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European snow cover extent variability and associations
with atmospheric forcings
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ABSTRACT: Snow cover in Europe represents an important component of the region’s climatic system. Variability in
snow cover extent can have major implications on factors such as low-level atmospheric temperatures, soil temperatures,
soil moisture, stream discharge, and energy allocation involved in the warming and melting of the snowpack. The majority
of studies investigating Northern Hemisphere snow cover identify European snow cover extent as a portion of the Eurasian
record, possibly masking complexities of this subset. This study explores the variability of European snow cover extent
from 1967–2007, with the region in question including the area of Europe extending eastward to the Ural Mountains
(60 °E). Using the 89 × 89 gridded National Oceanic and Atmospheric Administration (NOAA) Northern Hemisphere
weekly satellite snow cover product, area estimates of seasonal snow cover were calculated, and their relationship to
gridded temperature, precipitation, and sea-level pressure data analysed. The spatial variability of snow cover extent
was also explored using geographical information systems (GIS). The combined results from both surface temperature
and precipitation analyses point towards snow cover extent in Europe being primarily temperature dependent. Atmospheric
variables associated with extremes in snow cover extent were investigated. Large (small) European snow extent is associated
with negative (positive) 850 hPa zonal wind anomalies, negative (positive) European 1000–500 hPa thickness anomalies,
and generally positive (negative) Northern European precipitation anomalies. Sea-level pressure and 500 hPa results indicate
strong associations between large (small) snow cover seasons and the negative (positive) phase of the North Atlantic
Oscillation. Copyright © 2009 Royal Meteorological Society
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1. Introduction

1.1. The significance of snow cover

The presence of snow cover in the Northern Hemisphere
represents an important component of the global climatic
system. Fresh snow affects the energy balance of a region
by increasing surface albedo and thermal emissivity
(Wagner, 1973; Robinson and Kukla, 1984; Walland
and Simmonds, 1997). Snow also acts as a thermal
insulator due to its low thermal conductivity resulting
in decreased sensible heat flux from the ground into
the lower atmosphere in the presence of snow cover.
Moreover, energy allocation involved with the warming
and melting of the snowpack serves as a sink for
latent heat (Cohen and Rind, 1991). All of these factors
make snow cover a major factor in modulating climatic
variability and change (Scialdone and Robock, 1987).
Snow cover also plays a key role in the hydrologic
cycle by acting as the frozen storage term in the
water balance (Derksen and LeDrew, 2000), thereby
directly affecting human and economic activities. For
these reasons, variability in snow cover extent is of great
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significance for any region with snow present in the
seasonal cycle.

Snow cover variability is linked with atmospheric
circulation patterns, with changes in circulation regimes
contributing to anomalous snow cover. Alternatively,
large snow covered areas can cause adiabatic cooling
of overlying air leading to geopotential height anomalies
(Walsh et al., 1982), consequently altering upper level
trough and ridge location. Thus, the anomalous snow
cover may produce a feedback type situation leading to
changes in characteristic atmospheric circulation patterns
(Namias, 1978).

Northern Hemisphere snow cover extent has been
studied across many spatial scales and in diverse con-
texts. Continental-scale studies have been carried out
for North America and Eurasia (Leathers and Robin-
son, 1993; Wantanabe and Nitta, 1998; Clark et al.,
1999; Cohen and Entekhabi, 1999), with some local-
ized investigations taking place for smaller, regional
areas. However, European snow cover extent has rarely
been focused upon independent of Eurasia, despite its
record of large seasonal and interannual variability. Com-
prehensive knowledge of snow cover extent variability
throughout Europe could have implications for those
interested in the region’s climate, hydrology, and eco-
nomic activity.
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Numerous industries operating throughout Europe can
be directly or indirectly linked to the region’s snow cover.
Tourism associated with snow conditions in the Alps or
winter weather in Northern Mediterranean countries are
directly influenced by the region’s cold season climate.
Availability and storage of water in snowpack and spring
runoff have major implications for agriculture and stream
flow across the continent. Throughout Scandinavia, pro-
duction of hydroelectric power, that accounts for more
than 99% of Norway’s electricity in particular, is greatly
dependent on peak flow in summer associated with high
elevation snowmelt. For reasons such as those briefly
mentioned above, research on European snow cover vari-
ability is a necessary and important endeavor.

1.2. The present study
The purpose of this study is to produce climatology of
European snow cover extent variability from a Northern
Hemisphere satellite snow cover dataset. Numerous sub-
continental scale studies of European snow cover have
been carried out with relationships between snow cover
variability and phase of the North Atlantic Oscillation
(hereafter called the NAO) pattern being a persistent
theme. This study considers the area of Europe west of
the Ural Mountains and is unique as areas of ‘active’
snow cover (Clark et al., 1999; Frei et al., 1999) are
present throughout 65% of the region. Analysis of snow
cover using the satellite dataset has been conducted
on both hemispheric and continental scales previously;
however, the area of Europe west of the Ural Mountains
has never been isolated for intense investigation. The
period from 1967 to 2007 is included in this study.
Relationships between several climatic variables and
snow cover are explored in order to gain a greater
understanding of the factors contributing to variability
in the snow cover record and the role of snow in the cold
season climate of Europe as a whole.

1.3. Previous research
Studies exploring snow cover variability and extent have
been conducted throughout the Northern Hemisphere on
various scales. The scales of previous studies have been
intrinsically dependent on the accuracy and temporal
extent of the data available. To date, the two core data
types used in the field of snow cover analysis have been
those of in situ, or station data, and remotely sensed
data. Some of the earliest in situ studies used daily snow
cover and depth measurements, the resulting information
being averaged to create weekly and monthly snow areas.
Advantages associated with in situ data include the detail
in which observations are recorded and the historical
nature of the record available, in some cases dating back
to before the turn of the 20th century (Brown and Braaten,
1998). The main disadvantages of such measurements
include: subjective interpretation of spatial snow cover
extents due to varying station distribution, topography,
and local factors – leading to inaccurate representations
of snow cover extent throughout study regions and
missing data (Brown, 2000).

Variability of snow cover throughout Europe has been
explored on sub-continental scales using various data
types and periods of record. Few significant correlations
with atmospheric modes and great secular variability
were found using station data in the mountainous regions
of Bulgaria (Brown and Petkova, 2007). Snow cover
changes were found to be associated with atmospheric
circulation variations in the work of Falarz (2004)
and Bednorz (2004) for Poland and Eastern Europe,
respectively. Negative correlation between snow cover
duration and the NAO was found over Poland (Falarz,
2004), while a similar relationship between snow cover
and the NAO was found to be statistically significant over
Central Europe, with correlation values decreasing to the
east (Bednorz, 2004).

Snow cover variability over the Swiss Alps has also
been linked with the NAO. Large scale forcings and not
local or regional factors were found to play a dominant
role influencing the amount and timing of snow in the
Alps, while the atmospheric pressure of the region was
strongly correlated with anomalies of the NAO (Beniston,
1997). In the same region, Laternser and Schneebeli
(2003), found persistent negative correlations between
snowy winters and the NAO, and subsequent positive
relationships between warm winters and the NAO.

The use of satellite data for snow cover extent analysis
has become more prevalent as the quality and quantity
of remotely sensed snow data have improved (Matson
and Wiesnet, 1981; Dewey and Heim, 1982; Robinson
et al., 1993). This method of data acquisition allows
consistent collection standards and has large-scale spatial
capabilities. The primary disadvantage of satellite records
is the relatively short temporal period of record, as most
data sets are brief and suffer from inaccuracies in the
beginning stages of acquisition as sensing techniques
were being refined.

In considering the variability of snow cover extent, it
seems reasonable to consider atmospheric factors which
can affect snow cover depth, extent, and persistence
on various temporal and spatial scales. Atmospheric
circulation patterns and surface air temperature (SAT) are
two such fundamental factors which were considered in
several previous studies. For example, the Pacific North
American (PNA) teleconnection pattern was found to
be the most influential atmospheric circulation pattern
influencing variations in snow cover over western North
America (Gutzler and Rosen, 1992). Other circulation
modes and the role of synoptic activity and temperature
on Eurasian winter snow cover variability have also
been considered (Clark et al., 1999). The NAO, the
Eurasian Type 1 (EU1), and the Siberian pattern (SIB)
were three different telelconnections which emerged as
significant in snow cover variability across the entire
Eurasian continent (Clark et al., 1999). In a similar
study over North America, Frei et al. (1999) found that
a 20–30° longitudinal shift to the west, of the mean
North American ridge, led to substantial positive snow
cover anomalies over western regions of the continent.
Over eastern North America, snow cover variability was
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associated with a bipolar oscillation in 500 hPa heights
between southern Greenland and the mid-latitude North
Atlantic. Relationships between large-scale atmospheric
conditions and anomalous North American snow cover
and rapid accumulation/ablation events have also been
considered (Leathers and Robinson, 1997; Leathers et al.,
2002). Bamzai (2003) presented evidence of an inverse
relationship between the Arctic Oscillation (AO) index
and concurrent and subsequent Northern Hemispheric,
Eurasian, and North American snow extents. Snow extent
composite anomalies between highly positive versus
negative AO values were greatest over western Eurasia
and northeastern North America (e.g. see Bamzai, 2003,
Figure 5). These examples suggest that, large-scale snow
cover on both continents show strong associations with
hemispheric-scale circulation anomalies.

SAT associations with snow cover have been stud-
ied on various temporal and spatial scales, including
direct temporal associations and indirect or lagged rela-
tionships. Autumn snow cover relationships with winter
temperature have been considered on continental scales
with results inferring extreme cold winter temperatures in
cases of positive autumn snow anomalies (Foster et al.,
1983). Cotemporaneous temperature/snow cover associ-
ations have been investigated over North America; how-
ever, these relationships tend to be complex due to com-
plicating atmospheric conditions (Leathers and Robinson,
1993). Anomalous positive (negative) snow cover and
negative (positive) temperature anomalies were found to
coincide in several studies (Foster et al., 1983; Cohen and
Rind, 1991; Groisman et al., 1994; Leathers et al., 1995;
Hantel et al., 2000). In a study considering only Europe,
the influence of snow cover upon subsequent spring and
summer temperatures was investigated (Chaoimh, 1998).
Three regions with significant correlation between max-
imum winter snow extent and temperature were found.
April temperatures were most strongly associated with
maximum snow cover extent throughout Central Europe,
while anomalous July temperatures correlated strongly
with Eastern Europe snow extent. Only weak associa-
tions between temperature and snow cover were found
across Northwest Europe.

2. Data and Methods

2.1. Snow cover data

The snow cover extent data used in this study were
extracted from the NOAA Northern Hemisphere snow
cover product. This dataset is unique as it dates back
to 1966 and is the only such hemispheric snow cover
product available, using human interpretation of visible
satellite imagery. The resolution of the primary satellite
imagery used to generate this product has improved
significantly over the years from 4 km2 in 1966, to the
current 1.1 km2. This development has been possible due
to the launch of the VHRR satellite in 1972 and various
AVHRR satellites since 1978.

With this increased resolution has come greater accu-
racy in snow cover area estimation. In early years, over-
estimation or underestimation of snow cover extent was
likely more common, as under certain physical condi-
tions visible imagery snow cover detection techniques
were limited. Estimations were most reliable under con-
ditions including, clear skies, low solar zenith angles with
high illumination, and slowly changing or stable snow
cover extent. Because of this last factor, underestima-
tions during the autumn may have been considerable, as
areas located close to the snowline tend to display great
variability in snow coverage during this season (Robin-
son et al., 1993). Autumn cloud cover also impeded the
frequency of observing the surface using visible satellite
imagery.

From visible images of the Northern Hemisphere,
weekly digitized maps were produced using the National
Meteorological Center limited-area fine mesh (LFM)
grid. This is a 128 × 128 Northern Hemisphere grid with
cell size ranging from 16,000–42,000 km2 (Figure 1).
Given the latitudinal limit on snow cover, a subset
89 × 89 grid is extracted for snow cover monitoring.
This grid is laid over a polar stereographic projection
of the hemisphere. Daily satellite images are analysed for
snow cover area, with an LFM grid box being considered
snow-covered if 50% or more of its area is occupied
by snow. These binary data are then converted into an
area calculation for the day and aggregated to a weekly
product.

Reanalysis of the early year maps (1967 to 1971)
has been carried out by the Rutgers Global Snow Lab
(http://climate.rutgers.edu/snowcover/). For this period
weekly maps were produced by mapping snow cover
once a week, beginning with the most recent images
and moving back in time through the weeks until all
continental areas were mapped. Should clouds persist
for the entire week in a given area, the last week’s
snow extent is used to depict that coverage. Beginning
in June 1999, Interactive Multisensor Snow and Ice
Mapping System (IMS) snow mapping began, involving
the generation of daily maps. Weekly product maps are
now generated by taking the map of the last day of
the week and reducing the higher resolution digitized
product to the 89 × 89 resolution of the earlier maps by
accepting the latter cells as snow covered if at least 39%
of the land cells in a given coarse cell are snow covered.
Using a revised land mask and additional station reports
from the United States, Canada, China, and the former
Soviet Union, weekly hemispheric snow extent maps are
produced for the Northern Hemisphere.

2.2. Other climate and atmospheric data

Monthly mean sea-level pressure (SLP), SAT and pre-
cipitation rate (PR) data were obtained from the National
Center for Environmental Prediction (NCEP) reanalysis
dataset (Kalnay et al., 1996). This data is available on
a 2.5° latitude by 2.5° longitude grid for the Northern
and Southern Hemispheres. Data were extracted for the
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Figure 1. European study area showing the center of NOAA Northern Hemisphere Snow Cover data set. Total land area in study region
∼12.04 million km2.

region from 130 °W to 70 °E longitude and 15°N to 70°N
latitude. All reanalysis data used are available for the
entire period of the snow cover extent data (Kalnay et al.,
1996).

The area of Europe being considered consists of
Western Europe, with the eastern boundary denoted by
the approximate location of the Ural Mountains at 60 °E
longitude. The associated snow cover extent data for
this region were extracted from the Northern Hemisphere
product with the resulting grid displayed in Figure 1. A
total of 635 cells out of the 89 × 89 grid are included
in the area, 375 of which are considered land cells. This
amounts to an approximate area of 12.04 × 106 km2 for
Europe as defined in this research. Thus, the maximum
snow cover area for the entirety of Europe is 12.04 ×
106 km2.

3. Results

3.1. Annual cycle

Mean snow cover extent totals were extracted from the
Northern Hemisphere product on both a monthly and
weekly time scale. Data from 1967 to 2007 were used in
calculating the annual cycle. There were a few instances
of missing data that occurred in the years (1967–1971)
during summer months. The 40-year mean weekly time
series, shown in Figure 2, displays great variability in
snow area totals over the course of the annual cycle. The
first substantial snow cover appears during weeks 40–45
(beginning of November). Rapid accumulation occurs
from weeks 44–50 increasing from under 2 × 106 km2 to
over 6 × 106 km2. Snow cover area continues to increase
until approximately week 5 (beginning of February),
when mean weekly snow cover peaks at approximately
8.5 × 106 km2. From mid-February through June there is

consistent decline in snow cover area, with rapid ablation
occurring from approximately week 12 (end of March,
beginning of April) to week 28.

3.2. Spatial distribution

Although mean snow cover extent values are useful for
some applications, a spatial representation of those values
is a pre-requisite for many others. Figure 3 depicts the
distribution of mean snow cover extent (based on the
period 1967–2007) in Europe for each month during the
winter season, November to April. These maps represent
highly generalized depictions of the snow cover location.
For each month during the 40-year period, if 50% or
greater of a grid box is covered at least 50% of the time
and the land mask equals land, the cell’s area is included
in the snow cover representation for that month. All maps
were produced using geographical information systems
(GIS) and are in North Polar stereographic projection.
Land areas are therefore not equal areas but due to the
scale of the study region in question, latitudinal areal
distortion is minimal.

During the early winter season (November), snow
cover appears over northern Scandinavia and the Central
Russian Uplands. Some isolated pockets of snow cover
appear over the Alps and the Caucasus region (elevation
of 2000–3000 m). By December and into January, snow
cover extends south and west into central Europe and
throughout higher elevations in Turkey. Iceland is snow
covered throughout all of the winter months despite
appearing only partially covered on the maps. This is
due to the land mask used with the 89 × 89 grid. The
greatest areal coverage is evident during January and
February when snow cover extends, on average, through
western Russia, most of the eastern European countries,
the Alps, and much of the Balkans regions. Western
Europe, especially the coastal extremes remain snow
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Figure 2. Mean weekly European snow cover extent area 1967–2007 (×106 km2). Total European land area in study region ∼12.04 million
km2.

Figure 3. Mean monthly European snow cover distribution 1967–2007 for (a) November, (b) December, (c) January, (d) February, (e) March,
and (f) April.

free, on average, during the winter. This is most likely
explained by the maritime influence on the climate of
these areas together with the inconsistent and patchy
nature of snow receipt throughout these regions. The
binary nature of the snow data is not conducive to
recording highly changeable or brief snow cover events.
Major ablation takes place during March and April with
the snow cover extent retreating steadily northwards.
Some isolated areas of snow cover remain over southern
Europe, mostly indicative of higher elevations in the
Alps and Caucasus Mountains. By April, snow is found
on the surface in only the northern Russian Uplands
and northern Scandinavia. The isolated high elevation
snow-covered areas throughout southern Europe have
also reduced in size by this time.

Having explored both the mean annual cycle and
monthly spatial distribution of the study region’s snow
cover cycle, we will now focus on the core winter season,
January through March (JFM), for further analysis and
associations with atmospheric variables, as European
snow cover extent peaks during these three months.

The temporal trend of total European snow cover area
for the winter season only (January-March) is shown in
Figure 4, with values being expressed as departures from
the 1967 to 2007 mean. Significant interannual variabil-
ity is present with intermittent periods of anomalously
high snow cover extent before 1988, exceeding anoma-
lies of 1.0 × 106 km2 in 1985 and 1987. Since 1988
however, negative snow cover extent anomalies have per-
sisted. Negative snow extent anomalies in excess of 1.0 ×

Copyright © 2009 Royal Meteorological Society Int. J. Climatol. 30: 1440–1451 (2010)
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Figure 4. Mean January-March snow cover anomalies 1967 to 2007 (×106 km2).

106 km2 were experienced for the period 1989–1990.
Persistent negative anomalies occurred for much of the
late 1990s and into the early part of this decade. However,
2005–2006 displayed positive anomalous snow covers
(0.25 and 0.84 × 106 km2 respectively), with large neg-
ative departures returning in 2007. Although a negative
trend in the European snow cover extent is apparent in the
time series, the trend does not reach the 95% significance
level (p = 0.067).

3.3. Snow cover and European climate

In order to better understand the association between
European snow cover extent and regional climatic vari-
ability, contour maps showing the correlation coefficient
(r) between winter season (JFM) European snow cover
area totals and regional climatic variables (SAT, PR, and
SLP) were produced. Although this study is focused on
European snow cover, the longitudinal range of the cor-
relation contour maps spans from North America to the
Ural Mountains, as the relationship between European
snow cover and large scale atmospheric circulation was
explored. Correlation coefficients of 0.29 and greater are
valid at the 0.05 significance level, while coefficients of
0.4 and greater are valid at the 0.01 significance level
(Davis, 1986). Correlations between climatic variables
and snow cover were based on the period 1967 to 2007
and were produced for the winter season.

Correlation between SAT and mean winter snow cover
area is shown in Figure 5(a). Negative values are shown
with dashed lines. The highest correlation values in
Europe are found in the region with the most ephemeral
snow cover during the winter season. These values are
on the order of −0.6 in Eastern Europe and into the
Central Russian Uplands. This indicates an inverse rela-
tionship between mean winter snow cover extent and SAT
in this area.

Mean winter snow cover area and PR are considered
in Figure 5(b). This correlation map shows the relation-
ship between the total liquid PR within each grid box
and mean winter European snow cover (negative cor-
relations values dashed). As expected, the relationship
between these two variables is less homogenous than for
surface temperature, as precipitation in general is a less
homogenously distributed variable. Overall, a negative
relationship is evident between precipitation and snow
cover totals, with larger snow cover area being associated
with lower total liquid precipitation values, especially in
the northern two-thirds of the region.

A negative relationship (−0.45) is apparent over the
Russian Uplands and Scandinavia, weakening to the
south. A small pocket of positive association is present
over northern Italy and the Adriatic Sea. Larger snow
extents during these months are associated with lower
temperatures, typically indicating a drier atmosphere and
therefore, lower precipitation receipts across northern
regions. Lower precipitation values may be associated
with colder and dryer air masses across northern Europe
that help to increase snow cover extent in these areas
during the winter season. Thus, snow cover extent across
Europe seems to be primarily temperature dependent.
Colder winter temperatures are associated with greater
snow cover extent, even though these cold, dry air masses
limit total liquid precipitation. This may also indicate that
large snow cover extent years could have snow mass
(water equivalent) values that are relatively small due
to decreased total liquid precipitation.

SLP and its relationship to mean winter European snow
cover were evaluated across the North Atlantic sector
in order to explore possible influences of large-scale
teleconnection patterns (Figure 5(c)). Positive r values
(shown in solid lines) are present to the east of the British
Isles into the North Sea and over much of Scandinavia.
The dipole pressure pattern is indicative of the NAO with
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Figure 5. Correlation (r) between January-March European snow cover extent area and (a)SAT, (b)PR, and (c) SLP. Values >0.29 and >0.4
represent 95% and 99% statistical significance, respectively.

well formed centers to the east of Iceland and off the coast
of Northeast Africa respectively. The presence of this
dipole pattern over the North Atlantic sector suggests a
relationship between European snow cover extent and the
strength and phase of the NAO. Positive snow cover/SLP
correlations to the north and negative correlations to the
south indicate a link between a negative NAO phase,
characterized by reduced pressure gradient between the
Azores High and Icelandic Low, and extensive European
snow cover.

3.4. Snow cover variability and atmospheric forcing

In order to better understand the relationship between
European snow cover variability and atmospheric forc-
ing, years evidencing extreme maximum and mini-
mum snow cover values were used to composite select
atmospheric variables. Years with winter season (JFM)
snow cover greater or less than one standard devia-
tion from the mean were used to define ‘large’ and
‘small’ snow cover seasons, respectively (Table I). Sea-
sonal data for the compositing analysis were obtained

Copyright © 2009 Royal Meteorological Society Int. J. Climatol. 30: 1440–1451 (2010)



EUROPEAN SNOW COVER EXTENT VARIABILITY 1447

Table I. List of winter (JFM) seasons included in the composite
analysis and large and small snow cover extent extremes.

Large extreme seasons Small extreme seasons

1979 1981
1980 1989
1985 1990
1986 1995
1987 2002
2003 2007
2006

from the NOAA/ESRL Physical Sciences Division, Boul-
der Colorado (http://www.esrl.noaa.gov/psd/). Large and
small extremes represent a significant change in the spa-
tial extent of snow cover across the European Continent
(Figure 6), presumably affecting both environmental and
societal systems.

SLP during large snow cover years is character-
ized by large positive anomalies in the vicinity of
Iceland (up to 5 hPa), and small negative anomalies
across much of the North Atlantic Ocean (Figure 7(a)),
indicative of the negative phase of the NAO. During
small snow cover years (Figure 7(b)), the pattern is
reversed with strong negative anomalies over Iceland

Figure 6. Spatial distribution of snow cover during extreme winter
seasons (JFM). Light gray shading represents small snow cover
extremes and light and dark gray combined represent large snow cover
extremes. Definition of extreme years is provided in the text and in

Table I.

(up to 8 hPa) and positive anomalies (up to 4 hPa)
centered over Portugal and the Azores (indicative of
a positive NAO phase). Anomalies of similar sign are
apparent at the 500 hPa level over the same loca-
tions, indicating the barotropic nature of the pattern
(Figure 8).

Figure 7. Composite SLP anomalies (hPa) for the (a) large snow cover extreme seasons (DJF) and (b) small snow cover extreme seasons (DJF).
Definition of extreme years is provided in the text and in Table I.

Copyright © 2009 Royal Meteorological Society Int. J. Climatol. 30: 1440–1451 (2010)
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Figure 8. Same as Figure 7 except for 500 hPa height anomalies (gpm).

Variations in the lower tropospheric pressure gradi-
ent induce significant changes in 850 hPa zonal winds
between snow cover extremes. During large snow cover
years, zonal wind anomalies of −3 m/s are found across
the North Atlantic and Great Britain (Figure 9(a)), in
response to the decreased pressure gradient throughout
the lower troposphere. In small snow cover seasons, large
positive 850 hPa zonal wind anomalies (up to 3 m/s;
Figure 9(b)) are found across the North Atlantic and
Western Europe in response to the increased pressure
gradient.

Figure 10 shows 1000-500 hPa thickness anomalies
for extreme snow cover seasons. During large snow cover
years, the decreased zonal winds coming from the rela-
tively warm waters of the North Atlantic lead to nega-
tive thickness anomalies of up to 30 gpm across Europe,
with the largest anomalies found over Eastern Europe
and Western Russia. During small snow cover years,
positive thickness anomalies of 35 gpm cover approxi-
mately the same area (Figure 10(b)). The positive thick-
ness anomalies during small snow cover seasons are due
to the enhancement of lower tropospheric zonal flow off
the Atlantic Ocean due to the increased pressure gradi-
ent. The thickness anomalies point to lower tropospheric
temperature differences between snow cover extremes
of approximately 4 °C from the 1000 hPa to 500 hPa
levels.

4. Summary and Conclusions

European snow cover extent represents an important com-
ponent of climatic variability across the continent. Previ-
ous analyses addressing the topic of snow cover extent
have focused on hemispheric or continental scale studies;
however, the area of Europe has been routinely consid-
ered part of the greater continent, Eurasia. The purpose of
this study was to isolate the area of Europe located west
of the Ural Mountains and explore this region’s snow
cover extent specifically and its relationship to atmo-
spheric patterns associated with snow extremes.

4.1. Snow cover annual cycle

From the NOAA Northern Hemisphere snow cover
product, data for the region was extracted on both weekly
and monthly time scales for the period 1967 to 2007. Area
totals were calculated and the geographic distribution
mapped in order to gain a greater understanding of
the annual cycle of snow cover across Europe. Great
variability within the region’s seasonal cycle is found,
with period mean snow areas ranging from over 8.5 ×
106 km2 in January to almost no snow cover during
summer months. The distribution of snow cover differs
across the region as coverage throughout Russia and
Scandinavia is continuous for the majority of winter
months, whereas along coastal areas and in Western

Copyright © 2009 Royal Meteorological Society Int. J. Climatol. 30: 1440–1451 (2010)
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Figure 9. Same as Figure 7 except for 850 hPa zonal wind anomalies (m/s).

Europe, coverage is ephemeral and displays greater
variability.

4.2. Snow cover extent and european climate variables

Correlation between winter season (JFM) European snow
cover extent and European climatic variables (SAT, PR,
and SLP) were calculated. When considering European
snow cover extent and temperature, results indicate that
large snow cover extent across the region is significantly
associated with below normal SAT, especially over
central and Eastern Europe. An inverse relationship
between total liquid PR and snow cover is found across
northern Europe, with large snow cover extents being
associated with lower precipitation values. Colder, dryer
air masses produce lower precipitation totals, while
being more conducive to preserving snowpack extent in
ephemeral snow cover areas. The combined results from
both surface temperature and precipitation analyses point
towards snow cover extent in Europe being primarily
temperature dependent as colder winter temperatures are
linked with more extensive snow cover, even though this
results in cold and dry air masses and subsequently less
total liquid precipitation. Therefore, snow cover extent
and total snow mass (total water equivalent) may not be
directly related to each other across this region.

SLP/snow cover correlation maps show a strong dipole
pattern between Iceland and the southern North Atlantic

Ocean during the winter season. These patterns of corre-
lations imply a linkage between the NAO and European
snow cover extent.

4.3. Atmospheric forcings related to extreme snow
cover extent

The relationship between European snow cover extent
and several atmospheric forcing mechanisms were ex-
plored by compositing atmospheric variables based upon
extreme large and small snow cover winters. Large snow
cover seasons were associated with a strong negative
NAO pattern in the SLP field (and 500 hPa heights),
negative anomalies in 850 hPa zonal winds covering
much of northern Europe, and negative anomalies in the
1000–500 hPa thickness field over the continent. Small
snow cover seasons evidenced the opposite pattern, with
a strong positive NAO in the sea-level and 500 hPa
pressure fields, positive anomalies in the 850 hPa zonal
winds, and positive anomalies in the 1000-500 hPa
thickness fields.

Taken as a whole, the results suggest that large Euro-
pean snow cover extent is associated with a negative
phase of the NAO which weakens the SLP gradient
across the North Atlantic. The weakened pressure gradi-
ent is associated with a decrease in lower-tropospheric
zonal winds off the relatively warm Atlantic Ocean,
causing a decrease in lower-tropospheric temperatures
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Figure 10. Same as Figure 7 except for 1000-500 hPa thickness anomalies (gpm).

across Europe. The lower temperatures are associated
with a more favorable environment for the initiation
and maintenance of large snow cover extents. Dur-
ing small snow cover winters, the opposite is true,
with a positive NAO phase causing an increased zonal
wind, a warming of the lower-tropospheric tempera-
tures across the continent, and diminished snow cover
extents.

To corroborate the associations inferred above, winter
(JFM) average values of Northern Hemisphere telecon-
nection patterns, as defined by Barnston and Livezey
(1987), were correlated with winter average European
snow cover extent for the period 1966 to 2007. Results
indicate that the NAO has the strongest relationship with
European snow cover extent (r = −0.591) of all the tele-
connections. However, two other patterns, with centers
of action in the Atlantic sector, also show significant
relationships to the snow cover extent: the Scandina-
vian Pattern, also know as the Eurasian-1 Pattern (r =
0.52; Barnston and Livezey, 1987; Clark et al., 1999) and
the Eastern Atlantic Pattern (r = −0.372; Barnston and
Livezey, 1987). Both are associated with significant cir-
culation anomalies across Western Europe and the North
Atlantic Ocean but are not as clearly apparent in the
extreme snow cover atmospheric anomaly patterns. These
patterns both merit further investigation but are beyond
the scope of the current study.

4.4. Future research

This analysis demonstrates the distinctive nature of the
annual cycle of European snow cover, separate from that
of the Eurasian record. Strong association between snow
cover extent in Europe and the NAO is a major finding
of this study, suggesting significant links between this
area’s snow cover extent and large-scale circulation in
the North Atlantic. Because of this strong relationship,
reconstruction of European snow cover extent using NAO
indices may be possible. With the extension of the NAO
index back to 1821 (Jones et al., 1997), the relationship
between snow cover in Europe and this teleconnection
could provide new insight into the historical record of
snow extent in this region, as a significant tool in climate
change assessment in general.

Further study involving the possible relationship be-
tween snow cover extent in eastern North America and
subsequent European snow cover extent could prove
significant. Preliminary modeling studies by Klingaman
et al. (2008) suggest a linkage between eastern North
American snow cover and the NAO during mid-winter
months. Further modeling and observational experiments
of these relationships would help in understanding the
complex air, ocean, and land interactions across the North
Atlantic.
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