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1. Introduction

1. Introduction

Sea ice albedo is one of the key parameters in climatersydétben temperatures rise in

the summer, sea ice and the snow on top of it start meltiniy.pigled formation lowers

the regional surface albedo of sea ice, because water has a signifoaetialbedo than

either snow or ice. As the surface albedo of sea ice diminighes, more short-wave
radiation is absorbed in the ice. This further enhances the melting, which again lowers the
regional albedo. This process is called the sea ice-albedo feealieatlanism, and it is
suspected to amplify climate warming in the polar regions. Coelyera downward

trend in global temperature would increase the sea ice albedich would then

accelerate the cooling. (Curry 1995; Curry 2001.)

In its very simplest form, sea-ice albedo feedback mechanism is thoughtatedpethe
decreasing of snow- and ice-covered areas as a result of vgarfilie less ice and snow
there is, the smaller portion of incoming solar radiation feected from the surface.
However, it has been shown by different sea-ice models that sedbmdo feedback
operates on multi-year ice as well. Even if an ice floe susvike melting season, it will
respond to the increase in summer temperatures. Curry €t986) have looked into the
internal transformation processes which contribute to the sealbedo feedback on
multi-year ice. Such processes include the melting of snow cover, diminishioglate
thickness, opening of leads and formation of melt ponds in the surtthery et. al.

1995.)

It is clear that the amount of melt ponds markedly affects seallieglo: the surface

albedo of sea ice is the lowest, when the areal fractionetf ponds is the greatest.
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When modelling the sea-ice albedo feedback and its climatictefiees important to
have reliable data on melt pond coverage on the Arctic seaHmeever, it doesn©t
ultimately serve modelling purposes to know the melt pond coveragan asput
parameter only. To correctly incorporate the sea ice-albedo fdediacthe climate
models, one must also know the physical processes involved that govirpome
formation. The behaviour of the sea ice-albedo feedback can be reliabbatgd only if
the correct physical dependencies are included in the model. Thesggedbat control
melt pond formation must also be coupled with other physical pracesse climatic
factors within the model, just as they are in reality. (Cuttyaé 1995; Curry et. al.

2001.)

In order to accumulate the kind of data needed for accurate sea ice-albedongoitéli
necessary to observe the sea ice melt processes for long paribae. The temporal
scale of sea ice albedo studies should optimally cover atddaitannual cycle. (Curry
et. al. 1995.) Melt ponds, on the other hand, are present in summeibaf/an ideal

study on melt pond coverage would span the whole melt season.

In this Master®©s thesis | will present a study on melt pond gevegar the drifting polar
schoonerTara during a period of 28 days: 24. June to 21. July 2007. | have started out
with a set of digital photographs obtained from a camera and computenounted in
Tara®©s mast. By applying iterative image classification methd@dsd been able to
partition the images into melt ponds and other surface types. | daeelated the
percentage of melt ponds for 22 days out of 28. Six images have beentleft the
analysis due to bad weather conditions causing poor visibility inmbges. Using the
results obtained for 22 days, | am able to present a times s@ri¢he evolution of melt

pond coverage in an area of 6400maarTara during 24. June to 21. July.



1. Introduction

Unfortunately this time span does not cover the whole of melt s@&h On July 21.

the melt pond coverage is found to be approximately 15%, and thenasis twasuspect
that the melt season is far from being over. It is a pity that thdret scarce data of melt
pond evolution neaffara after 21. July. However, in several previous studies the melt
pond coverage is obtained for one day only, or a few days at the mosat. bdwn lucky
enough to obtain a data set covering three whole months, out of whicimomi
actually coincides with the melt period. Without the DAMOCLES paign atTara and

the Karhukamera project, even this data set would not have been available.

I will start my work by discussing the basic optical and thetymamical properties of
sea ice. After dwelling on the basic physical relations in @naptl will present a more
gualitative description on melt season processes in chaptecBajpter 4 | introduce the
instrumentation and measurement campaign that have enabled the collectiodabéthe
also make some general remarks on time lapse photography in geoptesseach. In

chapter 5 | discuss the methods | have chosen for data processing, d@mapter 6 |

present my results. Chapter 7 concludes my thesis with a d@tuss the results and

suggestions for future campaigns.
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2. Optical and thermodynamical properties of sea ice

Sea ice albedo is defined as the spectral irradiance direpteards from an ice surface,
as compared with the spectral irradiance incident on the sarfece. Spectral radiance,
denoted by I, f, I), is the power per unit area of ray of light in a particulardios,

with a unit of W nf sr* nm’. When spectral radiance is integrated over the upper
hemisphere as seen from a surface * in this case, the feeesdr the upwelling

irradiance k& (0,l) from that surface is obtained:

|, , cos sin dd F O, (2)

In the same manner, downwelling irradiance is obtained by integratie radiance

coming from the upper hemisphere as seen from the ice (that is, the sky):

|l , , cos sin dd F.O, (2)

In both cases, 0 denotes the ice surface, wire@andf =0. (E.g. Perovich 1998, 197.)

The amount of reflected solar irradiance depends on the wavelengtie ancident

radiation. The ratio of fand K is therefore called spectral albedo:
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The fact that sea ice albedo is dependent on the wavelenght ofdhengaadiation is a
useful one for the study of melt ponds. (I will take a closer lookiatin chapter 5.2.)
However, the quantity that is often used instead of the spaditedo is the total or bulk

albedo, the integral of spectral albedo over wavelength:

(4)

The relevant wavelength range for the integration is that of optchation. Optical
radiation refers to the portion of the electromagnetic spectrberevthe sun emits most

of its radiation, roughtly from 250 to 2500 nm. This region is divided uisible light
(400+£750 nm), ultraviolet light (250+400 nm) and near-infrared radiation (750+£2500
nm). (Perovich 1998, 196.)

Figure 1 shows the theoretical spectral irradiance curve for gk llady at the same
temperature as the sun (5900 K), solar irradiance outside the atnegsphdr solar
irradiance at sea level. The atmospheric gases responsible fabsbeption are also

indicated.
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Figure 1: Solar irradiance outside atmosphere and at the sea level. (PictureUniversity of
Texas at Austin, http://www.csr.utexas.edu/projects/rs/hrs/process.html)

All the radiative energy at the surface of the earth does nonateggirom the sun. The
earth itself, as well as its atmosphere, radiate innfrared region. The maximum of
earth©s radiation lies at the wavelength ofii2wvhereas the maximum of solar radiation
is approximately at 0,5m. The two radiation bands do not overlap much, and therefore
we can speak of short-wave radiation and long-wave radiation, wient-veave
radiation is the same as optical radiation mentioned above. (ExkuMa986.) It is
necessary to take both short-wave radiation and long-wave radiattoadcount, when
looking at sea ice thermodynamics, for example. However, albedquardity defined

for short-wave radiation only. When speaking of albedo, | will always reféetpartion

of optical, or short-wave, radiation reflected from the ice.



2. Optical and thermodynamical properties of sea ice

Typical values for some water, snow and ice surface albedos are shown in Figure 2. Open

water has a low albedo, in the vicinity of 0,05, whereas new snowaz an albedo of

nearly 0,90.
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Figure 2: Typical albedos for some sea ice surface types. Taken from €e(@®08, 199). The
data are from various sources: see Perovich (1998) for more information.

Total albedo of a given surface is a function of both the surfacéralpaibedo and the
distribution of the incident irradiance on that surface. Thereforaggsain incident
irradiance will modify the total albedo as well. An exampleswéh modifying factor is
cloudiness: on cloudy days the measured total albedo is greateththaotal albedo
measured under clear skies. Spectral albedos of various ssaf@ees are often greater
in the visible region than in the infrared end of the optical spectClouds, on the other
hand, are efficient absorbers of infrared radiation. During cloudyheeaonditions, a
larger portion of the radiation reaching earth©s surface willtlhe visible region, where
albedo is also bigger. Thefore albedos measured in cloudy conditethgaally some

10% greater than albedos measured on clear and sunny days. (Perovich 1998, 210.)

All in all, albedo is the most studied optical property of sma Total albedo is the

measure of the solar energy absorbed by the ice and the oceaas andh, it is a

8
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guantity of enormous importance. (Perovich 1998, 197.) To adequately undeasthnd
model sea ice thermodynamics, especially in the context of the ongoing alimaaige, a
lot of quantitative data and theoretical understanding of sea ifzeswalbedos is needed

(e.g. Curry et. al. 1995; Curry et. al. 2001).

When solar radiation impinges on sea ice, reflection from tbasigust one possible
mode of interaction. The portion of irradiance not immediately ctdte from the ice
surface is absorbed in the ice. Inside the ice, the electronmagaéiation may scatter
from the scatterers (mainly air bubbles) embedded in the ice, be absorbed in thdée
transmitted through the ice into the ocean below. (Perovich 1998, 200+ give a

brief summary of these modes of interaction in the next chapter.

For sea ice surface to be in thermal equilibrium with theogphere, the conservation of
energy requires the sum of all heat fluxes to the ice surfacavaayl from it to be zero.

This can be expressed as:

1 F I, F F_ F_F F_ F_0 (5)

where:

a is the surface albedo
F. is the incoming short-wave flux
lo is the portion of short-wave flux penetrating through the surface into the body of ice

F_ is the incoming long-wave flux
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F.- is the outgoing long-wave flux

Fsis the sensible heat flux to the adjacent air
F is the latent heat flux to the adjacent air

F. is the heat flux conducted to the ice

Fn is the heat flux caused by melting at the surface

Although in this treatment | mainly refer to sea ice, equation 5 will also holddorface

of snow on top of sea ice, with a pertinent choice of paramgthlrsdo, for instance, is
different for snow and ice). (Wadhams 2000, 94+95; Thomas & Dieckmann 2003, 28+
29.)

Sensible heat flux Fis the heat transferred by conduction from the ice surface tairthe
above, whereas latent heat fluxg-the heat released to the air by the surface snow or ice
sublimating to a water vapour. The outgoing long-wave flux iB familiarly expressed

as E-@ esT* wheree is the emissivity of the surfacs, is the Stefan-Boltzmann
constant and T is the surface temperature. By definition,aAd | are directed away
from the ice surface, which is indicated by the negative sigmnf F are always
directed towards the ice surface, so their sign must alwapedigve. i, F and E may

be positive or negative, depending on the relative temperaturesioétherface and the

atmosphere. (Wadhams 2000, 94+95; Thomas & Dieckmann 2003, 28+29.)

The heat conducted to or away from the surface can be expressed as:

-
F. k,— (6)
Z g

10
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where kis the thermal conductivity of the ice arfif (z), is the temperature gradient
through the ice as measured at the surface, where z=0. When the surface tempgrature T

is below freezing, there is no melting at the surface, and equation 5 can be written as:

(7)

If, however, the surface is at the melting point and the overallflusato the surface is

positive, the surface will melt. The heat flux related to the melting can be expressed as

dh
F L — 8
m I I dt ( )

where L andr; are the specific heat and density of the ice, and h is thiideess. In

the case of surface melting, equation 5 becomes:

1 F I F F F FF L 49 9)

r 0 L L S | c i
dt

(Wadhams 2000, 94+£95; Thomas & Dieckmann 2003, 28+29.)
The study at hand focuses on the melting processes of both icacamas the surface

of the ice. To understand the nature of melt ponds, howeverpipriant to understand

the melt processes at the bottom of the ice as well. In codgnasp the situation at the

11
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bottom of the ice, it is necessary to look at the transferlesftremagnetic radiation

through the ice.

Part of the incoming electromagnetic radiation is reflectettie@asurface, the percentage
of the reflected amount being called the albedo. The rest ofatfiation penetrates
through the surface to the body of the ice. There it may be abspdrbaps after being
scattered by air bubbles or brine pockets once or several times fiAally, part of the
short-wave radiation penetrates through the whole body of ice andasbabdsin the

water below. (Wadhams 2000, 86+88.)

Electromagnetic radiation travelling in the ice obeys the extindaw of the familiar

form:

lz, | exp z, dz (10)

where k(z, 1) is the spectral extinction coefficient and z is the thicknesth@fice
travelled by the radiation. K does not vary inside the ice, equation 10 can be simplified

to:

| z, Ioexp z (11)

The extinction coefficient is much larger for long-wave radiation, nmggthiat sea ice is
highly opaque for the long-wave range of the electromagnetic radiationicBligiall of
it is absorbed near the surface, and therefore its contributiorbeaignored at the

bottom. This means that if we want to write an equation akin to equatior the bottom

12
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of the ice, terms F andF_- can be ignored. (Maykut 1986, 408; Wadhams 2000, 86+
88.)

The electromagnetic radiation reaching the bottom of the icecissearily short-wave
radiation Spectral extinction coefficient does depend on the wavelergthfor short-
wave radiation, but for the sake of simplicity a quantity calle# butinction coefficient
is defined, and noted ds. It is obtained by weighing the contributions of different

wavelengths for the short-wave radiation that has travelled through ice at thickness z:

(12)

(Wadhams 2000, 86+88.)

According to this notation, the short-wave radiation reaching the batfothe ice at

thickness h can be written as:

I h Iexp ,.h (13)

If the heat flux conducted through the ice and the heat flux from thex Wwalow do not

balance at ice bottom, either melting of freezing will result. This may be written down a

F. F, I'h F O (14)

13
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where F is the heat flux coming from the water.

It was noted before that a portion of the incoming short-wave radiptieses through
the whole body of ice and is absorbed in the water. This termatiexplicitly written in
equation 14. However, the portion of short-wave radiation absorbed inwaber
increases the heat flux from the water to the bottom of the ice.ratliative contribution

is therefore implicitly included in the term,F

Equation 14 presents the fluxes to and from the bottom of the ice. A more comprehensive
approach is to think in terms of the temperature profile of ¢bethat generates those
fluxes (or, seen the other way around, results from them). Accordinthetoheat

conduction law, heat balance at the ice bottom can be expressed as:
(15)

where kis the thermal conductivity, is the density and;lis the specific heat of the ice.
The shape of the temperature profile of the ice is the result of both conduction of heat and

transfer of electromagnetic radiation in the iddyrberg et. al. 2006.)

Thinking in these terms, the growth and decay of the ice, bdtieaturface and at the

bottom, is all governed by the heat conduction law. The general formulation of the law is:

T
— ic.T —ki— qz (16)
Z Z

~—+

14
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where q(z) is a heat source or sink inside the medium in questiohisicase the ice.
Claiming that there are heat sources or sinks in the ice igadgui to saying the ice has
a certain temperature profile, which results from the several fluxes to and from the

ice, and in turn contributes to maintaining those fluxes. (Myrberg et. al. 2006.)

At the surface, the heat conduction law can be formulated to give:

T
Ftot ki _Z 0 (17)

when the surface temperature of the ice is below the melting point, and

(18)

when the surface temperature is at the melting point. (Myrber). &006.) In this case,
the sum of all fluxes except for the heat conducted to the ice is g This is, of
course, what has already been stated in equation 5. In terfaisxe$, equation 17 is

comparable with equation 5, and equation 18 with equation 7.

The treatment above could be made more thorough + and rather morécatedpt by
introducing discontinuities inside the ice, or by looking closer atidckesnow surface
below the blanket of snow. However, it is not within the scope ofwviioik to give a
deeper understanding of sea ice thermodynamics. Instead, in the next chapter | will give a

more qualitative description of the melt season processes and melt pond formation.

15



3. Melt season and melt ponds

3. Melt season and melt ponds

The snow cover on top of the Arctic sea ice typically startaelt in June and is already
gone by mid-July. As the snow melts, meltwater gathers in melt p@rdfirst year ice
these melt ponds start as shallow meltwater pools situatesstahaindomly on the ice
surface. Naturally water tends not to gather on ridges or hummiogksyill flow into
depressions on the ice. (Wadhams 2000, 56.) As more snow and icendheloee melt
ponds form, channels open up in between individual melt ponds, creatieigvark of
pools and channels (e.g. Tschudi et. al. 2001; Perovich et. al. 2002; I:8eRéFovich
2004).

As the melt season progresses, the melt pond fixtures becomeenoranent. Because
melt ponds have albedos significantly smaller than the albedos of snoaveoice, the
ponds absorb more solar radiation than the surrounding icy or snows; arehstart to
deepen. As the ponds deepen, their diameter may diminish, so thatximaum melt
pond coverage might actually be reached rather early in thengisttason. (e.g. Fetterer
& Untersteiner 1998.) If the ice survives its first melt seaslom,nelt ponds that have
not drained into the sea will again freeze in autumn. The aitdse refrozen melt pools
will often show as depressions on the ice. As a result, multifgeds more undulating

than a first-year ice sheet. (Wadhams 2002, 56£60.)

Wadhams remarks that every new melt season on multi-year égemte the old pond

sites, since the melt ponds of the previous summer are the pdefecetions into which

16
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the new meltwater starts collecting (Wadhams 2000, 60). FetseerUntersteiner
(1998), however, present another view. They observe that mature ponds ayftenldt
of drifting snow in the autumn. As they fill with snow, capillastion elevates the water
level, which subsequently elevates the level of the frozen pond site. Acctydtetferer
and Untersteiner, this process makes it unlikely that the old gitaavill again become
ponded in the following melt season. It is interesting that suchathatory views are
presented, and it shows that even the basic characteristiosltogpool formation are not

always agreed upon.

Because the melt pond site absorbs more radiation than its sumgsingie will also
start to thin at the bottom of the ice sheet, below the pond. EVlgrttua pond may eat
its way through the ice, opening a thaw hole on the surface. linahtbl@ opens up, the
water from the melt pond will be drained below the ice, whemnaly gather in an

underside depression and form an under-ice meltwater pool. (Wadhams 2000, 56+57.)

Late in the melt season, the increased brine volumes insideetimeake the whole ice
cover permeable to water. At this point, water can simpgp gérough the ice. This
mode of drainage is mainly responsible for the pond area reduction in tisedateer. In
case of a thin ice cover, deepening melt ponds and meltwateageaeventually lead
into the ice melting completely and exposing ocean surface. (&tgrér & Untersteiner

1998.)

Those melt ponds not drained typically start to freeze again soenet August. There
may of course be cold spells during the Arctic summer, and soméce can form on
top of melt ponds whenever the temperature drops below the freezing Byitite end

of September all the ponds are likely to be frozen. (E.g. Perovicth. &002a; Perovich

17
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et. al. 2002b.) | will discuss the melt pond coverage and some obrégous
measurements in chapter 3.3. Before that, in chapter 3.2, | wallagshort summary on

melt pond albedos.

Albedos of different surface types were already briefly listechapter 2.1As a general

rule, melt ponds have albedos from 0,2 to 0,4. The values are quoted from Perovich et. al.
(1998); different researchers have measured slightly different valueg)dilegen the
observation site in question. However, it may be safely saitl tHee is enough
guantitative data on melt pond albedos to make good generalizatibeslo&lhave been
measured for various types of ponds: young and old, deep and shallowawtedirty,

etc.

Although all melt pond albedos are smaller than albedos of snowcanthere is still
considerable variation in between individual ponds. The range of melt goextral
albedos is evident from visual observations alone: to the human eye, papdseem
dark blue, light blue, greenish or nearly whit&his is a result of different pond types
having a different spectral albedo: a pond that appears bluish, for examagldhe
highest albedo in the blue region. Or, to quote Donald K. Perovich: At from 400
nm to 750 nm, what you see is what you get.° However, it is not thelyspectral
signature that differs from pond to pond. The total albedos between diftgpa# of

ponds may also vary as much as by a factor of 2. (Perovich et. al. 1998.)

1 Deep ponds appear blue, ponds with algae or other organic matesithtpappear green, and shallow

pools with bubbly ice beneath the water appear white. (E.g. Eicken et. al. 1994; Tucker et. al. 1999.)

18



3. Melt season and melt ponds

Spectral albedos for several melt pond types have been plottedure F, along with

albedos for wet and dry snow.

—
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Figure 3. Spectral albedos for dry snow (a), wet new snow (b), melting old sn)ppaftially
refrozen melt pond (d), early season melt pond with white bottomudtiryear ice (e), mature
melt pond with blue bottom on multi-year ice (f), shallow melt monfirst-year ice (g) and old
melt pond on multi-year ice (h). (Grenfell & Maykut 1977; Untersteiner 1986.)

Although the albedos for different snow, ice and pond types can be meatheed,
question: @What is the total albedo of sea ice?? is still not easy to answer. Duringlthe m
season, the snow cover on top of the ice as well as the iceesut$alf undergo
significant transformations. The ice starts to display a mahnkeidontal variability in its
surface conditions. There may be snow-covered ice, bare icepomels and open leads,
all present in roughly the same area at the same time. (E.g. Derksed @@.7aPerovich

et. al. 1997; Perovich et. al. 1998.) An example of such surfadeipeds is presented in

Figure 4.

19



3. Melt season and melt ponds

Figure 4: Snow, bare ice, melt ponds and leads; an aerial view. (Photograph: Thomas &
Dieckmann 2003)

If the fractional areas covered by ice (bare or snow-covered), melt poddspen water
are expressed as,M, and A,, respectively, and if and the albedos of those areas;are

a, anda,, the regional albedo can be expressed as:
A LA LA, (19)

where:

>
>
>
N

(20)

(Fetterer & Untersteiner 1998).

20



3. Melt season and melt ponds

A more sophisticated model may take into account a greater nwhiestinct surface

types, but the same basic relation should hold:

A (21)

(Tschudi et. al. 2001).

Because melt ponds and leads have a lower albedo than ice andtisaomelting
processes lead to an overall diminution of the total regionatlalti#ased on the results
of the SHEBA campaign (Surface Heat Budget of the Arctic), Peroand Tucker
(2002b) have estimated that the total albedo of sea ice drops from 0;8A@MI ito 0,4
in August. The first diminution happens already in ApriltMay, whersti@v on top of
the ice gets warmer and its grain size increases, le&dlimgpre absorption. When actual
melt ponds start forming, there is a sudden decrease in albedo, fram0057 This rapid
change may take place in just one week®©s time. As the aselh ggogressed and melt
ponds matured, Perovich and Tucker measured even further reductilmedio, down to

0,4 in August. (Perovich & Tucker, 2002b.)

It is clear that melt ponds play a significant role in seaheemodynamics during the
melt season. When the sea ice albedo diminishes in summer radation is absorbed
in the ice; the increased absorption of radiation accelematsng, which further
decreases the albedo. This is known as the sea ice-albedo feadbablnism.
Therefore an increase of the global temperature may diminisiotdlealbedo of the sea
ice, which will again accelerate the warming + or ge lielieved. Melt ponds and their

albedos are important factors to be taken into account here,tsgoeelt pond fraction

21



3. Melt season and melt ponds

significantly affects the total sea ice albedo. In fact, seallwado reaches its minimum

when melt pond fraction is the highest. (E.g. Curry et. al. 1995; Curry et. al. 2001.)

Measurements of melt pond coverage are almost invariably done ao geatice. Melt
ponds do not feature largely on Antarctic sea ice, because tfa@noed in the Antarctic
Is much less stable than in the Arctic: for the most panowes northwards, spreads out,
and disintegrates at the retreating edge. Melt pools do occur ancAatmulti-year ice,
but multi-year ice only forms in certain specific regions of theafgtic (for example

Weddell Sea, Ross Sea and Bellingshausen Sea). (Wadhams 2000, 57, 64.)

In the Arctic, however, summer time melt pools play a large irodetermining both the
small and large scale properties of the sea ice. To assesghificance of melt ponds in
determining the total sea ice albedos, it is necessary hergatore information on the
pond coverage, as well as the temporal duration of the ponds. Onaf whaining this
information is acquiring photographs or summer sea ice and procebsimgi such
ways that the areal melt pond coverage becomes known. This isepyedmt | have set
out to do in this study, and in this chapter | will take a look at some previglisstione

in the same manner.

Fetterer and Understeiner (1998) point out, that although pond albedos danvimy,
visible region (400700 nm) there is still approximately a 30% differemcabedo
between an early pond and snow or multi-year ice. In photographs afettsirface,

ponds look markedly different from melting snow or multi-year ice, eveoriexample,
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3. Melt season and melt ponds

melting snow and melting multi-year ice cannot be told apart.dnyncases the distinct
shape and clear edges of melt ponds enable the ponds to be recognized from

photographic data. (Fetterer & Untersteiner 1998.)

Photographs, aerial or otherwise, are just one possible means ohgttitimelt pond
coverage. The areal extent of melt ponds can also be assesdaddbyneasurements
done on the ice, for example by setting up a survey line and megasioei extent of melt
ponds along the line (e.g. Perovich et. al. 2002b). The advantage of photograplisc da
that it allows the melt pond coverage to be obtained from a sigmtifidarger area than

could be examined directly on the ice.

Pond coverages from various photographic data have been calculated by H&&d9n
Langleben (1969, 1971), Eicken et. al. (1994), Derksen et. al. (1997), Tschadli et
(1997), Perovich & Tucker (1997), Fetterer & Untersteiner (1998), El Nadgaal.e
(1998), Tucker et. al. (1999), Tschudi et. al. (2001) and Perovich et. al. (2002a). From the
1990©s onwards, modern digital image processing techniques have beesenad®
obtain the melt pond coverage from digitized photographs. The resulteseabfaom the

studies listed above are presented in Table 1.

Although the melt pond coverage has been studied to a reasonable duxterg more

than four decades, it is clear that no simple generalizationdbeanade based on the
available results. This is partly due to the fact that rebeeampaigns up in the Arctic
are hard and costly. It is not easy to obtain sea ice obsmrsdhat both cover a large

areal extent and span a reasonably long time frame.
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Table 1: Melt pond coverages measured from photographs, 1962+2002.
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3. Melt season and melt ponds

Most campaigns presented in Table 1 cover a temporal range vargmgofre day to
two weeks, which means that their results represent only a particul& q@hihe melting
season. The greatest number of measurements have been done in Beautmtkchi
Seas, and the results cannot necessarily be generalized f@hales Arctic region. And
even when the above limitations are taken into account, itliaait clear that a reliable

synthesis can be made of the melt pond coverages presented in Table 1.

Although all studies listed in Table 1 set out to assess the areal coverage of melt ponds, in
a specific region of the Arctic at a specific time, the quiastibbtained are not always
comparable. Some researchers have presented the maximunxgeetbéthe ponds as

their main result, whereas some have calculated the avextayg of the ponds during

the period of data collection. When some kind of average has beenedbtd is not
always clear, how large is the area studied. In some casegetcentage of the ponds is
calculated in relation to thehole area studied, open leads included, whereas in others,
the pond percentage is the ratio of ponded ice in relation tbhealce but not the leads.
Some researchers have made a distinction between first-yeanwdtig/ear ice, while

some have not.

For the most part, melt pond fractions are determined with itheofadigital image
processing techniques, and the resulting accuracy is not always easy to detarfauie.
most of the studies mentioned in Table 1 have not even atteropgedntify an estimate
for the resulting error. Where a numerical error estimatebleas given, the margin of
error is assessed to be rather large: 40% in Tschudi éL9817), 42% for first-year ice
and 36% for multi-year ice in El Naggar et. al. (1998), and 25% for bathyear and
multi-year ice in Tschudi et. al. (2001). The estimated errors daweished, as the

digital image processing techniques have become more advanced. Haheneers still
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3. Melt season and melt ponds

a demand for more accurate measurements and further studiesrsed®gions of the

Arctic, especially in the central Arctic Basin.
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4. Instrumentation

Karhukamera is a camera system designed by a group of Finnish intiyithesely
connected with the Astronomical Association of Pori (°Porin Karhunvartijat®).graep
has developed various camera units, which can be used for compitiegldpse
photography data sets. The project is named Karhukamera.com, ansl \wab page in
that address (http://www.karhukamera.com). The first camera unit buihebyroject
was designed to provide remote weather observations at the dite alstronomical
observatory, but as the project has grown and matured, severalacanitsr have been

assembled and different set-ups are currently being tried out.

From the year 2006 there has been some collaboration with Karhukanterfainnish
Institute of Marine Research (FIMR). The collaboration has beentdiéed by Jari
Haapala at FIMR and Eero Rinne (currently at Edinburgh School of Gew®s). A
Karhukamera camera unit has been made use of during the DAMOCL& $diapaign

on boardTara, resulting in the photography data set being studied in the work at hand.

It was suggested by a Norwegian scientist and explorer Fridgofséh that a ship
inserted into the pack ice off the coast of Siberia would dritbss the Arctic Basin and

end up in between Svalbard and Greenland. Nansen undertook to psotleebry and
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made his historical voyage with the slkiam, which indeed drifted across the Basin in a

three years© time (1883 1886). (Weeks 1998, 8.)

More than a hundred years later, a French private schd@rar(specifically built for
the purpose) and her crew undertook to repeat the voyagewot The expedition was
led by Etienne Bourgois and sponsored by fashion compgnys b (Gascard et. al.
2008.) Tara is shown in Figure 5, immersed in ice, with her hull almmsgted in the

SNOow.

Figure 5: The polar schooner Tara immersed in pack ice. (Photograph: Marcel aligol
Norwegian Polar Institute)

Tara was anchored into the pack ice off the coast of Siberia, nottlagiev Sea, on 3.
September 2006. She reached her northernmost point (88 32©) on 28. May 2007. The

French ship thus broke the record previously heldrkam, and is now the ship that has
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reached the northernmost point by drifting immersed in the Anudick ice. Tara
Expeditions home page, saved 31.3.200@sa exited the ice at at the west side of the
Greenland sea on 21. January 2008. Because the ice drift acrdgsttbdasin is faster
today that it was in Nansen®s tifera drifted for 15 months to complete the journey

that took Nansen three years. (Gascard et. al. 2008.)

In spring 2007 Tara hosted a research camp for European scientific programme
DAMOCLES (Developing Arctic Modeling and Observing Capabilities for Lomgite
Environmental Studies). DAMOCLES is a joint European research efésigned for
studying climate change in the Arctic. The programme is funded buhmpean Union

and run by the DAMOCLES consortium, consisting of 48 scientific tutss in 11
European countries, the Russian Federation and Belarus. Finnigbténgor Marine
Research is one of the facilities involved in the DAMOCLES consortfascard et. al.

2008.)

Fifteen scientists of seven nationalities took part in the DANMBES scientific camp on
board (or, more accurately, in the vicinity dfara during April 2007, two of them (Jari
Haapala and Eero Rinne) from Finnish Institute of Marine Reseaveious
measurements of the atmosphere, the sea ice and the oceaperferened on the
drifting station, in order to gain more understanding on processesndeing the
evolution of the pack ice, and to gather data for the development ofricahsea ice

models and remote sensing retrieval algorithms. (Gascard et. al. 2008.)

One of the instruments the FIMR researchers brought along was a Kadrakeamera
unit R'MU (8Really! Moving Unit°). The unit consisted of a cameracaputer and a

GPS instrument (Holux GR-213 SiRF Star Ill), placed inside a pregectising. The
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unit is shown in Figure 5, complete but for the GPS instrument. Teadhohetails of the

camera are given in Table 2.

Figure 6. Karhukamera RI!MU unit (camera & computer) inside the protectiveingas
(Photograph: Mikko Viitapohja, Karhukamera)

Table 2: Technical details of the camera inside Karhukamera RIMU unit.

Manufacturer Olympus Imaging Corp.
Model SP 350

Resolution 2048x1536

Focal length 8 mm

Mode of exposure automatic

Exposure time 1/1600 s+1/10 s
Aperture f/2.8+1/8

ISO 50155
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The Karhukamera unit, inside its casing, was mounted in the heigipipobximately 7
metres in the mast ofara. The camera was operational from 29. April to 22. July,
automatically obtaining photographs in a 10-minute interval. The photograptes we
stored in the 20 GB hard disc of the camera unit, until botremm@nd computer were
returned to FIMR and the photographs could be retrieved. They werepleaded into
a database along with their technical specifications, asaseGPS-data obtained from
the GPS instrument included in the set-up. The resulting databat&ns a total of
12192 photographs. The area covered in this study is 639@th the resolution of the

perspective-corrected photographs corresponding to 5 cm x 5 cm on the ice.

Photographs were obtained at a 10-minute interval during a period oftatimes
months, in which the melting season starts and gets well umagr The temporal
variation of the individual ponds, as well as the total pond coverageerefore of
interest. For unknown reasons, the camera unit stopped functioningyatmea@2. July.
However, three months is already a rather lengthy data collentienin these matters,
especially as the measurements were done up in high Arctitheodrifting pack ice

itself.
Tara©s track during the data collection period is shown in Figure 7. 29sApe day of

installation, and the main results presented in this thesierahe time span from 24.

June to 21. July.
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Figure 7: Targ®s track from 29. April to 21. July. Courtery of Tara Expeditions.

Time lapse photography is a tool well suited for many types of geophyessesrch, and
for sea ice research in particular. Sea ice undergoes bothasidwapid changes, and
with a suitable interval in between the individual photographs, possible to monitor
both long-term and short-term evolution of ice. In this chapter Igwk some examples

of time lapse photography being used as a tool for research.

Finnish Institute of Marine Research has continued their collabaraith Karhukamera
project after theTara campaign. Another Karhukamera camera unit was mounted on
board a Norwegian research veR&V Lancefor a 15-day campaign in September 2007.
The purpose of the set-up was to find out whether such a camerwillirfitnction

reliably, even when mounted on board a ship travelling in heavy ice conditions.
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The results of th&®/V Lancecampaign were highly promising; the camera unit did work
throughout the test period, and even the test data obtained duringuibe tray yet
prove useful. (I will present an example of the data obtained RbfrLanceat the end of
chapter 7.) As a result of the initial co-operation, FIMR has now purdhase

Karhukamera unit for their future use.

The Finnish Meteorology Institute (FMI) has also started co-operaithgdarhukamera
during spring 2008. They have arranged a Karhukamera unit to be mounted on a
helicopter during a SNORTEX (SNOw Reflectance Transition EXpent) campaign in
Sodankyl, Northern Finland. The purpose of the set-up is to obtainaleaf indexes

from the terrain below. (Eero Rinne, personal communication, 3.4.2008.)

Finnish Institute of Marine Research has also made use of aratte@natic camera
system, IceCam, during a winter campaign in 2006. In her Madtes&s Hanna Leisti
(2007) examines sea ice compression events in the Baltic Seg,audata set obtained
from a camera mounted on icebreaké8 Otso. The camera in question is a 0,3
megapixel web camera, developed jointly by the Scottish Maringubkes{SAMS) and
the Norwegian Polar Institute (NPI). The camera itself was baudovrom the

Norwegian Polar Institute.

IceCam was on boaildB Otsofrom 2. February to 9. May 2006. It was mounted on the
ship roof, facing backwards, and automatically obtained photographs froivetfield
behind the ship. The interval between photographs was one minute. N&8&rIQ00
images were saved during the period of data collection. In her dtedyi selects five
separate ice field compression events from the obtained data acwulates the

magnitude of compression for those events. The obtained values are edrptr
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theoretical models of sea ice motion and ship motion in compeessa ice. (Leisti

2007.)

IceCam camera units similar to the one used in Leisti©s study are also set uplam@&ree
A total of 12 IceCams have been installed at six different gl@neorder to monitor
Greenland glacier discharge variability. The study is supportedA$ANand is a part of
the International Polar Year 2007+2008 research. (Automatic Ice Cahmuares page,
saved 31.3.2008.)

The short list of campaigns presented here illustrates the gogdgilities of time lapse
photography as a tool for research: a time lapse photography datande¢ esed to
monitor melt pond coverage, ice field compression, glacier drainadjéeaf coverage,

just to name a few applications.
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% &

Before the analysis could start, many different types of imageatmms needed to be
performed on the original data. Figure 7 is an example of thévediaunprocessed
photographic data | started to work with. Of course, as a jpgtfiéepicture has already
been compressed somewhat, and is no longer the original datadcbsathe camera
itself. However, it is beyond the scope of this work to discussntier workings of a

digital camera, or to go into any detail about different image ftkraad modes of
compression. To the intents and purposes of this study, the jpg-comppésgedraph

files are as close to the original data as need be.

Figure 8 is taken towards the end of the data collection periotl7 oduly 2007 at local
noon. Melt ponds are clearly present on ice: they show up blue atfenshite snow.
Besides the melt ponds, some other less wanted features aeeliatety visible. Since
the camera is mounted in the mast of the ship, some of the riggihgsross its field of
view. These present no serious problem later on, since they carctessfully classified

as something spectrally very different from snow and melt ponds.
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Figure 8. A Karhukamera photograph of the ice, taken 17.7. 2007 at local noon.

The crooked horizon is another unwanted effect; or, rather, a problem stems from the fact
that the crookedness of the photos varies from time to time. Althdwggbamera was
mounted in a stable position against the mast, the angle of the @pitedaken varies
across the data set. That is due to the movements of the shipg theisummer months.
Tarawas stuck inside the pack ice, but the ice itself underweng sieiormations along

the way. As a result, the ship shifted her position severastinihese events can be
easily tracked, since it is possible to view the whole datassetvideo. It is clear that the
position of the ship is not constantly shifting, just at certaii-ahdined times. After

locating the shifts, the images can be adjusted so that the horizon is no longer tilted.
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Because the aim of this study is to assess the temporal enadditmelt pond percentage
in the area in question, it is necessary to be looking atahe srea throughout the
analysis. If the viewing angle of the camera varies due to themente of the ship, the
area chosen for the analysis from each picture doesn©t neceesadyond to the same
physical region of the ice. This may or may not be a problem, @diogpto the melt pond
distribution and the dimensions of the area being analyzed. If thevare large enough,
results would be representative for a bigger region than just theerchavea, and it
wouldn©t matter so much if the actual physical area being ahalyaeged somewhat
during the analysis. However, since the physical area lookedlasistudy is only some
71 m x 90 m, it is safest to remove the crooked horizon effect,ta look at the

evolution of the same area throughout the whole period of data collection.

Yet another effect to be removed is the barrel distortion. Bdis&brtion means that the
closer an area lies to the optical axis of the camerayigger it will appear in the final
photo. The effect varies according to the type of lens being used: denglangle will
cause more barrel distortion than a narrow one. The way to rethigveffect is to use a
test image of a grid + a chess board, for example + takerthgittame camera as the
data under analysis. From the distorted image of the grid, the awfodistortion can be
calculated, and thus the desired correction is obtained. In dagt,geometrical lens
distortions are removed at the same go, whether they are dayisked barrel effect or

something else + a defect in the lens, perhaps.

The barrel distortion correction to the Karhukamera data setdmas by Istv n Heiler
from Finnish Institute of Marine Research. Figure 9 is the samegtaqh as in Figure
8, with the barrel distortion removed. In this case the barstbrion has been quite

small, since it is hard to perceive much difference in between the two images.
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Figure 9: The image from 17.7.2007, after barrel distortion correction.

After taking care of the horizontal tilt and barrel distortion, omare important image
processing procedure remains to be done: perspective correctiotatés above, barrel
distortion arises from the specificities of the camera lens, the crooked horizon
problem is caused by the camera and the whole platform it resides uponst ttieship

+ moving about. Perspective distortion, on the other hand, is presamy jphotograph.
A point in a photograph corresponds to a larger area in the realcphysorld, the

further away the object or terrain being photographed actuallyTies.is, of course, the
way our own visual perception works as well: faraway objects seem sthalfethose of
similar size, but closer. This is unavoidable, and does cause Pblehen different

areas in the same photograph are to be compared with each other.
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Istv n Heiler, who performed the lens distortion correction for dia¢ga set, also created a
program that removes the perspective distortion and allows the itodggepresented in
an x,y -frame corresponding to the distances in the physical worl@nhastally this is
a fairly straightforward procedure, as long as the height of theereamm known. And
therein lies another source of error: as the ship has been malwig in the ice, the
height of the camera in relation to the ice has changed as.tilo be able to reliably
perform the perspective correction, one needs some sort of measkif@istalibration

purposes.

In this case, such measure sticks abound in the photos. Seveasirimg campaigns

have been carried on nearf@yara all through the melt season, and a snow depth
measurement line cuts horizontally across the camera®©s fugdavofl he line consist of

literal measuring sticks standing on the ice, separated from each other by some 10 metres
I©ve chosen one image for the calibration purposes (the noon image frame2Z80Q7)

and chosen the camera height to be 5,308 m: in this way, the disfaunt by four snow

measurement poles corresponds to exactly 40,00 m in the perspective corrected image.

In reality the poles might not be exactly 10 m apart. The acgwhealue 40,00 m is
chosen for the image correction purposes, not because it refleatsabmess of pole
placing on the ice. According to Jari Haapala and Eero Riheegerror made in pole
placement might be as much as 1 metre (that is, 10%). Howeval, perspective
corrected images maintain the same length scale, the poad aralifferent images
should be comparable with each other. After all, the pond covesdgebe obtained as a

percentage, not as an absolute value.
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In practice, the perspective correction procedure is made irsteps. After an image is
deemed suitable for analysis + | will specify the criteriadoitability later on * the
placements of the snow measurement poles are determined fromginalamage. In
theory, only two points are needed: for example, the lower ends of the two outmost poles,
in the row of poles that + also in the realm of theory &y 40,00 metres long. In
practice, the two poles furthest away from each other might noidded for the
calibration of every single image in the data set. Even aththght of the Arctic
midsummer it frequently snows, and snow may easily pile up afiotiteof any given

pole. This presents a problem, because the perspective correctis toebe calibrated

with points that have zero elevation from the surface of the ice.

Luckily, even after snowfall, all the poles are not equally imextis snow. In almost
every image it is possible to discover at least two polesoootléep in snow, and to use
the distance between the lower end of those two poles for theat@in purposes. The

calibration distances of all the poles are similarly obtained from the test image.

When the suitable calibration points are chosen from the imagestttabe corrected, a
test run is made with an initial guess for the height of the camera. A prograesigned
by Istv n Heiler calculates the distances of the poles aftetrdresformation, and if the
result is the same as it was for the test image, the heigihe amera has been correctly
guessed. Since the ship only moves a few times per month, it itywsgaod policy to
estimate that the height of the camera has not changed in betweetonsecutive
images. If, however, the ship has shifted her position, the height oathera will have

changed, and the incorrect height parameter needs to be adjusted.
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The adjusting of camera height goes on, until the chosen distancesparéas within 1

cm of its test image counterpart. After that, it is concluded the camera height is
known with a reasonable accuracy, and the perspective correetiome performed.
Figure 10 shows the same photograph as in Figure 8 and Figure 3haffegrspective
distortion has been removed. The upper portion of the image, the skylsbaseen cut

off, because it is not needed in the further analysis of the image.

Figure 10 The image from 17.7.2007 after the perspective correction.

% 1

After the images have been corrected in ways described inecHapt all the pixels in

the new images correlate with a 5 cm x 5 cm region ofadeeNow the pixels can be
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compared with each other, and if the number of pixels that coincide with ponds is known,
the pond coverage is easily obtained. The question that remdnusviso distinguish the
pond pixels from all the other pixels? There are several digitalgemanalyzing

techniques, widely used in field of remote sensing, that can be applied to this purpose.

Before the time of digital image processing, pond areas wereysmgasured from film
photographs with a planimeter (Langleben 1969, 1971). In more modern studles, m
puddles have been distinguished from surrounding ice (and possibly also agenin

several different ways:

When working with digital greytone images, by visually and manwfyning a
suitable greytone threshold to separate the pond pixels from brighterpexeies
(Eicken et. al. 1994; Derksen et. al. 1997; El Naggar et. al. 1998)

By using the contrast between the blue and red bands: calcula¢ingimerical
values of blue band pixels minus red band pixels, thus getting a greytone image as
a result, and then selecting a suitable greytone value to sepam ponds
(Tschudi et. al. 1997 2001)

By supervised classification with maximum likelihood algorithm amanually

chosen training areas (Fetterer & Untersteiner 1998)

In some cases, the method of partitioning the image into pond ewthgses is not fully
disclosed: images are said to be 2processed [...] using stanolawrdeccial software®
(Perovich & Tucker 1997), 2processed using image analysis techniquedée(Teic al.
1999) or @partitioned into [...] constituent components based on surface (AB¥s¥ich

et. al. 2002).

42



5. Methods

To find out how to best recognise the melt ponds from my own set afes) |
experimented with all three methods listed above: choosing ablsuitaightness
threshold level, taking advantage of the difference in between theabldethe red
channels, and image classification. Image classification isn#teod | decided to use,
and | will discuss it more closely in chapter 5.3. In this chrapteill briefly describe
some of the other image partitioning methods and explain why | didhoatse to use

them.

Simply setting a suitable brightness threshold level was niyafitsmpt. The method did
not work with my data, at least not for the images taken on sdays. The brightness
values of shadow pixels are rather similar to pond pixels, and wherieere are
shadows on the ice, they invariably get classified as ponds. The man-madewitijadets
in the images, such as the riggings of the ship, are by far thestlareas in the image.
They also fall below any brightness threshold level chosen above the pxeld
brightness. The latter problem is not hard to go around: one carfyspeger and lower
threshold levels and discards the pixels that fall below the ltdweshold or above the
upper threshold. This works fairly well for dark and cloudy days, buarted to find a

method that would not fail as the illumination increases.

Some examples of trying to separate the ponds with the help difrigfttness threshold
levels are shown in Figures 11+13. Figures 11, 12 and 14 are dogaisohg a greytone
version of Figure 10 (taken on 17. July 2007), and Figure 13 is crizgatech greytone

version of an image taken on 16. July 2007.
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Figure 11 17.7.2007 (a sunny day), lower brightness threshold set to 120 and upper brightness
threshold set to 140.

In Figure 11 | have set the lower brightness level to 120 (out of 255)he&ndpper
brightness level to 140. All pixels that in a greytone version of Eig0Orfall within this
brightness region are shown in white colour. The edges of the ponds are already visible in
white, but not the whole ponds. Even when the upper brightness threskeldhs low,
there are a lot of shadows and some other darker areas ontidelltivato the chosen

region.

In Figure 12 | have set the upper threshold as high as 150, to dllparta of the ponds
to become visible. As a result, most of the ice is colouredhite as well. There is no
way of getting around this effect: the pond pixel brightness values ddapwverth

shadows and darker patches in the ice, and no such brightnessaagibe found as to

only accommodate pond pixels.
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Figure 12 17.7.2007 (a sunny day), lower brightness threshold set to 120 and upper brightness
threshold set to 150.

As pointed out before, this method works markedly better, if thgenhb@ing analyzed is
taken on a cloudy day. There are less hues of colour in the idewdy days, the ponds
make a sharper contrast with their surroundings, and there arelhdefined shadows
to complicate matters. It is also important to bear in mind thahiiiation is not the only
factor that changes in between the images. Poorer illuminatianrésult of cloudier
conditions, and near the North Pole, cloudy skies often snow. In raysdait is clear
that during cloudy periods it has been snowing, and new snow in induatght is
spectrally a lot more homogeneous surface than partly snow-covered genny days.
That is part of the reason why ponds are easier to separtiteimswn brightness class

(or, later, as their own spectral class) from cloudy images.
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Figure 13 16.7.2007 (a cloudy day), lower brightness threshold set to 120 and upper brightnes
threshold set to 140.

Figure 13 is an image from 16. June 2007, which was a cloudy day. chasen the
same brightness region to show up in white as in Figure 11, and the resultlysrlezh

better. However, | wanted to find a method that would work with sunny images as well as
cloudy ones, and therefore | found it necessary to explore other ipetjgoning

tactics.

Melt ponds often have a spectral albedo that peaks in the blue wakealegigin, as was
shown in Figure 3. The melt ponds in my data certainly appeahphnsl | suspect their
spectral albedo to be similar to curve f in Figure 3 (spkatbe&do for mature melt pond
with blue bottom on multi-year ice). In Figure 14 | have plotted &BPRorightness
profile across a melt pond seen in lower left part of Figure h@.stale of brightness is
from 0 to 255, although in this case the brightness values only rangeabout 80 to
200. Brightness values are plotted as a function of location (incHss, pixel). In

physical world, the profile corresponds to approximately 3 metres on ice.
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Figure 14: Brightness values for red, green and blue channels in a profile aarosst pond in
Figure 10.

It is clear from the profile in Figure 14 that for pond site pixéks ted channel is the
weakest and the blue channel is the strongest. This is analogowuwighf in Figure 3:

melt pond albedo peaks at blue wavelengths and diminishes towards the red waselengt
The difference between the red and blue channels has been utilzetie studies. It is
also evident that the brightness values of snow and ice pixels are fimgans constant.
This, in turn, is analogous to the fact that the snow and ice alloledeary quite a lot

according to surface type, also in the small horizontal scale.

Spectral albedos for different snow and ice types are, however, almost constant across the
optical wavelenght range (see curves a and b in Figure 3), meaninghina there is a
darker patch on the snow or ice, all channels (red, green andviluegcord lower

brightness values. This is also seen in Figure 14: when the dnoéilentersects a pond,
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the three channels diverge, but are all three fairly constattiealivay across the pond.
When the profile cuts across ice surface, the brightness values\Jatymore, but all

three channels change in almost the same manner.

Tschudi et. al. (1997, 2001) have used the difference in between the ndueec
channels by subtracting the red channel from the blue, getting a gregtage as a
result, and then selecting suitable brightness threshold valugsfitee the pond sites.
This approach works with my data fairly well, better thanptynthoosing the brightness
threshold values from the greytone image. Figure 15 is again the same imageyaeein F
10, with red channel subtracted from blue, and brightness values fremn/735shown as

white.

Figure 15 17.7.2007 (a sunny day), red channel subtracted from the blue channel, lower
brightness threshold set to 35 and upper brightness threshold set to 75.

Figure 15 is already a rather successful attempt to sepghmt@onds from the ice, but

clearly a lot of shadows are still classified as ponds. Gih#rmetic operations on red
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and blue channels can also be tried, such as dividing the blue chgrihelred channel.
Some attempts work better than others, but my end conclusion s téksts was that |
still needed to experiment with other techniques to find the Wwagtto partition the
images into ponds and other surface types. | was also concernedtlabddatt that
choosing the suitable brightness thresholds separately for every seageed a very

subjective method, prone to errors of judgment.

% & $

After some experimenting, | settled on unsupervised classificasatie best means of
partitioning the Karhukamera images. Image classification is aeguoe usually
performed on images consisting of two or more bands: in this basg,green and red
bands. Any pixel in such an RGB image can be thought as a spesttat: a point in
three-dimensional RGB-space. (It should be noted, that RGB is not the only colour model
available, although it is the one used in this study.) (Landmarkl.el995, 75+84;
Neteler & Mitasova 2002, 247, 252+253)

Image classification is done by finding a way to place spectrebre into a given
amount of separate clusters. These clusters are calledadpddasses, and in remote
sensing applications they usually correspond with different types of terraina&elzerd
cover or land use categories £ such as forest, field, rocksweet water, salt water,
urban areas = all have a specific spectral signature, although ®amiap may occur

between the spectral signatures of different classes. (Landmark 1996, 75+76.)

It should be stressed that the wavelength bands used in imagiicgdasn do not need

to be red, blue and green, nor do they need to lie in the vigglen at all; in earth
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observation applications, they often don©t. The wavelength bands being dlsed
analysis depend on the imaging instrument and the aims of the stttiyred and near-
infrared bands are highly useful for vegetation mapping, for example (e.gleNé&t
Mitasova 2002, 237). Since water absorbs infrared radiation a lot rfiectively than
snow or ice, it might be a good idea to use an infrared band foeteetion of ponds as

well. My set of data, however, doesn®©t allow for that option.

Unsupervised classification can be performed by several diffetestedng methods,
and various criteria can be used to evaluate the goodness ofiskerialg. One common
clustering criterion is the Sum of Squared Errors (SSE), ia daise obtained by
calculating the average distance of vectors from the clusterecémtreach cluster
individually, and then adding up this measure for all the clustersiniiing this
guantity leads to the clustered vectors being as close tocthster centres as possible,

which is a good measure of the successfulness of the clustering. (Landmark 1996, 84.)

My choice of clustering algorithms was limited to the ones providefiee software
contexts readily available to my purposes. The two programsnlyratperimented with
were OpenEV, which uses ISODATA-algorithm for unsupervised clustéf8QDATA
stands for Iterative Self-Organizing Data Analysis Technique), andSSR@IS, which

has several supervised and unsupervised classification options. (g®hEV and
GRASS GIS are open source toolkits developed for processing geosp@atialation

and freely downloadable from the Internet (OpenEV: http://openev.sourceforge.net,

GRASS GIS: http://grass.osgeo.org).

ISODATA algorithm starts out by defining as many cluster cergsedesired, based on

the statistical properties of the samples, and then makimgjteah estimate as to which
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clusters the individual vectors should be placed. Then it iteratively rearrreyesctors,
moving them from one cluster to another if needed, minimizing thei®®te process.
(Landmark 1996, 84.) While this method provided promising results perfoamedtie
Karhukamera data £ ponds could clearly be separated as theipegtrakclass, as long
as a suitable number of classes was defined + the OpenEV pragraed but to be

rather slow, and the classification took far too much processing time.

| then switched into the open source GIS (Geographical InformatioerBy&RASS,
which proved to be more efficient platform for my purposes, and perforthed
classification faster. GRASS uses a two-step method for unsugeslesssification: first
one module (i.cluster) iteratively groups the data vectors into adeseed number of
clusters, and calculates the means and covariance matricescfoinitial cluster. These

will be the spectral signatures of each class.

The spectral signatures created by i.cluster are given aspah to another module,
i.maxlik. This module uses an algorithm called Maximum Likelihood stfias (MLC)
for performing the final assignment of each image pixel into one a$phetral classes.
MLC assumes that the pixels in each spectral class argbdisti normally, and
calculates the probability of each pixel belonging to one of the spelessles created by
l.cluster. The spectral class with the highest probabilith@sen, and a classified image
Is created. The requirement that pixels in each spectrak daould be normally
distributed is not always met in practice, and when not, coatmits may ensue.

(Neteler & Mitasova 2008, 316+317.)

The methods described above are examples of unsupervised classifidatiother

classification approach is called supervised classificatiod,rafers to a process where
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the spectral signatures of each terrain class are noedreduolly automatically from the
data. The person or persons performing the classification may, fompéxachoose some
well-defined training areas from the images being classified, and thefydpecspectral

classes based on the distribution of pixels included in thosengaareas. In an ideal
situation, the training areas are chosen not only based on hawage iooks, but with
the help of some additional data about the area. If, for examplegarmnathe image has
actually been visited, or its characteristics have been medsysmime other instrument,
its terrain type may be confirmed. Obtaining this kind of 2grounch®rig important,

because it is really the only way to reliably assess the gesdufethe classification.

(Landmark et. al. 1996, 76+81; Neteler & Mitasova 2008, 319+322.)

Searching for the best classification methods for the Karhukamergesmal
experimented with supervised classification as well as unsgeetvAlthough | don©t
strictly have the ground truth concerning my chosen spectrakslasss still fairly easy
to spot some good training areas from the images, and clainre@fionable accuracy
that the terrain type in a chosen training area is known. Witldata and the GRASS
software | could, for example, choose a training area encompassingamiypixels,
another encompassing only grey ice pixels, yet another encompassingrightysnow
pixels, and so on. Then GRASS can compute the distribution of pixelach training
area, and have those distributions define the required spectrakglabhe spectral
classes thus obtained are given as an input to the MLC algornthereate the final

classified images.

Yet another classification approach is to combine both superviséduasupervised
classification. With GRASS this can be done, for example, bydirsosing the training

areas, and then giving them as an input to the clustering algorithe algorithm will
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take the predefined spectral classes into account, as & $artiterative process of
grouping the image data into clusters. This may help the clogtatjorithm to perform
better, and to end up with just the desired land use claBsesbtained spectral classes
are again given as an input to the MCL algorithm, which will prodbedinal classified

image. (Neteler & Mitasova 2008, 322.)

Having tried both supervised and unsupervised classification prosedsravell as their
combination described above, | have chosen unsupervised classifigatite method
most suited to partition my images into distinct surfaceselssone of them being the
melt ponds. It must be stressed, that in this study the goodness of the alamsifiannot
be estimated otherwise than by comparison with the originajesar his is unfortunate,
but cannot be helped, since there is no additional data to be had for isomparposes.
The albedo measurements done n€ara might be useful in this respect, since the
temporal evolution of the albedo correlates with the growth ot mmehd coverage.

However, the albedo data is not yet available for comparison.

The lack of any reliable way to affirm the ground truth is not fbhe problem of this
study, however. | have referred to several melt pond coverage studiespter 3.3, and
mentioned some of their image partitioning methods in chapter 5@eriissto me that
there commonly is no independent way to establish the goodness tdgkifiaation, so
it must be done by looking at the original images and comparing them the

classification results. The problem of this approach is thiatdifficult to estimate the
error of the results. As long as the goodness of the classificatifor the researcher
alone to decide, there will always be errors of judgment inhererthe process of
choosing the best classification results, and those errors atedguantify. It is not

possible, in fact, to estimate the absolute error in the pwmiid percentage, if no
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additional data exists for this purpose. | will look more closelghenerror estimates in

the next chapter.

Changes in illumination conditions change the way the ice looks imgess, and bring
about a different number of required spectral classes. For cloudyegnanly 3 or 4
spectral classes were sufficient, whereas for sunny imagesaasas 8 spectral classes
were needed. This was mainly due to the fact that blue melt pomdsatieer difficult to
distinguish from the bluish shadows in the ice present on sunny days. rdexled to be
enough spectral classes so that shadows and melt ponds would batitofatheir

separate classes, and not into the same class.

Not even the supervised or partly supervised classification agmsamuld help with
the distinction of ponds and shadows. | tried choosing separatengraanéas from
shadows and ponds, but even this didn©t bring about a clearer sepéanatinod and
shadow spectral classes in the final classified image. | cwmstiude that this difficulty
cannot be overcome by choosing a different classification approacta te& effect of
optics that both melt ponds and shadows appear bluish against snowseeihs there
will be overlap in between their spectral classes, howewsefudly the spectral
signatures of different classes may be created. The bestlresult get was always one
where some shadow pixels were classified as ponds, and seenmngdyia amount of

pond pixels were classified as shadows.

Fetterer and Untersteiner (1998) point out that there is some ovarlagtween wet
summer ice and melt pond spectral classes, but since the allstdioutions for both
classes are equally broad, it is possible to perform the clag&ificso that the number of

ice pixels misclassified as pond is as large as pond pixetdassffied as ice. This is the
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same result | hope to have achieved concerning the separation offfmondse, as well

as the separation of ponds from the shadows.

Yet another problem was that some of the riggings of the sailTsri@ are visible in

every image. The ropes stand in stark contrast against the ambwce, and with a
suitable amount of spectral classes chosen, they will form tveir spectral class.
However, a thin line of pixels around the edges of the ropes istaity classified as
pond pixels, no matter which classification scheme is usedievbehis to be an effect
created by the camera or perhaps the compression of the pittyumofia real physical
effect like in case of pond and shadow pixel distributions. Rope pieita sauch darker
than pond pixels, and no rope pixels from the middle of the ropes arelassified as

ponds, just the edges of the ropes. However, the ropes usually coverathan 1% of

the whole area of the image, and their edges cover yet a siaabierso no very great

error occurs from the classification of rope edges as ponds.

| tried to reduce the rope edge effect by removing the ropes froim#dges altogether.
Since ropes are the darkest objects in the picture, this cdangeby simply setting all
pixels below a certain brightness threshold as null, containing ao Tais proved to be
a bad idea: if the brightness threshold value was set high enougdistothe confusing
rope edges, some pond pixels were lost as well. This was, okecontyg to be expected.
And if the ropes were masked only to the extent that all pondspstayed untouched,
the confusing rope edges remained. The best result that could be hopeasfone

where the ropes all fell into one spectral class, leaving origina trace of rope edge

pixels classified as ponds.
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Figure 16 is an unsupervised classification, again done with tageifrom 17. July
2007. The pixels classified as riggings have been coloured black, ammbrids are

shown as blue. All the rest is different types of ice and snow.

Figure 16: 17.17.2007 (a sunny day), unsupervised classification done with 8 spectral classes.

The problem with the shadows being classified as ponds has indeesobeshto some
extent; now mainly the edges of shadows get classified as ponds.ppath@dges are
also not recognized as ponds, but this may actually bear some pmysaang: there
may in fact be new ice forming along the edges of the ponds, althowgls thard to

confirm just by looking at the original photographs.

A classification of an image taken on a cloudy day (16. July 2007) isnsimokigure 17.
On a cloudy day, the shadows do not complicate matters, and titengeslassification
seems more accurate than one done on a sunny image. However ciauthe image
classification, some dark areas of the ponds are placed imaitie spectral class as the

ship riggings. Classification is by no means a perfectly accanatéod of partitioning
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the image into different surface types. Although the goodness of théickdss cannot
be established without some other data to compare the resuitsl win and do know

that some pixels have been misclassified in every classification attempt I©ve made

Figure 17. 16.17.2007 (a cloudy day), unsupervised classification done with 4 spectral classes.

It was mentioned in the previous chapter that choosing the suitapler@ss thresholds
for every image seems like a very subjective process, edf@lyted by the researcher.
Choosing a suitable number of spectral classes is, of course, wibblly objective
exercise, either. However, | feel like the connection in batweal physical effects and
the resulting classified image is better preserved in thesification method. If the
number of spectral classes chosen corresponds in some reasonablghathe number
of terrain types actually captured in the images, the raguttlassification will seem
sensible. Although the amount of spectral classes needed to beeddjas the
illumination conditions and other physical factors (such as the amodirgsbf snow on
the ground) varied, | still felt this was a process less prorertos than tweaking the

brightness thresholds for every image separately.
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| have obtained the melt pond coverage from 22 days during the datdicolieeriod.

Only one classified image per day is attempted, and all theeghosges are taken at
local noon, so that the illumination conditions might vary as little as possible. The camera
unit has been active from 22. April, but the first signs of melt popgea almost 2
months later, 19. June. The melt period captured on the camela tietefore only 33

days long. The camera stopped functioning early in the morning of 22 sduhg noon

image could be obtained from that day.

As described in chapter 5.1, in order to perform the perspectivection for an image,
one needs to give the tilt of the horizon as a correction paraniéte summer season
2007 near the North Pole seems to have been cloudy, foggy and rainy,méaas that
the horizon is often not discernible in the images. As long astiie has not been
shifting her position, it is often possible to correct even someefoggier images by
taking the correction parameters from the preceding or followingemH the ship and
the camera have moved in between the clear day and the foggyhidays mo longer
possible. On some days the rain drops or sleet on the camirg effisctively block the
view, and those days have been left out of the analysis as weilh &l, six days have

been left out for these reasons: 1.+4. July, 6. July and 18. July.

The first faint traces of melt ponds are seen on 19. June, andhakeygrown slightly
larger the next day, 20. June. The first clear features that Ikekatitual melt ponds,
albeit very little ones, appear on 21. June. The two tiny ponddoaresmall to be

distinguished as a separate spectral class, so no acc@latgond coverage is obtained
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for 21. June. The area covered by ponds on that day is in any cakeless than 1%.
On the next day a tarpaulin comes loose from the riggings of theustipangs in front
of the camera for several hours. The noon image cannot be used; ihdaoext useful

images is obtained more than 11 hours later.

However, even the next day, 23. June, the melt ponds are so smtiethdon®©t form a
spectral class of their own. It©s not just a question of area,tlse ropes do form their
own spectral class, although they only cover about 1,5% of the imduge.ropes,
however, stand in stark contrast to other features in the imaggreas young, barely
formed melt puddles are almost the same colour as wet, slushy &fiawurse, very
young melt puddleare just patches of slushy snow; there can be no absolute definition
as to when an area is still wet snow and when it has beeoyeeing, shallow, slushy
melt pond. This makes the classification difficult, when very youn§j pwnds cover

only 1%+2% of the image.

The first actual result is obtained from 24. June, when the melt powerage has
reached approximately 3%. The camera was operational untilreartying of 22. July,
which means that | have been able to obtain melt pond coverages fpamod of 28
days. Out of those 28 days, melt pond coverage has been calculagtidays. The
classified images from those days are shown in Figures 18+39. $pdeBsaes
corresponding to ponds (blue) and ropes (black) are shown separatelyl] atiteia

spectral classes corresponding to different types of snow and ice are merged together.
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Figure 18 24.6.2007 Figure 19 25.6.2007
Figure 20: 26.6.2007 Figure 21: 27.6.2007
Figure 22 28.6.2007 Figure 23 29.6.2007
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Figure 24: 30.6.2007 Figure 25: 5.7.2007
Figure 26: 7.7.2007 Figure 27: 8.7.2007
Figure 28 9.7.2007 Figure 29 10.7.2007
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Figure 30: 11.7.2007 Figure 31: 12.7.2007
Figure 32 13.7.2007 Figure 33 14.7.2007
Figure 34: 15.7.2007 Figure 35: 16.7.2007
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Figure 36: 17.7.2007 Figure 37: 19.7.2007

Figure 38 20.7.2007 Figure 39 21.7.2007

The difference between sunny and cloudy days is immediately visible: Figures 23, 36 and
37 are from sunny days, and their classification result islgléda least accurate. Some
shadow pixels are classified as ponds and some pond pixels as shadows, as wad explaine

in chapter 5.

Figure 40 shows a time series of the melt pond fraction, cagcufadm the classified

images shown in Figures 18+39. The result from sunny days are plotteded] to

stress that they are the least accurate data spots.
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Figure 40: Melt pond coverage near Tara from 24. June to 21. July.

Although the very onset of melt is not covered by this time semgsestimate based on
the pertaining images is that the melt pond fraction increages@®o to 3% in five days
(20. June to 24. June.). During that time, the melt pond fraction groapgrpximately
0,6% every day. From 24. June onwards, the growth rate more than dddéliepond
fraction increases from 3% to approximately 14% in seven days, totalling a dailgsecre

of 1,6%.

After 30. June there©s an unfortunate gap in the data: images Judyntd.4. July could
not be geometrically corrected due to foggy conditions. Images from dagseare still
clear enough to form an estimate that the rapid phase of thedogsl end on 30. June.

The melt pond fraction stops growing significantly, and insteadsstaxillating around
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12% for approximately two weeks (1. July to 15. July). After that, rttedt pond
coverage increases slightly and reaches the vicinity of 15% byerieof the data

collection period (21. July).

| have estimated the error in calculated melt pond fractome2%: that is, any given
percentage is inaccurate kg in percentage units (as opposed to the relative error being
only 2%, which is not the case here.) It is important to sthedsl thave no reliable way
of estimating the absolute error made in calculating the po#itl percentage, at least
without any auxiliary data (e.g. satellite images or albedo meas&unts) to compare my
results with. My current estimate of error has more to db wie classification process
itself; more specifically, the reproducability of my results. Wheerforming
classifications on my images, | judged the goodness of the clasisiidoy comparing
the results with the original images. It was clear that #-pvemeditated choice of
parameters was needed for the classification to succeedl, ahea most important
parameter being the number of spectral classes chosen. By chdngimgnount of
spectral classes chosen, | could often produce more than one tlesultooked
reasonably good, compared with the melt pond distribution appareihteirortginal

image.

The classification approaches and the parameters | have endethgi@mesthe ones |
have judged best, and the errors inherent in this kind of judgmeritnaassible to
guantify. However, all the results that looked reasonable did fdlimt2% of the result
from the best classification attempt, and hence my choie%f for the error estimate.
When assessing the errors inherent in the classification grotesed the OpenEV
programme as well as GRASS, to perform a double check on thésréshe melt pond

fractions obtained from the best-looking classifications did fall inHeet2% margin
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even when the classification was performed with another programaiso did some
checks by using the alternative image partitioning methods mentioreédpter 5.2, and

their best results fell into the sam2% margin.

The final error estimate is made with an image from a sunny day, and as has hesh poi
out before, the classification of sunny images was a lot more pooegdrs than the
classification of images taken on cloudy days. The error estich@ante using a sunny
image,=2%, should therefore more than cover the errors made in classihgrighages

taken on cloudy days.

There are multiple sources of error inherent in the image dmmnegrocess, as well as in
the classification itself. The correction parameters have belatted from images by
hand, which means they can hardly be absolute. However, by compdriregtified

images with each other, it seems that the same area is captured corsecutive image
with a reasonable accuracy. Moreover, | have discarded the infagesould not be
reliably corrected. | suspect that the error due to the correlotimgy a slightly inaccurate

process are covered by th2% error estimate.

There is also a type of inaccuracy that rises both from the image correction procedure and
the circumstances prevailing on the ice. The ice surface igdar smooth; there are
protruding features ranging from ice ridges to small piles of snaweShe images used
in this study are not aerial images, higher parts of the it@ My block some other,
low-lying features from the view of the camera. | have not even ptéehto estimate the
error that might be caused by this effect, since a reliablimagst would require detailed
knowledge of the ice topography on the site. | admit such errordomayherent in the

results, but | cannot claim to know how large they are.

66



7. Discussion

7. Discussion

() *

It is not easy to compare the actual melt pond fraction withiquie studies, for reasons
that are immediately apparent from Table 1 and have alreadydms®=rssed in chapter
3.3. The majority of previous melt pond coverage measurements havamaeenat
different times and different locations than the ones this study conddyn®sults start
24. June whernTara was at 8811© N, 12200 E, and end 21. July aP5%®© N,

43°160© E (see Figure 7), and there is very little pond coverage data from that far north.

That being said, the results presented here seem to be indwoad with several other
pond coverage figures presented in literature. Perovich et. al. (b®®&hed a pond
coverage of 12% in July 1994, at°R8 El Naggar et. al. (1998) obtained a pond
coverage of 19,0% 6,85% on multi-year ice in July 1993 at°RB Tucker et. al. (1999)
obtained a pond coverage of 12% in July 1994 aN78% in August 1994 at 8M and
0% in August at 88\; Tschudi et. al. (2001) obtained a pond coverages from 24,6%
6,2% to 34,1%t 8,4% in July 1998 at 78I; and Perovich et. al. (2002) obtained pond

coverages from 17% to more than 20% in July 1998 &.7¢5ee Table 1 for details.)

The melt pond coverages obtained at latitudédl7hd 78N are not far from my result
of 0% to 14% in June and 12% to 15% in July. This is perhaps surprssimtg one
would expect the pond coverages obtained &N&8 be considerably smaller than those
measured at the same time of the year and some 10 to the $betmorthernmost

previous results are presented by Tucker et. al. (1999). They are from Augusinsot
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compare them directly with my results. However, | wileatpt a comparison at the end
of this chapter, after | have discussed the temporal evolution bfpmreds neafTara

through the summer 2007 with the help of some additional data.

The type of temporal evolution of melt pond fraction plotted in imd@ehas been
observed in some previous studies. Quoting from Perovich et. al. (20021id-June
ponds cover a few percent of the ice, but then, in just a few daysedretl5 and 18
June, [pond fraction] jumps by a factor of five from 0.04 to 0.20.° This is rargh in
accord with the temporal evolution observed from Karhukamera data@otite fraction
increases by approximately a factor of 4,5 (from 3% to 14%) withieekwThe rise in
melt pond fraction observed in this study happens a bit lateririgtdrom 24. June
instead of 15. June) and is not quite as rapid as in the study ddtexdowich et. al., but

the melt pond fraction definitely exhibits a similar behaviour.

Also Derksen et. al. (1997) have reported similar results, rddairom a study area on
ice as well as from aerial photos: 2ln a relatively shortqeeiof 10 [days], a sea-ice
surface with no melt features and a spatially consistent watger albedo was
transformed to a surface composed of both water and snow, antiadlysperatic albedo
influenced by their different absorptive properties.® This is, agairgcrord with the
results fromTara. The first actual ponds are visible in images obtained 21. Jundyand
30. June the pond fraction has reached the value of 14%, after whigtotth of pond

coverage slows down significantly.

It is no surprise that the pond fraction should rise rapidly soon thiéeponds have first
started forming; the physical explanation for this phenomenon was ak@ached upon

in chapter 3.1. When the wet snow on top of the ice startsngeltiere is a rapid influx
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of water from the melting snow. This water will form melt poaisually located in the
depressions on the ice. The ponds have a lower albedo than thet isertbands them,
and thus they absorb more heat. The melt rate of ice beneapiortde is 2+3 times
higher than that of the ice surrounding the ponds, which means thathengends have
formed, the ongoing melt tends to take place under the melt poolss ki the ponds
may continue to grow deeper as the melt season progresses, bdb thel necessarily

grow larger in diameter. (Fetterer & Untersteiner 1998)

Fetterer & Untersteiner (1998) point out that as the melt season progresses, the ponds that
melt their way through the ice may actually start to shiimmkliameter. Perovich et. al.
(2002), on the other hand, have reported that even after the first raglidpand
formation, the ponds continue growing wider, albeit at a slower rfze in the
beginning. This latter result is in accordance with the melt goaction behaviour

shown in Figure 40. Pond area seems to increase even aftaryheapid phase of the

melt, although the ponds do shrink intermittently. These oscillations seendtivée by

the local weather: when it snows heavily, the melt pond fractios doan, since the

ponds are partly snowed in. After the snowfall there is more mat ®n top of the ice,

which may again melt and feed the existing melt ponds.

As the melt season progresses, the ponds eventually eat thethneagh the ice, and
meltwater starts to drain through the ice into the sea below. More charaetdsa form
in between the ponds and facilitate the runoff of melt water towards the @fdgedloes
and into the sea. Thus the melt pond fraction is expected taigimater on in the melt
season. Indeed, Perovich et. al. (2002) have reported of a very rajpigand fraction
shrinkage, as rapid as the initial growth of the ponds in the sadgon. Unfortunately

my data results end on 21. July, and | have not much evidencehaw tine melt pond
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fraction behaves nearara during the late melt season. | suspect, however, that the
maximum melt pond fraction was not yet reached by 21. July. | bgsestimate on

some auxiliary data that | do have at my use, although not in an ideal form.

Figure 41 shows snow depth data from the snow depth measurement poléamea
From altogether nine poles | have chosen six that are visibhe iKdrhukamera images.
It should be noted that the snow depth data is still unprocessedisvgnasented here is
the actual readings from the snow stakes. The data is courtegyMDDOLES campaign
and at the time of writing, | don©t have the means to conveniothestake readings into
the physical snow depth (i.e. the information about the initial positidheopoles in the

ice, which is needed to transform the stake readings into actual snow depth).

Even without being corrected, the snow stake readings give an acmeatof how the
snow level has been changing throughout the summer. When a snow stdik@ehas
standing in a melt pool, the snow stake reading records the lea¢drthose data points
are plotted with a star. Pond coverages from Figure 40 are¢litteg with the snow

stake measurements for comparison.
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Figure 41: Snow stake recordings from near Tara, 29. April to 22. August 2007.

According to snow stake readings, the overall snow level starttiniish rapidly
around 6. June. The first actual melt ponds appear in the Karhukamegas on 21.
June, 15 days later. According to my results, the melt pond gevénareases sharply
from 21. June to 30. June. This is reflected in the snow stakengsadine of the chosen
six snow stakes is already standing in a melt pool on 26. Juneestitigly enough, at
the same time the decrease of snow level slows down somewtrat26. June onwards
the snow level starts to diminish more gradually than it didatween 6. June and 26.
June. This is, again, in accord with theory: after the fingtdr@ahase of pond formation,
melting tends to go on underneath the ponds, and the melting of theasddee around

the ponds is not quite as fast as before.
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It is worthwhile to note that even the snow stake poles situated melt pool show
diminishing water levels; in fact, the water level in the poselsms to go down at the
same rate as the snow level around them. This may indicatthénatis some drainage
going on, either along the channels connecting ponds with each other, mitttowgh
the ice. However, the snow stake data has not been correctexhgat,is too early to

arrive at any firm conclusions about drainage based on the data shown in Figure 41.

The snow level starts rising again on 15. August; at leastitisan from 15. August to
22. August, when the snow depth measurement period has ended. Bdsat amelt

pond coverages and snow stake readings, it seems likely that tiraumamelt pond

coverage was reached sometime between late July and mid-Adgistestimate is
backed up by Figure 42, which is a photo taken from the maBarmaf on 20. August
2007.

Figure 42 Melt ponds photographed from the mast of Tara on 20. August. (Photograph:
courtesy of Tara Expeditions.)

| don©t know from which height the photo in Figure 42 has been takemase ho

means to perform geometric corrections on it. By applying thesiitzetion algorithms
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to the image as it is, | obtained a melt pond coverage of 37%.rd3u# is not strictly

comparable with the ones presented before, since the data isrdifiek has not been
adequately pre-processed. However, 37% is a good estimate of th@nektoverage at
the time when Figure 42 was taken. Ponds are distributed orethather evenly, which
also indicates that the obtained melt pond fraction of 37% probatst i&r from the

truth, even though the image has not been geometrically rectified.

If the melt pond coverage did peak sometime before mid-August, andiagsiat the
37% pond coverage estimate for 20. August is justified, the maximum poat
coverage must have been more than 37%. Although | lack sufficient dasaletter
estimate, it is interesting to compare this figure withghely by Tucker et. al. (1999),
which | already mentioned in the beginning of this chapter. Tudkeal.efound that on
13. August 1994 the pond coverage was 3% 2XI8d4nd on 18. August 1994 only frozen

ponds were present at®8

Tarawas at 86,9\ on 20. August 2007, and whether or not the estimate of 37% pond
fraction is correct, it is still clear from Figure 34 that potdse been aplenty around
Taraat that time. This result does not seem to compare at all with Tuckshosldtalso

be stressed that pond coverages obtained in this study seempareanost favourably

with those obtained at the same time of the year but some 800+1000 km to the south.

It is well known that there is a persistent trend of se&xtent diminishing, most likely
connected with the the global climate change driven by human-inducethguse gas
emissions. Although the main results of the DAMOCLES campaign oml G@aa have
not yet been published, the preliminary results show that in SepteRUly the

measured Arctic sea ice extent was unprecedentedly low, omiflidn km?. A major
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feature contributing to the exceptional ice conditions measured durarg29@7 was a
sea level pressure anomaly over the coast of northern Alaska awadlaCarhe cloud
coverage over the Arctic was also lower than normal, and thheased downwelling

radiation may have caused the Arctic sea ice to melt more than usually. (D schegr et. al

The exceptional conditions of summer 2007 may be reflected in thegoorel coverage
results presented in this study, especially through the compasfsory results with
previous studies. However, without more DAMOCLES data from the year BeiDg
published, it is difficult to take the analysis further. And moreotle, only previous
pond coverage result from approximately the same latitude is from 8%, and
comparison with one previous year only is not extensive enough to wamgntar-
reaching conclusions. It also needs to be taken into account tahafmmalies may be

reflected either in this study or the previous ones.

() $ 8

All in all, the effort to extract melt pond coverages from thehg&amera data set
obtained from neafara proved to be successful. Melt pond fractions were calculated for
22 days, and the observed temporal evolution of the melt pond coverags agill with
previous studies, such as Derksen et. al. (1997) and Perovi¢h(2002). The obtained
values of melt pond coverage seem high in comparison with Tucker et. al. (1999); in fa
they compare more favourably with studies done in much lower lagit(t@+7&N as
opposed to 88). This may be a consequence of exceptional weather and ice conditions

in the Arctic during the summer 2007.
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It is a pity that due to technical difficulties images could noolm@ined after 22. July;
the further evolution of melt pond fraction would have been of interestell as the
early melt season processes. However, the four weeks covetbis Isyudy is already a
reasonably long time span, certainly long enough to capture thephast of the melt

and to establish the following period of gradual melt pond growth.

The main motivation behind this study was the relation of melt pond coverage aod sea i
albedo during the Arctic summer. Melt pond coverage is an impddatdr regulating

the summer sea ice albedo, which in itself is one of the keyreders in the modelling

of climate. Unfortunately, the albedo data measuredaaa is not yet available in a
corrected form for the purposes of the study at hand. | cannot perforrmoarparison
with the obtained melt pond coverages and the albedo measuremnisrspursuit to be

left for later. After the albedo data has been pre-processedielvdehe obtained time

series of melt pond coverages is long enough for a meaningful comparison.

Should a similar data set be obtained in the future, for the purpadeseiving the melt
pond coverage, it can only be hoped that data can be acquired from throtnghmslt
season. If a camera is to be mounted in a mast or a tawsey;tal that the camera stays
at the same height throughout the period of data collection. If thadtipossible, it
should be made sure that there are some kind of landmarks in [theffiegew of the
camera, to be used for calibration purposes later on. In caggesare obtained from a
balloon, an aeroplane or a helicopter, the geometrical correctitreafata should be a

lot less difficult.

It should also be noted that man-made artefacts present in tgesmeother than those

possibly needed for calibration of the images afterwards + maydirde difficulties to
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the analysis. If possible, the camera should be set up so thaw dsreign objects as

possible are visible in the camera®©s field of view.

To illustrate the last point, | present an example of Karhukauwteiaa obtained from on
boardR/V Lancen September 2007. | have already discussed this data sepierchz.
This time a Karhukamera unit was mounted in the crow©s nessbipghat the height of
approximately 20 metres, looking to the fore. No man-made objects wisble in the

field of view, just water and ice. Figure 43 shows an example of this kind of data:

Figure 43 A Karhukamera image obtained from on boR® Lance.

Figure 44 shows the same image after classification. The inamgasot geometrically

corrected; they only serve as an example of the method.
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7. Discussion

Figure 44: The previous image classified as ice and water.

The same classification approach, that | have deemed reasonabBssful with the
Tara data set, works even better for tR8/ Lancedata: smaller detail is being detected,
and on the whole, the classified image compares more favourabilytheat original
image. For example, practically no pixels from the middle of ¢eefloes are classified
as water, and when there are small areas classifieg @&sthe water, a comparison with
the original image shows that there indeed are small parcet® dfoating just at the

spot.

Although the Karhukamera data used in this study may not be ideelieve that the
methods | have applied are not faulty, and that a camera unihékene used on board
Tara may well be useful in other campaigns. TR&/ Lancedata set could be used for
calculating ice concentrations, for example. That is no longer &cubf this thesis,
however; it only shows that time-lapse photography is indeed a tootl Saitesea ice

research.
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