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Preface

This book is based on my dissertation which I wrote at the Institute of Oceanography
of the University of Hamburg under the supervision of Prof. Dr. Lars Kaleschke. The
dissertation was accepted by the Department of Geosciences in 2012.

I started my work in November 2008 with the intention to use the now freely
accessible huge Landsat satellite imagery archive to detect melt ponds on the Arctic
sea ice surface. It turned out that this archive consists mainly of scenes covering
landscape and not the ocean surface. Additionally, most of the few available scenes
were not usable for a multispectral classification due to over-saturation of the sensor.
Therefore I had to look for alternative sensors. I decided to use aquisitions of the
MODIS sensor—they have a coarser spatial resolution than those from the Landsat
sensor, but provide a full coverage of the Arctic region on a daily basis.

Despite the technical problems at the beginning of my studies, I was able to
submit my dissertation in March 2012. My work was enabled by a scholarship of
the International Max Planck Research School for Maritime Affairs.

Hamburg, Germany Anja Rösel
December 2012
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Abstract

The Arctic sea ice is characterized by profound changes caused by surface melting
processes and the formation of melt ponds in summer. Melt ponds contribute to the
ice-albedo feedback as they reduce the surface albedo of sea ice and hence accelerate
the decay of Arctic sea ice. To quantify the melting on the entire Arctic sea ice,
satellite-based observations are necessary.

Due to different spectral properties of snow, ice, and water multi-spectral optical
sensors like Landsat 7 Enhanced Thematic Mapper plus (ETMC) or Moderate
Resolution Image Spectroradiometer (MODIS) are theoretically applicable for the
analysis of these distinct surface types. In this study the potential of both mentioned
sensors to detect melt ponds on Arctic sea ice is demonstrated.

To analyze Landsat 7 ETMC scenes, we have developed an algorithm based on
principal component analysis (PCA) of two spectral channels for achieving the melt
pond fraction. PCA allows differentiation of melt ponds and other surface types
like snow, ice, or water. We use spectral bands 1 and 4 with central wavelengths
at 480 and 770 nm, respectively. They represent best the differences in the spectral
albedo of melt ponds. Due to problems caused by saturation of the sensor, it is only
possible to analyze a few selected Landsat scenes which are not affected from over-
saturation. A case study on a Landsat 7 ETMC scene from July 19, 2001 using PCA
was successfully performed.

For the analysis of MODIS data, we derived the melt pond fraction by using a
spectral unmixing algorithm. This algorithm consists of a system of linear equations
and was solved by an approximation method. Additionally, an artificial neural
network was trained to reduce computational costs. Arctic-wide melt pond fractions
and sea ice concentrations have been derived from the level 3 MODIS surface
reflectance product. The validation of the MODIS melt pond data set has been
conducted (i) with aerial photos from the MELTEX campaign 2008 in the Beaufort
Sea, (ii) with very high resolution satellite data sets from the National Snow and
Ice Data Center (NSIDC) for the years 2000 and 2001 representing four sites
spread over the entire Arctic, and (iii) with ship observations from the trans-Arctic
HOTRAX cruise in 2005. The root mean square errors (RMSE) range from 3.8 %
for the comparison with HOTRAX data and 10.7 % for the comparison with NSIDC

xv



xvi Abstract

data to 10.3 % and 11.4 % for the comparison with MELTEX data with coefficients
of determination ranging from R2 D 0:28 to R2 D 0:45, respectively.

For the first time, we have used satellite observations to analyze how melt pond
fractions in the Arctic have developed spatially and temporally in the years 2000–
2011. During this period the total melt pond area exhibits a significant negative trend
of �16.4 %, corresponding to a declining sea ice extent, whereas the annual average
of the relative melt pond fraction remains constant with 25:1 ˙ 1:7 % through the
twelve melt cycles. Looking more into detail, a significant anomaly of the relative
melt pond fraction at the beginning of the melt season in June 2007 followed by
above-average values throughout the entire summer are documented. In contrast, the
increase of the melt pond fraction at the beginning of June 2011 is within average
values, but from mid-June 2011, relative melt pond fraction exhibits values up to
two standard deviations above the mean values of 30:0 ˙ 1:2 % which are even
higher than in summer 2007.

Furthermore, the influence of surface melting on sea ice concentration retrievals
from passive microwave sensors is pointed out. The sea ice concentrations calcu-
lated from passive microwave data are up to 40 % lower compared to the results of
the MODIS sea ice concentration.



Chapter 1
Introduction

Over the last three decades, significant reductions in sea ice extent and thickness
of Arctic sea ice have been documented (e.g. [37, 46, 75]). A series of extreme
September sea ice extent minima have been observed in the last 10 years, which have
accelerated the rate of decline [76]. It is to assume that a growing importance of the
ice-albedo feedback1 has in part been attributed to the continued decline [13,58,76].
The ice-albedo feedback is a positive feedback process: decreasing surface albedo
due to a melting ice cover leads to more absorption of solar radiation, resulting in
additional melt processes. These melt processes again reduce the surface albedo and
thus enhance melting of the ice cover [13].

In boreal summer, melt ponds are a common feature on Arctic sea ice and cover
up to 50–60 % of the sea ice area [16, 21]. Melt ponds or surface melt puddles
(Fig. 1.1) are defined as an accumulation of melt water on sea ice, mainly due
to melting snow, but in more advanced stages also due to melting of sea ice.
The distribution on the ice, the size and the depth of the ponds, as well as the color
are very variable and depend on topography, surface, and atmospheric conditions.
On a flat topography of first-year ice the melt pond fraction can rise up to 90 % [57].

The existence of melt ponds on Arctic sea ice causes a decrease of the surface
albedo from approximately 0.8 to 0.5 due to a higher absorption of the incoming
radiation. This effect initiates additional heat uptake [13,60]. Therefore, melt ponds
have a significant influence on the rate of sea ice melt [61, 81] and on Earth’s
radiation balance [46, 50, 58], and the potential loss of a multi-year ice coverage
[11, 37, 46, 58, 69].

In order to better constrain the role of sea ice for the Arctic amplification and
Earth’s climate system, it is important to quantify the overall distribution of melt
ponds (e.g. [18, 30, 35, 52, 59, 69, 70, 77]). This is only possible with observations
on a large scale over at least one melting period. Therefore, it is important to

1Technical terms are explained in the glossary. This is also valid for following expressions.

A. Rösel, Detection of Melt Ponds on Arctic Sea Ice with Optical Satellite Data,
Hamburg Studies on Maritime Affairs 25, DOI 10.1007/978-3-642-37033-5 1,
© Springer-Verlag Berlin Heidelberg 2013
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2 1 Introduction

Fig. 1.1 Two short tracks of aerial photos, displaying Arctic sea ice covered with melt ponds.
Some of them are draining into the nearby cracks. Photos were made during the MELTEX aircraft
campaign on June 7, 2008 over Franklin Bay. Photos: Gerit Birnbaum, AWI

utilize satellite data and remote sensing techniques that are applicable to detect the
evolution of melt ponds.

Literature values of spectral and total albedo for various Arctic surface types,
acquired on field campaigns, range from 0.06 for open water, and 0.29 for mature
melt ponds, to 0.87 for new snow (e.g. [6, 26, 27, 54, 56, 83]). Several field
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experiments and ship observations have been conducted on different locations in
the Arctic Ocean to study albedo and spectral behavior of melt ponds [49, 56], as
well as distribution and size of the ponds [19, 50, 55, 61, 67].

Although the potential of different optical properties of ponded sea ice in
comparison to bare or snow-covered sea ice for satellite applications was proposed
already by Grenfell in 1977 [26], the first implementations were published 20 years
later. These studies are based on aerial video data [78], optical satellite data
[44,63,64,79,81], and radar data [31,87]. Until now, all studies show only by way of
example, that melt pond identification from different satellite data is possible. While
these studies discuss the feasibility of deriving melt pond fractions from satellite
data for specific examples, to our knowledge, no satellite-derived Arctic-wide,
multi-annual melt pond data set exists.

Recently, a couple of new publications concerning the influence of melt ponds on
the radiation budget were published [15,23,32,59], but all of them are either built on
modeled melt pond data or result from local observations. This indicates the strong
requirement of a large scale melt pond data set, that is based on observations.

In this study, the different spectral properties of sea ice surface types will be used
to develop a technique to determine the melt pond fraction on the total Arctic sea
ice area throughout the seasonal cycle from optical multi-spectral satellite sensors.

1.1 Objectives

The study area is the Arctic Ocean northward 60ıN (see Fig. 1.2). The primary
goal of this study is to provide a melt pond data set on a large spatial scale
for a multi-annual time period. Additionally, this leads to the following research
questions:

• What is the mean annual melt pond fraction of the Arctic and how does a seasonal
cycle look like?

• Is there a relation of melt pond fraction and sea ice extent minimum?
• Do melt ponds influence sea ice concentration values as retrieved from passive

microwave sensors?

To achieve the main goal and answer the research questions, we pursue the
following strategy to quantify the melt pond fraction on Arctic sea ice:

Firstly, Landsat satellite data is used for this analysis, because of the very high
spatial resolution of 30 m � 30 m. The full Landsat archive, covering a time period
from 1972 until now, has been freely accessible since January 2009. A technique
based on tie-points and spectral differences of two optical bands of a Landsat
scene, which was published by Markus [44] is adapted to a different satellite scene.
The results of this method are used as a basis for comparison with results from
different techniques.

Secondly, to improve the proposed method of Markus [44], we develop a new
technique, based on principal-component analysis (PCA), to identify the melt pond
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Fig. 1.2 Overview over the Arctic region

fraction from Landsat satellite data. In this study, it turns out, that the use of Landsat
data is not applicable to create large data sets or time series, because the sensors have
severe problems with observations over sea ice.

Thirdly, Moderate Resolution Image Spectroradiometer (MODIS) data with a
resolution of 500 m � 500 m are used. Due to the coarser resolution compared to
Landsat data, both above described methods cannot be applied to MODIS data.
Hence, we modify a spectral unmixing algorithm, proposed by Tschudi [81], to
obtain melt pond fractions from MODIS data by adding a side condition to limit the
resulting surface fractions to values between zero and one. This modification causes
high computational costs for the solution. To speed up processing, a trained artificial
neural network (ANN) is used. With this procedure a multi-annual data set of melt
pond fractions and sea ice concentrations for the entire Arctic is created for the first
time.

For validation three different data sets are analyzed: firstly, results of the aircraft
campaign MELTEX, conducted by the Alfred Wegener Institute for Polar and
Marine Research (AWI) in May and June 2008 over the Beaufort Sea [5]. Secondly,
sea ice melt pond statistics and maps of four Arctic Ocean sites during the summers
of 2000 and 2001 from the National Snow and Ice Data Center (NSIDC) [22], and
thirdly, results of the melt pond observations from the Healy-Oden Trans-Arctic
Expedition 2005 (HOTRAX 2005) [55].
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1.2 Structure

My thesis is structured as follows: after descriptions of the physical properties of sea
ice, spectral differences of melt ponds, and melting processes on sea ice in Chap. 2,
a brief introduction of the used sensors and the corresponding data sets are given
(Chap. 3). Chapter 4 presents two different methods for melt pond determination
from Landsat satellite data. This is followed by the description of a method for melt
pond determination using MODIS data in Chap. 5. Finally, a summary of the thesis
and an outlook are given in Chap. 6.

1.3 Publications

This thesis is based on the following publications, which have been published during
my Ph.D. studies:

• Rösel, A. & Kaleschke, L. (2011). Comparison of different retrieval techniques
for melt ponds on Arctic sea ice from Landsat and MODIS satellite data. Annals
of Glaciology, 52(57). [63]

• Rösel, A., Kaleschke, L., & Birnbaum, G. (2012). Melt ponds on Arctic
sea ice determined from MODIS satellite data using an neuronal network.
The Cryosphere, 6-2. [65]

• Rösel, A., & Kaleschke, L. (2012). Exceptional melt pond occurrence in the
years 2007 and 2011 on the Arctic sea ice revealed from MODIS satellite data.
JGR, 117. [64]

Excerpts of these publications will not be cited anymore in the following thesis.



Chapter 2
Physical Characteristics of Sea Ice

Perovich declares in his monograph “The Optical Properties of Sea Ice” [54]
parameters which are used to describe reflection, absorption, and transmission of
sea ice (see Fig. 2.1). In the recent study, the main focus is on the definitions related
to the reflection of solar incidence on sea ice.

2.1 Definitions

The spectral radiance I.�; �; �/ is the power of solar light in a particular direction,
defined by the zenith angle � , and the azimuth angle � at a particular wavelength �.
The spectral radiance has units of W m�2 sr�1 nm�1 [54].

The spectral irradiance F.�/ is the radiance projected onto a plane surface
and integrated over a hemisphere. Because of this projection the radiance is
scaled by cos� . The downwelling irradiance Fd .�/ is the radiance integrated over
downward directions like the sky, and the upwelling irradiance Fu.�/ is the radiance
integrated over upward directions [54]. This can be expressed as:

Fd .�/ D
2�Z

�D0

�=2Z

�D0

I.�; �; �/cos�sin�d�d� (2.1)

Fu.�/ D
2�Z

�D0

�Z

�D�=2

I.�; �; �/cos�sin�d�d�: (2.2)

Hence, the albedo (˛) at a particular wavelength (�) for the surface can be
described as fraction of the incident irradiance that is reflected:

A. Rösel, Detection of Melt Ponds on Arctic Sea Ice with Optical Satellite Data,
Hamburg Studies on Maritime Affairs 25, DOI 10.1007/978-3-642-37033-5 2,
© Springer-Verlag Berlin Heidelberg 2013
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Fig. 2.1 Scheme of radiative transfer in sea ice (modified from Perovich, 1996)

˛.�/ D Fu.�/

Fd .�/
; (2.3)

where ˛.�/ is named as spectral albedo or spectral reflectance value.
For many applications the wavelength-integrated or total albedo (˛t ) is used,

since it is a measure of the total solar energy absorbed by the surface [26,56]. In the
following context, when only albedo is mentioned, we typically refer to total albedo.
The total albedo can be expressed as:

˛t D

3000R
300

˛.�/Fd .�/d�

3000R
300

Fd .�/d�

; (2.4)

where the integral interval covers the incident solar spectrum from 300 to 3,000 nm.
Due to varying incident radiation, total albedo is dependent on sky conditions

[26, 28, 83] as well as the solar zenith angle [29, 83]. Under cloudy conditions with
high solar zenith angles, the total albedo of the same surface type is higher than
under clear sky conditions with low solar zenith angles [28, 29]. Perovich describes
that overcast albedo values can be up to 0.1 higher than clear sky albedo values [54]
(see Table 2.1). In this recent study, satellite data from optical sensors are used which
can only be obtained under clear conditions. Therefore, all values given in the result
section can be assumed as clear sky albedo values.
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Table 2.1 Total albedo of different sea ice surfaces for clear-sky and
cloudy conditions (after Grenfell [28])

Surface type ˛[clear] ˛[cloudy] �˛

Cold snow 0.851 0.929 0.077
Melting snow 0.607 0.678 0.071
Deteriorated melting ice 0.436 0.492 0.056
Undeterioated melting ice 0.294 0.332 0.037
Blue–green ice 0.273 0.309 0.036
Dirty ice 0.347 0.367 0.020
Early melt pond 0.239 0.266 0.027
Late melt pond 0.129 0.141 0.012

To calculate albedo on a large scale, surface-based total albedo values are
weighted with the fraction of their corresponding surface component [21, 55, 81].

The so-called areal-averaged albedo ˛ can be expressed as

˛ D ˛l Al C ˛pAp C ˛i Ai ; (2.5)

where A is the area fraction, ˛ is the wavelength-integrated albedo and l , p, i stand
for leads, ponds, and ice, respectively. Total albedo values of different surface types
can be found in the literature and are also listed in Sect. 2.3.

2.2 Surface Reflection

To describe surface reflection, it is essential to give definitions of the used angles:
the zenith angles � are defined as 90ı minus elevation angle of the sun or sensor.
The azimuth angles � are the differences from the viewing direction from the sun or
sensor to the North. The relative azimuth and zenith angles are the relative positions
from sun or sensor to each other (see Fig. 2.2).

Surface reflection has variable characteristics (Fig. 2.3): The one extreme is the
specular reflection, where the reflected angle �r is equal to the incident angle �i [62].
A calm water surface is a natural surface that represents most a specular reflector,
where the upward reflected flux Fr is equal the incident flux Fi .

The other extreme is the Lambertian reflection: The flux of upward reflected
radiation is equally distributed over all angles, irrespective of the direction of the
source. This can be expressed as

Fr D �Fi : (2.6)

Most surface types do not behave like a Lambertian or a specular reflector.
Therefore, a continuously varying function of both, the incident direction of
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Zenith

Sensor Zenith

Solar Zenith Northern Horizon

Southern Horizon

Eastern Horizon

Sensor Azimuth

Solar AzimuthRelative Azimuth

Relative Zenith

Western Horizon

Fig. 2.2 Definition of solar zenith angle, sensors zenith angle, solar azimuth angle, sensor azimuth
angle, relative azimuth angle, relative zenith angle (phase angle)

specular quasi-specular Lambertian

quasi-Lambertian complex

a b c

d e

Fig. 2.3 Examples of various types of surface reflection (after Petty, 2006)

radiation, and the reflected direction is described as the bidirectional reflection
distribution function (BRDF) �.�i ; �i ; �r ; �r / [83]. With the BRDF, the reflected
intensity can be described as I " of a surface in relation to a specific
direction .�r ; �r /:

I " .�r ; �r / D �.�i ; �i ; �r ; �r /S0cos�i ; (2.7)

where S0 is the solar flux normal to the beam. This relationship assumes direct
illumination of the surface by the sun at position .�i ; �i / in the sky. Therefore, this
relationship is only valid for clear sky observations.
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Fig. 2.4 Arctic sea ice surface covered with melt ponds displaying various characteristics. The
photo was taken from a helicopter during the Polarstern cruise ARK-XXII/2 in 2007. Photo:
Stefan Kern

Fig. 2.5 Arctic sea ice surface covered with light blue and dark blue melt ponds. An
inhomogeneous surface composed of floes with melt pond and ridges and cracks, intersected by
open water areas makes a surface classification with moderate resolution satellite sensors difficult.
The photo was taken from a helicopter during the Polarstern cruise ARK-XXII/2 in 2007. Photo:
Stefan Kern

2.3 Optical Properties of Sea Ice

Sea ice is a composite of small fractionated areas of melt ponds, leads, snow fields,
and ridges on a scale of meters over tens of meters to hundreds of meters. This
results in a very inhomogeneous surface (see Figs. 2.4–2.6).

Additionally, sea ice is composed of first-year and multi-year ice. Multi-year
ice has survived at least one melt season. The structure as well as the brine and
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Fig. 2.6 Arctic sea ice surface covered with melt ponds. In the center of the photo is the research
vessel Polarstern for comparison of the scales. The photo was taken from a helicopter during the
Polarstern cruise ARK-XXII/2 in 2007. Photo: Stefan Kern

air inclusions are different for each type of sea ice [72]. Therefore, each of these
categories has different physical and optical properties. By determining the albedo
changes of a larger area during the melting season, the knowledge of the temporal
and spatial albedo variability in each of these ice categories is essential [56].

The optical properties of ice and snow are a strong function of the wavelength
of the incident solar radiation (Fig. 2.7 on page 13). Highest spectral albedo values
(>0.9) appear in short wavelength ranges from 400 to 600 nm for dry snow. The
spectral albedo decreases toward longer wavelengths at a rate which seems to be
related to the liquid–water content of the surface layer [26]. At 500 nm melt ponds
have albedo values that can range between 0.6 for young and shallow ponds and
0.25 for matured ponds on multi-year ice. The variety of albedo values for ponds
is caused by differences in depths and underlying surfaces (see Figs. 2.8 and 2.9 on
pages 14f.).

The albedo is correlated to the amount of air bubbles and brine inclusions in
the sea ice. Hence, we can distinguish between albedo values of first-year ice and
multi-year ice [54]: the albedo of first-year ice is generally higher than the albedo
of multi-year ice.

It is recognized from Fig. 2.7, that snow covered ice, bare ice, and melting bare
ice (a–c) show a smaller reduction in the spectral albedo at higher wavelengths
than the both types of melt ponds (d and e). The spectral albedo of ponded
ice is characterized by a decrease between 500 and 800 nm. Because of the
relatively high transparency of water at short wavelengths, values below 500 nm are
determined primarily by scattering properties of underlying ice. The transition zone
(500–800 nm) represents a region where absorption of water becomes a dominant
factor. Above 800 nm radiation is almost totally absorbed by the water surface
and the underlying ice layer has no influence on the albedo [26]. These spectral
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Fig. 2.7 Spectral albedo values for different surface types on Arctic sea ice: (a) snow-covered ice
(dry snow), (b) cold bare ice, (c) wet snow, (d) melting first year ice, (e) young melt pond, (f ) and
(g) two types of mature melt ponds, and (h) open water. The gray columns represent the range of
the first four MODIS bands. For this study the spectral bands 1, 3, and 4 are used [26]

differences of snow, ice, and melt ponds can be used to separate melt ponds from
bare or snow covered ice [63].

In literature many spectral and total albedo values for different surface types are
given [6,26,27,54,56,83]. A broad collection of albedo values from various sources
is published on the website of the University of Alaska.1 Figure 2.10 on page 14
shows some total albedo values published by Perovich [54]. The values are ranging
from 0.06 for open water over 0.29 for mature melt ponds to 0.87 for new snow.

1http://www.gi.alaska.edu/�eicken/he teach/GEOS615icenom/albedo/albedo%20classification.
htm, accessed in February 2012.

http://www.gi.alaska.edu/~eicken/he_teach/GEOS615icenom/albedo/albedo%20classification.htm
http://www.gi.alaska.edu/~eicken/he_teach/GEOS615icenom/albedo/albedo%20classification.htm
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Fig. 2.8 Arctic sea ice surface covered with mainly light blue melt ponds. This photo shows a
temporal ice station on a floe for measuring ice thickness. The photo was taken from a helicopter
during the Polarstern cruise ARK-XXII/2 in 2007. Photo: Stefan Kern

Fig. 2.9 Arctic sea ice surface covered with mainly dark melt ponds. This photo shows a temporal
ice station on a flow for measuring ice thickness. The photo was taken from a helicopter during the
Polarstern cruise ARK-XXII/2 in 2007. Photo: Stefan Kern

Fig. 2.10 Wavelength-integrated albedos for different surface types on Arctic sea ice [54]
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2.4 Melting Processes on Sea Ice

To understand the development of sea ice throughout the melting period, it is
necessary to distinguish between five distinct phases in the albedo evolution: dry
snow, melting snow, pond formation, pond evolution, and refreezing [61].

In winter, most of the ice surface is covered with a dry snow layer of variable
depth, building a more or less homogeneous surface with a high total albedo
between 0.8 and 0.9 [61]. With onset of the summer melt season, the sea ice cover
is subject to profound changes in its physical state and optical properties. The point
in time when the melting process begins, strongly depends on the amount of solar
energy absorbed before and during the melt season. It should be noted that early
melt onset allows an earlier development of open water areas—which then again
enhance the ice-albedo feedback [58]. Additionally, a zonal onset of the first melting
processes is observable, starting in sub-Arctic regions like Bering Sea and Hudson
Bay in mid-April. In the Central Arctic, first melting starts in June [45]. These
observations are clearly related to the increasing solar radiation during spring and
summer and have a strong latitudinal dependence. A trend to an earlier melt onset
and a later freeze-up date in the entire Arctic region for the last three decades is
described in literature [45]. The resulting longer melting periods are again a positive
factor to the ice-albedo feedback mechanism.

Starting in April in sub-Arctic regions, dry snow wettens and begins to melt.
Snow grains transform and grain size generally increases [28]. Even these first
melting processes can reduce the albedo of snowy surfaces by about 10–20 % .

Snow melting processes depend on the properties of the snow cover, mainly
on the snow depth. The variability of Arctic snow cover depth ranges from none
to several meters in leeward sides of ridges or other obstacles. In the Central
Arctic, snow cover usually disappears by end of June [21]. Melt water of snow
and ice accumulates in surface depressions and other surface deformation features.
Compared to the much more irregular surface topography of multi-year ice, plane
and flat surfaces of first-year ice have the potential to host large and extended melt
pond areas [16, 21]. They can reach a coverage of over 50 % of the total sea ice
area [28]. On a flat topography of first-year level ice and in an early melt stage, the
melt pond fraction can even rise up to 90 % [57]. As melting develops, pond water
drains through porous ice and cracks [17]. The pond properties and distribution
on multi-year ice are described as smaller, deeper, and more numerous than on
first-year ice [88].

The heat transfer due to convection in water exceeds the one of ice. Additionally,
the lower albedo of ponded ice allows a higher penetration of heat into the ice. Both
factors yield to a two to three times higher melt rate beneath ponds compared to the
melt rate of bare ice [21]. Hence, the ponds deepen and can even melt through the
ice layer. With the increasing depth of the ponds, also the diameter decreases [21].

On the one hand, spectral as well as total albedo of bare ice are fairly constant
during the melting period. On the other hand, albedo of ponded ice depends on the
pond depth and varies throughout the melting period [56].
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Fig. 2.11 Refrozen and partly snow covered melt ponds on Arctic sea ice. The photo was taken
during the Polarstern cruise ARK-XXII/2 in 2007. Photo: Stefan Kern

Melt ponds are nearly salt free and the density maximum of the ponded water
lies well above the freezing point [21]. Consequently, radiative heating favors
convection within the pond: due to the density anomalies of water, the warmer water
will sink down and thus causes further melting. Convection and mixing of the water
is additionally enhanced by wind [17]. In late summer, melt ponds tend to melt down
to sea level and drain towards the ocean.

Mature ponds are effective traps for the first drifting snow. Through the capillar
effect, the water level of the pond rises. Therefore, it is less likely that this particular
area will be pond covered in the next melting season [21]. Freeze-up starts in
late August or early September, caused by low air temperatures. This results in a
decreasing melt pond fraction. A snowfall event after freeze-up will cover the melt
ponds and albedo resulting in a higher surface albedo (see Fig. 2.11).

The large inter-annual variability of the melt pond coverage can be caused by
several factors: year-to-year variations of weather (mainly clouds and radiation),
amount of melt water availability from snow, variable surface topography, floe size
distribution, and their effect on runoff-pattern [21, 71].



Chapter 3
Optical Remote Sensing

The sensors used in this study are part of the on-board measurement system of the
satellites Landsat 7, Terra and Aqua. All three are near-polar orbiting satellites. This
ensures acquisition of a neighboring swath during the next orbit. Their orbits are
sun-synchronous, resulting in image acquisition at nearly the same local time for
each area of the world. For more technical details of satellites and sensors see [34].

3.1 Landsat 7 ETMC

The sensor Enhanced Thematic Mapper plus (ETMC) on board the satellite
Landsat 7 is an opto-mechanical multi-spectral scanner, which scans the surface
line by line with an oscillating mirror perpendicular to the flight direction (across-
track scanning). Each line represents a 185 km long and 480 m wide sweep on the
surface [38]. The inclination of the orbit is 98:2ı. This allows acquisitions of data
up to a latitude of 82ıN.

The incoming reflected radiation passes a telescope and is separated into seven
spectral bands with 30 m (reflective bands 1–5 and 7) and 60 m (thermal band 6)
spatial resolution1 with a range from 0.45 to 12.5 �m. The received electromagnetic
energy is converted into 256 discrete levels referred to as digital numbers (DN). The
ETMC has an additional panchromatic band with 15 m spatial resolution. In contrast
to SPOT or Terra, Landsat is not able to look at any position other than directly
downward, therefore the revisiting period is fixed at 16 days. Getting closer to the
pole, the overlap of adjacent orbit paths increases and the same point is acquired
more often.

The scan line corrector (SLC), which compensates for the forward motion of the
satellite, failed on May 31, 2003 [38]. The resulting effect is a “striped” image with

1Detailed wavelength ranges are listed in Appendix A.1.

A. Rösel, Detection of Melt Ponds on Arctic Sea Ice with Optical Satellite Data,
Hamburg Studies on Maritime Affairs 25, DOI 10.1007/978-3-642-37033-5 3,
© Springer-Verlag Berlin Heidelberg 2013
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Fig. 3.1 Top image: pre-SLC anomaly scene. Bottom image: scene after SLC anomaly [38]

data gaps extending from the side edges to the middle of the image (see Fig. 3.1).
This problem cannot be recovered and appears to be permanent. From this point in
time Landsat 7 ETMC is acquiring image data in the “SLC-off” mode. The SLC
anomaly causes a data loss of approximately 22 % [9]. The gaps can only be filled
by interpolation, but this procedure is not applicable for the determination of melt
ponds.

3.1.1 Radiometric Calibration Procedure

The following equation is used to calibrate the level 1G DNs to absolute radiances
R� in W m�2 sr�1 nm�1 at the sensor’s aperture

R� D Lmax� � Lmin�

DNmax � DNmin
� .DN � DNmin/ C Lmin�; (3.1)

where Lmin� and Lmax� are the spectral radiances scaled to DNmin, respectively
to DNmax for each band in W m�2 sr�1 nm�1. These have to be extracted for each
band gain (high or low) respectively. The gain values change as the detector looses
responsivity and are issued as Calibration Parameter Files (CPF’s) updated for
distinctive image acquisition time frames. The CPF files can be obtained at http://
landsat7.usgs.gov/cpf/cpf.php.

DNmin and DNmax represent the minimum and the maximum quantized calibrated
pixel value. Here we use DNmin D 1 and DNmax D 255; DN is the quantized
calibrated pixel value in DN.

After scaling DNs to absolute radiances for each wavelength (R�), these
radiances are converted to planetary or top-of-the-atmosphere (TOA) reflectance
values ˛TOA using the following formula:

˛TOA D �R�d 2

S�cos�
; (3.2)

where R� is the spectral radiance at the sensors aperture from Eq. (3.1), d is the
distance Earth–sun in astronomical units, S� is the mean solar exoatmospheric
irradiance in W m�2 nm�1, and cos� is the solar zenith angle in degrees (see Fig. 2.2
on page 10).

S� and d are found in the Landsat 7 Science Data Users Handbook.

http://landsat7.usgs.gov/cpf/cpf.php
http://landsat7.usgs.gov/cpf/cpf.php
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3.1.2 Reprojection and Resampling

Landsat data are delivered as GeoTiff files in Universal Transverse Mercator (UTM)
map projection. For a better display and comparison with different sea ice products,
the data is reprojected onto a polar stereographic grid according to the specifications
of the National Snow and Ice Data Center (NSIDC).2 For the comparison with
MODIS data, we resample the data to a common multiple grid size of 50 m � 50 m,
using a nearest neighbor algorithm.

3.2 MODIS

The MODIS (Moderate Resolution Image Spectroradiometer) sensor is a key
instrument on board the Terra and Aqua satellites. The satellites were launched
on December 18, 1999 and May 4, 2002, respectively, in a sun-synchronous, low
altitude (705 km), near-polar orbit and at an inclination of 98.21ı. While Terra is on
a descending node with a mean equator crossing time of 10:30 a.m., Aqua operates
on an ascending node with an equatorial overpass at 1:30 p.m. The continuous data
collection of the two sensors are continuing through today and providing a complete
spatial coverage of the Arctic Ocean for the past 12 melt cycles.

MODIS is acquiring data in 36 spectral bands,3 ranging from 0.4 to 14.4 �m,
with a resolution from 250 m to 1 km. From MODIS observations, several data
products to describe land, ocean, and atmosphere features are offered through
the NASA Warehouse-Inventory-Search-Tool (WIST) website.4 For this study, we
select the MOD09 surface reflectance data set. This data set is based on the
MODIS level 1B product. The level 1B product contains calibrated and geolocated
at-aperture radiances in W m�2 sr�1 nm�1 from all spectral bands of the MODIS
sensor [48]. The MOD09 product is computed from the first seven bands of the
level 1B product and is corrected from atmospheric scattering and absorption.
Additionally, a BRDF correction should be applied (see also Sect. 2.2). In reality,
however, the BRDF correction over sea ice is only performed in some coastal and
shallow ocean regions.5

The MOD09 product is available in two levels: The level 2 product or
MOD09GA is directly produced from the daily collected and to level 1B
transformed MODIS data. Therefore, a global MOD09GA data set exists for each
day. The best level 2 observations of the following 8-day period in respect of good
viewing geometry, absence of clouds and cloud shadows, and aerosol loading are

2http://nsidc.org/data/polar stereo/ps grids.html, accessed in February 2012.
3Detailed wavelength ranges are listed in Appendix A.2.
4https://wist.echo.nasa.gov/api/, accessed in February 2012.
5Personal communication with Chrystal Schaaf, 24 August 2010.

http://nsidc.org/data/polar_stereo/ps_grids.html
https://wist.echo.nasa.gov/api/


20 3 Optical Remote Sensing

used to produce the level 3 or MOD09A1 product. The resolution of both MOD09
products is 500 m � 500 m.

A detailed description of the product is given in the MODIS Surface Reflectance
Users’s Guide [82].

3.2.1 Surface Reflection and BRDF of Sea Ice

For the study on MODIS data, we act on the assumption that the spectral signature
of MODIS’ moderate resolution pixels always contain different surface types in the
presence of sea ice. Therefore, we presume that the sea ice surface is comparable
to the spectral signature of a Lambertian reflector (see Sect. 2.2) and a BRDF
correction can be neglected.

To verify this assumption, available cloud-free MODIS level 1B data for a
defined area and time period are selected. As test area, we chose Franklin Bay
(69ı400N, 125ı300W). This bay is a large inlet in the Northwest Territories, Canada,
located in the southeastern Beaufort Sea (see also Fig. 1.2 on page 4). The test
period is June 2008. In the beginning of June, Franklin Bay is covered with fast ice
and drift ice. The drift ice disappears in mid-June, the fast ice breaks off around
June 23, so that the ocean is nearly ice free at the end of June (see Fig. 3.2).
The selected subset contains open water areas, which represent the lowest TOA-
reflectances in the MODIS scene with values around 0.2 in band 1 (459–475 nm).
The snow covered sea ice areas represent the highest reflectances with values up to
0.8 in the same spectral range. Figures 3.3–3.5 describe the lowest and the highest
values found in each data set as a function of the solar zenith angle, the relative solar
azimuth angle, and the relative solar zenith angle, respectively. For the definitions of
the angles, see Fig. 2.2 on page 10. We chose the lowest spectral range (band 1) for
the analysis of the reflectances, because it is most sensitive to the high reflecting
snowy surfaces (see also Fig. 2.7 on page 13). In Fig. 3.3, a dependence of the
minimum values—representing open water—on the solar zenith is observable. Since
a calm water surface is assumed to be a specular reflector, this dependence is
expected. In contrast thereto, the maximum values—representing high reflecting
surfaces—display no dependence on the solar zenith. The same effect can also be
observed in Fig. 3.4 and 3.5. Since we cannot observe any dependence in the high
values to the solar irradiance, the BRDF correction can be neglected for sea ice areas
represented in MODIS pixels.

In a comparison of surface albedo of the Arctic Ocean from AVHRR data
with SHEBA data it is described, that with the onset of sea ice melt, the surface
becomes very inhomogeneous and is assumed to be a Lambertian reflector [86].
Additionally, after the statements from Grenfell (1977), the total albedo correction
by using (i) empirical curves for the dependence of albedo on solar elevation and
(ii) a specular correction based on the Fresnel reflection formulas especially for melt
pond data is generally not more than 0.05 [26].
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Fig. 3.2 Time series of MODIS images showing the Franklin Bay, Canada. The acquisition dates
are (a) May 13, 2008, (b) June 3, 2008, (c) June 7, 2008, and (d) June 16, 2008. The images are
true color composites (bands 2–4–3) of MODIS level 1B data

The both above given statements confirm the decision to neglect the BRDF
correction for sea ice areas and to assume the sea ice surface as Lambertian reflector.

3.2.2 Data Masking

The MOD09 surface reflectance products used in this study are already corrected
for atmospheric gases, aerosols, and thin cirrus cloud contamination.

To remove cloud pixel and land pixel, we use the cloud and land flags contained
in the MOD09 product. From this flags both, a cloud mask and a land mask, are
generated.

Clouds are generally characterized by higher reflectances and lower temperatures
than the Earth’s surface. This fact can be used to distinguish cloud pixels from clear
sky pixels. The cloud masking algorithm is based on a multi-spectral thresholding
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Fig. 3.3 Relation between solar zenith angles and TOA-reflectance values for level 1B data of
band 1 (457–475 nm) from the MODIS sensor. Displayed are the highest value (max value) and
the lowest value (min value) of each available data set of the Franklin Bay case study in June 2008

Fig. 3.4 Relation between relative zenith angles and TOA-reflectance values for level 1B data of
band 1 (457–475 nm) from the MODIS sensor. Displayed are the highest value (max value) and
the lowest value (min value) of each available data set of the Franklin Bay case study in June 2008

technique, applied to each pixel of the satellite overpass scene. A detailed
description of the algorithms and thresholds used can be found in the Algorithm
Theoretical Basis Document from the MODIS Cloud Mask Team [1]. From visual
tests, we decide to define pixels with the attributes ”cloudy” (confidence <D 0:66)
and “probably cloudy” (0:95 >D confidence > 0:66) as cloud-contaminated pixels
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Fig. 3.5 Relation between relative azimuth angles and TOA-reflectance values for level 1B data
of band 1 (457–475 nm) from the MODIS sensor. Displayed are the highest value (max value) and
the lowest value (min value) of each available data set of the Franklin Bay case study in June 2008

and the attributes “probably clear” (0:99 >D confidence > 0:95) and “confident
clear” (confidence > 0:99) as clear-sky pixels.

The MOD09 product additionally contains a land/water background flag. This
flag defines four possible surface types: land, water, desert, coast. For our purposes
the flags land, coast, and desert are merged into the land flag. The sum of all land
flags yields a land mask.

3.2.3 Reprojection and Mosaicking

The MOD09 product is delivered as HDF6 in a sinusoidal grid, containing 460
non-overlapping tiles. The original MODIS tiles are first reprojected onto a polar
stereographic grid according to the specifications of the National Snow and Ice Data
Center (NSIDC).7 The single spectral bands are stored separately. For reprojection
and processing GDAL (Geospatial Data Abstraction Library) [24] and Python
SciPy [33] are used. The single spectral bands are merged to a GDAL data set, that
contains all necessary information which are also included in the former HDF tile.
From this GDAL data set the desired information are read out, e.g. spectral values
of specific bands or flags. Cloud and land masks are created and overlaid over the
single spectral bands (see Section above). Finally, the spectral bands are mosaicked

6Hierarchical Data Format.
7http://nsidc.org/data/polar stereo/ps grids.html, accessed in February 2012.

http://nsidc.org/data/polar_stereo/ps_grids.html
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Fig. 3.6 Pre-processing steps for the MODIS surface reflectance product (MOD09)

band-wise and stored as NetCDF8 (Fig. 3.6). These Arctic-wide mosaics are used as
input data for further calculations.

8Network Common Data Form.
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For the comparison with validation data or to gain a quick overview over an
area, true color composites from the MODIS level 1B product, using the spectral
band combination 2–4–3 are generated. The level 1B data are obtained from the
website http://lance-modis.eosdis.nasa.gov/cgi-bin/imagery/realtime.cgi, accessed
in February 2012.

http://lance-modis.eosdis.nasa.gov/cgi-bin/imagery/realtime.cgi


Chapter 4
Melt Pond Determination from Landsat
Satellite Data

4.1 Studies on Landsat Data

Since January 2009, Landsat satellite imagery is freely accessible through the
archive of the US Geological Survey (USGS).1 To use this potential, we conducted
an extensive archive search with a subsequent case study. Due to strong limitations
regarding coverage and pixel quality (see Sect. 4.1.1), the performed archive search
yielded only two usable Landsat 7 ETMC scenes over the Arctic sea ice area for
the summer 2001. For the case study, we select an area of 25 km � 25 km in the
northern Beaufort Sea at 80ı–82ıN, covered by a Landsat 7 ETMC scene with a
sun elevation angle of 28:7ı which is acquired on July 18, 2001 (Fig. 4.1).

As can be seen from a true-color composite of the study area, shown in Fig. 4.2,
the reflectivity of the different ice fractions varies significantly when using the
Landsat band combination 3–2–1. Snow covered areas appear white. With the onset
of the melting and wetting of snow and ice surfaces, the color spectrum varies across
shades of gray and blue. Shallow melt ponds appear in light blue and change from a
green–blue tone to a darker color once they have reached their full extend [43]. The
color of a melt pond is not only depending on the depth but also on the texture of
the underlaying surface [55].

Within this subset, reference areas for further analysis are defined. The reference
areas or training areas cover all necessary features such as open water (A), snow
covered ice (B), and two types of melt ponds (C and D). These features are visually
identified from Fig. 4.2. We assume, that they are suitable to represent the specific
classes.

1Landsat imagery held in the USGS archives can be searched on the following pages:

• Glovis: http://glovis.usgs.gov;
• Earth Explorer: http://earthexplorer.usgs.gov;

both accessed in February 2012.

A. Rösel, Detection of Melt Ponds on Arctic Sea Ice with Optical Satellite Data,
Hamburg Studies on Maritime Affairs 25, DOI 10.1007/978-3-642-37033-5 4,
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Fig. 4.1 Overview of the
study area defining the
location of the selected
Landsat 7 scene from July 18,
2001 and the subset area
(black square) used for this
case study

Fig. 4.2 25 km � 25 km true
color subset (band
combination 3–2–1) of the
Landsat scene displayed in
Fig. 4.1 showing the selected
training areas (description in
the text). This subset is used
for all analysis. The red box
shows the zoom in area for
the comparison of the
different methods (Fig. 4.7).
The coordinates are the
number of grid cells

4.1.1 Archive Search and Saturation Problems

The freely accessible Landsat archive with acquisitions from all Landsat sensors
covering a time period from 1972 until today is a valuable data collection of Earth
observation data, which appeared to be suitable to study melt ponds on the Arctic
sea ice.



4.1 Studies on Landsat Data 29

The aim was to use this extensive collection of satellite data from an optical
sensor for determining melt ponds on the Arctic sea ice, therefore we started with
an archive search of the USGS archive. During the archive search, we had to realize
that most of the satellite scenes cover only coastal areas and scarcely open sea ice
areas. The long revisiting time of 16 days and the high number of overcast days in
the Arctic region are an additional limiting factor to the total number of suitable
scenes. Moreover, the 8-bit Landsat sensors have severe problems with saturation
over snow- and ice-covered surfaces which is also related to the solar elevation [4].

Saturated scenes are generally not applicable for the purpose of this study,
since the methods used for analyzing the Landsat images are based on the spectral
differences between the first four optical and NIR bands of the sensor. Subsequently,
suitable scenes regarding location and cloud cover were downloaded to search for
non-saturated data sets. The first four bands were read in and the maximum values
of the DN were identified. If the maximum value is at least in one band equal to
255, the scene was flagged as saturated. This search was time-consuming and thus
we aborted the search after we found two unsaturated scenes from July 18, 2001
(see Sect. 4.1) which are used in the further analysis as study area.

4.1.2 Determination of Melt Ponds After Markus et al. (2003)

The spectral differences of melt ponds in comparison to bare or snow covered sea
ice and open water, as described in Sect. 2.3, are used to detect melt ponds with a
method proposed by Markus et al. (2002, 2003) [43, 44]. From Fig. 2.7 on page 13,
it is evident that these spectral differences of the individual surface types increase
with longer wavelengths.

The differences of two spectral bands of the Landsat 7 ETMC sensor2 are used
in this method to detect melt ponds. The differences between band 2 and band 3
(�23 D ˛b2 � ˛b3), which are located above a certain threshold, are classified
as ponded area. Values below this threshold are categorized as open water and
unponded ice areas. To distinguish also between open water and ice, the spectral
information from band 1 (˛b1) is used: High values are classified as ice, low values
as water. For the selected Landsat 7 subset �23 is plotted versus ˛b1 and the scatter
plot is divided into three regions, using the following threshold and tie-points (see
Fig. 4.3): �23T D 0:06 distinguishes between melt ponds and open water/ice,
additionally ˛b1T D 0:16 is defined as 100 % open water and ˛b1T D 0:82 as 100 %
ice. If �23 = 0:06 and ˛b1 D 0:45, the pixel is defined as 100 % melt pond. The
pixels of the selected training areas (A: open water, B: snow covered ice, C and D:
two types of melt ponds, see Fig. 4.2) are highlighted in Fig. 4.3.

The described procedure strongly depends on the choice of the thresholds and
tie-points. These values need to be determined separately for each satellite scene.

2Band specifications of the Landsat sensor is displayed in Appendix A.1.
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Fig. 4.3 Scheme of the tie point method for classifying Landsat images (after [44]). A, B, C, D
show the pixels of the training areas for open water, snow covered ice and melt ponds (see Fig. 4.2)

Therefore, this method is not adequate for an automatic processing routine. We use
the results of this method as a reference for comparison with a new method,
introduced in Sect. 4.1.3.

4.1.3 Determination of Melt Ponds Based on Principal
Component Analysis

To detect melt ponds with a method based on principal component analysis (PCA),
the same spectral differences of melt ponds in comparison to bare or snow covered
sea ice and open water as used in the melt pond determination after Markus et al.
(2003) (see Sect. 4.1.2) are used.

For the analysis of the data using PCA, we decide to use the spectral bands that
can best resolve these spectral differences. Figure 4.4 displays a two-dimensional
(2-D) histogram plot of band 1 versus band 4 of the above described Landsat
scene. Included are pixels of the determined training areas (see previous section).
A maximum of pixels is detected at high reflectances in both bands. A second
maximum is located at the low reflectances in both bands. Both maxima are
represented through the training areas A (open water) and B (snow covered ice).
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Fig. 4.4 2-D histogram of Landsat reflectivities of band 1 versus band 4 for the selected scene.
A, B, C, D show the training areas for open water, snow covered ice and melt ponds (see Fig. 4.2).
The straight line describes the mean vector [see Eq. (4.1)]

It is observable, that the main quantity of pixels—including classes A and
B—lies on a main axis, with values that are highly correlated between the two
bands; they represent the first principal component. Another cluster is found which
includes those reflectances with lower values in band 4 than their pendants in band 1.
This cluster describes pixels with an included melt pond fraction and represents the
second principal component. Thus, the classes C and D can be found in this cluster.

To separate the pixels with a melt pond fraction from pixels which only have
a snow and water signature, the PCA is applied. First, the mean vector of the
first principal component (g1) and a rotation matrix must be defined. The second
principal component (g2) is perpendicular to g1. Generally, g1 is evaluated from all
pixels of the data set, but for this analysis, the mean vector is defined only for the
“main axis” (open water–ice pixels) by using the two maxima of the 2-D histogram
plot (see Fig. 4.4). The mean vector can be described with a linear equation:

f .x/ D mx C b; (4.1)

with slope m and offset b.
The rotation matrix is defined as:

R D
�

cos 	 � sin 	

sin 	 cos 	

�
; (4.2)
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Fig. 4.5 Transformed, new coordinate system with G2 and G1. A, B, C, D show the training areas
for open water, snow covered ice and two types of melt ponds (see Fig. 4.2)

where

	 D � arctan m: (4.3)

The individual components, also called eigenvectors, g1 and g2 describe the
principal component axis of the original coordinate system. After the application
of the transformation matrix, the pixels are positioned in a new coordinate system,
where the eigenvectors g1 and g2 become the new axis G1 and G2 (see Fig. 4.5).
Now, the data do not exhibit a discernible correlation between the “main axis” and
the cluster of melt ponds. Furthermore, the transformed data set allows a distinction
between the water–ice axis and the cluster of melt pond pixels.

A threshold to separate the water–ice pixels from the melt pond pixels is defined.
This threshold runs parallel to the open water–ice axis and is identified as follows:

G1 > 0:2 and G2 D max.G2/: (4.4)

For the analyzed Landsat subset, the threshold value is set to G2T D 0:3. All
pixels with values above the given threshold will be assigned as “melt pond pixels”.

In the present case, melt pond areas are very well developed and it can be
assumed that at least one pixel is covered completely with melt ponds. All other
pixels are only fractionally ponded. The melt pond pixels are scaled between 0 %
and 100 % (see Fig. 4.5).
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To determine the melt pond fraction—that means only the fraction of melt ponds
on the sea ice—the open water area needs to be defined and subtracted from the
overall area. For determination of the open water area in Landsat data a threshold
technique is applied, as already used by Steffen et al. (1991) and Cavalieri (2006)
[8, 74]:

G1 < 0:2 and G2 < G2T : (4.5)

4.2 Results

4.2.1 Sensitivities and Error Calculation

The threshold, which divides pixels into ponded or unponded sea ice, is the input
parameter in this analysis. The uncertainty of this method is mainly determined by
the threshold value G2 D 0:3. The threshold in this procedure is depending on
the solar zenith angle, the geographical latitude and subsequently on the spectral
reflectance of the surface. Hence, the threshold must be defined for each satellite
scene. Therefore, it is important to investigate how sensitive the results depend on a
variation of G2T D ˙1 % and G2T D ˙5 %, and correspondingly �23T D ˙1 %
and �23T D ˙5 % for the method of Markus et al. (2003) [44].

For G2T D ˙1 % the total melt pond area varies by 4.75 % and for G2T D ˙5 %
the area varies by 22.45 %. The almost linear increasing of the error in both
procedures shows, that the distribution of the melt pond fraction is in this case a
uniform distribution. The calculated errors for the PCA method in this case study are
about 0.5 percentage points lower than for the method of Markus et al. (2003) [44].

For the error estimation, all mixed pixels at the open water/ice edge are marked
and assigned as 50 % misclassification. This results in an error of ˙0.35 % for the
open water area for this subset.

Tests in the full Landsat scene show that a variation of ˙5 % for the threshold is
realistic. Hence, this value was used for the error calculation.

4.2.2 Comparison of Two Methods

The results from the classification method based on the PCA, as described in
Sect. 4.1.3, is shown in Fig. 4.6b. The comparison of the melt pond fraction with
the true-color composite (Fig. 4.6a) shows marked similarities.

Figure 4.6c displays the result of the classification with the method after
Markus et al. (2003) [44] as described in Sect. 4.1.2. The melt pond fraction exhibits
conformity with the results of the PCA and the true-color composite. The coefficient
of determination for both methods is R2 D 0:94.
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Fig. 4.6 (a) 25 km � 25 km
true color subset (band
combination 3–2–1) from the
Landsat scene displayed in
Fig. 4.1 on page 28 with the
selected training areas A–D
(description in the text). This
subset is used for all analysis.
The red box shows the zoom
in area for the comparison
(Fig. 4.7). The coordinates are
the number of the grid cells.
(b) Melt pond fraction of the
Landsat subset determined
with PCA. Black areas are
identified as open water.
(c) Melt pond fraction of the
Landsat subset determined
with the method after Markus
et al. (2003) [44]. Black areas
are open water
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Table 4.1 Comparison of the results

PCA Markus

Melt pond coverage in km2 106:3 ˙ 23:9 88:8 ˙ 10:6

Melt pond fraction in % 17:1 ˙ 3:8 14:3 ˙ 3:3

Fig. 4.7 Close up of the results shown in Fig. 4.6: (a) true color zoom in; (b) results of the PCA;
(c) results of Markus’ method; (d) differences of PCA and Markus’ method

The results of both described methods are compared in Table 4.1: calculations
performed with PCA result in a melt pond cover of 106:3 ˙ 23:9 km2, which
corresponds to a melt pond fraction of 17:1 ˙ 3:8 % of the sea ice area. After the
method of Markus et al. (2003) [44] melt ponds cover 88:8 ˙ 10:6 km2 of the total
sea ice area, which results in a melt pond fraction of 14:3˙3:3 % of the sea ice area.

Figure 4.7d shows differences of the spatial melt pond distribution determined
using PCA (Fig. 4.7b) and Markus’ method (Fig. 4.7c), respectively. In areas with an
apparently high melt pond fraction (>20 %), the results of the method after Markus
and others (2003) give up to 20 % lower values than the PCA. On the contrary, in
areas with a generally lower melt pond fraction (<20 %), this method gives up to
10 % higher values than the PCA.

4.3 Discussion and Conclusion

4.3.1 Discussion

Table 4.1 lists the results of the calculated melt pond fraction using the above
described methods. Both methods using Landsat imagery are consistent.
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The differences between both methods may result from the fact that three spectral
bands (bands 1–2–3) are used in the Markus et al. (2003) [44] method. They cover
only the short wavelength range of the spectral reflectances of the surface features.
For the PCA method only band 1 and band 4 are used. Band 4 utilizes the advantage
of larger spectral differences between melt ponds and ice or snow cover.

In addition, the method of Markus et al. (2003) [44] needs more manual input
than the PCA method, because for each satellite scene tie-points for each fraction
must be defined. For the PCA method, only the threshold that separates the melt
pond fraction from the snow–water fraction needs to be defined.

Regarding the sensitivities of the thresholds, the lower values for the PCA
method result from the sharp defined data separation into melt pond fraction and the
snow–water fraction (see Fig. 4.5). It is recognizable from Fig. 4.3, that the ice–open
water axis in the method after Markus is not exactly parallel to the threshold. This
effect causes the slightly more diffuse intersection between the two fractions.

4.3.2 Conclusion

Very high resolution satellite data are potentially useful to determine melting
features on Arctic sea ice. This can be performed by analyzing the spectral
differences of different surface types.

However, an extensive archive search of the USGS archive for suitable Landsat
scenes yielded only a small number of usable scenes. A closer inspection of the
data reveals that nearly all scenes, which potentially could contain melt ponds, have
problems caused by saturated pixels. Saturation is related to a high sun elevation
and a highly reflecting surface type. Existing procedures to interpolate between
the saturated and unsaturated bands could not easily be applied, since the different
spectral signals of the surface types have to be utilized. Another disadvantage is the
revisit time of the ETMC sensor every 16 days. Additionally, the Arctic is an area
with an above-average amount of cloudy days, which limit the number of usable
satellite scenes.

The above mentioned facts show clearly, that very high resolution satellite data
can additionally be used for detecting melt ponds and can therefore provide a basis
for comparison with lower resolution satellite data, but they cannot be used as the
only data source for the creation of a seasonal melt pond data set of the entire Arctic.



Chapter 5
Melt Pond Determination from MODIS Data

As demonstrated in Sect. 4.1, the extensive Landsat archive is not suitable to
generate neither a multi-annual nor an Arctic-wide melt pond data set. Because of
the comparatively lower resolution and wider swath width of the MODIS sensor,
a continuous spatial coverage of the Arctic with satellite data is available. There
is however, a downside to the lower resolution. Given, that one MODIS pixel
represents an area of 250 m � 250 m, it must be assumed that each pixel above sea
ice contains more than one surface type. In remote sensing, these pixels are called
“mixed pixels”. Since no specific surface type can be assigned to the “mixed pixels”,
the two in Chap. 4 described methods for determining melt ponds from Landsat data
are not applicable on MODIS data. Therefore, another approach which considers
these “mixed pixels” is introduced.

5.1 Method

As already described in Sect. 2.3, the spectral albedo of sea ice is a function of the
wavelength of incident solar radiation (see Fig. 2.7 on page 13). Highest albedo
values appear for dry snow in the short wavelength range from 400 to 600 nm.
The albedo is decreasing towards longer wavelengths. At 500 nm, melt ponds have
albedo values between 0.6 for young and shallow ponds and 0.25 for mature
ponds. As mentioned before, albedo values for melt ponds depend on the depth
and underlying surface of the ponds.

Snow covered ice, bare ice, wet snow, and melting bare ice show a smaller
reduction in spectral albedo at higher wavelengths than the different types of melt
ponds. The albedo of ponded ice is characterized by a decrease between 500 and
800 nm. In this wavelength range the absorption of water becomes a dominant
factor and is responsible for the reduction of the spectral albedo. Above 800 nm, the
radiation is nearly totally absorbed by the water surface, and the underlying ice layer
has no influence on the albedo [26]. The spectral curve for open water (Fig. 2.7h on
page 13) shows values around 0.06 through the entire wavelength spectrum.

A. Rösel, Detection of Melt Ponds on Arctic Sea Ice with Optical Satellite Data,
Hamburg Studies on Maritime Affairs 25, DOI 10.1007/978-3-642-37033-5 5,
© Springer-Verlag Berlin Heidelberg 2013

37



38 5 Melt Pond Determination from MODIS Data

Table 5.1 Spectral reflectances (ri ) of surface types used in the unmixing
algorithm [81]

MODIS Bandwidth Resolution Melt pond Snow/ice Open water
band (nm) (m) rM rI rW
1 459–479 500 0.22 0.95 0.08
3 620–670 250 0.16 0.95 0.08
4 841–876 250 0.07 0.87 0.08

5.1.1 Three-Surface Class Model

Based on the differences of the spectral curves in Fig. 2.7 on page 13, we decide
to distinguish between three surface types: open water (W), melt ponds (M), and
snow and ice (I) [63, 81]. To calculate the albedo of sea ice on a large scale, the
surface-based albedo values are weighted with the fraction of their corresponding
surface component [21, 55, 81].

The so-called areal-averaged albedo ˛ for larger areas containing three surface
types is then expressed as

˛ D ˛WAW C ˛MAM C ˛IAI; (5.1)

where Ai is the area fraction and ˛i is the wavelength-integrated albedo.
The identification of the three surface types on Arctic sea ice is based upon

a spectral unmixing procedure of multi-spectral satellite images and proposed by
Tschudi et al. (2005, 2008) [80, 81].

It is based on the following equations:

AWrW.�1/ C AMrM.�1/ C AIrI.�1/ D R.�1/

AWrW.�3/ C AMrM.�3/ C AIrI.�3/ D R.�3/

AWrW.�4/ C AMrM.�4/ C AIrI.�4/ D R.�4/

AW C AM C AI D 1; (5.2)

where R.�k/ is the reflectance of each band k D 1, 3, and 4, with the corresponding
wavelengths �1 D 459–479 nm, �3 D 620–670 nm, and �4 D 841–876 nm, for
each MODIS pixel. Ai is the fractional coverage of each surface type, and ri .�k/

represents the spectral reflectance for each surface type and for each band. The
specific reflectance values for the three surface types used for these equations are
listed in Table 5.1.

The system of linear equations (5.2) contains three unknowns (AW; AM; AI)
in four equations, therefore this system of equations has to be considered as
overdetermined. That means (i) more than one exact solution can be possible,
(ii) there is no solution, and (iii) there is an infinite number of solutions. Thus, we
treat the linear equations (5.2) as an optimization problem. For the solution of these
equation we use a quasi-Newton approximation method (see Sect. 5.1.2).
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With the assumption of a three class mixture model and the selection of
three surface types, we find that especially equations describing the surface types
open water and melt ponds are almost linearly dependent. Therefore the system of
linear equations (5.2) is not well conditioned. To comply with physical principles,
it is necessary to constrain the solution interval between zero and one for each class.
This side condition reduces additionally the linear dependency and is expressed by
a sigmoid function,1 implemented in a cost function Fcost:

Fcost D Œ.r � x/ � R
 C Œ.1 � tanh.x	/ � tanh..x � 1/	/
w; (5.3)

where r is the vector of the spectral reflectance values for each surface type, x is
a vector of initial guess values for the fractions of surface types, R is the vector
of the measured reflectance values (R D ŒR.�1/; R.�3/; R.�4/


T ), 	 is a gradient
to define the slope of the function at the values zero and one, and w is a weighting
factor. We chose as initial guess values x D Œ0:25; 0:25; 0:25
T , as gradient 	 D 150,
and as weighting factor w D 0:1. However, the results do not depend on the choice
of x and w. This indicates, that the method is robust and the result is unique. On the
one hand, the implementation of the cost function constrains the range of solutions
and enhances the condition of the equation system, but on the other hand, this
limitation causes higher computational costs compared to the solution of the linear
equations (5.2) alone.

The solution of Eq. (5.3) provides the surface fractions of melt ponds, open water,
and snow and ice. From this output the sea ice concentration AC is quantified as:

AC D 1 � AW: (5.4)

The melt pond fraction is defined as ponded area relative to the sea ice surface.
Therefore, it is necessary to scale the retrieved melt pond fraction with the sea ice
concentration. We define the relative sea ice melt pond fraction as

eAM D AM=AC: (5.5)

For further analysis, the relative melt pond fraction and the sea ice concentration
are gridded to a 12.5 km grid. Additionally, we calculate the amount of pixel used
for creating the mean value in the 12.5 km-gridding routine (Fig. 5.1). This product
can be used for further analysis to mask the melt pond fraction on a 12.5 km grid and
it can also be considered as an indicator how trustworthy the result of the coarse grid
is. A large amount of valid observations indicates high data quality; whereas, a low
amount of valid observations indicates low data quality. To ensure high quality of the
melt pond results, we create a mask of 12.5 km grid cells that contains at least 50 %
cloud-free pixels. In the following context, this product is called “pixel-weight-mask
based on a 50 % threshold”. Reasons for this masking procedure are described in
Sect. 5.2.3.

1The used approximation method cannot handle sharp edges of a rectangular function.
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Fig. 5.1 Number of pixels involved into the 12.5 km grid. This example is from the data set from
July 23, 2003. Red values indicate a high data density, blue values indicate a low data density, gray
areas indicate data gaps and land mask

5.1.2 Regularization

As described in Sect. 5.1.1, Eq. (5.3) is both, overdetermined and not well
conditioned. Especially, the reflectance curves for open water and melt ponds
are linearly dependent. Thus, we assume Eq. (5.3) as optimization problem.
Overdetermined linear equation systems can be solved with approximation methods.
In numerical optimization, the Broyden–Fletcher–Goldfarb–Shanno (BFGS)
algorithm is a method for solving optimization problems. The BFGS method
approximates Newton’s method2 and is described as a hill-climbing optimization
technique that seeks a stationary point of a function [51]. This routine uses the
gradient of the objective function. If the gradient is not given by the user, then
it is estimated using an initial guess. We compare the results of the calculations
solved with the BFGS method and with the Nelder–Mead Simplex algorithm
(fmin algorithm) regarding accuracy and computing time. As test area we chose a
data set from June 2008 of Franklin Bay and create two subsets with 50 � 100 pixel,
and 500 � 1;000 pixel, respectively (see Fig. 5.2).

2Newton’s method assumes that the function can be locally approximated as a quadratic in the
region around the optimum, and use the first and second derivatives to find the stationary point.
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Fig. 5.2 Training and test sites for the used optimization method and ANN. Franklin Bay (purple
star) is used for the optimization test (Sect. 5.1.2). Franklin, FYI, MYI, and Fram (purple stars) are
training data sites for the ANN (Sect. 5.1.3). Northern Beaufort Sea and Denmark Strait (purple
cross) are test sites for the systematic error of the ANN (Sect. 5.2.1). The yellow stars indicate four
sites for the independent accuracy tests of the ANN (Sect. 5.2.1)

Table 5.2 Comparison of two optimization methods: fmin and BFGS

Additional Melt pond
Test area Method parameter fraction Duration (s)

50 rows, 100 columns BFGS gtol D 1.0e�5 0.1052 10.4
50 rows, 100 columns BFGS gtol D 0.1 0.0990 7.0
50 rows, 100 columns BFGS gtol D 0.2 0.1339 5.5
50 rows, 100 columns BFGS gtol D 0.5 0.1601 4.1
50 rows, 100 columns fmin xtol D 1.0e�5 0.1052 21.0
50 rows, 100 columns fmin xtol D 0.1 0.1172 11.9

500 rows, 1,000 columns BFGS gtol D 1.0e�5 0.0356 635
500 rows, 1,000 columns BFGS gtol D 0.1 0.0415 498
500 rows, 1,000 columns fmin xtol D 1.0e�5 0.0356 1,008
500 rows, 1,000 columns fmin xtol D 0.1 0.0678 567

Using a strict tolerance value for the error (1.0e�5), both test results show no
differences in the resulting melt pond fraction, but the time reduction for the BFGS
algorithm is around 40 % when looking at the larger area (see Table 5.2).
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5.1.3 Artificial Neural Networks

Although we chose the faster BFGS algorithm for solving the set of equations, the
average calculation time for a full MODIS scene is between 5 and 6 h.3

In order to process large areas or time series, this procedure is thus not applicable.
To speed up processing, we use an artificial neural network (ANN).

The use of ANN for remote sensing data has been motivated by the realization
that the human brain is very efficient at processing a huge amount of information
in a very short time. Neurons in the human brain receive inputs from other neurons
and produce an output which is then passed to other neurons. This cross-linking is
the basis for the ANN architecture.

A multilayer perceptron (MLP) consists of multiple layers of computational units
(D nodes or neurons), usually interconnected in a feed-forward way. That means,
each node in one layer has directed connections to the nodes of the next adjacent
layer, but has no connections to the nodes of the previous layers. As the signal
passes from node to node, it is modified by weights (w1; : : : ; wn) associated with
the connections [3]. These weight values are established by a supervised learning
technique, using a priory information about the actual output corresponding to the
input data [25]. A typical MLP structure includes an input layer, one or more hidden
layers and an output layer. The input layer only distributes the input signal into the
network to the nodes of the first hidden layer without processing them. The nodes
in the hidden layers and the output layer transform their input signal usually using a
non-linear sigmoid function [3].

With the open source package FFNET for Python [85] we build a feed-forward
MLP, composed of an input layer, two hidden layers with 9 neurons in the first and
27 neurons in the second layer, and one output layer (see Fig. 5.3). In this case,
the number of neurons of the input layer is equal to the number of neurons of the
output layer. For our purposes, the MLP is trained with back-propagation as learning
technique [3, 66] using 5,000 learning steps. The number of layers, neurons and
learning steps are determined by following the trial-and-error approach.

To train the ANN, an existing data set of melt ponds needs to be provided as
training data set: This training data set is yielded from a limited number of pixels
of different surface types and different dates by solving equation (5.3). Dates and
amount of pixels of the chosen training data are listed in Table 5.3, the sites are
marked with purple stars in Fig. 5.2.

The surface fractions achieved from the training data, namely open water, snow
and ice, and melt ponds are subsequently used as input data to train the ANN.

3Calculations were performed on CliSAP’s Linux servers snow with hardware specifications as
follows:

• Processors: 8 x Quad-Core AMD Opteron 8356, 2.3 GHz (32 cores in total)
• Memory: 128 GB RAM
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Fig. 5.3 Architecture of the trained MLP network used for this study. The input layer consists of
MODIS surface reflectances for the three bands 1, 3, and 4 [see Eq. (5.2)]. The hidden layers of
the MLP contains 9 knots in the first layer and 27 knots in the second layer. For the sake of clarity
this figure shows only three knots for the first and six knots for the second layer. The connections
between the single knots are associated with weights (w1; w2; w3; : : : wn), determined from the
back-propagation learning steps. The output layer contains three classes: melt pond, snow and ice,
and open water

Table 5.3 Calculated melt pond, snow and ice, as well as open water fractions of ten training sites
are used as input data to train the ANN

Data sets Site name Number of pixel Surface types

May 8, 2008 Fram 1,200 Fast ice, multi-year ice
May 8, 2008 Franklin 400 Fast ice, first-year ice
May 8, 2008 FYI 400 First-year ice

June 9, 2008 Fram 1,200 Fast ice, open water, multi-year ice, floes
June 9, 2008 Franklin 400 Fast ice, open water, floes
June 9, 2008 FYI 400 First-year ice, open water
June 9, 2008 MYI 1,600 Multi-year ice

July 19, 2008 Fram 1200 Fast ice, open water, multi-year ice, floes
July 19, 2008 MYI 1600 Multi-year ice

September 5, 2008 MYI 1600 multi-year ice

To asses the consistence and the accuracy of the ANN, we perform two tests:
Firstly, the training data set is used as test data set. Secondly, independent test data
sets are selected. The results of the performance regarding consistence and accuracy
of the ANN are presented in Sect. 5.2.1.

The fractional coverage of water, ice, and melt ponds is derived for the
entire Arctic by using the trained ANN and MOD09 surface reflectance mosaics.
Subsequently, the sea ice concentration and the relative melt pond fraction is
calculated using Eqs. (5.4) and (5.5), respectively. These results are described in
Sect. 5.2.3.
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5.2 Results

In the following section we present the results of the study on MODIS surface
reflectance data. Starting with a description of the accuracy of the artificial neural
network (ANN) as well as a presentation of three validation studies to ensure the
quality of our results, we then introduce both retrieved data sets: the MODIS sea ice
concentrations and the MODIS melt pond fractions. Thereafter follows a Section
that displays the results of a time series analysis of MODIS melt pond fractions,
focusing mainly on the years 2007 and 2011. We conclude with a case study of
the influence of melt ponds on microwave sea ice concentration retrieval methods.
This case study illustrates the high potential of the melt pond data set for further
applications.

5.2.1 Accuracy of the ANN

To evaluate the consistence of the ANN, we first apply the trained ANN on
the selected training data sets (see Fig. 5.2) and compare the results with those
calculated using the unmixing algorithm with the implemented side condition
[see Eq. (5.3)]. The difference between the two results for this case is C0.1 %.

Thereafter, we operate the ANN on eight independent (regarding date and region)
test data sets. These test data sets are from four different sites in the Arctic Ocean
(see Fig. 5.2) from day 129, 161, 201, and 249 of the year 2010. Again, we compare
the ANN-results of the test data sets with the results determined using Eq. (5.3).
Here, the difference is with 0:8 ˙ 0:5 % only slightly higher than the previous test.
The results of these two tests indicate, that the training of the ANN was successfully
performed.

For an estimation of the systematic error of this procedure, we perform two
further tests based on the following assumptions:

• An area of 50 km � 50 km around the coordinates 61.5ıN and 26.0ıW (Denmark
Strait, see Fig. 5.2) is an open water area in June 2008 (day 161).

• Melting has not started on day 129 of the year 2008 at a latitude of 82.5ıN
(Markus et al., 2009) [45]. An area of 200 km � 100 km around the coordinates
82.5ıN and 92.5ıW (Northern Beaufort Sea, see Fig. 5.2) is covered with dry
snow and/or bare cold ice in the first week of May 2008 (day 129). No melt
ponds are observable.

The test for the open water area results in a relative error of C0.1 % for the
estimated melt pond fraction, for the test on the snowy surface the relative error
is C6 %.
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Fig. 5.4 Tracks, locations and dates of validation data sets. Detailed descriptions are given in the
text (Sect. 5.2.2)

5.2.2 Validation

For validation, we use three different data sets: (i) the results of the aircraft
campaign MELTEX (“Impact of melt ponds on energy and momentum fluxes
between atmosphere and sea ice”) conducted by the Alfred Wegener Institute for
Polar and Marine Research (AWI) in May and June 2008 over the Beaufort Sea [5];
(ii) the melt pond data set from the National Snow and Ice Data Center (NSIDC)
[22], and (iii) the results of the melt pond observations from the HOTRAX 2005
cruise [55] (Fig. 5.4).

5.2.2.1 Validation with MELTEX Data

The MELTEX campaign aimed to improve the quantitative understanding of the
impact of melt ponds on radiation, heat, and momentum fluxes over Arctic sea
ice. For this purpose, the BASLER BT-67 type aircraft POLAR 5 was employed,
which had a downward-looking digital photo camera aboard. Weather conditions in
May were mainly characterized by cold-air advection from the inner parts of the
Arctic towards the coast of the southern Beaufort Sea. These cold air flows caused
a refreezing of most melt ponds, which were still very shallow at that time. Even a
thin layer of fresh snow on the refrozen ponds was observed. During the last week of
measurements, in the beginning of June, a tongue of very warm air was shifted from
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Alaska to Beaufort Sea. It reached its largest extension over the ocean on June 4 and
June 5, 2008, which strongly forced the development of melt ponds.

Aerial photography was carried out with a digital reflex camera and a lens with an
angle of view of 114ı. A photo was taken every 6 s. In the preprocessing, all photos
with sunglint were eliminated, and a cross-track illumination correction was carried
out. Subsequently, a supervised classification employing the maximum likelihood
method was performed to derive the areal fraction of the five surface classes
distinguished: open water, thin ice, bare ice, snow, and melt ponds. Training data
was manually defined in the photos. The probability threshold for the classification
was set to 0.95. Pixels, which fell below this threshold were not classified. Only
images with a number of unclassified pixels below 5 % were included in the present
study. Because of the very shallow and partly refrozen ponds, the determination of
the melt pond fraction based on an analysis of the aerial photos is difficult for days
previous to June 4, 2008. In the present study, we therefore use only photos from two
flights performed on June 4, and June 7, 2008 for the validation. The surface area
covered by the photos is determined by the flight level of the aircraft. At 1,000 m,
a photo covers an area of 1:4 km � 2:0 km, whereas at 30 m, a photo covers an area
of 40 m � 60 m. For further comparison, the melt pond set is filtered by a Gaussian
filter with � D 10 to smooth the function, and to to avoid oversampling, only every
tenth value is used. The classification of the aerial photos was performed at the
Alfred-Wegener-Institute.

For the validation, we compare the MELTEX melt pond data with MODIS melt
pond fractions for June 4, and June 7, 2008 (Figs. 5.5 and 5.6). In the true color
composite (Figs. 5.5a and 5.6a), melt ponds can be determined as bluish areas on
the individual ice floes, with shades ranging from light blue to dark violet.

By following the MELTEX flight track in both figures, the changing from
medium melt pond fractions (20–25 %) to high melt pond fractions (28 %) is
reflected in the underlying MODIS melt pond fractions. The transition to the open
water areas is also characterized by a decreasing MODIS melt pond fraction.

The flight on June 4 started only at 18:03 UTC and ended at 00:09 UTC the
next day. After the comparison of the daily level 2 MODIS data from June 4 with
the individual level 1B acquisitions, we conclude that the corresponding area in the
MOD09GA product originates from an acquisition in the early morning (4:00 UTC
or 6:15 UTC). The same is valid for the MOD09GA product of June 5. Because
of the rapidly changing meteorological conditions on June 4 in combination with
the late flight time (18:03 UTC until 00:09 UTC) and the early acquisitions of the
MODIS scenes, we use the MODIS melt ponds determined from the scene from
June 5 for the validation. To fill the gaps in the MODIS melt pond sets caused by
cloud filtering, we select the corresponding pixels from the melt pond sets from the
days before and after the relevant data (Figs. 5.5b and 5.6b).

The average MODIS melt pond fractions for the entire flight tracks are
28:4 ˙ 2:5 % and 21:6 ˙8:1 % for June 4 and June 7. The corresponding MELTEX
melt pond fractions are slightly lower (26:4 ˙ 11:5 % and 19:3 ˙ 13:5 %). The
calculated root mean square errors (RMSE) for the dates June 4 and June 7 are
11.2 % and 10.6 % respectively.
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Fig. 5.5 (a) Spatial overlay of MELTEX melt pond results (dots) on a true color composite of
MODIS level 1B data from June 4, 2008, 22:15 UTC. (b) MELTEX melt pond results (dots)
from June 4, 2008 overlaid on MODIS melt pond fractions from mainly June 5, 2008 (detailed
description in the text, Sect. 5.2.2.1)

5.2.2.2 Alidation Data from National Snow and Ice Data Center (NSIDC)

Sea ice melt pond statistics and maps over four Arctic ocean sites during the
summers of 1999, 2000, and 2001, derived from visible band imagery from high
resolution intelligence satellite data with a spatial resolution of 1 m, are mapped
from 10 km � 10 km satellite scenes [22,36]. These data sets were analyzed using a
supervised maximum likelihood classification to derive either two (water and ice) or
three (water, ice, and melt ponds) surface classes [22]. The resulting melt pond data
set consists of tables of pond coverage and size statistics for 500 m � 500 m cells.
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Fig. 5.6 (a) Spatial overlay of MELTEX melt pond results (dots) on a true color composite of
MODIS level 1B data from June 7, 2008, 21:25 UTC. (b) MELTEX melt pond results (dots)
from June 7, 2008 overlaid on MODIS melt pond fractions from mainly June 7, 2008 (detailed
description in the text, Sect. 5.2.2.1)

Therefore, the spatial resolution of the melt pond set matches the resolution of the
MODIS data set. For the comparison with MODIS melt pond fractions, we select
the weekly MODIS data set containing the date of the high resolution acquisitions
and compare the average melt pond fraction of a 12.5 km MODIS grid cell with the
average of melt pond fractions of the corresponding high resolution grid cells of one
10 km � 10 km satellite scene. Locations of the three selected sites (i) Beaufort Sea,
(ii) north of the Canadian Archipelago, and (iii) Fram Strait are indicated in Fig. 5.4.

Figure 5.7 shows a comparison of NSIDC melt pond fractions with MODIS melt
pond data. One part of the data (mainly Beaufort data and one data point from the
Canadian site) has a high agreement with MODIS melt pond fractions, the other
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Fig. 5.7 Values from the MODIS melt pond fractions plotted versus NSIDC melt pond statistics
for the years 2000 and 2001 and the three sites (i) Beaufort Sea, (ii) North of the Canadian
Archipelago, (iii) and Fram Strait. The error bars are the standard deviation of the gridding from
the results to 10 km � 10 km for NSIDC data and to 12:5 km � 12:5 km for the MODIS data

part of the data shows lower values than the MODIS melt pond fractions. The
RMSE of the data for all sites and both years amounts 10.7 % with a coefficient
of determination of R2 D 0:28.

5.2.2.3 Validation with HOTRAX Data

The melt pond observations from the HOTRAX 2005 cruise [55] are also used for
validation. The HOTRAX 2005 cruise track was a trans-Arctic journey, entering the
pack ice on August 9, 2005 at 74ıN, 160ıW and traveling in the ice until its exit on
September 27, 2005 at 77ıN, 9ıE. The expedition crossed the Bering, Chukchi, and
Beaufort Seas, passed the North Pole on September 12, 2005 and exited the Arctic
basin through the Fram Strait (see Fig. 5.4 on page 45).

During the cruise, observations of sea ice concentration, melt pond fraction, and
ice thickness were conducted from the bridge on an hourly basis and subsequently
daily mean values were calculated [55]. For this study we only use the melt
pond observations. Figure 5.8 displays observation data versus MODIS melt pond
fractions.

The compared mean values are distributed evenly with a coefficient of
determination of R2 D 0:45 and a determined RMSE of 3.8 %. The observed
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Fig. 5.8 Values of relative MODIS melt pond fractions plotted versus ship observations from the
HOTRAX cruise in 2005. The error bars are the standard deviation of the daily mean for the
HOTRAX data and the gridding to 12:5 km � 12:5 km for the MODIS data

differences may result from drifting sea ice, occurring due to time differences
between ship observations and satellite acquisitions. There is no additional
information about the accuracy of the ship observation data.

5.2.3 Resulting Melt Pond Fractions and Sea Ice
Concentrations

The output layer of the ANN delivers fractions of three surface types: melt ponds,
open water, as well as snow and ice for each grid cell (see Fig. 5.3 on page 43).
To obtain the relative melt pond fraction on Arctic sea ice (in further context
called relative melt pond fraction), we scale the melt pond data set with the sea
ice concentration, created by using the MODIS open water fraction according to
Eq. (5.4). To gain absolute values of the total melt pond area on Arctic sea ice (in
further context called absolute melt pond area), relative melt pond fraction is scaled
with the corresponding sea ice area for each year, provided by the NSIDC [20].
Note, that in this case we use the sea ice area from NSIDC and not from the
MODIS sea ice concentrations, because the latter contain data gaps due to clouds
and unavailable original data.
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Fig. 5.9 MODIS melt pond fractions on a 500 m grid from July 23, 2003. This product is the result
of the output layer of the ANN and is used as basis for the 12.5 km grid. The red circle indicates
an area containing probably misclassified pixels

Additionally, we select only grid cells that contain more than 50 % cloud free
pixels (Fig. 5.1 on page 40) to eliminate the influence of highly uncertain pixels
(e.g. caused by an unreliable cloud mask, see also Sect. 5.3.1).

In the 500 m resolution pre-product, areas that contain single pixels with very
high melt pond signatures are detected especially at the edges of the cloud mask
(Fig. 5.9). We assume, that these pixels are a misclassified cloud signal. If we
compare Fig. 5.1 on page 40 with Fig. 5.9, it is obvious, that the pixels inside the
area of the red circle are as well in a region where only a few pixels involved into
the coarse 12.5 km grid—if these pixels are “faulty”, they can strongly influence the
values of final melt pond data set.

Figure 5.10 shows the difference of a 12.5 km gridded MODIS melt pond data
set of July 23, 2003 before and after masking. The high melt pond values in the
Beaufort Sea result from the misclassified cloud signal (Fig. 5.9) and are eliminated
after applying the pixel-weight-mask based on a 50 % threshold.

5.2.3.1 Arctic Sea Ice Concentration

Appendix A.1 on page 82 shows the MODIS sea ice concentration data set for the
seasonal cycles of the years 2000–2011 in a 12.5 km grid. The years 2000, 2001,
2002, and 2007 contain data gaps. These are already existent in the initial MODIS
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Fig. 5.10 Comparison of unmasked (left) and masked (right) data set from July 23, 2003. For
masking the pixel-weight-mask based on a 50 % threshold (see Fig. 5.1) is applied

product. In 2001 one weekly data set of June 18 is completely missing. As example,
Fig. 5.11 displays the weekly results of the MODIS sea ice concentration for the
year 2011.

5.2.3.2 Melt Ponds on Arctic Sea Ice

Appendix A.2 on page 94 shows the MODIS melt pond data set for the seasonal
cycles of the years 2000–2011 in a 12.5 km grid. The years 2000, 2001, 2002, and
2007 contain data gaps. These are already existent in the initial MODIS product.
In 2001 one weekly data set of June 18 is completely missing. For further analysis,
we interpolate over this missing data set. In the years 2000, 2001, 2002, and 2007,
some of the weekly data sets contain no data above 80ıN. After conducting test
studies in advance to identify the influence of these missing data for the time series
analysis, we decide to ignore the missing data, since the deviation of the relative
mean melt pond fraction for the entire Arctic is below 1 % when the data gaps are
substituted with the mean values of the other years.

We define a seasonal cycle from the beginning of May (day 129 of the MODIS
data set) until the first week of September (day 249 of the MODIS data set).

Later in September, when new ice is formed, the used three-class model cannot
resolve the spectral signature of thin ice properly and assigns this signature to the
melt pond class. Therefore the algorithm specifies in autumn, when new ice is
formed, areas at the sea ice edges where thin ice areas most likely occur as ponded
sea ice. For this reason, no MODIS data after day 249 is analyzed.
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Fig. 5.11 Seasonal cycle of the sea ice concentration from MODIS satellite data in the Arctic for
the year 2011

As example, the weekly results of the MODIS melt pond fraction for the year
2011 are presented in Fig. 5.12.

The here introduced melt pond data set is provided through the Integrated
Climate Data Center (ICDC)4 since January 2012.

4http://icdc.zmaw.de/cryosphere.html, accessed in February 2012.

http://icdc.zmaw.de/cryosphere.html
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Fig. 5.12 Seasonal cycle of the melt pond fraction from MODIS satellite data in the Arctic for the
year 2011

5.2.4 Melt Ponds on Arctic Sea Ice from 2000 to 2011
with Focus on the Years 2007 and 2011

During the 12 years’ time period of existing melt pond data sets, two extreme
minimum annual sea ice extents were recorded in the years 2007 and 2011
(see Appendix A.1 on page 82). In the following evaluation, we analyze the seasonal
evolution of melt ponds, focusing on the melt pond fraction during the extreme
events in 2007 and 2011.
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Fig. 5.13 Comparison of the relative melt pond distribution from the data sets of June 18, 2007
(left) and June 18, 2011 (right). White pixels represent missing data

In all seasonal cycles, melting features at the beginning of the melt season appear
only at the sea ice edges in Greenland Sea, Kara Sea, Barents Sea, Bering Strait,
Davis Strait, and Hudson Bay. The melt pond fraction continuously increases, and
in mid-June an intense rise of the melt pond fraction in the Canadian Archipelago
and the Beaufort Sea is observed (see also Fig. 5.13).

A comparison of the spatial melt pond distribution from June 18, 2011 with the
same week in 2007 (Fig. 5.13) shows that highest melt pond fractions above 40 %
occur in both years in the Canadian Archipelago. In contrast, melt pond fractions
with values above 30 % appear in different regions when comparing both years: In
2007, an expansion of melt ponds mainly occurs in first-year ice areas—namely in
the Beaufort Sea, Chukchi Sea, and Laptev Sea, whereas in 2011, an intensive melt
pond formation is concentrated in southern parts of Beaufort Sea and Laptev Sea,
as well as Baffin Bay and Hudson Bay.

Areas with melt pond fractions less than 20 % appear in 2007 only in multi-year
ice regions north of the Canadian Archipelago and Greenland. In contrast, in
2011 melt pond fractions with values below 20 % are spreading from the northern
Beaufort Sea over Chukchi Sea to Laptev Sea, and are also observed in the Central
Arctic.

The areal extent of melt pond fractions increases in the following weeks
(Fig. 5.12) and melt pond development starts at higher latitudes. However, at the
same time, the total sea ice area is declining—therefore we consider both, relative
melt pond fractions and absolute melt pond area (see Fig. 5.14a, b, as well as
Sect. 5.2.3).

Figure 5.14a illustrates multi-annual mean relative melt pond fractions of the
Arctic Ocean and the individual annual cycles for the period 2000–2011. The years
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Fig. 5.14 (a) Mean melt pond fraction (black line) and standard deviation (dashed line) and
(b) mean sea ice area covered with melt ponds (black line) and standard deviation (dashed line)
for the time period 2000–2011 for the entire Arctic. The light gray lines display the development
of melt ponds for all years in the specified time period. The years 2007 (red) and 2011 (magenta)
are displayed separately for comparison

2007 and 2011 are highlighted in red and magenta, respectively. The relative mean
melt pond fraction shows a strong increase in June with a maximum of 30 % lasting
from end of June until beginning of August. Seasonal cycles of the years 2007 and
2011 begin both below the average curve of the relative melt pond fraction. In 2007,
the relative melt pond fraction has its highest increase and rises above average
values in the beginning of June. A first maximum of relative melt pond fraction
in 2007 is reached in mid-June, which is followed by above-average values in July
and August. In contrast to 2007, the relative melt pond fraction shows in 2011 a
smoother increase at the beginning of the melt season and exceeds the mean values
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in mid-June. From this point in time the curve of 2011 remains up to two standard
deviations above average (30 ˙ 1:2 %) and even above the high values of 2007.

Figure 5.14b depicts absolute melt pond areas of the Arctic region for all years.
It is evident that the annual sea ice extent has a strong influence on total melt pond
area. Both years, 2007 and 2011 are characterized by a below average melt pond
area until the end of May, which can be attributed to negative sea ice concentration
anomalies. Additionally, a strong increase of melt ponds in June and their early
occurrence have a severe influence on the extent of the total melt pond area. In 2011,
the observed maximum melt pond area is 2.5 million km2, which is 0.4 million km2

more than the maximum of all years. With 2.4 million km2, the 2007 maximum is
slightly lower than 2011, but is still more than one standard deviation above the
average value of 2.1 million km2. Note that for both years a similar melt pond growth
rate is found until the 2007 maximum is reached in the first week of June. The total
melt pond area for 2011 increases further until mid-June. Due to the outstanding
decrease of the sea ice area in 2007 and 2011, the total melt pond areas drop below
the average value in both years in end of June.

Figure 5.15a displays a Hovmoeller diagram of the zonal mean of melt ponds
for the last 12 years. It illustrates a dependence of the temporal development
of melt ponds from the geographical latitude. The maximum of the averaged
relative melt pond fraction occurring from mid-June to mid-August is located at
the latitudes between 70ı and 80ıN. A second maximum emerging in June at lower
latitudes (60ı–62ıN) indicates the coastal melting and the melt ponds in Hudson
and Baffin Bay. The patterns of the anomalies for 2007 and 2011 look very similar
(compare Figs. 5.15c and d), where both exhibit higher relative melt pond fractions
at high latitudes than the mean reference period (Fig. 5.15a), and in 2011 melting at
low latitudes is more pronounced.

As can be seen from Fig. 5.14a, in 2007 largest differences from the mean values
occur at the beginning of the melt season. In the years 2007 and 2011, strong positive
anomalies of relative melt pond fractions occur between 80ı and 90ıN, especially
in mid-June (see Fig. 5.15c, d). Positive significant trends of up to 3 % at a 95 %
significance-level can be identified in June and August in Fig. 5.15b. For the trend
calculations we define the melt pond fraction values of the year 2000 as 100 % and
calculate the deviation from this value for the following 11 years. These positive
trends reflect the increase in the relative melt pond fraction. The negative trends of
�4 % in August below 70ıN depict the declining sea ice extent.

Figure 5.16 on page 59 shows the time series of the mean relative melt pond
fraction and the total melt pond area for the entire time range from 2000 to 2011.
The mean relative melt pond fraction of all years is 25:1˙1:7 %, the mean total melt
pond area is 1:49 ˙ 0:11 million km2 and shows a negative trend for the entire time
range. Although the time series composed of only twelve values is very short, the
calculated trend of �16.4 % for the decreasing mean melt pond area is statistically
significant at the 90 % significance-level, proved with the Cox and Stuart test. For
2011, the mean melt pond area with 1.42 million km2 is very close to the mean value,
although the overall maximum of the melt pond area was recorded in mid-June
that year. However, the low sea ice extent present in late summer, compensates
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Fig. 5.15 (a) Zonal mean of relative melt pond fraction over the entire Arctic from 2000 to 2011;
(b) trends of zonal relative melt pond fraction over the period from 2000 to 2011; (c) anomaly of
relative melt pond fraction in 2007; (d) anomaly of relative melt pond fraction in 2011

the extreme values in early summer. The relative melt pond fraction exhibits a
non-significant, slight upward trend of 2.4 %, where the years 2007, 2010 and 2011
record the three highest values of the time series.

5.2.5 Influence of Melt Ponds on Microwave Sea Ice
Concentration Retrievals

Sea ice concentration retrievals on passive microwave sensors like SSM/I
(Special Sensor Microwave Imager) or AMSR-E (Advanced Microwave Scanning
Radiometer for EOS) have been used since more than three decades and are
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Fig. 5.16 Mean relative melt pond fraction (top) and mean absolute melt pond area (bottom) for
the years 2000–2011 for the entire Arctic with its standard deviations and trends

well-investigated and reliable on a large scale. Nevertheless, the influence of melting
sea ice, especially of melt ponds on the sea ice surface, causes uncertainties in all
retrieval algorithms [7, 12, 74].

With MODIS melt pond fractions, we have now the ability to compare melting
features directly with sea ice concentrations. Additionally, the obtained MODIS sea
ice concentrations are useful to estimate uncertainties in microwave retrievals.

In this context, a case study in the Canadian Archipelago on the data set of June
25, 2008 is performed. The study area is a 250 km � 100 km region around the
coordinates 72ıN and 110ıW (see Fig. 5.17 on page 60). Very high relative melt
pond fractions with values up to 70 % occur in June on the flat level ice in this
region (see Fig. 5.17 bottom).

The first three images of Fig. 5.17 display sea ice concentrations from the
AMSR-E sensor, calculated with the ASI algorithm [73], the NASA-Team 2 (NT2)
algorithm [42], and the Bootstrap (BT) algorithm [10] for the area of the Canadian
Archipelago. Sea ice concentrations range in all three cases from 50 % to 80 %. The
fourth image shows MODIS sea ice concentrations. They indicate values from 90 %
to 100 %.

The ASI algorithm yields a mean sea ice concentration of 45 %; the Bootstrap
algorithm yields for the same area 55 %, and the NASA Team 2 algorithm shows a
value of 56 %. Compared to the sea ice concentration of 93 % retrieved from the
MODIS data, all microwave algorithms underestimate the sea ice concentration
by around 40 %. It is evident, that the areas containing high melt pond fractions
(>50 %) exhibit low sea ice concentrations for the microwave retrieved results. The
MODIS sea ice concentrations show an homogeneous distribution around 90 %.
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Fig. 5.17 Comparison of AMSR-E ASI (top left), AMSR-E NASA Team 2 (top right), AMSR-E
Bootstrap (middle left), and MODIS (middle right) sea ice concentrations. Bottom figure shows the
MODIS melt pond fraction. All images are from May 25, 2008
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5.3 Discussion and Conclusion

5.3.1 Discussion

The determination of the melt pond fraction on a large scale over a multi-annual
time period is important to estimate the contribution of melt ponds on the ice-albedo
feedback mechanism. The method described in Sect. 5.1 is suitable to derive daily
and weekly data sets of the melt pond fraction from the MODIS surface reflectance
product. Additionally, sea ice concentrations from the same MODIS product are
obtained. Daily data sets are used to validate MODIS melt pond fractions, and from
weekly data sets we generate time series for the entire Arctic.

The weekly data set is a composition of selected pixels from daily acquisitions,
especially those with a minor cloud cover fraction and other atmospheric influences.
Therefore, this product is a patchwork of conditions for a specific day within one
week.

The comparison of daily MODIS melt pond fractions with melt pond fractions
derived from aerial photos and sea ice observations from different locations in the
Arctic indicates a high accordance. This confirms that the technique to estimate the
melt pond fraction performs well.

The validation with the NSIDC melt pond data set results in generally higher
MODIS melt pond values and a poor coefficient of determination with R2 D 0:28.
In this case we compare the average melt pond fraction of a 10 km � 10 km scene
from NSIDC with a 12:5 km � 12:5 km grid cell of the MODIS melt pond fraction.
Here, we use weekly data sets for validation instead of daily data sets. We have
noticed that in the daily data sets the validation area is poorly covered by valid
pixels, whereas the weekly data sets provide more cloud free pixels. However, this
leads to the problem, that the according pixels in the MODIS data are probably from
a different date than the NSIDC data. This might be a reason for the higher values
of the MODIS melt pond fractions.

The melt pond fractions identified from aerial photos of the MELTEX data set
with a high spatial resolution have a higher variability than those from the MODIS
melt pond data set. This may result from the relatively coarse resolution of 500 m
per MODIS pixel, used as the basis for this product, while the average size of melt
ponds is about 15–60 m2 [61].

Potential sources of errors are to be assumed in the atmospheric correction
routines and in the influences of the viewing angles as well as the solar geometry.
The BRDF correction of the MOD09 product is not applied on all areas of the Arctic
sea ice, especially not over the deep ocean, because due to moving and rapidly
changing sea ice surface the BRDF determination for a specific area is difficult.
For most of the areas, model results for first-year and multi-year ice are used as “a
priori” estimates of the BRDF.

The assumption of a three-surface-class model also causes uncertainties
regarding the different surface fractions, since the Arctic sea ice cover is actually
a mosaic of various surface types—and not only melt ponds, snow and ice, and
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open water. The method described here is based on satellite data from optical
sensors. Therefore, melt pond fractions can only be identified from cloud free
data. The cloud mask, integrated into the MOD09 product, does not capture all
actual present clouds. Especially over highly reflecting surfaces like sea ice, the
used cloud mask may have problems. It may occur, that low-lying clouds cannot
be identified and appear as highly reflecting surface features.5 To improve data
quality for further studies, a data mask with a defined threshold or weighting
of involved pixels can be applied after the gridding routine. In the 500 m grid,
single pixel with a high melt pond signal occur often within cloudy fields or at
the edges of the cloud mask. We assume that these pixels are a misclassified cloud
signal. To minimize the influence of these misclassified pixel, the above introduced
technique eliminates at least grid cells with a low data quality and assures that each
12.5 km grid cells contains at least 50 % cloudfree pixels. However, the existing
problem of cloudy pixels in the initial dataset can impact the melt pond fraction and
should be considered. Nevertheless, sufficient reasons remain to investigate more in
a useful cloud detection.

In the autumn results, the used three-class model with open water, melt pond, and
snow and ice fractions cannot resolve the spectral signature of thin ice properly and
assigns this signature to the melt pond class. Therefore, the algorithm specifies in
autumn, when new ice is formed, areas at the sea ice edges where thin ice areas most
likely occur as ponded sea ice. For this reason the melt pond data set ranges from
the beginning of May (day 129) only until the first week of September (day 249).

From the results as displayed in Fig. 5.13 on page 55, it is apparent that the spatial
pattern of the melt pond distribution correlates with atmospheric conditions: In
2007, a persistent dipole anomaly weather pattern with unusually high pressure over
the Beaufort Sea and a low pressure system over central and western Siberia [75]
caused strong southerly winds from the Bering Straight across the North Pole,
which transported warm air and water masses into the Arctic. Additionally, a high
pressure system over the Beaufort and Chukchi Sea, formed in early June 2007
and persisted for 3 months, which caused a predominately clear sky [75], has been
allowed more incoming shortwave radiation. The negative cloud cover anomaly in
the Beaufort Sea region for June–August 2007 exhibits values of up to �25 % [68].
Figure 5.13 on page 55 displays an extensive melt during June to August in the
same regions. In 2011, a similar pressure field, but less strong and persistent as in
2007, was observed. The location of the high pressure center is shifted towards the
north of Greenland and the low pressure center is shifted towards Alaska, causing
easterly winds rather than southerly winds as observed in 2007.6 The distribution of
melt ponds in Fig. 5.13b reflects this shift: A distinct formation of high melt pond
fractions is identified in the Beaufort Sea. The cloud cover anomalies in July 2011 as

5Interactive comment from Marc Tschudi on The Cryosphere Discussion, 5, 2991, 2011.
6NCEP Reanalysis data from http://www.esrl.noaa.gov/psd, accessed in February 2012.

http://www.esrl.noaa.gov/psd
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presented by Overland (2011) [53], 7 display values of up to �20 % and are located
over the Beaufort Sea and the Central Arctic.

Figure 5.15 on page 58 shows a zonal increase of the melt pond fraction
correlated to the increasing solar elevation. The maximum of the average melt
pond fraction is located at the higher latitudes, between 70ı and 80ıN, although
the melt period is shorter at high latitudes. This was also observed by Tschudi et al.
(2008) [81] and may be caused by a larger sea ice concentration and a thicker ice
coverage, which allows less runoff. Therefore, more water is accumulated to form
melt ponds [81].

The pattern of melt pond distribution in early summer, characterized by areas
with an increased melt pond fraction in the beginning of June, indicates the ice free
areas later in September (see Fig. 6.2 on page 94). This is in good agreement with
the statement of Perovich (2002, 2011) [59, 61], that an early occurrence of melt
ponds has a strong influence on the formation of open water areas. Clearly visible is
also the formation of homogeneous areas with a very high melt pond fraction up to
70 % at the end of June on the flat first-year ice in the Canadian Archipelago. The
decrease of the melt pond fraction is starting in most of the years in end of August.

The downward trend of the Arctic sea ice extent and the two sea ice minimum
records of the years 2007 and 2011 provoke a debate about the possible causes of
the recent decline of the Arctic sea ice area. A thinner ice cover is described as more
susceptible to the enhanced summer melt [40]. Additionally, the loss of multi-year
sea ice and the associated increase of the first-year ice fraction [47] enhance the melt
pond formation [2, 15].

It is obvious that the low sea ice extents recorded in the last years are caused by a
combination of a high melt pond fraction at an early stage of the melting cycle and
a thinning Arctic sea ice coverage which is mainly composed of first-year ice.

5.3.2 Conclusion

Here, we present a novel method to retrieve a multi-annual data set of melt pond
fractions and sea ice concentrations derived from MODIS satellite data for the
entire Arctic. Both data sets comprise the last twelve melt cycles and thus provide a
profound basis for further studies.

The MODIS surface reflectance values are described by an overdetermined set
of linear equations, which are not well conditioned. These equations are solved with
an optimization method. As result, three surface fractions are obtained: open water,
snow and ice, and melt ponds. To constrain the interval of the solution between zero
and one, a cost function is implemented.

7http://www.arctic.noaa.gov/repordcard/temperature clouds.html, accessed in February 2012.

http://www.arctic.noaa.gov/repordcard/temperature_clouds.html
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To accelerate the processing, a trained ANN is used. Performance tests of the
ANN as described in Sect. 5.2.1 yield stable results with a maximal error of C6 %
for melt pond fractions.

The validation of relative melt pond fractions is conducted with three different
data types from local observations: Aerial photos from the MELTEX campaign in
the Beaufort Sea in June 2008 are compared with MODIS melt pond fractions.
The RMSE of the comparison are 11.2 % and 10.6 %, respectively. Additionally,
we compare analyzed intelligence satellite data with a resolution of 1 m � 1 m of
three sites in the Arctic Ocean for the years 2000 and 2001. The RMSE for the data
of all sites and both years amounts 10.7 %.

Finally, the validation with ship observation data from the HOTRAX 2005 cruise
through the Arctic Ocean results in an RMSE of 3.8 %.

The mean relative melt pond fraction for the entire Arctic derived from MODIS
satellite data of the last 12 years shows a strong increase in June with a broad
maximum of 30 % appearing in July and August. In contrast, the averaged absolute
melt pond area has its maximum of 2.1 million km2 in mid-June.

The analysis of annual relative melt pond fractions yields a negative trend of
�16.4 % of the total melt pond area over the entire melt season, corresponding to
a declining sea ice extent. In the years of extreme sea ice loss, namely 2007 and
2011, maxima of total melt pond area that are situated one, respectively two standard
deviations above the average value of 2.1 million km2 can be observed. From the
temporally and spatially resolved trends (Fig. 5.15d), an increase of the melt pond
fraction from 80ı–88ıN in June and August is identifiable, with a maximum at the
beginning of the melt season in June and a second maximum at the end of the melt
season in August. This in turn leads to a prolongation of the melt season and is in
agreement with the studies of Markus et al. (2009) [45].

Additionally, we show in a case study that the influence of surface melting on
sea ice concentrations as retrieved from passive microwave data causes an under-
estimation of values of up to 40 %, compared to the MODIS sea ice concentration
results.

This study shows the importance to further analyze the early appearance of melt
ponds that potentially causes enhanced melting.



Chapter 6
Summary and Outlook

6.1 Summary

The strong decline of the Arctic sea ice extent, especially in the last decade, and
the inability of recent climate models to predict this development, give a strong
motivation to collect observational data to better understand the interaction between
atmosphere, sea ice, and ocean. Because melt ponds have a significant influence
on the amount of sea ice melt and therefore also on Earth’s radiation balance, the
primary goal of this study was to develop a multi-annual melt pond data set of the
entire Arctic region based on satellite data. On the basis of such a melt pond data
set it is possible to answer the following research questions:

• What is the mean annual melt pond fraction of the Arctic and how does a seasonal
cycle look like?

• Is there a relation of melt pond fraction and sea ice extent minimum?
• Do melt ponds influence sea ice concentration values as retrieved from passive

microwave sensors?

Markus et al. (2003) [44] have presented the potential of Landsat data to
determine melt ponds on Arctic sea ice in a case study [44]. As the USGS Landsat
archive became freely accessible in 2009, we applied the determination method that
is proposed by Markus et al. (2003) [44] and found, that this method has limitations
regarding a potential automatic processing routine: Tie-points and thresholds for
the identification of melt ponds need to be adjusted for each scene separately.
We have developed a new method, using principal component analysis (PCA) for
the determination of melt ponds and compared the achieved results with Markus’
method. The coefficient of determination is R2 D 0:94, the melt pond fractions of
both methods differ by about 15 % [63].

A subsequent archive search yielded, that only in individual cases Landsat
satellite images can be used for our purposes, since they are very sensitive to
highly reflecting surfaces like sea ice. Nearly all scenes that contain melt ponds

A. Rösel, Detection of Melt Ponds on Arctic Sea Ice with Optical Satellite Data,
Hamburg Studies on Maritime Affairs 25, DOI 10.1007/978-3-642-37033-5 6,
© Springer-Verlag Berlin Heidelberg 2013
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have problems with saturated pixels. Saturation is related to sun elevation and the
surface type. Unfortunately, the melt pond fraction increases with an increasing sun
elevation angle. Additionally, the data coverage is poor above the ocean. Therefore,
satellite imagery from Landsat sensors is inapplicable as a data source for large scale
applications.

However, the methods introduced here for the melt pond determination from
high resolution spectral sensors like Landsat can be used to obtain results from case
studies or to compare the results with the findings of other studies.

The main goal was successfully achieved by using medium resolution spectral
satellite data from the MODIS sensor. Motivated by the approach of Tschudi et al.
(2008) [81], we set up a system of linear equations, which bases on the MODIS
surface reflectance values. The equations describe the composition of three surface
types on the sea ice, namely open water, melt pond, and snow and ice, based on their
spectral differences. The overdetermined system of linear equations was solved with
an approximation method. To comply with the physical principles, it was necessary
to constrain the solution to an interval between zero and one with a cost function
as side condition. To evade the high computational costs that were caused by this
solution statement and to speed up processing, an artificial neural network (ANN)
was successfully trained. With this approach, we have obtained a multi-annual melt
pond data set of the entire Arctic from MODIS data for the first time [65].

We have validated the relative melt pond fractions with three different data types
from local observations: firstly, we have used aerial photos from the MELTEX
campaign in the Beaufort Sea in June 2008. The RMSE of the comparison of
two MELTEX data sets with two MODIS melt pond sets were 11.2 % and 10.6 %,
respectively. Secondly, we have compared analyzed intelligence satellite data with
a resolution of 1 m � 1 m of three sites in the Arctic Ocean for the years 2000 and
2001. The RMSE for the data of all sites and both years amounts to 10.7 %.

Thirdly, ship observation data from the HOTRAX 2005 cruise in the Arctic
Ocean were used for validation. The RMSE between ship and satellite data resulted
in 3.8 %.

A time series analysis of the MODIS melt pond data set resulted in average
values for the relative melt pond fraction of 25:1 ˙ 1:7 % and an average area
of 1:49 ˙ 0:11 million km2 for the entire Arctic for the time period from 2000
to 2011. The mean relative melt pond fraction begins to raise in mid-may, has a
strong increase in June, and shows a broad maximum around 30 % in July until the
beginning of August. Thereafter, the mean relative melt pond fraction decreases.
The absolute melt pond area has its average maximum of 2.1 million km2 in mid-
June. The concurrent decline of the sea ice extent causes a constant decrease of the
total melt pond area until refreezing occurs in September. Additionally it was noted,
that the annual total melt pond area exhibits a negative trend over the entire melt
season, in accordance to the declining sea ice extent.

In the years of extreme sea ice loss, namely 2007 and 2011, we observed a
maximum total melt pond area in mid-June to end June. From the temporally and
spatially resolved trends (Fig. 5.15d), an increase of relative melt pond fraction from
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80ı–88ıN in June and August is evident. This in turn leads to a prolonged melt
season and agrees with the results of Markus et al. (2003) [45]. The outcome of our
study provides strong evidence for the importance of the early appearance of melt
ponds.

To show the influence of melt ponds on microwave based sea ice concentration
retrieval algorithms, we have performed a case study, where we compared sea ice
concentrations from AMSR-E sensor, calculated with the ASI algorithm [73], the
NASA-Team 2 algorithm [42], and the Bootstrap algorithm [10] with MODIS sea
ice concentrations. The test area in the Canadian Archipelago showed a high fraction
of melt ponds (up to 70 %). Compared to the sea ice concentration of 93 % retrieved
from the MODIS data, all microwave algorithms underestimate the MODIS sea ice
concentration in this case by around 40 % [65].

The MODIS melt pond data set introduced here is provided through the
Integrated Climate Data Center (ICDC).1

6.2 Outlook

The results of this study can be used to highlight aspects of sea ice surface albedo
and transmittance of solar radiation through melt ponds. With the multi-annual melt
pond data set, the modeling community will be able to improve the description of
melt ponds in climate and ocean models for a better representation of the early
summer sea ice melting and consequently the determination of the sea ice extent.
The length of melt seasons as well as the inter-annual variability of melting features
can be observed and trends of melt processes and their influence on the sea ice-
albedo feedback mechanism can be determined. Further analysis of time series, also
on a more regional scale, as well as a combination of melt pond fractions with ice
drift products are prospective applications of the melt pond data set. This could lead
to predictions of early ice free sea routes through the Arctic Ocean, which is of high
economic interest. Additionally, a continuation of the time series in the future is
essential to recognize potential trends in the development of the melt pond fraction.

As shown in Fig. 5.17 on page 60, the MODIS sea ice concentrations can
be used to estimate the influence of melt ponds on the sea ice concentration
determination from microwave sensors like AMSR-E. In this example, all AMSR-E
algorithms clearly underestimate MODIS sea ice concentrations by around 40 %.
Further studies to identify a relation between melt pond fraction and microwave-
retrieved sea ice concentrations are necessary. Additionally to the melt pond data
set, we achieved a sea ice concentration data set from MODIS data. This sea ice

1http://icdc.zmaw.de/, accessed in February 2012.

http://icdc.zmaw.de/
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concentration data set, in combination with the melt pond data set, is a valuable
basis for quantifying the error caused by melt features in sea ice concentration
data derived from passive microwave imagery. However, the MODIS sea ice
concentrations are not validated until now. This data set additionally carries the
capacity for comparison with different microwave-retrieved sea ice concentrations
and their evaluation.

Another point for future activities should be a further validation of the MODIS
melt pond data set and the determination of clouds and their influence. For validation
purposes, very high resolution satellite data like from Quickbird or GeoEye-1 can be
used. Also the comparison with different melt pond detection techniques like from
synthetic-aperture radar (SAR) and/or scatterometer data [31, 87], is conceivable.
For an improvement of the cloud detection over Arctic sea ice, cloud information
from different sensors like from CloudSat-CALIPSO [41], could be applied to
reassess the quality of the MODIS cloud mask.

A more precise analysis regarding the number of surface classes would be
worthwhile. A classification into light and dark melt ponds could result in a depth
or volume estimation and hence the potential of energy transmission could be
specified. Furthermore, the introduction of a bare ice and/or thin ice class would
be helpful to reduce the uncertainties of the melt pond data set. The introduction
of one or more additional surface classes requires a more differentiated spectral
resolution of the optical sensor. For this, it is imaginable to modify this melt
pond detection method for hyperspectral scanners or sensor like AVIRIS (Airborne
Visible InfraRed Imaging Spectrometer) or EnMAP (Environmental Mapping and
Analysis Program).2

Additionally, a higher spatial resolution comparable to the planned Sentinel-2
mission3 could help to improve the results of the melt pond data set, especially in
regions where a high spatial variability is present (e.g. drifting ice floes in the Fram
Strait).

Furthermore, the adaption of the melt pond determination method for the sea
ice coverage around Antarctica as well as for the Antarctic and Greenland ice
sheets could provide further comprehension of melting processes. This could give
valuable scientific insights into the role of melting processes in interaction with ice,
ocean, and atmosphere and on which scale they influence the tipping elements like
the Greenland or West Antarctic ice sheet as well as the Antarctic bottom water
formation [14, 39].

2The EnMAP mission is managed by the Space Agency of the German Aerospace Center (DLR).
The envisaged launch of the EnMAP satellite is 2015.
3Launch of the satellite is planned for 2013, the spatial resolution rages from 10 to 60 m.
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Appendix

A.1 Satellite Specifications (Tables 6.1 and 6.2)

Table 6.1 Landsat 7 ETMC spectral band characteristics [38]

Band Description Bandwidth (�m) Resolution (m)

1 Blue 0.45–0.515 30
2 Green 0.525–0.605 30
3 Red 0.63–0.69 30
4 Near infrared 0.75–0.9 30
5 Mid infrared 1.55–1.75 30
6 Thermal 10.4–12.5 60
7 Mid infrared 2.09–2.35 30
8 Panchromatic 0.52–0.9 15

Table 6.2 Description of 36 spectral MODIS bands [48]

Primary use Band Bandwidth (nm) Resolution (m)

Land/cloud/aerosols 1 459–479 500
2 545–565 500

Land/cloud/aerosols 3 620–670 250
2 841–876 250

Land/cloud/aerosols 5 1230–1250 500
6 1628–1652 500
7 2105–2155 500

Ocean color/phytoplankton/biogeochemistry 8 405–420 1,000
9 438–448 1,000
10 483–493 1,000
11 526–536 1,000
12 546–556 1,000
13 662–672 1,000
14 673–683 1,000
15 743–753 1,000
16 862–877 1,000

Atmospheric water vapor 17 890–920 1,000
18 931–941 1,000
19 915–965 1,000

Surface/cloud temperature 20 3.660–3.840 1,000
21 3.929–3.989 1,000
22 3.929–3.989 1,000
23 4.020–4.080 1,000

(continued)



70 6 Summary and Outlook

Table 6.2 (continued)

Primary use Band Bandwidth (nm) Resolution (m)

Atmospheric temperature 24 4.433–4.498 1,000
25 4.482–4.549 1,000

Cirrus clouds water vapor 26 1.360–1.390 1,000
27 6.535–6.895 1,000
28 7.175–7.475 1,000

Cloud properties 29 8.400–8.700 1,000

Ozone 30 9.580–9.880 1,000

Surface/cloud temperature 31 10.780–11.280 1,000
32 11.770–12.270 1,000

Cloud top altitude 33 13.185–13.485 1,000
34 13.485–13.785 1,000
35 13.785–14.085 1,000
36 14.085–14.385 1,000
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Fig. 6.1 Seasonal cycle of the sea ice concentration from MODIS satellite data for the Arctic for
the years 2000–2011
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Fig. 6.2 Seasonal cycles of the melt pond fraction from MODIS satellite data for the Arctic for
the years 2000–2011
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Technical terms regarding sea ice are partly literally cited from the WMO Sea Ice
Nomenclature (1989). This document gives recommendations for future ice chart
preparation using the international system of sea ice symbols.

absolute melt pond area ! Relative melt pond fraction scaled with sea ice area.
albedo ! Total albedo.
areal-averaged albedo Surface-based ! total albedo values are weighted with the

fraction of their corresponding surface component.
Arctic Ocean The Arctic Ocean is located in the northern hemisphere in the Arctic

north polar region. The Arctic Ocean is almost completely surrounded by Eurasia
and North America. In this study we use satellite date from 60ıN northwards to
cover the Arctic Ocean.

Aqua A NASA Earth Science satellite mission, part of the NASA-centered inter-
national Earth Observing System (EOS). Aqua is member of a group of satellites
named the Afternoon Constellation, or sometimes the A-Train. Aqua was
launched on May 4, 2002, and has six Earth-observing instruments on board,
including the ! MODIS sensor, and is collecting a variety of global data sets.

BFGS Broyden–Fletcher–Goldfarb–Shanno method; a method for solving nonlin-
ear mathematical optimization problems.

BRDF Bidirectional reflectance distribution function. The BRDF is a four-
dimensional function that defines how light is reflected at an opaque surface.

broadband albedo ! Total albedo.
CloudSat CloudSat is a NASA Earth observation satellite, launched on April 28,

2006. It uses radar to measure the altitude and properties of clouds. CloudSat is
like ! Aqua and ! CALIPSO part of the “A Train”-formation.

CALIPSO Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observations is
a joint NASA and CNES environmental satellite, launched on April 28, 2006.
Passive and active remote sensing Instruments monitor aerosols and clouds.
CALIPSO is part of the “A Train”, flying in formation with several other satellites
(! Aqua, Aura, ! CloudSat and PARASOL).

A. Rösel, Detection of Melt Ponds on Arctic Sea Ice with Optical Satellite Data,
Hamburg Studies on Maritime Affairs 25, DOI 10.1007/978-3-642-37033-5,
© Springer-Verlag Berlin Heidelberg 2013
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crack Any fracture of fast ice, consolidated ice or a single floe with a width ranging
from a few centimeters to 50 m and a length from several tens or hundreds of
meters to several hundreds of kilometers.

first-year ice Sea ice of not more than one winter’s growth, developing from young
ice; thickness 30 cm to 2 m, and sometimes slightly more. May be subdivided into
thin first-year ice/white ice, medium first-year ice and thick first-year ice.

drift ice Drift ice is ice that floats on the surface of the water in cold regions, as
opposed to fast ice, which is attached to a shore. Usually drift ice is carried along
by winds and sea currents. See also ! pack ice.

fast ice Consolidated solid ice attached to the shore, to an ice wall or to an ice
front. It forms by freezing to the shore of the ice cover forming in the coastal
zone or as a result of freezing of drifting ice of any age category to the shore or
fast ice. Vertical movement may be observed during tidal oscillations. It can be
preserved without fracturing for two or more years transforming from first-year
ice to multi-year ice and even shelf ice. The fast ice width can vary from several
hundreds of meters to several hundreds of kilometers.

floe Any relatively flat piece of sea ice 20 m or more across.
HDF Hierarchical Data Format—http://www.hdfgroup.org/. File formats and

libraries designed to store and organize large amounts of numerical data.
HOTRAX Healy-Oden Trans-Arctic Expedition 2005; This expedition was aimed

to cross the Arctic Ocean. The U.S. Coast Guard Icebreaker Healy left Dutch
Harbor, Alaska, on August 5, 2005, conducted various geophysical experiments
and reached the North Pole on September 12. After the Pole, it took more than a
week to get through 200 miles of heavy ice pack, reaching Tromsø, Norway on
September 30, 2005.

ice-albedo feedback Ice-albedo feedback is a positive feedback climate process
where a change in the area of snow covered land, ice caps, glaciers or sea ice
alters the albedo. This change in albedo acts to reinforce the initial alteration
in ice area. Cooling tends to increase ice cover and hence the albedo, reducing
the amount of solar energy absorbed and leading to more cooling. Conversely,
warming tends to decrease ice cover and hence the albedo, increasing the amount
of solar energy absorbed, leading to more warming.

ice drift Displacement of ice floes and other ice features resulting from the impact
of wind and currents including tidal currents and of forces transferred through
the ice cover from other regions. The drift direction and velocity of a specific ice
feature or ice cover area depends at any specific moment on the magnitude of
the external forces, on the feature’s characteristics (size, concentration and upper
and lower surface roughness), on its position relative to the coastline and on the
seabed relief.

Landsat 7 ETMC The Earth observing sensor—the Enhanced Thematic Mapper
Plus (ETMC)—on the Landsat 7 satellite was launched on April 15, 1999.

lead A more than 50 m wide rectilinear or wedge-shaped crack from several
kilometers to several hundreds of kilometers in length. At below freezing
temperatures, new, nilas and young ice forms at the surface of leads.

level ice Sea ice which has not been affected by deformation.

http://www.hdfgroup.org/
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melt pond An accumulation melt water on ice, mainly due to melting snow, but in
the more advanced stages also to the melting of ice. The initial stage consists of
patches of melted snow.

MELTEX Aircraft campaign MELTEX “Impact of melt ponds on energy and
momentum fluxes between atmosphere and sea ice”, conducted by the ! AWI
in May and June 2008 over the Beaufort Sea.

mixed pixel A pixel that contains spectral signals of more than one surface type.
MODIS The Moderate Resolution Imaging Spectroradiometer is a key instrument

aboard the ! Terra and ! Aqua satellites.
multi-year ice Old ice up to 3 m or more thick that has survived at least two

summers’ melt. Hummocks are even smoother than in second-year ice and attain
a look of mounds and hills. The surface of multi-year ice fields in places not
subject to deformations is also hillocky due to non-uniform multiple melting.
The ice is almost salt-free. Its color, where bare, is usually blue. As a result of
melting, round puddles appear at its surface in summer and a well-developed
drainage system is formed.

Nelder–Mead-Simplex Algorithm (fmin) The Nelder–Mead-Simplex method or
downhill simplex method or amoeba method is a commonly used nonlinear
optimization technique. However, the this technique is a heuristic search method
that can converge to non-stationary points on problems that can be solved by
alternative methods.

NetCDF Network Common Data Form is a data format that support the creation,
access, and sharing of array-oriented scientific data.

nilas A thin elastic crust of ice, easily bending on waves and swell and under
pressure, thrusting in a pattern of interlocking “fingers” (finger rafting). Has a
matt surface and is up to 10 cm in thickness. May be subdivided into dark nilas
and light nilas.

pack ice Any ice at the sea surface except for fast ice and stamukhas regardless of
its age, form, origin and other characteristics that has a possibility of movement
(drift) under the action of winds, currents and tides. As a result of the dynamic
processes (drift, divergence, convergence), the total and partial concentrations of
drifting ice constantly change.

pixel-weight-mask A mask of grid cells with a given size that contains more than
50 % of the involved pixels.

Principal Component Analysis (PCA) PCA is a mathematical procedure that
uses an orthogonal transformation to convert a set of observations of possibly
correlated variables into a set of values of uncorrelated variables called principal
components.

relative melt pond fraction Melt pond area relative to the sea ice surface.
ridge A comparatively rectilinear conglomeration of ice fragments formed by

pressure at the contact line between ice floes, usually along earlier existing cracks
and leads or at the boundary between ice floes of different age.

sea ice concentration Sea ice concentration is defined as the area of sea ice relative
to the total at a given point in the ocean.
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SLC, SLC-off mode On May 31, 2003 the scan line corrector (SLC), which
compensates for the forward motion of the satellite, failed. From this point in
time Landsat 7 ETMC is acquiring image data in the SLC-off mode.

spectral albedo or reflectivity Spectral albedo is the fraction of incident radiation
reflected by a surface at a specific wavelength.

spectral irradiance Irradiance is the power of electromagnetic radiation per unit
area (radiative flux) incident on a surface. The SI units are watts per square
meter (W m�2). When this is done for radiation incident on a surface, it is called
spectral irradiance, and has SI units W m�3, or commonly W m�2 nm�1.

spectral radiance Spectral radiance is a radiometric measure that describe the
amount of radiation such as light that passes through or is emitted from a
particular area, and falls within a given solid angle in a specified direction. They
are used to characterize both emission from diffuse sources and reflection from
diffuse surfaces. The unit is watts per steradian per square meter (W sr�1 mm�2).

SPOT “Satellite Pour l’Observation de la Terre” is a high-resolution, optical
imaging Earth observation satellite system operating from space. It is run by
Spot Image based in Toulouse, France. SPOT 5 was launched May 4, 2002 with
2.5, 5 and 10 m capability, SPOT 6 and SPOT 7 launches are scheduled for 2012
and 2013, respectively.

surface albedo In this context always total or broadband albedo.
Terra A NASA Earth Science satellite mission, part international Earth Observing

System (EOS). Terra was launched on December 18, 1999, and has five Earth-
observing instruments on board, including the ]! MODIS sensor, and is
collecting a variety of global data sets.

TOA Top-of-the-atmosphere reflectance values—the reflectance as seen by the
sensor. This includes also atmospheric influences like aerosols and water vapor.

total albedo Synonym: wavelength-integrated albedo; a measure of the total solar
energy absorbed by the surface.
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