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Abstract
The Fram Strait is an important interface for the transfer of Arctic climate signals
to the North Atlantic Ocean. This thesis investigates the variability of the sea
ice export through Fram Strait and its impact on northern hemispheric climate.
For this purpose a 500-year control integration of the global coupled atmosphereocean-sea ice model ECHAM5/MPI-OM is analysed and sensitivity experiments
are performed. The model provides a realistic mean Arctic climate and reproduces the observed variability well. The simulated mean Fram Strait ice export
amounts to 97000 m3 /s. It is highly variable at interannual to decadal time
scales. This variability is mainly determined by variations in the sea level pressure gradient across Fram Strait and thus geostrophic wind stress. The North
Atlantic Oscillation has no signiﬁcant inﬂuence on the ice export in this model. In
contrast, variations in the stratospheric polar vortex and atmospheric planetary
waves turned out to be of considerable importance for the wind stress in Fram
Strait.
A combination of anomalous northerly winds in Fram Strait and increased sea ice
thickness leads to particularly large ice exports. After such events the ice/fresh
water signal propagates southward in the East Greenland Current and reaches
the Labrador Sea one to two years later. This negative salinity anomaly decreases
or even suppresses oceanic convection in the Labrador Sea. The associated cooler
sea surface and increased sea ice cover reduce the ocean heat release to the atmosphere, which has a signiﬁcant impact on air temperatures and atmospheric
circulation. Sea level pressure anomalies respond in large areas of the high northern latitudes to oceanic perturbations in the Labrador Sea.
A decadal climate mode could be identiﬁed in the Arctic: it is characterised
by wind forced formation of ice thickness anomalies at the Siberian coast, their
subsequent propagation across the Arctic towards Fram Strait in 4 to 5 years
and enhanced ice export. Negative ice thickness anomalies are generated at the
Siberian coast simultaneously with the enhanced export. They reach Fram Strait
another 4 to 5 years later. Furthermore, there is a feedback of the ice anomalies
on the atmospheric circulation. However, it is rather weak compared to atmospheric variability. The mode is thus strongly damped.
Sensitivity studies show that the isolated eﬀect of a prescribed ice/fresh water
anomaly in Fram Strait explains a large part of the climate variability in the
Labrador Sea. The ice export through Fram Strait can thus be used for predictability of Labrador Sea climate for the next two years.
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ZUSAMMENFASSUNG

Zusammenfassung
Die Framstraße stellt eine wichtige Verbindung für den Transport von Klimasignalen aus der Arktis in den Nordatlantik dar. Diese Arbeit untersucht die
Variabilität des Framstraßeneistransportes und deren Einﬂuss auf das nordhemisphärische Klima. Dazu werden eine 500-jährige Modellsimulation und Sensitivitätsexperimente des global gekoppelten Atmosphäre-Ozean-Meereis Modells
ECHAM5/MPI-OM verwendet. Das Modell stellt das mittlere arktische Klima
relativ realistisch dar und reproduziert einen Großteil der beobachteten Variabilität. Der mittlere Framstraßeneistransport beträgt 97000 m3 /s und zeigt
ausgeprägte interannuale und dekadische Schwankungen. Diese werden zu einem
erheblichen Anteil von dem Luftdruckgradienten über der Framstraße und somit
von dem geostrophischen Windstress bestimmt. Die Nordatlantische Oszillation
hat in diesem Modell keinen signiﬁkanten Einﬂuss auf den Framstraßeneistransport. Im Gegensatz dazu sind die stratosphärische, polare Vortex und die planetaren Wellen von großer Bedeutung für den Windschub in der Framstraße.
Besonders starke Eisexporte treten bei einer Kombination aus anomalen Nordwinden und dickem Eis auf. Die mit solchen Ereignissen verbundenen Eis/Süßwasseranomalien werden im Ostgrönlandstrom nach Süden transportiert und erreichen nach ein bis zwei Jahren die Labradorsee. Dies führt zu einer Abschwächung der ozeanischen Konvektion und nachfolgend kälteren Wassertemperaturen sowie einer erhöhten Eisbedeckung. Als Konsequenz verringert sich der
Wärmeﬂuss in die Atmosphäre, was einen signiﬁkanten Einﬂuss auf die Lufttemperatur und die atmosphärische Zirkulation hat. Weite Teile der hohen nördlichen
Breiten reagieren mit Luftdruckanomalien auf die ozeanischen Störungen in der
Labradorsee.
Im Bereich der Arktis konnte ein dekadischer Klimamode identiﬁziert werden.
Wesentliche Charakteristiken dieses Modes sind die windgetriebene Bildung einer
Eisdickenanomalie an der sibirischen Küste, deren anschließende Propagation
durch die Arktis zur Framstraße in vier bis fünf Jahren und einem darauf folgenden anomalen Eisexport in den Nordatlantik. Gleichzeitig ensteht eine negative
Eisdickenanomalie an der Sibirischen Küste, die die Framstraße nach weiteren vier
bis fünf Jahren erreicht. Die Eisanomalien üben eine schwache Rückwirkung auf
die atmosphärische Zirkulation aus. Aufgrund der ausgeprägten atmosphärischen
Variabilität ist der Klimamode jedoch stark gedämpft.
Mit Sensitivitätsexperimenten wird gezeigt, dass der isolierte Einﬂuss von Eisanomalien in der Framstraße einen erheblichen Anteil der Klimavariabilität in der
Labradorsee erklärt. Daher ist der Eisexport durch die Framstraße ein geeignetes
Vorhersageinstrument für das Klima in der Labradorsee der folgenden zwei Jahre.
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1

Introduction

The Arctic consists of the large northern polar region of land and sea embracing
the Arctic Ocean and the northern parts of Europe, Asia and North America
(ﬁg. 1.1). The southern boundary of the Arctic region is commonly placed at the
Arctic Polar Circle (66◦ N). Besides this, there are other deﬁnitions of the Arctic:
the area north of the tree line or the area with an average summer temperature
of below 10◦ C. Nevertheless, the central Arctic Ocean is ice-covered year-round
and snow and ice are present on land for most of the year.
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Figure 1.1: The Arctic and its periphery.
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As an interface between ocean and atmosphere, the rather thin layer of sea ice
controls most of the heat, momentum and matter transfers. Its low thermal conductivity prevents the relatively warm ocean to loose heat to the much colder
atmosphere in the non-summer months. The ice eﬀectively reﬂects the incoming
solar radiation but acts almost as perfect black body radiator for the outgoing terrestrial radiation. Thus, in summer the sea ice cover reduces the energy absorbed
at the surface because its albedo is much higher than that of sea water. Sea ice
contributes to a colder local climate and stabilises the atmospheric stratiﬁcation.
In the history of the earth, the sea ice extent varied considerably. Sometimes
the Arctic was completely without ice while the ice extended as far as the midlatitudes during ice ages. Thus, sea ice has not only an important impact on
climate but also reacts sensitively to climate changes. This large sensitivity can
primarily be attributed to the temperature - albedo - feedback. An initial surface
warming of the polar atmosphere is ampliﬁed by less reﬂection of solar radiation
due to a reduced ice cover. Climate models predict the largest changes for an
increased greenhouse eﬀect in the polar regions (Holland and Bitz, 2003). Therefore, a global warming would be detectable early in the sea ice cover. Although
the number of observations in the Arctic is still poor, a growing interest of the
Arctic climate in the last two to three decades could be noticed. Satellite observations (e.g. Kwok (2000)) and model studies (e.g. Hilmer and Lemke (2000)) have
indicated a large decrease of sea ice extent in the last thirty years. Since model
simulations suggest that Arctic sea ice volume varies on decadal to multi-decadal
time scales (Goosse et al., 2003), there is still discussion whether the recent ice
decrease is due to global warming or natural variability. Analysis of ship logs and
meteorological observations since 1864 by Vinje (2001a) showed a 33 % - decrease
of reconstructed sea ice extent in the Nordic Seas in the last 135 years with the
occurrences of extreme events each 12-14 years.
Only a small part of the salt is included in the sea ice during the freezing of sea
water while the majority is released into the underlying ocean layer. The density
of the sea water is thus increased, which leads to a destabilisation of the ocean
stratiﬁcation. This constitutes the initial step for the deep water formation in
regions without a halocline during winter time. Melting of sea ice represents a
fresh water input into the upper layer of the ocean, reducing the density and
stabilising the ocean stratiﬁcation. Meincke et al. (1997) analysed the Arctic
Ocean Nordic Seas thermohaline system and showed that a considerable part of
the world ocean deep water is formed in the Nordic Seas. This occurs in direct
vicinity of strong gradients in the surface salinity, which are due to melting and
freezing of sea ice. Besides the cooling of the salty Atlantic inﬂow local ice formation and ice transports also aﬀect the convection in the Nordic Seas. Thus,
it is of great importance for the ocean where the ice is freezing and melting. As
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sea ice can exist for several years, the formation area is not necessarily the same
as the melting area. The transport of ice along with associated fresh water and
negative latent heat plays a critical role in the climate system.
The transport of sea ice is determined by wind forcing, ocean currents and sea
surface gradient. The wind forcing in the Arctic is mainly controlled by the large
scale atmospheric circulation, which is dominated by the Arctic Oscillation (AO)
and North Atlantic Oscillation (NAO), respectively. The AO (Thompson and
Wallace, 1998) is the most important mode of atmospheric variability for the
entire northern hemisphere. The AO-index is deﬁned as the time series of the
ﬁrst Empirical Orthogonal Function (EOF, see Appendix A.4) of the northern
hemispheric sea level pressure (SLP). The NAO (Hurrel and van Loon, 1997)
describes the varying SLP diﬀerence between the Azores (alternatively Lissabon)
and Iceland. A dipole with anomalous low pressure over Iceland and anomalous
high pressure over the Azores occurs during a positive NAO-index. This leads
to intensiﬁed westerlies over the North Atlantic and south-westerlies in the Norwegian and Barents Seas and vice versa during a negative NAO-index. Since
the pressure diﬀerence between Iceland Low and Azores High is most dominant
and most variable in winter seasons, the NAO-index is normally formed as winter
mean (December, January, February) SLP diﬀerence. Figure 1.2 shows a negative
trend in the NAO-index between 1950 and 1970 and a positive trend thereafter.
The AO-pattern is nearly identically to the NAO-pattern over the North Atlantic
area but the northern pole extends over large areas of the Arctic Ocean. Additionally, the AO-pattern shows a third pole over the Aleutian Islands with the
same sign as the Azores High. The correlation between NAO and AO-index is
very high. Thus, there is an ongoing discussion about the separability of NAO
and AO (Rogers, 2002; Lin et al., 2002). Recent studies by Deser et al. (2000)
and Dickson et al. (2000) highlighted an important relationship between the two
oscillation phenomena and the mean state of sea ice in the Arctic. Rigor et al.
(2002) showed that the AO is signiﬁcantly correlated with the sea ice motion in
most parts of the Arctic Basin between 1979 and 1998.
The sea ice drifts in latitudes where the ice is melting due to increased solar
radiation and higher air and sea surface temperatures. The export of ice out of
the Arctic Basin through Fram Strait into the Greenland Sea is especially large.
Therefore, it presents a very important ﬂux of fresh water into the North Atlantic
Ocean. After passing Fram Strait, the sea ice/fresh water propagates along the
east coast of Greenland into the Labrador Sea and inﬂuences the convection. As
a consequence, the ice export through Fram Strait might be crucial for the thermohaline circulation. Dickson et al. (1988) and Belkin et al. (1998) suggested
that the Great Salinity Anomaly (GSA) observed in the Labrador Sea in the
early 70’s was caused by large positive anomalies in the ice export through Fram
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Figure 1.2: Winter means (DJF) of the NAO-index as deﬁned by Hurrel (1995).

Strait, which propagated via the East Greenland Current to the Labrador Sea.
Häkkinen (1999) used idealised fresh water pulses in the East Greenland Current
to simulate this process. Her model reproduced the observed salinity anomalies
in the Labrador Sea as well as the decrease in oceanic convection. It took several
years until the convection in the Labrador Sea recovered in the simulation. Haak
et al. (2003) concluded, from simulations with the ocean model MPI-OM (Marsland et al., 2003), that the GSA’s in the 80’s and 90’s were caused by anomalous
large ice exports through Fram Strait as well. These ﬁndings are conﬁrmed by
results from Koeberle et al. (1999). In contrary, Houghton and Visbeck (2002)
emphasised the role of local processes in the production of GSA’s.
The ice export through Fram Strait has a considerable eﬀect on the ice cover in
the Greenland Sea (Walsh and Chapman, 1990) and can lead to large and long
lasting anomalies. The advective character of this process modiﬁes the close local
connection between direct atmospheric forcing and sea ice variability (Wang and
Ikeda, 2000; Dickson et al., 2000).
Observational analysis of Deser et al. (2000) suggests a northward shift in the
storm track as a consequence of low ice concentration in the Greenland Sea.
They argued that SLP in the Greenland Sea is decreased as result of enhanced
heat ﬂuxes from ocean to atmosphere in areas of reduced sea ice.
In contrary, model results of Magnusdottir et al. (2004) and Deser et al. (2004)
show a negative NAO pattern as response to extended sea ice cover in the Greenland and Barents Seas.
Because observations in the Arctic only exist for rather short intervals, recent
studies have mainly focused on a few extreme events like the formation of the
GSA in the 70’s. Most observations took place in the last few decades, which saw
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an unusual state of the general atmospheric circulation and large trends in Arctic
climate parameters including sea ice cover, ice volume and temperature. Therefore, it is diﬃcult to assess general statements about the interannual to decadal
variability of the Arctic climate system. To avoid the above mentioned diﬃculties in this study, a global coupled atmosphere-ocean-sea ice model is used. In
contrast to uncoupled ocean or atmosphere models, the coupled model provides
the possibility to analyse interactions and possible feedbacks among ocean, sea
ice and atmosphere.
Due to the importance of the Arctic within the entire climate system and the
context of a potentially changing environment, it is essential to understand the
physical mechanisms of climate variability in the Arctic and the teleconnections
to the climate of lower latitudes. The ice export through Fram Strait is - as the
largest source of fresh water export from the Arctic into the North Atlantic Ocean
- a very reasonable mechanism to pass Arctic climate signals southwards.
This thesis focusses on the ice export through Fram Strait. The local and large
scale response of climate on varying fresh water input through Fram Strait is
investigated and the physical mechanisms of this response are analysed. Also
the temporal and spatial variability of the Fram Strait ice export is considered.
According to Kwok and Rothrock (1999), it is related to the sea level pressure
gradient across Fram Strait. Since 1978, the ice export and the SLP gradient
have been highly correlated with the NAO-index (Jung and Hilmer, 2001). This
thesis seeks to determine the inﬂuence of large scale atmospheric circulation and
regional processes on the ice export. Moreover, the question of a dominant time
scale in the ice export variability is addressed. In this context, the aim is to ﬁnd
out whether dominant coupled modes exist in the Arctic climate system on an
interannual to decadal time scale.
Another point of interest is whether the results gained in this context could be
applied for climate predictability. The conditions and limitations for such a predictability will be analysed.
From the considerations presented in this chapter, the thesis is organised as follows: in chapter 2 a short description of the global coupled atmosphere-ocean-sea
ice model ECHAM5/MPI-OM is given. The following two chapters present the
mean simulated Arctic climate and its variability. The results are compared to
observations and reanalysis to give an overview of the reliability of the model. A
500-year control integration of the model is used for statistical analyses. Here,
the climate response to variations in the ice export through Fram Strait is investigated and the responsible physical processes shall be identiﬁed (chapter 5).
Chapter 6 provides mechanisms for the variability of the ice export, a separate
analysis of the atmospheric forcing and studies the inﬂuence of sea ice thickness
on the ice export. The results from these analyses present some key regions
and processes explaining the Arctic climate variability. To further investigate

10

1 INTRODUCTION

these processes, three sensitivity studies are performed with the coupled model
(chapter 7). In chapter 8 the predictability of Labrador Sea climate using the
Fram Strait ice export as a predictor is addressed. The thesis is completed by a
summary and conclusions (chapter 9). Some results of this thesis are presented by
Koenigk et al. (accepted). The statistical tools applied in this study are described
in detail in the appendix.

11

2

Model

The model used in this study is the Max-Planck-Institute for Meteorology global
atmosphere - ocean - sea ice model ECHAM5/MPI-OM. It consists of the atmosphere model ECHAM5 (ECmwf HAMburg) and the ocean model MPI-OM
(Max-Planck-Institute Ocean Model). A 500-year control integration of the
ECHAM5/MPI-OM model is used for a large part of the investigations. Latif
et al. (2004) used this control run for analyses of multi-decadal scale changes in
the North Atlantic thermohaline circulation. The analysis of Arctic - North Atlantic interactions by Jungclaus et al. (in press) is based on the same run as well.
Furthermore, the ECHAM5/MPI-OM is used to perform three sets of sensitivity
experiments. A detailed description of the experiments is given in chapter 7.

2.1

Atmosphere Model ECHAM5

The atmospheric part of the coupled model is the atmospheric general circulation
model ECHAM5. It belongs to the ﬁfth cycle of a model series, which has been
adapted for climate applications from the spectral weather prediction model of
the European Centre for Medium Range Weather Forecast (ECMWF). A detailed
description of the model characteristics is given by Roeckner et al. (2003). In the
following, only a brief summary of the main features is presented.
The ECHAM model is based on primitive equations, which use the following
prognostic variables: vorticity, divergence, temperature, the natural logarithm of
surface air pressure, speciﬁc humidity and the mixing ratio of total cloud water.
With exception of the water components, these variables are represented in the
horizontal by a series of truncated spectral harmonics. In this model setup, a
triangular truncation at wave number 42 (T42) is used. This results in a horizontal resolution of about 2.8◦ × 2.8◦ . The northern- and southern-most grid points
are on a latitude of 87.8◦ . In the vertical, a hybrid sigma-pressure coordinate is
used. It is discretized in 19 irregularly distributed levels and exhibits the highest
vertical resolution in the atmospheric boundary layer. The top level reaches 10
hPa and thus the middle stratosphere.
The prognostic equations are integrated according to the semi-implicit method.
Linear terms are calculated implicitly using their spectral transform while the
nonlinear terms are treated explicitly on a Gaussian grid and spectrally transformed afterwards.
The initial state for the atmosphere was generated from the ECMWF-reanalysis
data for 1st January 1978.

12

2.2

2 MODEL

Ocean Model MPI-OM

The ocean model MPI-OM (Marsland et al., 2003) is a global version of the
Hamburg Ocean Primitive Equation model (HOPE). The model is a z-coordinate
global general circulation model with 23 vertical levels in this conﬁguration and
is based on primitive equations for a Boussinesq-ﬂuid on a rotating sphere. It
includes parameterisations of sub-grid scale mixing processes like isopycnal diffusion of the thermohaline ﬁelds, eddy-induced tracer transport and a bottom
boundary layer slope convection scheme. The surface of the model is free and
the grid is based on an Arakawa C-grid. The resolution is about 2.8◦ but with
an increasing reﬁnement between 30◦ N and 30◦ S up to 0.5◦ at the equator from
10◦ N to 10◦ S (ﬁg. 2.3).

Figure 2.3: Grid of the ocean model MPI-OM.
The MPI-OM model gives the possibility to arbitrarily place the model’s poles
on the orthogonal curvilinear grid, which has two major advantages over conventional latitude/longitude grids. Firstly, placement of the poles over land removes
the numerical singularity associated with the convergence of meridians at the geographical North Pole. The conﬁguration used in this study places the north pole
over northern Greenland at 80◦ N and 30◦ W. The model’s South Pole is shifted
to 80◦ S, 30◦ W. Secondly, the choice of non-diametric poles allows the construction of regionally high-resolution models to maintain a global domain. Another
advantage of the placement of the grid poles is relatively high resolution in the

2.3 OASIS - Coupler
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deep water formation regions of the Greenland and the Labrador Sea.
A dynamic, thermodynamic sea ice model is embedded in the ocean model code
(Legutke et al., 1997). The dynamics of sea ice are formulated using a viscousplastic rheology following Hibler (1979). The thermodynamics relate sea ice thickness changes to a balance of radiant, turbulent and oceanic heat ﬂuxes. The sea
ice coverage is fractional within grid cells and is related to the thickness according
to subgridscale parameterisation of lateral versus vertical ablation and accretion
following Stössel (1992). The considerable insulating eﬀects of snow accumulation on sea ice are included, along with snow-ice formation when the snow/ice
interface sinks below the sea level due to snow loading. The importance of sea ice
dynamics in global climate models has been pointed out by Vavrus and Harrison
(2003) who investigated the sensitivity of Arctic climates to sea ice motion.
The initial ﬁelds for the ocean are taken from the output of model year 150 of
the climatologically forced experiment described in Marsland et al. (2003). This
uncoupled run was initialised with temperature and salinity data from the World
Ocean Atlas 1998 (Levitus et al., 1998).

2.3

OASIS - Coupler

The atmosphere model and the sea ice - ocean model are connected by the OASIS coupler. The coupler transfers the ﬂuxes of momentum, heat, and freshwater
from the atmosphere to the ocean and performs the interpolation onto the ocean
grid. It transmits sea surface temperature, sea ice thickness, sea ice concentration and snow thickness from the ocean to the atmosphere. The climate model
includes a river runoﬀ scheme (Hagemann and Dümenil, 1998; Hagemann and
Dümenil-Gates, 2003). The river runoﬀ is transferred together with the precipitation into the ocean. Glacier calving is included in such a way that the amount
of snow falling on Greenland and Antarctica is instantaneously transferred into
the ocean.
In this climate model, no ﬂux adjustment is used. Thus, problems and consequences of climate restoring (Zhang et al., 1998) are avoided. A detailed description of the OASIS coupler can be found in Terray et al. (1998).
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Mean Arctic Climate in the Model

This chapter describes the simulated mean state of key parameters of northern
high latitudes and compares the coupled model climate to observational data and
other studies. Deﬁciencies in the model simulations are shown and discussed. The
mean state of the model simulation is obtained by averaging the years 51 through
500 of the control integration. The ﬁrst 50 years are regarded as spinup of the
model and thus neglected.

3.1

Sea Level Pressure

Figure 3.1 shows a comparison between annual mean SLP in the 500-year control
run and in the NCEP/NCAR reanalysis from 1948 to 2001 (Kalnay et al., 1996;
Kistler et al., 2001). The large scale atmospheric circulation in the reanalysis
is determined by high pressure systems over the subtropical North Atlantic and
North Paciﬁc as well as over Siberia. Low pressure systems occur over Iceland
and the Aleutian Islands. The Iceland Low extends quite far into the Barents
and Kara Seas while a ridge of the Siberian High extends from eastern Siberia
to the Canadian coast. Together with the Aleutian Low, an anticyclonic wind
ﬁeld in the Central Arctic as well as wind stress from the west Siberian coast
across the Arctic to Fram Strait and northern Greenland are produced. The
pressure systems, especially the Siberian High, are particularly pronounced in
winter seasons and are much weaker in summer. As a consequence, winds in the
Arctic are weaker in summer, as well. The transition of the Arctic circulation
state from the summer to the winter state has been speciﬁed by Miletta Adams
et al. (2000).
The simulated SLP (ﬁg. 3.1 b)) reproduces the main features of the SLP distribution in the reanalysis. However, some larger diﬀerences have to be pointed
out. The Aleutian Low is much deeper in the reanalysis than in the model while
the Paciﬁc subtropical high is too pronounced in the model. Nevertheless, the
resulting pressure gradient and associated winds over the North Paciﬁc are in
rather good agreement. Over the North Atlantic the subtropical high is slightly
too strong and the Iceland Low extends not as far into the Barents Sea as in
observations. This is partly due to a shift in the observed Iceland Low towards
the northeast since the late 70’s (Hilmer and Jung, 2000).
Furthermore, the Siberian High is slightly too pronounced and extends too close
to the Paciﬁc coast and into the Arctic. The mean SLP in the Arctic is therefore
overestimated in the model. This leads to slightly underestimated transpolar
winds from the Siberian coast to the Canadian Archipelago and the north of
Greenland.

3.2 Air Temperature
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Figure 3.1: Annual mean SLP in hPa. a) NCEP data, b) control integration of
the model.

3.2

Air Temperature

The annual mean two meter air temperature, averaged over 54 years of NCEP
reanalysis (ﬁg. 3.2 a), displays the typical north-south gradient. Temperature
varies between less than −15◦ C in the Central Arctic and Greenland and up to
20◦ C in the subtropics. A tongue of warm air in the northeastern North Atlantic
and colder temperatures over Asia are the main deviations from the zonal distribution. The warm temperatures in the northeastern North Atlantic are due
to both the heat transport of the North Atlantic Current and the southwesterly
winds. An extraordinary strong temperature gradient occurs between this warm
air and the cold air masses over the Arctic and Greenland. The large landmass
of Asia leads to strong cooling in winter which maintains colder annual mean
temperatures than the zonal mean. Temperatures over North America are colder
as well but not as pronounced as in Asia. In the northeastern Paciﬁc, a comparable eﬀect to the northeastern Atlantic leads to slightly warmer temperatures.
The simulated air temperature of the model captures the main features of the
distribution in the reanalysis, but most parts of the polar regions are slightly too
cold. The largest discrepancies can be seen over Siberia, in the Barents Sea and
along the south coast of Alaska. Here, the simulated temperatures are up to 6
Kelvin colder than in the NCEP reanalysis data.
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Figure 3.2: Annual mean 2 meter air temperature in
b) control integration of the model.
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Precipitation

Figure 3.3 compares simulated annual mean precipitation with precipitation in
the NCEP reanalysis. One has to keep in mind that precipitation in the reanalysis is not as reliable as e.g. SLP or temperature. Precipitation is calculated as
6-hour forecast and in contrary to SLP and air temperatures, no observations are
used for the estimations. Mo and Higgins (1996) and Ruprecht and Kahl (2003)
showed that the local error in the NCEP reanalysis may be quite large, especially
in mountainous regions (Rasmusson and Mo, 1996) and high latitudes (Trenberth
and Guillemot, 1998; Cullather et al., 2000).
However, the large scale pattern in the simulations agree well with the reanalysis.
In the entire Arctic Basin precipitation is low with values of 10 to 30 mm/month.
Most of the precipitation in the Arctic is falling during summer, whereas winter
precipitation is less than 10 mm/month in most areas (not shown). In central
Asia and the inner parts of North America, the amount of precipitation is also
small. In contrast, amounts of up to 150 mm/month are reached over the midlatitude oceans, especially over the Gulf Stream and the Kuroshio as well as at
the mountainous west coast of North America. In middle and eastern Europe
the model produces slightly less precipitation than in the reanalysis. In parts of
Russia, it is not able to resolve the mountain ranges properly, but as pointed out
before, reanalysis are erroneous in mountain regions anyway.

3.4 Salinity
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Figure 3.3: Annual mean precipitation in mm/month. a) NCEP data, b) control
integration of the model.

3.4

Salinity

To compare the simulated surface salinity (10 m) to observations, the mean salinity of the Polar Science Center Hydrographic Climatology (PHC) is used (Steele
et al., 2001). The PHC data set evolved by merging results from the World Ocean
Atlas (Antonov et al., 1998; Boyer et al., 1998) and the Arctic Ocean Atlas (EWG,
1997, 1998) for the time period from 1950 to 1989. Because sea ice concentration
is lowest in late summer, most of the observations have taken place then. Thus,
observed and simulated surface salinities of August are compared (ﬁg 3.4).
The observations show a pronounced east - west gradient in the North Atlantic.
The North Atlantic Current transports warm and salty water with a salinity of 35
to 36 psu to the northeast Atlantic (Orvik and Niiler, 2002). In contrast, fresher
and colder water is transported from the Arctic to the northwest Atlantic. The
salinity gradient is strongest near the ice edge in the Greenland Sea. The simulated salinity shows a too pronounced fresh water tongue east of Newfoundland.
Otherwise the observed pattern in the North Atlantic is quite well reproduced.
The surface salinity in the Arctic Basin is determined by the inﬂow of large
amounts of fresh water from the Siberian and Canadian rivers and by melting
and freezing of sea ice. Additionally, the amount of precipitation, although quite
small, exceeds the evaporation in the Arctic area. This results in low salinities in
the entire Arctic Basin. Especially fresh are surface waters at the coast of Siberia
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and Canada. Near the mouths of the large Siberian and Canadian rivers, the
observed surface salinity obtains less than 30 psu. The areas of low salinity at
the Arctic coasts are well captured in the model, but the surface in the Central
Arctic and the Chukchi Sea is too salty.
Although the simulated sea surface salinity shows some deﬁcits, the ECHAM5/MPIOM provides a reasonable salinity distribution compared to other ocean models
(e.g. Häkkinen, 2002).
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Figure 3.4: August surface salinity concentration in psu. a) Polar Science Center
Hydrographic Climatology, b) control integration of the model.

3.5

Deep Water Formation and Meridional Overturning

Oceanic convection in the Nordic Seas and the Labrador Sea is the main source
of deep water formation in the entire world ocean and an important drive for the
thermohaline circulation. The Greenland Sea convection is mainly due to cooling of the ocean surface layer from the atmosphere (Pickart et al., 2000) while
the primary precondition for Labrador Sea convection is very sensitive to surface
salinity. The mixed layer depth is a good indicator for the strength of convection.
Figure 3.5 a) shows the mean late winter mixed layer depth (February, March,
April) of the control integration. It reaches 2000 m in the Greenland Sea and up
to 1800 m in the Labrador Sea. In the Irminger Sea, it has a thickness of up to
1000 m. Convection also occurs east of Kamschatka in the Bering Sea. Bacon
et al. (2003) showed that Irminger Sea convection was about 1000 meters in the

3.5 Deep Water Formation and Meridional Overturning
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winter 1996/97. Lavender et al. (2002) used ﬂoats to estimate the mixed layer
depth in the Labrador Sea in the winters 1996/97 and 1997/98. They found a
mixed layer depth of more than 1300 m in the ﬁrst winter whereas it was not
thicker than 1000 m in the second winter. Rudels et al. (1989) observed a convection depth of 1250 m in the Greenland Sea in February 1988. Wadhams et al.
(2002, 2004) found in March 2001 and May 2003 a deep convective chimney with a
depth of 2500 m. Other observations (e.g. Morawitz et al. (1996); Alekseev et al.
(1994)) estimated a convection depth that is varying between 1000 m and 2000 m.

a) mixed layer depth
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Figure 3.5: a) Late winter (February, March, April) mixed layer depth in m in
the control integration, b) annual mean meridional overturning in Sverdrup at
30◦ N .
The meridional overturning circulation (MOC) at 30◦ N is shown in ﬁg. 3.5 b).
The mean over the entire control integration (years 51 to 500) is 19.3 Sverdrups
(Sv). This agrees well with observational estimates by Hall and Byrden (1982)
and Römmich and Wunsch (1985). They found a MOC of 17 to 18 Sv. The time
series of the overturning in the control integration shows a marked multi-decadal
oscillation with a time scale of 80 years in average. The underlying processes are
discussed in detail by Jungclaus et al. (in press). The diﬀerence between high and
low phase of the overturning circulation is about 3 to 4 Sv and thus much more
pronounced than interannual or decadal signals. The control integration shows
a clear negative trend in the overturning circulation. This trend is particularly
large before year 100 and is probably due to the turn into process of the model.
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Sea Ice Concentration

The simulated sea ice concentration in the Arctic is compared with satellite observations from 1978 to 1998 (Johannessen and Myrmehl, 2002). The observational
data set has a horizontal resolution of 25 km. This allows the resolution of some
small islands in the Canadian Archipelago, which are unresolved in the model.
Furthermore, no observations are available north of 85◦ N . For a better comparison, the observations have been interpolated on the model grid.
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Figure 3.6: Annual mean sea ice concentration in parts. a) Johannesen et al.
(2002), mean 1978-1998, b) control integration of the model.
The annual mean sea ice concentration in the observations and the control run
are shown in ﬁg. 3.6. The large scale pattern of the simulated sea ice extent
agrees well with the observations. Nevertheless, the model tends to overestimate
the ice content in the Barents Sea, where the observations show almost no ice at
all. A slight overestimation of ice concentration is obvious in the Labrador and
Greenland Seas as well. However, one has to take in account that observations
are only available since the late 70’s. This period was dominated by high NAOindexes, which is associated with unusually low sea ice extent in the Barents Sea
(Deser et al., 2000; Hilmer and Jung, 2000). Altogether, the ice extent in the
Arctic comes out to be slightly larger in the model than in observations.
Both model simulations and observations show the largest ice extent in March
while minimum values occur in September. The seasonal cycle is well reporduced
by the model. A detailed description of the sea ice and its trends in diﬀerent
Arctic areas is presented by Parkinson et al. (1999).

3.7 Sea Ice Thickness

3.7
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Sea Ice Thickness

The distribution of sea ice thickness in the Arctic is poorly known. There are
only few observations which cover small areas and short time periods (Hvidegaard
and Forsberg, 2002). Rothrock et al. (1999) estimated the annual mean sea ice
thickness to be 2 to 3.5 meters in the deep water portion of the Arctic. Wadhams
and Comiso (1991) used remote sensing technique from submarines and aircrafts
to estimate the ice thickness in the Central Arctic. They suggest a thickness of 3
to 4 meters. Simulations with an ice model of Hilmer et al. (1998) showed an ice
thickness from 1 to 2 meters in the eastern Arctic, 3 to 4 meters at the North Pole
and up to 6 meters north of Greenland. Haas and Eicken (2001) conducted drill
holes and electromagnetic induction measurements in the Siberian and Central
Arctic Seas in three diﬀerent summer seasons. They found values between 1.25
to 1.85 meters in the Laptev Sea and up to 2.5 meters in the Central Arctic.
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Figure 3.7: Annual mean sea ice thickness in m in the control integration.
The mean ice thickness in the 500-year control run shows a maximum of 4 to 4.5
meters north of Greenland and in the western East Siberian Sea. In a band from
Greenland across the Arctic to the East Siberian coast, it reaches 3.5 to 4 meters
(ﬁg. 3.7). Towards Beaufort Sea it decreases to about 3 meters. A rapid decline
can be seen from the North Pole to the European Arctic and the west Siberian
coast. In the Kara Sea the ice has a thickness of 1 to 2 meters.
Obviously, the modelled ice thickness is in the range of estimations and observations in most parts of the Arctic. But the model seems to overestimate the
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thickness at the East Siberian Coast. This is a common problem in coupled
atmosphere-ocean-sea ice models (e.g. Goosse et al., 2002; Weatherly et al, 1998).
Bitz et al. (2002) found for the atmospheric models that participated in the Atmospheric Model Intercomparison Project (AMIP) generally a too high SLP in
the Arctic. This pattern creates anomalous winds, which transport too little ice
from the East Siberian Sea to the Canadian Archipelago. As indicated before,
the atmosphere model used in this thesis suﬀers under the same problem (ﬁg.
3.1).

3.8

Sea Ice Transport

Figure 3.8 a) shows the mean sea ice transport in the Arctic in the control run. It
is characterised by a clockwise ice transport in the Beaufort Gyre and transports
from the Siberian coast across the North Pole to Fram Strait via the Transpolar
Drift Stream (TDS). In this model, the largest transports in the entire Arctic
occur in the area of Fram Strait and in the East Greenland Current (EGC). Thus,
the main export of ice out of the Arctic Basin takes place through Fram Strait.
Smaller amounts are exported over the Barents Shelf, through the Canadian
Archipelago into the North Atlantic and through Bering Strait into the North
Paciﬁc. In Baﬃn Bay, Davis Strait and Labrador Sea, a southwards ice transport
can be observed. The sea ice transport in the control run agrees well with model
results of other studies (Häkkinen, 1993; Proshutinsky and Johnson, 1997). A
comparison of the ice transport pattern to the mean SLP-ﬁeld (ﬁg. 3.1) shows
that the ice is mainly driven by the wind. The ridge into the Arctic of the Siberian
High, the Iceland Low and the Aleutian Low together determine the mean ice
transport. As indicated above, SLP is overestimated in the Central Arctic in this
model. As a consequence, the Beaufort Gyre and the TDS are slightly shifted
towards the Central Arctic, Kara and Barents Sea, respectively.
The mean ice transport is divergent in almost the entire Arctic Basin (3.7 b).
Largest divergences can be seen at the coasts of Barents and Kara Seas, at the
northwestern coast of Greenland and in parts of the Canadian Archipelago. Furthermore, the Central Arctic shows up as a region with a quite large divergent ice
transport. Convergent ice transports occur in the Barents and Greenland Seas
and in the EGC as well as in the Labrador Sea and Bering Strait. As no signiﬁcant
trends in sea ice volume of the Arctic could be found, a convergent ice transport is
associated with a negative net freezing rate and vice versa. This means that most
net ice formation takes place in the coastal regions of west Siberia, northwestern
Greenland, the Canadian Archipelago and in the Central Arctic, while the ice is
mainly melted in the EGC south of Fram Strait, the Barents Sea, Labrador Sea
and Bering Strait.

3.8 Sea Ice Transport
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Figure 3.8: a) Annual mean sea ice transport in m2 /s in the control integration.
b) Annual mean divergence of sea ice transport in 10−8 m/s.
To study the ice transports and the regions of freezing and melting in detail, the
Arctic has been divided into eight sub areas (Barents Sea, Kara Sea, Laptev Sea,
East Siberian Sea, Chukchi Sea, Beaufort Sea and Central Arctic). The sub areas
and the ice transport across their boundaries are shown in ﬁgure 3.9 together with
the net freezing rate in each region. The largest ice transports take place from
the Chukchi Sea into the East Siberian Sea and further to the Laptev Sea with
values of about 50000 m3 /s and from the Laptev and Kara Seas into the Central
Arctic. A considerable amount of ice is transported from the Central Arctic into
the Barents Sea but most ice is exported through Fram Strait into the North
Atlantic. The average ice export through Fram Strait in the control integration
of the model is 97000 m3 /s. This is much larger than the sum of all other exports
out of the Arctic Basin.
As shown before, the ice transport in the Arctic Basin is predominantly divergent.
More ice is frozen than melted in all Arctic sub regions, except for Barents Sea.
The net freezing rate is particularly large in the Laptev Sea, Kara Sea and in
the Central Arctic with 60 to 70 cm per year. In the Barents Sea 20 cm/year
are more melted than formed on average. The ice excess in the Arctic Basin is
exported mostly into the North Atlantic and a smaller amount into the North
Paciﬁc to melt there.
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Figure 3.9: Mean ice transport through the boundaries (purple) of the Arctic
sub-regions in 1000 m3 /s (black) and annual mean net freezing rate in m (blue).
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Arctic Climate Variability

In the previous chapter, it has been shown that the 500-year control integration
provides a realistic mean climate state in high northern latitudes. In this chapter,
the variability of the simulated Arctic climate is compared to reanalysis data and
observations. To study the variability, standard deviations and EOF analyses
(compare appendix A.4) of annual mean values (August to July) of the most
important parameters for this study are calculated.

4.1

Sea Level Pressure

Figure 4.1 displays the standard deviations of the simulated and observed (NCEP
reanalysis) annual mean SLP in high northern latitudes. Both the reanalysis and
the model simulation show high standard deviations with more than 1.5 hPa
in the Nordic Seas and the Arctic Basin. The maximum of the reanalysis is
situated in the Central Arctic while it is centered in the Greenland Sea in the
model. The standard deviation is small over the continents of North America
and central Asia. In the reanalysis, a second maximum can be observed over the
North Paciﬁc with 2 to 2.5 hPa while only about 1.5 hPa are reached in the simulation. However, the main features of the reanalysis are reproduced by the model.
a) NCEP

b) ECHAM5/MPI-OM
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Figure 4.1: Standard deviation of annual mean SLP in hPa. a) NCEP data;
b) control integration.
The ﬁrst EOF of the modelled annual mean SLP north of 50◦ N (ﬁg. 4.2 a) explains one third of the total SLP variance. The signal carries the same sign over
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Figure 4.2: EOF 1 and 2 of annual mean SLP in the control integration (top)
and the NCEP reanalysis data (bottom).
the entire Arctic Basin, the Nordic Seas and Siberia. Maximum values occur in
the Nordic Seas and Greenland. The pattern is similar to the one of the standard
deviation (ﬁg. 4.1) in the Nordic Seas and the Central Arctic. The strongest SLP
gradient can be seen over the North Atlantic. This distribution compares well to
the pattern of the Arctic Oscillation (Christiansen, 2002; Lin et al., 2002; Itoh,
2002) north of 50◦ N . The principal component (PC) of the ﬁrst EOF is strongly
positively correlated (r=0.7) with the AO-index in the control integration. A high
AO-index is associated with anomalous west to southwest winds over the North
Atlantic, which increases the transport of warm air to the north over the eastern
North Atlantic. At the same time, anomalous northerly winds advect cold air
into the Labrador Sea.

4.1 Sea Level Pressure
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Figure 4.3: Cumulated relative explained variance of the ﬁrst 50 EOF’s of annual
mean SLP north of 50◦ N . Blue: ECHAM5/MPI-OM, black: projection of NCEP
reanalysis on the EOF’s of ECHAM5/MPI-OM.
The ﬁrst EOF in the NCEP reanalysis shows a similar pattern. However, the
center of the anomaly is shifted to the north. This leads to a stronger pressure
gradient in the Arctic while the gradient over the North Atlantic is less pronounced. A spectral analysis of the ﬁrst PC shows a signiﬁcant peak at a time
scale of about 3 years. In contrast the ﬁrst PC of the control run does not indicate
any signiﬁcant spectral variability.
The second EOF of the control run explains about 11% of the total SLP variance
and is characterised by a dipole pattern. The negative pole is situated with its
center between Greenland and Iceland and the positive pole extends along the
Siberian coast. For positive PC’s, anomalous winds blow from the Barents Sea
across the Arctic to the Chukchi Sea. The second EOF of the reanalysis provides
a totally diﬀerent pattern. Positive anomalies occur over the northern North Paciﬁc as well as over northern Europe and the Nordic Seas while negative anomalies
can be seen in the Central Arctic. However, disagreeing EOF patterns do not
necessarily mean that the model is not able to capture the observed variability.
Because the EOF’s do not provide physical but mathematical modes, the variability may be diﬀerently distributed on several EOF’s. To analyse how much of
the observed total SLP variance is reproduced by the model, a projection of the
NCEP reanalysis on the modelled EOF’s is carried out. The dot product of each
EOF, en , with the anomalous SLP ﬁeld of the NCEP reanalysis, X, is formed for
each year and one obtains the projected PC’s:
en · X = P Cprojn ,

n = 1, ..., 448

(4.1)
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Figure 4.3 shows the cumulated relative explained variance of the ﬁrst 50 EOF’s
of the model and the projection. The ﬁrst 10 EOF’s explain slightly more than
80 % of the total variance while the ﬁrst model EOF’s explain about 5 % more.
Obviously, the model captures a large part of the SLP variance in the reanalysis
and provides a realistic SLP variability in the northern high latitudes.

4.2

Air Temperature

The standard deviation of the simulated air temperatures compares well to the
one of the NCEP reanalysis data (ﬁg. 4.4). Both patterns indicate maxima in
the Labrador, Greenland and Barents Seas with a standard deviation of 2 Kelvin
and more. The model shows an additional maximum in the Bering Sea, which
is much weaker and shifted to the north in the reanalysis. The maxima are all
located at the ice edge. Here, small variations in the ice cover can lead to large
changes in the ocean heat release and hence in the air temperature. Furthermore,
the sensitivity to the variations in wind direction is very high. Southerly winds
advect warm air over the open water while northerly winds advect very cold air
from the ice covered ocean.
a) NCEP
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Figure 4.4: Standard deviation of annual mean 2m air temperature in Kelvin.
a) NCEP data; b) control integration.
The patterns of the ﬁrst EOF (ﬁg. 4.5) of air temperatures in the reanalysis and
the model simulation are alike. They show a dipole with positive anomalies in the
Labrador Sea and negative anomalies in the Greenland and Barents Seas. In the
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Figure 4.5: EOF 1 of annual mean 2 m air temperature.
b) control integration.
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Figure 4.6: Power spectrum of the ﬁrst PC of annual mean 2m air temperature
of the 500-year control integration.
model, this negative pole is more pronounced than in the reanalysis and extends
towards Scandinavia.
The simulated ﬁrst PC is highly correlated with the ﬁrst PC of the SLP (r=-0.63)
as well as with the AO (r=-0.53) and NAO (r=-0.41). Apparently, the AO/NAO
plays an important role for the air temperature variability. As described before
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a high AO-index is related to the advection of warm air to Scandinavia and the
Barents Sea. Additionally, anomalous warm surface waters are transported to the
Barents Sea and lead to a decrease in ice cover of the Barents Sea, which responds
with an increased ocean heat release. Thompson and Wallace (1998) analysed
diﬀerent historical data sets and showed an increase of surface air temperature
up to two Kelvin per standard deviation AO-index over Siberia and slightly more
than one Kelvin in the Labrador Sea. Holland (2003) simulated the eﬀect of the
AO with the global coupled atmosphere - ocean - sea ice model CCSM2 and found
comparable results. Wettstein and Mearns (2002) indicated that the AO aﬀects
temperatures of North America as well.
In contrast to the ﬁrst PC of SLP, the ﬁrst PC of air temperature shows a
much more pronounced multi-decadal signal (ﬁg. 4.6). This indicates that other
processes than SLP need to be considered to explain temperature variations on
longer time scales. The ﬁrst PC is signiﬁcantly positively correlated (r=0.38) with
the MOC indicating possible interactions between the MOC and Arctic climate
variability on longer time scales.

4.3

Salinity

Figure 4.7 displays the standard deviation of the annual surface salinity (10 m)
in the control run. By far the largest variability occurs at the coasts of Laptev
and East Siberian Seas as well as at the mouth of the Mackenzie River. Here,
standard deviations of more than 1 psu are reached. A tongue with large salinity
variability extends from the coast of the Laptev Sea far into the Central Arctic.

1.5
1
0.8
0.6
0.4
0.2

Figure 4.7: Standard deviation of the annual mean surface salinity (10 m) in the
control integration in psu.

4.4 Sea Ice Transport and Thickness

31

Something similar can be seen at the mouth of the Mackenzie River. These results
are in good agreement with ﬁndings of Polyakov et al. (2003). They used salinity
measurements from Russian winter surveys of the central Arctic Ocean between
1973 and 1979 and 40 years of summer and winter observations in the Laptev
Sea. They demonstrated that the Laptev-East Siberian Sea shelfs are the largest
source of strong surface salinity variations, which indicated the Lena River as
major source of fresh water input and variability. Furthermore, Polyakov et al.
(2003) found that centers of strong winter saliniﬁcations are often associated with
leads and polynyas. The surface salinity anomalies are then advected eastward
to the East Siberian Sea and northward into the Central Arctic.
In the western North Atlantic the standard deviation varies between 0.2 and
0.6 psu while the standard deviation does not excced 0.2 in most parts of the
eastern North Atlantic.

4.4

Sea Ice Transport and Thickness

The mean sea ice transport is highly dependent on the mean state of the atmospheric circulation (see chapter 3.8). Several studies approved this relation
(e.g. Martin and Martin (submitted); Thorndike and Colony (1982)). Polyakov
and Johnson (2000) using reanalysis data and results from an ocean - sea ice
model found a relation between ice motion in the Arctic and atmospheric circulation anomalies on a decadal time scale. Consistent with them, Proshutinsky and
Johnson (1997) suggest the existence of two atmospheric circulation regimes in
the Arctic Ocean. The wind driven motion alternates between anticyclonic and
cyclonic circulation, with each regime existing for 5 to 7 years.
The ﬁrst EOF (ﬁg. 4.8 a) of sea ice transport in the 500-year control run explains
about 25% of the total variability. It is characterised by a cyclonic circulation in
the Arctic Basin. The pattern does not ﬁt to the ﬁrst EOF of the SLP. Nevertheless, the ﬁrst PC of the sea ice transport is highly correlated with the SLP in
the Central Arctic (not shown). Correlation coeﬃcients of up to -0.8 are reached
and the correlation pattern compares well to the anticyclonic and cyclonic wind
regimes in the Arctic proposed by Proshutinsky and Johnson (1997). The power
spectrum of the ﬁrst PC (ﬁg. 4.9) indicates a pronounced multi-decadal variability
and a peak at a time scale of 10 years. Although this peak is not signiﬁcant at the
95 % level, it ﬁts well to the time scale found by Polyakov and Johnson (2000).
The spatial pattern of the second EOF shows anomalous ice transport from the
Greenland Sea across the Arctic to the Chukchi and Siberian Seas for positive
PC’s. The largest variability can be seen in the area of Fram Strait. Obviously,
this EOF is highly related to the ice export through Fram Strait. The associated
PC is well correlated with the second PC of the SLP (r=0.55) indicating the
importance of SLP variability for the ice export through Fram Strait. The power
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Figure 4.8: EOF 1 and 2 of annual mean sea ice transport in the control integration.
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Figure 4.9: Power spectra of the ﬁrst two PC’s of annual mean sea ice transport
in the control integration.
spectrum of the PC (ﬁg. 4.9) shows two peaks at time scales of about 9 and
15 years, which reach the 95 % signiﬁcance level. A detailed analysis of the ice
export variability through Fram Strait is presented in chapter 6.
Figure 4.10 shows the ﬁrst two EOF’s of sea ice thickness in the control run.
The ﬁrst EOF explains 28% of the total variability and is positive in the entire
Arctic. Variations are largest at the Siberian coast and decrease continuously
towards Barents Sea, Fram Strait and Canadian Archipelago. The correlation
of the associated PC with the AO-index is small with -0.12. But the PC is well
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Figure 4.10: EOF 1 and 2 of annual mean sea ice thickness in the control integration.
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Figure 4.11: Power spectra of the ﬁrst two PC’s of annual mean sea ice thickness
in the control integration.
related to the mean Arctic air temperature, averaged from 70◦ N to the North
Pole. The correlation coeﬃcient amounts to -0.57. The spectral analysis of the
PC (ﬁg. 4.11) indicates that most power is concentrated on long time scales.
Although signiﬁcant peaks occur at about two, three, six and nine years, the
variance is very small compared to the multi-decadal time scale.
The second EOF is characterised by a dipole pattern. One pole is situated in the
Chukchi Sea and the other is centered around Spitsbergen. In contrast to the ﬁrst
PC, the second PC is mainly determined by interannual to decadal variability.
The power spectrum shows the most signiﬁcant peak at a period of about nine
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years. This peak and the EOF pattern ﬁt well to the second EOF of the sea ice
transport. Ice transports from the Fram Strait to the Chukchi Sea create the
pattern of the second EOF of sea ice thickness. Furthermore, the PC is quite well
correlated with the second PC of the SLP while correlation with the Arctic air
temperature is much worse.
Apparently, the thermal eﬀect determines ice thickness variations on long time
scales while dynamic processes are more important on shorter scales. This is consistent with results of Tremblay and Mysak (1998) who investigated the origin
and evolution of sea ice anomalies in the Beaufort-Chukchi Sea.
Table 4.1 provides a summary of means and variations of ice volume in the sub
areas of the Arctic Basin. The boundaries of the diﬀerent areas are shown in ﬁg.
3.9. The mean ice thickness for each region is presented in the ﬁrst column of
the table. It varies between 0.67 m in the Barents Sea and 3.82 m in the East
Siberian Sea. The average ice thickness for the entire Arctic Basin reaches 2.72 m.
The standard deviation of annual mean values varies between slightly more than
20 cm in the Barents Sea and the Central Arctic and 37 cm in the Laptev Sea.
The whole Arctic Basin reaches a standard deviation of 18 cm. Winsor (2001)
used observational data from 6 submarine cruises in the 90’s to determine the
ice thickness variability between the North Pole and the Beaufort Sea. He found
year to year variations of up to 80 cm in the Beaufort Sea and up to 40 cm in
the area of the North Pole. The standard deviation reaches 7 cm at the North
Pole and 17 cm in the Beaufort Sea, which is about half of the model results in
this study. However, a comparison is diﬃcult because six years of observations
are not enough for proper statistics, particularly under the assumption of decadal
and multi-decadal variability in the ice thickness. Yu et al. (2004) analysed results of four submarine cruises through the Arctic between 1958 and 1970 and
three cruises between 1993 and 1997. A comparison of the ice thickness during
1958-1970 and 1993-1997 shows a reduction of some centimeters in the Chukchi
Sea and more than a meter in the Central Arctic. It is uncertain whether this
is due to multi-decadal variability or relates to global warming. Haas (2004)
compared ice thickness distributions from drilling and electromagnetic sounding
for four diﬀerent years in the 90’s. Their results pointed to a strong interannual
variability of sea ice thickness as well.
In the following, the reasons for the year-to-year variations in the ice volume are
investigated. For this purpose, the ice volume anomaly is divided in its thermodynamic and its dynamic part. The divergence in the ice transport is calculated
for each area and each year (see also ﬁg. 3.9) and is deﬁned as dynamical part
of the ice volume change. The thermodynamic part results in the diﬀerence of
the total ice volume change within one year (from August to August) and the
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corr

corr

corr

in meter dt vs dyn dt vs therm dyn vs therm

Barents

0.67

0.21

0.76

0.02

-0.65

Kara

1.56

0.26

0.75

0.32

-0.39

Laptev

3.01

0.37

0.86

0.08

-0.50

East Sib.

3.82

0.30

0.82

0.14

-0.59

Chukchi

3.21

0.30

0.82

-0.02

-0.59

Beaufort

2.88

0.31

0.86

0.25

-0.29

Central Arctic

2.98

0.22

0.82

-0.10

-0.61

Total Arctic

2.72

0.18

0.41

0.58

-0.62

Table 4.1: Mean ice thickness and standard deviation (column 2 and 3) for the
Arctic sub areas (see ﬁg. 3.9) and the entire Arctic Basin. Correlation between
temporal ice volume change within one year (from August to August) and the
dynamic (column 4) and thermodynamic part (column 5) of the change and
between dynamic and thermodynamic part (column 6).
dynamic part of the ice volume change:
icevoltherm =

d
icevol − icevoldyn
dt

(4.2)

To estimate the eﬀect of dynamic and thermodynamic processes on the total ice
volume change, a correlation analysis between the annual mean values of each
part and the ice volume change is carried out (table 4.1, column 4 and 5). The
dynamical part is highly correlated with the ice volume change in all sub areas.
Correlation coeﬃcients vary between 0.75 in the Kara Sea and 0.86 in the Laptev
and Beaufort Seas. In contrary, the correlation between thermodynamic part and
ice volume change is predominantly weak in the sub regions of the Arctic Basin.
Only in the Kara and the Beaufort Seas a slightly higher correlation of 0.32 and
0.25 is found, respectively. Consequently, the interannual variability of the ice
volume in the sub regions of the Arctic Basin is mainly governed by variations
in the dynamics of the ice transports. For the entire Arctic Basin the ice volume
change is signiﬁcantly positively correlated with both the dynamic (r=0.41) and
the thermodynamic part (r=0.58). This means that the thermodynamic part is
slightly more important for the ice volume change. The reason for this is simple:
the mean divergence of a totally enclosed area must be zero. The Arctic Basin
is quite closed compared to the sub regions. Only variability in the ice exports
through Fram Strait, Barents Sea, Bering Strait and the Canadian Archipelago
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Ba
Ba
Ka
La
Sib
Chu
Bea
CA

Ka

La

Sib

Chu

Bea

1/0 0.68/0 0.31/1 0.33/-2 0.32/-4 0.30/-6
1/0

CA
0.7/0

0.61/0 0.36/-2 0.31/-3 0.27/-5 0.54/0
1/0

0.65/0

0.39/-1

0.26/4

1/0

0.81/0

0.46/-2 0.59/2

1/0

0.49/1

0.69/0

0.54/3

1/0

0.44/3
1/0

Table 4.2: Lag correlation among annual mean ice volumes of the sub regions (see
ﬁg. 3.9). The highest correlation and the belonging lag is given (correlation/lag
in years). Ba=Barents Sea; Ka=Kara Sea; La=Laptev Sea; Sib=East Siberian
Sea; Chu= Chukchi Sea; Bea=Beaufort Sea; CA= Central Arctic.

lead to divergent ice volume changes in the Arctic Basin. Hence, the importance
of divergent ice transports is small in comparison to the sub regions.
The correlation between the dynamic and thermodynamic part of the ice volume
change is summarised in the last column of table 4.1. The correlation is negative
in all regions of the Arctic Basin and exceeds -0.5 in all areas except for Kara
and Beaufort Seas. A large convergence of ice transport in one area is therefore
associated with a negative net freezing rate in the same year. During a convergent
ice transport, ice thickness and concentration are increased. As a consequence,
less new ice is formed and more ice can be melted in the summer. A considerable
part of the annual thermodynamic growth seems to be dependent on the dynamic
part. This eﬀect is not as dominant in the Beaufort and Kara Seas.
On longer time scales, the variability of the ice volume is mainly caused by thermodynamic variations. The 20-year running mean of the ice volume in the Arctic
Basin is correlated with the 2 m air temperature averaged over the area north of
70◦ N with -0.9.
Table 4.2 summarises a lag correlation analysis among annual mean ice volumes
of the diﬀerent sub regions in the 500-year control integration. The highest correlation and the corresponding time lag is given for each correlation pair. A
positive lag means a lead of ice volume in the region in the horizontal and a
negative lag a lead of the region in the vertical. Highest correlations occur between neighbouring regions without time lag. The correlation coeﬃcients vary
between 0.54 for the correlation between ice volume of the Central Arctic and
the Kara Sea and 0.81 for the East Siberian and the Chukchi Seas. The highest
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correlations between Central Arctic ice volume and ice volume of the bordering
areas of Laptev Sea, East Siberian Sea, Chukchi Sea and Beaufort Sea occur at
lags of one (Kara Sea) to three years (Chukchi and Beaufort Seas). Correlations
between non-neighbouring regions are highest for a certain time lag. This time
lag depends on the distance between the regions. Ice anomalies are propagating
clockwise from the Beaufort Sea along the coast to the Laptev Sea and from
there into the Central Arctic and along the coast into the Kara and Barents Seas.
Thus, anomalies propagate with the mean ice circulation (compare ﬁg. 3.8 a and
ﬁg. 3.9). The travel time of an ice anomaly from the Beaufort Sea to the Kara
and Barents Sea takes about four to six years.

38

5 IMPACT OF FRAM STRAIT ICE EXPORT VARIABILITY

5

Impact of Fram Strait Ice Export Variability

The sea ice export through Fram Strait has been identiﬁed as the main source
of ice export out of the Arctic. In this chapter, the 500-year control integration
is used to analyse the Fram Strait ice export variability and its impact on the
climate in the northern hemisphere.

5.1

Fresh Water Export through Fram Strait

The mean ice export through Fram Strait in the 500-year control integration
amounts to 97000 m3 /s. This is in the upper range of observational estimates.
Vinje et al. (1998) found a mean ice export of 81300 m3 /s for the time period from
1990 to 1995. Aagaard and Carmack (1989) calculated an ice export of 88500
m3 /s. Estimates for the last 50 years by Vinje (2001b) resulted in an export of
92000 m3 /s. In reconstructions of the ice export by Schmith and Hansen (2003)
over the last 181 years the mean reached about 100000 m3 /s. The variability of
the ice export in the model is in good agreement with observations as well. In the
control integration, annual mean values vary between 40000 and 160000 m3 /s.
The standard deviation amounts to 21000 m3 /s.
The total fresh water export through Fram Strait, which consists of the export
of ice and the export of liquid fresh water between surface and ground, amounts
to 137000 m3 /s for a reference salinity of 34.8 psu. Ice is thus responsible for 70
% of the total fresh water export through Fram Strait. But more important than
this is the variability of the fresh water export. The standard deviation of the
liquid part reaches 7800 m3 /s, which is small compared to the 21000 m3 /s of the
ice export. Furthermore, the total fresh water export is correlated with the ice
export with 0.93, while its correlation with the liquid part is rather weak with
0.21.
Figure 5.1 shows the fresh water export through Fram Strait, Denmark Strait
and the eastern border of the Labrador Sea (54 − 60◦ N, 48◦ W ) of the upper 100
m. In the Fram Strait it is obviously dominated by the ice export. The annual
variability of the liquid part is comparably small. Although this study focus on
interannual to decadal time scales, it should be noted that the variability of liquid
and solid parts are of the same size on multi-decadal time scales. The ice export
through Denmark Strait is about half of the Fram Strait ice export. Both the
ice export and the total fresh water export through Denmark Strait are highly
correlated with the ice export through Fram Strait (r=0.70 and 0.68, resp.). The
liquid part is as large as the solid part but its variability is much smaller. The
fresh water transport through the eastern border of the Labrador Sea is governed
by the liquid part because most of the ice has melted until it reaches the Labrador
Sea. The total amount of fresh water transport amounts to 45000 m3 /s on aver-
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age, which is about one third of the total export through Fram Strait. However,
the fresh water transport into the Labrador Sea is correlated to both the ice
export and the total fresh water export through Fram Strait with 0.59 at a lag
of one year. Hence, this study concentrates on the solid Arctic fresh water export.
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Figure 5.1: Annual mean fresh water transport of the upper 100 m through Fram
Strait (top), Denmark Strait (middle) and eastern boarder of the Labrador Sea
(54 − 60◦ N, 48◦ W , bottom) in m3 /s. Black: solid + liquid, red: solid, green:
liquid. Reference salinity is 34.8 psu.
The monthly mean ice export through Fram Strait, averaged over the 500-year
control integration (ﬁg. 5.2), shows a pronounced seasonal cycle. The maximum
occurs in March with an average of 147000 m3 /s and the minimum in August
with 35000 m3 /s. This agrees well with observational estimates by Vinje (2001b).
He used the observed pressure gradient across Fram Strait to parameterize the
ice export for the time period from 1950 to 2000. In average, the parameterized
export was highest in March with about 120000 m3 /s and lowest in August with
40000 m3 /s.
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Figure 5.2: Monthly mean ice export and standard deviation in m3 /s, averaged
over the 500-year control integration for each month.

Although the ice export in late summer/early autumn is small compared to the
winter, it must not be neglected. To prove this, the standard deviation for each
month has been calculated. It is in fact largest in late winter/early spring with
50000 to 60000 m3 /s, but in late summer it after all reaches more than half of the
winter values and contributes a considerable part to the interannual variability.
The correlation among single seasons is presented in table 5.3. Sequenced seasons
are positively correlated with coeﬃcients between 0.15 for spring (MAM) - summer (JJA) and 0.34 for winter (DJF) - spring (MAM). The correlation between
non-sequenced seasons is very low. All seasons are highly positively correlated
with the annual mean ice export. The correlation is largest in winter but anyhow
reaches 0.5 and 0.57 in summer and autumn, respectively.
The same correlation analysis is conducted for ice exports of single months. Sequenced months are signiﬁcantly positively correlated, whereas highest correlations occur between July-August (r=0.41), August-September (r=0.42) and
September-October (r=0.41) ice exports. In this time period, during summer
and early autumn, wind variability is much weaker than in winter and the ice
export depends greatly on the amount of ice remaining from the previous winter. Signiﬁcant correlations exceeding r=0.2 can also be found between JanuaryMarch, February-April, July-September, August-October, September-December
and October-December.
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DJF
DJF

MAM
0.34

41
JJA SON
0.10

0.04

0.15

0.14

MAM

-0.04

JJA

0.12

0.01

SON

0.25

0.00

0.11

Year

0.75

0.64

0.50

0.31
0.57

Table 5.3: Correlation between seasonal mean ice exports through Fram Strait.
Seasons, written in the horizontal, lead seasons, written in the vertical. The last
row indicates the correlation between the annual mean ice export (averaged from
September to August) and the single seasons.

5.2

Response of Atmosphere and Ocean

In the following, the impact of ice export variability on atmospheric and oceanic
climate is investigated. Composite analyses (see appendix A.3) are applied for
several parameters as main tool for this analysis. The cases of high and low ice
exports through Fram Strait are investigated separately. High ice exports are
deﬁned as ice exports exceeding the mean ice export (from the 500-year control
integration) in excess of one standard deviation and vice versa for low ice exports.
The ice, exported anomalously through Fram Strait, propagates southwards in
the EGC and melts. A part of the fresh water remains in the Greenland Sea but
the predominant amount ﬂows into the Labrador Sea. This fresh water anomaly
forms a dramatic salinity deﬁcit in the Labrador Sea one to two years later (ﬁg.
5.4, left). The model is able to reproduce the formation of GSA’s in the Labrador
Sea shown by Häkkinen (1999) and Haak et al. (2003). Apparently, the ice export
through Fram Strait is the main factor for these anomalies. Table 5.4 shows that
salinity is decreased within one to three years after high ice exports in 35 of 39
cases. Nineteen of these events are leading to major negative salinity anomalies in
the Labrador Sea. In the four cases where salinity increases after high ice export
events, the fresh water is not reaching the Labrador Sea due to strong anomalous
winds. They deﬂect the ice to the east, south of Fram Strait or at the southern
tip of Greenland.
Figure 5.3 shows that the ice transports through the Canadian Archipelago and
the Hudson Bay are small in this model with averages of 4800 m3 /s and 6700
m3 /s, respectively. The liquid fresh water input is much higher and of the same
size as the input into the Labrador Sea by the EGC. However, the annual variability of the fresh water input through the Canadian Archipelago and the Hudson
Bay is rather small. The standard deviations reach 4340 m3 /s and 2850 m3 /s,
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respectively, while the standard deviation of the inﬂow by the EGC amounts to
15600 m3 /s.
Other studies such as Goosse et al. (1997) and Houghton and Visbeck (2002)
considered the fresh water ﬂux through the Canadian Archipelago and local processes to be more important for the water properties in the Labrador Sea than
assumed in this model. It should be noted that the model resolution is not sufﬁcient to resolve the Canadian Archipelago properly. The ice export through it
is probably underestimated. Nevertheless, about 20 % of large negative salinity
anomalies could not be explained by previous ice export anomalies through Fram
Strait. They occur due to fresh water inﬂows through the other three boundaries
of the Labrador Sea. The local mixing of surface waters with deeper layer waters,
which is driven by atmospheric forcing (e.g. high or low NAO-index), plays a role
as well. Table 5.5 shows that low ice exports through Fram Strait lead to positive
salinity changes in the Labrador Sea.
The fresh water input into the Labrador Sea after large ice export events stabilises
the local stratiﬁcation of the ocean. Deep convection is decreased or even totally
suppressed in the Labrador Sea one and two years after high ice exports. This
is evidenced by a considerable reduction in the late winter/early spring (Febru-
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Figure 5.3: The same as ﬁgure 5.1, but for the Canadian Archipelago (top) and
the Hudson Bay (bottom).
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−0.5 < δS < 0 δS > 0

number years

19

8

8

4

%

48.7

20.5

20.5

10.3

Table 5.4: Distribution of the maximum year to year decrease in 10m salinity
within three years after positive Fram Strait ice export events. 39 years with
ice export anomalies exceeding 1.5 standard deviations are used. The salinity is
averaged over the central Labrador Sea and δS is given in standard deviations.
δS > 1 0.5 < δS < 1 0 < δS < 0.5

δS < 0

number years

13

6

1

3

%

56.5

26.1

4.3

13.1

Table 5.5: Same as Table 5.4 but for positive salinity changes after 23 years with
negative ice export anomalies exceeding 1.5 standard deviations.
ary, March, April) mixed layer depth up to 600 meters. Compared to the mean
convection depth of 1500 meters, mixed layer depth is reduced by almost half
(ﬁg. 5.5, left). In the Greenland Sea, it is decreased by 200 meters. This mainly
reﬂects a change in the position of deep convection. After low ice exports, a deepening in the mixed layer depth and thus an increased convection is obvious in the
Labrador Sea. No signiﬁcant correlation between the salinity in the Labrador
Sea and the MOC at 30◦ N of the same and the following years could be found
in our model. This agrees well with results of Power et al. (1994) but is contrary
to ﬁndings of Häkkinen (1999). For longer time scales, the surface salinity of
the Labrador Sea and the MOC are highly positively correlated. It takes several
years to consume the reservoir of deep water in the Labrador Sea, which is formed
during one year with strong deep convection. Consequently, a single year with
large or without deep convection has no signiﬁcant inﬂuence on the overturning.
If salinity anomalies could persist for more than a few years in the Labrador Sea,
there would be a large inﬂuence on the entire thermohaline circulation (Jungclaus
et al., in press). Mikolajewicz et al. (submitted) show with a regional coupled
atmosphere-ocean-sea ice model that this can indeed happen after large ice export anomalies. Mauritzen and Häkkinen (1997) used a fully coupled ocean - sea
ice model to perform two runs with diﬀerent sea ice shear viscosity to change the
annual mean ice export through Fram Strait by 800 km3 /year. The overturning
responded with a reduction of 2 to 3 Sv to the decrease.
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a) lag 1 year

b) lag 1 year

c) lag 2 years

d) lag 2 years
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Figure 5.4: Composite analysis of annual mean 10 m salinity anomalies in psu one
and two years after high (left) and low (right) ice exports through Fram Strait.

The anomalous sea ice export through Fram Strait aﬀects sea ice concentration
in the Greenland Sea (especially in the ﬁrst year after the ice export) and the
Labrador Sea one and two years later (ﬁg. 5.6). The increase of sea ice in the
Greenland Sea after high ice export events is due to the direct eﬀect of enhanced
ice transport into the Greenland Sea (Walsh and Chapman, 1990; Wang and
Ikeda, 2000). Increased ice export is additionally associated with the anomalous
advection of cold air from the north into the Greenland Sea. This leads to an
intensiﬁed sea ice formation in winter and less sea ice melting in summer. Sea ice
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Figure 5.5: Composite analysis of late winter/early spring (February, March,
April) mixed layer depth anomalies in m one and two years after high (left) and
low (right) ice exports through Fram Strait.

cover is extended in the Labrador Sea as well. The surface waters are colder due to
the input of anomalous cold water and decreased convection after large ice export
events. The surface can thus freeze more easily. In the ﬁrst year, sea ice concentration is increased by 10 % both in the Labrador and Greenland Seas. One year
later, the ice anomaly is much more pronounced in the Labrador Sea than in the
Greenland Sea, because convection in the Labrador Sea is still weak. Therefore,
surface waters are still colder and fresher than usual. Deser et al. (2002) found
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Figure 5.6: Composite analysis of annual mean sea ice concentration anomalies
in fraction one and two years after high (left) and low (right) ice exports through
Fram Strait.

a good correlation between salinity in the West Greenland Current and sea ice
in the Davis Strait, which is in good agreement with results of this study. They
determined three periods with especially large and long lasting sea ice anomalies
from an EOF analysis of sea ice concentration data from 1953 - 1997: 1972/1973,
1983/1984 and 1990/1991. Additional model simulations by Deser et al. (2002)
indicate that these anomalies were accompanied by a northwesterly atmospheric
ﬂow in the Davis Strait/Labrador Sea. Similar investigations for annual values of
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sea ice concentration from our control run show a correlation of the NAO-index
with the sea ice concentration in Davis Strait of 0.38. However, previously to
all three sea ice events, high ice exports through Fram Strait had occurred (e.g.
Haak et al. (2003)). The ice export and the NAO are well correlated with the
sea ice concentration for lags of one and two years. In the next section, it will
be shown that the north-westerly wind anomalies in the Labrador Sea, as found
by Deser et al. (2002), are formed two years after high ice exports. They are
therefore part of the entire process.
Both the decrease in convection and the increase in ice concentration in the
model are responsible for a reduced ocean heat release to the atmosphere in the
Greenland Sea and particular in the Labrador Sea (ﬁg. 5.7). Here, the turbulent
(sensible + latent) heat ﬂux from ocean to atmosphere is reduced by up to 15
W/m2 for annual means and 30 W/m2 in late winter (February, March, April,
not shown). The ocean heat release over the North Atlantic is slightly increased
after large ice exports. The northern North Paciﬁc seems to be aﬀected as well:
positive ocean heat release anomalies in the Bering Strait and negative anomalies
north of Japan are simulated. The anomalies in the heat ﬂux are mainly due to
anomalous advection of cold or warm air masses, except for those in the Labrador
and Greenland Seas. The response is again symmetric and low ice exports through
Fram Strait lead to a decrease in the ice concentration of similar magnitude. The
anomalies in the ocean heat release have consequently the opposite sign.
These heat ﬂux variations have a direct impact on atmospheric climate conditions. Figure 5.8 shows the resulting two meter air temperature anomalies. The
reduced ocean heat release to the atmosphere (after large ice export) causes much
cooler temperatures in the Labrador and Greenland Seas. Anomalies of up to one
Kelvin for annual means and two Kelvin for winter means (December, January,
February, not shown) are reached in the Labrador Sea. They are highly signiﬁcant using a two-sided t-test. Signiﬁcant anomalies are also obvious in the area
of the Caspian Sea and over smaller parts of the North Paciﬁc. They are mainly
due to changes in the large scale atmospheric circulation (ﬁg. 5.9 ).
The largest SLP anomalies can be seen over the North Atlantic and the European Arctic. Two years after large ice exports, a dipole occurs with positive SLP
values up to 0.6 hPa over the North Atlantic and negative values up to -0.6 hPa
over the Nordic Seas. The SLP anomalies are only locally signiﬁcant at the 95 %
level but extended areas can reach the 90 % signiﬁcance level. The pattern resembles the positive NAO-index pattern and vice versa both one and two years
after low ice exports. The following mechanism is suggested: large ice export
leads to an increase in the ice area in the Greenland and Labrador Seas and an
enhanced north - south temperature gradient over the North Atlantic. As air and
sea temperature anomalies are largest in the Labrador Sea, the north-south temperature gradient is particularly strengthened in the formation area of cyclones
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Figure 5.7: Composite analysis of annual mean turbulent (latent + sensible) heat
ﬂux anomalies from the ocean to the atmosphere in W/m2 one and two years
after high (left) and low (right) ice exports through Fram Strait.

over the Gulf Stream south of the Labrador Sea. Atmospheric baroclinicity is
consequently enhanced, which leads to an increased synoptic activity and a shift
in the cyclone track to the north. Murray and Simmonds (1995) investigated
the eﬀect of a progressive removal of sea ice in the Arctic on the atmospheric
circulation and found a weakening of the Iceland Low and a decrease in pressure
over the eastern North Atlantic and southern Europe. Noone et al. (submitted)
completely removed Arctic sea ice in all months in sensitivity experiments with
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Figure 5.8: Composite analysis of annual mean 2m air temperature anomalies in
Kelvin one and two years after high (left) and low (right) ice exports through
Fram Strait. The white line indicates the level of 95% signiﬁcance.

the atmosphere-only model CCM3. The atmospheric response was characterised
by a warming of the lower troposphere of 8-12 Kelvin and a negative AO index
of -1.8. They suggest that the decreased temperature gradient provides reduced
baroclinicity and reduced synoptic scale variability.
Magnusdottir et al. (2004) and Deser et al. (2004) investigated the eﬀects of North
Atlantic sea surface temperature and sea ice anomalies on winter circulation in the
CCM3 atmospheric circulation model. They used observed 40-year trends in sea
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Figure 5.9: Composite analysis of annual mean SLP in hPa one and two years
after high (left) and low (right) ice exports through Fram Strait. The white line
indicates the level of 90% signiﬁcance.

ice and SST to derive a realistic spatial pattern of the anomalous forcing. They
found that the atmospheric response on sea ice resembled the NAO pattern. A
decrease in sea ice in the Greenland and Barents Sea accompanied by an increase
in Labrador Sea ice cover led to a negative phase in the NAO. In agreement with
the results of Deser et al. (2000), strong changes in the heat ﬂuxes from ocean
to atmosphere were linked to variations in ice cover. Similar investigations have
been carried out by Alexander et al. (2004). They used the years with largest
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and lowest Arctic ice cover from observations during 1979 to 1999 to force an
AGCM. Fifty ensemble runs had been carried out to evaluate the impact on the
atmosphere in the following winter. The local response showed increased oceanto-atmosphere heat release and decreased SLP where the ice receded and vice
versa where sea ice expanded. The large scale atmospheric response to reduced
ice cover east of Greenland resembled the negative phase of the simulated NAO
and vice versa.
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Figure 5.10: Composite analysis for annual mean NCEP 2m air temperature (left,
in Kelvin) and SLP (right, in hPa) anomalies one (top) and two years (bottom)
after high ice exports through Fram Strait.
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To compare the atmospheric response in the model with NCEP/NCAR reanalysis (Kalnay et al., 1996), the Fram Strait ice export from the uncoupled ocean
model MPI-OM forced with NCEP reanalysis data has been used (as done in
Haak et al. (2003)). The composite analyses for annual mean two meter air temperature and SLP anomalies in the reanalysis are shown in ﬁgure 5.10. The fact
must be addressed that only ﬁve events with large ice export through Fram Strait
occurred during the period of reanalysis. Therefore, statistics are poor. Nevertheless, the composite analysis of the air temperature shows negative anomalies
in the Labrador Sea of similar magnitude as in the coupled model after large ice
exports. In the eastern Arctic and eastern Asia temperatures are increased in
both reanalysis and model but the amplitude is much larger in the reanalysis.
The reanalysis shows additionally anomalies over Europe and North America in
the ﬁrst and second year, which are not or only partly reproduced in the model
simulations.
The SLP-patterns are rather diﬀerent one year after high ice exports through
Fram Strait. One year later when the model simulations show the largest response, the patterns agree quite well. A positive NAO-index is obvious in the
reanalysis in the second year as well. In contrast to the model simulation the
high pressure anomaly over the North Atlantic and Europe extends further to
the east and to the west across the Labrador Sea into the Beaufort, Chukchi and
East Siberian Seas. The negative anomaly over the North Paciﬁc is much more
pronounced than in the model.
It has been shown above that air temperature variability in the Labrador Sea is
strongly dependent on the variability of ice export through Fram Strait and the
associated salinity and heat ﬂux anomalies in the Labrador Sea. The correlation of annual mean air temperature and surface salinity is 0.78 (both variables
are averaged over a box in the central Labrador Sea (54 − 60◦ N, 48 − 56◦ W )).
This means that slightly more than 60% of the temperature variability can be
explained by variations of salinity in the Labrador Sea (ﬁg. 5.11). The advection
of air masses also greatly aﬀects temperature. The NAO-index is a good indicator for this: in years with positive NAO-index, anomalous cold air is advected
from the Arctic to the Labrador Sea and in the negative NAO-case warm air is
advected from the Atlantic. The correlation index between air temperature in the
Labrador Sea and the NAO-index is -0.48. Since no correlation between surface
salinity in the Labrador Sea and NAO-index is found (r=0.02), it seems there
are two diﬀerent processes operating. Therefore, we compute an index consisting
of the diﬀerence of the normalised salinity and the normalised NAO-index. The
maximum correlation between this index and air temperature in the Labrador
Sea is reached when salinity is weighted with 1.3 and the NAO-index with 0.7.
The correlation coeﬃcient then amounts to 0.9 and thus about 80 % of the total
variance in the temperature is explained.
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Figure 5.11: Scatterplot of annual mean 10m salinity anomalies and 2m air temperature anomalies in the Labrador Sea (top left), NAO-Index and temperature
(top right) and a combined salinity/NAO-Index and temperature (bottom). All
units are normalised.
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Variability of Fram Strait Ice Export

Chapter 5 argues the large impact of the sea ice export variability through Fram
Strait on climate conditions in the northern high latitudes. Thus, the mechanisms
determing the variability of the ice export are of special interest. A detailed analysis of the interannual to decadal variability is now presented.
A spectral analysis of the modelled ice export (ﬁg. 6.1) indicates pronounced
peaks, at time scales of about 3 years, 9 years and 15 years. Time scales of about
10 years and 15 to 20 years are also well documented in other studies. Hilmer and
Lemke (2000) used a sea ice model and found a pronounced decadal variability in
the Arctic ice volume and Goosse et al. (2002) indicated a mode at a time scale of
15 to 18 years, which might ﬁt to the 15-year peak in the ice export in this study.
Venegas and Mysak (2000) analysed a century-long record of sea ice concentration
and SLP with a frequency-domain sigular value decomposition. They proposed
three diﬀerent mechanisms for variability of the ice export through Fram Strait: a
wind-driven motion of anomalous ice volumes from the East Siberian Sea towards
Fram Strait at a time scale of 6 to 7 years, an enhanced ice motion parallel to
the TDS at a time scale of 9 to 10 years and a motion of old, thick ice from the
oﬀshore northern Canada into the outﬂow region with a period of 16 to 20 years.

frequency (1/year)

Figure 6.1: Spectral analysis of annual mean Fram Strait ice export.
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Atmospheric Circulation and Ice Export

In chapters 3 and 4, the strong inﬂuence of the atmospheric circulation on sea ice
distribution and sea ice transport has been demonstrated. The following analyses
its impact on the variability of the ice export through Fram Strait.
Figure 6.2 a presents a correlation analysis between annual mean ice export
through Fram Strait and SLP anomalies. A high negative correlation exceeding
-0.6 is obtained in the area of the Kara Sea. Slightly weaker positive correlations
exist over the Canadian Archipelago. This pattern is related to anomalous winds
from the coasts of Laptev, East Siberian, Chukchi and Beaufort Seas across the
Arctic towards Fram Strait and enhanced northerly windstress in Fram Strait.
Consequently, ice is anomalously transported towards Fram Strait in the entire
Arctic Basin (ﬁg. 6.2 b). The regression pattern of the ice transport resembles
the pattern of the second EOF of the ice transport (ﬁg. 4.8). The associated time
series is correlated to the ice export with -0.91 and the power spectra compare
very well (see ﬁgures 4.9 and 6.1).
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Figure 6.2: a) Correlation pattern between annual mean ice export through Fram
Strait and SLP. b) Regression pattern between Fram Strait ice export and sea ice
transport in the Arctic in 10−3 m2 /s per standard deviation ice export.
The correlation between ice export and SLP gradient across Fram Strait reaches
0.86 for annual values. The SLP gradient explains thus about three-fourths of the
annual mean ice export variability. This is in good agreement with observationally
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based estimates of Kwok and Rothrock (1999) who found an explained variance
of 80 %. Anomalous northerly winds lead to an increase of ice export through
Fram Strait whereas southerly winds reduce it. Arfeuille et al. (2000) pointed
out that the ice thickness in Fram Strait plays an important role as well and that
the wind speed in Fram Strait alone is not suﬃcient to describe the ice export.
However, results from this model indicate that a high pressure gradient across
Fram Strait is associated with increased ice velocities and anomalous thick ice.
The ice is accumulated by the wind north of Fram Strait and Greenland. Thus,
the high correlation between ice export and SLP gradient across Fram Strait does
not disagree with the results of Arfeuille et al. (2000).
The following sections discuss the impact of large scale atmospheric modes on
the variability of the SLP gradient across Fram Strait as well as the ice export
itself.
6.1.1

North Atlantic Oscillation

Several studies showed a high positive correlation between the NAO (Hurrel and
van Loon (1997); Bojariu and Gimeno (2003)) and the ice export through Fram
Strait since 1978. Kwok and Rothrock (1999) analysed satellite data from 1978
to 1998 and found a correlation coeﬃcient of 0.86. Model simulations with a sea
ice model of Hilmer and Jung (2000) presented the same results for this time
period but without signiﬁcant correlation between ice export and NAO before
1978. Analysis of a 300-year control run of the atmosphere-ocean-sea ice model
ECHAM4/OPYC3 by Jung and Hilmer (2001) showed no signiﬁcant correlation
either. The changing character of the relation between ice export and NAO can
be explained by an eastward shift in the extension of the Iceland Low into the
Arctic since the late 70’s. This shift leads to an increased pressure gradient across
Fram Strait in the positive NAO case. Before 1978, the NAO did not aﬀect the
SLP gradient across Fram Strait at all. Whether the shift in the NAO is due
to anthropogenic climate changes or an usual state of the NAO cannot yet be
determined. Ostermeier and Wallace (2003) analysed the trends in the NAO over
the 20th century. They found a negative trend from 1920 to 1970 and a strong
positive trend since. Several other studies (Moritz et al., 2002; Maslanik et al.,
1996; Kwok, 2000) discussed the recent changes in Arctic climate and sea ice
motion associated with the NAO and AO. The results of these studies can be
summarised as follows: ice concentration has been reduced in the Greenland and
Barents Sea and slightly increased in the Labrador Sea. The TDS has weakened
and slightly shifted to the Canadian side of the Arctic while the ice export through
Fram Strait has increased.
In this model, the NAO has neither inﬂuence on the amount of the ice export
through Fram Strait nor on the pressure gradient across Fram Strait (ﬁg. 6.3).
But the ice export is reduced in the eastern part of Fram Strait and enhanced
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Figure 6.3: a) Diﬀerence between high and low NAO sea level pressure (DJF) in
hPa. b) same as a) for annual mean ice transports in 10−3 m2 /s.
in the western part during the high NAO case. Nevertheless, the anomalous
SLP pattern and the associated wind anomalies lead to strong anomalous ice
transports from the Barents Sea across the North Pole to the Beaufort Sea. Ice
transport to the south is enhanced in Baﬃn Bay and Labrador Sea.
To discuss the temporal relationship between NAO-index and sea ice export
through Fram Strait, running 30-year intervals of the 500-year control run have
been analysed. In the entire 500 years, no 30-year period with a high correlation
between ice export or SLP gradient and NAO could be found. This conﬁrms
the presumption of Jung and Hilmer (2001) that the recent state of the NAO is
rather unusual and may be a response to anthropogenic forcing. One has to keep
in mind that the model represents climate conditions from the end of the 70’s
and may not be able to reproduce an eastward shift in the NAO.
6.1.2

Stratospheric Polar Vortex

Several studies have recently discussed the eﬀect of the stratospheric circulation
on tropospheric climate. Christiansen (2001) as well as Graversen and Christiansen (2003) showed that zonal wind anomalies from the stratosphere propagate
downward to the troposphere in about 10 to 15 days. Thompson et al. (2002)
and Baldwin et al. (2003) proposed an increased skill from the stratospheric
circulation to predict northern hemisphere tropospheric conditions on this time
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scale. Charlton et al. (2003) used a statistical model and found in contrary to
Thompson et al. (2002) only a very small increase of statistical predictability for
the troposphere using the stratosphere as predictor. In a further study with a
high resolution weather prediction model, Charlton et al. (2004) showed that the
initial conditions in the lower stratosphere are of importance for the prediction.
Norton (2002) performed sensitivity experiments with an atmospheric general
circulation model and altered the mean state and variability of the stratosphere.
The winter time SLP responded with a lag of 10 to 25 days with a pattern which
is similar to the one of the AO.
The impact of the stratospheric polar vortex on the ice transport in the Arctic
and especially the ice export through Fram Strait in the ECHAM5/MPI-OM is
discussed in the following. In this study, the polar vortex has been deﬁned, according to Castanheira and Graf (2003), as the zonal mean zonal wind speed in
50 hPa height and 65 degrees north.

Figure 6.4: Composite analysis of annual mean SLP anomalies in hPa for strong
(left) and weak (right) vortex regimes.
In contrast to the NAO, the annual mean stratospheric polar vortex is signiﬁcantly positively correlated (r=0.34) with the annual mean ice export through
Fram Strait in the control integration.
Figure 6.4 displays annual mean SLP anomalies for strong and weak stratospheric
polar vortex regimes (exceeding the mean +/- 1 standard deviation). During
strong regimes, negative pressure anomalies of slightly more than 1 hPa occur
centered over the Barents Sea. Weaker positive anomalies appear over the North
Atlantic, western Europe and the Bering Strait. The pattern is almost symmetric
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Figure 6.5: Composite analysis of annual mean sea ice transport anomalies in
10−3 m2 /s for strong (left) and weak (right) stratospheric polar vortex regimes.
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Figure 6.6: Composite analysis of annual mean sea ice thickness anomalies in m
for strong (left) and weak (right) vortex regimes.
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for weak vortex regimes. This SLP pattern compares well to results of the sensitivity experiments of Norton (2002). The maximum pressure anomaly in the
ECHAM5/MPI-OM model is slightly shifted towards the Barents Sea. The fact
that annual mean values are used in this study while Norton focused on winter
means must be addressed.
The SLP anomalies, associated with a strong polar vortex, lead to an increased
SLP gradient across Fram Strait and stronger northerly winds. The ice export
through Fram Strait is consequently enhanced and vice versa during weak vortex
regimes (ﬁg. 6.5). The anomalous ice transport within the Arctic Basin is not
symmetric during strong and weak regimes. It is characterised by an anti clockwise transport from the European Arctic along the Siberian coast to the Beaufort
Sea and further to the north coast of Greenland and Fram Strait during strong
vortexes. During weak regimes, the TDS is weakened and anomalous transports
take place from the Beaufort Sea in a semi-circle towards the coasts of Siberian
and Chukchi Seas. These circulation patterns determine the anomalous distribution of ice thickness (ﬁg. 6.6). Thicker ice than usual occurs in the Nordic Seas
as well as north of Greenland and Fram Strait while ice is thinner in the Laptev
Sea during strong regimes. A weak vortex is characterised by a dipole with positive ice thickness anomalies, extending along the coast from the Kara Sea to the
Canadian Archipelago, and negative anomalies in the Greenland/Barents Seas
and north of Fram Strait and Greenland.

6.1.3

Atmospheric Planetary Waves

Large scale atmospheric planetary waves in the northern hemisphere are mainly
caused by the topography and land-sea distribution. A summary of the current knowledge of the formation and impact of planetary waves is presented by
O’Hanlon (2002). Cavalieri and Häkkinen (2001) investigated the relationship
between atmospheric planetary waves and Arctic climate variability. They performed a zonal Fourier analysis over a monthly averaged 50-year SLP-record from
1946 to 1995 for diﬀerent latitude bands. They showed that the phase of the ﬁrst
wave for the latitude band from 70 to 80◦ N in January is well correlated with
the ice export through Fram Strait. The ﬁrst wave is determined by the Siberian
High and the Iceland Low. A ridge of the Siberian High that extends into the
East Siberian and Chukchi Seas and a trough of the Iceland Low into the Arctic
form the maximum and minimum of the ﬁrst wave. A shift in the positions of the
pressure systems to the east is associated with reduced pressure in the Barents
and Kara Seas. Thus, the pressure gradient across Fram Strait is increased. In
contrast to the NAO, the high correlation between ice export and the ﬁrst wave
in January held for the entire 50-year period. Cavalieri (2002) attributes this
consistency to the sensitivity of the ﬁrst wave phase to the presence of secondary
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low pressure systems in the Barents Sea that serve to drive Arctic sea ice southward through Fram Strait.
In this study, the relationship suggested by Cavalieri and Häkkinen (2001) has
been analysed in the 500-year control integration. Coinciding with the results
of Cavalieri and Häkkinen (2001), the ice export through Fram Strait is highly
correlated with the phase of the ﬁrst SLP wave for the latitude band from 70
to 80◦ N . This relation holds for the entire year. Highest correlations occur in
winter (r=0.6 in February) while the correlation in June and July is quite weak
(r=0.2 resp. 0.15). For annual mean values a correlation coeﬃcent of 0.59 could
be found.
In spite of the high correlation between phase and ice export, usage of the phase as
index has some disadvantages. In months with a small amplitude, the ﬁrst wave
explains only a minor part of the SLP variability. Then the phase is of minor
importance. Figure 6.7 shows that large anomalies in the phase are associated
with a small amplitude. Furthermore, it is diﬃcult to qualify large shifts in the
phase as positive or negative because phase anomalies of nearly −180◦ or 180◦
both describe the same SLP pattern. A shift in the phase exceeding 90◦ is not
further increasing the SLP gradient across Fram Strait and the ice export is not
enhanced anymore. To vanquish these diﬃculties, a new index containing both
the phase and the amplitude of the wave is introduced here:


W I1 = A ∗ sin(φ )

(6.1)

This index is called wave index 1 (WI1). A is the amplitude of the ﬁrst wave


and φ the phase anomaly. Use of sin(φ ) instead of the phase anomaly has two
eﬀects: WI1 is decreased if the phase anomaly exceeds 90◦ and the function is


continuously diﬀerentiable at the location φ = 180◦ . sin(φ ) is weighted with the
amplitude to reduce the noise of years with small explained variances of the ﬁrst
SLP wave.
The WI1 is slightly better correlated with the ice export through Fram Strait than
the phase. Table 6.6 displays the correlation between monthly mean WI1 and
monthly mean ice exports through Fram Strait. The correlation is generally high
between September and May with a maximum of 0.7 in February. In the summer
months, correlation is signiﬁcant but does not exceed 0.35. For comparison, the
relation between WI1 and SLP gradient across Fram Strait is shown. One can
clearly see that this correlation is reduced in summer as well.
Figure 6.8 shows the SLP pattern for the cases of large positive and negative WI1
(exceeding the mean +/- 1 standard deviation) for winter means. The pattern
during positive WI1 is characterised by negative anomalies up to -6 hPa at the
Siberian coast with center in the Kara Sea and much weaker positive anomalies
of about 2 hPa in the western Arctic and in western Europe. During the negative
case of WI1, the pattern is quite symmetric. The positive anomaly over the Kara
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Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

FI

0.66 0.70

0.61

0.66

0.59

0.34 0.26

0.35

0.49 0.54 0.56 0.59

FG

0.73 0.73

0.69

0.67

0.59

0.31 0.31

0.53

0.66 0.67 0.60 0.61

Table 6.6: Correlation between monthly means of WI1 and Fram Strait ice export
(FI) and SLP gradient across Fram Strait (FG).

Figure 6.7: Scatterplot between phase (in degrees) and amplitude (in hPa) of the
ﬁrst wave for winter (DJF) SLP in 70 − 80◦ N .
Sea extends slightly further into the Chukchi Sea and the anomaly over the western Arctic is slightly shifted towards the Canadian Archipelago compared to the
positive case. The anomaly over Europe is not as pronounced during a negative
WI1. Obviously, the WI1 is mainly governed by SLP variations in the Kara Sea.
This results in a steepened SLP gradient across Fram Strait during a positive
WI1 and vice versa. Dorn et al. (2000) depicted from model simulations with a
regional coupled model that a warm and cold Arctic winter climate is connected
with two distinct circulation states of the Arctic atmosphere. Cold Januaries are
characterised by the extension of the Iceland Low into Barents and Kara Sea
while warm Januaries are linked to a more pronounced Siberian High. These two
states ﬁt well to the positive and negative WI1 pattern.
The associated large SLP anomalies aﬀect the ice transport in the entire Arctic.
Figure 6.9 displays the composite analysis of annual mean ice transport for positive and negative WI1 (mean +/- 1 standard deviation). During a positive WI1,
anomalous ice transport occurs from the Siberian coast over the Central Arctic
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Ba
WI1

Ka

La
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Sib

Chu

Bea

CA

AB

-0.45 0.20 0.67 0.61

0.60

0.24 -0.75 0.57

Table 6.7: Correlation between DJF ice transport divergence in the Arctic regions
and WI1 (Ba=Barents Sea, Ka=Kara Sea, La=Laptev Sea, Sib=East Siberian
Sea, Chu=Chukchi Sea, Bea=Beaufort Sea, CA=Central Arctic, AB=Arctic
Basin).

towards Fram Strait and Barents Sea. During negative WI1, ice is anomalously
transported from Fram Strait to the Siberian coast and cyclonic in the Beaufort
Gyre. Both the Gyre and the TDS are thus weakened. The ice transport anomalies reach their maximum with more than 5 ∗ 10−2 m2 /s in Fram Strait and the
EGC.
The composite pattern for SLP and ice transport compares well to the correlation and regression patterns between ice export through Fram Strait and SLP
and ice transport, respectively (ﬁg. 6.2). The ice transport anomalies due to the
variability in WI1 are associated with variations in the ice transport divergence
(table 6.7). During positive WI1, anomalous divergent ice transports occur from
the Laptev Sea to the Chukchi Sea. Convergences can be seen in the Barents Sea
and particularly in the Central Arctic. The entire Arctic shows an ice volume
lost because of the large ice export through Fram Strait.
The probability distribution of annual mean ice exports through Fram Strait for
highly anomalous WI1 (ﬁg. 6.10) provides evidence that almost all extreme export events in the 500-year control run are related to WI1. The distribution for
the cases of large positive and negative WI1 show a distinct shift towards corresponding positive and negative ice export anomalies.
It has been demonstrated above that the state of the WI1 is mainly characterised
by SLP in the Kara Sea. The persistence and the source of these SLP anomalies
are analysed in the following.
A correlation analysis among single months of WI1 shows no or only a very weak
correlation. The highest correlation coeﬃcient of 0.15 is obtained between WI1
of January and February. For further investigations, daily winter (DJF) SLP
values in the Kara Sea are compared for months with high positive and negative
WI1. Two features are particularly striking: the SLP for positive WI1 in the
Kara Sea is generally lower than for negative WI1 and the variability is larger.
A sequence of short, relatively large negative anomalies occurs during positive
WI1. Contrary, high SLP can persist for a time of one to two weeks in the Kara
Sea during a negative WI1. The standard deviation of daily SLP in the Kara Sea
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Figure 6.8: Composite analysis of SLP anomalies (DJF) in hPa for the cases of
large positive (left) and negative (right) winter WI1.
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Figure 6.9: Composite analysis of annual mean sea ice transport anomalies in
10−2 m2 /s for the cases of large positive (left) and negative (right) annual WI1.
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Figure 6.10: Probability distribution of the annual mean ice export through Fram
Strait for the cases of positive (red) and negative (blue) annual WI1 exceeding
the mean +/- 0.5 (dashed) and +/- 1 (solid) standard deviation. The black line
shows the distribution for all years.

reaches 12.5 hPa for the high positive and 10.7 for the high negative WI1 case.
During a positive WI1, more cyclones are active in the Barents and Kara Seas
while in the negative case, longer periods with stable anticyclonic regimes occur.
Storm tracks are calculated from daily winter SLP data to determine the source
of the cyclones. They can be deﬁned in several diﬀerent ways. Gulev et al. (2001)
used a cyclone tracking technique while others (e.g. Harnik and Chang (2003);
Rogers (1997)) prefer variance statistics of the pressure ﬁeld. In this study, the
standard deviation of the two to six days bandpass ﬁltered daily SLP data is
deﬁned as storm track. A composite analysis of these storm tracks for winter
means of the WI1 (ﬁg. 6.11) shows distinct changes between the phases of WI1.
During positive WI1, the storm track over the North Atlantic is extended far
into the Barents Sea and the Kara Sea, whereas it is much more zonal during
negative WI1. Then the standard deviation of the bandpass ﬁltered daily SLP
in the Barents and Kara Seas is small with 3 hPa. Furthermore, the standard
deviation in the formation area of the North Atlantic low pressure systems over
northeastern North America is slightly increased in the positive WI1 case. In
contrary, the storm track over the North Paciﬁc is intensiﬁed in the low WI1
case.
One can conclude that an intensiﬁcation of the North Atlantic storm track and
especially a deﬂection to the north are the main reasons for a positive WI1. Thus,
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the cyclones propagate mainly from the North Atlantic into the Barents and Kara
Sea and are not formed locally. This is in good agreement to the results of Cavalieri (2002). As the Fram Strait is located on the west side of the storm track,
an enhanced pressure gradient across it and anomalous northerly winds are the
consequence. This implies that single cyclones are of great importance for the
ice export through Fram Strait, which ﬁts well to observations of cyclones in the
Fram Strait by Brümmer et al. (2001, 2003). Serreze and Barry (1988) analysed
the synoptic activity in the Arctic Basin and found the largest activity in the
European sector of the Arctic for the winter season. Most of the cyclones emigrated from the North Atlantic into the Arctic Basin, which is consistent with
the assumption of this study. Furthermore, Serreze (1994) analysed the development and decay of Arctic cyclones. He identiﬁed the Iceland, Greenland and
Norwegian Seas as regions with largest cyclogenesis while cyclolysis dominates
in the Arctic Basin. Rogers and Mosley-Thompson (1995) showed that anomalous cyclone activity in the Kara and Barents Seas is highly correlated with the
Siberian air temperature. It has much more inﬂuence on the temperature than
large scale features such as the NAO or the Siberian High.

Figure 6.11: Composite analysis of the standard deviation of the bandpass ﬁltered
(2-6 days periods) winter (DJF) SLP in hPa for the cases of large positive (left)
and negative (right) annual WI1.
During a negative WI1 the Siberian High extends further into the Kara and Barents Seas and the storm track is more zonal. It remains unclear whether it can
extend further to the north due to a weaker, more zonal storm track or if a strong
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Siberian High blocks the cyclones. One possible mechanism aﬀecting the Siberian
High are early fall snow anomalies over Siberia. Cohen et al. (2000) showed that
they do indeed inﬂuence SLP in the northern hemisphere and especially had impact on the AO in the following winter. Gong et al. (2003) aﬃrmed these results
with model experiments but found a much weaker amplitude in SLP anomalies.
However, no signiﬁcant correlation could be found between autumn snow cover
over Siberia and the winter time SLP or the storm track in the control integration
of this model. The impact on the atmospheric circulation is very weak even after
extreme snow cover anomalies.
Midlatitude atmospheric blocking (D’Andrea et al., 1998) which deﬂects the low
pressure systems to the north could be another possibility for the shift in the
storm tracks.

6.2

Ice Thickness Anomalies and Ice Export

In the previous sections, the strong inﬂuence of the atmospheric circulation on the
interannual variability of Fram Strait ice export has been demonstrated. However,
several studies pointed out that sea ice thickness anomalies have a considerable
impact on the export through Fram Strait as well (e.g. Koeberle et al. (1999);
Arfeuille et al. (2000)). Koeberle and Gerdes (2003) used an ocean - sea ice model
to show that ice thickness anomalies play an equally important role for the ice
export through Fram Strait.
In chapter 6.1, it has been argued that a strong SLP gradient across Fram Strait is
also associated with anomalous thick ice. To further analyse the relation between
ice thickness anomalies in the Arctic and Fram Strait ice export, a lag regression
analysis has been performed (ﬁg. 6.12). Five years before high ice exports, positive ice thickness anomalies are formed at the coasts of Chukchi and East Siberian
Sea (ﬁg. 6.12 a). In agreement with results of Tremblay and Mysak (1998), these
anomalies are caused by a convergent ice transport due to an anomalous wind
ﬁeld and associated with a negative ice export through Fram Strait. In the next
two years, the positive ice thickness anomaly slowly propagates clockwise along
the Siberian coast (ﬁg. 6.12 b) and crosses the Arctic to reach Fram Strait leading the ice export by one year (ﬁg. 6.12 c). High ice exports themselves are
associated with large anomalous ice transports all over the Arctic towards Fram
Strait (ﬁg. 6.2 b) caused by the anomalous atmospheric forcing described above
(ﬁg. 6.2 a). A negative ice thickness anomaly occurs at the Siberian coast as a
consequence. It propagates across the Arctic to Fram Strait in the next years,
which leads to a decreased ice export (ﬁg. 6.12 e and f) four years later. A further
year later, the ice export is still reduced and ice thickness at the Siberian coast
is again increased. The entire cycle takes about nine years and matches the peak
in the power spectrum of the ice export at the same time scale (ﬁg. 6.1).
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Figure 6.12: Regression coeﬃcient between annual mean ice exports through
Fram Strait and ice thickness anomalies in m per standard deviation ice export.
a) ice export lags 5 years, b) ice export lags 3 years, c) ice export lags 1 year, d)
lag 0, e) ice export leads 2 years f) ice export leads 4 years.
In order to determine how the propagation of ice thickness anomalies towards
Fram Strait ﬁts to the temporal and spatial variability of ice thickness in the
Arctic Basin, a lag EOF-analysis of ice thickness in this region has been carried
out. A 40-year Hanning high pass ﬁlter has been applied to focus on interannual
to decadal variability. The Hanning ﬁlter belongs to the cosine-ﬁlters and is deﬁned as: W (k + 1) = 0.5 · (1 − cos(2 · π · k/(n − 1)), k=0,1,...,n-1.
The EOF-analysis has been calculated for winter centred annual mean ice thicknesses of the 500-year control run for lags from one to eight years. The resulting
EOF-pattern describes the temporal evolution of ice thickness anomalies in the
Arctic Basin.
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a) lag 0 year

b) lag 1 year

c) lag 2 years
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Figure 6.13: 1. EOF of a lag EOF analysis (0-8 years lag) of annual mean sea
ice thickness in cm per standard deviation of the PC. Shown are lags from 0 to 5
years. A 40-year Hanning high pass ﬁlter has been used.

The ﬁrst EOF (ﬁg. 6.13) explains about 10 % of the total sea ice thickness variance. At the time T=0, a positive anomaly extends from the Beaufort Sea along
the coast to the Laptev Sea and a negative anomaly occurs in the area of Fram
Strait. In the following years, the positive anomaly spreads over larger parts of the
Arctic while the center slowly propagates along the Siberian coast to the west. At
lags of three and four years, almost the entire Arctic Basin shows positive values.
The maximum crosses the Arctic quite fast in the TDS and reaches Spitsbergen
and Fram Strait. One year later, maximum variations occur in the area of Fram
Strait and Spitsbergen while negative anomalies are formed at the opposite side
of the Arctic between Beaufort and Laptev Sea. Now a phase diﬀerence of about
180 degrees to the lag 0 - pattern can be seen. In the following years, the negative
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Figure 6.14: 2. EOF of a lag EOF analysis (0-8 years lag) of annual mean sea
ice thickness in cm per standard deviation of the PC. Shown are lags from 0 to 5
years. A 40-year Hanning high pass ﬁlter has been used.

anomaly at the Siberian coast spreads and takes its way across the Arctic and
reaches Fram Strait after 4 to 5 more years. Thus, the oscillation period of the
ﬁrst EOF accounts to about 10 years.
The second EOF (ﬁg. 6.14), which explains 9 % of the total ice thickness variability, describes a mode similar to the ﬁrst EOF. At a lag of zero, largest negative
values extend along the coast from Chukchi Sea to Laptev Sea and further into
the Central Arctic. Slightly weaker positive anomalies can be seen from Fram
Strait to Beaufort Sea. During the following years, the negative anomaly propagates across the Arctic to Fram Strait. The positive anomaly strengthens and
rotates clockwise to the Siberian coast before it passes the Arctic towards Fram
Strait. The time scale of this mode is also about 10 years.
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Figure 6.15: Probability distribution of annual mean Fram Strait ice export 2
years after positive (red) and negative ice volume anomalies (green) (exceeding
one standard deviation) in the Laptev Sea. In black the mean ice export distribution for all years is given.

Both the ﬁrst and the second EOF describe a mode that is characterised by a
formation of an ice thickness anomaly in the area between Beaufort Sea and the
Siberian coast, a clockwise propagation through the Arctic and a strong weakening after reaching Fram Strait. However, while the entire anomaly seems to
be exported through Fram Strait in the ﬁrst EOF, a part of this recirculates in
the Arctic Basin in the second EOF. The ﬁrst and second EOF are apparently
not independent. This is proved by a cross spectrum analysis (not shown). The
power spectra of the ﬁrst two PC’s are nearly identical, particularly for time periods shorter than 20 years. For these time periods the coherence is very high and
the phase diﬀerence accounts to about 90 degrees. Furthermore, a lag correlation
shows a high negative correlation at lags of -2 and -3 years and a high positive
correlation at lags of 2 and 3 years, which ﬁts well to the phase diﬀerence of 90
degrees.
A comparison of the results from the EOF analysis with the lag regression analysis between ice export through Fram Strait and sea ice thickness (ﬁg. 6.12)
indicates a high agreement between the process described by the ﬁrst and second
EOF and the lag regression analysis. Both patterns and time scales compare well.
In chapter 6.3 the relation between this sea ice mode and atmospheric variations
are analysed in more detail.
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The mode presented above provides skill for predictability of the ice export
through Fram Strait. Apparently, large ice exports are characterised by previous
ice volume anomalies at the Siberian coast and vice versa. Statistical analyses
show the largest predictability for the ice export through Fram Strait if ice thickness is increased two years before in the Laptev Sea. Figure 6.15 displays the
probability distribution of the annual mean ice export two years after 69 positive
and 71 negative ice volume anomalies (exceeding the mean +/- 1 standard deviation) in the Laptev Sea. After positive anomalies a considerable shift in the
mean ice export towards positive values can be seen and vice versa. The skewness
of the distribution is negative after thick ice and positive after previous thin ice
in the Laptev Sea. Thus, the probability for negative ice export events is highly
decreased while probability for extreme positive events increases only slightly after thick ice in the Laptev Sea. The statistical analysis shows additionally that
probability for increased ice exports is only slightly enhanced at the ﬁrst and
third year after preceding positive ice volume anomalies. In contrast decreased
ice exports are as probable in the ﬁrst, second and third year after negative ice
volume anomalies. The travel time of negative ice signals is apparently more
variable than that of positive anomalies.
Ice thickness in the Laptev Sea before extreme ice exports through Fram Strait,
which exceed the mean + 2 standard deviations, have been analysed: in four of
ﬁve cases, ice volume has increased by more than one standard deviation two
years before. All four extreme negative exports have been led by largely reduced
ice thicknesses in the Laptev Sea. The formation of ice thickness anomalies at
the coasts of Laptev and East Siberian Sea can be regarded as preconditioning
for extreme ice export through Fram Strait.

6.3

Decadal Sea Ice Mode

The propagation of sea ice anomalies through the Arctic on a decadal time scale
has been described in the previous section. Furthermore, evidence has been shown
for the large impact of the atmospheric circulation on the ice drift.
A combined lag EOF analysis for annual values of SLP and sea ice thickness
north of 50◦ N is performed to further analyse the relation between sea ice and
atmospheric circulation. A 40-year Hanning high pass ﬁlter is used to suppress
the multi-decadal variability in the ice thickness. SLP and ice thickness data
are normalised by division of the value at each grid point through the standard
deviation, spatially averaged over the area north of 50◦ N . In order to compare
the results to the lag EOF of sea ice thickness, this analysis is also calculated for
lags from 0 to 8 years.
The leading EOF of the combined analysis which explains about 10 % of the
variance of SLP and sea ice thickness is shown in ﬁgure 6.16. At the time T=0,
the SLP ﬁeld is characterised by a region of strong positive values, which extends
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Figure 6.16: Left and middle: 1. EOF of a combined lag-EOF of SLP (left) and
sea ice thickness (middle) with lags from 0 to 8 years. A 40-year Hanning high
pass ﬁlter has been used. Right: The same for SLP-only.
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over the entire European and eastern Arctic. The center is situated over the
Barents and Kara Seas. A much smaller dipole occurs in the western Arctic.
The related ice thickness ﬁeld shows negative anomalies (for positive PC’s) in the
Barents and Greenland Seas and positive anomalies from the Beaufort Sea along
the coast to the Laptev Sea. This situation ﬁts well to the negative case of the WI1
and associated low ice exports through Fram Strait. Two years later, the SLP
pattern has been rotated clockwise by about 90◦ and largest positive values can
now be seen east of Greenland. The negative anomaly is located in the Siberian
Sea and has further weakened. The ice pattern shows a similar rotation. Positive
values occur from the Laptev Sea across the eastern Arctic towards Fram Strait.
The large negative values in the Greenland Sea have disappeared but negative ice
anomalies have occured in the Labrador Sea and in the Canadian Archipelago.
Only a very small part of the ice can propagate from the Greenland Sea around
the southern tip of Greenland into the Labrador Sea without melting. One can
assume that new ice anomalies have been formed there. The anomalous SLP
pattern leads to south-easterly winds and thus advection of warm air into this
region. Furthermore, convection processes, associated with the previous low ice
export, also reduce the ice in Labrador Sea (see chapter 5).
After four years, the SLP pattern is almost opposite to the initial distribution.
The small negative anomaly at the East Siberian coast has strongly strengthened
and its center has moved to the Laptev Sea. The large positive anomalies at
a lag of two years have rotated by nearly 90◦ and substantially weakened. This
situation resembles the positive case of WI1 and is associated with high ice exports
through Fram Strait. Thus, positive values appear in Greenland and Barents Seas
while negative anomalies occur from the Beaufort Sea to the East Siberian Sea.
The rotational process continues in the following two years.
A rotation of about 180◦ takes slightly more than four years for both parameters.
The whole cycle ﬁts well to the peak at about 9 years in the spectrum of Fram
Strait ice export and the sea ice oscillation in the Arctic Basin. The sea ice
thickness part of the combined EOF is nearly identically to the patterns of the
ﬁrst and second EOF of the sea ice thickness-only lag EOF analysis (ﬁg. 6.13
and 6.14). The ﬁrst PC of the combined EOF is highly correlated with the ﬁrst
and second PC of the sea ice thickness EOF for lags of minus and plus one year.
The correlation to the PC’s of the lag-EOF of SLP-only is much weaker (ﬁg.
6.16 right). The ﬁrst PC’s of both EOF’s are correlated with 0.39. The ﬁrst
lag EOF of SLP explains only about 8 % of the total variance. Thus, it can
clearly be suggested that the combined variance of SLP and sea ice thickness
on a decadal time scale is mainly dominated by sea ice thickness variability.
Obviously, there is no strong atmospheric mode in the Arctic on a decadal time
scale. The atmospheric pattern of the ﬁrst combined EOF can be interpreted as
the stochastic pattern which is most appropriate to strengthen the sea ice mode.
Once an ice thickness anomaly has been formed at the coast of the Chukchi or
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East Siberian Sea, the atmosphere can amplify it but can also weaken or even
suppress the ice mode. This does not rule-out that the sea ice mode in certain
stages modiﬁes the atmospheric circulation in a way that tends to maintain the
mode. For lags of two and six years the SLP pattern of the combined EOF is
quite similar to the pattern of the SLP-only EOF. These atmospheric conditions
occur two years after low and high ice exports (lag 0 and lag of 4 years) and as
argued in chapter 5 are due to changes in the meridional temperature gradient
across the Gulf Stream.
A comparison of this EOF analysis with a complex combined EOF analysis of
40-year winter SLP and annual mean sea ice concentration data north of 45◦ N
by Mysak and Venegas (1998) shows quite a high agreement concerning the sea
ice. They also found a rotation of sea ice cover anomalies around the Arctic at
a time scale of about 10 years. In contrary to sea ice, the SLP variations only
partly agree. Mysak and Venegas (1998) suggest a standing oscillation in SLP in
the Arctic related to the state of the NAO/AO. Similar SLP patterns occur in
ﬁg. 6.16 at lags of two and six years but not as standing oscillation but as part of
a rotation around the Arctic. One has to keep in mind that Mysak and Venegas
(1998) used winter SLP data while annual mean SLP are applied in this study.

76

7

7 SENSITIVITY STUDIES

Sensitivity Studies

One important mode of high latitude climate variability on interannual to decadal
time scales has been identiﬁed in the control integration. Key processes of this
mode are the formation of ice thickness anomalies at the Siberian coast, anomalous ice export through Fram Strait and the subsequent interactions between
ocean and atmosphere in the Labrador Sea.
In order to further analyse the processes in these three key regions and their impact on climatic conditions in high latitudes, three sets of sensitivity experiments
have been performed. In the ﬁrst experiment (EXP1), ice anomalies are implemented at the Siberian coast. In the second experiment (EXP2), an ice volume
anomaly in the East Greenland Current south of Fram Strait is used to prescribe
extreme ice export events through Fram Strait. The third experiment (EXP3)
describes the impact of fresh water anomalies in the Labrador Sea on oceanic
and atmospheric conditions. Figure 7.1 presents the regions that are perturbed
by sea ice and fresh water anomalies in the experiments, respectively. This chapter discusses the results of the model simulations.

Figure 7.1: Experiment regions: Areas perturbed by sea ice and fresh water
anomalies are shown, respectively. Red: EXP1, green: EXP2, blue: EXP3.

7.1

Ice Anomaly at the Siberian Coast

The Siberian coast is a main source region for the formation of ice volume anomalies. To analyse the propagation of such signals across the Arctic and their interactions with the atmosphere, ice volume anomalies of 2000 km3 are prescribed
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at the Siberian coast in model experiments (see ﬁg. 7.1). Twenty runs are
performed, starting from 1st Mai of twenty diﬀerent years. This assures that
the initial conditions are not relevant for the ensemble mean. The ice volume
anomaly is produced by increasing the ice thickness by 1 m in an area along the
Siberian coast and 0.5 m in a transfer region (two grid points) to the Central
Arctic relative to the initial conditions.
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Figure 7.2: Annual mean SLP anomalies in hPa one to four years after addition
of the ice thickness anomaly at the Siberian coast. Mean of the 20 ensemble runs.
The white line indicates the level of 95% signiﬁcance.
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Figure 7.3: Annual mean two meter air temperature anomalies in Kelvin one to
four years after addition of the ice thickness anomaly at the Siberian coast. Mean
of the 20 ensemble runs. The white line indicates the level of 95% signiﬁcance.

Results of the ensemble mean are now discussed. A lag of one year is deﬁned as
the mean from August in the year in which the experiment starts to July of the
following year. Figure 7.2 shows the SLP response to the ice anomaly for lags
of one to four years. The response describes the mean diﬀerence between the 20
experiment runs and the associated 20 control runs.
After one year, a large negative anomaly of more than -1 hPa, which is partly signiﬁcant at the 95 % signiﬁcance level, occurs along the Siberian coast. SLP is also
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Figure 7.4: Annual mean 10 m salinity anomalies (in psu) one to four years after
addition of the ice thickness anomaly at the Siberian coast. Mean of the 20
ensemble runs.

signiﬁcantly reduced over the southern Labrador Sea and the western North Atlantic Ocean. In the Greenland Sea, SLP is increased by 1 hPa. This anomalous
SLP pattern inﬂuences the ice transport and thus the ice thickness distribution
(ﬁg. 7.5). In addition to the propagation of the prescribed ice thickness anomaly
with the mean circulation, ice is anomalously advected from the western Arctic
towards Barents Sea and through Fram Strait into the Greenland Sea. Thus, ice
thickness is increased in these areas, which leads to an intensiﬁed melting during
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Figure 7.5: Annual mean sea ice thickness anomalies (in m) one to four years
after addition of the ice thickness anomaly at the Siberian coast. Mean of the 20
ensemble runs.

summer and a slightly reduced surface salinity (ﬁg. 7.4). Large positive salinity
anomalies occur at the Siberian coast.
The impact on air temperature is shown in ﬁgure 7.3. Much cooler temperatures
are obvious in the Barents Sea due to increased ice cover. They are also reduced
over eastern Europe and parts of North America. Warmer temperatures occur in
central Asia. These anomalies are only partly signiﬁcant at the 95 % signiﬁcance
level and are mainly due to the anomalous wind ﬁeld.
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Figure 7.6: Anomalies of seasonal mean ice exports (in m3 /s) through the Fram
Strait (solid) and 12 month running mean (dashed). Shown are the ensemble
means of the ﬁrst ﬁve years. The time axis starts with the summer season (JJA)
in the year with the prescribed ice anomaly.

At a lag of two years, the negative SLP anomaly over the Siberian coast has
weakened and shifted to the southeast. A positive pressure anomaly appears
in the Central Arctic, in North America and particularly over southern Europe.
The high SLP over southern Europe advects warm air from the Atlantic to the
middle of Europe and northwestern Siberia. Advection of warm air from the
Paciﬁc leads to warmer temperatures over southern Alaska. The sea ice anomaly
spreads over most parts of the Arctic while the amplitude becomes smaller. The
center is situated in the eastern Central Arctic and the anomaly starts to loosen
from the coast of the Laptev Sea. Ice thickness in Fram Strait keeps above the
mean. Salinity in Barents Sea and at the ice border of Greenland Sea remains
lower than usual.
One year later, signiﬁcantly reduced SLP over the Kara and Laptev Seas strengthens the TDS, which leads to advection of the ice thickness anomaly into the
Barents Sea and through Fram Strait into the Greenland Sea. In Fram Strait
and Greenland Sea, the ice thickness is increased by up to 40 cm. Furthermore,
the SLP distribution is associated with oﬀshore winds at the Siberian coast. A
negative ice thickness anomaly is consequently formed along the Siberian coast.
This situation coincides well with the sea ice distribution during high ice exports
through Fram Strait, as shown in the regression analysis between ice export and
sea ice thickness (ﬁg. 6.12) and in the lag EOF analysis of ice thickness (ﬁg.
6.13 and 6.14). The SLP pattern which leads to the sea ice distribution at a lag
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of three years is a response to the prescribed sea ice thickness anomaly at the
Siberian coast. This suggest that the sea ice mode summarised in chapter 6.3.
provides a weak feedback on the atmospheric circulation.
At a lag of four years, SLP is highly reduced in large parts of the Nordic Seas
and the Arctic Basins. One maximum occurs at the coast of Kara and Laptev
Seas and a second in the Greenland Sea and eastern Greenland. Increased SLP
occurs in a semi-circle from western Europe over the North Atlantic and Canada
to the northeastern Paciﬁc. This coincides well to the situation two years after
high ice exports (ﬁgure 5.9).
Salinity anomalies at lags of 3 and 4 years indicate the propagation of fresh water to the Labrador Sea, which is due to the enhanced ice export through Fram
Strait. Convection weakens in the Labrador Sea and air temperatures are colder
(ﬁg. 7.3). A detailed description of this process has been given in chapter 5.
Figure 7.6 presents the ensemble mean of seasonal and 12-months running mean
ice exports through Fram Strait. The largest positive anomalies occur from spring
of the second year through winter of the third year as well as from summer of the
third year through spring of the fourth year. The 12-months running mean ice
export shows increased sea ice export over the entire 5-year period with largest
exports three years after the prescribed ice volume anomaly at the Siberian coast.
The sum of the anomalous ice export of the ﬁrst ﬁve years amounts to 1260 km3 .
This means that 63 % of the inserted ice volume leaves the Arctic through Fram
Strait within 5 years. Because the ice export over the Barents Shelf into the
North Atlantic is enhanced as well, one can conclude that the Arctic reaches its
balance mainly by dynamical reduction of sea ice and subsequent melting in the
northern North Atlantic.

7.2

Ice Anomaly in Fram Strait

In order to analyse the isolated impact of the ice/fresh water signal associated
with high ice exports through Fram Strait, the eﬀect of large ice exports is prescribed in EXP2. Additionally, it should be shown that the anomalies in the
Labrador Sea after anomalous ice exports are largely independent from certain
starting conditions in atmosphere and ocean. As initial conditions, twenty different years from the 500-year control run with about normal winter ice exports
through Fram Strait are used. Each run starts at the beginning of May with
a single anomalous ice volume input of 3000 km3 into the EGC, south of Fram
Strait (ﬁg. 7.1). The amount of ice has been chosen according to the anomalous
ice volume export through Fram Strait before the GSA in 70/71. Each simulation
is run for ﬁve years.
Figure 7.7 shows seasonal mean (DJF, MAM, JJA, SON) surface (10 m) salinity
and two meter air temperature anomalies in the central Labrador Sea in the ﬁrst
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Figure 7.7: Seasonal mean 10m salinity (top, in psu) and 2m air temperature
(bottom, in Kelvin) anomalies in the Labrador Sea. Means of the 20 experiment
runs (blue) and the associated control runs (black). The dashed black line indicates minus one standard deviation of the 500-year control run. A blue cycle
(ﬁlled blue cycle) indicates a signiﬁcance at the 95 % (99 %) level. The time axis
starts with the summer season (JJA) in the year with the prescribed ice anomaly.

four years after the prescribed ice export. Temperature and salinity are averaged
over an area bounded by 54-60◦ N and 48-56◦ W . The anomalies describe the
mean diﬀerences between the seasonal values of the 20 experiment runs and the
500-year control run just as for the associated 20 control runs. The standard deviations were calculated from the 500-year control integration as a quantity for the
magnitude of the anomalies. The added ice melts while propagating southwards
and reaches the Labrador Sea after approximately one year. Surface salinity (ﬁg.
7.7, top) is reduced and reaches its minimum one and a half years from the export
event. The salinity anomaly has a magnitude of more than two standard deviations. A two-sided student t-test shows that it is statistically highly signiﬁcant. It
takes four years until salinity is recovered. Observations of the GSA in the early
70’s of the Ocean Weather Ship Bravo show similar surface salinity anomalies in
the central Labrador Sea (e.g. Dickson et al. (1988); Lazier (1995)). The observations conﬁrm that it took about four to ﬁve years to reinstall normal conditions.
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But the propagation time of the fresh water anomaly from the Fram Strait to the
Labrador Sea was about one year longer than usual in these model simulations. In
idealised simulations of the GSA in a coupled ocean - sea ice model by Häkkinen
(1999), surface salinity was decreased by -1 psu in the Labrador Sea in the second
and third year after the ice export. This led to SST anomalies of up to -2.5 Kelvin.
In contrast to the salinity, the modelled temperature anomalies (ﬁg. 7.7 bottom)
show a pronounced seasonal cycle. Largest values occur in winter with up to four
Kelvin in the ﬁrst winter. Nevertheless, the temperature anomalies are highly
signiﬁcant in spring and summer as well. They are smallest during autumn and
the signiﬁcance is slightly weaker. Again, it takes four years to reinstall normal
temperature conditions in the Labrador Sea.
The spatial distribution of annual mean values of sea ice thickness, surface salinity,
2m air temperature and SLP for lags of one to three years are shown in ﬁgures
7.8 to 7.11. One year after the prescribed ice export, ice thickness is largely
increased along the east coast of Greenland. Additionally, a positive anomaly
in the eastern Arctic and parts of the Barents Sea can be seen. A negative ice
thickness anomaly is formed in the Chukchi Sea. A large amount of the ice
inserted south of Fram Strait has already been melted and leads to a dramatic
salinity deﬁcit south of Denmark Strait and in the Labrador Sea. After two
years, almost the entire prescribed ice volume has been melted. The associated
salinity anomaly is centered in the Labrador Sea and extends southeastwards
into the North Atlantic. It propagates zonally across the North Atlantic in the
following year, while it weakens in the Labrador Sea. As described in chapter
5, the salinity deﬁcit in the Labrador Sea leads to reduced oceanic convection.
As a consequence, surface waters are colder and ice cover in the Labrador Sea is
increased. The ocean heat release is reduced, which has a considerable impact on
atmospheric conditions as well.
The spatial distribution of air temperature anomalies in the ﬁrst three years after
the simulated ice export shows by far the largest values in the area of the Labrador
Sea (ﬁg. 7.10). However, temperature is also signiﬁcantly reduced in some other
regions. Positive anomalies extend from the Ural Mountains to the Ochotsk Sea
after one and three years. In contrast to the ﬁrst and third year, advection of
warm air to Siberia is reduced two years after the ice export. This might explain
the lack of positive temperature anomaly in year two, but its existence in the
years one and three. Positive anomalies statistically not signiﬁcant at the 95 %
level are apparent over parts of Europe after two and three years. A decrease in
temperature occurs over the Gulf of Alaska and north of the Caspian and Black
Seas after one year and over the Bering Sea and the Canadian Archipelago after
two and three years. The temperature anomalies are mainly caused by changes in
the wind ﬁeld except for the one in the Labrador Sea. The associated variations of
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Figure 7.8: Annual mean sea ice thickness anomalies (in m) one to three years
after the prescribed ice export through Fram Strait. Mean of the 20 ensemble
runs.
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Figure 7.9: Annual mean 10 m salinity anomalies (in psu) one to three years after
the prescribed ice export. Mean of the 20 ensemble runs.
the SLP-ﬁeld are shown in ﬁgure 7.11. There are only small areas with signiﬁcant
changes one year after the ice export. Lower SLP than usual can be seen at the
Siberian coast and east of Japan while SLP is increased over the Bering Sea. In
the years with lag two and three, a positive pressure anomaly extends from the
Labrador Sea across the Atlantic to the southwest of Europe. SLP is reduced
further north over Scandinavia and the Nordic Seas. Thus, the SLP pattern
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Figure 7.10: Annual mean 2m air temperature anomalies (in Kelvin) one to three
years after the prescribed ice export. Mean of the 20 ensemble runs. The white
line indicates the level of 95% signiﬁcance.

Figure 7.11: Annual mean SLP anomalies (in hPa) one to three years after the
prescribed ice export. Mean of the 20 ensemble runs. The white line indicates
the level of 95% signiﬁcance.
is similar to the positive phase of the NAO. These results correspond to those
obtained from both the control run and the run with NCEP-reanalysis.
Two and three years after the prescribed ice export, a pressure gradient across
the Arctic with low pressure over the Nordic Seas and anomalous high pressure
over the Chukchi Sea is formed. This ampliﬁes the TDS which implies that more
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ice is transported from the Siberian coast across the Arctic towards Greenland
and Fram Strait. The negative ice thickness anomaly in the Chukchi Sea (ﬁg. 7.8,
left) strengthens and extends along the East Siberian coast to the Laptev Sea and
into the eastern Central Arctic. Furthermore, increased sea ice thickness appears
in the Greenland Sea, north of Greenland and the Canadian Archipelago. This
leads to an enhanced ice export through Fram Strait in the model experiments
after three years (ﬁg. 7.12). The anomaly amounts to 0.5 standard deviation,
which is signiﬁcant at the 90 % signiﬁcance level. The positive feedback from the
inserted ice on the ice export in this model experiment matches well the threeyear peak in the spectral analysis of the ice export in the control run. However,
the control integration shows negative ice thickness anomalies three years after
large ice exports as part of the decadal sea ice mode. One has to consider that the
decadal mode is not permanently active. A wavelet analysis (not shown) of the
ice export indicates that the three-year cycle shows only up then. Furthermore,
it must be addressed that this experiment has not prescribed the negative ice
anomaly at the Siberian coast associated with large ice exports. This may have
an inﬂuence on the atmosphere as well. Thus, one cannot expect exactly the
same response in the control run and the experiment.
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Figure 7.12: Fram Strait ice export (in m3 /s) in the ﬁrst years after the prescribed
ice anomaly. Mean of the 20 ensemble runs. The time axis starts with the summer
season in the year with the prescribed ice anomaly.
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Fresh Water Anomaly in the Labrador Sea

In the Labrador Sea, the atmospheric response is very sensitive to oceanic changes.
To further investigate this sensitivity, a fresh water anomaly of 2000 km3 in the
Labrador Sea is prescribed in EXP3. Additionally, the argumentation above that
the changes in convection and ocean heat release in the Labrador Sea are responsible for a considerable part of the large scale atmospheric response should be
proved. The fresh water is added into the Labrador Sea by reducing the salinity
of the upper three layers by 1, 0.5 and 0.25 psu in the area of EXP3 (ﬁg. 7.1).
Twenty runs are realised with initial conditions from 30th November of 20 diﬀerent years. In all runs, initial salinity conditions are about normal in the Labrador
Sea. The date has been chosen in order to cover the entire convection period in
the Labrador Sea. Each simulation is run for 25 months.
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Figure 7.13: Annual mean 10 m salinity anomalies (in psu) in the ﬁrst (left) and
second (right) year after addition of the fresh water anomaly in the Labrador Sea.
Mean of the 20 ensemble runs.
Figure 7.13 shows the propagation of the salinity anomaly in the ﬁrst two years after the fresh water pulse. The annual mean has been calculated by averaging from
January to December in this experiment. In the ﬁrst year, the salinity anomaly
spreads quite fast to the south and further to the east in the second year. Then
the center of the anomaly extends zonally from the coast of Newfoundland across
the Atlantic to the Azores. Salinity in the Labrador Sea remains below average. The salinity anomaly does not stay as long in the Labrador Sea as in the
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Figure 7.14: Annual mean 2m air temperature anomalies (in Kelvin) in the ﬁrst
(left) and second year (right) after addition of the fresh water anomaly in the
Labrador Sea. Mean of the 20 ensemble runs. The white line indicates the level
of 95% signiﬁcance.

Figure 7.15: Annual mean SLP anomalies (in hPa) in the ﬁrst (left) and second
year (right) after addition of the fresh water anomaly in the Labrador Sea. Mean
of the 20 ensemble runs. The white line indicates the level of 95% signiﬁcance.
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Figure 7.16: Annual mean sea ice thickness anomalies (in m) in the ﬁrst (left)
and second year (right) after addition of the fresh water anomaly in the Labrador
Sea. Mean of the 20 ensemble runs.
other experiments and the control run. The reason is that only one strong fresh
water impulse is given into the Labrador Sea in this experiment while inﬂow
into the Labrador Sea spans over a certain time period in the other experiments.
Nevertheless, temperature is decreased by up to 1.5 Kelvin in the Labrador Sea
in the ﬁrst year after the fresh water impulse (ﬁg. 7.14). Other negative anomalies occur over Bering Strait and east of the Caspian Sea. The largest positive
anomaly can be seen in the Barents Sea with more than 1.2 Kelvin. It is also
warmer than usual in Scandinavia and most parts of northern Asia. In the second year, the distribution is similar but the negative anomaly in the Labrador
Sea has weakened and no below normal temperatures occur at the Caspian Sea.
The temperature variations can again be linked to the SLP response to the fresh
water impulse (ﬁg. 7.15). In the ﬁrst year, SLP is signiﬁcantly reduced by up to
-1.5 hPa over the Nordic Seas and parts of the Arctic Basin. SLP increases by
slightly more than 1 hPa over Europe and the Bering Sea. The anomalous SLP
gradient between Europe and the Nordic Seas advects warm air from the Atlantic
Ocean to Scandinavia, Barents Sea and western Siberia. The cold temperatures
at the Caspian Sea can be explained by the advection of cold air from the north
at the east side of the European high. Higher pressure over the Bering Sea than
normal leads to anomalous advection of warm air masses from the Paciﬁc to the
eastern part of Asia. In combination with unusually low SLP over the Arctic, cold
air is transported to the Bering Strait. In the second year, the negative anomaly
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over the Nordic Seas and the Arctic Basin has slightly shifted with its center to
the Kara Sea, while the positive SLP anomaly over Europe has disappeared. So
decreased temperatures do not occur at the Caspian Sea any longer.
Results of the control integration and EXP2 have shown that a sea ice/fresh water
signal reaches the Labrador Sea one to two years after it has passed Fram Strait.
Therefore, one has to compare the results of the ﬁrst year in this experiment
with results for a lag of 2 years after large export events in the control run and
EXP2, and a lag of 4 years in EXP1. The atmospheric response to the fresh water
input in this experiment shows the main features of the atmospheric response in
the control run and EXP1 and EXP2. There are diﬀerences in detail, but the
negative SLP-anomaly over the Nordic Seas and parts of the European Arctic is
well reproduced. The anomalous high pressure over the North Atlantic and parts
of Europe can be seen as well, although the center in EXP3 is shifted towards
Central and Eastern Europe. The increased SLP over the Bering Strait and the
North Paciﬁc are also partly captured in EXP1 (fourth year after prescribed ice
anomaly at the Siberian coast) and EXP2. However, the composite analysis of
SLP after high ice exports in the control run does not show the SLP anomaly
over the North Paciﬁc. This indicates that other processes than the ice export
must have some impact on the atmospheric circulation. A possible source is the
negative sea ice thickness anomaly at the Siberian coast that occurs during high
ice exports through Fram Strait.
As air temperature is highly dependent on the atmospheric circulation, temperature anomalies in the diﬀerent experiments show similarities as well. Thus, one
can conclude that an important part of the atmospheric response to Fram Strait
ice export variations is indeed due to the fresh water input into the Labrador Sea
and the associated processes of decreased convection, enhanced sea ice cover and
reduced ocean heat release.
Sea ice thickness also responds to the fresh water anomaly in the Labrador Sea
(ﬁg. 7.16). In the ﬁrst year, a negative anomaly is formed at the coast of Laptev
and Kara Seas and extends far into the eastern Central Arctic. This is caused
by anomalous winds which lead to an ice transport from this area to the Chukchi
and Beaufort Sea. Ice thickness is increased there. Slightly thicker ice can also
be found at the east coast of Greenland and in the Labrador Sea. In the second
year, the negative ice thickness anomaly in the Laptev Sea spreads across the
Arctic towards Barents Sea and Fram Strait. This coincides with results of the
control run and EXP2: the SLP response to the fresh water input into Labrador
Sea is responsible for the formation of thinner ice than normal at the Siberian
coast, which subsequently propagates across the Arctic towards Fram Strait.
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Figure 7.17: Salinity anomaly (left, in psu) and sea ice thickness anomaly (right,
in m) in the ﬁrst winter season (DJF) after addition of the fresh water anomaly
in the Labrador Sea. Mean of the 20 ensemble runs.
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Figure 7.18: 2m temperature anomaly (left, in Kelvin) and SLP anomaly (right,
in hPa) in the ﬁrst winter season (DJF) after addition of the fresh water anomaly
in the Labrador Sea. Mean of the 20 ensemble runs.
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To determine the climate response to the fresh water input on shorter time scales,
the ﬁrst three months (DJF) thereafter are analysed. The salinity (ﬁg. 7.17, left)
is characterised by the prescribed negative signal in the Labrador Sea. However,
the anomaly has already spread to the north and south and slightly weakened.
Enhanced salinity occurs also in the Laptev Sea and in the North Sea. The ice
thickness increases by up to 12 cm in the Labrador Sea (ﬁg. 7.17, right). The
fresh water anomaly reduces convection maintaining a colder and fresher surface
which can freeze more easily. Ice in Barents Sea and Denmark Strait is thicker
as well while ice thickness in the Laptev and East Siberian Seas is reduced by
up to 20 cm. Already in the ﬁrst months after the prescribed anomaly, the
typical SLP pattern can be seen (ﬁg. 7.18, right). A sequence of SLP anomalies
occurs with positive centers over central and southern Europe as well as over
northeastern Asia and Bering Strait. Negative anomalies occur over the Nordic
Seas, Scandinavia and the European Arctic as well as over the northern Paciﬁc.
The SLP distribution over the North Atlantic/European sector shows similarities
with both the NAO pattern and the SENA pattern (southern Europe - northern
Atlantic pattern) while the Paciﬁc sector is dominated by the Bering Sea pattern.
A detailed description of the leading SLP pattern in the northern hemisphere is
presented by Rogers (1990). The air temperature (ﬁg. 7.18 a)) is increased from
Scandinavia over Asia to Kamschatka by up to 3 Kelvin. Parts of North America
are warmer than usual as well. Colder temperatures can be seen in the Bering Sea
and at the Caspian Sea with a reduction of -3 Kelvin and -1 Kelvin, respectively.
The largest deviation occurs over the Labrador Sea with more than -3 Kelvin and
is only to a small fraction of advective nature.
7.3.1

Atmospheric Response to GSA’s in an AGCM

A sensitivity experiment with the atmosphere model ECHAM5 has been carried
out to determine the uncoupled atmospheric response to GSA’s. A daily climatology from the 500-year control run of the coupled model of sea surface temperature, sea ice concentration and thickness is used to perform a 20-year control run
of the atmosphere model. Additionally, a 20-year experiment run has been performed. The daily climatology of the three forcing parameters has been replaced
in the Labrador Sea (area of EXP3 including 4 grid points to the south and east),
Davis Strait and Baﬃn Bay by daily sea surface temperature, sea ice concentration and thickness associated to negative salinity anomalies in the Labrador
Sea exceeding minus one standard deviation. Since the ocean is prescribed by
climatology, the SLP response to the GSA-signal includes no feedbacks between
ocean and atmosphere (ﬁg. 7.19).
The pattern is characterised by positive SLP anomalies over the North Paciﬁc
Ocean and over Scandinavia and a negative anomaly centred over Greenland,
which extends across the Arctic to Siberia. Obviously, this SLP distribution
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Figure 7.19: Mean SLP diﬀerence in hPa of the 20-year GSA-forced run and the
20-year, climatology-forced, control run. The white line indicates the level of 95%
signiﬁcance.
is very similar to the one in EXP3 one year after the prescribed fresh water
input into the Labrador Sea (ﬁg. 7.15, left). Both the negative anomaly over
Greenland and the positive anomaly over Scandinavia are slightly shifted to the
west in the atmosphere-only experiment. Moreover, the increased SLP over the
North Atlantic is not reproduced. Apart from this, the atmospheric SLP response
in this experiment covers large parts of the coupled response to the GSA-forcing
in EXP3.
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In the sensitivity studies, it has been demonstrated that the isolated eﬀect of the
ice/fresh water signal after extreme ice exports through Fram Strait accounts for
a considerable fraction of climate variability in the Labrador Sea. In this chapter, we will explore the potential use of Fram Strait sea ice export as predictor
for Labrador Sea climate. The predictability is analysed for seasonal and annual
mean values of 10 m salinity and 2 m air temperature in the 500-year control
integration.
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Figure 8.1: Seasonal means of 10m salinity (top, in psu) and 2m air temperature
(bottom, in Kelvin) anomalies in the Labrador Sea in the ﬁrst 8 years after high
and low annual (August - July) ice exports through Fram Strait (mean +/- 1
standard deviation). The time axis starts with the winter season in the year of
the ice export event. A cycle (ﬁlled cycle) indicates a signiﬁcance at the 95 %
(99 %) level.
Figure 8.1 shows seasonal averaged anomalies of the surface salinity and the 2m
air temperature in the central Labrador Sea (54-60◦ N ) in the ﬁrst eight years
after high and low ice exports through Fram Strait. 68 years (winter centred)
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with high ice exports (exceeding the mean + 1 standard deviation) and 70 years
with low ice exports (exceeding the mean - 1 standard deviation) are used. The
time axis starts with the winter season in the year of the ice export event. A
negative salinity anomaly occurs in the Labrador Sea half a year after high ice
export events, which is fast compared to the normal propagation time from Fram
Strait to the Labrador Sea in this model. The diﬀerence in travel time can be
explained by enhanced exports in the year before the ice export event. Although
the autocorrelation of the ice export through Fram Strait is small for a lag of one
year (r=0.2), slightly more ice is transported through Fram Strait in the preceding and following year.
The salinity anomaly in the Labrador Sea intensiﬁes in the next seasons and
reaches -0.25 psu one year later. This anomaly is highly signiﬁcant. It weakens
thereafter and is no longer signiﬁcant in the fourth year. A decadal variability
of the ice export through Fram Strait has been identiﬁed in chapter 6. Thus, ice
exports are small four to ﬁve years after positive anomalies, which lead to higher
than normal salinity in the Labrador Sea in the ﬁfth and sixth years.
Obviously, the fresh water signal needs slightly longer to reach the Labrador Sea
after low than after large ice exports. Those are associated with northerly winds
that accelerate the propagation of the fresh water signal to the south. Contrary
anomalous southerly winds, associated with low exports, slow down the EGC.
The salinity anomaly reaches its maximum with 0.35 one and a half to two years
from low ice exports, and decreases afterwards. In the fourth through sixth years,
salinity is lower than the mean due to increased ice exports.
The temperature is signiﬁcantly colder in the second and third year after high
and warmer after low ice exports. The largest anomalies occur in the winter seasons of the second and third year with -1.7 Kelvin and 2.3 Kelvin, respectively.
Although they are much weaker in the other seasons, they are still highly signiﬁcant because their standard deviations are also smaller. As well as salinity,
temperature anomalies change sign after ﬁve years due to decreased ice exports.
The anomalies reach up to 0.8 Kelvin in the winter seasons of year ﬁve and six.
However, the signiﬁcance does not exceed the 90 % signiﬁcance level.
Apparently, the response of Labrador Sea climate to ice export anomalies is
largest at a lag of one to two and a half years. Table 8.8 shows the statistical probability for annual mean salinity anomalies (winter centred) one and two
years after high and low ice exports in the 500-year control integration. The
cases of positive salinity anomalies (S > 0), anomalies larger than one standard
deviation (S > 1), negative anomalies (S < 0) and anomalies exceeding minus
one standard deviation (S < −1) are analysed. The mean distribution for all
years of the control run is given for comparison. The probability for reduced
salinity in the central Labrador Sea (54 − 60◦ N, 48 − 56◦ W) after large ice ex-
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ice < −1std ice < −1std

ice > 1std

ice > 1std

distr.

lag 1 year

lag 2 years

lag 1 year

lag 2 years

all years

S>1

4.4 (3.8)

4.4 (10.1)

35.3 (28.5)

37.1 (22.7)

12.0

S>0

20.6 (23.4)

25.0 (32.3)

71.4 (76.8)

82.9 (61.4)

47.7

S<0

79.4 (76.4)

75.0 (67.7)

28.6 (23.2)

17.1 (38.6)

52.3

S < −1

27.9 (22.6)

25.0 (19.3)

2.9 (3.3)

4.3 (6.8)

12.2

Table 8.8: Probability (in %) for positive and negative annual salinity anomalies
(in standard deviations) in the Labrador Sea one and two years after large and
low ice export events through Fram Strait. 68 years with large ice exports and 70
years with low ice exports are used. The probability of the negative and positive
persistence is shown in brackets.
ports accounts to about three-fourths after one and two years. The probability
for anomalies exceeding one standard deviation amounts to slightly more than
one-fourths. Similar values are reached for positive salinity anomalies after low
ice exports. In 50 of 70 cases of the ﬁrst and in 58 cases of the second year a
positive salinity anomaly occurs, whereas in 25 and 26 cases salinity is largely
enhanced, respectively.
For comparison the persistence of the salinity in the Labrador Sea in the ﬁrst
and second year after ice export events is calculated. It indicates for the one-year
predictability of salinity similar values as the predictability using the ice export
as predictor. For two years lead of the ice export, however, the predictability using the ice export clearly exceeds the persistence. The prediction for the salinity
improves even more if only extreme ice export anomalies of more than one and
a half or two standard deviations are used. Of course the number of years with
the possibility for prediction is reduced then.
Table 8.9 presents the same quantities as table 8.8 for two meter air temperature. The predictability of temperature is slightly weaker than that of salinity.
Probability values of about 70 % are reached for warmer (colder) temperatures
than normal one and two years after low (large) ice export anomalies. However,
the temperature persistence in the Labrador Sea is also slightly weaker than for
salinity. Again, the prediction for two years in advance, using Fram Strait ice
export as predictor, clearly exceeds the persistence. In contrast to the salinity,
the predictability for air temperature only slightly improves with increasing ice
export anomalies. An anomaly of one standard deviation seems to be suﬃcient
to considerably reduce or even totally suppress Labrador Sea convection. A further increase of the fresh water input into the Labrador Sea cannot signiﬁcantly
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ice < −1std ice < −1std

ice > 1std

ice > 1std

distr.

lag 1 year

lag 2 years

lag 1 year

lag 2 years

all years

T >1

7.4 (6.3)

8.8 (12.6)

34.3 (29.8)

41.0 (22.6)

16.9

T >0

29.5 (28.8)

30.9 (38.8)

70.0 (67.8)

70.0 (57.3)

48.2

T <0

70.5 (71.2)

69.1 (61.2)

30.0 (32.2)

30.0 (42.7)

51.8

T < −1

26.4 (26.3)

25.0 (21.8)

7.1 (4.8)

8.6 (8.7)

16.5

Table 8.9: Same as table 8.8 but for 2 m air temperature after ice export events
through Fram Strait.
enhance the heat ﬂux to the atmosphere and hence the air temperature.
An investigation of the statistical probability of seasonal values one and two years
after large and low ice exports shows similar results as for the entire year. The
probability for temperature and salinity is in the range of 70 % and 80 % for all
seasons, respectively. Thus, the impact of the ice export variability on climate is
not limited to the winter season but is relevant for the entire year. Accordingly,
the ice export through Fram Strait is a useful tool to improve the long-term predictability of the Labrador Sea climate.
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Summary and Conclusions

The variability of the sea ice export through Fram Strait and related processes in
the Arctic and North Atlantic have been studied by analysing a 500-year control
integration of a global coupled atmosphere-ocean-sea ice model and by sensitivity
studies.
A comparison of the simulated mean Arctic climate with observations and reanalyses indicated that the model provides a realistic mean climate state. Furthermore, the simulated variability captured a large part of the observed climate
variations. The model turned out to be a useful tool to study Arctic climate
variability.
The simulated ice transport is divergent in almost the entire Arctic Basin and
convergent at the ice edges in the North Atlantic and North Paciﬁc. This means
that a net ice formation occurs in the Arctic Basin (up to 70 cm/year in the Kara
Sea) while more ice is melted than formed in the Greenland, Barents, Labrador
and Bering Seas. The ice volume both of the entire Arctic Basin and its sub
regions shows high variability. The temporal ice volume change on shorter time
scales is mainly determined by the dynamics of the ice transport while thermodynamic processes are dominant on a multi-decadal time scale.
The Fram Strait constitutes the main passage for sea ice out of the Arctic. The
simulated annual mean ice export reaches about 100000 m3 /s with a standard
deviation of 21000 m3 /s. Thus, the ice is responsible for 70 % of the total fresh
water export through Fram Strait which accounts to 140000 m3 /s. Furthermore,
the interannual variability of the total fresh water export through Fram Strait
is governed by the ice export variability. However, it should be noted that the
variability of the liquid fresh water ﬂux becomes important on longer time scales.
After high ice export events, the associated ice/fresh water signal propagates
southwards in the East Greenland Current, melts and enters as cold, fresh water
the Labrador Sea. This input forms a large negative salinity anomaly one to
two years after high ice exports. As a consequence, oceanic deep convection is
reduced or even totally suppressed, which prevents a fast recovery of salinity in
the Labrador Sea. In the coupled model used in this study, the sea ice export
through Fram Strait is the main source for the formation of salinity anomalies
in the Labrador Sea, which agrees well with results of Haak et al. (2003) and
Häkkinen (1999). However, anomalous fresh water transports across the other
three boundaries of the Labrador Sea as well as local processes contribute to
the salinity anomalies. Although the knowledge of the amount of ice exported
through the Canadian Archipelago is poor (H. Melling, pers. communication), it
should be addressed that it seems to be underestimated in this model. Thus, it
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cannot be ruled out that its impact on the variation of salinity in the Labrador
Sea is also slightly underestimated.
The cold and fresh water anomaly in the Labrador Sea after large ice exports
leads to an increase in sea ice concentration and thus to a reduction of the ocean
heat release. This has a considerable impact on the atmospheric climate. Air
temperatures in the Labrador Sea are signiﬁcantly colder and even the large
scale atmospheric circulation is inﬂuenced. Positive SLP anomalies occur over
the North Atlantic and parts of Europe whereas SLP is reduced over the Nordic
Seas. Although SLP anomalies are rather small at up to 0.6 hPa, a comparison
with NCEP/NCAR-reanalysis shows that the pattern seems to be quite robust.
After low ice exports, the entire process proceeds symmetrically.
Analyses of the variability of the ice export through Fram Strait conﬁrm results
of Kwok and Rothrock (1999) that almost 80 % of the ice export variability can
be explained by the SLP gradient across Fram Strait. The NAO shows no signiﬁcant inﬂuence on the SLP gradient in this study. This is in good agreement with
the assumption that the recently observed high correlation between NAO-index
and ice export through Fram Strait is due to an unusual state of the NAO (Jung
and Hilmer, 2001). Nevertheless, a considerable inﬂuence of the large scale atmospheric circulation on the ice export could be assessed. In contrary to the NAO,
the ﬁrst zonal wave of SLP, averaged meridional over 70◦ to 80◦ N, is closely
related to the ice export through Fram Strait. The phase of the ﬁrst wave is
determined by the position of the extensions of the Iceland Low and the Siberian
High into the Arctic. According to Cavalieri and Häkkinen (2001), a shift of the
phase to the east leads to an increased SLP gradient across Fram Strait in winter.
A new index (WI1) has been deﬁned in this study, combining the phase and amplitude of the ﬁrst planetary wave between 70 and 80◦ N. The WI1 is signiﬁcantly
correlated with the ice export year-round with the highest correlation in winter.
Moreover, the entire ice transport in the Arctic Basin is aﬀected by variations of
WI1. The ﬁrst zonal wave turned out to be very important for climate variability in the entire Arctic. It is therefore essential to further analyse the processes
determining its variability.
The stratospheric polar vortex has been identiﬁed as another source of Fram
Strait ice export variability. During strong polar vortexes, both the SLP gradient
across Fram Strait and the ice export are enhanced and vice versa during weak
vortex regimes.
However, large scale atmospheric modes cannot explain the entire variability of
the SLP gradient. A considerable part of the variation is due to regional processes
in the Fram Strait area. This conﬁrms results of Mikolajewicz et al. (submitted),
who used a regional coupled model for the Arctic and split the variability into
a regionally generated part and a part predeﬁned by the lateral boundary forcing.
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In spite of the close relationship between atmospheric forcing and sea ice export
through Fram Strait, the atmospheric variability cannot fully explain the 9-year
peak in the ice export. This study has presented a sea ice mode on a decadal time
scale. It is characterised by the propagation of ice thickness anomalies within the
Arctic Basin and leads to decadal ice export variability through Fram Strait. The
mechanism of the mode is as follows: onshore winds form an ice thickness anomaly
at the coasts of the Siberian and Chukchi Seas. This anomaly propagates with
the mean ice drift along the Siberian coast to the west and crosses the Arctic
in the TDS. It reaches Fram Strait four to ﬁve years after the formation and
increases the ice export. The mode develops particularly well if atmospheric forcing strengthens the propagation of the ice anomaly. A combined EOF-analysis
of sea ice thickness and SLP as well as a sensitivity study (EXP1) prescribing
ice thickness anomalies at the Siberian coast indicate a weak feedback of the ice
anomaly on SLP, which tends to maintain the mode. However, the feedback signal is small compared to the atmospheric variability. Thus, the propagation time
from the formation area to the Fram Strait and the amount of anomalous ice
volume reaching Fram Strait can vary considerably. In the sensitivity experiment
(EXP1), about two-thirds of the prescribed ice volume anomaly at the Siberian
coast are anomalously exported through Fram Strait in the following years. Simultaneous to the increased ice export, negative ice thickness anomalies occur at
the Siberian coast due to oﬀshore winds during high ice exports. They take the
same way to Fram Strait in another four to ﬁve years. The ice export anomalies
provoke the process of GSA-formation in the Labrador Sea and associated impact
on atmospheric and oceanic climate as described above.
Extreme ice export events are produced by a combination of ice thickness anomaly
and increased northerly winds in Fram Strait. The formation of ice thickness
anomalies at the Siberian coast can be regarded as preconditioning for ice export
events through Fram Strait. In agreement to this, model simulations of Haak et
al. (2003) indicated that the large sea ice export 1967/68 that led to the GSA
1970/71 in the Labrador Sea was preceded by an ice thickness anomaly at the
Siberian coast.
Once the ice signal passed Fram Strait, it reaches the Labrador Sea after about
one and a half years and creates a salinity anomaly in most cases. This process is
nearly independent from the atmospheric and oceanic conditions. To deﬂect the
ice/fresh water signal before it attains the Labrador Sea, extreme wind anomalies must arise. Sensitivity experiments, which have prescribed large ice exports
through Fram Strait and used diﬀerent atmospheric and oceanic initial conditions,
have conﬁrmed these results. The oceanic and atmospheric conditions at the time
of the ice export are of minor importance for the climate response. The increased
ocean heat release and the cold temperatures in the Labrador Sea which lead to
an increased meridional temperature gradient across the Gulf Stream after strong
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ice export events have been identiﬁed as the main source for SLP anomalies in
the North Atlantic and Arctic (EXP3). The predominant part of these anomalies
can be reproduced by atmospheric only experiments forced with GSA’s in the
Labrador Sea. Coupled processes are thus of minor importance for their formation.
Knowledge of the decadal sea ice mode provides a good framework for predictability. A considerable increase of high ice exports through Fram Strait occurs after
previous ice thickness anomalies at the coast of the Laptev Sea. However, the
predictability of Labrador Sea climate using the ice export through Fram Strait
as predictor seems to be even more promising because the associated processes
are less aﬀected by the highly variable atmosphere. The statistical predictability
of 10 m salinity and 2 meter air temperature after large ice export anomalies has
been calculated. The prediction of the sign of the anomaly reaches 75 % to 80 %
for the salinity and 70 % to 75 % for temperature, both one and two years after
high and low ice exports. For a two years lead of the ice export, the predictability
clearly exceeds that derived from the assumption of persistence of salinity and
temperature anomalies in the Labrador Sea.
In the future, hindcast experiments, initialised with reanalysis and satellite data,
should be used to analyse the skill of predictability that can be obtained for real
cases. Unfortunately, ice thickness data are very poor and satellites still have
problems measuring the ice thickness. So, strong eﬀorts providing reliable ice
thickness data would be desirable.
The model experiments performed in this study clearly suggest that the processes
taking place in the Labrador Sea are important for the SLP distribution over
the North Atlantic and the Arctic. Further work is necessary to understand
the mechanisms of the impact on SLP more precisely. This may provide the
possibility to extend the predictability on SLP on other regions as e.g. Europe at
least for extreme ice exports. Moreover, it is essential to understand the Arctic
impact on mid-latitude SLP in the context of a possible future climate change.
Related to this is the question whether the processes, presented in this thesis,
will occur in a warmer future climate as well.
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Methods

The long control integration of the coupled climate model provides an excellent
possibility for the usage of statistical methods. In this chapter, the used methods
are introduced with a focus on the sketch and the advantages and disadvantages
of each of the methods. The description is not in full detail but a comprehensive
list of references is given, which allows further reading on methodological details
and applications in diﬀerent areas of climate research.

A.1

Spectral Analysis

The spectral analysis is a method to study the temporal variability of a time series.
Both deterministic and stochastic processes can be characterised by a function of
frequency f. This function S(f ) is called the power spectrum of the time series.
A very irregular motion possesses a smooth and continuous spectrum, which
indicates that all the frequencies in a given band are excited by such a process.
On the other hand a purely periodic or quasiperiodic process is described by a
single line or a number of lines in the frequency domain. Between these two
extremes, processes can have spectral peaks superimposed on a continuous and
wiggly background. Estimating the spectrum of X(t) : t = 1, ...N by a discrete
Fourier transform yields its periodogram, which is the Fourier transform squared:
Ŝx (f ) =

N
∆t 
X(t)e−2Πif t∆t |2
|
N t=1

(1.1)

There are several diﬀerent approaches to reduce the estimate’s bias and variance
and attenuate the leakage eﬀects of the periodogram. Often a lag window (Wµ (k) :
k = −(N − 1), ..., N − 1) is used with a smoothing parameter µ. An example of
such a window is the Bartlett window:
Wµ (k) = 1 −

|k|
µ

(1.2)

The power spectrum estimate then becomes
S̄x (f ) =

N
−1


Wµ (k)Φ̂x (k)e−2Πif k

(1.3)

k=−(N −1)

with the Fourier transform of the autocorrelation function Φx . The windows
traditionally have a compact support of length m < N , so that 1.3 becomes, with
µ = m,
S̄x (f ) =

m−1


k=−(m−1)

Wm (k)Φ̂x (k)e−2Πif k

(1.4)
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m is called the truncation point or window width. It turned out that this method
is quite eﬃcient for estimating the continuous part of the spectrum, but it is less
useful for the detection of components of the signal, which are purely sinusoidal
or nearly so. Other methods for instance the multitaper method (MTM) or
the maximum entropy method show an improvement by removing the noise. A
description in detail of these methods is given in Ghil et al. (2002).

A.2

Regression and Correlation Analysis

The correlation analysis is used to analyse the quality of the linear relationship of
several data sets. A vector series yt (e.g., anomalous SLP or temperature ﬁelds)
is related to an index xt (e.g., NAO index):
yt = qxt + noise

(1.5)

yt represents anomalies, and xt is a normalised index of xt
(xt − µx )
(1.6)
σx
with the average µx and the standard deviation σx of the index xt . The normalisation of xt ensures that the regression pattern q has the same units as yt . This
means that yt refers to one standard deviation of xt .
To estimate the pattern q from the data, the mean square error has to be minimised. This leads to (von Storch and Zwiers, 1999)
xt =

N
1 
xt yit ,
qi =
N − 1 t=1

i = 1, ..., L,

(1.7)

where L gives the number of components (grid points) of yt . Therefore regression
patterns are estimated from the covariance between the normalised index xt and
anomalies of yt at each grid point. If yt is normalised at each grid point prior to
the analysis, then the correlation pattern is obtained. For correlation/regression
of two time series, the vector series yt contains only one component and is therefore scalar.
The signiﬁcance of the correlation/regression can be easily assessed by using
standard tests for each grid point (von Storch and Zwiers, 1999). In this study,
a correlation/regression is called signiﬁcant if the level of signiﬁcance reaches 95
% or more.
Care has to be taken by the interpretation of the correlation coeﬃcient. It provides only a statistical relationship between two variables and not a physical one.
Often it is inﬂuenced by other variables.
In this study, lag correlations and regressions are applied, as well, with the aim to
detect the response of one variable on another after certain time periods. This is
done by computing the linear relationship between the index xt and the anomalies
of yt+dt where dt can be any time interval.

A.3 Composite Analysis

A.3
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Composite Analysis

A composite analysis is a useful approach to determine the typical pattern yK of
the vector series yt for a subset K of the index xt :
yK =

1 
yt
N tK

(1.8)

N is the number of events meeting the criterion that is used to form K. yK is
called the composite pattern. Typically, all events with xt ≥ σx or xt ≤ −σx are
used to deﬁne K. This criterion has been applied in most of the used composite
patterns in this thesis. An advantage of the composite patterns approach over
the regression pattern approach is that no assumption about the relationship
between yt and xt is associated with the composite analysis. Therefore nonlinear
relationships can be detected as well. Such a successful detection of a nonlinear
relationship with a composite pattern analysis is presented by Hoerling et al.
(1997) for El Niño, La Niña, and their teleconnections. A disadvantage of the
composite analysis arises from the subjective choice of the subset K.
Because Eqn. 1.8 is an estimate for the mean, the signiﬁcance of the pattern yK
can be calculated applying a Student’s t-test (von Storch and Zwiers, 1999).
In this study, the composite analysis is mainly used to investigate the response of
diﬀerent variables to extreme events, for instance the response to large anomalies
in the ice export through Fram Strait.

A.4

EOF Analysis

Empirical orthogonal function (EOF) analysis is a technique to study the spatial
and temporal variability of a vector series xt . xt can be written in a matrix form
as X (with temporal anomalies in its columns). Since EOF analysis is well-known
and widely used, only its essentials are discussed along with potential pitfalls. A
detailed introduction is given, for instance, by von Storch (1995) and von Storch
and Zwiers (1999).
The ﬁrst EOF e1 of X is the pattern (with ||e1 || = 1) whose associated principal
component (PC) αt1 = Xe1 is the linear combination of elements of X explaining
the largest amount of variance. The second EOF e2 (which is orthogonal to the
ﬁrst EOF) provides the second PC αt2 explaining the largest amount of variance
under the constraint of zero correlation with the ﬁrst PC, and so forth. The
EOF’s are obtained by diagonalizing the cross-covariance matrix XT X.
Since EOF analysis is an eigenvalues problem, the EOF’s may be subject of degeneracy. North et al. (1982) illustrate this problem using synthetic data. Moreover,
they provide a rule-of-thump, which allows to assess whether subsequent EOF’s
are mixed.
Care has to be taken with respect to the interpretation of EOF’s. If the EOF’s
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are based on the cross-covariance matrix, then the patterns are constructed to
maximise spatial covariance and not spatial coherence (correlation). Dominant
patterns of spatial correlation can be obtained by normalizing X to unit variance
prior to the decomposition, that is, by diagonalising the cross-correlation matrix
(Wallace and Gutzler, 1981). Examples illustrating the diﬀerence between spatial
patterns of covariance and correlation are given, for instance, by Richman (1986).
To detect the maximised covariance for a given vector series at the times t and
t+1 lagged EOF’s are used. Thus, the vector series xt is enlarged by xt+1 to a
vector series xnt . The resulting pattern has to be split into a pattern for t and
t+1. A lag EOF analysis can be computed for any number of time steps giving
the possibility to obtain a temporal continuous pattern.
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Abbreviations

AGCM
AMIP
AO
DJF
EGC
EOF
GSA
JJA
MAM
MOC
NAO
NCAR
NCEP
OAGCM
PHC
PC
SLP
SON
SST
TDS
WI1

Atmosperic General Circulation Model
Atmosphere Model Intercomparison Project
Arctic Oscillation
December, January, February
East Greenland Current
Empirical Orthogonal Function
Great Salinity Anomaly
June, July, August
March, April, May
Meridional Overturning Circulation
North Atlantic Oscillation
National Center for Atmospheric Research
National Center for Environment Prediction
Ocean-Atmosphere General Circulation Model
Polar Science Center Hydrographic Climatology
Principal Component
Sea Level Pressure
September, October, November
Sea Surface Temperature
Transpolar Drift Stream
Wave Index 1
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Européen de Recherche et de Formation en Calcul Scientiﬁque Avancé (CERFACS), Toulouse, France.
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