others, 2010c).

Both HEM and AVHRR derived thin ice thickness pro�les show a str ong increase in thickness

towards the pack ice edge (Fig. 5.8). This increase is also visib le in the simulated ice thickness

distribution, and results from enhanced dynamic ice growth . In the model, the compression

of the thin ice zone (dynamic thickening) is a consequence of the difference in pack ice drift U

and consolidated new ice velocity u . At the onset of the event, compression acts on a relatively

narrow thin ice zone, resulting in a strong dynamic ice thick ening. When the thin ice zone is

growing in width, compression is distributed over a larger ar ea and ice deformation weakens.

The good agreement between observations and simulations in dicates that the representation

of dynamic ice growth in the model is a reasonable approximation . However, the drift equa-

tions for U and u are highly simpli�ed and contain empirically tuned and highly uncertain

parameters (Equation 5.3). Owing to the plasticity of the thin ice cover, ice drift rates are likely

to vary in space and time. The associated errors are unknown.

Note that the HEM pro�les used to verify model results are chal lenging for two reasons. Firstly,

the processing of the EM-Bird data is based on the assumption th at sea ice can be regarded as a

non-conductive medium. Over thin ice, however, this assumpt ion may be invalid because the

conductivity of saline young ice can be signi�cantly higher t han that of older �rst year or multi

year ice. This may lead to underestimates of the ice thicknes s. Therefore, all hHEM data have

to be interpreted as minimum ice thicknesses. Secondly, the c onductivity of the surface waters

can be low and highly variable due to their proximity to the fres hwater input by the Lena River.

Although a relatively low water conductivity of between 2200 and 2400 S m¡ 1 was used for the

retrieval of ice thicknesses, our processing algorithms do n ot take into account conductivity

variations during individual �ights.

The accuracy of thermal infrared AVHRR thickness estimates i s dif�cult to assess but believed

to be within a range of § 20 % (Drucker and others, 2003). Because time of interest is chara cter-

ized by the absence of snow coverage, the largest source of er ror in hT H probably arises from

uncertainties in the atmospheric dataset. Unfortunately, A VHRR thermal thickness estimates

do not resolve open water zones present on SAR imagery and aeria l photography. In thermal

infrared observations open water areas are characterized by a surface temperature close to the

freezing point of seawater. However, the presence of frazil ic e, Langmuir streaks or ice �oes in

the water column lowers the averaged surface temperature wit hin the sensor footprint beneath
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Figure 5.9: Atmospheric data (NCEP) and polynya model results during the study peri od in February
2004. Upper panel: 2 m air temperatures and 10 m wind vectors sho wing the direction of air �ow,
with their lengths representing wind speed. Lower panel: Simula ted (black dashed line) and observed
(black rectangles) total polynya width. Simulated ice thickness is colour-coded. The white area is the
simulated open water width. Dotted vertical lines mark the dates o f ice thickness reference measure-
ments (hT H , AVHRR thermal infrared ice thickness estimates for February 18, and February 27, 2004).

freezing point, such that potential open water areas are classi �ed as very thin ice.

5.4.4 Satellite observations and atmospheric conditions during the 2004 event

According to the ENVISAT SAR scenes, the polynya event in 2004 star ted on February 10, and

remained open for 27 days. Strong and consistent offshore wind s, together with extremely low

air temperatures of between -44 ±C and -22±C, resulted in strong ice formation and the develop-

ment of a broad open water area. Figure (5.9, upper panel) presents 6- hourly air temperatures

and wind velocities taken from NCEP/DOE reanalysis data, extr acted from a single point nomi-

nally in the center of the polynya. Figure (5.4) shows two SAR im ages taken on February 18 and

February 27, 2004. The polynya opened in a northwest direction. The th in ice zone grew up to

an extent of approximately 140 km. A sudden change in wind direction on March 5, caused a

temporary closure of the polynya. As in Figure (5.3), the presenc e of Langmuir streaks indicates

ice production in extensive open water zones. The banded struct ures orientated parallel to the

polynya edge are located in the thin ice region.
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Figure 5.10: Comparison of AVHRR based ice thickness pro�le ( hT H , solid red line) of the thin ice zone
with the simulated ice thickness pro�le (dashed blue line) for Febru ary 18 (upper panel) and February
27 2004 (lower panel).

5.4.5 Simulation of the 2004 event

We applied the polynya �ux model to the simulation of the exceptio nally strong polynya event

in 2004. The evolution of the open water and thin ice zones, and the a ssociated ice production

and salt rejection, were calculated with atmospheric forcin g extracted from NCEP/DOE reanal-

ysis data.

The lower panel of Figure (5.9) presents the simulated and obser ved evolution of the extents

of the open water and thin ice regions, as well as the modelled t hin ice thickness over the 27

day duration of the polynya event. The simulated drift of the o uter pack ice edge slightly over-

estimates the remotely sensed drift. A validation of the com puted open water width is dif�cult

with ENVISAT SAR images alone.

Low air temperatures and high wind velocities (Fig. 5.9, upper pan el), result in an enhanced

thermodynamic and dynamic growth of the thin ice zone compare d to the 2008 event.

To evaluate the accuracy of the simulated thin ice thickness , we again compare AVHRR infrared

ice thickness observations with the model results (Fig. 5.10) . The agreement between thermal

ice thickness pro�les taken on February 18 and February 27 and si mulations is high. The mean

thin ice thickness on February 18 is 0.34 m for AVHRR and 0.38 m for mod el ice thickness. The

respective thin ice thicknesses on February 27 are 0.32 m and 0.37 m. Note that neither the

open water zone nor areas of ice thicker than 0.5 m are resolved b y AVHRR.

We estimate that, between February 10 and March 5, 2004, an ice volum e of 26 km3 was pro-

duced. Consequently, the 2004 polynya event is approximately 20 times stronger than the event

of late April 2008. Approximately 8.1 km 3 (32 % of the total ice production) originates from
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frazil ice growth in the open water zone. A comparison of our cal culations with estimates made

by Dethleff and others (1998), Winsor and Bjoerk (2000) and Dmitren ko and others (2005) con-

�rms this event as an exceptionally strong one. Dethleff and o thers (1998) calculated the �aw

polynyas to produce about 7.4 m of ice per year, while Winsor and Bj oerk (2000) assumes it to

be around 14.2 m. Following calculations made by Dmitrenko and others (2005), the average

annual polynya ice production is far lower (3 - 4 m). The total am ount of salt rejected during

the polynya event was estimated at about 2.9 £ 1011 kg, of which 1.5 £ 1011 kg were rejected in

the open water area as frazil ice was created.

5.4.6 Discussion of the 2004 event simulation

The simulated evolution of the pack ice edge is in good agreeme nt with satellite observations.

Unfortunately, a validation of the simulated open water widt h is dif�cult, as the edge of the

open water region is not easily identi�able in SAR scenes. We h ave con�dence, however, in

our simulation of the open water evolution, as it was proven to b e acceptably accurate for the

well documented 2008 event. An additional indication of the lev el of accuracy of the model is

derived from a comparison of the average length of Langmuir st reaks in SAR images with the

simulated open water width. A comparison shows that the model t ends to slightly overestimate

the open water width.

The good agreement between simulated thin ice thickness and AVHRR based estimates indi-

cates that the algorithms to calculate the ice drift rates U and u are well tuned. It also suggest

that the parameterizations of the thickness of consolidated new ice (Biggs and others, 2000)

and of the dynamic thickening of thin ice are appropriate. For a d iscussion on the accuracy of

the thermal AVHRR approach and the errors associated with the di fferent parameterizations of

physical processes we refer the reader to section 4.3. Note that a n additional uncertainty in the

hT H estimates arises from the potential presence of snow on the thi n ice. The magnitude of

this source of error is unknown.

5.5 Effect of ice formation on the water column strati�cation

To investigate the effect of thermodynamic ice formation on the strati�cation of the water body,

we uniformly distribute the rejected salt within a 5 km wide b and adjacent to the landfast ice

(5 km is the mean polynya open water width). Information on mean winter strati�cation and

its standard deviation is derived from historical hydrograph ic data (section 3.3). Figure (5.11)
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shows the strati�cation of the water column and its STDV befo re and after the polynya event.

Neglecting any horizontal advection of dense water, releas e of brines from freezing sea ice con-

vectively erodes the pronounced seasonal halocline down to a depth of 20 m (Fig. 5.11, medium

grey shading). If instead of the mean winter strati�cation, we use the mean winter strati�cation

minus its STDV, the convective mixing depth is reduced to 15 m (Fi g. 5.11, dark grey shading). If

we add, rather than subtract, the STDV to the mean winter stra ti�cation the shelf strati�cation

can be fully eroded and dense shelf bottom water can be formed (Fig. 5.11, light grey shading).

The use of the mean climatological strati�cation plus/minus i ts STDV to investigate the impact

of polynya events on dense water formation is admittedly some what crude. The approach is

merely exploratory, but suf�ciently rigorous, we expect, to provi de a zero-order estimate of the

potential contribution of polynya events to winter destrati� cation. The mixed layer depths we

report on in the previous paragraph may probably be considered as uppe r bound estimates of

destrati�cation potential, as in our simulations, destrati �cation is favored in a number of ways

that we enumerate in the following. First, the climatologic al mean density strati�cation was

calculated by averaging salinity measurements made during winter surveys pre-conditioned

for destrati�cation by cyclonic summers. Moreover, the obs erved winter patterns might have

been weakened by preceding polynya activity. Second, as pointed out in section 5.2, ice forma-

tion and salt rejection rates taking place for the 2004 opening eve nt were exceptionally high.

Third, the model generally overestimates ice formation, an d hence salt rejection, owing to

the incomplete representation of some physical processes, or th eir effects, in both the atmo-

spheric dataset and the model (section 4.3). Fourth, ocean curr ents which are neglected in our

model, tend to advect fresher water into the area, thus replen ishing eroded water masses and

helping to restore strati�cation. An inclusion of these adve ctive processes in the model would

strengthen the stability of the water column and lower the pro duction of ice. For example, if we

assume water masses to be replenished by some constant curren t of 0.02 m s¡ 1 normal to the

coastline (Winsor and Bjoerk, 2000), replacing the water volume affected by ice formation with

water at the initial strati�cation, the mean convective mixi ng depth is only 14 m.

Recent year-round mooring observations made during the peri od from September 2007 until

September 2009 in the region of the WNS polynya provide evidence that a ctive polynya forma-

tion is usually accompanied by a sharp decrease in near-botto m water salinity and tempera-

ture (Hoelemann and others, 2010). These observations are inco nsistent with dense water for-

mation by brine rejection and support our hypothesis that even d uring strong WNS polynya

events, ice production is not high enough to erode the halocli ne. Hoelemann and others (2010)

suggest that the salinity decrease is likely to be induced by a wind driven breakdown of the
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Figure 5.11: Effect of salt rejection on the strati�cation of the water body. T he mean water layer strati�-
cation prior to the onset of the opening event is represented by the black solid line. Error bars denote
the standard deviation (STDV) from mean. Information on mean strati� cation and its variance is com-
puted from the historical hydrographic data. The grey shaded area s represent the simulated salinity
increase for three different strati�cation strengths (mean-STDV , dark grey shaded; mean, medium
grey shaded; mean+STDV, light grey shaded).

strati�cation and a cross-pycnocline turbulent mixing, lea ding to an admixture of the brine en-

riched but still buoyant surface waters to the more saline, a nd denser bottom waters ( È 25 m

water depth).

At present, vertical transport of heat and matter on shelf seas is believed to be controlled by

both turbulent and convective mixing (Schauer, 1995; Rippeth, 2008). Our results provide in-

direct evidence that the mechanisms responsible for the destr ati�cation and vertical mixing

in the area around the WNS polynya are predominantly wind- and t idally driven, rather than

convective. This has far-reaching consequences for both th e vertical and lateral distribution of

nutrient, sediments, pollutants and heat.

5.6 Conclusions

A simple polynya model driven by standard atmospheric forcing h as been used to estimate ice

production during an exceptionally strong WNS polynya event in February 2004. The ability of

the polynya to form dense shelf bottom water was investigated by adding the brine released

during the polynya event to the average winter density strati �cation of the water body pre-

conditioned by summers with a cyclonic atmospheric forcing. The model performance was
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also tested by applying it to the simulation of a well documente d WNS polynya event in April

2008.

The simulation of the opening event in 2008 shows that the model is capable of reproducing

correctly the extent of the open water zone and the location of t he pack ice edge. The good

agreement between simulated thickness of the thin ice zone a nd estimates made by airborne

surveys and AVHRR satellite indicates that the model is well t uned, and suggests that the ap-

proach is a suitable tool to investigate the dynamics and export rates of �aw polynyas. Owing

to a number of biases in the representation and parameterizati on of physical processes in the

model, ice production and salt rejection is overestimated. A pplying the model to the strong

polynya event in 2004, results in a total ice volume production of 26 k m3. This corresponds to a

brine release of 2.9 £ 1011 kg. Neglecting the replenishment of water masses by advectio n into

the polynya area, the likelihood of convective mixing down to t he bottom is extremely low. The

strength of the density strati�cation and the noticeable la ck of polynya extreme events in the

eastern Laptev Sea limit convective mixing to a depth of 20 m or les s. This assumption is further

supported by mooring based observations in the WNS polynya that show that large polynya

openings are usually associated with a decrease in near-bott om water salinity and temperature

at water depth greater than 25 m, which is predominantly related to wind- and tidally-driven

turbulent mixing of the water column. This (the absence of con vective mixing down to the

seabed and subsequent dense water formation) has far reachin g consequences on the today's

understanding of energy and matter transport on the eastern L aptev Sea shelf.

Understanding how the strati�cation of shallow shelf water and the ice production and salt re-

jection in polynyas might change in a warming climate is one of the major challenges of current

polar research. On the one hand, it is likely, that the stabili ty of the halocline will be strength-

ened by an increase in Siberian river discharge (Bethke and o thers, 2006; Peterson and others,

2006). Rising Arctic surface temperatures (Chapman and Walsh, 2007) will probably weaken

ice production and increase summer sea ice melt, further promo ting the stability of the halo-

cline. On the other hand, the observed positive trend in summe r cyclonicity over the Eurasian

Arctic (Simmonds and others, 2008; Simmonds and Keay, 2009) might d estabilize the water col-

umn (change the water-column structure). Likewise, a decre ase in ice production could be

compensated by an increase in polynya activity during the freez e-up period and in early spring

(Willmes and others, 2010a) caused by an increase in the frequenc y and strength of cyclones

penetrating into the Eurasian Arctic (Zhang and others, 2004).

Clearly, we are far from being able to formulate sound predict ions of how polynya formation
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and water column strati�cation will respond to climatic chan ge. Understanding and quanti-

fying this response are key tasks for future shelf process stud ies. To draw inferences on the

physical behavior of polynyas - under the premise that the climat e in the Arctic is changing -

a numerical approach is needed. Nevertheless, our results sho w that an alteration of mecha-

nisms responsible for vertical mixing in the WNS polynya would r equire a strong increase in

ice production and/or a signi�cant weakening of the year-roun d density strati�cation.
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Summary and concluding remarks

The Laptev Sea is considered as one of the most signi�cant site s of net ice production in the Arc-

tic Ocean. Much of this ice is generated in extensive �aw polyny as extending almost 2000 km

along the Laptev Sea shelf and landfast sea ice. When ice is for med in polynyas, salt is expelled,

and added to the water body. If ice formation is strong enough , the downward precipitation

of brine causes thermohaline convection and temporarily ero des the density strati�cation of

the water column. However, the few existing studies on ice for mation rates in polynyas show

large differences in ice �ux estimates. Consequently, litt le is known about the role of Laptev Sea

polynyas for shelf water mass modi�cation.

Understanding vertical mixing and convection processes in co astal polynyas is important, since

they affect momentum, heat and biogeochemical air-sea �uxes (Morales Maqueda and others,

2004). According to Dmitrenko and others (2005), the hydrography in the eastern Laptev Sea

and in the area of the Western New Siberian (WNS) polynya (Figu re 1.2) is controlled by large

summer run-off of the Lena river leading to the development of a strong vertical density gradi-

ent in the water column. Owing to the strong strati�cation an d a lack of distinct polynya events

(Winsor and Bjoerk, 2000), our hypothesis was that ice production alone in the WNS polynya is

not high enough to erode the halocline and to form dense shelf bottom water.

Thus, the aim of this thesis is to further investigate the eff ect of ice production and salt rejection

taking place during strong polynya opening events in the easter n Laptev Sea on the strati�ca-

tion of the water body beneath. The performance of different s atellite-based methods and a

model to examine polynya dynamics and subsequent �uxes is tested to �nd the most appropri-

ate approach to prove the hypothesis.

Passive microwave satellites allow for a direct deduction o f polynya area, and together with at-

mospheric data, a retrieval of thin ice thickness and ice produ ction. With their global coverage

97
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and their ability to penetrate cloud cover, passive microwave sensors can be used for long-term

and large-scale monitoring of polynya dynamics and associat ed ice formation

(Willmes and others, 2010a; Kern, 2009; Tamura and others, 2007). But ac curate ice production

estimates require stable methods to detect the area of open wat er as well as growth, thickness

and evolution of thin ice.

We therefore examine different parameters and methods to obse rve polynya area (POLA, open

water and thin ice area) and thin ice thickness ( hi ) by a combination of multi-sensor satel-

lites. The cross-validation is made on the basis of a prominen t WNS polynya event, observed

during the TRANSDRIFT (TD) XIII expedition in late April, 2008. The P OLA is derived from the

Polynya Signature Simulation Method (PSSM, Renfrew and oth ers, 2002; Arrigo and van Dijken,

2004; Kern, 2009) which provides a classi�cation of thin ice and open wa ter areas. The method

uses microwave brightness temperature ( T B) data from the SSM/I sensor and AMSR-E/Aqua

and is based on the sensitivity of passive microwave polarizati on ratios to thin ice and open

water. The thickness of the thin ice zone is also obtained fro m passive microwave polarization

ratios. The accuracy of the used POLA and hi methods is assessed by thermal infrared Ad-

vanced Very High Resolution Radiometer (AVHRR) ice thicknes s estimates (hi T H ) and airborne

electromagnetic (EM) ice thickness measurements ( hi HEM ) obtained during the TD XIII expe-

dition. As this study presents a cross-validation, no truth r eference data are declared. Neverthe-

less, we consider hi T H and hi HEM as most accurate among the presented data, simply because

they provide the highest spatial resolution and were successfu lly applied in previous studies

(Yu and Lindsay, 2003; Drucker and others, 2003; Kern and others, 2007; Pfaf�ing and others,

2007). In addition, Environmental Satellite (ENVISAT) SAR image s and aerial photographs are

used for the cross-validation. The aerial photographs were ta ken simultaneously with the HEM

�ights by the newly developed HELicopter-borne Ice Observati on System (HELIOS). Images are

used to retrieve information about the spatial distribution of open water patches, compression

such as rafting or ridging and the presence of snow on top of the ice. The performance of HE-

LIOS was tested by means of accuracy analysis and case studies (Krumpen and others, 2010a).

As shown in our study, inaccuracies in the satellite-derive d thin ice thickness arise from the

in�uence of mixed water, thin and thick ice signals at the polyn ya edge when coarse resolution

passive microwave data ( ¸ 5£ 5 km2) are used. In particular, in long and narrow �aw polynyas,

where the fraction of non-edge pixels is comparably small, the i n�uence of microwave signals

from the fast and pack ice becomes a major source of error in the thickness retrieval. Hence,

with decreasing polynya width, the spatial resolution of the i nput data becomes increasingly

important. The use of enhanced resolution data products indic ates potential for a signi�cant
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improvement of thin ice monitoring. In the presented case stud y hi R89, hi R36(SIR) and hi QR(SIR)

reasonably depicted the across-polynya ice thickness increa se as indicated by HEM measure-

ments and thermal infrared AVHRR ice thickness estimates, wh ile the accuracy of thin ice re-

trieval from 36 GHz, 37 GHz and 85 GHz T B channels is signi�cantly reduced by their low

spatial resolution.

We conclude that hi estimates need to account for regional particularities of pol ynya size and

shape. Unfortunately, the retrieval of polynya area by means o f PSSM is very sensitive to ap-

plied thresholds if used in narrow �aw polynyas and can easily b e underestimated by as much

as 50 %. Our results imply that previously suggested algorithms f or the regional-scale detec-

tion of thin ice thickness from microwave data are not necess arily transferable to the Laptev

Sea. Passive microwave data as well as parameterizations used in the applied methods have to

be carefully assessed to avoid large errors due to regional pe culiarities.

Alternatively, �ux models can be used to simulate polynya evo lution and associated ice �uxes.

Flux models calculate the location of transition between ope n water and thin ice from the bal-

ance between the �ux of frazil ice produced in the open water are a and the wind-driven off-

shore divergence of consolidated new ice.

The performance of a two-dimensional �ux model is tested thro ugh the simulation of an 11 day

Anabar-Lena (AL) polynya event that took place in the southern Laptev Sea in late December,

2007. The model was developed by Morales Maqueda and Willmott (2000) an d modi�ed such

that it computes associated ice and salt �uxes. Results are the n compared to ice thickness and

ice production estimates derived from high-resolution ther mal infrared MODIS observations

in conjunction with an atmospheric dataset. The thermal approa ch is limited to clear sky con-

ditions, but yields good results for ice thicknesses below 0. 5 m (Willmes and others, 2010b).

An initial comparison of thermal infrared MODIS imagery and S AR observations with model

computations has shown that the �ux model is capable of reproduc ing quite well the shape of

the polynya and salient features of the landfast ice boundary using only a few simple conserva-

tion laws. If a realistic fast ice boundary and parameterizat ion of the collection depth H is used

and if the movement of the pack ice edge is prescribed correctly , results from this model are in

agreement with satellite estimated ice thickness and produc tion estimates.

MODIS based estimates and the �ux model calculation yield an accumulated ice production

of 1.3 m and 1.2 m per unit area in the area near the fast ice edge ove r a period of 11 days. In

the thin ice area further offshore, ice formation rates are h igher in the model, which results

from lower ice thickness estimates. The mean accumulated ic e production per unit area is 0.4
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m, both for MODIS and model results. The largest local deviati ons in ice production estimates

coincide with areas of high disparity between simulated and t hermal infrared thickness.

Regional differences between satellite estimates and mode l results are predominantly related

to the representation of physical processes in the model, such a s the missing representation of

the effect of ocean currents on frazil ice trajectories and d ynamic thickening of thin ice, namely

rafting.

We conclude that these simpli�ed physical polynya models are va luable tools for studying

polynya dynamics and estimating associated �uxes of single pol ynya events and provide a bet-

ter alternative to passive microwave polynya monitoring tech niques.

Thus, a �ux model is used to examine the effect of ice formation on the structure of the water

column in the area of the WNS polynya. Since we found that regio nal differences in ice produc-

tion and ice thickness estimates are mostly due to the missin g representation of dynamic thick-

ening in �ux models (Krumpen and others, 2010c), the model applied in Krumpen and others

(2010b) is a more simple 1-dimensional approach that contains a parame terization for the ef-

fect of rafting in the thin ice zone.

With the model we then simulate an extremely strong opening eve nt of the WNS polynya last-

ing for a period of 27 days, starting on February 10, 2004. The water bod y was pre-conditioned

toward a weak strati�cation state by a cyclonic atmospheric c irculation regime during summer

2003. The ability of the polynya to form dense shelf bottom water is judged by integrating the

amount of salt rejection over the weakly strati�ed water col umn.

Prior to the simulation of the major polynya opening event obse rved in 2004, the model perfor-

mance is tested by simulating the minor but rather well docum ented opening event observed

during TD XIII in April, 2008 (Willmes and others, 2010b). The comparis on of computed open

water width with observations made by helicopter, high-reso lution TerraSAR-X scenes and EN-

VISAT SAR images has shown that the �ux model is capable of reprod ucing correctly the loca-

tion of the transition between open water and thin ice. Moreov er, the agreement between the

simulated thin ice thickness and HEM and thermal infrared AVH RR ice thickness estimates is

good. The model slightly underestimates the HEM and AVHRR est imates and consequently

overestimates ice production. In total, an ice volume of 1.3 km 3 is formed and 0.14 £ 1011 kg of

salt rejected between April 27 and May 01, 2008. Assuming advection to be negligible and the

absence of strati�cation, the salinity of the open water zone , which has a depth of 25 m, would

increase by approximately 1.0 psu.



101

Applying the model to the simulation of the strong polynya event in 2004 the total amount re-

sults in an ice volume production of 26 km 3. A comparison of our calculations with seasonal ice

production estimates made in the literature con�rms the 2004 eve nt as an exceptionally strong

one. The total amount of salt rejected during the polynya even t was estimated to be about 2.9

£ 1011 kg, of which 1.5 £ 1011 kg were rejected in the open water area as frazil ice was create d.

The agreement between simulated evolution of the pack ice edg e and satellite observations is

again high. However, because no aerial observation exists fo r the 2004 event and the edge of the

open water region is not easily identi�able in SAR scenes, a va lidation of the simulated open

water width is dif�cult. Nevertheless, we have con�dence in our simulation of the open water

evolution, as it was proven to be rather accurate for the well d ocumented 2008 event.

Adding the computed release of brines from freezing sea ice to the average winter density strat-

i�cation and neglecting any horizontal advection of dense w ater, salt rejection would convec-

tively erode the halocline down to a depth of 20 m. The destrati� cation in our simulations is

favored in a number of ways. All calculations were made on the basis of a weakly strati�ed

water column, pre-conditioned for destrati�cation by cyclo nic summers and an exceptionally

strong polynya event. Moreover, the model tends to overestim ate ice production, since the at-

mospheric dataset used for the simulation of the 2004 event, does not incorporate the impact

of the polynya on the atmospheric boundary layer. In addition, ocean currents, replenishing

eroded water masses and helping to restore strati�cation, ar e neglected. Hence, the calculated

mixed layer depths can be considered as an upper bound estimate of the destrati�cation po-

tential, which further supports our hypothesis that even durin g strong polynya events ice pro-

duction is not high enough to erode the halocline and that the ability of the polynya to form

dense shelf bottom water is extremely low. Our results provide i ndirect evidence that the mech-

anisms responsible for vertical mixing in the area around the W NS polynya are predominantly

wind- and tidally driven, rather than convective. This has f ar-reaching consequences for both

the vertical and lateral distribution of nutrients, sedime nts, pollutants and heat.

Moreover, the model simulations emphasize the importance of i solated extreme events for the

net sea ice formation in the Laptev Sea. For example, during the s trong event simulated in

Krumpen and others (2010b) 26 km 3 of ice was produced. Putting our estimates in relation to

the annual polynya ice production estimated by Winsor and Bjoe rk (2000) and

Willmes and others (2010a), approximately 50 % was produced during a si ngle WNS polynya

event. This is euqivalent to 3 % of the annual net sea ice product ion in the entire Laptev Sea

(900 km3, see Introduction). How often these extreme events occur is a n issue that needs to be
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Figure 6.1: Thickness and age of ice produced in the WNS polynya in winter 20 08. Based on ENVISAT
SAR images, ice areas produced during polynya events prior April 25, 2008 were tracked and classi�ed
according to their age of formation (color code). Electromagnet ic (EM) helicopter-borne ice thickness
measurements made during the TRANSDRIFT (TD) XIII campaign at end of A pril, 2008 (black lines)
were used to determine the mean ice thickness of individual ice zones (texture: dots and hatches).
Together with the areal information, EM measurements can be used to quantify the ice volume that
has been produced inside polynyas.

addressed in future studies.

In section (1.3, The Laptev Sea), it was shown that large discrepa ncies exist in the literature with

respect to the contribution of polynyas to the annual net sea ic e formation in the Laptev Sea.

It was argued that existing discrepancies might be a consequen ce of the use of different sensor

systems, models, observation periods and alternating de�ni tions for the term 'active polynya'.

In this thesis, we investigate exclusively ice formation ra tes in single polynya events. Hence,

presented results cannot be used to quantify the contribution of polynyas to the annual ice pro-

duction in the Laptev Sea. Nevertheless, we have shown that pas sive microwave satellites, if ap-

plied to narrow polynyas, underestimate ice production and poly nya area (Willmes and others,

2010b). In particular polynyas with narrow open water zones, formed under moderate or low
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wind forcing and extremely low temperatures, are not resolved by passive microwave satellites.

Note that passive microwave data reveal no or only minor polyny a activity for the events simu-

lated in Krumpen and others (2010c) and Krumpen and others (2010b). Cons equently, our re-

sults imply that the contribution of polynyas to the net sea ice formation in the Laptev Sea is in-

deed higher than passive microwave studies suggest. This �nd ing is in agreement with polynya

area estimates obtained manually from ENVISAT SAR imagery. A ccording to SAR scenes ac-

quired during winter 2008, an ice area of 51 £ 103 km2 (10 % of the entire Laptev Sea area) was

produced in the WNS polynya between December and April (Fig. 6.1), which is this is twice as

much as ice area estimates made by Winsor and Bjoerk (2000) and Wi llmes and others (2010b).

However, coupled ice-ocean models and newly launched satell ites such as the Soil Moisture

Ocean Salinity (SMOS) mission and CryoSat-2 capable of measu ring the thickness of sea ice

from space (see section 7, Future scope), need accurate annual po lynya ice production esti-

mates as a reference for satellite and model validation. Tog ether with EM-Bird ice thickness

measurements, polynya area estimates obtained from ENVISAT S AR images can be used to

quantify accurately seasonal ice export and production rates. F igure (6.1) shows the ice areas

that were formed in the WNS polynya between December and April, 2008. Ice thickness in-

formation obtained from the EM-Bird made during the TD XIII c ampaign at the end of April

were used to assign a mean ice thickness to individual ice area s. The approach yields a total ice

volume of 81 km 3 that originates from polynyas in the eastern Laptev Sea (9 % of t he total net

annual ice formation in the Laptev Sea).
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Future scope

Polynyas are well recognized as strong ice producers and migh t gain special attention regard-

ing ice volume changes in the Arctic (Morales Maqueda and othe rs, 2004; Willmott and others,

2007). Understanding how the strati�cation of shallow shelf wa ter and the ice production

and salt rejection in polynyas might change in a warming clima te is one of the major chal-

lenges of current polar research. On the one hand, it is likely , that the stability of the halocline

will be strengthened by an increase in the Siberian river dis charge (Bethke and others, 2006;

Peterson and others, 2006). Rising Arctic surface temperatures (Chapman and Walsh, 2007)

will probably weaken ice production and increase summer sea ic e melt, further promoting the

stability of the halocline. On the other hand, the observed po sitive trend in summer cyclonicity

over the Eurasian Arctic (Simmonds and others, 2008; Simmonds a nd Keay, 2009) might desta-

bilize the water column (change the water-column structure ). Likewise, a decrease in ice pro-

duction could be compensated by an increase in polynya activity during the freeze-up period

and in early spring (Willmes and others, 2010a) caused by an increa se in the frequency and

strength of cyclones penetrating into the Eurasian Arctic (Z hang and others, 2004).

Clearly, we are far from being able to formulate sound predict ions of how polynya formation

and water column strati�cation will respond to climate chang e. Nevertheless, our results show

that an alteration of mechanisms responsible for vertical mi xing in the WNS polynya would

require a strong increase in ice production and/or a signi�cant weakening of the year-round

density strati�cation.

Understanding and quantifying a response to climate change ar e key tasks for future shelf pro-

cess studies. Unfortunately, the presented �ux models can on ly be used to explicitly simulate

single event. In order to draw inferences on the physical beha vior of polynyas - under the

premise that the climate in the Arctic is changing - a coupled cl imate model is needed.
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The prescribed task will be investigated, together with the U niversity Trier, by an atmospheric

model (COnsortium for Small-scale Modeling, COSMO) coupled to the Finite Element Sea ice-

Ocean Model (FESOM, Timmermann and others, 2009). For validati on of model simulations,

polnya �ux models might provide a suitable reference dataset. T he main reason for pursuing

the polynya �ux model approach concerns the parameterisation of dense water production

within polynyas not resolved by coarse resolution coupled oce an-sea ice models. Furthermore,

it is easier to identify the dominant physical processes operat ing throughout the evolution

of the polynya area, since these simpli�ed models have their st rength in isolating the basic

polynya processes.

A drawback of current sea ice-ocean coupled models is the miss ing or de�cient representation

of fast ice. However, correct representation of the fast ice e dge is important since it controls the

position, shape and dynamic of the polynya and hence, the area wh ere water mass modi�ca-

tion takes place. If the fast ice is neglected, the modelled pol ynya location is shifted towards the

coastline. Following Adams and others (2010) and Rozman and oth ers (2010), the implementa-

tion of a fast ice mask in FESOM and the North Atlantic/Arctic O cean-Sea Ice Model (NAOSIM)

results in more realistic polynya estimates. In this study, i nformation on the seasonal variabil-

ity and extent of the fast ice were extracted manually from high resolution satellite products

on a monthly basis. Simulating polynya evolution on a longer t ime scale would require an au-

tomatic procedure to derive fast ice edges in the marginal sea s of the Arctic Ocean. Whether

sea ice drift and concentration products retrieved from passi ve microwave satellites together

with information from high-resolution RADAR satellites ca n be used to obtain a realistic fast

ice parameterization for the implementation in sea ice-ocean coupled models is another out-

standing topic that needs to be addressed in future studies.

The presented comparison of different satellite-based metho dologies to obtain information

about polynya area and thickness evolution and associated sa lt �uxes gives an interesting new

insight in the applicability and performance of these approaches . However, in the last two years,

new satellites for polar application were developed. For example, the Soil Moisture and Ocean

Salinity (SMOS) satellite, that was launched in November 2009, h as the potential to estimate sea

ice thickness from sea ice brightness temperature measured a t 1.4 GHz (Heygster and others,

2009; Kaleschke and others, 2009). The MIRAS instrument on the SMOS satellite provides daily

coverage of the complete polar seas with a resolution of about 35 km in nadir view. The reso-

lution is of course too low to observe leads or polynyas, but co uld provide measurements and

monitoring of extensive thin ice regions in Laptev Sea polynyas .

The accuracy of SMOS ice thickness estimates has not been quan ti�ed yet. In the framework of
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the SMOS Sea Ice Retrieval Study (SMOSIce) the AWI sea ice physics group will therefore con-

duct EM ice thickness measurements in polynya areas of the Lapt ev Sea in March/April 2011

(TD XVII). Together with thickness information obtained fro m thermal infrared satellites and

areal ice formation estimates made on the basis of SAR scenes (Figure 6.1), the data will be used

for SMOS product validation. After the validation has been co mpleted, the ability of SMOS de-

rived ice thickness estimates for long-term monitoring and characterization of thin ice zones

in polynyas will be assessed.
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