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Abstract

During the melt season, the surface conditions of the Arctisea ice cover
change enormously. The uniform high re ective winter surfee transforms to a
heterogeneous compound of several surface classes. Thamgh is associated with
a strong decrease of the surface albedo, caused by the megltsnow cover, the
formation of melt ponds and the increase of open water fraoti. The goal of this
work is to classify images from the MELTEX 2008, NOGRAM 2011rad TIFAX
2010 ight campaigns to determine melt pond parameters, sh@s concentration,
size, size distribution, density, density distribution, fape and shape distribution.
These are important quantities for the sea ice atmospheretanaction. A further
objective is to evaluate the broadband albedo measurement$ the MELTEX
campaign. Overall the work gives a quantitative descriptio of the sea ice melt
stages by means of the evaluated quantities mentioned above






Zusammenfassung

Das arktische Meereis unterliegt starken Vanderungen der Oberachenbeschaf-
fenheit wahrend der Schmelzsaison. Die einheitliche stark re ektiende Ober-

ache des Winters wandelt sich zu einem heterogenen Mix auglen Ober-

achenklassen, was einen starken Abfall der Obechenalbedo zur Folge hat.
Hierfur verantwortlich sind die schmelzende Schneedecke, diédBing von Schmelz-
tumpeln auf dem Eis und der Anstieg der o enen Wassesichen zwischen dem Eis.
Ein Ziel der Arbeit ist die Bilderauswertung der Flugkampagen MELTEX 2008,
NOGRAM 2011 und TIFAX 2010 um die verschiedenen Schmetzhpelparameter,
wie zum Beispiel Konzentration, Ge e, Gre enverteilung, Dichte, Dichtevertei-
lung, Form und Formverteilung bestimmen zu knnen. Diese sind wichtige Gy en
bei der Wechselwirkung zwischen Meereis und Atmospie. Eine weitere Aufga-
be ist die Auswertung der Breitbandalbedo Daten der MELTEX Kampagne. Das
Hauptziel der Arbeit ist die quantitative Beschreibung deMeereisschmelzphasen
mit Hilfe der oben genannten Ge en.
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Chapter 1
Introduction

The surface albedo is an important climatological parameteof the arctic sea
ice and has been investigated in numerous modeling and ohsdional studies
(Grenfell and Maykut, 1977; Morassutti and Ledrew, 1996; Pevich, 1996, 2002a,
2002b; Barber et al., 2001; Skyllingstad et al., 2009). Dung the melt season,
the surface conditions of the arctic ice cover change enorasty. The uniform
high re ective surface transforms to a heterogeneous compul of several surface
classes. This change is associated with a strong decreaséhefsurface albedo
caused by the melting snow cover, the formation of melt pondsd an increasing
fraction of open water (Perovich et al., 2002a). Melt pondsra pools of accu-
mulated melt water on the arctic sea ice surface during the rteseason (Taylor,
2004). Typical mean melt pond sizes vary between 18 and 60m? (Perovich et
al., 2002a) respectively 12? and 300m? (Lupkes et al., 2012) depending on the
progress of melt pond evolution. Their size underlies a hugariability (Perovich
et al., 2002a). The albedo of melt ponds is low compared to ghter bare ice and
so large parts of the shortwave solar radiation get absorbétaykut and Gren-
fell, 1975). Grenfell and Maykut (1977) described the meltgnd albedo and its
spatial distribution as main factors in the surface radiathn balance. The albedo
of the sea ice surface gets a ected by the snow depth and itsgitee of weathering,
the optical properties of the ice and melt ponds, melt pond diribution and the
open water fraction (Grenfell and Maykut, 1977; Grenfell ash Perovich, 1984;
Barry et al., 1993; Barry, 1996; Perovich et al., 2002a, 2002Curry et al., 2002;
Skyllingstad et al., 2009).

The optical properties of the ice cover do not change consrdély during
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2 CHAPTER 1. INTRODUCTION

the winter months, but there is an immoderate change duringhie melt season
(Grenfell and Maykut, 1977). Grenfell and Maykut (1977) obsrved a quick de-
terioration of the bare ice surface and a consequent devetopnt of a granular
scattering layer whose surface is above the local water tabtaused by the in-
creasing absorption of short-wave radiation due to the newusdace classes like
melt ponds and blue ice. Changes in the transparency of theeicaused by in-
ternal melting and the consequential increase in brine vatwe lower the albedo
additionally. The stored latent heat act as a signi cant enggy sink of the arc-
tic heat balance. The progressive increase in brine volumellbws a decrease
of the extinction coe cient of the ice, especially beneath ralt ponds (Grenfell
and Maykut, 1977). Grenfell and Maykut (1977) described higer brine volumes
beneath melt ponds than in young ice for the late summer morgh The latent
heat gets gradually released when the brine refreezes dgrifieeze-up and early
winter. In this period the average albedo and bulk extinctio coe cient of the
ice increases again (Grenfell and Maykut, 1977). If the icd fsozen melt ponds is
solid enough to carry the new snow cover, the melt pond reges until November
to freeze completely because of the isolating e ect of the @n cover (Fetterer
and Untersteiner 1998). Thick ice tends to be conserved andin ice tends to
melt preferably because of the combined e ects of super dianelt water and
snow cover. Only the thickest rst-year ice (FYI) survives smmer and becomes
second-year ice. Older ice is de ned as multi-year ice (MY [Fetterer and Unter-
steiner, 1998). The rst drifting snow during next autumn istrapped e ectively
in mature ponds, so the probability that a new pond will buildin the next melt
season decreases strongly, because capillary action in gew lled melt ponds
elevates the water level and after that the level of frozen riieponds (Fetterer
and Untersteiner, 1998).

To capture the problem of the spatial and temporal variabity of the albedo,
several approaches were done (Hanesiak and Barber, 2001gndgleben (1971) de-
scribed the albedo () as a linear function, with is equal to 0.6 for 0 and equal
to 0.3 for 70% melt pond coverage. Robinson (1986) calculdta net albedo of
0.53 and Lindsay and Rothrock (1993, 1994) indicated a rangg®@m 0.76 to 0.47
from April to August for the Arctic Basin. Barber and Yackel (1999) estimated
an albedo range of 0.3 to 0.5 depending on land, ice type anc ioughness.
Hanesiak and Barber (2001) tested four methods to estimatée albedo in the



Canadian Archipelago. They performed direct spectral andrbadband albedo
surface measurements (0.54), direct broadband measuretsewith a helicopter
(0.53), measurements with the AVHRR sensor (0.57) and an iitdct measure-
ment by using aircraft aerial survey video that was digitizé and classi ed into
albedo categories (0.55).

Grenfell and Maykut (1977) reported that the magnitude and Isape of the
albedo curves correlate with the amount of liquid water in te upper ice layers.
Their measurement (Fig. 1.1) shows that the albedo of compadry snow (curve
a) is high with only weak wavelength dependence. The albedbwet new snow
also reveals little wavelength dependence, but it is constidly 0.05 lower (curve b).
Melting snow (curve c) is independent of wavelength in the sible, but showed
a spectral gradient in the near-infrared. The spectral allw® of melt ponds (Fig.
1.1, curves e-h) shows a maximum at short wavelengths and astg decrease be-
tween 500 nm and 800 nm. Water is relative transparent for shewave radiation
and appears blueish, because values below 500 nm are mainlyenced by the
scattering properties of the ice lying below. Grenfell and Bykut (1977) called
the wavelengths between 500 to 800 nm the "transition zoneTn this zone water
becomes the predominant force and the underlying ice has neaive impact
on the albedo. Therefore the visible range is crucial for thdi erentiations of
re ection attributes of di erent melt ponds.

Another intervention in the radiation budget occurs from tre temperature
drop below the freezing point during the arctic summer. In tts period the melt
ponds can refreeze for a few days. Ice layers thinner than 3 emere observed
by Grenfell and Maykut (1977). The albedo of a refrozen meltgnd (curve d) is
lying inbetween the albedo of an open melt pond and MYI. Greall and Maykut
(1977) measured a great range for bare ice albedo values. sThange can overlap
with albedo values for snow and melt ponds (Fig. 1.2).

Two types of bare ice near Point Barrow (71N, 156 W) were described by
Grenfell and Maykut (1977) during the summer months. Blue & whose color is
very similar to melt ponds, and white ice that is composed of & cm to 10 cm
thick drained layer. This layer was underlain by clear blue rst-year ice (Gren-
fell and Maykut, 1977). Blue melting FYI (Fig. 1.2, curve d) las no surface
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Figure 1.1: Spectral albedo observed over snow and melt ponds: a) dry smo( = 400kg=n?),

clear sky with haze, =0.84, s =0.89; ( s = spectral albedo), b) wet new snow (5 cm in
thickness) over multi-year white ice, overcast, = 0.85; c) melting old snow ( = 470kg=m?),
clear, =0.63, s = 0.73; (d) partially refrozen melt pond with 3 cm of ice, overcast, =

0.50, ¢ =0.55; e) early-season melt pond (cm in depth) with white bottom on multi-year ice,
overcast, = 0.37, s = 0.38; f) mature melt pond (10 cm in depth) with blue bottom on
multi-year ice, overcast, = 0.27; g) melt pond (5 cm in depth) on rst-year ice, overcast,

= 0.2, s =0.21; and h) old melt pond (30 cm in depth) on multi-year ice, clear, s =
0.15. Curves m, and m2 were taken from Mellor (1965) and applyo dry snow and wet snow,
respectively (Grenfell and Maykut, 1977).

scattering layer and therefore a low albedo. The albedo isughly 0.1 larger at
short wavelengths than that of melt pond covered FYI (Fig. 1L, curve g), but it
decreases more gently for wavelengths larger than 600 nm. €l'm uence of its
thin water Im on becomes important for wavelengths larger han 1000 nm when
the Fresnel limit gets achieved (Grenfell and Maykut, 1977)

For the investigation of sea ice melt stages, FYI and MYI havéo be distin-
guished due to their di erent attributes. Large amounts of bine is entrapped in
FYI and is concentrated at the top and bottom surfaces of thece, resulting in
a C-shaped salinity pro le (Grenfell and Maykut, 1977). Mdi water begins to
drain through the ice during the melt season. Most of the salrom the surface
layer is ushed by the draining water. Decreasing salinitydkes part in the upper
and lower parts of the ice. Beside the salinity, brine volumehich is enclosed by
the ice also depends on its temperature (Untersteiner, 1961As a consequence,



Figure 1.2: Spectral albedo observed over bare sea ice: a) frozen muitear white ice, overcast,
=0.72, ¢ =0.74;b) melting multi-year white ice, clear, =0.57, 5 =0.69; c) melting rst-
year white ice, clear, = 0.47, s = 0.54; and d) melting rst-year blue ice, clear, = 0.24,

s = 0.27 (Grenfell and Maykut, 1977).

the brine volume distribution in FYIl and MYI are mirrored in salinity and tem-

perature pro les. Furthermore, the vapor-bubble densitym MYI is larger than

in FYI because of internal melting and freezing over certaiannual cycles. FYI
and MYI are di erent in optical properties since the di erences in brine volume
and bubble density (Grenfell and Maykut, 1977).

Di erent approaches were made to describe the di erent mektages. Fetterer
and Untersteiner (1998) used National Technical Means (NTMdata from 1995
to illustrate the development of melt ponds from the onset ahelt pond formation
to the freeze-up stage. They described the melt pond evolati as follows. The
snow cover in May represented almost the entire solid predation of the year.
Although the average wind velocity in the central Arctic wasrelatively small
with 4 ms ! to 5 ms ! and storms only occured infrequently, snow got directly,
or shortly afterward snowfall events, shifted by wind (Fetérer and Untersteiner,
1998). Hence, the smooth ice area was often almost snow freghvexception
of some barchan snow dunes on the ice. The transported snovc@oulated at
aerodynamical obstacles such as pressure ridges. Typigahowfall was followed
by clear and cold periods during which the temperature graent in the snow
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caused vapor di usion, hardening of the crust and the biggeamount of snow
sticked before it melted in June (Male, 1980; Fetterer and Uersteiner, 1998).

Snow thickness for level ice is about 35 cm 17 cm before melting processes
begin to start (Buzueve et al., 1979; Radionove et al., 1998/arren et al., 1998).
Hanson (1980) observed a higher variability because of thellected snow on the
leeward side of pressure ridges with typical depths of 1 m.

In the beginning of summer, snow became wet, but still no mefionds were
visible. The begin of melting on 3% May could be recognized by means of an
increase of the emissivity of the passive micowave measuet The increasing
emissivity is owed by the increasing content of free water drtherefore an in-
creasing dielectric constant. A little peak of emissivity as found on & June.
Temperatures above the freezing point were measured for ghime period (Fet-
terer and Untersteiner, 1998).

Meltwater collected in sharply delineated ponds on MYI, wh its rolling or
hummocked surface (Zubov, 1945; Fetterer and Untersteinet998). Naturally,
water always owed to the lowest elevations and drained intthe ocean through
cracks or collected on thin ice, whenever the surface topaghy was suitable for
lateral motion, like at oe edges. Thin and at areas are predstinated for the
evolution of huge melt ponds. Untersteiner et al. (1998) astated that super cial
melt water can ow up to hundreds of meters. Ponds deepenedddiminished in
diameter fast at the beginning and more slowly at the end of #ir evolution, due
to the fact that the melt rate of ice beneath melt ponds is 2-3imes higher than
the melt rate of the bare ice surface (Hanson 1965, Unterster 1961; Fetterer
and Untersteiner, 1998).

The midsummer period began on 3 June and rst melt ponds were visible
at this time. On 15" June their number increased and almost every ice oe was
covered with them. The form of the melt ponds were mainly rouwhand distinct.
This changed on 20 June when ponds began to interconnect. They covered
large areas between the pressure ridges. The ridges weredeoed by bands of
high albedo ice or snow. There was a wide range of the melt pohdbadband
albedo at this time and the pond coverage was between 19% ar@ Fetterer



and Untersteiner (1998) could not exclude that the measureuelt pond fraction

was too high because wet snow and melt ponds were hard to digpilish. On
24" June round distinct ponds were visible again. The melt pondogerage on
oes with ponds was only between 1% and 10% and some oes withdeameter
smaller than 3 km were still melt pond free. On 8 and 9" July melt pond

coverage was high again with values between 0 and 40%. Melnnplccoverage for
at ice amounted to 40% to 50%.

Fetterer and Untersteiner (1998) had two possible explanais for that phe-
nomena. First possible option is that the melt pond fractiorwas overestimated
for 20" June. This theory is propped by the passive microwave meagsmnents.
The other possibility is that melt ponds refroze. This theoy is propped by the
fact that temperature fell below freezing point again afte20" June. The next
warming event could easily melt the new thin ice layers and éhmelt pond con-
centration would increase again easily.

Until the end of June almost the whole snow coverage was goegcept of the
deepest drifts. Bare ice and melt ponds covered the majorityf the ice surface
during that period. Snow accumulated near topographic roungpess elements and
favored the conservation of thick ice. The lack of an insulatg snow cover on
smooth, windswept young ice facilitated fast growth in wirgr. In summer bare
ice melted earlier than snow covered ice (Fetterer and Unteiner, 1998).

In the late summer period melt ponds began to drain and rst mi& pond
"moats" were observed. A moat can arise when large melt ponddggan to drain
and leave an island of ice in the middle. So the melt pond comteation decreased
again because of drainage. The interior island has often aMer albedo than the
surrounding ice (Fetterer and Untersteiner, 1998).

On 15" August the freeze-up began. Some melt ponds showed a higheedo
because of the new ice layer built on the melt pond. On 27August melt ponds
were still visible, although most of them were frozen. On'5 September, some
ponds were still visible. Finger rafting could be observed ileads (Fetterer and
Untersteiner, 1998).
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Perovich et al. (2002a) investigated the melt stages of aictsea ice during
the SHEBA (surface heat budget of the arctic ocean) campaignSHEBA was
a coordinated project to investigate the importance of the ratic in uence for
global change. Primary goals of the campaign were "to measuthe radiative
properties and microphysical structures of various cloudypes in the Arctic, to
measure the BRDF [bidirectional re ectance distribution tinction] and albedos
of various surfaces (ice, snow and tundra) and various clotgpes, and to obtain
these measurements whenever possible either beneath theS®AER-2 aircraft,
over the SHEBA ship, or over the ARM site in Barrow for the purpse of compar-
ing remote sensing and in situ measurements. Considerablatal were collected
relevant to all of these goals" (Richard, 2012). The case sty of Perovich et
al. (2002a) presents data from 20 May 1998 to 4" October 1998 which cover a
region from 65N to 90 N latitude and from 180 W to 120 W longitude.

In May, slightly prior to the onset of melting, the sea ice coer was fairly
uniform. The two main surface classes were snow covered icel accasionally
freezing leads. Snow melt processes started at the end of M&erovich et al.,
2002a). Water collected gradually in patches on the sea icerace. Only a few
bright shallow ponds could be nd on 18 June. The melt pond coverage at this
time was less than 2% (Perovich et al., 2002a).

At June 22", melt ponds were ubiquitous (Perovich et al., 2002a). Perimh
et al. (2002a) described the early ponds as wide and shallovtiwirregular and
complex perimeters, paralleling small variations in ice siace topography. As
melting continues, ponds got deeper and many of the shallovopds drained into
other ponds which were better de ned. The melt ponds built ditinct shapes in
the early July. Later in July they widened and deepened. Whal spreading, they
connected into large, complex network. For this melt stage wide range of pond
concentration is possible, depending on the underlying idegime (Perovich et
al., 2002a). When sea ice is not thick enough, a few ponds caeltrthrough and
drain into the ocean (Perovich et al., 2002a). Zubov (1945)bserved draining
ponds for sea ice that is thinner than 2 m. In the mid of Augustdil freeze-up be-
gan and a thin ice layer covered most of the melt ponds on™®2August (Perovich
et al., 2002a). Freezing leads with a thin snow cover are thesult of continuing
freezing. Winter conditions were almost recreated on"4October. Large amounts



of young ice in leads and very little open water could be obsexd (Perovich et
al., 2002a).

The melt pond concentration and the depending albedo changeimportant.
However, their geometry and distribution is also relevant ake to the fact that the
turbulent momentum ux is a ected by these parameters. Formdrag is generated
by oe- and melt pond edges (Lupkes et al., 2012). Therefore elevation of the
ice surface relative to the water surface is crucial. Neutra@rag coe cients can
be improved by concerning the geometry of the oes and melt pds (Lupkes et
al., 2012). Andreas et al. (2010) indicated (based on data @fttal et al., 2002))
that for melt pond covered sea ice surfaces the drag also gatscted by form
drag. Beside the melt pond fraction, the distribution of ope water can in uence
lateral melting (Perovich, 1983; Perovich and Maykut, 1990Steele, 1992; Per-
ovich et al., 2002a).

Many applications need more precise statistics for ice oemnd melt ponds
(Perovich et al., 2002). Lupkes et al. (2012) made assumptis about the shape
and typical size of melt ponds as a function of the sea ice cemtration. They used
a data set from the National Snow and Ice Data Center (NSIDC)romelt pond
statistics (Fetterer et al., 2008). The data contained vigile band imagery from
high-resolution satellites over three arctic Ocean locatns for the melt season
in 1999 and four locations for the melt seasons in 2000 and 200Melt pond
statistics were available for 400 squares with an area of 2600 m? per square.
Only squares with a lead fraction smaller than 2% were evaltgl, due to the
lack of statistics for leads.

Statistics of the melt pond density and the pond size distrilitions are also
necessary to improve the understanding and the modelling tife properties of
melt ponds and their evolution (Perovich et al., 2002a). Lpkes et al. (2012)
showed the e ect of two di erent pond shapes on the number deity of oes in
Fig. 4.1, which shows a comparison of observed pond numberghwesults of
equation

St SP SIO ,
with number of ponds and leads,), domain area §;), concentration of ponds
and leads Ap), area of an individual pond or lead §,) and the sea ice fraction

(1.1)
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(A) de ned by Lupkes et al. (2012) with

A=1 S, (1.2)

They rst assumed a quadratic and then a circular shape and ed a linear
dependence of the pond length. They got for a sea ice coverdggween 40%
and 70% a quadratic shape and for a sea ice coverage largemtf@% a circular
shape. A possible explanation for this shape modi cation ithe interconnection
of melt ponds that e ects a divergence from a circular shapagpkes et al., 2012).
Of course the shape of melt ponds and leads mostly discernnfr@ quadratic or
circular shape but they supposed that other assumptions abbthe mean shape
would modify form drag only by a constant factor again.

Furthermore, the momentum ux 4 depends on the area and shape of the melt
ponds. Lupkes et al. (2012) calculated the momentum ux 4 for the marginal
sea ice zones with:

hp

P o 1 A): (1.3)

d:

S|

wherec? is a shape parameter for oes and melt pond®, is the dynamic pressure,

depending on the square of the wind velocity, is the elevation of ice surface

relative to the water surface in ponds or leadsD?, is the cross wind dimension

of a melt pond or oe andA is the sea ice fraction.D? can be calculated with:
s

Dy = =2 (1.4)

(1.5)

U is the perimeter of the melt pond.c? is 1 for a quadrat and for a circle.
The foregoing equations show that larger melt ponds mean ardger D¢ and
therefore a smaller momentum ux. A circular pond withc? = 1 causes a smaller

momentum ux than a square-shaped melt pond withed = 7

Di erent approaches were taken to investigate the di erentpond parameter.
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Cameras that were mounted on towers (Langleben, 1969), grabmeasurements
(Morassutti and Ledrew, 1996; Barber et al., 2001), tethedeballoons (Derksen
et al., 1997), helicopters (Holt and Digby, 1985; Eicken et.a1994; Perovich and
Tucker, 1997; Tucker et al., 1999; Barber et al., 2001; Periola et al., 2002a),
radar (Scharien and Yackel, 2005; Barber and Yackel, 201@®jrcraft (Rothrock
and Thorndike, 1984; Yackel et al., 2000; Tschudi et al., 1992001), modelling
(Taylor and Feltham, 2004; Skyllingstad et al.,2009) and sellites (Fetterer and
Untersteiner, 1998; Barber et al., 2001; Tschudi et al., 280 Resel et al., 2011,
2012) have been applied.

Melt parameter that were investigated are melt pond fractio (Fetterer and
Untersteiner, 1998; Barber et al., 2001; Perovich et al., @Ra; Barber and Yackel,
2010; Resel et al., 2011, 2012); melt pond number density€Rovich et al., 2002a),
melt pond perimeter (Perovich et al.,, 2002a), melt pond areérschudi et al.,
2001; Perovich et al., 2002a), albedo (Grenfell, 1977; Mssatti and Ledrew,
1996; Barber et al., 2001; Skyllingstad et al.,2009), meltopd depth (Morassutti
and Ledrew, 1996; Barber et al., 2001; Taylor and Feltham, @8; Skyllingstad
et al., 2009), colour (Morassutti and Ledrew, 1996), brighiess (Tschudi et al.,
2001) and melt pond shape (Perovich et al., 2002a).

The goal of this work is to classify images from the MELTEX 208) NOGRAM
2011 and TIFAX 2010 ight campaigns to determine melt pond peameters such
as concentration, size, size distribution, density, dertgidistribution, shape and
shape distribution. A further objective is to evaluate the lpoadband albedo mea-
surements of the MELTEX campaign. Overall the work gives a dntitative
description of the sea ice melt stages by means of the evak@tquantities men-
tioned above.
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Chapter 2

Data and methods

2.1 Data description

2.1.1 MELTEX 2008

The aircraft campaign MELTEX 2008 (Impact of melt ponds on eargy and mo-
mentum uxes between atmosphere and sea ice) was carried ontthe Beaufort

Sea (Fig. 2.1) by the Alfred-Wegener-Institute for Polar ad Marine Research, the
Institute for Atmospheric Physics at the University of Mainz and Environment

Canada (Birnbaum et al., 2009).

(a) 11" May 2008 (b) 61 June 2008

Figure 2.1: Sea ice extension for the area of the MELTEX campaign: a) 14 May 2008 and

b) 6" June 2008. The sea ice concentration data have been derivetbin the AMSR-E passive
microwave radiometer (Birnbaum et al., 2009).

13
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Goals

The primary goal of MELTEX was to enhance the quantitative unlerstanding of
the impact of melt ponds on radiation, heat, moisture, and mmentum uxes over
arctic sea ice (Birnbaum et al., 2009). Objectives of the MEHIEX campaign were
the investigation of the melt pond fraction, broadband andgectral surface albedo
for pond covered sea ice in the Beaufort Sea. Further goalsrerthe investigation
of heat and momentum transport in the atmospheric boundaryalyer over melting
sea ice and the collection of data to upgrade algorithms fohe retrieval of sea ice
parameters like melt pond fraction from satellite measureemts. The embracive
instrumentation (Tab. 2.1) of the POLAR 5 (BASLER BT-67 type aircraft)
made it possible to investigate the measurement of surfacerizontal structure
and radiative uxes, the derivation of basic meteorologidaguantities, turbulent
uxes, surface temperature and surface topography (Birnkan et al., 2009).

Instrumentations

There were several instruments on board to reach the goalstbé campaign (Tab.
2.1). The images were taken by the EOS 1D Mark Ill. This is a pfessional
10.1 megapixel digital single lens re ex camera produced I§anon. This photo
camera had following xed parameters:

focal length =14 10 3m
sensor pixel size=0:01 10 3m
sensor width = 18:7 10 *m
sensor length=28:1 10 3m

number of pixels = 1936 (width) 1288 feight)

Flight tracks

Twelve ights were carried out from the 11" May to 7" June. Only the 11" May,
17" May, 26" May , 3 June, 4" June, 6" June and 7 June were evaluated,
since no further relevant information can be expected fronhe other ight tracks.
The quality of some images is too poor because of the close ager under the
aircraft during these ight tracks. Other evaluable ight t racks are just similar
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to the evaluated ones and no further relevant informationsan be expected from

them.

Table 2.1: Aircraft instruments operated on POLAR 5 during the MELTEX ¢ ampaign (Data

from Birnbaum et al., 2009).

| measurement | instrument |
position GPS, INS
height radar altimeter, laser altimeter,
pressure transducer
pressure Rosemount absolute pressure transducer
air speed Rosemount di erential pressure transducer
wind vector nose boom, GPS, INS
temperature PT100
humidity Lyman-alpha, dew point mirror,
Vaisala humicap, CR-2
turbulence nose boom turbulence probe (5-hole probe

broadband short-wave radiation

Eppley pyranometer (up and down)

broadband long-wave radiation

Eppley pyrgeometer (up and down)

spectral short-wave radiation

SMART-albedometer

surface temperature

KT15 radiation thermometer,
IR-line scanner

sea ice topography

two laser altimeters

sea ice concentration,
melt pond concentration

UV/VIS-line scanner,
digital photo and video camera

composition and dissociative
ux measurements

CPFM-pod

Figure 2.2:

Example ight track at the MELTEX campaign for the 3 ™ June 2008. Various

ight levels were reached for di erent parts of the ighttra cks. The ight level depended mainly
on the goals of the ight (Birnbaum et al., 2009).
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Weather conditions

Birnbaum et al. (2009) made a detailed description of the wéaer conditions
during MELTEX. They measured an increase of the surface tempature from
11" May to 19" May 2008 from 10 C to partially 0 C. They observed a cold-
air advection from inner parts of the Arctic towards the coasof the Beaufort Sea
after May 19". A second warming event occurred from 23 May to 26" May.
This warming event was responsible for the onset of melt porfdrmation in a
large band along the coast from the Cape Bathurst Polynya (i 2.1) to Alaska.
The highest melt pond fraction occurred at the coast, but thee were melt ponds
along the whole ight track until 71 N. From 27" May to 1%' June 2008, surface
temperature decreased again and caused a refreezing of mostt ponds. On 2¢
June 2008, Birnbaum et al. (2009) observed a thin layer of sman the refrozen
melt ponds.

At the beginning of June a third strong warming event occuredWarm air was
shifted from Alaska to the middle and western Beaufort Sea.emperatures went
above the freezing point. The strong warming event enhanceke development
of melt ponds in the investigation area (Birnbaum et al. 2009 Fig. 2.3 shows
the 2 m temperature pro le for the time period of the investigtion.

2.1.2 NOGRAM 2011

The NOGRAM data set was used additionally. It o ered a lot of seful images to
guantify the onset of melt pond formation and the peak of melpond evolution
of MYI.

Goals

The main goal of the NOGRAM campaigns was the investigationfdhe o shore
magnetics and gravity anomalies north of the Danish statiomord. The NO-
GRAM 2011 complements the foregoing NOGRAM campaigns (Letann, 2012).

Instrumentations

Following instuments operated on board of the POLAR 5: laseand radar al-
timeter, 4 GPS receiver, Gravimeter, 2 CS magnetometer, texial uxgate
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Figure 2.3: 2 m temperature pro le for the MELTEX investigation area (11 ™ May - 71" June
2008). Date format of the y-axis: yyyy-mm-dd-hh (NOAA-ESRL Physical Sciences Division,
2013).

magnetometer, two Canon EOS 1D Mark Il for nadir and zenith potographs
(Lehmann, 2012).

Flight tracks

The NOGRAM 2011 campaign covered one major survey area, thesgerly Morris
Jessup Rise northly of Greenland (Fig. 2.4). Foregoing NOG® campaigns
were carried out in the northern Fram Strait, the western MORIS JESUP RISE
and the northeastern Greenlandic ice cap of northern Kong &derik VIII Land.
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17 ights were carried out from the 14" June to the 23" June. The ight level
over sea ice averaged 400 m (Lehmann, 2012). Two ight tracksere used because
of their good weather conditions. The evaluated ight tracle were own mainly
over MYI. The images of July 14 could improve the characterisation of the onset
of melt pond formation and those of 2% July were useful to determine the peak
of melt pond evolution of MYI.

Figure 2.4: Investigation area of NOGRAM 1998 (grey lines) and NOGRAM 2011 (red lines)
(Lehmann, 2012).

Weather conditions

Fig. 2.5 shows the 2 m temperature pro le for the area of the aluated ight
tracks (35W - 15W, 825 N - 85 N) for the 14" to 21" July 2011. Tempera-
tures were continuous over the freezing point. A warming eneoccured between
15" and 16" July with an increase in temperature to 6 C. This warming event
was probably responsible for the high melt pond concentrath on 21" July.
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Figure 2.5: 2 m temperature pro le for the NOGRAM investigation area (14 ™ - 21" July).
Date format of the y-axis: yyyy-mm-dd-hh (NOAA-ESRL Physical Sciences Division, 2013).

2.1.3 TIFAX 2010

Goals

Aim of the TIFAX 2010 (Thick Ice Feeding Arctic Export) campaign was to
monitor the thickness of the sea ice which leaves the Arctititough the Fram
Strait during summer months. In recognition of this importance, the thickness
distribution across the Fram Strait and in the area north of Geenland was mea-
sured during the that eld campaign (Krumpen and Hendricks R10). TIFAX
complements the early spring sea ice surveys.
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Instrumentations

An airborne electromagnetic system (EM BIRD) measured thee thickness. The
instrument was towed under the POLAR 5 15 meters above the icirface. The
distance to the ice-water interface can be determined by nres of the contrast
of electrical conductivity between sea water and sea ice. @hdistance to the
topmost re ecting surface was measured by a second laserimleter. Therefore
ice thickness is put together as ice- and snow thickness frane di erence between
the laser range and the electromagnetic system derived diste (Krumpen and
Hendricks 2010). Additionally, the Canon EOS 1D Mark Ill wason board to
take pictures of the ice surface.

Flight tracks

Four ights were carried out from the 19" August to the 22" August across
the Fram Strait and in the area of north Greenland. Three igh tracks were
evaluated. The evaluated ight tracks were own mainly overMYI. The images
of 19", 20" and 21" August were useful to describe the freeze-up stage.

Figure 2.6: TIFAX-Example ight track for the 19 ™ August. Additionally, the ice thickness
distribution is shown. The maximum ice thickness reached % m near the coastline. Here this
is probably MYI and the thinner ice in the north FYI (Krumpen a nd Hendricks 2010).
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Weather conditions

The 2 m temperature pro le for the area of the evaluated ighttracks of the
TIFAX campaign (30 W - 0, 80 N - 85 N) for the time period from 19" to 215
August 2010 is shown in Fig. 2.7. Temperature was constantlbes 0 C easterly
of 20 W and caused the refreezing of the melt ponds. Westerly tenmagures
below 0 C were responsible for the melting of the frozen melt pond daces.

Figure 2.7: Temperature pro le for the investigation area of TIFAX (19 ™ to 21" August
2010). Date format of the y-axis: yyyy-mm-dd-hh (NOAA-ESRL Physical Sciences Division,
2013).
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2.2 Data processing

2.2.1 Preselection of the aerial photographs

More than 10,000 aerial photographs were recorded duringgbfMELTEX cam-
paign on the di erent ight tracks. The quality of the images was not uniform and
a lot of them were useless for an automated classi cation. Fthat reason, only
high quality images were chosen. The following conditionsatl to be complied.
Only horizontal ight tracks were used to minimise the geomtic distortions.
Only clear sky ight tracks were chosen to prevent a wrong cksi cation because
of fog, clouds and shadows of the clouds. The camera were @ped with a non-
constant exposure, so the images with a big amount of water rgeoverexposed
and useless for further evaluation. To simplify the automad classi cation each
day was separated into di erent ight tracks with similar exposure, ice conditions
and same ight level. Nevertheless almost 3000 images wetassi ed and eval-
uated for the MELTEX campaign.

Two suitable ight tracks of the NOGRAM campaign that contain about 1000
images were chosen to complement the quanti cation of the testages. Three
ight tracks with about 300 images of the TIFAX campaign wereselected to
describe the freeze-up stage. The automated classi catiomas a lot easier for
these two data sets. The surface of the underlying ice was rhumore homoge-
neous. Altogether 4300 images were classi ed and evaluatied the three ight
campaigns. Depending on the ight level the images coveredh area between 0.2
km? and 3 km?2. Therefore a large area of sea ice could be investigated witie
classi ed images.

For the characterisation of sea ice melt stages, four typefsea ice were inves-
tigated (Fig. 2.8). Thin and thick FYI as well as fast ice (Fl) for the MELTEX
images, FYI and MYI for NOGRAM and MYI for the TIFAX campaign. Ice
thickness measurements were not available to distinguishin and thick FYI for
MELTEX. Therefore, no quantitative distinction is possiblke, but each ice regime
has typical features which allows to distinguish qualitatiely between thin and
thick FYI. Most of the investigation area of the MELTEX campaign were covered
by thin FYI or fast ice (FI). Only on 07™ June, the most northerly part of the
ight track contained a namable amount of thick FYI. This part showed a di er-
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ent behaviour during the melting process and contained dirent surface classes
than the thin FYI or FI.

(a) Thin FYI (b) Thick FYI

(c) fastice (d) MYI

Figure 2.8: The four di erent ice regimes identi ed in the data. The imag es were taken at a)
39 June 2008 (MELTEX), b) 7" June 2008 (MELTEX), c) 3" June 2008 (MELTEX) and d)
21" July 2011 (NOGRAM).

2.2.2 Image classi cation

Computer-based classi cations pursue the goal to determarthematic maps quan-
titatively. There are several assumptions for a digital clssi cation. The re ection
of determined objects di ers from other objects. Same objecshow the same
spectral signature for similar illumination and photograjic conditions. Objects
that are hard to classify due to spectral similarity can be ditinguished by means
of arti cial channels (Hildebrandt 1996).

Di erence in the signature caused by varying illumination ould be minimised
by appropriate methods. Because of the statistical assumphs, classi cations
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can only deliver approximate results. By preprocessing théata prior to the
classi cation, confounding factors like di erent illumination because of di erent
relief or atmospheric in uence, can be minimised. Anothermpblem is the spectral
similarity of some signatures. There are methodical and mia¢ématical approaches
for the numerical classi cation (Hildebrandt, 1996) whichare discussed below.

Supervised classi cation

The supervised classi cation is very helpful for the quantative analysis of digital
remote sensing data. The groundwork for this kind of classiation is the use of
algorithm to classify pixel values which belong to a certaikind of class. Lillesand
and Kiefer (2004) split the supervised classi cation into 3teps:

1. De nition of the region of interest (training data),
2. Classi cation of every pixel,

3. Generation of a thematic map and the usage oft GIS.

For this kind of classi cation, a good knowledge about the sidy area is indis-
pensable. The performer must be able to distinguish the dirent classes, with
a preferably homogenous structure, in the picture. First,iHe objects have to be
visually apprehended on the monitor. These objects are the alled training
data or region of interests. The area of the training data shud have the right
size and they should be representative for the object clasét this, it is very
important to estimate the variability of the object class am the consequential
variance. After de ning the training data, every pixel will be compared to all
data classes and assigned to the right class. Thereby prabke could come up
for the distinction and the separability of the classes. Fathe accomplishment of
the supervised classi cation di erent methodical approalkes exist (Lillesand and
Kiefer, 2004).

Maximum Likelihood

Other supervised classi ers like the minimum distance or @eest neighbor are pri-
marily based on identifying decision boundaries in featurgpace based on training
class multispectral distance measurements. The maximunkélihood estimator is
based on probability (Jensen, 2008). For every pixel x, thergbability belonging
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to every de ned class c, is calculated. The pixels get assgmto the class with

the highest probability (Jensen, 2008). Wu and Shao (2002nd Mclver and

Friedl (2002) described the maximum likelihood classi er@aone of the most used
supervised classi cation algorithms.

Figure 2.9: Equiprobability contours de ned by a maximum likelihood cl assi er (Lillesand
and kiefer, 2004).

For this kind of classi cation, the training data statistics has to be normally
distributed. The equation for the maximum likelihood is asdllows (Erdas imag-
ine eld guide, 2012):

D =1In(a;) [0:5In(jCoVj)] [0:5(X M )T(Cov 1)(X M) (2.1)
with:
D = quantities weighted distance (likelihood)

c = a particular class
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X = the measurement vector of the candidate pixel
M. = the mean vector of the sample of class ¢

a. = percent probability that any candidate pixel is a member otlass c (defaults
to 1.0, or is entered from a priori knowledge)

Cov,; = the covariance matrix of the pixels in the sample of class ¢
jCov,j = determinant of Cov,

Cov; 1 =inverse ofCoy;

In = natural logarithm function

T = transposition function

A big advantage of the maximum likelihood classi er is thatt considers the
variability of classes by using the covariance matrix. Butfithe covariance matrix
contains to large values, for example when the training dathas a huge scatter,
then it tends to overclassify these classes (Erdas imagineld guide, 2012).

The maximum likelihood classi cation approved to be the bdsclassi cation
method for the images of the three campaigns. Most ight tracs of the cam-
paign were subdivided in several sub ight tracks. For evergub ight track a
representative image was chosen, which contained all cless Mostly, there were
no representative images with all classes in a sub ight tr&c Therefore, two or
more images were merged for the determination of the traingndata. The thresh-
old for the maximum likelihood method was set to 0.95. This nams that the
probability belonging to every de ned class must be 0.95 origher. Otherwise
the pixels were not classi ed.

Fig. 2.10 shows a scatter plot of the training data for the idpt track over
thick FYI on 7" June 2008 (MELTEX) and the corresponding image. Plotted
are the red band against the blue band. The red class repretemwater. Grey
values are very low for both bands. Higher grey-scale valuase shown by blue
ice (blue) and melt ponds (cyan). The greyscale values of tikue band are little
bit higher than for the red for melt ponds and blue ice. The higest greyscale
values are shown by the yellow melting snow/ bare ice class.
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(a) image (b) scatter plot

Figure 2.10: a) Image corresponding to b) the scatter plot of the training data for the ight
track over thick FYl on 7 June 2008 (MELTEX). Plotted are the red band against the blue
band: yellow = weathered snow/bare ice, cyan = melt pond, blue = blue ice, red = water.

2.2.3 Quality assessment

Because there is no control dataset to verify the classi cain results, a manual
classi cation with high accuracy was performed. Approximiely 5% of the classi-
ed images for heterogenous ight tracks were classi ed marally. Heterogenous
ight tracks were all MELTEX ight tracks except of the dry sn ow images and
fast ice images on'® June. Less than 2% of the classi ed images were classi ed
manually for homogenous ight tracks. All dry snow images, awell as the most
images from the NOGRAM and the TIFAX campaign, were homogemns.

The manual classi cation was controlled manyfold. There iso way to quan-
tify an exact error value for the control data set, but it is asumed to be very
small. The rate of incorrect classi ed pixels is calculatethy

Ne
E=—; 2.2
= 2.2)

with n. the number of correct classi ed pixels anah,, the number of all pixels.
The goal was to classify every ight track with an accuracy ot least 80%.
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2.2.4 Survey of the melt ponds

The pixel size of each image had to be calculated for the suyvef the melt ponds.

Calculations

The images were scaled by the following calculations. The &age scale I(s) was

calculated by )
ls = ﬁ; (2.3)

with the ight level (h) and focal length (). The image width (1)

lw=1ls Sw; (2.4)

with the sensor width (s,,). The image length ()

=15 s; (25)

with the sensor length ). The image size [s) with

lo= 1w Ii: (2.6)

The image pixel size l(ys) is calculated by

— IW

I ps (2.7)

with np, the number of pixels (length) andn,,, the number of pixels (width).
The melt pond perimeter U is calculated by
U= U lps (2.8)

with U, the unscaled perimeter. The melt pond sizeS[) with

Sp = Spun (Ips)zi (2.9)

where S, is the unscaled melt pond area. The melt pond size and perineet
were calculated by means of arcgis 10.0 and envi 5.0. The Qiarity (C) was
calculated to determine the shape of the melt ponds.

(2.10)
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The calculation of the melt pond shape is slightly di erent,from the shape
calculation of Lupkes et al. (2012) (Equation 1.5) to get a \yae range from 0-1.
The melt pond density (PD) was computed by
PD= —; 2.11
A (2.11)
with N, the number of melt ponds and A the size of the investigation aa.

Geometric distortion

Airborne photographs usually contain internal (predictate) and external (un-
predictable) geometric errors. Interesting for the aerighhotographs taken at the
three ight campaigns are external errors. Incalculable atraft movements, initi-
ated through atmospheric up- and downdrafts, head-, tailand cross-winds, can
change the pitch, yaw, roll or altitude of the aircraft (Jengn 2008). Roll emerges
when the aircraft fusselage is stable but the wings move up down (rotating
about the x-axis angle). The occurence of pitch implies stibwings but the nose
or the tail of the aircraft is moving in vertical direction (rotating about the y-axis
angle). Yaw occurs when the wings, nose and tail are stable lright, but the
fuselage is moving to the right or left side (rotating about e z-axis angle). That
means that the remote sensor is displaced from the initial ght track (Lillesand
and Kiefer 2004; Jensen, 2008). A constant ight level is nessary to get a uni-
form image scale along the whole ight track.

Large surface heights causes the topographic relief dispaent (Fig. 2.11),
but large di erences in surface height could not be expectddr sea ice surfaces.
The only elevations on the sea ice surface are pressure riglgad hummocks. But
they are not exuberant high and their surface fraction is vgrsmall. Therefore
the topographic relief displacement is negligible for thenvestigated aerial pho-
tographs.

Geometric distortions introduced by the external errors maioned above (roll,
pitch, yaw or altitude change) can be corrected with groundantrol points (GCP)
and corresponding mathematical models. A GCP is a good ideable point on
the image, which is easily to nd on a map. Crossroads are a gbexample for a
good GCP (Lillesand and Kiefer 2004; Jensen, 2008). Due tcethack of a control
data set, no geometric distortions could be corrected. Thenly possibility was
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Figure 2.11: A vertical aerial photograph obtained over level terrain. Four equal tanks are dis-
tributed throughout the landscape and experience varying egrees of radial relief displacement
the farther they are from the principal point (Jensen, 2008).

to quantify an error range.

2.2.5 Albedo measurements

The shortwave surface albedo () is generally de ned as the instantaneous ratio
of surface-re ected radiation ux (S ") to incident radiation ux ( S #) of the

shortwave spectral domain (Grenfell et al., 1984). The allde is dimensionless.
The broadband downward and upward short-wave radiation wasieasured with
an Eppley pyranometer. It is is calculated with:

—_ S ) .

=%

The area of the measured shortwave radiation is not equal tdhe area of
the aircraft photographs. So, errors can arise when the ckgation results
were equalized with the albedo calculation. A typical errooccurs for aircraft
ights along a ice oe edge which was to far away to get caughtroimage, but

near enough to be measured by the Eppley pyranometer. For ¢hcase, albedo
values appear uncommon low for the classi ed surfaces. Orihye ight campaign

(2.12)
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MELTEX included radiation shortwave measurements. No alld data were
available for NOGRAM and TIFAX ight tracks. As a further res triction, only

clear sky tracks could be used for shortwave radiation measments. After all,
the investigated images must be complete free of water pigednd the previous
and the following images must not contain large water area®ark water areas
would falsify the results. As a result, only a small fractiorof the investigated
images were useful for further analysis.
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Chapter 3
Results

It is not possible to illustrate an exact temporal process fothe di erent melt
stages because the ight tracks do not overlap. So every iglrack investigated
a di erent area. Nevertheless a general overview can be give

3.1 Image classi cation

Six melt stages could be distinguished. The dry snow stage $8), melting snow
stage (MSS), onset of melt pond formation (OMPF), melt pond wlution stage

(MPES), peak of melt pond evolution (PMPE) and the freeze-upstage (FUS).

The description of the peak of melt pond evolution was only @sible for MYI and

Fl, but not for FYI. The MELTEX data set during the mid of the me It season.

The six stages can be distinguished with the re ection valigeof the images, so
this is a good segmentation because there is no need for pbgsimeasurements
on the ground.

Dry snow

High sea ice surface albedo values up to 0.9 were typical ftwetdry snow stage.
The surface temperature was almost constantly below €. Hence, there was
practically no melting in progress. In the photographs, fausurface classes could
be identi ed: snow covered ice, grey ice, thin black ice andpen water (leads)
(Fig. 3.1 and Fig. 3.2). thin black ice appeared black becag®f the underlying
dark water body. The average dry snow cover at this time was BPo. 119%
of the surface were covered by the slightly darker weathereshow, 33% of thin
grey ice, 29% of black thin ice and 11% of water. 32% of the images could
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not be classi ed (Tab. 3.1). The dry snow phase can be foundrfthe 11" and
17" May 2008 (MELTEX), whereby almost the whole weathered snowceured
on May 17". The ice surface cover of the 11 May almost consisted to 100%
of dry high re ective snow. The images for the dry snow stageese taken over
thick and thin FYI.

Table 3.1: Class distribution of the dry snow stage. The dry snow stage ocurs on May 11"
and May 17" 2008 (MELTEX).

| Dry snow stage | mean | stdv | max | min |
unclassi ed 0.032 | 0.010| 0.040/| 0.001
dry snow 0.776 | 0.335| 1 0.005
weathered snow/bare icg 0.118 | 0.293{ 0.94 | 0O
saturated snow 0 0 0 0
melt pond 0 0 0 0
blue ice 0 0 0 0
sediment 0 0 0 0
thin grey ice 0.033 | 0.061| 0.516| 0
thin black ice 0.029 | 0.076| 0.555| 0
water 0.011 | 0.047| 0.500| O

Figure 3.1: Example image for the dry snow stage. Example image for the gr snow stage
with the four surface classes: snow covered ice, grey ice,ithblack ice and open water. The
image was taken at the 11" May 2008 over FY| (MELTEX).
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Figure 3.2: The surface class distribution for the dry snow stage. The dy snow class is
clearly dominant. un = unclassi ed, snow = dry snow, bare = we athered snow or bare ice, sat
= saturated snow, mp = melt pond, wet = wet blue ice, mp = melt po nd, sed = sediment,
grey = thin grey ice, thin = thin black ice, water = water.

Melting snow

In the Beaufort Sea, masses of warm air warmed the snow cowkriee at the
beginning of summer. Snow began to melt when temperature et above 0C.
This implied an increase of the grain size and a decrease oé gurface albedo and
the resulting higher absorption of short-wave radiation. Tie number of surface
classes although increased. Additional to the prior classebare ice and the blue
ice (Fig. 3.3) could be observed. The bare ice and weathereeltmg snow class
were merged to the "snow/bare" class, because there is noasispectral di erence
between these classes for the RGB images. The average dryvsmover for this
stage decreased strongly t0:5% (Tab. 3.2) for dry high re ective snow, which
can be found especially on pressure ridges. For this purpdbere was a strong
increase of the weathered snow/ bare ice class t0:Z%. The surface fraction of
the wet dark blue ice class, amounted to 17%. This class was responsible for
a strong decrease of the shortwave albedo. It appeared darkes shallow ponds,
and absorbed probably as many shortwave radiation as dark th@onds. The
dark appearance resulted from the small ice thickness. Inighway, it was possible
that the dark underlying water body was visible at the surfae. So this class only
showed up for thin FYI and for FI. Relatively unchanged werehe thin grey ice
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(2:5%), the black thin ice (14%) and water classes (8%) (Fig. 3.4). The small
changes of the last three classes were most likely becaus¢hef di erent ight

tracks and not because of temporal change. The melting snotage can be found
for almost every MELTEX day since May 2%'. The images for the melting snow
stage were mainly taken over thin FYI and FI.

Table 3.2: Class distribution for the melting snow stage. Additionally to the foregoing classes,
the wet blue ice class appeared for the rst time.

| Melting snow stage | mean | stdv | max | min |
unclassi ed 0.030 | 0.012| 0.472| 0.002
dry snow 0.055 | 0.040| 0.212| O
weathered snow/bare icg 0.722 | 0.130| 0.906| 0.322
saturated snow 0 0 0 0
melt pond 0 0 0 0
wet blue ice 0.117 | 0.098| 0.462| 0.007
sediment 0 0 0 0
thin grey ice 0.025 | 0.030| 0.138| 0
thin black ice 0.014 | 0.016| 0.086| 0
water 0.028 | 0.040| 0.175| 0

Figure 3.3: Example image for the melting snow stage with the new blue meing ice class.
The image was taken at the 28' May 2008 over thin FYl (MELTEX).
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Figure 3.4: The surface class distribution for the melting snow stage. HBie melting ice
appeared for the rst time. Dry snow strongly decreased, theefore the weathered snow/bare
ice class increased strongly. For further description seeif. 3.2.

0.0

Onset of melt pond formation

Small ponds began to build as melting processes continuediwiime (Fig. 3.5).
The shape of the ponds was complicated and irregular. The paswere very
small and shallow and there was e ectively no interconnean between di erent
ponds. The bright melt pond class, the bright blueish appearg saturated snow
class and the sediment class, came in addition to the prioragses. Melt ponds
and saturated snow were not always easy to distinguish, bese their spectral
re ectance is merely slightly di erent. Sometimes sedimdncovered snow, ice or
melt ponds and changed their shortwave re ection.

Furthermore, the dry snow concentration decreased ta®% (Tab. 3.3). The
weathered snow bare/ ice class slightly increased to :4%. This increase was
probably caused by the di erent ight tracks and because ofricreasing temper-
ature. The surface fraction of the new saturated snow classnaunted to 48%.
This class was very similar to melt ponds and often hard to derentiate. The
melt pond concentration at this stage was very small with anraal fraction of
about 1:6% 2% with a maximum of 18%, similar to (Perovich et al., 2002a).
The other classes changed slightly because of spatial ressoblue melting bare
ice with a concentration of 38%, sediment with 04%, thin grey ice with O, thin



38 CHAPTER 3. RESULTS

black ice with 1:8% and water with 17% (Fig. 3.6). 28% of the images could
not be classi ed accurately enough.

Table 3.3: The surface class distribution for the onset of melt pond fomation.

| Onset of melt pond formation | mean | stdv | max [ min |
unclassi ed 0.028 | 0.011| 0.048| 0.001
dry snow 0.039 | 0.079| 0.481| 0
weathered snow/bare ice 0.794 | 0.196| 0.997| 0.089
saturated snow 0.048 | 0.091]/ 059 |0
melt pond 0.016 | 0.019| 0.175| O
wet blue ice 0.038 | 0.068| 0.488| 0
sediment 0.004 | 0.025| 0.277| 0
thin grey ice 0 0 0 0
thin black ice 0.018 | .0467| 0.495| 0
water 0.017 | 0.044|0.427| 0

Figure 3.5: Example image for the onset of melt pond formation. Melt pond mainly formed
next to pressure ridges. The dark blue areas are blue meltingce. The image was taken at the
26" May 2008 over thin FYI (MELTEX).

The onset of melt pond formation can be found for 25May, 3" June and 4"
June and also the 1% July of NOGRAM. For the NOGRAM evaluation, melt
pond concentration was slightly higher (8% 0.015) . For the NOGRAM data
set there was no melting blue ice because of the thicker icehd images for the
onset of melt pond evolution were mainly taken over thin andhick FYI, Fl and
MYI.
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Figure 3.6: The surface class distribution for the onset of melt pond fomation. For further
description see Fig. 3.2.

Melt pond evolution

Later in the season on % June 2008, a fast increase of the melt pond size was
observed for thick FYI in the Beaufort Sea (Fig. 3.7 and Fig. .B8). Pond con-
centrations per ice oe were about 10% 7% with a maximum of 28%. First
interconnections of melt ponds could be observed. The brigiess of the melt
ponds depends more on the thickness of the underlying iceathon the depth of
the melt ponds. Thinner ice oes were covered by darker meltgnds. A depth
comparison of the melt ponds by means of the pond colour waslppossible for
oes with the same thickness. But there is no absolute predion possible about
the pond depth. There were no bright dry snow cover at this stge, the weather-
ing snow bare ice class remained constant with ;b26. The saturated snow class
although dropped to 0. Melting blue ice slightly increasedgain to 87%. The
surface fraction of sediment is 0, for thin grey ice:1%, black thin ice 0 and water
1:0%. About 1:0% of the pixels could not be classi ed (Tab. 3.4).

The melt pond evolution stage could be observed for the mosbrihern part
of the ight track on 07" June 2008 (MELTEX). This part was mainly own over
thick FYI. Therefore, no wet blue ice can be found for this melstage, because
the underlying water could not shine through the thicker ice For this stage, it
was much easier to circumscribe the single classes.
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Table 3.4: Surface class distribution for the melt pond evolution.

| Melt pond evolution | mean | stdv | max | min |
unclassi ed 0.010 | 0.006| 0.045| 0.003
dry snow 0 0 0 0
weathered snow/bare icg 0.775 | 0.079| 0.891| 0.61
saturated snow 0 0 0 0
melt pond 0.107 | 0.068| 0.285| 0.034
wet blue ice 0.087 | O 0 0
sediment 0 0 0 0
thin grey ice 0.011 | 0.023| 0.113| 0
thin black ice 0 0 0 0
water 0.010 | 0.024| 0.109| 0

Figure 3.7: Example image for the melt pond evolution with rst intercon nections of the melt
ponds. The image was taken at the 0% June 2008 over thick FYI (MELTEX).

Peak of melt pond evolution

Distinct ponds connected into large complex networks and #y got deeper and
wider. There are two possibilities for the further evolutio. Melt ponds which are
on thinner ice can melt through the ice and the water will draiage into the sea.
If the ice is thick enough, melt ponds will grow further. It isnot possible to say
how thick the ice was during the MELTEX campaign, because idhickness was
not measured for these. Eicken et al (2002) described for thase that summer
ice is porous enough, drainage occurs within melt ponds thate above sea level
at a rate dictated by the pressure head that they create. Thiprocess is supposed
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Figure 3.8: The surface class distribution for the melt pond evolution sage. The single classes
are delimited sharper. For further description see Fig. 3.2

to be responsible for desalination on MYI (Cox and Weeks, 197Untersteiner,
1968). Taylor and Feltham (2004) assumed that the e ectiveea level melt pond
drainage has a constant rate of about 1.75 cm/day.

For this stage only bare ice, melt ponds and open water occed. Melt ponds
and bare ice were often contaminated with sediment for faste images. They
both appeared brown and are hard to distinguish for the claissation algorithm.
For a higher accuracy, light and dark melt ponds were mergea one class.

Table 3.5: The surface class distribution for the peak of melt pond evaltion of MYI.

| Peak of melt pond evolution MY] | mean | stdv | max | min |
unclassi ed 0.024 | 0.011| 0.039| 0.003
dry snow 0 0 0 0
weathered snow/bare ice 0.764 | 0.116| 0.897| 0.231
saturated snow 0 0 0 0
melt pond 0.191 | 0.093| 0.75 | 0.025
wet blue ice 0 0 0 0
sediment 0 0 0 0
thin grey ice 0 0 0 0
thin black ice 0 0 0 0
water 0.021 | 0.004| 0.048| 0
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Fig. 3.7 and Fig. 3.10 show example images for the PMPE of MYhd FI.
Melt pond concentrations of about 19%  9:3% with a maximum of 75% were
observed for MYI (Fig. 3.9, Tab. 3.6). Non existent were thelasses dry snow,
saturated snow, blue melting ice, sediment, thin grey icehin black ice. Water
fraction was low with 0:21%. The weathered snow bare ice class was still constant
with 76:4%. 24% of the pixels could not be classi ed (Fig. 3.11).

Table 3.6: Surface class distribution for the peak of melt pond evoluton of fast ice.

| Peak of melt pond evolution FI | mean | stdv | max [ min |
unclassi ed 0.024 | 0.016| 0.411| 0.003
dry snow 0 0 0 0
weathered snow/bare ice 0.536 | 0.164| 0.954| 0.057
saturated snow 0 0 0 0
melt pond 0.393 | 0.176| 0.926| 0.024
wet blue ice 0 0 0 0
sediment 0.047 | 0.054| 0.422| 0
thin grey ice 0 0.000| 0.001| 0O
thin black ice 0 0 0 0
water 0 0 0 0

Figure 3.9: Example image for the peak of melt pond evolution of MYI. The image was taken
at the 215t July 2010 over MYI (NOGRAM).

An average melt pond concentration of 38%  17.6% with a maximum of
93% were observed for fast ice (Fig. 3.10). Fig. 3.12 showsethurface class
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Figure 3.10: Example image for the peak of melt pond evolution for fast ice The image was
taken at the 06™ June 2008 over FI (MELTEX).

distribution. The fraction of the classes dry snow, saturad snow, blue melting
ice, thin grey ice, thin black ice and water was 0. The weathed snow bare ice
class strongly decreased to 3% for the bene t of the increasing melt pond class
with 39:3%. 47% of the surface were covered by sediment which can cover imel
pond or ice. 24% of the pixels could not be classi ed (3.12).
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Figure 3.11: The surface class distribution for the peak of melt pond evaltion for MYI. For
further description see Fig. 3.2.
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Figure 3.12: The surface class distribution for the peak of melt pond evaltion for fast ice.
For further description see Fig. 3.2.

No images were available for FYI for this melt stage. It coulde expected
that the melt pond concentration for FY1 is higher than that for MYI. Melt pond
fractions up to 0.5 were observed (Langleben and Maykut, 1B7Fetterer and
Untersteiner, 1998; Naggar et al., 1998).

freeze-up

When temperature was low again, an alternating freezing angtmelting of the
ponds was observed. Some frozen ponds had a light snow cobecause of snow-
fall or wind drift. Most ponds were frozen. Surface classe®we snow, frozen melt
ponds with and without snow cover, thin black ice and water. ©zen melt ponds
with snow cover are normally slightly brighter than the surounding snow (Fig.
3.13). But there is no accurate possibility to distinguish y snow from refrozen
melt ponds with snow cover for the automated classi cation.The same applies
to di erentiation of open and refrozen ponds. The data set isnly available until
215 August and no predictions about the further evolution can bamade. Per-
ovich et al. (2002a) described that at the beginning of Octay winter conditions
dominate the sea ice surface again.

87:5% of the pixels were classi ed as weathered snow bare ice. eTtefrozen
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melt pond fraction amounted to 77%. Q2% of the pixels were classi ed as thin
black ice and 27% as water. 19% of the pixels could not be classi ed (Fig. 3.7,
Tab. 3.7).

Table 3.7: Surface class distribution for the freeze-up stage. Refr@n melt ponds with snow
cover were classi ed as snow.

| Freeze-up stage | mean | stdv | max | min |
unclassi ed 0.019 | 0.011| 0.047| 0.001
dry snow 0 0 0 0
weathered snow/bare icg 0.875 | 0.086| 0.994| 0.666
saturated snow 0 0 0 0
melt pond 0.077 | 0.055| 0.926| 0
wet blue ice 0 0 0 0
sediment 0 0 0 0
thin grey ice 0 0 0 0
thin black ice 0.002 | 0.003{ 0.01 | O
water 0.027 | 0.042| 0.235| 0

Figure 3.13: Example image for the freeze-up melt stage. The slightly bighter areas are
refrozen snow covered melt ponds. The image was taken at theD® August 2010 (TIFAX).

An interesting fact is that it is almost impossible to separte sharply between
the stages. A single ight track can have several stages, @éva single image can
contain two stages, for the case that there are two compleyetli erent oes with
di erent ice regimes on it.
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Figure 3.14: The surface class distribution for freeze-up stage. For fuher description see
Fig. 3.2.

3.2 Survey of the melt ponds

Overall 47 images with an area of 49.km? and about 105,000 melt ponds were
inspected for the onset of melt pond formation, the melt pontbrmation, the peak
of melt evolution and freeze-up stage (Tab. 3.8). The melt mol concentration,
size, size distribution, density, density distribution, fape and shape distribution
was evaluated. In this section, the calculated values refenly to the surveyed
images. That is the reason why the melt pond concentration iffab. 3.8 can
di er from the melt pond concentration calculated for all ight tracks (Chapter
3.2.1). All images were classi ed manually to improve the sailt.

To investigate the onset of melt pond evolution stage it wasatessary to use
images with concentration up to 6%. On these images, it was ©lu easier to
delimit the melt ponds from the surrounding area. Hence, nuber of melt ponds,
pond area, pond perimeter and the melt pond distribution argrobably a little
bit too high. The calculated circularity could be slightly to low. The ight level
data was not available early enough for the TIFAX 2010 campagn. Therefore
only the melt pond concentration could be calculated for théreeze-up stage.

The minimum size of the surveyed melt ponds was h? (Tab. 3.8). That
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Table 3.8: Calculated melt pond quantities for the onset of melt pond famation, melt pond
evolution, peak of melt pond evolution for MYI and peak of evdution for fast ice. Here, the
melt pond concentration refers only to the surveyed images.

| parameter | OMPF | MPES | MPES MYl | MPES FI |
area total [m?] 40,403,790 8,625,830 384,874 237,389
area melt ponds fn?] | 1,414,133 | 1,017,848 76,975 97,329
pond concentration | 0.035 0.118 0.2 0.41
number of ponds 60,482 41,765 1795 686
ponds=knt 1497 4842 4664 2890
area mean fn?] 24 24 43 142
area stdv n?] 61 77 1124 1646
area min n?] 1 1 1 1
area max n?] 1917 4443 47,562 40,643
area median fn?] 7 7 4 4
area skewness 10 18 42 22
area kurtosis 172 632 1774 536
perimeter mean n] 19 21 43 95
perimeter stdv |m] 22 34 896 846
perimeter min [m] 5 4 4 4
perimeter max n] 575 1325 37,910 20,718
perimeter median fn] | 12 13 10 13
perimeter skewness | 7 13 42 22
perimeter kurtosis 79 305 1772 516
circularity mean 0.57 0.54 0.40 0.30
circularity stdv 0.13 0.17 0.14 0.15
circularity min 0.06 0.01 0.00 0.00
circularity max 0.91 0.94 0.78 0.71
circularity median 0.57 0.56 0.41 0.31
circularity skewness | -0.4 -0.5 -0.2 0.2
circularity kurtosis 0.2 -0.2 -04 -04

corresponds to the size of four pixels of the images with losteresolution and
16 pixels for low ight tracks with higher resolution. The mdt pond density
and melt pond concentration is de ned in terms of ice and melpond area, not
the total area. That means that open water areas were excludle The average
di erence between pond concentration per ice oe and pond noentration per
total area is marginal with maximal a tenth of percent.
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3.2.1 Melt pond concentration

In this section, the measured melt pond concentration referto all classi ed im-
ages. Fig. 3.15 shows a boxplot of the melt pond concentratidor the di erent
melt stages. The bottom and top of the box are the 25and 73" percentile, and
the band near the middle of the box is the 50 percentile which is adequate to
the median. The ends of the whiskers represent the lowest dapoint still within
1.5 interquartile range of the median of the lower quartileand the highest data
point still within 1.5 interquartile range of the median of the upper quartile. The
points represent outliers.

As it was expected, the concentration of the melt ponds incased from the
OMPF to the MPES stage to the PMPE for MYI and FI. (Fig. 3.15). The melt
pond concentration is highly variable in time and space, endor the OMPF melt
pond concentrations up to 1% were observed. For the MPES concentrations
from 3:4% up to 285% are possible. An even higher variability is shown on the
PMPE MYI with a range from 2:5% to 75% and for PMPE FI with a range
from 2:4% to 926%. The PMPE FI ice exhibits a higher average melt pond
concentration with 393% than for PMPE MYI with 19:1%.
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Figure 3.15: Boxplot of the melt pond concentration for the di erent melt stages. The bottom
and top of the box are the 28" and 75" percentile, and the band near the middle of the box
is the 50" percentile which is adequate to the median. The ends of the wiskers represent the
lowest data point still within 1.5 interquartile range of th e median of the lower quartile, and
the highest data point still within 1.5 interquartile range of the median of the upper quartile.
The points represent outliers.
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3.2.2 Melt pond size

The size of the melt ponds for the MPES, especially for the PMPMYI and the
PMPE FI were underestimated, because some of the evaluatedages were from
a low ight track, and therefore, some ponds were only partily recorded. This
problem also applied for higher ight tracks, although the esct gets smaller.
This problem coud not be solved, there are no overlapping imges for low ight
tracks. This impact should be negligible for the onset of mepond evolution.

Logically melt ponds grew bigger the more progressed the éwmon of melt
pond was. The mean melt pond size was about 24° 60.91m?, for the onset
stage, 24m? 77 m? for the melt pond evolution stage, 43n?>  1124m? for
the peak of melt pond evolution for MYl and 142m? 1646 m? for the peak
of melt pond evolution for fast ice (Fig. 3.16a and Fig. 3.1§b The biggest
measured melt ponds had a size of 47,562 for MY| and 40,643 m? for fast
ice. Consequently, the mean melt pond size was highly variab especially for
the peak of melt pond evolution of MYI and the peak of melt ponavolution of
FIl. The standard deviation exceeded 26 times the mean of theeth pond size for
the peak of melt pond evolution of MYI. For the peak of melt evaition of Fl it
amounted to almost 12 times the mean melt pond size. Interésgly the median
of the melt pond area was signi cantly smaller. The median fothe OMPF and
the MPES was 7m? and it got even smaller for the PMPE MYI and the PMPE
FI with 4 m? (Fig. 3.16c).

The biggest amount of melt pond growth came from the intercaorections of
di erent melt ponds. It must be assumed that the melt ponds fothe onset of
melt pond evolution stage were on average a little bit smale They should be
somewhat overestimated, because the investigation areantained images with
slightly higher melt pond concentration for a better distirction of the melt pond
from the surrounding ice (Section 3.2).

3.2.3 Melt pond size distribution

The melt pond size distribution is important, to get the infaomation, if there
are many small, or a few big melt ponds. Four size classes wdeened. Small
melt ponds that are smaller than 10m?. The minimum size of the surveyed melt
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Figure 3.16: a) Mean melt pond size, b) standard deviation and ¢) median othe melt pond
size for the di erent melt stages.

ponds was 1m? (4 to 16 image pixels in dependency of the resolution). Mediu
melt ponds are equal or larger than 1?2 but smaller than 100m?. The area
of large melt ponds is equal or bigger than 10®2 and smaller than 10,000m?.

Melt ponds that are equal or bigger than 10,00Mm? are de ned as very large melt
ponds.

57:8% of the surveyed melt ponds were small melt ponds for the en®f melt
pond formation. 376% were medium sized and only:8% were bigger than 100
m2. In this early stage no very large melt ponds were present @i 3.17a). The
melt pond size distribution for the melt pond evolution (Fig 3.17b) was very
similar. 57:9% were small melt ponds, 37% were medium sized melt ponds and
only 4:4% of the melt ponds were large melt ponds. The amount of vergrbe
melt ponds was 0.
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Figure 3.17: Melt pond size distribution for a) the onset of melt pond formation b) melt pond
evolution stage c) peak of melt pond evolution (fast ice) d) ppak of melt pond evolution (MYI).

For the peak of melt pond evolution of MYI the percentage of sall ponds
was about 16% higher than for the two earlier stages. It amoted to 73:5%.
Therefore, the percentage of medium sized ponds decrease®89%. The rela-
tive amount of large melt ponds also decreased a little bit t8:5%. For the rst
time in the observation period, melt ponds with areas of 1000 m? and more
appeared. Their percentage amounted to: 0% (Fig. 3.17c).

The melt pond size distribution for the peak of melt pond evaition of fast
ice was also similar. On a percentage basis, there are wereabmmelt ponds
than for the onset of melt pond formation and the melt pond evation stage,
but with 65:8% about 8% less than for the peak of melt pond evolution for MY
The percentage of medium sized melt ponds was with :2%6 very similar to the
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peak of melt pond evolution of MYI. 105% of the melt ponds for this stage were
large melt ponds that were larger than 10002, but smaller than 10,000m?2. The
percentage of very large melt ponds amounted ta3% (Fig. 3.17d).
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Figure 3.18: Melt pond size (accumulated frequenzy) for a) the onset of mk pond formation
b) melt pond evolution stage c) peak of melt pond evolution (fst ice) d) peak of melt pond
evolution (MYI). The vertical black lines are the 25%, 50%, 75% and 95% quantiles.

Fig. 3.18 showed that for the OMPF 25% of the melt ponds were siter
than 3 m?, 50% were smaller than m?, 75% were smaller than 2m? and 95%
of them were smaller than 92n2. For the MPES 25% of them were smaller than
3 m?, 50% were smaller than T?, 75% were smaller than 2im? and 95% were
smaller than 91m?. For the PMPE MYI| 25% of the melt ponds were smaller
than 2 m?, 50% were smaller than 4n?, 75% were smaller than 1Im? and 95%
were smaller than 62m?. For the PMPE Fl 25% of the melt ponds were smaller
than 2 m?, 50% were smaller than 4n?, 75% were smaller than 18n? and 95%
were smaller than 279n2.
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The size distribution of the melt ponds showed an extreme danance of small
melt ponds. Furthermore, this can be shown by analysing th&kewness and the
kurtosis of the melt pond size (Tab. 3.8). The melt pond sizes ipositively skewed
and the kurtosis is heavily leptokurtic.

3.2.4 Melt pond density

The melt pond density describes the number of melt ponds perea (eq. 2.11).
The melt pond density amounted to 149km 2 for the onset of melt pond for-
mation with a melt pond coverage of % . When the melting progressed the
melt pond density increased to 484Rm 2 for the melt pond evolution stage with
an average melt pond coverage of BP6. Higher melt pond concentrations led
to decrease of melt pond density. The mean melt pond conceatiion amounted
to 20% for the PMPE MYI, and 41% for the PMPE FI. The melt pond desity
amounted to 4664km 2 for the PMPE MYI and only 2886 km 2 for the PMPE
FI (Fig. 3.19).
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Figure 3.19: The melt pond density for the di erent melt stages. The melt pond connentration
were 35% for OMPF, 11:8% for MPES, 20% for PMPE MY and 41% for PMPE FI.
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3.2.5 Melt pond density distribution

There were 86&km 2 small melt ponds for the onset of melt pond formation
stage. The number of medium sized melt ponds was slightly ¢ewith 563km 2.
Only 68 melt ponds perkm? were bigger than 100m?. No melt pond reached a
size larger than 10,000n? at this early stage (Fig. 3.20a).

The number of small melt ponds pekm? increased strongly to 2805 for the
melt pond evolution stage. The number of medium sized melt pds perkm? also
increased rapidly to 1824, as well as the melt pond density l@rge melt ponds
increased to 21%km 2. Even at this melt stage, no very large melt ponds were

observed (Fig. 3.20b).
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Figure 3.20: The melt pond density distribution for the di erent melt sta ges.

The melt pond density for the peak of melt pond evolution of MY was even
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higher with 3430 small melt ponds pekm?. However, the melt pond density for
medium sized and for large melt ponds was lower with 11k8n 2 and 117km 2.
Almost 3 melt ponds perkm? could be identi ed as very large melt ponds (Fig.
3.20c).

For the peak of melt pond evolution of fast ice the number of safi melt ponds
km 2 only amounted to 2000. Although the melt pond density of medim sized
melt ponds was smaller with 674&m 2. Therefore, there were 303 melt ponds
km 2 whose size were larger than 1082 and smaller than 10,000m2. Over eight
melt ponds km 2 were observed whose size were bigger than 10,806 (Fig.
3.20d).

3.2.6 Melt pond shape
The circularity (C) was calculated using eq. 2.10. The cirdarity for
a circle: C =1,
asquare:C= =4 0:785,
a rectangle with an aspect ratio of 1:2C =2 =9 0:698,
a rectangle with an aspect ratio of 1:4C =4 =25 0:503,
a rectangle with an aspect ratio of 1:8C =8 =81 0:310,
a rectangle with an aspect ratio of 1:16C =16 =281 0:174,
aline: C =0.

The smaller the values for C get, the more the melt pond shap@@roaches
to a line. The average circularity (Fig. 3.21) droped from &7 (OMPF) to 0.54
(MPES) to 0.40 (PMPE MY]) to 0.30 (PMPE FI).

Fig. 3.22 shows the circularity of the melt ponds as functioaf their perimeter.
The highest circularity values were reached for the onset ofelt pond formation
with an average circularity of 0.57 0.13 (Fig. 3.21, Tab. 3.8). With further
melt pond evolution the average circularity decreased to® 0.17. For the
peak of melt pond evolution, circularity decreased to 0.4 0.14, for MYI, and to
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Figure 3.21: Average circularity (black) and the standard deviation (grey) depending on the
melt stage

0.3 0.15, for FI. For the peak of melt pond evolution the maximum iccularity
only amounted to 0.78 for MYl and 0.71 for fast ice, while the aximum circu-
larity for the foregoing stages reaches values over 0.9.

For smaller melt ponds, all kind of circularity were existenand for melt ponds
which were bigger than a certain threshold, there were onlyrall circularity val-
ues (Fig. 3.22). This was because of the interconnection adrtain melt ponds
to linear shaped ponds. The data set was smoothed by means ¢ tNadaraya-
Watson kernel regression (Fig. 3.22, blue lines). The usedmdwith was 10 and
a gaussian kernel was used. For further information about éhNadaraya-Watson
kernel regression see Nadaraya (1964). For the kernel snfwext data, melt pond
perimeters which were larger than 183 m, became below the éshold for a rect-
angle with an aspect ratio from 1:16 for the OMPF. In this caseéhe pond shape
approached the shape of a line. For the melt pond evolutionaje, a 124 m
perimeter was su cient to become below that threshold. For he peak of melt
pond evolution of MYI, ponds with a perimeter larger than 89 mundercut the
threshold, and for fast ice, ponds with perimeters larger #in 65 m were reaching
the threshold. The maximum circularity for the smoothed daa got reached for
pond perimeters larger than 10 m (OMPF, MPES). The explanatin is proba-
bly that small melt ponds with a low resolution of 4 pixels camot get a higher



















































































































































