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Preface
This synthesis and collection of papers constitute a thesis presented in partial fulfillment
of the requirement for the degree of Doctor Scientiarum in meteorology at the Geophysical
Institute, University of Bergen, Norway.
The sea ice variability in the Nordic Seas has been discussed. New sea ice data have
been gridded and investigated. Influences from the atmosphere have been examined
separately for the Barents and Greenland Seas. The main period of study is 1967-2002,
however data from the winter in 2005 and back to 1900 have also been studied. In
this work both observational and reanalyzed data for the atmosphere have been used.
Oceanographic effects are also commented, but emphasis is laid on atmospheric forcing.
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Chapter 1

Introduction
Sea ice is one of the most important and variable components of the global climate and is
the key to understanding many of the basic questions about the earth’s energy balance.
Solar radiation absorbed by the oceans at lower latitudes is transported poleward and released to the atmosphere at a rate determined by the extent, thickness and concentration
of the ice cover. Sea ice also has a dramatic effect on the physical characteristics of the
ocean surface, and helps drive the thermohaline circulation through the brine released
by ice formation in critical regions. The high albedo of sea ice means that sea ice retreat
has a positive feedback effect on climate warming - a mechanism which will, according
to global climate models, warm the Arctic faster than at lower latitudes for the following
reasons (ACIA, 2004): more of the energy goes into warming (contra evaporation at
lower latitudes), a shallower arctic atmospheric layer leads to more rapid warming, less
ice means higher oceanic heat fluxes and it is finally hypothesized that alterations in
both oceanic and atmospheric circulation may also increase Arctic warming.

1.1

Motivation

Earth’s climate is in constant change, the global temperature is now rising at a rate
unprecedented in the experience of modern human society. The climate debate has
received increased attention from media and the scientific community during the last
decades. The debate has turned from a question of whether or not the planet is warming,
to a question of how much of the warming is caused by human activities and how we
can respond to this warming. The climate changes are being experienced particularly
1
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intensely in the Arctic. Average Arctic temperature has risen at almost twice the rate
as the rest of the world in the past few decades. Widespread melting of sea ice in the
Arctic is thought to be an early indicator of the environmental and societal impacts of
global warming.

Knowledge about Arctic sea ice variability has to a large degree been limited by the
sparse data prior to the advent of satellites in 1978-1979. Since then, the annual averaged
sea ice extent has clearly decreased. According to Parkinson et al. (1999), it decreased
at a rate of approximately 3% per decade during the 1978-1996 period. Summer sea ice
extent has declined more dramatically than the annual average, with a loss of 15-20%
over the last 25 years. Large regional differences in the variability are also known. The
Nordic Seas, including the Barents Sea, is believed to have experienced the largest losses
in sea ice extent, whereas west of Greenland, in the Davis Strait and Labrador Sea, the ice
extent has actually increased since the 1950s (Chapman and Walsh, 1993). These areas
where sea ice meets open ocean are known as the marginal ice zones (MIZ) (Wadhams,
2002).

The introduction of a new historical data set (ACSYS, 2003), based on weekly sea
ice concentration measurements in the Nordic and Barents Seas, has opened for new
possibilities in analyzing the variability on longer time scales. The data has been collected
using several different data sources and covers the period 1553-2002. A more detailed
description of the data set is given in chapter 3.

The main motivation for this thesis has been to examine the sea ice variability on
seasonal, interannual and decadal time scales in the Nordic and Barents Seas from an
atmospheric perspective. Much of the earlier work concentrates on the Arctic sea ice
variability and its connection with large scale atmospheric oscillations (e.g. The North
Atlantic Oscillation and Arctic Oscillation). Undoubtedly such large scale systems influence the sea ice edge. However, by studying both large and synoptic-scale features on
different time scales we may be able to identify more direct and physical explanations
for the sea ice variability.

3

1.2

Objectives

The attempt to explain the atmospheric influence on the sea ice in the Nordic and Barents
Seas was approached in the following way:
• The sea ice variability during the period 1967-2002 in the Nordic and Barents Sea
was described, and seasonal averages and trends were investigated (Paper I).
During this work, indications led to the belief that different mechanisms influence the
sea ice variability in the Greenland Sea to the west and in the Barents Sea to the east.
• The atmospheric forcing on the Barents Sea winter ice extent during the period
1967-2002 was investigated. Both forcing from the mean flow and synoptic scale
cyclones on interannual and decadal time scales were studied (Paper II).
• The main reason for Greenland Sea ice variability, namely the Odden feature, was
studied. In this area, sea ice data back to 1900 made it possible to study centurylong variability, as well as interannual and decadal variability for the 1967-2005
period (Paper III).

This thesis is composed of two parts:
Part I provides an overview of the thesis. This introduction is the first chapter of this
part. The following chapter gives background information about the Arctic area, climate
and sea ice. A description of the sea ice data and the atmospheric data used in the three
papers is given in chapter 3. A summary of the research is placed in chapter 4.
Part II of the thesis encompasses the three papers constituting the main scientific
work.

Chapter 2

Background
2.1

The Arctic

The Arctic Ocean (Figure 2.1) is an almost closed basin with only one deep passage
through which water can easily be exchanged with the rest of the world ocean, the Fram
Strait between Svalbard and Greenland. A narrow and shallow passage through the
Nares Strait, east of Greenland, allows some connection with the Baffin Bay, and there
are many shallow links with the Atlantic and the Pacific, notably through the Barents
Sea, the Canadian Arctic Archipelago and the Bering Strait.
The Arctic Ocean is divided into two deep basins, the Eurasian Basin and the Canadian Basin, separated by a narrow straight ridge called the Lomonosov Ridge. Despite
the two deep basins, exceeding 4300 m in depth, the Arctic Ocean is, on average, the
shallowest of the world’s oceans, with a mean depth of 1800 m. The reason for this is
the extent of the continental shelves bordering it. About one-third of the ocean area is
taken up by shelf seas, with a typical depth of 100 m or less.
The water masses in the Arctic Ocean can be divided into three layers. The uppermost
layer is called polar surface water, which is very cold (near freezing point) and fresh, as it
mainly originates from one of many large river systems. Below the polar surface water,
at around 200 m depth, lies the Atlantic layer which is saltier and warmer than the water
above. The Atlantic layer in the Arctic Ocean is comprised of water entering through the
Fram Strait and from across the Barents Sea. The Arctic Ocean deep water, from 900 m
5
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Figure 2.1: The bathymetry of the Arctic Ocean and its surrounding continental shelf
seas. Isobaths are contoured every 500 m from 500 to 4500 m depth.

depth to the sea-bed, is also of Atlantic origin, but has been modified in its circulation
around the basin.
The sea ice in the Arctic is in constant movement. The currents are mainly winddriven and consist of an anticyclonic gyre, called the Beaufort Gyre, in the Canadian
Basin, and the Transpolar Drift Stream, in the Eurasian Basin. Whereas ice in the
Beaufort Gyre requires 7-10 years to complete one circuit, the Transpolar Drift Stream
collects ice from the Eurasian shelves and transports it across the Pole and towards the
Fram Strait within about three years. The mean monthly export of sea ice through the
Fram Strait was ∼200 km3 for the period 1990-1999 (Widell et al., 2003), but there is
a high interannual variability caused by atmospheric forcing and, to a lesser degree, ice
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thickness variations. After passing through the Fram Strait the Transpolar Drift Stream
is renamed the East Greenland Current (EGC). The EGC influences the sea ice extent
in the Greenland Sea as will be addressed in Paper III.
As a consequence of global warming, the amount of ice and freshwater carried out of
the Arctic is believed to increase due to river runoff from melting glaciers and increases
in precipitation (IPCC, 2001). The freshening of the near-Arctic surface layers makes
them lighter, and their tendency to sink decreases (Aagaard and Carmack, 1989). This
slows the formation of deep water and consequently less heat from the tropical regions
will be pulled northward by the ocean to moderate north European winters. The oceanic
overturning is also an important mechanism whereby carbon dioxide (CO2 ) is transported
to the deep ocean. Slowing of this circulation would allow the CO2 concentration in the
atmosphere to build up more rapidly, leading to more intense and longer-lasting global
warming (ACIA, 2004).

2.2

Arctic Climate

Atmospheric Circulation
The mean distribution of sea level pressure north of 40◦ N during winter (DecemberFebruary) (Figure 2.2) reveals two dominant high-latitude low-pressure centers: the
Aleutian low in the Pacific and the Icelandic low in the Atlantic. Over the continents
the pressure is higher and there is also relatively high pressure over the Arctic Ocean.
The geostrophic wind field connected to this Arctic high pressure is the main forcing of
the Beaufort Gyre and the Transpolar Drift Stream.
During summer (not shown) the pressure gradients are weaker, however, two subtropical anticyclones appear over the northern oceans, with the Azores high-pressure system
covering nearly all of the North Atlantic. In winter when the low-pressure centers predominate, these two anticyclones weaken and move equatorwards.
As air flows counterclockwise around low pressure and clockwise around high pressure
in the Northern Hemisphere, there is a mean westerly flow across the middle latitudes
of the Atlantic sector throughout the year. The strongest winds occur during winter
when the meridional pressure gradient is strongest. These westerlies extend and increase
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Figure 2.2: Mean sea level pressure (hPa) during winter (DJF) for the period 1967-2002.
Pressure data from NCEP.

in strength throughout the troposphere and are, at the height of about 12 km, known
as the ”jet stream”. Synoptic-scale storm systems follow roughly the same pathway as
the ”jet stream”. Figure 2.3 indicates four areas with large cyclone activity. Besides
the two permanent Aleutian and Icelandic low-pressure systems, there is large cyclone
activity leeward of the Rocky and Ural Mountains. Cyclones in the North Atlantic are
often travelling north-eastward into the Nordic Seas and further into the Barents Sea.
These high-latitude cyclones represent a primary mechanism for the transport of heat
and moisture into the Arctic (Zhang et al., 2004). These issues are addressed in Paper
II.
In order to keep track of the strength and variability of the westerly flow in the
Atlantic, indices of the winter North Atlantic Oscillation (NAO) (Hurrell et al., 2003)
have become an increasingly popular tool over the past decade. One of the most widely
used NAO indices in climate research is the NAO index defined by Hurrell (1995). It
is defined as the difference in standardized station pressure series of Lisbon, Portugal
minus Stykkisholmur, Iceland. The NAO index has shown a general increase in strength
since the 1960s.
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Figure 2.3: Mean storm track density (counts per 106 km2 per season) during winter
(DJF) for the period 1967-2002. The storm track data is provided and described by
Sorteberg et al. (2005).
Also utilized in all three papers in this thesis is the winter Arctic Oscillation (AO)
index (Thompson and Wallace, 1998). Basically, it is a measure of the strength of
the polar anticyclone. A large positive AO-index is connected to a weakening of this
anticyclone, hence an anomalously cyclic wind field. From about 1970 to the mid 1990s,
there was a general upward tendency in the winter AO index, whereas it has retreated
towards a more neutral state in recent years.

Temperature
The most distinctive feature of the polar regions is the large seasonal variation in incoming solar radiation - from very little in the winter to 24 hours of continuous sunlight in the
summer. On average, the poles receive less solar radiation annually than equatorial locations. However, near the solstices, these polar locations actually receive more radiation
on a daily basis. The high albedo of the snow- and ice-covered polar regions, together
with the large loss of long-wave radiation through the very clear and dry atmosphere,
ensures a net loss of radiation in most months of the year. These losses of radiation are

10

180oW

o
64 N

o

E

o
72 N

0
12

12 o
0W

o
56 N

12
10

o
80 N

8
o
88 N

6
4
2

o

60

60 o
E

0
W

0o

Figure 2.4: Mean sea surface temperature (◦ C) during winter (DJF) for the period 19812005. White area indicates mean winter sea ice edge defined as the 15% concentration
limit. Data from NOAA (Reynolds et al., 2002).

particularly large during the long polar night and help create a deep, stable boundary
layer of very cold, dry air at the surface. These processes ensure sustained, very low
temperatures in winter. Even in summer, many areas remain below freezing, thus much
water remains frozen throughout the year.
The main reason for the relatively mild climate in Scandinavia compared to other
regions at the same latitude is unveiled in figure 2.4. The high sea surface temperature
(SST) outside the west coast of Norway is due to the warm Norwegian Atlantic Current
(NwAC), which is a branch of the larger North Atlantic Current (NAC) (known as the
Gulf Stream). This current system is also the reason that the mean sea ice edge is so
far north compared to at other longitudes. The NwAC is a two-branched current (Orvik
et al., 2001), with a western and eastern branch, both travelling northward along the
coast of Norway. At the entrance to the Barents Sea this two-branched current splits
with the western branch running towards Svalbard and the eastern branch running into
the Barents Sea (Hansen and Østerhus, 2000; Orvik and Niiler, 2002). The inflow of
Atlantic water into the Barents Sea is found to be of great importance for the winter ice
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extent on decadal time scales (Paper II).
Surface air temperature is the most widely used climate change indicator. The warming of the Arctic, as indicated by daily maximum and minimum temperatures, has been
as great as in any other part of the world (IPCC, 2001). The largest temperature increases in recent decades have occurred over the Northern Hemisphere land areas from
about 40-70◦ N. Temperature trends for the period 1966-1995 reveal pronounced warming in winter and spring over the northern continents and over the central Arctic Ocean.
Locally these trends exceed 0.5◦ C per decade, whereas according to the most reliable
data, the average global warming over the past decades has been between 0.2◦ to 0.3◦ C
per decade (IPCC, 2001). Pronounced cooling characterizes the north-western Atlantic,
eastern Canada and southern Greenland (Serreze et al., 2000).
The temperature trends in the Atlantic sector are strongly connected to the NAO
(Hurrell, 1995, 1996). Since the late 1960s the NAO has strengthened and shifted into a
more positive phase. The positive phase of the NAO is associated with northerly wind
anomalies over Greenland. Such anomalies yield negative temperature anomalies. The
positive NAO mode is also connected to increased advection of warm, moist air into
northern Europe and Scandinavia, hence the warming in these areas. The mean global
warming may arise due to land/ocean interactions. Heat anomalies over oceans will
be damped due to the large heat capacity of water. The mean hemispheric surface air
temperature may therefore be largely determined by the increased temperature of the
continents.

2.3

Sea ice

Sea ice extent (the area of ice with more than 15% concentration) was observed from
space from 1973 to 1976 using the ESMR (Electrically Scanning Microwave Radiometer) satellite-based instrument, and then continuously between 1978 and 1987 using the
SMMR (Scanning Multichannel Microwave Radiometer) and SSM/I (Special Sensor Microwave/Imager) from 1987 up to the present. By inter-calibrating data from different
satellites, Bjørgo et al. (1997) and subsequently Cavalieri et al. (1997) obtained uniform
monthly estimates of sea ice extent for both hemispheres from November 1978 through
December 1996. During this period, the sea ice extent in the Northern Hemisphere has
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Figure 2.5: Mean sea ice concentration (%) during winter (DJF) for the period 1981-2005.
Data from NOAA (Reynolds et al., 2002).

decreased by about 3% per decade (Parkinson et al., 1999), which is consistent with
Johannessen et al. (1995). At the same time the ice has also become thinner, with most
pronounced thinning in the eastern Arctic (Rothrock et al., 1999). Also the shrinkage is
largest in the Eastern Hemisphere and is most apparent during summer (Maslanik et al.,
1996; Parkinson et al., 1999). Summer sea ice extent has shrunk by 20% over the last
30 years in the Atlantic part of the Arctic Ocean (Johannessen et al., 1999), but only
by 5% in the Canadian Arctic Sea. Serreze et al. (2003) reported a record minimum in
Arctic sea ice extent in September of 2002. Recently Stroeve et al. (2005) showed that
extreme minima were observed again in 2003 and 2004. Figure 2.5 shows winter mean
sea ice concentration in Arctic for the 1981-2005 period.
In paper I it is shown that the largest seasonal decrease in sea ice area during 19672002 in the Nordic Seas occurs during summer and autumn. The trend during autumn
is almost -6% per decade. Annually the decreasing trend is about 4% per decade. The
observed trend is larger than the overall Arctic trend found by others. However, when
studying the same area, the magnitude of the trend is about half of that found by Parkinson et al. (1999). The main reason for this discrepancy is the large decadal variability in
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the sea ice area and therefore the start- and end-points largely affect the overall trend.
The unveiled decadal periodicity in the sea ice area adds to the general consensus that
the dominant signal of variability in the Arctic has a decadal timescale (Slonosky et al.,
1997; Mysak and Venegas, 1998).
Vinje (2001) examined data from the 1864-1998 period and showed that the sea ice
extent in April has been reduced in the Nordic Seas by 0.79×106 km2 (33%). This may
be compared to the winter reduction of about 12% during 1967-2002 (Paper I). However,
this calculation in Paper I is based on sea ice area, not sea ice extent. Extent takes all
grid cells having more than 15% concentration into account. The difference is highly
relevant to mention, as the reduction in winter sea ice extent during the 1967-2002 is
”only” 9%. This indicates that in addition to the ice extent shrinkage, the ice is getting
less compact and more open water is visible.
An update of the ice extent time series, taking the years 2003, 2004 and winter 2005
into account, shows that the decreasing trend in annual sea ice extent is continuing. The
relatively extensive winter and spring seasons in 2003 and 2004 somewhat reduce the
negative trend. However, in the winter of 2005 a new record low in sea ice extent was
observed. There has not been measured less sea ice extent during winter in the Nordic
Seas in at least 50 years. Whereas the winter and spring ice extent in 2003 and 2004
were above normal, the summer and autumn ice extent were below normal, leading to a
steepening of the negative trend. The sparse summer and autumn sea ice extent during
the last couple of years has been observed in the whole of Arctic (Stroeve et al., 2005).
The timing of maximum extension of the sea ice in the Nordic Seas varies, but normally occurs around March/April. There is a clear tendency towards an earlier time of
maxima (order of weeks) throughout the 1967-2002 period. The time of minimum extent
is relatively constant. This has resulted in a lengthening of the melt season. There seems
to be a strong correlation between the NAO and the timing of the maxima, thus the NAO
not only influences the extent of the sea ice, but it also contributes to the regulation of
the annual cycle. The prolongation of the melt season is not a distinctive feature of the
Nordic Seas (Belchansky et al., 2004), and it has received increasing interest during the
last decade. This issue is not addressed in more detail in this thesis, nevertheless it is of
great importance as more solar radiation is allowed to be absorbed in the ocean during
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the melt season.
Vinje (2001) separated the Nordic Seas into a Western area and an Eastern area,
divided by the 10◦ E meridian. The Eastern area is comparable with the Barents Sea
area used in paper II. During the period 1864-1998 Vinje (2001) found a reduction in
April ice extent of 24% in this area. Winter mean ice extent in the Barents Sea during
the 1967-2005 period has decreased by almost 14%, manifested by a record low extent
in winter 2005 (Paper II). Both papers (Vinje, 2001 and Paper II) link some of the sea
ice variability to the NAO and to the variability of the inflow of Atlantic water into the
Barents Sea. The local wind field over the sea ice edge, which plays a major role in the
MIZ (Wadhams, 2002), is however not necessarily influenced by the large-scale NAO. It
is thus believed that the study of the influence from synoptic-scale cyclones, as done in
Paper II, gives further insight to the sea ice variability in the Barents Sea.
A large part of the sea ice variability in the western part of the Nordic Seas is caused
by variations in the extent of the Odden feature, at least in wintertime. During summer
and autumn the variable influx of thicker ice from the Arctic Ocean via the Fram Strait,
has a large effect on the ice extent. To investigate the sea ice variability in the Greenland
Sea in more detail, the conspicuous Odden feature was targeted.
In the central Greenland Sea, just south of the main gyre center, an ice tongue usually
develops during winter. It grows eastward from the main East Greenland ice edge in the
vicinity of the 72-74◦ N latitudes and often curves round to the north-west and may
reach as far east as 10◦ E. This feature is called the Odden, Norwegian for headland.
During some winters, its curvature seals off an open area of water known as Nordbukta.
During other winters, it may appear as a bulge, an island or not appear at all. The
Odden is believed to form mainly by local ice production, since the tongue-shaped region
corresponds to the region influenced by the Jan Mayen Current which maintains cold
surface water. However, the contribution of local ice production as opposed to advection
of older ice from the EGC is not known for certain (Wadhams, 2002). The ice in the
Odden area consists of pancake and frazil ice. Heavy storms and large wave activity
inhibits the formation of larger ice sheets. Pancake and frazil ice formation implies high
growth rates and high salt fluxes. The Odden area is also known as one of few openocean convection areas in the world. In view of this, the connection between Odden
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occurrence and deep-ocean convection could seem clear. Nevertheless, attempts to link
Odden variability to deep-water formation in the area (Shuchman et al., 1998; Comiso
et al., 2001) have failed. More oceanographic observations are needed for an accurate
evaluation of the impact of the Odden.
The interannual variability of the Odden feature using satellite data has been analyzed
by several authors (Shuchman et al., 1998; Comiso et al., 2001; Toudal, 1999). Using only
satellite data, their analysis are limited to the period from 1979 and onwards. Despite
the relatively short time series (1979-1996), Shuchman et al. (1998) suggest a 10-year
cycle in the Odden ice coverage. This is supported by the findings in Paper III. There
is clearly a decadal component in the Odden variability when studying mean winter ice
extent over the period 1967-2005.
The meteorological parameter that is best correlated with the Odden ice extent is
the local surface air temperature (Shuchman et al., 1998; Comiso et al., 2001; Paper
III). Wind direction and strength have been identified as important factors modifying
the Odden on a seasonal time scale (Shuchman et al., 1998; Comiso et al., 2001). On an
interannual time scale, both Shuchman et al. (1998) and Comiso et al. (2001) struggled
to identify growth-favorable wind conditions. A reason for this may be that the wind
measurements at Jan Mayen used by Comiso et al. (2001) and the buoy-derived wind
field in the Odden area used by Shuchman et al. (1998) do not represent the wind field
that is the driving mechanism for Odden variability on interannual time scales. The
correlation analysis performed in Paper III shows that there are only weak relationships
between local winds and Odden ice extent on these time scales. Wind anomalies near
the east coast of Greenland and over the Greenland plateau on the other hand, correlate
well with the Odden extent.
Mysak and Venegas (1998) reveal a fairly regular 10-year cycle in the Arctic which is
characterized by a clockwise propagating signal in sea ice concentration anomalies. The
result in Paper III, that sea ice anomalies in Barents Sea are leading anomalies in the
Greenland Sea, is consistent with this proposal. The fact that both the Barents and
Greenland Seas undergo decadal oscillations also supports this.

Chapter 3

Data
3.1

Sea Ice Data

The sea ice data used in this thesis are collected from the Arctic Climate System Study
(ACSYS) historical ice chart archive (1553-2002). The sea ice service at The Norwegian
Meteorological Institute (MI) in Tromsø has provided the author with updated ice charts
(-March 2005).
In 1966, the Norwegian Polar Institute started to produce ice charts on a regular
weekly basis, handing over this responsibility to MI in 1970. At that stage, the time taken
to gather the information about the ice field from various sources, produce the map, and
send it back to users, was long compared to the changes of sea ice characteristics due
to shifts in the wind and weather. This meant that these maps were probably more of
academic interest than for practical navigation purposes. However, at the same time,
the first satellites provided optical pictures of the sea ice field and concentration. This
improved the accuracy and increased the amount of information available. Whilst this
type of visual observation was still hampered by the cloud cover and the polar night, it
was a huge improvement over earlier methods, mainly because it could cover such large
areas so comprehensively.
Since these first visual satellite observations, technologies for observing sea ice have
improved markedly, from the infrared satellite pictures that made it possible to indicate
the ice edge even during the polar night, to passive microwave pictures that could be
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used to distinguish first-year from multi-year ice. More recently, the development of
Synthetic Aperture Radar (SAR) techniques for satellites during the 1990s has provided
an all-weather capability, meaning that sea ice observations can be available throughout
the year, and in all weather conditions. Together with developments in computing, this
has allowed the routine production of digital sea ice charts, initially for operational use,
but with subsequent value for the research community, as we seek to understand the
interactions of sea ice with the rest of the climate system. The maps were drawn by
hand until June 1997, when a digital production and archiving process was implemented,
allowing daily charts to be produced.

In 1986, an initiative was taken to compare the Norwegian charts with similar charts
and observations from other nations (UK Meteorological Office, the US Navy-NOAA
Joint Ice Center, air and satellite observations, library sources) for the period 1966 onwards. In the cases where differences were found, the original sources were investigated
and the Norwegian maps were corrected. These analog ice charts were then digitized
through several stages, with the final result in shapefiles, an open standard GIS format.
Some years later, a new initiative was taken to investigate all available sea ice information
from 1550 to 1996. Information available from logbooks, diaries, letters and maps was
plotted on charts and marked according to the different sources. All charts were drawn
by hand to ensure they were of an equal standard, and these charts were also digitized.

Quality control of the digital data set produced by these efforts involved inspection
of a randomly selected sub-set of charts, covering the entire period of the record. For the
period 1900-1965, used in Paper III, at least one map for each year was picked out and
checked. The same control was done for the period 1966-1997. Data from this period
have been used in Paper I, II and III. In this period at least 6 maps for every year were
picked out. Problems or errors in the maps, caused either by missing data or clear errors
in ice edge position, were corrected with reference to the original data. Charts before
and after the one containing errors were also checked, in an attempt to ensure that the
errors were not systematic.
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3.2

Atmospheric Data

The National Centers for Environmental Prediction (NCEP) and National Center for
Atmospheric Research (NCAR) have cooperated in producing a record since 1948 of
global analysis of atmospheric fields. The NCEP/NCAR Reanalysis Project (Kalnay
et al., 1996; Kistler et al., 2001) is an effort to reanalyze historical meteorological data
using state-of-the-art models. Data from all available sources (land and marine weather
stations, aircraft, rawinsondes, satellites, radars, etc.), including data that may not have
been used in the running of the operational version of NCEP numerical meteorological
forecast models, have been incorporated in the reanalysis data set. It therefore represents
the most complete description of the physical state of the atmosphere possible.
An algorithm for feature tracking developed by Hodges (1994, 1995, 1996, 1999) has
been used to construct storm tracks from the NCEP/NCAR reanalysis data. The 850
hPa relative vorticity is used instead of the more widely used mean sea level pressure
(MSLP) because it is not an extrapolated field to any large extent, and is influenced
less by background flow than fields such as MSLP and geopotential height (Anderson
et al., 2003). It also focuses more on smaller-scale synoptic activity than the other fields
with the advantage that a higher number of storm trajectories can be identified (Hoskins
and Hodges, 2002). The relative vorticity at 850 hPa has been calculated from the 6hourly wind-components for the whole northern hemisphere for the wintertime (DJF)
period during 1948-2002. The retained fields are searched for local extremes, which are
the centers for positive vorticity anomalies (cyclones). The locations of the features
between two consecutive time steps are linked using a nearest neighbor search. A costfunction based on track smoothness in terms of changes in direction and speed (Hodges,
1995, 1996) is calculated for each possible ensemble of trajectories. The calculation
of the statistical diagnostic fields is performed for the winter (DJF) season by the use
of spherical nonparametric estimators from the ensembles of wintertime feature tracks
(Hodges, 1996) and gridded on a equal-area grid. A more detailed description of the data
set can be found in Sorteberg et al. (2005) and references therein. The two data sets
have been used in Paper II.
In Paper III, we used reanalyzed data provided by the European Centre for MediumRange Weather Forecasts (ECMWF) (Kållberg et al., 2004). The ECMWF reanalysis
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was chosen because of the high spatial resolution in the data. The spacing between the
grid points is 1.125◦ . Also in paper III, the surface air temperature measured at the Jan
Mayen station (71◦ N, 8◦ W) from 1921-2005 has been studied.

Chapter 4

Summary of Results
Paper I
In the first paper of this thesis, the seasonal and interannual variability of sea ice area
and extent in the Nordic Seas were investigated for the period 1967-2002.
An overall statistically significant decreasing trend in sea ice area of about 4% per
decade is found. Compared to earlier estimates of the trend in sea ice area in the Nordic
Seas (Parkinson et al., 1999), this negative trend is quite modest. The discrepancy
is mainly attributed to the decadal variability in the sea ice area and the start- and
endpoints of the time series. Most other time series of sea ice area normally start in
1979, the advent of satellites. At this time the sea ice area in the Nordic Seas was
at a decadal high, and this strongly influences the trend estimates. Spectrum analysis
suggests that the annual averaged sea ice area oscillates at a period of approximately 10
years.
A large negative long term trend in sea ice area is found in the summer months (June,
July and August), with a 4% per decade decrease. The negative trend is even larger
during the autumn (September, October and November) with an almost 6% decadal
decrease. Their respective time of minima were in 2002 and 2001.
The different ice types presented undergo distinctive annual cycles. The high concentration types (Fast Ice and Very Close Drift Ice) , have a maximum in late March
or in early April, and a minimum around mid-September. Less concentrated ice types
21
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such as Open Drift Ice and Very Open Drift Ice stand out to be typical summertime ice
types with a maximum in late July. Even less concentrated ice types (e.g. Grease Ice
and Young Ice) have their greatest extent during the freeze-up in late autumn.
Mean annual cycle of total sea ice area shows a maximum of 2.8×106 km2 in late
March and a minimum of 0.9×106 km2 in the first week of September. On the average,
the melt period is about 8 weeks shorter than the freezing period.

Paper II
In this study, the atmospheric forcing on the wintertime Barents Sea (BS) ice extent is
investigated. A BS winter ice extent index for the period 1967-2005 is presented. Large,
both decadal and interannual variabilities are revealed and a decreasing trend of -3.5%
per decade is manifested in the record low winter extent of 2005.
Linear correlation and regression analysis clearly show that during sparse sea ice
winters, anomalous southerly winds prevail locally and the westerlies are strengthened.
During extensive sea ice winters the local winds are anomalously northerly and the westerlies are weakened. A weakening of the westerlies is connected to a negative phase in the
NAO (Hurrell et al., 2003). Large scale atmospheric variability connected to the NAO
is however not sufficient to explain the observed BS ice variability, the correlation being
-0.34. To get more insight into the actual atmospheric processes and timescales that may
be involved in the BS ice variability, the role of cyclones is studied. Four distinct areas
seem to be related to the variability, each in its own way. Influences on interannual and
decadal time scales are different for the different regions and are discussed separately.
We propose the following synoptic scale mechanisms to be important on interannual
scale:
• High production of cyclones in East Siberia favors strong southwesterly wind anomalies over the western central Arctic and northwesterly anomalies bringing cold air
over the BS area. These changes favor both ice export into the BS area and freezing
both due to thermodynamic freezing at the sea ice edge and due to breakup and
divergence of ice leading to open water sea ice formation.
• The variation in cyclone genesis east of the Carphatian mountains and possibly on
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the western side of the Ural mountains seems important for the number of cyclones
in the land areas south of the BS. The cyclonic wind anomalies, resulting from years
with increased number of cyclones in this area, may favor a more extensive BS ice
cover both through a direct wind effect and the reduction in inflow of Atlantic
water to the BS.
• A local positive feedback might add to this as a reduced BS ice extent increases
the BS cyclone genesis which would, if the cyclones stay in the BS area, give
northwesterly wind anomalies in the area of BS inflow and therefore increased
inflow of Atlantic water as proposed by Bengtsson et al. (2004). However, for the
time period investigated here, this positive feedback seems secondary to the strong
forcing given by the variability of cyclones in East Siberia and south of the BS.
The decadal variability of the Nordic Seas and European cyclone activity induces
wind anomalies in the North Atlantic and Nordic Seas. This mechanism is of great
importance to the decadal ice extent variations as it influences the heat transport in the
ocean in two ways:
• The influence on the dynamics of the Nordic Seas ocean circulation through modulating the variability of the inflow, width and location of the Atlantic water.
• Variability in the advection of warm air into the Nordic Seas which modulates the
heat loss from the ocean and is therefore an important factor in determining the
amount of heat transported by the ocean into the BS area.

Paper III
In the last paper that constitutes this thesis, the sea ice variability in the Odden area is
investigated. The Odden is a conspicuous feature in the Greenland Sea with a tongue-like
sea ice development covering the major part of the Greenland Sea when fully expanded.
The maximum annual eastward extension during the period 1900-2004 was found, and
strong co-variability with surface air temperature at Jan Mayen was revealed. Both
temperature and ice seem to undergo a decadal variability. Inspection of sea ice charts
from the first half of the last century indicates that the Odden may have been a relatively
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smaller feature during this period. The ice edge along the Greenland coast were generally
farther off the coast, and signs of an Odden-tongue were not as common as during the
second half of the century.
For the period 1967-2005, when weekly sea ice concentration data were available,
wintertime mean sea ice extent were investigated. Also this wintertime mean ice extent
showed a strong relationship with the winter air temperature at Jan Mayen. Also reanalyzed surface air temperature provided by the ECMWF revealed that strong cooling
occurs locally during extensive sea ice winters. More so, during extensive ice winters the
surface winds along the East Greenland coast have an anomalous southerly component.
These anomalous winds disfavor the coastward Ekman transport of old, Arctic origin,
ice so that the ice instead may be advected into the Odden area. When the prevailing
northerly winds over the Greenland Sea get too strong, the thin frazil-pancake ice that
normally forms in the area may break up, hence the positive correlation between the
V-wind component and the winter sea ice extent.
A strong positive correlation is also found between the Odden ice extent and the
U-wind component over the Greenland Plateau. These westerly winds advect cold arctic
air over the Greenland Sea leading to large heat loss from an open ocean that could lead
to sea ice formation.
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Sea-Ice Extent and Variability in the Nordic Seas, 1967–2002
Børge Kvingedal
Geophysical Institute, University of Bergen, Bergen, Norway

A new data set based on weekly sea-ice concentrations, evaluated from several
different data sources, reveals a marked decrease in sea-ice area in the Nordic
Seas by almost 15% (4.1% per decade) during the period from January 1967
to December 2002. The sea-ice area seems to have interannual variability with
a period of 9–10 years. At the present time, this variability is characterized by a
negative anomaly, manifested by the record-low summer sea-ice area in 2002.
All seasons undergo a reduction in sea-ice area during the period, with largest
percentage decrease in autumn and smallest in spring. Variability is largest in the
Greenland Sea during winter and spring and in the Barents and western Kara Seas
during summer and autumn.
1. INTRODUCTION

sea-ice extent in the Arctic since 1978 [Parkinson et al.,
1999; Johannessen et al., 1995; Bjørgo et al., 1997].
Johannessen et al. [1995] found a stronger negative trend
of −4.3% per decade from 1987 to 1994. In a later paper,
Johannessen et al. [1999] found a considerable reduction of
about 14% in multiyear sea-ice area in winter during the
period 1978 to 1998.
Regional differences in Arctic sea-ice extent have been
examined by Mysak and Manak [1989]. They extended the
25-year data set analyzed by Walsh and Johnson [1979] to a
32-year period, 1953–1984, reporting monthly sea-ice concentration values. Their study of seven Arctic subregions
revealed marked seasonal, regional, and interannual seaice variability. Parkinson et al. [1999] also reported large
regional differences in sea-ice variability. Although the
computed trend in total Arctic sea-ice extent was −2.8% per
decade, the trend in the Kara and Barents Seas showed a
substantial −10.5% per decade decrease. Serreze et al. [2003]
highlighted the dramatic loss of Arctic sea-ice through analysis of the record low sea-ice extent and area in September
2002. A lack of sea-ice in the Greenland Sea contributed
strongly to this minimum.
The area here referred to as the Nordic Seas comprises the
Greenland, Iceland, Norwegian, Barents, and western Kara
Seas, bounded by 30°W, 80°E, and 85°N. Vinje [2001] analyzed April and August sea-ice extent data for the Nordic
Seas from 1864 to 1998. The major finding was a decrease
in April sea-ice extent of ~33%. By dividing the Nordic
Seas into eastern and western areas, Vinje [2001] found

Sea-ice in the Arctic plays an important climatic role. This
includes reflecting solar radiation away from the surface,
insulating warm underlying water from cold Arctic air,
releasing brine during freezing periods and supplying fresh
water during melting periods. Other factors such as the
exchange of momentum and water vapor between the
surface and the atmosphere also depend on the amount of
sea-ice. Clearly, the sea-ice is a very sensitive component in
the polar climate, and any changes may initiate feedback
mechanisms. An example is the temperature–albedo feedback. A global temperature increase due to greenhouse gas
forcing causes retreat of the ice cover. This event reduces the
albedo in the polar regions with the result that more energy
will be absorbed at the surface, which leads to a further temperature increase. The temperature–albedo feedback is the
dominant factor as to why climate models project enhanced
warming in polar regions [IPCC, 2001].
Knowledge of the sea-ice variability can help us understand the polar climate and climate changes. Recent studies
have indicated significant reduction of Arctic sea-ice extent.
Analyses of satellite passive-microwave data have detected
an overall negative trend of about −3% per decade in total
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significant differences in ice extent reduction between the
two areas. A reduction of ~62% in August sea-ice extent in
the eastern area from 1920 to 1998 contrasts with the more
modest ~22% reduction in the western areas during the same
period.
The present work is an analysis of sea-ice cover in the same
area analyzed by Vinje [2001], using parts of the same data
set. In contrast to Vinje [2001], the present analysis uses
weekly sea-ice concentration data to resolve the whole annual
cycle. Both the area spanned by different ice types and total
sea-ice area are analyzed. Seasonal averages based on weekly
observations are also studied. The high temporal resolution
of the data set, together with its length (36 years), makes it
possible to get statistically reliable averages and trends. Seaice variability analysis for this area is performed on qualitycontrolled sea-ice data from January 1967 to the end of 2002.
In section 2 the sea-ice concentration data and some climatological maps are described. Time series for the different ice
types are discussed in section 3. Time series of the total sea-ice
area and a description of the seasonal cycle appear in section
4. Section 4 also gives correlation coefficients of year-to-year
and season-to-season ice cover. Comparisons with, and discussion of, other published results follow in section 5.
2. SEA-ICE CONCENTRATION DATA
Weekly sea-ice concentration measurements have been
digitalized and gridded from sea-ice charts analyzed by the
Norwegian Meteorological Institute (MI) using several
different data sources: Satellite images (after 1966), US ice
maps (Birds Eye aircraft 1960–1971 and Joint Ice Center
from 1970), visual and radar aircraft observations (Russian
1950–1970, American 1960–1970, Norwegian 1963–present),

ship observations, and observations from land stations
(Bjørnøya, Hopen, Isfjord Radio, and Jan Mayen since
1963). Further details can be found in Løyning et al. [2003].
The sea-ice concentration data are mapped onto a common
grid with a polar stereographic projection and a grid cell size
of 10 × 10 km. Figure 1 shows annual maximum and minimum sea-ice concentrations over the domain. On average, the
maximum occurs in the first week in April (week 14), and the
minimum in mid-September (week 38). (Data for these
particular weeks are missing in 1976, so we used charts for
the last week in March and the first week in October instead.)
At the time of maximum ice-extent, some signs of the Odden
feature are visible. The Odden, first reported by Nansen
[1906], is a tongue of ice that advances rapidly and irregularly eastward into the Greenland Sea from the edge of the
main pack ice [Shuchman et al., 1998; Comiso et al., 2001].
The Odden feature is also discussed in section 5.
Each weekly chart covers exactly the same area, making the
data set temporally and spatially homogeneous. This permits
identification of fluctuations on both seasonal and decadal
time-scales. However, a number of factors (e.g., inaccurate concentration classification, missing data, and different observational techniques) may lead to non-uniformity of the data set.
Grid values in the original ice maps range from 0 to 10,
defining the different ice types shown in Table 1. Concentration values for the different ice types in a grid cell are
reported as fractional coverage, ranging from 0 out of 10 (no
sea-ice) to 10 out of 10 (total ice cover). The concentration
value for the ice types with grid values 1–5 are the same as MI
investigators use in their ice charts. The ice types with values
6–9 are given ice concentration values defined by Løyning
et al. [2003]. In the total area calculations discussed in section
4, each grid cell is multiplied by its mean concentration value.

Figure 1. Mean sea-ice concentrations for early April (left) and mid-September (right).
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Table 1. The Different Ice Types, Their Grid Value, Fractional
Coverage, and Mean Concentration.
Grid
Value
0
1
2
3
4
5
6
7
8
9
10

Ice Type

Fractional
Coverage

Mean
Concn., %

No ice
Fast ice
Very close drift ice
Close drift ice
Open drift ice
Very Open Drift Ice
Young ice
Grease ice
Grease ice and old ice
Diverging grease ice
Open water

0/10
10/10
9/10-10/10
7/10-9/10
4/10-7/10
1/10-4/10
>6/10
>6/10
<6/10
<6/10
<1/10

—
100%
95%
80%
55%
25%
80%
80%
30%
30%
5%

3

It is important to recognize the difference between sea-ice
area and sea-ice extent. Sea-ice extent describes the area
spanned by any ice type, regardless of ice concentration.
Sea-ice area (or total sea-ice area) is the value obtained by
multiplying the cell area (100 km2) by its mean concentration. Hence, a 10 × 10 km grid cell of ice type 4 (55%) has a
sea-ice extent of 100 km2, but a sea-ice area of only 55 km2.
The sea-ice data are divided into standard calendar seasons.
Each season contains an average of 13 weekly ice charts. The
seasons are labeled by the year of the last month; for example, the winter season 2002 refers to the period December
2001 to February 2002.
Figure 2 shows the climatology of sea-ice extent for all four
seasons. The figure gives an estimate of the probability (%) of
encountering ice, no matter what type of ice. The seasonal

Figure 2. Seasonal means of sea-ice extent in the Nordic Seas over the period 1967–2002. The scaling shows the probability (%) of
encountering ice.
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climatology is constructed by first defining ice/no-ice for all
grid points. Then the average of all ice charts in each season
is calculated. In total, each seasonal climatology is an average
of 468 ice charts, that is, 13 weeks × 36 years.
The winter and spring climatologies are rather similar, but
there is greater ice area in spring. The summer and autumn
climatologies also resemble each other, but with more ice in
summer. In all seasons we see that the region just west of
Svalbard is ice-free. This is due to the northward transport of
warm water by the West Spitsbergen Current (WSC), the
northward extension of the Norwegian Atlantic Current
(NWAC). The warm water transported by the NWAC also
explains why large parts of the Barents Sea are ice-free,
despite its high latitude. Signs of ice breakup in early summer are seen south of Franz Josef Land (Figure 2, lower left).
Open areas in this sector are common at this time of year.
Winter and spring show about the same interannual variability, in both the Greenland Sea and the Barents Sea.

The variability in the Greenland Sea is mostly due to the fluctuating Odden feature. In summer and autumn, there is no
contribution from this feature, and most of the interannual
variability occurs in the Barents Sea.
3. ANNUAL CYCLE OF SEA-ICE EXTENT
The time series for the different ice types consist of 36 years
with 52 weekly values. Missing weeks are interpolated from
the nearest two neighboring weeks. The time development
of the different ice types (Table 1) is shown in Figure 3. Note
that ice type 2 was not reported until 1971. In the period
1967–1971 ice types 2 and 3 were given the same grid value
(Figure 3a). Because of the difference in ice concentration
between these two ice types, this practice may lead to errors
in the total sea-ice area calculation. The effect on the calculations has been investigated and taken into account. Ice types 4
and 5 have been reported continuously throughout the period

Figure 3. Time development of the different ice types that occupy the ice area (see legend). Note the different scaling of the y-axes.
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1967–2002 (Figure 3b). Ice type 6 has been reported only
sporadically during ice-growth periods. Since 1993, neither
ice type 6 nor the ice types 7–9 are reported (Figure 3c).
Ice types 1 and 2 have dominant seasonal components, the
Fast Ice almost vanishing every August–September (Figure
3a). On average, ice type 2 more than triples in extent from
minimum in September to maximum in March–April. Ice
type 3 has less pronounced seasonal variation and more highfrequency variation than the other two. It reaches minimum
in the melting period (~week 38) and a less distinct maximum around February (Figure 4a).
The growth and decay of the different ice types have different characteristics during the annual cycle. Although the
seasonal decline in type 2 occurs at a near constant rate of
approximately 5.8 × 104 km2 week−1, the seasonal advance
can be divided into two periods. The first period, from the
time of ice minimum in September to mid-December, is

5

recognized by steady and fast ice growth at a rate of
6 × 104 km2 week−1. In the second period, from January to
maximum ice extent around week 13, the ice growth is slower
and irregular at a rate near 3 × 104 km2 week−1. On average, the
freezing period is about 6 weeks longer than the melting period.
The time of minimum and maximum extent for ice types
1–3 generally coincide. However, at the time of maximum
extent of type 2, the extent of type 3 has a secondary minimum, possibly caused by freezing or convergence/divergence
of sea-ice. Freezing of type 3 leads to more concentrated ice
and the extent of type 2 increases. If no ice freezes or melts
into type 3, the net result will be decreased extent of type 3.
This means that the subsidiary peak in the extent of type 2
at around week 13 does not become evident in the total
sea-ice seasonal cycle. It only “steals” ice from ice type 3,
which in turn does not get renewed. At this time of year there
is no net ice growth, only conversion between ice types.

Figure 4. Mean (1967–2002) annual cycles for the ice types shown in legend.
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Both ice types 4 and 5 have their maximum area during
summer. While the ice types 1–3 (Figure 4a) are melting
during early summer, the areas spanned by ice types 4 and 5
increase. This is due to breakup of the more concentrated ice
types. Maximum extent of these two ice types occurs around
week 30. In late summer, from week 32 to week 40, these ice
types rapidly melt (Figure 4b). At the same time, the extent
of ice type 7 increases rapidly (Figure 4c). This increase is
thought to be due to breakup of the different classes of more
concentrated ice types and freezing of new ice.
4. TIME SERIES OF TOTAL SEA-ICE AREA
The total sea-ice area is calculated by using the mean concentration values given in Table 1. As mentioned earlier, the
number of ice classes reported were fewer before 1971. Here
we have used a constant value 8 × 105 km2 for the Close
Drift Ice (annual mean after 1971). The rest of the ice extent
is referred to as ice type 2. In this way we can use the ice
extent as originally reported and then only estimate the compact ice area.
The total sea-ice area (solid line), the calculated trend fitted through weekly values by linear least square regression
(thick solid line), and the 2-year running mean (dashed line)
are shown in Figure 5. The long-term trend (1967–2002)

shows a reduction in total sea-ice area of −3.28 × 105 km2,
which corresponds to a total reduction of almost −15%
during the period, or −4.1% decade−1. To test the significance
of the trend, we constructed annual anomalies by removing
the annual mean from the annual values. The autocorrelation
function (not shown) of the anomalies showed no significant
correlations at any lag. A standard F-test [Pollard, 1981] was
therefore performed on the trend, testing the null hypothesis
of a 0 slope. For the F-test, 34 degrees of freedom were used,
two less than the number of years. The P-value (0.006) means
that the null hypothesis can be rejected at a confidence level
of 99%. The two trends, fitted through weekly (Figure 5) and
annually (tested) values show the same reduction in sea-ice.
We see both high frequency variations (solid line in
Figure 5) and interannual variability. The 2-year running
mean shows four periods of above-normal ice conditions
with respect to the long-term trend: the late 1960s, the late
‘70s extending to early ‘80s, the late ‘80s, and the late ‘90s.
Below-normal conditions occur around the mid-’70s and
‘80s and the early ‘90s. The results also show less than
normal sea-ice in the last 2 years. The frequency spectrum
of the time series (not shown) suggests that the total sea-ice
area oscillates at a period of approximately 10 years. The mean
annual cycle of total sea-ice area was constructed by averaging the annual cycles for the 36-year period, 1967–2002

Figure 5. Total sea-ice area (solid line), long-term trend (thick solid line), and 2-year running mean (dashed line). The negative trend
is statistically significant at the 99% confidence level.
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Figure 6. The mean annual cycle of total sea-ice area for 1967–2002, along with annual cycles for 1969 (with extremely large winter
values) and 1995 (with extremely low winter values). Thin dashed lines show ± 2 SD.

(Figure 6). The climatology shows a maximum of
2.8 × 106 km2 in late March/early April and a minimum of
0.9 × 106 km2 in the first week of September.
From September to December the growth is steady and
rapid, adding 1 × 105 km2 week−1. Growth slows from
December to March, adding only 0.3 × 105 km2 week−1. The
decay period, from April to September, is most rapid in the
summer season (JJA). On average, the melt period is about
8 weeks shorter than the freezing period.
To illustrate some of the interannual variability in the annual
cycles, Fgure 6 also shows the sea-ice areas for the years 1969
and 1995. These 2 years correspond to the maximum and minimum winter sea-ice area, espectively, over the period of study.
Throughout the winter and spring, the sea-ice area in 1969 was
significantly higher than in 1995. However, in late summer, the
2 years had approximately the same amount of sea-ice. In 1969
meltdown and thereafter freezing were more rapid, leading to a
sharper curve around the time of minimum sea-ice. In 1995 the
sea-ice had a broader and longer lasting ice-minimum period.
Freezing started up about 6 weeks later, but at the end of the
year the amount of sea-ice was almost the same as in 1969. As
will be shown later, there is generally little correlation between
winter sea-ice area and summer/autumn sea-ice area.
4.1. Seasonal Averages and Trends
Time-series and linear trends, fitted through seasonal averages, have been constructed. All four seasons show a clear

reduction in total sea-ice area from 1967 to 2002 (Figure 7).
In both the winter and autumn seasons, nearly 34,000 km2 of
sea-ice has been lost, yielding trends of respectively −3.4 and
−5.8% decade−1. In spring and summer, the melting period,
the numbers are 22,000 km2 and 24,000 km2, respectively,
giving trends of −2.2% and −4.0% decade−1. Thus a lack of
winter freezing seems to contribute more to the total sea-ice
decrease than does increased summer melting.
A record low sea-ice area was measured in the Nordic Seas
in summer 2002 (Figure 7). Summer 1990 also had little
summer sea-ice. In both 1990 and 2002, however, the autumn
sea-ice area was normal. All seasons in Figure 7 show interannual variability similar to that shown in Figure 5. The positive sea-ice area anomalies in the late ‘60s, ‘70s, ‘80s, and
‘90s are all shown in Figure 7.
For each season we calculated anomalies by removing the
seasonal means. Autocorrelation and cross-correlation functions were then calculated from the detrended anomalies
(Figure 8).
There are no strong relationships in sea-ice area from winter
to winter. The 1-year lag value is statistically significant, but
the correlation coefficient is only 0.40. For spring, summer, and
autumn the sea-ice areas are independent of the sea-ice areas 12
months earlier, and no significant correlations are found at any
lag. In spring, however, the 10- and 20-year-lagged values are
close to the 95% confidence limit (Figure 8, upper right panel).
This, and the 10-year-lagged winter value (Figure 8, upper left
panel), suggest a 10-year cycle in winter/spring sea-ice area.
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Figure 7. Time series of the winter, spring, summer, and autumn seasons, along with trends calculated by using linear least squares
regression. The autumn trend is statistically significant at the 99% confidence level, summer and winter trends are significant at the
95% confidence level, and the spring trend is not significant. The trends are tested with a standard F test, at 34 degrees of freedom.

By studying the correlations between different seasons
within a year, one can identify significant relationships
(Table 2). Correlations between winter and spring, and
between winter and summer, are almost the same, 0.66 and
0.65, respectively. Surprisingly, the correlation between
winter and the following autumn (0.44) is higher than that
between winter and the previous autumn (0.41). Spring
correlates more strongly with the recent winter (0.66) than
with the following summer (0.60), whereas the correlation
with the following autumn is only 0.28 and not significant.
The summer–autumn correlation is 0.63.
5. DISCUSSION AND CONCLUDING REMARKS
The seasonal and interannual variability of sea-ice area
and extent in the Nordic Seas have been investigated for the
period 1967–2002. A statistically significant decreasing trend
in sea-ice area of about 4% per decade is found. This is less
than half the negative trend found by Parkinson et al. [1999]
for the same area. Parkinson et al. [1999] used sea-ice extent
data for the shorter period 1979 to 1996. For the Greenland

Sea and for the Barents and Kara Seas they found reductions
in sea-ice extent of −6.1% decade−1 and −10.5% decade−1,
respectively. They found a reduction in the two regions combined of −19.7 × 103 km2 yr−1, whereas the data from 1967 to
2002 show a reduction of −9.1 × 103 km2 yr−1. In 1979 there
was a decadal maximum in sea-ice area, whereas in 1996
there was a record low. This may account for the extreme negative trend found by Parkinson et al. [1999]. Calculating the
1979 to 1996 trend in our data, we find an 18.8 × 103 km2 yr−1
reduction, in good agreement with Parkinson et al. [1999].
Some differences are expected because Parkinson et al. [1999]
used sea-ice extent, whereas we used sea-ice area. Furthermore,
slightly different areas are used.
Stern and Heide-Jørgensen [2003] studied trends and variability of sea-ice in Baffin Bay and Davis Strait on the west
coast of Greenland for the period 1953–2001and found a
significant positive trend for the 49-year period. On comparing their results with those of Parkinson et al. [1999], they
concluded that trends are sensitive to the period of record.
The wintertime sea-ice extent recorded by Parkinson et al.
[1999] began in 1979, a particularly low ice year in Baffin
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Figure 8. The autocorrelation function of seasonal anomalies for the winter (upper-left), spring (upper-right), summer (lower-left),
and autumn (lower-right) seasons. The approximate 95% confidence bounds, ± 1:96/v (n), for an independent identically distributed
process of the same length (n) are also displayed.

Table 2. Correlation Coefficients Between Sea-Ice Area Anomalies
for the Different Seasons.
Season

Winter

Spring

Summer

Autumn

Winter
Spring
Summer
Autumn

1.00 (0.40)
0.66 (0.18)
0.65 (0.17)
0.44 (0.14)

0.66 (0.47)
1.00 (0.23)
0.60 (0.18)
0.28 (0.27)

0.65 (0.45)
0.60 (0.24)
1.00 (0.30)
0.63 (0.21)

0.44 (0.41)
0.28 (0.09)
0.63 (0.36)
1.00 (0.26)

Statistically significant correlations (95%) are shown in bold, 1-year-lagged
correlations in parentheses.

Bay, which explains the relatively large positive trend they
reported over the period 1979–1996. Stern and HeideJørgensen [2003] found a cyclic period of 8 to 9 years in the
wintertime sea-ice area, with low points in 1970, 1979, 1986,
and 1997. All of these years except 1970 had above-normal
sea-ice extent in the Nordic Seas. The dipole in ice-extent
anomalies between the Nordic Seas and the Labrador Sea is
well known from earlier work [Deser et al., 2000; Parkinson
et al., 1999; Slonosky et al., 1997; Walsh and Johnson, 1979].
The regional differences and changes in sea-ice extent are
linked to the North Atlantic Oscillation (NAO) [Hurrell,

1995] which characterizes the strength of the westerlies
between Iceland and Portugal. Vinje [2001] pointed out that
despite the high correlations between change per year in the
Lisbon-Stykkisholmur NAO index [Furevik and Nilsen,
this volume] and the corresponding changes in the April
ice extent in the Barents Sea and the Labrador Sea, −0.97 and
0.81, respectively, weaker correlations are found in the
Greenland Sea (−0.6). During positive NAO periods, both the
anomalous northward (warm) wind component and the positive sea surface temperature (SST) anomaly in the Nordic
Seas [Krahmann and Visbeck, 2003] are consistent with the
less than normal ice extent in the Barents Sea.
The situation in the Greenland Sea is more complex.
Although the southern parts of the Greenland Sea ice cover
also experience positive SST anomalies and to some extent
southerly winds [Krahmann and Visbeck, 2003], Kwok et al.
[2004] show that ice export from Arctic through Fram Strait
increases during positive NAO periods. By neglecting years
with extreme negative NAO, they found a positive correlation
(0.62) between winter ice area export and the NAO index.
Besides the inflow of sea-ice from the Fram trait, Greenland
Sea ice cover also consists of locally formed ice. The Odden
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ice tongue is a feature of the Greenland Sea that may exceed
3 × 105 km2. This ice area, which is also a region of deep
water convection [Rudels et al., 1989], shows strong correlation (−0.89) with surface temperatures derived from thermal
infrared sensors over the entire Odden area [Comiso et al.,
2001]. Vinje et al. [2002] addressed the importance of ocean
circulation in shaping the Odden sea-ice. They suggest that
sea-ice formation in the Odden area is less important for deep
water convection than previously believed, whereas advection of salty water to the convection cell plays a crucial role.
Furthermore, Furevik et al. [1998] found that the vertical
stratification in the Greenland Basin is extremely weak and
that even small perturbations in the surface water density can
have large impacts on the convection depths and deep water
formation activities. All of these factors make the air–ice–sea
interactions in the Greenland Sea more complex than in the
Barents Sea. The NAO index may therefore be insufficient to
indicate sea-ice extent in the Greenland Sea.
The phases and strengths of observed ice extremes are in
good agreement with the findings of Mysak and Manak
[1989]. They divided the Nordic Seas into the Greenland
Sea (their region 5), and the Barents and Kara seas (their
region 6). Their findings can explain the less sharp curve at
the time of maximum sea-ice area compared with that at the
time of minimum. In their Figure 13, the annual cycle for
the two regions shows that although the time of minimum seaice area coincides, the time of maximum sea-ice area occurs
1 month earlier in the Greenland Sea than in the Barents and
Kara seas. This may lead to a smoother curve around time of
maximum sea-ice area when the areas are studied as a whole.
The seasonal trends found here differ in both phase and
strength from the results in Parkinson et al. [1999].
Differences in data coverage, area, and season definitions
cannot explain the discrepancy. Whereas Parkinson et al.
[1999] found the most negative trend in spring (−29.1 km2 yr−1)
and the smallest trend in autumn (−7.8 km2 yr−1), our present
analysis shows the opposite. We found the most negative
trend in autumn (−9.5 km2 yr−1) and the smallest trend in
spring (−6.0 km2 yr−1). Again the study period impacts the
results.
Serreze et al. [2003] found that the total Arctic sea-ice
extent and area in September 2002 reached their lowest
values recorded since 1978. Compared with previous minimum low-extent years, the lack of sea-ice in the East
Greenland Sea stands out prominently. Lack of sea-ice in this
section also dominates the 1990 record-low summer sea-ice
[Maslanik et al., 1996].
Compared with other Arctic regions [Parkinson et al., 1999],
we have found a relatively strong interannual variability with a
period of ~10 years. Yi et al. [1999] discovered approximately
decadal oscillation in Arctic sea-ice concentration which
agrees well with the 10-year cycle found in this study. The high

variability may be caused by the extremely high frequencies of
winter cyclones in and around the Nordic Seas [Sorteberg
et al., this volume]. The position of storm tracks is likely to
influence the sea-ice coverage in both the Greenland Sea and
the Barents and Kara Seas. The variability is largest during
winters in the Greenland Sea, mainly because of the Odden
feature, whereas the sea-ice in the Barents and Kara Seas
varies most in summer and autumn. Since the beginning of the
36-year period studied, more than 20% of the total autumn seaice area has melted and the summer sea-ice area in 2002
reached its lowest level ever recorded.
Climate models generally agree that the sea-ice extent in
the Arctic region will continue to decrease in the 21st century
as the global temperatures increase. A comparison of
observed sea-ice trends to control and transient integrations
(with realistic forcing), reveals agreement between the
observed decrease in Northern Hemisphere sea-ice extent and
results from transient simulations. Future simulations project
continued decreases in sea-ice extent throughout the next
century [Vinnikov et al., 1999; Johannessen et al., 2004].
Johannessen et al. [2004] predicts that the Arctic summer ice
cover may be reduced by 80% by the end of the 21st century.
Furthermore they hypothesize that the decrease may lead to
changes in pathways and spreading of meltwater in the Nordic
Seas. The effects of reduced deep water formation in the
Greenland Sea on the global thermohaline circulation could
greatly alter the climate of the northern latitudes.
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ABSTRACT

Local and regional atmospheric forcing on the Barents Sea (BS) ice extent during winter
(DJF) have been investigated for the period 1967-2002. The time series for the sea ice extent
is updated and includes the winter of 2005 which marks a new record low in wintertime
sea ice extent in the BS. Variabilities in the ice extent driven by the atmospheric mean flow
and the low pressure systems have been discussed separately. For the mean flow, linear
correlation and regression analysis reveal that anomalous northerly (southerly) winds prevail
during extensive (sparse) BS ice winters due to both dynamic and thermodynamic forcing.
Some of the variability in the mean flow is captured by the North Atlantic Oscillation (NAO),
however, the wintertime link between the BS ice extent and NAO is moderate (r=-0.34).
The link becomes stronger on decadal time scales (r=-0.60), indicating the importance of
persistence in the NAO for it to be able to have a large effect on the BS winter ice extent. By
studying the cyclone activity in the high-latitude Northern Hemisphere, using a storm track
data set, we identify four specific regions that largely impact the BS winter ice variability. On
interannual time scales the cyclone activity over East Siberia and south of the BS correlates
well with the BS winter ice extent, 0.74 and 0.43 respectively. The main mechanism for
the co-variability is the wind field connected to these low-pressure systems. The cyclone
activity over the southern Nordic Seas and over the western Europe clearly influence the BS
ice extent on decadal time scales. We propose that the strong link is due to the cyclones ability
to modify the inflow of Atlantic water into the Nordic Seas. A significant correlation with
1-2 years lag supports this. The lag indicating the transport time of heat anomalies to enter
the BS. Multiple linear regression calculation reveals that as much as 77% of the interannual
variance in the BS winter ice extent co-varies with the cyclone number in the four regions
chosen. More so, basically all (94%) of the decadal variability in BS winter ice extent can be
predicted one year ahead using the decadal cyclone variability over these areas.
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1. Introduction
The amount and thickness of sea ice in the Arctic region are important factors
in the global climate system. In the Barents Sea (BS) the winter (DJF) sea ice is
relatively thin compared to the rest of the Arctic Ocean. The sea ice in this area has
a large annual cycle with minimum ice in September and maximum in April. More
so the winter sea ice extent shows interannual variability. The thin layer of ice is
very sensitive to changes in both the atmosphere and the ocean. Variability in the sea
ice concentration and extent may again influence the regional as well as the global
climate in different ways, such as through changes in albedo, momentum, heat and
water vapor exchange and deep water formation.
The BS is situated in an area with relatively high cyclone center counts (Zhang
et al. 2004b), the low-pressure systems are mainly advected northward from the North
Atlantic. Cyclone activity in high-latitude areas is an important mechanism for transporting heat and moisture from lower latitudes into the Arctic. In the context of global
climate it is generally believed that the greenhouse warming will amplify in the polar
regions (IPCC 2001; ACIA 2004), although questioned by Polyakov et al. (2002).
As a first guess one would therefore believe that the cyclone activity in the Arctic
should be decreasing in strength and/or counts, due to a weaker meridional temperature gradient. This is however not necessarily the case (Lambert 1995). There
are uncertainties as to how the cyclone activities are responding to global warming,
although Zhang et al. (2004b) and McCabe et al. (2001) seem to agree that highlatitude cyclone frequency and intensity have increased during the second half of the
twentieth century.
McCabe et al. (2001) showed that high-latitude cyclone frequencies correlate well
(0.69) with the Arctic Oscillation (AO) over the 1959 to 1997 period. The AO is
the dominant pattern of sea-level pressure variations north of 20◦ N (Thompson and
Wallace 1998). The weakening of the Arctic anticyclone over the past 25 years, most
pronounced since 1988, has resulted in the domination of the positive phase of AO.
Many studies have focused on the connection between Arctic sea ice variability
and the AO or the North Atlantic Oscillation (NAO) (Hurrell 1995), which essentially describes the same air-mass movement. Both model studies (Zhang et al. 2000;
Zhang and Hunke 2001) and observational studies (Slonosky et al. 1997; Mysak and
Venegas 1998; Yi et al. 1999; Deser et al. 2000; Rigor et al. 2002; Krahmann and
Visbeck 2003; Liu et al. 2004) strongly agree that the large scale sea ice decrease in
the Arctic is associated with the recent increase in AO and NAO.
Sea ice extent in the Arctic has decreased by about 3% per decade from the beginning of the satellite era (Johannessen et al. 1999; Parkinson et al. 1999). However
there are large regional differences. Using satellite data from 1978-1996 Parkinson
Corresponding author address: B. Kvingedal, Geophysical Institute, University of Bergen, Allgaten 70, 5007 Bergen, Norway
E-mail: borge@gfi.uib.no
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et al. (1999) found that the largest regional decrease in sea ice extent, -10.5% per
decade, was in the Kara and Barents Seas. Kvingedal (2005) pointed out that extrapolating such trends could lead to large errors and misinterpretations. Kvingedal
(2005) found a similar trend for the same period as Parkinson et al. (1999) over the
combined Greenland, Iceland and Norwegian Seas (Nordic Seas) and Barents and
Kara Seas. However, by studying the longer 1967-2002 period in the same area, the
long term trend is less than the half (-4.1% per decade) of the shorter 1978-1996
trend.
When discussing winter sea ice variability in the Arctic, the actual sites for variability is the Nordic Seas, the Labrador, Barents and Bering Seas and the Sea of
Okhotsk. Other areas in the Arctic Ocean are generally fully covered by sea ice
during the winter.
The interannual variability in wintertime sea ice extent in the Nordic and Labrador
Seas resembles the variability in the NAO. Strengthening of the NAO is associated
with an intensification of the Icelandic low which leads to advection of anomalously
warm air into the Nordic Seas and subsequent sea ice melting. To the west of Greenland the advection of colder air-masses will lead to increased sea ice extent in the
Labrador Sea. This Labrador-Nordic Seas dipole pattern in sea ice concentration
anomalies exhibits large decadal variability (Slonosky et al. 1997; Walsh and Johnson 1979; Mysak et al. 1990; Deser et al. 2000, 2002). It should be noted here that
variability in the Nordic Seas is also influenced by local ice formation of the Odden
feature (Vinje 1976; Comiso et al. 2001; Shuchman et al. 1998) and by the East
Greenland Current’s transport of thick, multiyear ice from the Arctic Ocean through
the Fram Strait (Walsh and Chapman 1990; Vinje 2001b; Kwok et al. 2004).
The interannual variability in winter sea ice extent in the Bering Sea is controlled by an externally determined variation in stormtrack position related to large
scale differences in the general circulation (Overland and Pease 1982). Cavalieri and
Parkinson (1987) reveal an out-of-phase relationship between the sea ice extent in the
Bering Sea and the Sea of Okhotsk.
In Vinje (1998, 2001a) the April sea ice extent in the Barents Sea for the years
1864-1998 was shown to be fairly well correlated with the NAO winter index. The
relationship is however not stationary over time. For the late period 1966-1996 the
explained variance is 40% while in the early period 1864-1900 only 9% of the April
sea ice extent variability could be explained by the NAO.
Clearly, some of the winter sea ice extent in the BS can be explained by the large
scale NAO. However, more local and/or less known large scale processes should also
be investigated. Also the feedback mechanisms to the atmosphere due to the BS ice
variability are of great importance. In wintertime, with large air-sea temperature differences, the (upward) turbulent heat flux from an open ocean may reach 300-500
W m−2 , which is almost 2 orders of magnitude larger than through the ice (Andreas
1980; Simonsen and Haugan 1996). Therefore even small areas of open water (e.g.
leads or polynyas) in regions normally covered by ice, may well dominate the re-
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gional heat budget (Maykut 1978).
In this paper we study the combined large and local atmospheric forcing on the
BS winter ice extent on different time scales. The wintertime BS ice extent is presented in section 3, which follows the Data and Methods section. In sections 4,5 and
6 the relationship between the BS winter ice extent and mean sea-level pressure, surface air temperature and cyclone variability is presented respectively. The conclusion
and discussion follows in section 7.
2. Data and Methods

a. Sea ice data
Weekly sea ice concentration data for the Greenland and Barents Seas have been
digitalized and gridded from sea ice charts, analyzed and quality controlled by the
Norwegian Meteorological Institute and the Norwegian Polar Institute. The ice charts
are mapped using several different data sources, such as satellite images, US ice maps
(Birds Eye aircraft 1960-1971 and Joint Ice Center from 1970), visual and radar
aircraft observations (Russian 1950-1970, American 1960-1970, Norwegian 1963), ship observations and observations from land stations (Bjørnøya, Hopen, Isfjord
Radio and Jan Mayen since 1963). See ACSYS (2003) for further details. Up to ten
different ice types have been recorded each week, classified after their mean sea ice
concentration. Time series of the different ice types and more details can be found in
Kvingedal (2005). The sea ice data is now available in ArcView shapefile format at
the website http://acsys.npolar.no/ahica/gis.htm.
The BS ice area in this study is bounded by 85◦ N, 80◦ E and 20◦ E (Figure 1). The
ocean areas to the west of 20◦ E is referred to as the Nordic Seas.
Winter seasonal (DJF) means of total sea ice extent were constructed, where all
grid cells with a sea ice concentration greater than 15% were counted. The winter
anomaly time series was constructed by removing the 1967-2002 winter mean from
each winter.
b. Reanalysis
Monthly mean atmospheric fields, including near-surface air temperature (SAT)
and sea level pressure (MSLP), are the NCEP/NCAR reanalysis data provided by
the NOAA-CIRES Climate Diagnostics Center (Kalnay et al. 1996; Kistler et al.
2001) for the period 1967-2002. Winter seasonal (DJF) and composite means were
constructed based on these monthly fields.
c. Cyclone identification
An algorithm for feature tracking developed by Hodges (1994, 1995, 1996, 1999)
has been used to construct storm tracks from the NCEP/NCAR reanalysis data pro-
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F IG. 1. Map showing the area of study and the mean winter Barents Sea ice edge (gray). Also
shown are the mean ice edges for the sparse sea ice composite (light gray) and the extended
sea ice composite (dark gray).

vided by the NOAA-CIRES Climate Diagnostics Center (Kalnay et al. 1996; Kistler
et al. 2001). The 850 hPa relative vorticity is used instead of the more often used
mean sea level pressure (MSLP) because it is not an extrapolated field to any large
extent, and is influenced less by background flow than fields such as MSLP and
geopotential height (Anderson et al. 2003). It also focuses more on smaller scale
synoptic activity than these other fields with the advantage that a higher number of
storm trajectories can be identified (Hoskins and Hodges 2002). The relative vorticity at 850 hPa has been calculated from the 6-hourly wind-components for the whole
Northern Hemisphere for the wintertime (DJF) period 1948-2002. The retained fields
are searched for local extremes, which are the centers for positive vorticity anomalies
(cyclones) and the feature points for two consecutive time steps are linked together
using a nearest neighbor search. A cost-function based on track smoothness in terms
of changes in direction and speed (Hodges 1995, 1996) is calculated for each possible ensemble of trajectories. The calculation of the statistical diagnostic fields is
performed for the winter (DJF) season by the use of spherical nonparametric estimators from the ensembles of wintertime feature tracks (Hodges 1996) and gridded on a
equal-area grid. A more detailed description of the data set can be found in Sorteberg
et al. (2005) and references therein.
3. The wintertime Barents Sea ice extent
The time series of BS ice extent during winter shows that there are four distinct
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F IG. 2. Standardized Barents Sea winter ice extent during the 1967-2005 period (solid line)
and +/- 1 std dev (dashed lines). The time series is standardized by removal of its mean value,
thereafter divided by its standard deviation.

periods with above normal sea ice extent (Figure 2) and a decreasing trend of -3.5%
per decade. Sharp decreases in the extent between successive winters, such as 69-70,
82-83, 89-90 and 99-00 are followed by winters with less than normal sea ice extent.
Sharp increases, as between 78-79, 85-86 and 93-94 are followed by winters with
more than normal sea ice extent. Clearly, there are variations on both interannual and
decadal time scales and spectrum analysis indicates fairly strong variability around
the 8-year and 3-4 year periods. The largest deviations from the mean appear in
the first half of the 1967-2005 period, manifested in the 1979 winter maximum and
the sparse 1985 winter. Whereas the winter in 2003 had the largest sea ice extent
recorded in 21 years, there has never been recorded less ice in the BS than during
winter 2005.
4. The relationship between BS winter ice extent and MSLP
Regression analysis (Figure 3(a)) indicates that during winters with extensive BS
ice the MSLP is generally higher than during winters with sparse sea ice extent both
in the Nordic Seas and in the BS region. However, the structure is similar with a
low-pressure center south of Greenland (Icelandic Low) and a low-pressure tongue
stretching over the Nordic Seas and into the western part of the Barents region, where
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F IG. 3. Linear regression (a) and correlation (b) between wintertime BS ice extent and wintertime (DJF) MSLP anomalies. Unit of regression: hPa/STD. Calculations performed on the
1967-2002 period.

a secondary pressure minimum is centered. In addition to the MSLP being higher
during extensive sea ice years, the east-west pressure gradient in the Nordic Seas is
considerably weakened with the strongest increase in MSLP in the western part of the
domain (between Iceland and the eastern coast of Greenland). In addition the lowpressure center south of Greenland is shifted slightly south-westward. Maximum
correlation between the DJF BS ice extent and DJF MSLP is seen in over eastern
Greenland, Ellesemere and Baffin Islands, central southern Europe and surprisingly,
west of the Sea of Okhotsk (Figure 3(b)). This will be investigated in more detail in
section 6.
The MSLP anomalies during winters with extensive BS ice extent reveal higher
than normal MSLP over Greenland, hence a weakening of the westerlies. More locally in the Barents region this leads to southward anomalous geostrophic winds.
This cold northerly wind favors freezing due to both thermodynamic freezing at the
sea ice edge and due to breakup and divergence of ice leading to open water sea
ice formation. During sparse sea ice winters, the picture is somewhat reversed, and
a stronger east-west gradient in the MSLP anomalies (Figure 3(a)) favors southerly
geostrophic wind anomalies over the southern Nordic Seas. This may contribute to
increased inflow of warm Atlantic water into the Nordic Seas. Over the BS, advection
of warm and humid air, which disfavors freezing, will contribute to a reduced sea ice
extent by dynamically pushing the sea ice northward as well as by thermodynamical
effects.
The NAO accounts for more than one third of the total variance in winter SLP
in the North Atlantic and has had a pronounced place in the sea ice literature the
last decade. Thus, we calculate the correlation between the NAO-index and the BS
ice extent. The NAO-index used is the winter (DJF) mean difference of normalized
sea level pressure (SLP) between Ponta Delgada, Azores and Stykkisholmur, Iceland

8

JOURNAL OF CLIMATE

VOLUME TST-747

(Hurrell 1995). Table 1 summarize the correlations with the NAO-index and the more
hemispheric wide AO-index (Thompson and Wallace 1998). Neither the time series
of the raw NAO-index nor the AO-index correlate strongly with the winter BS ice
extent (-0.34 and -0.29 respectively). As the NAO/AO can be used as a measure of
the strength of the North Atlantic westerlies this indicates that the direct influence of
the North Atlantic westerlies on the BS ice is weak. An explanation of the relatively
weak correlations may be that the NAO/AO-index is less well suited for capturing
important meridional wind anomalies which may be important for the wintertime BS
ice extent.
Table 1. Correlations between DJF Barents Sea ice and DJF NAO and AO for the period
1967-2002. Data are filtered by using a third order Butterworth filter. Bold characters indicate
that the correlation is 95% confident using a Student’s t test.

Raw data
NAO
AO

-0.34
-0.29

Pearson’s correlation
3-year high-pass 7-year low-pass
filtered data
filtered data
-0.26
-0.60
-0.36
-0.51

Vinje (2001a) and Kwok (2000) found a stronger correlation between the April
sea ice extent and the winter NAO-index, indicating a lagged relation. More so Vinje
(2001a) pointed out that the correspondence between April BS ice extent and NAO
winter index during 1864-1996 had different strength during different subperiods.
The periods 1900-1935 and 1966-1996 excelled with the highest correlations, 0.56
and 0.63 respectively. In both these periods the NAO values were high and persistent for some years in contrast to the other two periods with smaller and more rapid
variations. It is therefore plausible to believe that the covariability may be stronger
on larger time scales. By applying a third order Butterworth filter on the time series
of BS winter ice extent, AO and NAO, the interannual and decadal (7-year low-pass
filter) variations was separated and investigated in further detail.
The decadal variability in the NAO correlates strongly (-0.60) with the decadal
BS winter ice extent. This confirms what Vinje (2001a) suggested, that the NAO
needs to be high and persistent for some years to significantly influence the ice in the
BS. A reason for this may be that a persistent NAO may exhibit a stronger influence
on the inflow of Atlantic water and heat transported by the ocean into the Nordic Seas
and further into the BS (Sorteberg et al. 2005). By removing the decadal variability in
the time series, the interannual correlation between BS ice extent and NAO becomes
insignificant (-0.26). The stronger correlation between AO and BS winter ice extent
on interannual time scale (-0.36) could indicate a more local and direct atmospheric
forcing due to the weakening/strengthening of the Arctic anticyclone connected to
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the AO, the mechanism here may be ice export out/in of Arctic (Rigor et al. 2002).
5. The relationship between BS winter ice extent and temperature
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F IG. 4. Linear regression (a) and correlation (b) between wintertime Barents Sea ice extent
and wintertime (DJF) 2m termperature anomalies. Unit of regression: ◦ C/STD. Calculations
performed on the 1967-2002 period.

The regression of DJF BS ice extent on DJF 2m temperature (SAT) anomalies
(Figure 4(a)) naturally shows large positive (negative) values in the Barents and
Nordic Seas during winters with sparse (extended) sea ice. In the BS the SAT anomalies exceed 3◦ C during winters with ice extent anomalies of -1 STD. This implies that
the sea ice edge to a large degree determines the local SAT. In the Labrador Sea the
signs of the anomalies are reversed. Outside these regions SAT anomalies exceeding
1◦ C followed by significant correlations (Figure 3(b)) are detected over the Beaufort Sea, over the Rocky mountains and in the Bering Sea, indicating that the BS ice
extent variability covary with circulation changes that are not only local. As a consequence of the lack of cross Bering Strait MSLP anomaly gradients during sparse
sea ice winters the SAT anomalies over the the Rocky mountains and Bering Sea are
much weaker than the anomalies during extensive BS ice extent. In this paper no
information is given on the sea ice in the Labrador and Bering Seas. However, the
MSLP and SAT anomalies related to the BS ice extent indicates a connection between
the ice extent in the BS area and the Labrador and Bering Sea ice extent. Thus, indirect information about the sea ice extent in these two regions can be found from the
SAT and MSLP maps. The dipole pattern in sea ice concentration anomalies between
the Labrador Sea and the Nordic and Barents Seas is well known (Walsh and Johnson
1979; Slonosky et al. 1997).
6. The relationship between BS winter ice extent and cyclone variability
The MSLP regression and correlation pinpoint the general MSLP structure that
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influences and covaries with the BS ice extent. However, this gives only limited
information on the actual atmospheric processes and timescales that are involved in
the variability. To shed some light on the role of cyclone formation and cyclone
track variability we have used a feature tracking method (see the Data and Methods
section) to calculate the wintertime (DJF) track genesis (where cyclone forms) and
track density (number of stormtracks).
Wintertime (DJF) linear correlation and regression (Figure 5) indicates areas of
changes in the DJF cyclone density during years of anomalous DJF BS ice cover.
There are especially four areas that seem to be related to the BS ice extent variability:
The southern Nordic Seas (NOR), western part of central Europe (EUR), south of
and the southern part of the Barents Sea (BS) and over the Sea of Okhotsk and East
Siberia (ES). See Figure 7 for the areas indicated.
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As a first approach to quantify the sum of the total cyclonic forcing variability on
the BS ice extent we estimate the BS ice variability using linear multiple regression
where the cyclone number variability in the four areas given in Figure 7 (Southern
Nordic Seas, Western Europe, Okhotsk Sea/East Siberia and south of the Barents
Sea) are taken as the predictors. As Table 2 indicates, all areas have cyclone activity
that covaries with the BS winter ice extent (three of them statistically significant).
The regression calculation indicates that 48% of the DJF BS ice extent variability
covaries with the DJF cyclone number variability in the four chosen areas.
To gain some insight into the short term influence of cyclones through the changes
in the wind patterns and the indirect influence of the cyclones, possibly through the
influence on long term ocean inflow variability to the Nordic Seas and the BS (Sorteberg et al. 2005), the BS winter ice extent variability is separated into an interannual
and a decadal (7 year low-pass filter) component using a third order Butterworth filter.
The linear multiple regression was calculated based on the filtered data.
Southern Barents Sea
Southern GIN Sea
Sea of Okotsk and Cherskiy Range
Western Europe

90oN
75oN
60oN
45oN
30oN
180oW

120oW

60oW

0o

60oE

120oE

180oW

F IG. 7. Chosen areas for correlation and multiple linear regression calculations. Southern Barents Sea (BS) area: 35◦ E-65◦ E and 60◦ N-75◦ N. Southern Nordic Seas (NOR) area:
55◦ W-15◦ W and 50◦ N-70◦ N. Western European (EUR) area: 15◦ W-20◦ E and 40◦ N-55◦ N.
Okhotsk Sea/East Siberia (ES) area: 140◦ E-180◦ E and 50◦ N-75◦ N.

a. Interannual cyclone and sea ice variability
By using the wintertime (DJF) number of cyclones in the four areas given in
Figure 7 as predictors, linear estimates of the interannual BS ice extent are calculated.
Figure 8 shows a scatter plot between these linear estimates and the observed DJF
BS ice extent variability. As much as 77% of the interannual variance in the BS ice
covaries with the cyclone number within the chosen areas. As indicated in Table 2,
most of the covariability can be attributed to the cyclone number variability in the
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Table 2. Correlations between DJF Barents Sea ice and DJF indices for the period 1967-2002.
Data are filtered by using a third order Butterworth filter. Bold characters indicate that the
correlation is 95% confident using a Student’s t test. Southern Barents Sea (BS) area: 35◦ E65◦ E and 60◦ N-75◦ N. Southern Nordic Seas (NOR) area: 55◦ W-15◦ W and 50◦ N-70◦ N.
Western European (EUR) area: 15◦ W-20◦ E and 40◦ N-55◦ N. Okhotsk Sea/East Siberia (ES)
area: 140◦ E-180◦ E and 50◦ N-75◦ N.

AREA

Raw data

NOR
EUR
BS
ES
NOR+EUR+ES+BS

-0.37
0.29
0.43
0.55
0.70

Pearson’s correlation
Interannual
Decadal
Decadal variability
variability variability & ice lag by 1 year
-0.16
-0.75
-0.93
0.28
0.68
0.86
0.43
0.53
0.36
0.74
0.48
0.15
0.88
0.87
0.97

Sea of Okhotsk/East Siberia area and to some extent to the area south of the BS.
The regression and linear correlations of cyclone genesis against the BS ice extent (Figure 6) indicates areas of significant changes in cyclone genesis during years
of anomalous BS ice cover. During years of extensive ice extent, a larger than average number of cyclones are generated north of the Cherskiy Range and Kolyma
Mountains in East Siberia, and over the Sea of Okhotsk, creating strong southerly
wind anomalies in the Bering Strait and into the Beaufort Sea. An investigation of
cyclone trajectories (not shown) shows that cyclones created in East Siberia travel
north-westward towards the Laptev Sea (Figure 5(a)), where they together with cyclone genesis in the Siberian Sea can explain the increased number of cyclones seen
in the Siberian Sea during extensive BS ice winters (Figure 5(a)). This increased
number of cyclones contribute to northerly wind anomalies in the Laptev Sea and
Barents Sea region (Figure 9(a)).
In addition to the changes in the genesis and tracks of East Siberian cyclones,
there are significant differences in the local BS cyclone genesis. Changes in cyclone
genesis east of the Carphatian mountains (Figure 6) and on the western side of the
Ural mountains are also clear. These genesis variabilities influence the number of
cyclones over the land areas south of the BS (Figure 5), which again significantly
covary with the BS winter ice (Table 2). Figure 9(b) indicates that an increased
number of cyclones in this area gives a cyclonic flow in the BS area with easterly
wind anomalies east of Novaya Zemlja and north-easterly anomalies east of Svalbard
which might favor more extensive BS ice cover. In addition the northerly anomalies
in the BS opening might give reduced inflow of Atlantic water into the BS which may
also contribute to the observed covariability.
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F IG. 8. Scatter plot of observed interannual Barents Sea winter ice extent versus the estimated
Barents Sea winter ice extend using cyclone number over the four areas given in Figure 7 as
predictors. The data was high-pass filtered using a Butterworth filter with a cutoff of 3 years
before a linear multiple regression was calculated.

b. Decadal cyclone and sea ice variability
In contrast to the interannual variability the decadal DJF variability in the BS
ice extent is related mainly to the decadal variability in the southern Nordic Seas
and western European cyclone numbers (Table 2). This relationship is particulary
pronounced when the decadal BS winter ice variability lags the cyclone number variability by one to two years. Using the decadal cyclone number variability over the
NOR, EUR, ES and BS areas (see Figure 7) with a one year lag (one year prior to
the ice variability) as predictors, the decadal cyclone variability explains 94% of the
decadal BS ice extent variability (Figure 11).
During extensive sea ice winters there is a reduction in the the number of Nordic
Seas cyclones (Figure 5(b)). Instead the cyclones follow a more southeasterly track
into western Europe. A reduced number of Nordic Seas cyclones and/or increased
number of European cyclones will both contribute to northeasterly wind anomalies
in the Nordic Seas (Figure 10). This again will influence the inflow of Atlantic water
into the Nordic Seas. The correlation analysis shows no relation between BS winter
ice extent and Nordic Seas and European cyclone numbers on interannual time scales
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F IG. 9. Composites showing the difference in wind direction (arrows) and speed (color)
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in the Okhotsk Sea/East Siberia area (a) and south of the Barents Sea (b). See Figure 7 for
the exact definitions of the areas.
90oN

90oN

84oN

84oN
1.5
1

o

78 N

1.5
1

o

78 N
0.5
0

o

72 N

0.5
0

o

72 N

−0.5
66oN

−1

−0.5
66oN

−1

−1.5
o

−1.5
o

60 N

60 N

25oW

0o

25oE

50oE

75oE

(a)

25oW

0o

25oE

50oE

75oE

(b)

F IG. 10. Composites showing the difference in wind direction (arrows) and speed (color)
between years with high (larger than 1 STD) and low (lower than -1 STD) cyclone numbers
in the southern Nordic Seas (a) and over western Europe (b). See Figure 7 for the exact
definitions of the areas.

(Table 2). The strong decadal covariability, with the ice lagging by one to two years
and the absence of interannual covariability, indicates that the cyclones in these areas
are mainly influencing the BS winter ice extent through its impact on the variability
in inflow of warm Atlantic water to the BS.
7. Discussion and conclusions
This investigation of the wintertime atmospheric forcing on the BS winter ice
extent aims to contribute to a better understanding of the actual processes acting on
the ice on different time scales. The sea ice data set used has at least two important
properties that makes it suitable for this study. The long period of data (1967-2002),
making decadal variability detectable and its high temporal resolution. By studying

M AY 2005

1.5

15

r=0.97

Ice Extent (STD)

1
0.5
0
−0.5
−1
−1.5

LOWPASS FILTERED BARENTS SEA ICE EXTENT
ESTIMATED BARENTS SEA ICE EXTENT
1975

1980

1985

1990

1995

Year

F IG. 11. Observed decadal Barents Sea winter ice extent and the estimated Barents Sea winter
ice extend using decadal variability in cyclone number over the four areas given in Figure 7
as predictors. The Barents Sea winter ice estimates are shifted by one year indicating that
the decadal Barents Sea winter ice extent is lagging the decadal cyclone variability by one
year. The data was low-pass filtered using a Butterworth filter with a cutoff of 7 years before
a linear multiple regression was calculated.

weekly ice maps, strong short term ice extent fluctuations are captured and accounted
for when the average wintertime ice extent is calculated.
Though the regression and linear correlation analysis do not give any insight into
the causal relationship between the BS winter ice extent and MSLP or cyclone track
variability, we suggest that on interannual timescales the BS winter ice variability
is strongly governed by the atmospheric large-scale circulation, which in turn influences the generation and tracks of the synoptic cyclones. We propose the following
synoptic mechanisms to be important for the interannual BS winter ice extent variability:
1. Large-scale circulation variability changes the generation of cyclones in the Sea
of Okhotsk and in East Siberia. This results in variability in the number of cyclones
traveling into the Siberian Sea, which influences the winds over the BS area which in
turn influences both the sea ice export and local production of ice. High production of
cyclones over the Sea of Okhotsk and in East Siberia favors south and south-westerly
wind anomalies over the Bering Strait and Beaufort Sea and northwesterly anomalies
bringing cold air over the Laptev and Barents Sea area. These changes favor ice export into the BS area. The wind anomalies are also favorable for local freezing both
due to thermodynamic freezing at the sea ice edge, and due to breakup and divergence of ice leading to open water sea ice formation.
2. The variation in cyclone genesis east of the Carphatian mountains and possibly on
the western side of the Ural mountains seems important for the number of cyclones
in the land areas south of the BS. The cyclonic wind anomalies, resulting from years
with increased number of cyclones in this area, might favor a more extensive BS ice
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cover both through a direct wind effect and through the reduction in inflow of Atlantic water to the BS.
3. A local positive feedback might add to this as a reduced BS winter ice extent
increases the BS cyclone genesis which would, if the cyclones stay in the BS area,
give northwesterly wind anomalies in the area of BS inflow and therefore increased
inflow of Atlantic water as proposed by Bengtsson et al. (2004). However, for the
time period investigated here, this positive feedback seems secondary to the strong
forcing given by the variability in cyclones in the Sea of Okhotsk and East Siberia
and south of the BS.
The decadal variability in the BS ice extent is strongly governed by the decadal
variability in the number of cyclones entering the Nordic Seas and western Europe,
with the ice extent lagging by one to two years. The decadal component of the cyclone variability in the two areas is significantly anti-correlated (57% of the variance
covary), making it difficult to discriminate between the separate influence of the two
areas.
The decadal variability of the Nordic Seas and European cyclone activity induces
wind anomalies in the North Atlantic and Nordic Seas. This mechanism is of great
importance for the decadal ice extent variations as it influences the heat transport in
the ocean in two ways:
1. The influence on the dynamics of the Nordic Seas ocean circulation through modulating the variability in the inflow of Atlantic water to the Nordic Seas, and in addition
the width and location of the Atlantic water.
2. Variability in the advection of warm air into the Nordic Seas which will modulate
the heat loss from the ocean and therefore be an important factor in determining the
amount of heat transported by the ocean into the BS area.
The first point is supported by several studies (eg. Nilsen et al. 2003; Zhang et al.
2004a) relating the volume and heat flow into the Nordic Seas to the NAO variability.
In addition Sorteberg et al. (2005) showed a strong influence of the DJF Nordic Seas
cyclonic activity on the wintertime volume net flow of Atlantic water into the Nordic
Seas. The relationship between the Atlantic inflow and the Nordic Seas cyclones was
most apparent during time periods where there was a significant decadal component
in the cyclone variability (after the 1970s), leading to a atmospheric forcing of the
same sign over several years. Two mechanisms were proposed which may contribute
to this (Sorteberg et al. 2005). The first being the general increase in the Nordic Seas
cyclone variability during this period, which could lead to a non-linear impact (the
wind stress is approximately proportional to the square of the wind speed) of the cyclone variability on the oceanic volume transports. This could make the covariability
between the variability in the cyclones and the oceanic volume transports more apparent during years with strong cyclone variability. The second effect might be that
a stronger persistence in the stormtrack due to increased variability on decadal scales
could impose a forcing of the same sign on the ocean for a longer period and therefore make the fast barotropic and slower baroclinic ocean adjustment work together
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during periods of strong decadal variability.
The inflow of heat into the Nordic Seas are closely related to Atlantic Water penetration further into the Arctic at the Fram Strait and through the BS (Karcher et al.
2003). During years of strong cyclonic activity in the Nordic Seas, the front between
the Polar waters to the west of the Nordic Seas and the Atlantic water to the east is
displaced towards the Norwegian Coast (Blindheim et al. 2000) as is the Atlantic water itself (Mork and Blindheim 2000). Due to topographical steering and a narrower
current more warmer Atlantic water will be transported into the Arctic Ocean and
model simulations indicate that the major part of the increased transport will occur
through the BS (Zhang et al. 1998), which may affect the decadal variations in the
BS winter ice extent.
It should however be noted that the origin of the heat anomalies traveling into
the BS region is still unclear. Some studies indicate no correlation between observed
SST anomalies in the North Atlantic (south of Iceland) and SST anomalies in the
Nordic Seas (Hansen and Bezdek 1996; Sutton and Allen 1997), suggesting that the
SST anomalies are either generated within the Nordic Seas or advected upwards from
deeper in the water column. Furevik (2000, 2001) conducted a detailed study of two
warm (first seen in 1982 and 1987) and one cold (first seen in 1984) SST anomaly
traveling northward along the Norwegian coast. The anomalies were seen in the
Scotland Faroe section (∼ 58◦ N) 1-2 years before they reached the BS entrance (the
Bjørnøya-Fugløya section, ∼ 71◦ N). This corresponds well with the strongest BS ice
extent anomalies in this periods happening 1-2 years after the beginning of this SST
events (1983-1985, 1986-1989 and 1991-1993), and supports our finding of a one to
two year lag between the cyclone decadal variability and the BS winter ice extent
variability.
Interestingly, the studies conclude that the ocean heat anomalies amplify along
the Norwegian coast. This support our second point that the atmospheric effect on
the ocean is not just the effect of increased southwesterly winds, and increased inflow
of water, but also advection of warmer air into the region which reduces the heat loss
from the northward traveling ocean heat anomalies.
It is uncertain whether the Atlantic ocean heat anomalies influence the decadal
variability of the cyclonic activity or not. Investigating the temporal covariance between monthly North Atlantic SSTs and 500 hPa geopotential height anomalies,
Czaja and Frankignoul (2002) found a possible positive feedback from the ocean
which might explain up to 15% of the monthly NAO variance. However, this result
may be an artifact of the persistence (winter-to-winter memory) in the NAO caused
by other, yet unknown, mechanisms.
The NAO index may be seen as an index containing information of variability in
sea level pressure on all spatial scales ranging from the planetary to synoptic and is
therefore closely linked to the Nordic Seas and western European cyclone variability. In the time period studied here the fraction of the decadal variance that covary
with the DJF index (Hurrell 1995) is 72% and 45%, respectively. Thus any findings
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related to the NAO inherently include some of the cyclone variability studied here.
However, even though the relationship between the wintertime NAO and the Nordic
Seas cyclones is fairly strong in the period studied here (1967-2002), it broke down
in the 1960s indicating that the DJF NAO index should be used with some caution as
a proxy for the Nordic Seas or western European cyclone variability (Sorteberg et al.
2005).
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INTERANNUAL AND LONG-TERM VARIABILITY OF SEA ICE
EXTENT IN THE GREENLAND SEA
BØRGE KVINGEDAL
Abstract. A century-long time series recording the maximum annual eastward extension of the Odden feature in the Greenland Sea is presented. The
extension is clearly connected to local winter (DJF) temperature, here represented by the surface air temperature at the Jan Mayen station (71◦ N, 8◦ W)
situated in the south-west corner of the Odden area (10◦ W-10◦ E, 70◦ N-76◦ N).
Both the temperature series (1921-2004) and the century-long ice time series
(1900-2004) show a clear decadal component, the correlation on a decadal
scale being -0.67. Correlation with the NAO is significant during parts of the
second half of the last century (1964-) but not during the first half. Based
on weekly sea ice concentration data, the Odden’s wintertime (DJFM) mean
extent was constructed for the period 1967-2005. Again, strong correlation
(-0.74) with the temperature at the Jan Mayen station is found. The correlation is even stronger on a decadal scale (-0.91). Correlation analysis with
atmospheric fields, provided by the ECMWF, identifies favorable conditions
for Odden sea ice growth. These conditions are shown to be strong cooling
in the Odden area, anomalous westerlies over the Greenland Plateau and an
anomalous southerly wind component along the East Greenland coast. These
conditions are favorable both to local freezing and advection of old ice into the
Odden area, transported by the East Greenland Current.

Introduction
The Greenland Sea is one of the few sites in the world where open-ocean deep
convection creates new deep water. This generation (Aagaard and Carmack, 1989)
and spreading of water thus ventilated contributes to the Nordic Seas’ dense water
flow into the North-Atlantic. After sinking and spreading across the Nordic Seas
the modified water mass eventually overflows the Greenland-Scotland sill where it
continues to sink and contributes to the formation of North Atlantic Deep Water.
The convection may in this manner have a profound effect on the thermohaline
circulation of the whole Atlantic Ocean.
Another conspicuous feature of the Greenland Sea is a tongue-like sea ice development with an areal coverage of up to more than 300.000 km2 . The ice tongue,
named Odden (Norwegian for headland), was first reported by Nansen (1906). The
Odden may appear as a bulge, a tongue or even an island centered between 70◦ N
and 76◦ N curving eastward sometimes as far 10◦ E.
Wadhams and Comiso (1999) specified two modes of formation appearance of
the Odden ice tongue. It normally forms locally as frazil-pancake ice. However,
another type of Odden may develop late in the season and is composed of old ice
advected firstly by the East Greenland Current and thereafter by the Jan Mayen
Current into the Odden area. In view of open-ocean convection it is of fundamental
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importance to distinguish between these two modes. The former mode allows high
positive salt fluxes during freezing that lead to open convection, while the latter
mode introduces more meltwater which stabilizes the water column and cuts off
convection.
During the period since about 1970, the convective activity in the Greenland
Sea has been reduced and even stopped in periods (Dickson et al., 1996). The last
significant renewal of Greenland Sea Deep Water by surface ventilation is thought to
have occurred in 1971 (Wadhams et al., 2002). This has resulted in a freshening of
the intermediate waters of the Nordic Seas (Blindheim et al., 2000) and a warming
of the deep waters (Østerhus and Gammelsrød, 1999).
One cause of reduction in deep water formation in the Greenland gyre is assumed
to be global warming (Hansen et al., 2001). The increase in air temperature reduces
the heat loss from the ocean and thermal convection slows down. Global warming
also leads to less local ice formation and the haline driven convection is reduced.
The influence of the Odden feature on the open-ocean convection is not fully
understood. Formation characteristics and the temporal and spatial variability of
Odden since 1978, the beginning of the satellite era, have been studied in great
detail (Comiso et al., 2001; Shuchman et al., 1998; Toudal, 1999; Wadhams et al.,
1996; Wadhams and Comiso, 1999). All studies shows a decrease in Odden sea ice
area, and frequency of occurrence.
In this paper we present two different time series of wintertime extent of the
Odden that also includes pre-satellite years. This enables us to discuss decadal
variability of the feature. Weekly sea ice charts from January 1967 to March 2004
are used to construct wintertime means of the Odden extent. Also presented are
sea ice data describing the maximum zonal extent of the Odden during the last
century, together with air temperature observations at Jan Mayen.
1. Data
1.1. Sea ice data
Weekly sea ice concentration data for the Greenland and Barents Seas have been
digitalized and gridded from sea ice charts by the Norwegian Meteorological Institute and the Norwegian Polar Institute. The ice charts are analyzed, quality controlled and mapped using several different data sources, such as satellite images, US
ice maps (Birds Eye aircraft 1960-1971 and Joint Ice Center from 1970), visual and
radar aircraft observations (Russian 1950-1970, American 1960-1970, Norwegian
1963-), ship observations and observations from land stations (Bjørnøya, Hopen,
Isfjord Radio and Jan Mayen since 1963, see ACSYS (2003) for further details).
Up to ten different ice types have been recorded each week since 1967, classified
after their mean sea ice concentration. Time series of the different ice types and
more details can be found in Kvingedal (2005). The sea ice data is available in
ArcView shapefile format at the website http://acsys.npolar.no/ahica/gis.htm.
The Odden area in the Greenland Sea is here defined to lie within 10◦ W-10◦ E and
◦
70 N-76◦ N (Figure 1). All sea ice with higher concentration than 15% is taken into
account. To describe the variability of Odden extent on interannual timescales, an
extended wintertime (DJFM) mean index, based on weekly sea ice concentrations
from 1967-2004 is constructed.
We also present a record long time series of maximum annual eastward extension,
inside the 70◦ N-76◦ N latitudes, of the Odden for the period 1900-2004. It was not
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Figure 1. Map of the Odden region with isobaths drawn every
500 meter.

possible to construct wintertime areal means for the early years during this period
due to sparse data coverage.
Much of the sea ice data prior to 1950 has been provided by sealers and whalers.
They mainly operated along the outer border of the marginal ice zone where they
reported ice concentrations from 30% to 60%. In particular, during the sailing era,
it is likely that ships tried to avoid ice concentrations greater than about 30%. Since
the advent of satellites the outer ice edge is generally defined as a concentration
greater than 10%. This means that the actual area defined as encompassing sea
ice during the time of ship observations is somewhat smaller than the area encompassing sea ice after the advent of satellites. The band of ice with concentrations
10%-30% has a typical width of 30 km. This can lead to an error when estimating
the outer edge of ice. This has not, however, been corrected for in this time series.
The accuracy in the positioning of the ice edge prior to the end of World War
II should also be considered. The longitude problem was solved with John Harrison’s invention of the chronometer in the 18th century. However, the latitude was
determined by measuring the height of celestial bodies at the time of culmination.
In the Arctic, persistent foggy conditions or low cloud cover often made it difficult
to find a celestial body to measure the height of culmination. It could take several
days or even weeks before an accurate observation could be made. After World
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War II technological developments such as Decca, Loran C and GPS have made
navigation at sea more or less independent of the weather conditions.
1.2. Atmospheric data
The atmospheric fields used, including near-surface air temperature (SAT), sea
level pressure (MSLP) and surface wind U- (U10) and V-components (V10) are
the 1.125◦ ×1.125◦ 6-hourly reanalysis data provided by the ECMWF (European
Center for Medium Range Weather Forecast) for the period 1966-2002. Winter
seasonal (DJF) means were constructed based on these 6-hourly fields.
Also presented is the observed winter mean air temperature at the Jan Mayen
station (71◦ N, 8◦ W) for the period 1921-2004.
2. Long-term variability of Odden
To represent the long-term variability of Odden we here present a time series of
maximum annual eastward extent of the Odden tongue for the period 1900-2004
(Figure 2(a)).
3
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Figure 2. a) Reversed and standardized maximum eastward extension of Odden (dashed) and standardized wintertime (DJF)
temperature at Jan Mayen station (71◦ N, 8◦ W) (solid). b) Same
as a) after applying a low-pass Butterworth filter with a cutoff of
7-years. The time series are standardized by removal of their mean
value, and thereafter divided by their standard deviations.
Based on the mean annual cycle for the period 1967-2004, the maximum extent
of sea ice in the Odden area normally occurs during the first half of March. Measurement of the ice prior to 1950 was normally done during April at the earliest,
the start of the hunting period for sealers. The maximum annual zonal ice extent
may therefore not have been recorded, hence the maximum extent may be underestimated. Reliable data for the winters in 1916, 1940, 1945 and 1946 are missing. In
other periods, e.g. the first decade of the last century, there were good conditions
for sealing in the Odden area. Therefore a lot of data is available for this period.
Air temperature observations from the Jan Mayen station (71◦ N, 8◦ W), located
in the south-west corner of our study area, is available for the period 1921-2004. To
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a certain degree the temperature seems to follow the reversed eastward propagation
of Odden (Figure 2(a)). The correlation for the 1921-2004 period is -0.52. Note
that in the following discussion of phase relationship to the Odden propagation, we
consequently refer to the reversed Odden series. The correlation coefficients, however, refer to the non-reversed Odden series, hence the minus sign. Co-variability
is better represented in figures this way, and phase relationship is discussed along
with the figures.
During the cold period in the second half of the 1960s, the Odden was at its
largest and most persistent. However, in milder years, as 1982 and 1997, the Odden
reached the same easterly longitudes (9-10◦ E). This may indicate that there exists
an easterly limit for the Odden zonal extent. Such a limit could be marked by the
warm westerly branch of the Norwegian Atlantic Current.
No clear century-long trend in maximum annual zonal Odden propagation is
observed in the data. However, since the late 1960s there has been a dramatic
reduction. A similar reduction during this period is observed in the wintertime
mean Odden extent time series described later. The two time series, wintertime
mean and maximum extent, correlate well (0.75) during the period 1967-2004, thus
the maximum eastward extent is a fairly good measure of the general wintertime
sea ice extent in the Odden area during these years. This implies that the Odden
seldom comes as a single feature during one winter, as this would lead to poor
correlation with wintertime mean area. Instead it may indicate that some kind of
winter precondition is needed for Odden growth. Such a precondition could be cold
and fresh surface water provided by the Jan Mayen Current.
The temperature measurements at Jan Mayen along with the ice record, indicate
that the Odden may have been a relatively small feature prior to the strong Odden
years in the 1960s. This is supported by manual inspection of sea ice charts. In most
of the detailed ice charts from the first decade of the last century, the maximum
eastward extension of the ice did not have the characteristics of Odden as we know
it. The general wintertime sea ice edge in the Greenland Sea was much farther
off the coast during most of the years in the first half of the last century than
observed at anytime since. The record-long time series of maximum eastward Odden
propagation should therefore not be used as a proxy for Greenland and Iceland
wintertime sea ice extent. Taking into account the difference in ice edge definition
prior to and after 1950 and the fact that observations prior to 1950 were taken
somewhat later in spring, we suggest that the long-term trend in winter sea ice
extent during the last century is negative. Whereas the relative strength of the
Odden feature, on the other hand, may have increased.
By studying the figure 2(a) it is hard to detect any periodicity in the time
series. Spectrum analysis of the ice series, however, reveals two peaks in the period
spectrum, 65 years and 9-12 years. The 65-years period forms due to the maximum
extent in the 1900s and in the 1960s, but a longer time series is needed to discuss
such long periodicity.
By applying a third order Butterworth filter (7-year low-pass), the variability
on decadal time scales can be investigated in further detail. Figure 2(b) shows the
filtered time series.
The same low-pass filter has been applied to the NAO-index (Hurrell, 1995), and
the AO-index (Thompson and Wallace, 1998). In table 1 correlation with the air
temperature at Jan Mayen, NAO and AO are shown. Before filtering the ice index,
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missing values in 1916, 1940, 1945 and 1946 were filled with interpolated values from
nearest neighbor points. By filtering, the interannual variability is removed and
the correlation between air temperature at Jan Mayen and the Odden propagation
increases to -0.67. As figure 2(b) also indicates, the decadal co-variability seem to
be strongest during the last 40 years, when a strong in-phase oscillation dominates.
This is supported by the higher correlation (-0.54) for the 1964-2004 period using
unfiltered data compared to a correlation coefficient of -0.31 during the early 19211963 period.
Table 1. Correlations between the maximum annual eastward extent of Odden and the winter (DJF) air temperature at Jan Mayen
(1921-2004), NAO (1900-2004) and AO (1900-2004). The decadal
components are found by using a third order Butterworth 7-year
low-pass filter on the time series. Bold characters indicate that the
correlation is 95% confident using a Student’s t test.

Jan Mayen Temperature
NAO
AO

Raw data
-0.52
-0.22
-0.16

Pearson’s correlation
1964-2004 Decadal component
-0.54
-0.67
-0.35
-0.1
-0.32
-0.1

Correlations with the two atmospheric circulation indices NAO and AO are not
strong, and only the NAO correlation is significantly different from zero during the
1900-2004 period. Further examination of the co-variability indicates that correlation with the NAO and AO are strongest during the second half of the last century,
and in particular in the period 1964-2004. This could be connected to the hypothesized increase in relative strength of the Odden feature during the last 40 years.
The decadal variability in the Odden ice time series seems to be in phase with the
decadal NAO in the second half of the last century (Figure 3(b)). In the first half,
however, no relationship is found as clearly can be seen from figure 3(a). In some
years, as the first fifteen years of the time series, the NAO and Odden eastward
propagation even showed an out-of-phase relationship.
3. Interannual variability of Odden
3.1. Winter Odden extent, 1967-2005
Wintertime mean extent, based on weekly ice charts for the months December,
January, February and March, were constructed and the time series for the 19672005 period is shown in figure 4. There is a clear strong downward trend in the
time series during the period. Linear least square regression reveals a 20% per
decade reduction in winter mean Odden extent. A decadal oscillation seems to
characterize the Odden feature, with large extents of ice recorded in the second
half of each decade, only disrupted by the peak in 1982. This is supported by the
significant peak around the 9-10 year period which was found by spectral analysis.
The fact that the time series started in the second half of the 1960s and ends in
2005, which could be a decadal low, contributes strongly to the dramatic negative
long-term trend.
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The winters 1967-1968, 1968-1969, 1969-1970 stand out as the strongest Odden
years during the 39-year period. Ice growth started early in December and the ice
was persistent until the middle of April. Early and significant growth also occured
in the relatively strong Odden winters 1987-1988 and 1988-1989, however, several
melt-back and re-freezing events confined the winter mean extent. In the late 1970s
and late 1990s the ice growth started relatively late. Despite the late freezing the
ice grew to substantial amounts in the late 1970s due to strong persistence. In 1996
the Odden feature developed too late in the season to significantly influence the
winter mean extent.
The sparse Odden sea ice winters normally appear during the first half of the
decades. In these years the ice growth, if any, occurs later in the season. In all the
winters 1971-1972, 1973-1974, 1982-1983, 1984-1985, 1990-1991, 1991-1992, 19951996 and 2003-2004 the Odden started to grow in February at earliest. Winters
when the Odden completely fails to form were 1983-1984, 1993-1994, 1994-1995,
1998-1999, 1999-2000 and 2001-2002.
The suggested decadal variability in winter sea ice extent in the Odden area
strengthens the belief that the dominant signal in the Arctic and subarctic has a
decadal timescale (Mysak et al., 1990; Slonosky et al., 1997; Deser and Blackmon,
1993; Mysak and Venegas, 1998). In the previous section it was shown that extensive sea ice coverage in the Odden area was related to cold winter air temperatures
at Jan Mayen Island (Figure 2(b)). The relationship was strongest during the last
part of the 105 year long period.
To further investigate the relationship, we perform a correlation analysis of the
winter mean Odden extent (Figure 4) with the winter (DJF) air temperature at
Jan Mayen, NAO and AO for the period from 1967-2004 (Table 2).
Table 2. Correlations between the wintertime (DJFM) Odden
extent and the winter (DJF) air temperature at Jan Mayen, NAO
and AO. Correlations between Jan Mayen temperature and AO
and NAO area also shown. The decadal components are found by
using a third order Butterworth 7-year low-pass filter on the time
series. Bold characters (all) indicate that the correlation is 95%
confident using a Student’s t test.

Jan Mayen temp.
NAO
AO

Raw data
-0.74
-0.36
-0.38

Pearson’s correlation
Ice lag by 1-year Decadal component
-0.31
-0.91
-0.46
-0.62
-0.40
-0.62

There is clearly a strong relationship between the air temperature and the ice
extent, but the causality is uncertain. Large ice extent may be forced by low
temperatures, but on the other hand, the air temperature may sink due to the
suppressed heat flux from the ice covered ocean. The lead-lag correlation analysis
yields the strongest correlation when the ice extent lags the air temperature by one
year. The atmosphere and temperature fields can therefore be interpreted as the
driving mechanisms, whereas the feedback on the atmosphere from the ice/ocean
is secondary.
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The correlation analysis with the NAO and AO reveals some interesting findings.
A modest -0.36, but significant, year-to-year correlation with the NAO increases to
-0.46 as the ice lags by one year. A similar, but somewhat smaller, increase is also
found in the correlation with the AO.
Firstly, positive values of the NAO and AO index are connected with anomalously
low pressure across the Arctic and higher than normal pressure south of 55◦ N. Such
a pattern produces stronger surface westerlies across the middle latitudes of the
Atlantic onto Europe, and anomalous northerly flow over Greenland.
Secondly, the significant one-year lag to the NAO indicates that the previous
winter atmospheric conditions may play a role in determining Odden winter extent.
Kvingedal and Sorteberg (2005) found significant correlation between the NAO
and one-year and two-year lagged winter sea ice extent in the Barents Sea. They
suggested that the lagged impact on ice was due to the variability in inflow of
warm Atlantic water to the Barents Sea. This variability is largely related to NAO
variability (Nilsen et al., 2003; Zhang et al., 2004). Heat anomalies in the inflow
between the Faroe Island and Scotland may well have a transport time of 1-2 years
before reaching the Barents Sea (Furevik, 2000, 2001), hence the lag.
The western branch of the Norwegian Atlantic Current may transport heat anomalies generated by variability in the Atlantic inflow into the Odden area. Therefore,
such an advective ocean current mechanism may well also explain the one-year lag
found between NAO and Odden winter sea ice extent. SST anomalies will have a
shorter transport time into the Odden area than into the Barents Sea, hence the
shorter lag.
The relationship between the NAO and ice conditions in the Odden area and
the Barents Sea thus indicates some connections in the ice extent variability in the
two areas. Correlation between the winter sea ice extent in the two areas is 0.59.
There is, interestingly, significant correlation (0.38) between Barents Sea ice extent
and Odden ice extent with a lag of one year, which complies well with the previous
discussion. Mysak and Venegas (1998) report of a clockwise propagating signal
in sea ice concentration anomalies around the Arctic with an approximate 10-year
cycle. The finding of a one-year lead in Barents Sea ice winter extent to winter ice
in the Odden area supports this, and the NAO may play an important role in this
large scale circulation pattern.
3.2. Atmospheric forcing
As the correlation between air temperature at Jan Mayen and NAO indicates,
the atmospheric conditions during sparse and extensive Odden sea ice winters
clearly differ from each other. With the purpose of detecting areas with strong
co-variability with Odden ice coverage, we correlate the Odden winter sea ice extent with different atmospheric winter anomaly parameters. This might help us to
identify the driving mechanisms of the interannual variability of Odden winter sea
ice coverage.
Figure 5(a) shows that the Odden sea ice cover is positively correlated with
pressure anomalies over the Denmark Strait and Irminger, Iceland and Greenland
Seas. Thus a clockwise anomalous rotation is centered around the point of maximum correlation when ice cover in Odden is extensive. This gives rise to anomalous
southerly flow over Greenland, north-easterly flow in the Nordic Seas and a weakening of the westerlies. The circulation is similar, in many ways, to the negative
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Figure 5. Linear correlation (a,c) and regression (b,d) between
winter Odden sea ice extent and MSLP anomalies (upper panel)
and SAT anomalies (lower panel). Unit of regression is respectively
hPa/STD and ◦ C/STD. Calculations based on the 1967-2002 winter (DJF) period.

NAO phase. During sparse Odden sea ice winters the mean sea-level pressure is
anomalously lower, maybe due to the increased heat flux and buoyant air movement
over open ocean. The regression map (Figure 5(b)) indicates a decrease in MSLP
of 4 hPa when there is one standard deviation less ice extent than normal. The
correlation map (Figure 5(a)) suggest co-variability with MSLP over East Siberia
and the Bering Strait. Even though the correlation is strong, the size of the MSLP
anomalies are less than over the East Greenland coast. The anomalous circulation

VARIABILITY OF SEA ICE EXTENT IN THE GREENLAND SEA

11

near the Bering Strait will give rise to southerly winds during extensive Odden
years. This may lead to the co-variability in the Bering Strait between SAT and
Odden sea ice extent (Figure 5(c)). The strongest correlation with the surface air
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Figure 6. Linear correlation (a,c) and regression (b,d) between
winter Odden sea ice extent and U-wind component anomalies (upper panel) and V-wind component anomalies (lower panel). Unit
of regression is ms−1 /STD Calculations based on the 1967-2002
winter (DJF) period.
temperature occurs in the middle of the defined Odden area (Figure 5(d)). The high
correlation (-0.79), clearly indicates a strong relationship between local temperature
and Odden ice extent. Wadhams and Comiso (1999) reported of two distinguished
modes of Odden ice tongue appearance. The most frequent one forms locally inside
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the Odden area during winter. The other mode is composed of old ice advected
firstly by the East Greenland Current and thereafter by the Jan Mayen Current.
The high correlation with the air temperature is consistent with both modes. The
local-freezed mode would understandably need low air temperatures, whereas the
advected mode would cut the ocean-air heat flux, and lower the air temperature
that way.
The large cooling during extensive Odden winters in the Barents Sea is connected
to the anomalous northerly winds and the sea ice variability in this area (Kvingedal
and Sorteberg, 2005). The Labrador Sea-Nordic Seas seesaw in SAT is well known
and largely connected to NAO variability.
The U-wind component inside the Odden area does not correlate significantly
with the ice extent (Figure 6(a)). However, westerly anomalies over Greenland are
strongly and positively correlated with the ice extent. This indicates that advection
of cold air masses from the Greenland plateau plays a vital role in forming large
Odden ice cover. The Odden index is also largely negatively correlated to the
strength of the westerlies, especially near the southern tip of Greenland (6(b)). On
the west (east) side of this tip there are anomalous northerly (southerly) winds
during extensive Odden winters (Figure 6(d)).
The local V-wind component, as with the U-component, does not correlate significantly with the Odden ice extent (Figure 6(c)). Thus to use wind measurements
at the Jan Mayen to explain interannual variability in the Odden ice extent may be
ineffectual. This has been attempted by Comiso et al. (2001) who did not find any
apparent relationships with the interannual variability of the size of the Odden.
Along the East coast of Greenland however, anomalies in the V-wind component
correlate significantly with the Odden ice cover. Southerly wind anomalies should
not be misinterpreted as southerly winds, but should be regarded as a weakening
in the prevailing northerly winds in the area. A weakening of the northerlies will
lead to less Ekman transport of the ice towards the East coast of Greenland. Thus
the weakening of the northerlies favors large ice extent in the Odden area. The
prevailing northerlies in the area may also contribute to breaking up the thin ice
formed locally in the Odden area, if they get too strong.

4. Summary and concluding remarks
Sea ice data from the historical ice charts archive (ACSYS, 2003) have been
used to investigate long-term and interannual variations of the Odden feature in
the Greenland Sea. Manual inspection of the ice charts indicates that the Odden
feature, as observed in satellite images since the late 1970s, may have been a smaller
feature in the first half of the last century. Instead of being a tongue or bulge
stretching eastward from the East coast of Greenland, the sea ice edge in general
was farther off coast in the Greenland Sea. Hence, the relative importance and size
of the Odden feature in the Greenland Sea was smaller during these years. This
is supported by the result that the local temperature at the Jan Mayen station
(71◦ N, 8◦ W) is more strongly linked to the Odden feature in the second half of the
century.
The Odden feature shows a clear decadal component and adds to the general
agreement that the dominant signal of variability in the Arctic has a decadal
timescale (e.g. Slonosky et al., 1997; Mysak and Venegas, 1998).
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The correlation with the AO and NAO is shown not to be stationary, hence
using these indices as proxy should be done with care. During the second half of
the century the correlation with both indices is fairly good and significant.
The wintertime (DJFM) mean Odden extent reveals a large negative trend of
about 20% per decade. The time series starts at a decadal high, and ends at a
decadal low, hence the time period studied strongly influences the trend. Nevertheless, the decadal highs in late 1960s, 1970s, 1980s and 1990s clearly show a
significant negative trend. At the same time the surface air temperature at the Jan
Mayen station has increased substantially. The correlation for the period 1967-2004
was -0.74.
Correlation with the NAO-index was found to be strongest when the ice-extent
lagged by one year. This indicates that previous winter conditions in some way
influence the Odden extent. This may be due to oceanographic effects controlled
by the NAO’s ability to modify the inflow of Atlantic water into the Nordic Seas.
Atmospheric fields of surface air temperature, surface winds and mean sea-level
pressure, provided by the ECMWF, were investigated in an attempt to identify
areas and components that may influence the Odden feature. In particularly three
factors seemed important for Odden variability.
(1) The temperature in the Odden area is the most strongly coupled factor.
The causality is questionable, but it is believed that the warming trend in
the temperature is the main reason for the decreasing Odden extent.
(2) Surface winds over the Greenland Plateau are shown to be anomalously
eastward during extensive ice winters. Cold arctic air is advected over the
Odden area.
(3) Along the east coast of Greenland anomalous southerly winds prevail during
extensive Odden years. This favors anomalous Ekman transport of old ice
of Arctic origin transported by the East Greenland Current into the Odden
area.
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