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Abstract

The Arctic sea-ice cover plays an important role for the global climate sys-
tem. Sea ice and the overlying snow cover reflect up to eight times more of
the solar radiation than the underlying ocean. Hence, they are important for
the global energy budget, and changes in the sea-ice cover can have a large
impact on the Arctic climate and beyond. In the past 36 years the ice cover
reduced significantly. The largest decline is observed in September, with a rate
of more than 12% per decade. The negative trend is accompanied by large
inter-annual sea-ice variability: in September the sea-ice extent varies by up
to 27% between years. The processes controlling the large variability are not
well understood. In this thesis the atmospheric contribution to the inter-annual
sea-ice variability is explored. The focus is specifically on the thermodynami-
cal effects: processes that are associated with a temperature change of the ice
cover and sea-ice melt. Atmospheric reanalysis data are used to identify key
processes, while experiments with a state-of-the-art climate model are con-
ducted to understand their relevance throughout different seasons. It is found
that in years with a very low September sea-ice extent more heat and moisture
are transported in spring into the area that shows the largest ice variability. The
increased transport is often associated with similar atmospheric circulation pat-
terns. Increased heat and moisture over the Arctic result in positive anomalies
of water vapor and clouds. These alter the amount of downward radiation at
the surface: positive cloud anomalies allow for more longwave radiation and
less shortwave radiation. In spring, when the solar inclination is small, positive
cloud anomalies result in an increased surface warming and an earlier seasonal
melt onset. This reduces the ice cover early in the season and allows for an
increased absorption of solar radiation by the surface during summer, which
further accelerates the ice melt. The modeling experiments indicate that cloud
anomalies of similar magnitude during other seasons than spring would likely
not result in below-average September sea ice. Based on these results a simple
statistical sea-ice prediction model is designed, that only takes into account the
downward longwave radiation anomalies or variables associated with it. Pre-
dictive skills are similar to those of more complex models, emphasizing the
importance of the spring atmosphere for the annual sea-ice evolution.





Zusammenfassung

Das arktische Meereis spielt eine entscheidende Rolle im globalen Klimasys-
tem. Meereis und die aufliegende Schneedecke reflektieren bis zu acht mal
mehr Sonnenstrahlung als offene Wasserflächen. Daher ist das Meereis be-
deutend für den globalen Energiehaushalt und Veränderungen des Eises haben
große Auswirkungen auf das Klima, innerhalb und ausserhalb der Arktis. Im
Laufe der vergangenen 36 Jahre hat sich das Meereis räumlich stark zurück-
gezogen. Der größte Rückgang, mehr als 12% pro Jahrzehnt, ist im Septem-
ber zu beobachten, wenn die Ausdehnung des Eises ihr saisonales Minimum
erreicht. Neben dem langjährigen negativen Trend zeigt die Meereisbedeck-
ung auch große jährliche Variabilität: die räumliche Meereisausdehnung im
September kann von Jahr zu Jahr bis zu 27% variieren. Die Prozesse, die
zu der starken Variabilität beitragen sind nicht ausreichend verstanden. In der
vorliegenden Doktorarbeit wird der Einfluss der Atmosphäre auf die Meereiss-
chwankungen untersucht. Der Fokus liegt dabei auf den thermodynamis-
chen Prozessen: Prozesse die mit einer Temperaturveränderung des Eises und
Schmelzprozessen verbunden sind. Atmosphärische Reanalysedaten werden
verwendet, um entscheidende Prozesse zu identifizieren. Außerdem werden
Experimente mit einem Klimamodell durchgeführt, um die Auswirkungen
dieser Prozesse in verschiedenen Jahreszeiten zu verstehen. In Jahren, in de-
nen die Meereisausdehnung im September sehr gering ist, wird im Frühjahr
mehr Wärme und Feuchtigkeit in die Teile der Arktis transportiert, in denen die
Meereisschwankungen am größten sind. Dieser verstärkte Transport ist oft mit
ähnlichen atmosphärischen Zirkulationsmustern verbunden. Mehr Wärme und
Feuchtigkeit in der Arktis führen zu mehr Wasserdampf und Wolken, welche
wiederum die zum Boden gerichtete Strahlung beeinflussen: Positive Wolke-
nanomalien führen zu mehr langwelliger Strahlung und weniger kurzwelliger
Sonnenstrahlung am Boden. Im Frühjahr, wenn die Sonneneinstrahlung in
der Arktis gering ist, haben positive Wolkenanomalien eine verstärkte Boden-
erwärmung zur Folge. Dies löst eine frühere Schmelze aus und führt somit
zu einer früheren Reduktion des Meereises. Dadurch kann im Verlauf des
Sommers mehr Sonnenstrahlung von der Oberfläche absorbiert werden, was
die Eisschmelze beschleunigt. Experimente mit einem Klimamodell zeigen,
dass ähnliche Wolkenanomalien in anderen Jahreszeiten einen unwesentlichen
Einfluss auf die Meereisbedeckung im September haben. Basierend auf



diesen Ergebnissen wird ein einfaches statistisches Vorhersagemodell entwick-
elt, welches ausschliesslich Anomalien der langwelligen Strahlung im Früh-
jahr, oder Variablen, die damit in Verbindung stehen, für die Vorhersage der
Eisausdehnung im September berücksichtigt. Die Fähigkeit des Modells die
Meereisausdehnung vorherzusagen ist vergleichbar mit anderen, kompliziert-
eren Modellen. Dies zeigt, dass die atmosphärischen Prozesse im Frühjahr
wichtig für die jährliche Meereisentwicklung sind.



Sammanfattning

Havsisen i Arktis spelar en avgörande roll för det globala klimatsystemet. Isen
och snötäcket ovanpå reflekterar upp till åtta gånger mer solstrålning än det
öppna havet. Därför är havsisen viktig för den globala energibalansen, och
förändringarna i denna kan ha stora inverkningar på klimatet både i och utan-
för Arktis. Under de senaste 36 åren har havsisen minskat avsevärt. Den
största minskningen, mer än 12% per årtionde, observeras i september, när
isutbredingen är som minst varje år. Utöver den negativa trenden uppvisar
havsisen även stora årliga variationer; isens utbredning i september kan vari-
era med upp till 27% mellan enskilda år. De processer som styr dessa vari-
ationer är inte väl förstådda. I denna avhandling behandlas det atmosfäriska
bidraget till de årliga variationerna i havsisen med fokus framförallt på ter-
modynamiska effekter: processer som innebär en förändring av temperaturen
och därmed smältning av is. Data från atmosfäriska reanalyser har använts
för att identifiera viktiga processer, medan experiment med en kopplad klimat-
modell har använts för att förstå inverkan av dessa under olika årstider. Då
havsisens utbredning varit exceptionellt låg i september föregås detta av en vår
då mer värme och fukt än normalt transporterats till de områden som uppvisar
de största variationerna i havsisen. Den ökade transporten hänger ofta sam-
man med vissa distinkta typer av atmosfärscirkulation. Ökad värme och fukt
i Arktis ger i sin tur mer vattenånga och moln än vanligt och detta ändrar den
inkommande strålningen från atmosfären till ytan; positiva anomalier i moln
leder till mer långvågig värmestrålning och mindre kortvågig solstrålning. På
våren, då solen står lågt, resulterar positiva anomalier i molnen till en ökning
av uppvärmningen vid ytan vilket tidigarelägger starten av den årliga smältnin-
gen. Detta leder i sin tur till att isutbredningen minskar tidigare på säsongen
vilket möjliggör en ökning av absorptionen av solinstrålning under sommaren,
som i sin tur accelererar isavsmältningen. Experiment med en kopplad klimat-
modell visar att liknande anomalierna i moln under andra årstider än våren inte
signifikant påverkar havsisutbredningen i september. Baserat på dessa resultat
har en enkel statistisk prognosmodell utvecklats som tar hänsyn till anomalier
i den inkommande långvågiga strålningen, och variabler relaterade till detta,
under våren. Dess förmåga att förutse havsisen i september är fullt jämförbar
med andra betydligt mer komplicerade modeller, vilket visar hur viktig atmos-
fären under våren är för den årliga utvecklingen av havsisen.
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1. Introduction

The perennial sea-ice cover is one of the most unique and important features
of the Arctic climate system. During winter, sea ice extends to about 15.6 mil-
lion km2, thereby covering the entire Arctic Ocean and parts of the adjacent
seas (Fig. 1). In summer the area covered by sea ice is reduced by a size al-
most as large as Europe due to a strong seasonal cycle; the sea-ice minimum
is reached in September, when the sea-ice extent (see definition in box) has
reduced to about 6.0 million km2. Sea ice represents an important boundary
between the atmosphere and the underlying ocean, as it controls the energy ex-
change between the two; for example, in winter sea ice isolates the relatively
warm ocean from cold Arctic atmospheric temperatures, which occasionally
drop below -40◦C. Hence, changes and variations of the sea-ice cover of any
form, e.g. thickness or extent, can have a variety of impacts on the local cli-
mate and the climate beyond the Arctic boundaries (ACIA, 2005; Francis et al.,
2009; IPCC, 2013; Maslowski et al., 2012).

Figure 1: Sea-ice concentration during the seasonal maxima (left) and min-
ima (right) of the sea-ice extent between 1979–2014. The concentration maps
are averages of the ice concentration over all years during the day of the sea-
ice extent maximum (typically in February or March) or minimum of each year
(September). Sea-ice data are provided by the National Snow and Ice Data Center
(NSIDC).
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Ice concentration: Relative amount of an area/grid box covered by ice.
Ice extent: Total area in million km2 covered by at least 15% of ice.

From a socio-economic perspective sea ice serves as an important plat-
form for subsistence hunting for many Arctic native communities; for example,
coastal communities build trails across shortfast sea ice, ice that is grounded to
the underlying surface, to reach migrating whales (Druckenmiller et al., 2013).
It also plays a substantial role for Arctic maritime activities, such as e.g. oil
drilling and shipping. Hence, it is essential to identify and track changes of the
ice cover in order to allow for safe access and an adaptation of native commu-
nities (Eicken, 2013).

The physical as well the socio-economic implications require a more thor-
ough understanding of critical processes governing the Arctic sea ice. This
thesis will give an overview of some of the important processes that impact the
sea-ice cover, with specific focus on the observed year-to-year variability of
sea ice. It will address the question: What role do atmospheric processes play
for the development of the sea-ice extent throughout the year? To introduce
the subject an overview of the role of sea ice in the global climate system is
given in Chapter 2, together with an introduction of important sea-ice char-
acteristics. This is followed in Chapter 3 by a brief summary and evaluation
of the data and methods used in the papers included in this thesis. Chapter 4
summarizes processes related to the long-term changes of the ice cover; fur-
ther, the year-to-year variability of the sea-ice extent is discussed in respect to
the results obtained in Papers I, II and IV. Note, that we will focus primarily on
the processes contributing to changes and variability of the summer ice extent.
Lastly, Chapter 5 gives a summary and shows how key results of this thesis are
used to design and implement a relatively simple sea-ice prediction system as
presented in Paper II.
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2. Sea ice as part of the global
climate system

2.1 The global climate system

The Arctic plays a key role within the global climate system, specifically for
the energy exchange throughout the Northern Hemisphere. Therefore, a short
summary of the processes that govern the global energy exchange is given in
the following.

The global climate is largely determined by the amount of energy that is
absorbed by land surfaces, the oceans and the atmosphere. The global heat
budget is controlled by the fluxes through the top of the atmosphere (TOA;
Fig. 2). All the energy that enters the Earth’s climate system through the TOA
originates from the sun. Globally about 47% of the solar radiation that enters
the TOA is absorbed by the surface, while the rest either prevails within the
atmosphere due to absorption (23%) or is reflected back to space by clouds
(22%) and the surface (7%; Wild et al., 2013). The energy surplus by the
sun is compensated for by longwave radiation. Longwave radiation is emitted
by the Earth’s surface, clouds and atmospheric constituents such as water va-
por and gases. The atmosphere receives longwave radiation from the Earth’s
surface. Most of this radiation is absorbed by atmospheric constituents and
clouds, except for a small fraction that is transmitted in the so-called ’atmo-
spheric window’. The absorbed radiation is re-emitted by the atmosphere back
to the surface or out to space.

As the Earth is a sphere the equatorial regions receive more solar radiation
than the polar regions (Fig. 2). This leads to an uneven heating between those
regions, which is not fully compensated for by the loss of energy through emis-
sion of longwave radiation; the latter is only a function of temperature. This
results in a meridional temperature gradient that generates an atmospheric and
oceanic net poleward transport of energy, which counteracts the temperature
imbalance. The meridional oceanic heat transport is largest around 20◦N and
much smaller at higher latitudes, as the ocean looses much of its energy to the
atmosphere already at low latitudes and the ocean fraction of the northward
energy transport becomes smaller (Wunsch, 2005). The atmospheric transport
is largest in the mid- and higher latitudes; at 50◦N it is about 4×1015 W, which
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Figure 2: Annual mean top-of-the-atmosphere incoming shortwave radia-
tion and outgoing longwave radiation as function of latitude. Values are based
on ERA-Interim reanalysis from 1979 to 2014 (see Section 3.1).

is almost one order of magnitude larger than for the ocean. Note that the at-
mospheric transport is strongly affected by the rotation of the Earth (Coriolis
effect). Hence, the atmospheric transport is not due to a direct meridional ther-
mal cell throughout the hemispheres: in the mid- and higher latitudes the Cori-
olis force balances the pressure-gradient force resulting from the temperature
differences. This leads to an eastward mean flow of energy at these latitudes.
Most of the energy is transported in form of moist-static energy, thus, moisture
and heat, by synoptic and quasi-stationary planetary waves (Fig. 3; Trenberth
and Stepaniak, 2003). Synoptic waves are cyclones and anticyclones (transient
eddies) with a typical spatial scale in the order of 1000 km. Quasi stationary
planetary waves, also called Rossby waves, have a horizontal scale of about
10,000 km. While Northern Hemispheric cyclones transport most of the en-
ergy along the two major storm tracks, located in the western North Atlantic
and North Pacific, the energy transport by Rossby waves is less confined to a
specific region (Fig. 3).

The interplay between the amount of absorbed and emitted radiation and
the atmospheric circulation is of major importance for the global and regional
climate. Alterations in either of them affect the other. On the one hand, a
stronger temperature gradient between the equator and the poles alters the en-
ergy transport: for example, mid- and high-latitude storms are more intense
in winter than in summer, mainly due to the absence of solar radiation in the
winter Arctic and the stronger meridional temperature gradient. On the other
hand, changes in heat and moisture transport can alter the incoming shortwave
and outgoing longwave radiation: for example, an increased advection of heat
impacts the amount of emitted and absorbed longwave radiation directly. Ad-
vection of moisture has the potential to alter the amount of clouds, which affect
both shortwave and longwave radiation; clouds reflect solar radiation (cloud
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albedo; see definition in box) and absorb and emit longwave radiation. This
emphasizes the delicate balance between the loss (gain) of radiative energy at
the TOA and the gain (loss) of energy by meridional transport.

Albedo: Ratio between reflected and incoming solar radiation.

The Arctic plays a key role for the global climate system, as it acts as
a heat sink. Sea ice is an important contributor to the energy deficit at high
latitudes due to its high surface albedo; hence, it significantly contributes to
the temperature gradient between mid-latitudes and the Arctic. Variations in
the sea-ice extent therefore have a significant impact on the heat budget of
the atmosphere and oceans and the meridional energy transport. Hence, it is
important to understand recent changes and variability of the sea-ice cover.

2.2 Sea-ice characteristics

To understand changes in the sea-ice cover it is important to familiarize with
the properties of sea ice and their variability throughout the Arctic. A short
summary of the most significant properties in the scope of this thesis is given
in the following.

Sea-ice growth and melt depend largely on the heat exchange between the
atmosphere, sea-ice and the underlying ocean. Clouds, water vapor and atmo-
spheric constituents determine the downward shortwave and longwave radia-
tion that reach the surface (Section 2.1). Part of this energy is absorbed by
the surface: practically all longwave radiation is absorbed by the uppermost
surface layer, while the amount of absorbed shortwave radiation depends on
the surface albedo and the fraction of shortwave radiation that penetrates the
ice. Additionally, turbulent fluxes contribute to part of the surface energy ex-
change: exchange of sensible heat leads directly to temperature changes; latent
heat exchange is a temperature change due to the phase change of water, such
as evaporation and sublimation. The amount of energy provided by the ocean
depends on the heat flux from the ocean towards the ice bottom. The ocean in
the immediate vicinity of the ice bottom is close to the freezing point. How-
ever, the underlying ocean is usually relatively warm: remnants of warm water
that was heated by solar radiation throughout summer, when the ice extent
is low (Fig. 1), prevail throughout subsequent seasons (Maykut and McPhee,
1995). Further, a current of relatively warm Atlantic water extends through-
out the Arctic (Section 4.1). This potentially results in an upward heat flux.
The processes that impact the sea ice through alterations in the heat fluxes are
referred to as thermodynamic processes.
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Figure 3: Annual mean energy transport for 1979–2001. The transport is
shown as vectors and the divergence in Wm−2. Shown are the atmospheric en-
ergy transports for the (top) total, (middle) quasi-stationary, and (bottom) tran-
sient components. Adopted from Trenberth and Stepaniak (2003).
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It should be noted that sea ice consists not only of solid ice but includes
a significant amount of brine and gas. The amount of brine within sea ice
depends largely on the ice age, growth state and ice thickness. In turn, the
amount of brine determines the optical properties of sea ice, for example its
albedo or transmittance for radiation (Perovich et al., 1998). Snow, which often
accumulates on top of sea ice, additionally alters the optical properties of the
sea-ice cover: fresh snow has an even higher albedo than ice, while melt ponds,
which are accumulations of water that form on top of the ice due to snow melt,
have a relatively low albedo compared to ice. Therefore, the albedo of the sea-
ice cover ranges from as little as 0.1 to more than 0.8 (Perovich et al., 2002).
In contrast the albedo of open water is typically less than 0.1. This implies that
sea ice reflects up to eight times more of the incoming solar radiation than an
equivalent area of open ocean.

Thermodynamic: Processes involving changes in the internal energy.
Dynamic: Processes associated with wind forcing.

Sea ice is continuously in motion. Winds and ocean currents move the ice
around, which leads to a deformation of the ice cover through rafting and ridg-
ing; this has a significant impact on the ice thickness. About 30 to 80% of the
total ice volume can be attributed to ice deformation (Thomas and Dieckmann,
2003). The forcing by winds and currents on the ice results in a redistribution
of ice, the opening of leads and an export of ice from the Arctic into the adja-
cent seas. For example, the average ice volume flux through the Fram Strait,
between Greenland and Svalbard, is estimated to be 2200 km3 or 700,000 km2

each year (Kwok, 2009; Kwok et al., 2004). Most of this transport can be
attributed to the most dominant atmospheric circulation pattern that prevails
in the Arctic: a high pressure system over the Beaufort Sea and low pres-
sure along the Eurasian coast (Fig. 4a). The high pressure results in a clock-
wise drift of the sea ice, referred to as Beaufort Gyre. The gyre transports sea
ice from the central Arctic towards the Canadian Archipelago and Greenland,
where it favors the accumulation of relatively thick and old ice (Fig. 4b). Sim-
ilarly, it leads to ice drift along the Alaskan coast to the East Siberian Sea.
The low pressure along the Eurasian site transports ice from the East Siberian,
Laptev and Kara Seas towards the Atlantic side of the Arctic, where it eventu-
ally exits the Arctic. The transport and redistribution of ice strongly affect ice
extent and thickness in different areas of the Arctic region. Redistribution of
ice potentially results in the opening of leads; areas of open water that result
from fractures in the ice. In winter new ice forms almost instantaneously on
open leads, due to the exposure of water to the cold winter atmosphere. The
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ice in leads grows quickly, hence, open leads contribute significantly to the
formation of new ice in the Arctic. Thereby they counteract the ice loss of sea
ice by ice export. Further, ice transport contributes to the freshwater budget of
the Arctic Ocean. Sea ice rejects part of the brine during its growth process
and older ice becomes fresher. The export of sea ice therefore corresponds
to export of freshwater: it was shown that about 70% of the freshwater export
through the Fram Strait can be attributed to sea-ice export (Königk, 2005). The
freshwater budget within the Arctic in turn has significant impact on the ocean
stratification (see Section 4.1). The processes that lead to ice changes through
redistribution and ice export are in the following referred to as dynamical pro-
cesses. Note that the dynamical systems that move the ice around also advect
energy into the Arctic, primarily in form of moisture and heat (Section 2.1). As
such energy transport potentially alters the downward radiation to the surface
it can impact the ice surface also through thermodynamic processes.

Figure 4: Sea-ice transport (left) and age distribution (right). Left: Atmo-
spheric sea-level pressure (black lines) and ice drift (black arrows). Highlighted
are the Beaufort Gyre and the Transpolar Drift Stream. Adopted from Kwok and
Untersteiner (2011). Right: Mean sea-ice age for the time period 2005 to 2010.
Adopted from Eicken and Mahoney (2015).
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3. Methodology

The results of this thesis are mostly based on atmospheric reanalyses and sim-
ulations with a coupled atmosphere-ice-ocean model. A description and brief
evaluation of the data and model used in this thesis is given below.

3.1 Atmospheric reanalyses

A reanalysis, as the one used in Paper I, II and IV, is a comprehensive set
of atmospheric data that is created by combining global observations with a
numerical weather forecast model. Model forecasts are dependent on the ini-
tial state of the surface and atmosphere. For reanalyses, this initial state is
taken from global observations. Further, during the numerical forecasting pro-
cess the model is permanently ’adjusted’ towards observed variables. Such
procedure is called data assimilation and is very complex in itself. The ob-
servations used in atmospheric reanalyses comprise data from satellites, ra-
diosondes, buoys, in-situ surface weather stations and many other systems.
Currently about 7 to 9 million observations are assimilated into reanalyses
(https://climatedataguide.ucar.edu; Fig. 5). The data assimilation scheme ac-
counts for changes in observational systems, uncertainties of the observational
data and in the numerical model. Further, as model versions are updated over
time reanalyses are released regularly for the entire time-period they cover.
This makes reanalysis to a powerful and one of the most consistent available
data sets.

However, especially in regions where observations are sparse reanalyses
are highly dependent on the model physics and satellite observations; the Arc-
tic is one of these regions (Fig. 5). Yet, satellite observations and models
show large uncertainties due to their retrieval algorithms and model physics
(Section 3.2), respectively. Further, many model variables of interest are not
observed directly; they are model products that rely on variables that are ob-
served and assimilated. Example of such variables are clouds, radiation and
surface fluxes. The results in Paper I, II and IV of this thesis are based on the
ERA-Interim reanalysis from the European Center for Medium Range Weather
Forecast (ECMWF; Dee, 2011). ERA-Interim has been evaluated against data
from surface observations in the Arctic, primarily from land stations, and sug-
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gested to be one of the best available reanalysis products, although it contains
errors as do all other reanalyses (for a throughout discussion see the Supple-
mentary Information of Paper I; e.g. Cox et al., 2014, 2012). It is worth to
mention that, although ERA-Interim is able to capture climate variables in the
Arctic reasonably well, several processes that are important for local processes
in the Arctic are not well described in the model (Section 2.2). For example,
the sea-ice albedo is prescribed by climatological values and does not depend
on surface properties such as snow and the ice thickness, which is set con-
stant throughout the year (Karlsson and Svensson, 2013). This impacts the
surface fluxes and the interaction between ocean, sea ice and atmosphere. At-
mospheric reanalyses from different research centers use different models and
observations as well as different data assimilation schemes. Thus, results ob-
tained from different reanalysis products might differ, especially for variables
that are not directly included in the data assimilation. A comparison of three
different reanalysis products in Paper I of this thesis revealed that the major
conclusions drawn from the results presented in this thesis are independent on
the chosen reanalysis.

3.2 Global climate models

Global climate models are an important tool, not only for future climate pro-
jections but also to increase the understanding of processes within the climate
system. For example, it is possible to separate processes to study their indi-
vidual climate contribution. In Paper III the Community Earth System Model
Version 1 (CESM1; Hurrell et al., 2013) is used to investigate processes that
were found to be important contributors to the year-to-year sea-ice variability
(see Section 4.2). CESM1 is a modeling system that couples models for the
atmosphere, land, glaciers, rivers, oceans and sea ice. Note, that a slab-ocean
model is used in this thesis; the ocean is represented by an ocean-mixed layer,
with a typically depth of about 50 m deep and fixed horizontal energy fluxes.
Each component comprises a large number of physical laws and equations that
describe climate-related processes. Solving these equations can be computa-
tionally expensive. Therefore, specifically equations of small-scale processes
are simplified; so-called parameterized. Usually, the finer the horizontal and
vertical model resolution the more of the small-scale processes are resolved.
Depending on the aim of the study, one might prefer lower model resolution
over small-scale processes or vice versa.

Many studies evaluated the performance of CESM1 and the different com-
ponents therein. Jahn et al. (2011) showed that, although there are biases in
e.g. the ice motion fields and the position of the Beaufort Gyre, sea-ice char-
acteristics are represented well. That comprises the trend in the Arctic sea-ice
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Figure 5: Available surface observations. Top: Surface observa-
tions over land areas from global weather stations. Map obtained from
https://catalog.data.gov/dataset/integrated-surface-global-hourly-data. Bottom:
Surface observations over ocean from buoys, ships, argo floats and gliders
as well as shore and bottom stations during July 2015. Map available from
http://osmc.noaa.gov/Monitor/OSMC/OSMC.html.

extent as well as the distribution of the multi-year sea ice (Section 2.2). Neale
et al. (2013) found that the atmospheric component of CESM1 captures cli-
mate processes and dynamics reasonably well. Nevertheless, CESM1 exhibits
biases in the atmospheric fluxes discussed in Section 2.1. Part of these biases
can likely be attributed to the simulation of the cloud cover: clouds are spa-
tially confined and their development and occurrence depends on a variety of
processes, which makes their simulation challenging (Neale et al., 2013). Due
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to these limitations output from climate models should not be taken as truth,
rather as an approximation of reality.

Note that model simulations are dependent on the initial conditions, thus,
climate variations (Section 3.1). In climate related studies ensemble tech-
niques are often used to account for such dependences (see definition box).
In Paper III we performed ensemble simulations in order to account for the
uncertainty that is associated with climate variability. As CESM1 shows large
deviations between individual ensemble members (Jahn et al., 2011) a rather
large ensemble is used to achieve robust results.

Ensemble (as used here): Set of model simulations based on different initial
conditions.
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4. Changes of the sea-ice cover

4.1 Long-term changes of the sea-ice cover

The sea ice has undergone dramatic changes throughout the last decades. Since
1979, the beginning of continuous satellite observations, the annual average
sea-ice extent has decreased with a rate of about 4% per decade (Meier et al.,
2007; Stroeve et al., 2012). Further, sea-ice has thinned substantially. A com-
prehensive set of observations indicates that the mean Arctic ice thickness has
decreased by about 60% between 1975 to 2012; from 3.59 m to 1.25 m (Lind-
say and Schweiger, 2015). The latter is accompanied by a spatial increase of
relatively thin first-year sea ice, ice that survives only one winter, and a loss of
relatively thick and old ice that survived throughout one or more melt seasons
(multi-year ice). The largest trends in ice extent and thickness are evident dur-
ing summer, when sea-ice extent reaches its seasonal minimum (Fig. 1 and 6).
These changes have large impact on the climate; particularly on the global en-
ergy budget, as they are accompanied by a large increase in the solar radiation
that is absorbed by the ocean and atmosphere (Fig. 7; Section 2.1).

Figure 6: September sea-ice extent from 1979 to 2014. Shown are the sea-
ice extent and the corresponding linear trend throughout the period. Data are
obtained from National Snow and Ice Data Center.
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Figure 7: Change in the sea-ice concentration (top) and top-of-the-
atmosphere absorbed solar radiation (bottom) during June, July, August
from 2000 to 2014. Figures are obtained from NASA’s Goddard Space Flight
Center Scientific Visualization Studio.

Atmospheric contribution to the sea-ice decline

One of the main contributors to the sea-ice decline is the increase in surface
temperatures (Kay et al., 2011). Global mean surface temperatures increased
at a rate of about 0.2◦C per decade between 1979 and 2012, due to the rise of
anthropogenic greenhouse gases (Crowley, 2000; IPCC, 2013). Greenhouse
gases absorb longwave radiation, whereby the amount of longwave radiation
that is radiated out to space is reduced (Section 2.1). In the Arctic surface
temperatures have risen about twice as much as the global average, which
is referred to as Arctic amplification (Screen and Simmonds, 2010; Serreze
and Barry, 2011; Serreze and Francis, 2006). One of the main contributors
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to the Arctic amplification and the associated sea-ice retreat is the so-called
ice-albedo feedback (e.g. Curry et al., 1995). Sea-ice melt results in the ex-
posure of open water. Due to the low ocean albedo more shortwave radiation
is absorbed by the surface when the ice has melted, resulting in enhanced so-
lar heating of the upper ocean layers (Section 2.2; Perovich et al., 2007). The
stored heat is released specifically in the fall season, when atmospheric tem-
peratures drop in response to the seasonal cycle of the solar insolation, and
significantly impacts the timing of the fall freeze-up and the ice growth. Steele
et al. (2008) calculated that an increase in the ocean heat storage as is observed
since the late 1960s results in a delay of the fall freeze-up by 13 to 71 days or
a decrease of the winter ice growths of up to 56 to 75 cm. This emphasizes
the direct link between atmospheric and oceanic conditions. Note that the ice-
albedo feedback can also act on relatively thick ice, where it leads to a decrease
of the albedo due to increases in the melt-pond fraction, reductions of the snow
cover and sea-ice thickness (Curry et al., 1995).

Several other feedback mechanisms likely also contributed to the sea-ice
decline. Modeling studies suggest that the water-vapor feedback is one of the
most important feedbacks besides the ice-albedo feedback (Pithan and Maurit-
sen, 2014). The reduction of the sea-ice extent allows for an increased ocean-
to-atmosphere moisture flux. This could lead to an increase in atmospheric
moisture: Boisvert and Stroeve (2015) show that an increase in water vapor
can be observed in satellite observations. Since water vapor is one of the most
efficient greenhouse gases this would potentially contribute to an amplified
surface warming and the associated sea-ice melt. Similarly, the cloud feed-
back is suggested to have contributed to the surface warming (Graversen and
Wang, 2009; Pithan and Mauritsen, 2014); note however that models still have
problems in realistically representing clouds (see Section 3.2).

Changes and variability of the atmospheric circulation are also suggested
to have contributed to the observed sea-ice decline (for a summary see Döscher
et al., 2014). The atmospheric circulation affects the ice cover through the
thermodynamic and dynamic processes discussed in Section 2.2. However,
in contrast to the temperature increase over the last decades and the associ-
ated feedback mechanisms, the atmospheric circulation does not show a single
pattern that would explain the continuous decline of the ice cover; it has un-
dergone major shifts throughout the last decades (e.g. Maslanik et al., 2007;
Serreze et al., 2007). One example of such shifts is the change of the Arc-
tic Oscillation, an atmospheric circulation pattern that is characterized by low
(high) sea-level pressure over the Arctic and high (low) pressure over the the
mid-latitudes, which is referred to as positive (negative) phase of the Arctic
Oscillation (Rigor et al., 2002). In the late 1980s the Arctic Oscillation pattern
changed from a negative to a positive phase. This change was accompanied by
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regional shifts of the Beaufort Gyre and transpolar driftstream, which favored
export of thick ice from the Central Arctic through the Fram Strait, especially
during summer (Fig. 4; Kwok et al., 2013). Since the mid-1990s the Arctic Os-
cillation varies significantly without showing a dominant phase, hence, likely
contributed little to the continued decline. However, a pattern called Arctic
Dipole Anomaly has been observed more frequently during the summers of
the recent decade (Kwok et al., 2013). It is characterized by high pressure
over the Canadian side and low pressure over the Eurasian side of the Arctic,
leading to a cross Arctic flow from the Pacific to the Atlantic. A strengthening
of the Beaufort Gyre and the transpolar drift stream are associated with this
pattern, favoring ice export. Besides the dynamic impact on the ice, the Dipole
Anomaly is affecting the sea ice through thermodynamic processes. Anoma-
lous atmospheric and oceanic heat and moisture transport from the Pacific into
the Arctic are associated with the pattern (Paper IV; Graversen et al., 2011;
Wang et al., 2009). The sequence of the positive phase of the Arctic Oscil-
lation and the persistence of the Dipole Anomaly are, due to their significant
interaction with the sea ice, likely important contributors to the sea-ice decline
(Overland and Wang, 2005).

Further, an increase in the poleward energy transport throughout the last
decades is suggested to have influenced the Arctic temperature amplification
and the associated sea-ice decline (Section 2.1; Alexeev et al., 2005; Bengts-
son et al., 2012; Graversen and Wang, 2009). Based on atmospheric reanaly-
sis data, Graversen (2006) showed that the variability of the poleward energy
transport has a significant impact on the Arctic climate. He found an overall
positive trend in the transport and suggested that about 7% of the total tem-
perature increase between 1979 and 2001 can be attributed to the increased
transport. Several model studies investigated the specific importance of such
increase for the observed temperature change in the Arctic. Alexeev et al.
(2005) conducted simplified model experiments, where a forcing is induced at
the low latitudes only. In fact, an Arctic amplification of the surface tempera-
ture still occurred even though the high latitudes were not directly exposed to
a forcing. This let to the conclusion that the amplification in the Arctic must
be due to an increase in the northward energy transport. Modeling studies by
Bengtsson et al. (2012) indicate that the atmospheric poleward transport of
water vapor is more important than the transport of heat; transport of moisture
shows a positive trend, while the heat transport exhibits a small negative trend.
They argue that the enhanced moisture transport led to an increase in the down-
ward longwave radiation within the Arctic, as it alters the atmospheric opacity.
Hence, it likely contributed significantly to the surface warming and sea-ice
decline in the Arctic, in concert with other feedback mechanisms.

16



Oceanic contribution to the sea-ice decline

The oceanic impact on recent sea-ice changes is less explored than the at-
mospheric contribution due to a lack of comprehensive and continuous data
(Döscher et al., 2014). However, the inflow of warm waters from the Pacific
and Atlantic are suggested to have significantly contributed to the recent loss
of sea ice.

Pacific water enters the Arctic Ocean through the Bering Strait. As the
Pacific water is relatively fresh and has a low density it stays close to the sur-
face. It eventually follows the Beaufort Gyre and exits the Arctic through the
Canadian Archipelago and the Fram Strait (Fig. 4 and 8). Since the late 1990s
an increased inflow of warm water from the Pacific through the Bering Strait is
observed (Polyakov et al., 2012). As the Pacific water stays close to the surface
it has a direct impact on the sea ice (Shimada et al., 2006). Hence, it is likely a
significant contributor to the thinning and reduction of the sea ice cover in the
Chukchi and Beaufort Seas (Steele et al., 2010).

Figure 8: Pathways of Atlantic and Pacific waters throughout the Arctic.
Water from the Pacific Ocean enters the Arctic Ocean through the Bering Strait
(blue). Atlantic water penetrates the Arctic Ocean through the Barents Sea and
Fram Strait (red). Illustration by Jack Cook, Woods Hole Oceanographic Institu-
tion.
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Water from the North Atlantic enters the Arctic Ocean through the Bar-
ents Sea and the Fram Strait (Fig. 8). As Atlantic water is relatively warm,
salty and dense it remains close to the surface only in the relatively shallow
Barents and Kara Seas, but cools and deepens as it penetrates further into the
Arctic along the continental shelves. It eventually separates from the surface
and a relatively cold and fresh layer forms on top of the 200 to 300 m deep
warm core of the Atlantic water (Polyakov et al., 2010). This freshwater layer
is called halocline and is characterized by a very stable stratification that sup-
presses vertical mixing (see definition in box). This layer is formed through
river run-off, precipitation and sea-ice melt processes. A warming of the At-
lantic water is observed since the late 1970s. Due to the vertical variations
of the Atlantic water such warming likely affected sea-ice changes predomi-
nantly in the Barents and Kara Seas, where it is in close proximity to sea ice
(Koenigk and Brodeau, 2014). For example, Polyakov et al. (2010) show that
increases in Atlantic water temperatures precede a sea-ice decline in these re-
gions, although, with a five year lag. How a warming of the Atlantic water
might impact sea ice beyond the Barents and Kara Seas is relatively uncer-
tain, as the fresh and cool halocline hampers vertical heat transport. However,
the Atlantic water becomes fresher and colder along its Arctic pathway, which
suggests some form of vertical heat exchange (Dmitrenko et al., 2014).

Halocline: Layer of water with strong vertical salinity gradient.

Lastly, river discharge into the Arctic Ocean increased by about 7% from
1936 to 1999 (Peterson et al., 2002). Increased river discharge impacts ocean
stratification through a freshening of the water: the fresher the surface water is
the stronger the stratification, which would hypothetically counteract a sea-ice
decline. However, Ogi et al. (2001) showed that river discharge is associated
with an increased heat flux into the Arctic Ocean, leading to increases of sea-
surface temperatures and a delay of the fall freeze up, although, the impact of
rivers on sea ice is confined to the areas in the vicinity of the river deltas (Frey
et al., 2003).

4.2 Inter-annual sea-ice variability

Besides the long-term trend Arctic sea ice shows large year-to-year variability
(Fig. 6). The largest variability is evident in September (Serreze et al., 2007).
For example, in September of 2013 and 2014 the sea-ice extent was about
1.7 million km2 larger than in 2012. This corresponds to an area larger than
the size of France, Sweden, Germany and the UK together. Very similar inter-
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annual variability occurs throughout the entire record of the satellite observed
ice extent. The three largest negative deviations from the trend line are evident
in the years 1990, 2007 and 2012. The sea-ice extent is lowest towards the
end of the record due to the underlying long-term decline of the ice (Fig. 6;
Section 4.1). The sea-ice variability is not spatially uniform: ice anomalies are
largest in the Kara, Laptev, East Siberian, Chukchi and Beaufort Seas (Fig. 9;
Paper IV).

Anomaly: Deviation of a specific value from a climatological mean.

Figure 9: Sea ice conditions during years with an anomalous low September
sea-ice concentration (SIC). Ice concentrations are shown for the years 1990,
1995, 2003, 2007 and 2012 (color) together with the ice-edge (SIC>15%) aver-
aged over the ±2 adjacent years (black line) are shown. This figure is taken from
Paper IV.

Atmospheric contribution to sea-ice variability

The atmospheric processes that are important for the inter-annual variability
of the sea-ice cover are not much different from the processes that contribute
to the long-term trend discussed in Section 4.1. Alterations of atmospheric
water vapor and clouds impact sea ice thermodynamically, while atmospheric
circulation alters the atmospheric and oceanic transport of heat and moisture
into the Arctic and forces sea ice dynamically. It is rather a matter of time
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scale: atmospheric processes and feedbacks persistent over years are responsi-
ble for the long-term trend in the sea-ice extent, while atmospheric events on
time scales of days to weeks can have a significant impact on the seasonal sea-
ice evolution and, hence, on the magnitude of the September sea-ice minimum
(Fig. 1 and 9). The studies presented in this section investigated primarily pro-
cesses during years of significantly negative sea-ice anomalies or years when
the ice recovered from such an event. In this section we put the results of
these studies in a general perspective and discuss the importance of processes
specifically in regard to their timing during the year.

The probably to-date most discussed year, in terms of the processes that
contributed to anomalous ice conditions, is 2007. In September of 2007 the
sea-ice extent dropped to 4.3 million km−2, the lowest extent observed until
that year; to-date only 2012 shows an even lower sea-ice extent (Fig. 6). The
ice extent was also 1.6 million km−2 and 0.4 million km−2 below the sum-
mer extent of 2006 and 2008, respectively. This suggests that the unusual ice
conditions were not only subject to the long-term trend in ice extent and thick-
ness (Section 4.1; Lindsay et al., 2009) but also part of the atmospheric and
oceanic variability. Most studies investigated the atmospheric conditions over
the area that experienced the largest ice retreat, which comprises large parts
of the East Siberian and Beaufort Seas and the Chukchi Sea (Fig. 9). The
majority of the studies pointed towards the specific importance of the sum-
mer atmospheric conditions. Summer of 2007 was dominated by a positive
Dipole Anomaly (Section 4.1), which resulted in an anomalously large trans-
port of heat and moisture from the Pacific into the Arctic (Graversen et al.,
2011; Wang et al., 2009). The transport led to an increased cloud cover, there-
fore, increased fluxes of downward longwave radiation and turbulent fluxes at
the surface (Dong et al., 2014; Schweiger et al., 2008; Sedlar and Devasthale,
2012). Graversen et al. (2011) argued that the energy surplus at the surface due
to the increased downward fluxes of longwave radiation led to a larger-than-
average surface melt and allowed for the melt of about one meter of ice. The
associated reduction of the ice and appearance of open water throughout the
summer resulted in more shortwave absorption by the ocean: according to Per-
ovich et al. (2008) five times more shortwave radiation was absorbed during
summer of 2007 over the Arctic as compared to other years. The latter effect
represents a larger than average ice-albedo feedback (Section 4.1). Wang et al.
(2009) further showed that the prevalent Dipole Anomaly led to a significant
transport of warm Pacific water into the Arctic, which likely accelerated the
sea-ice melt. The dynamical impact of the anomalous atmospheric circulation
pattern, due to ice redistribution and export, was also suggested to be a con-
tributing factor to the anomalous ice conditions in 2007 (Hunke, 2014; Zhang
et al., 2008).
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These and other studies indicate the importance of atmospheric circulation
anomalies during summer for the sea-ice evolution. In fact, an almost linear
relationship between changes of the sea-ice extent throughout the season and
summer wind anomalies was suggested (Ogi and Wallace, 2012). Other stud-
ies also pointed towards the importance of atmospheric processes earlier in the
season. For example, Eastman and Warren (2010) found a significant correla-
tion between the September sea-ice extent and the cloud amount during March
to May, leading to positive downward longwave flux anomalies prior to melt
onset. Indeed, observational studies showed that a significant surface warming
can occur up to two months before melt onset associated with increases in the
downward longwave fluxes (Persson, 2012).

In Paper I, we underline the specific importance of the spring downwelling
longwave radiation for the ice evolution in the succeeding months. In years
with a below-average September sea-ice extent large part of the Arctic, includ-
ing the Beaufort, Chukchi, East Siberian and Laptev Seas as well as large part
of the Arctic Ocean (see e.g. Fig. 8), exhibits positive downward longwave
radiation anomalies at the surface in April and May (Fig. 10). These radi-
ation anomalies are associated with an anomalous transport of moisture into
and positive anomalies of clouds and water vapor over the area. The increased
longwave radiation leads to a warming of the surface and enhanced ice melt
in spring, which results in below-average sea ice from May onwards. This
allows for a larger than average ice-albedo feedback and an accelerated sur-
face melt throughout summer. In fact, we estimate that the energy surplus due
to the spring longwave anomaly and the associated summer ice-albedo feed-
back have the potential to cause a negative September ice anomaly of 13–26%;
note, that this estimate is confined to a smaller area comprising parts of the
East Siberian and Beaufort Seas and the Arctic Ocean (black box in Fig. 10).
In contrast, positive downward longwave radiation anomalies are not evident
in spring of years with an above-average September sea-ice extent; instead a
negative anomaly in downward longwave radiation was evident.

The latter study does not only indicate a strong relationship between spring
longwave radiation and September sea ice, but also suggests that radiation
anomalies in spring are remotely controlled; by advection of moisture into the
area (Fig. 10). In Paper IV, we therefore explored the atmospheric circulation
patterns associated with positive anomalies of net longwave radiation during
years with well below-average September sea ice. Note, that net longwave ra-
diation gives an estimate of the energy that is absorbed by the surface, thus,
the energy that potentially goes into ice melt. The regional focus of this study
is on the Beaufort, East-Siberian and Laptev Seas, which exhibit the largest
sea-ice variability as compared to other regions (see Fig. 9 and 10). The study
reveals that net longwave anomalies during spring occur in form of three to
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Figure 10: Surface radiation anomalies and energy convergence during
April and May for years with a low September sea-ice extent. Anomalies
of net- (a) and downwelling longwave radiation (b) and heat (c) and moisture
convergence (d) averaged over April and May. Gray lines encapsulate values that
are significantly different from zero on the 95% level. The black box marks one
of the study area. Figures adopted from supplementary information of Paper I.

six episodes, with a typical lengths of on average 53 days. Those episodes are
mostly associated with circulation patterns similar to the Arctic Oscillation and
Dipole Anomaly discussed in Section 4.1, which lead to anomalous advection
of heat and/or moisture into the Arctic (Fig. 11). The additional energy leads,
in most years, to an earlier-than-usual melt onset in spring, thus, an accelerated
sea-ice decline throughout the rest of the year. It should be noted that years
with positive September sea-ice anomalies are also associated with episodes
of enhanced net longwave radiation. However, the episodes in those years are
shorter and they occur less frequently; further, they also more frequently al-
ternate with periods of negative net longwave anomalies. This suggests that
the processes that alter the sea-ice concentration different years are likely not
substantially different, instead it is the frequency, length and strength of the
same conditions that constitute the difference between years with positive and
negative sea-ice anomalies.
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Figure 11: Circulation patterns (CP) associated with episodes of anomalous
net longwave radiation (LWN) during spring of years with low September
sea ice. Downwelling longwave radiation anomalies (LWD; color) and 850-hPa
geopotential heights (contour). CP1, CP2 and CP3 are averaged over four, five
and five LWN episodes, respectively. In total 22 LWN episodes were analyzed.
Figure adopted from Paper IV.

Many of the here presented processes are still subject to discussion; for
example, the effect of clouds and water vapor on the sea ice (Graversen et al.,
2011; Kay et al., 2008; Schweiger et al., 2008). One reason for this is the lack
of surface observations in the Arctic that would allow for a thorough study of
such processes: to-date only one surface based observational data set exists
over sea ice that covers a whole annual cycle (Uttal et al., 2002). Further,
studies that weight the importance of atmospheric processes during different
seasons are largely absent.

Experiments with a coupled atmosphere-ocean model in Paper III pro-
vide insight on effects of downward radiation anomalies, associated with of
clouds and water vapor, during different seasons on the sea-ice evolution (Sec-
tion 3.2). In Paper III, downward longwave and shortwave radiation anomalies
are implemented in the model during different seasons, separately and in com-
bination with each other. An implementation of spring downward longwave
radiation anomalies, of the same size as identified in years with below-average
sea-ice extent in Paper I, into the model during April and May revealed that
CESM1 is able to realistically simulate the sea-ice response to enhanced spring
longwave radiation. However, the sea-ice response is only statistically signifi-
cant for longwave anomaly of double the size. Hence, anomalies of 12 Wm−2

were applied to investigate the effect of seasonal varying downward radiation
anomalies. The study revealed that positive longwave radiation anomalies dur-
ing spring and summer have the largest impact on the sea-ice evolution, while
positive shortwave anomalies affect sea ice mainly in summer. The high albedo
of the ice cover in spring leads to a reflection of most of the shortwave energy,
thus, positive shortwave anomalies in spring do not result in an accelerated
sea-ice melt. When positive longwave anomalies are applied in combination
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with negative shortwave anomalies, to mimic cloudy conditions, a significant
impact on the sea ice is still evident in spring. During summer the longwave
warming effect and shortwave cooling effect of clouds cancel each other (see
Section 2.1), thus, summer clouds appear to have little effect on the sea-ice
evolution. In winter shortwave radiation is largely absent, hence, cloud and
water vapor anomalies only result in increased downward longwave radiation
at the surface. The model experiments reveal that cloud anomalies play only a
small role for the ice evolution during winter, as compared to the spring sea-
son. Anomalies in winter mainly lead to a reduction of the ice growth (Liu
and Key, 2014). The conclusions drawn from Paper III, therefore, emphasize
the importance of the spring atmospheric processes for the September sea-ice
concentration.

It should be noted that most of the studies discussed in this section focused
on the contribution to the ice variability over the Pacific side of the Arctic. The
Atlantic side of the Arctic, comprising the East Greenland, Barents and Kara
Seas, appears to be dominated by oceanic processes (Section 4.1; Smedsrud
et al., 2013).
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5. Conclusions and Outlook

In this thesis, a thorough investigation of atmospheric conditions during years
that show similar summer sea-ice conditions is conducted on basis of atmo-
spheric reanalysis data (Paper I and IV; Chapter 3). Identified key processes
are explored in experiments with a coupled atmosphere-ocean model, in order
to understand their relevance for the sea-ice evolution during different seasons
of the year (Paper III). By focusing on several years the processes important
for the sea-ice evolution are put in a general perspective, as compared to many
previous studies that focused on single years (e.g. Graversen et al., 2011; Kay
et al., 2008; Persson, 2012; Schweiger et al., 2008).

The methods applied in the present study allowed for an identification of
processes that are generally important during a number of years in the data
record; specifically, we found that spring anomalies of downward longwave
radiation are important for the ice evolution. In Paper II, we used this key find-
ing to design a simple statistical prediction model for the September sea-ice
extent: spring atmospheric anomalies related to downward longwave radia-
tion, e.g. water vapor and clouds, were used as predictor variables. In fact,
the statistical model takes exclusively the spring atmospheric conditions into
account. Relatively high correlations between observed and predicted sea-ice
extent indicate that a realistic representation of those anomalies is important
for seasonal predictions of the ice cover. However, the results also reveal that
not all of the September sea-ice variability can be explained by the spring at-
mospheric conditions: anomalies far away from the trend-line are not captured
by the prediction model. One possible reason for this is that anomalous condi-
tions during summer, as discussed in Section 4.2, affect the sea-ice evolution
significantly.

The model was further applied in connection to the Sea Ice Outlook (SIO),
an international effort to summarize, coordinate and evaluate seasonal sea-ice
predictions for the scientific community, stakeholders and the public (Stroeve
et al., 2014). In June, July and August of each year the Sea-Ice Prediction Net-
work calls for predictions of the September sea-ice extent from international
research groups or individuals. In 2014 and 2015 predictions conducted with
the statistical model were submitted; the predictions were based on spring at-
mospheric water vapor, taken from ERA-Interim and ECMWF’s operational
forecasts. The sea-ice prediction in 2014 is similar to contributions from cou-

25



pled, much more complex model systems (Fig. 12). Compared to the observed
sea-ice extent in 2014 the prediction turned out too low. However, predicted
and observed ice extent are in close proximity, which emphasizes that spring
atmospheric conditions likely play a key role for predictions of the summer
ice extent. The prediction for 2015 is significantly lower than predictions from
most of the other research groups; yet, the outcome and therefore the interpre-
tation lies in the future (Fig. 13).

Figure 12: June Sea-Ice Outlook contributions 2014. Distribution of indi-
vidual Pan-Arctic Outlook values for September 2014 sea ice extent. The ob-
served sea-ice extent in September of 2014 was 5.3 million km2, based on Na-
tional Snow and Ice Data Center (NSIDC) estimates. Figure downloaded from
http://www.arcus.org/sipn/sea-ice-outlook/2014/june.
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Figure 13: June Sea-Ice Outlook contributions 2015. Similar to Fig. 12
but for 2015. Figure downloaded from http://www.arcus.org/sipn/sea-ice-
outlook/2015/june.

Open science questions

The findings of this thesis point towards the specific importance of spring at-
mospheric conditions for the sea-ice evolution. One logical next step is to
analyze how variables connected to these processes are represented in climate
models. Do atmospheric circulation patterns, as identified in Paper IV, occur
with the same frequency and strength in the models? And, do models that
feature realistic circulation patterns provide a better depiction of the summer
sea-ice evolution? The wide range of sea-ice predictions in the SIO contri-
butions indicate that there is large uncertainty in the seasonal prediction of
the inter-annual sea-ice variability (Fig. 12 and 13). Therefore, such analysis
could help to identify possible shortcomings in the prediction systems. To un-
derstand the key processes might help to improve seasonal predictions. Better
predictions may allow for improved planning and risk analysis for maritime
operations.

In this thesis thermodynamic processes were regarded separately from dy-
namical processes. However, anomalous atmospheric circulation patterns that
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advect warm and moist air also act on the sea ice through dynamical wind forc-
ing. For example, Maslanik et al. (2007) found that summer sea-ice anomalies
are significantly correlated with sea-ice transport. In fact, patterns similar to
the patterns that advect heat and moisture during the net longwave radiation
episodes (Paper IV) were identified to control the sea-ice transport. As obser-
vations are sparse model simulations could be conducted to weight the impor-
tance of the thermodynamic impact on sea ice against the dynamical impact.
One approach could be to use a coupled sea-ice and ocean model and prescribe
atmospheric anomalies such as wind, heat and moisture anomalies as bound-
ary conditions. An analysis of the ice velocity fields and the ice thickness and
concentration fields could help to identify the specific contribution of the two
processes to ice variability.

The results presented in this thesis also indicate that a large range of pro-
cesses determine the seasonal ice evolution: in some years anomalous condi-
tions during spring and associated feedback processes dominate the ice evolu-
tion (e.g. 1990), in other years atmospheric processes during summer might be
more important (e.g. 2007). Hence, future research is required on the impor-
tance of the processes that contribute to the ice variability. In a further study
we investigated the remote effect of temperature variability on the Arctic sea
ice. A correlation analysis between detrended sea-surface temperatures and
sea-ice extent reveals that positive temperature anomalies in the eastern North
Pacific and negative temperature anomalies in the central North Pacific during
spring and early summer are associated with positive September sea-ice extent
anomalies (Fig. 14). The correlation pattern that emerges in the North Pacific
is similar to the so-called Pacific Decadal Oscillation, a leading pattern that is
characterized by high (low) sea-surface temperatures in the central North Pa-
cific and low (high) temperatures in the eastern North Pacific (Mantua et al.,
1997). A more thorough investigation of this relationship is necessary to de-
termine whether the correlations reveal a physical relationship. The Pacific
Decadal Oscillation is a climate oscillation that usually shifts from positive to
negative phase every 20-30 years; hence, it has not been linked to inter-annual
ice variability.
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Figure 14: Correlations between September Arctic sea-ice extent and sea-
surface temperature (SST) fields. Correlations are shown for SST fields from
January to August. All fields were linearly detrended prior correlation analysis to
account for trends in the time series. Bright colors show statistically significant
correlations (student’s t-test; α=0.05).
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