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Abstract

The present study is aimed at analysing the interannual relationships between the
Northern Hemisphere snow cover (NHSC) and the boreal winter extratropical
circulation in both observations and a subset of 20th century CMIP3 simulations. On
the one hand, all coupled oceanatmosphere models are able to capture the Arctic
Oscillation (AO) mode of variability and its influence on snow accumulation, as
indicated by a Maximum Covariance Analysis between winter sea level pressure and
spring snow cover north of 20° North. On the other hand, none of the selected models
is able to reproduce the influence of the autumn NHSC on the subsequent winter AO
found in the instrumental record. The observed relationship suggested by former
studies, whereby negative snow cover anomalies over Siberia are followed by a
strengthening of the annular mode (positive AO anomalies), is confirmed by a
Maximum Covariance Analysis applied to the updated NHSC data and an extended
ECMWF reanalysis over the 19672006 period. It is not found in the CMIP3 20 th
century simulations using the same statistical technique. Further numerical studies
with a better resolved stratosphere are probably required to assess the relevance of the
Siberian snow anomalies for predicting the winter AO variability. In any case, the
snow memory found at the end of the winter season highlights the need of a careful
snow initialization in operational dynamical seasonal forecast systems.
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1. Introduction
Besides sea surface temperature (SST), the land surface hydrology is another
potential driver of the interannual atmospheric variability (Douville 2008) and is itself
strongly influenced by the atmospheric circulation. Over the midandhigh latitudes of
the Northern Hemisphere (NH) the most prominent and recurrent pattern of
atmospheric variability is the Artic Oscillation (AO), though there is still a
controversy about the hemispheric versus regional nature of this mode. It is indeed
still debated whether or not the North Atlantic Oscillation (NAO) is a regional
expression of the AO. This issue is beyond the scope of the present study, whose aim
is to analyse the relationship between the Northern Hemisphere snow cover (NHSC)
and the boreal winter extratropical circulation. Hereafter, the term AO will be used in
reference to this major mode of climate variability, which has been extensively
studied in recent years (Hurrell et al. 2003 for a review).
The motivation is not only to understand how the AO shapes the NHSC
distribution, but also to explore to what extent the autumn NHSC is likely to influence
the midandhigh latitude circulation of the following winter season. This question
has been raised by statistical analyses using satellitederived snow cover extents
(Cohen and Entekhabi 1999). These data are based on weekly snow cover charts
produced from visible satellite images by the National Oceanic and Atmospheric
Administration (NOAA) that improved considerably in 1972 with the deployment of
the Very High Resolution Radiometer. Most observational studies are therefore
limited to a relatively short period of about 30 years and the snow forcing hypothesis
needs to be confirmed by numerical studies.
Sensitivity experiments have been recently performed using free versus
climatological snow mass boundary conditions (Gong et al. 2002) and have shown
that the AO variability over the North Atlantic sector (i.e. NAO) is enhanced by
interannual snow variations in the ECHAM3 GCM driven by climatological SST and
sea ice boundary conditions. A case study based on realistic Siberian snow anomalies
has also been achieved with the same model and lower oceanic boundary conditions
(Gong et al. 2003) and has led to a consistent AO response, i.e. a significant negative
AO anomaly during the winter (DJF) resulting from a positive Siberian snow mass
anomaly in autumn (SON). An atmospheric teleconnection pathway was identified,
involving wavemean flow interaction processes through the troposphere and
stratosphere. This mechanism was further analysed by Fletcher et al. (2007), who
suggested that the tropospheric sensitivity to the Siberian snow anomalies could
depend on the state of the stratosphere prior to the initiation of the forcing.
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The present study is aimed at evaluating the NHSC climatology and variability in
a subset of 20th century CMIP3 simulations, and its link with the boreal winter extra
tropical circulation. The purpose is not to discuss the reality of the AO modulation by
the NHSC and the validity of the proposed mechanism, but to explore whether or not
the IPCC AR4 models are likely to simulate such a relationship. Section 2 describes
the data, models and methods. Section 3 provides a brief evaluation of the models’
climatology and interannual variability. Section 4 explores the relationships between
the NHSC and the extratropical winter circulation at the interannual timescale.
Conclusions are drawn in section 5.
2. Data, models and methods

a. Observed climatologies
The NH EASEGrid Weekly Snow Cover Extent Version 3 product provides
snow cover extent at weekly intervals from 3 October 1966 (Armstrong and Brodzik
2005). Update 3.1 replaces Version 3 files beginning with 27 December 2003 and
extends the time series to 24 June 2007. This climatology is available at the National
Snow and Ice Data Centre (NSIDC, http://wwwnsidc.colorado.edu/data/nsidc
0046.html). Despite some missing weeks from 1968 to 1971, we have used the full
record (19662007) to get robust diagnostics about the interannual fluctuations of the
NHSC. Missing weeks are mainly found during the boreal summer season and have
not a significant impact on our results. Data are provided in the Northern Hemisphere
25 km equalarea grid and have been here interpolated on a mediumresolution
Gaussian grid corresponding to a T42 truncation. The original weekly data have been
averaged at the monthly timescale before further processing. Hereafter, the autumn
and winter NHSC will be characterized by the SON and DJF seasonal means
respectively.
The NH atmospheric circulation is here described through the 19582001
ERA40 reanalysis (Uppala et al. 2005), extended over the 20022007 period using
the operational ECMWF analysis. As for the NHSC climatology, data have been
averaged on a monthly basis and interpolated on a T42 Gaussian grid. The interannual
variability of the boreal winter extratropical circulation will be described through the
spatiotemporal distribution of the DJF seasonal mean sea level pressure (SLP). An
EOF analysis of the DJF SLP comprised between 20 and 90°N will be used to define
the AO index as the first principal component. Such a definition is more versatile than
a gridpoint index and commonly used in the literature (Hurrell et al. 2003).
b. CMIP3 20th century simulations
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The CMIP3 data base provides the 20th simulations of the coupled ocean
atmosphere GCMs that have contributed to the IPCC 4th Assessment Report. Here, a
subset of eight models will be used that include most of the ENSEMBLES stream1
simulations (BCCR, CNRM, IPSL, MPI, as well as UKMO(0) and UKMO(1) for
HadCM3 and HadGEM1 respectively) and only two nonEuropean models (MRI and
NCAR). A single simulation has been extracted from the CMIP3 data base for each
model and has been concatenated with the corresponding SRESA2 scenario. This
concatenation is useful to detrend the monthly timeseries using a polynomial fit over
the whole preindustrial to late 21st century interval. All model monthly outputs have
been analysed on their original grid.
Note that snow cover is generally not a prognostic variable of the climate
models, which use different diagnostic expressions to infer snow cover from snow
mass. In order to compare the models, it was therefore decided to derive monthly
snow cover fraction, pn, from monthly snow mass, Wn, using the following empirical
formulae: pn=Wn/(Wn+Wncr) where Wncr is a critical threshold of 10 kg/m². Such a
simple expression is not aimed at capturing the complex relationship between snow
mass and snow cover, but provides a reasonable estimate that can be used to study the
variations of the NHSC. While the models’ climatology is obviously dependent on the
value of Wncr, the analysis of interannual variability is much less sensitive and the
results of the present study are therefore very robust.

c. Data processing
Observed and modeled climatologies have been calculated using the raw data over the
19712000 interval. The same period has been selected to characterize the AO, but
using detrended rather than raw data. Observed and simulated fields have been
detrended using a linear and a 3rd order polynomial fit respectively, given the much
longer timeseries available for the simulations than for the observational record. The
relationship between the NHSC and the NH atmospheric circulation has been
explored through a Maximum Covariance Analysis (MCA) over the hemispheric
domain comprised between 20 and 90°N. The MCA can be considered as an
extension of the Principal Components Analysis in which the time covariance
between two fields (rather than the variance of a single field) is maximized. Each pair
of spatial patterns explains a fraction of the square covariance, as well as a fraction of
the variance (VF) of each field, and the correlation (R) between the expansion
coefficient timeseries indicates how strongly related the coupled patterns are. Note
that no spatial filtering has been applied before the MCA calculations. Projecting the
fields on their first EOF does not change the patterns of the MCA, but only slightly
modulates the values of VF and R.
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3. Models’ climatologies

a. Annual cycle of the NHSC
Fig. 1 shows the 19712000 climatological annual cycle of the NHSC
expressed as the mean snow fraction north of 30°N. The comparison between the
NSIDC satellite observations and the models’ outputs remains qualitative given the
empirical expression used to diagnose the simulated snow cover. On the other hand,
the model climatologies are comparable given the use of a common diagnostic. Fig.
1a suggests that all models are able to capture the mean annual cycle of the NHSC
and its winter maximum in a reasonable way, even if some models show a delayed
retreat of the snow pack in spring. On the other hand, the onset of the snow season is
correctly reproduced and those models that show overestimated snow fractions in
spring seem to be closer to observations in autumn. Fig. 1b shows the climatological
annual cycle of the interannual NHSC standard deviations. All models seem to
underestimate the yeartoyear variability, but again this problem could be due to the
diagnostic snow cover that is used in the present study. It is therefore the shape of the
annual cycle rather than the absolute standard deviations that deserve attention. In
particular, all models fail at capturing the autumn peak of interannual variability that
is found in the NSIDC climatology and rather show a weak maximum in spring. This
remark should be kept in mind when the possible influence of the NHSC on the
winter circulation variability will be analysed.
b. Seasonal NHSC and SLP climatologies
Fig. 2 and 3 show the spatial distribution of the autumn (SON) and spring
(MAM) NHSC for both NSIDC and model climatologies. The horizontal resolution
has an obvious impact on the regional details of the snow distribution, especially in
mountainous areas. Globally speaking, the poleward increase of snow fractions is
well reproduced by the models, as well as the eastwest contrast over the North
American and Eurasian continents. Again, the validation remains here qualitative and
it would be necessary to compare the snow mass distribution to get a more
comprehensive evaluation of the model biases.
Fig. 4 and 5 show the DJF mean spatial distribution of SLP, as well as the
corresponding interannual variability over the 19712000 period. The main features of
the NH extratropical winter circulation are captured by all models, though with more
or less realistic patterns and amplitudes. The poleward increase in interannual
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variability and its zonal asymmetries are also reproduced, with midlatitude maxima
over the North Pacific and North Atlantic sectors.
c. AO signature
Fig. 6 shows the first EOF of DJF SLP north of 20°N, as estimated over the
whole 20th century in the IPCC models and over the 19582006 in the ECMWF
analyses (concatenation of ERA40 and recent operational analyses). All models
capture the annular signature of the AO, as well as its regional features over the North
Pacific and Atlantic sectors. The percentage of explained variance is comprised
between 21 and 36% according to the model and is rather consistent with the 29%
found in the ECMWF analyses given the significant multidecadal modulation of the
AO found in the CMIP3 20th century simulations (not shown).

4. Snow cover relationship with the boreal winter extratropical circulation

a. Observed influence of SON NHSC
The possible link between the autumn snow cover anomalies over Siberia and
the AO is here revisited using the NSIDC snow cover climatology and the extended
ERA40 reanalysis, i.e. over the 40year 19672006 period. Fig. 7 shows the 4 first
homogeneous vectors of an MCA between SON snow cover and subsequent DJF SLP
north of 20°N. In qualitative agreement with the results of former observational
studies (Cohen and Entekhabi 1999), the first and prevalent mode suggests a
relationship between the Siberian snow cover in autumn and the winter AO. Negative
snow cover anomalies are associated with a strengthening of the annular mode,
particularly over the North Atlantic sector (positive NAO anomalies). The first
heterogeneous DJF SLP vector (not shown) confirms the zonal asymmetry in the
winter circulation relationship with the autumn NHSC since there is no statistically
significant dynamical signature in the North Pacific. Modes 2 to 4 are relatively
robust, but they show more regional patterns and explain a lower fraction of both
snow cover and SLP variability than the first pair of MCA vectors.

b. Simulated influence of SON NHSC
Given the reasonable simulation of the NHSC and SLP climatologies (mean
state and interannual variability) found in the IPCC models, it is interesting to explore
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whether or not these models are likely to capture the observed relationship between
the autumn NHSC and the winter AO. Fig. 8 and 9 shows the first homogeneous
vector of snow cover and SLP respectively. While the SLP vectors show a consistent
modulation of the AO in the 20th century simulations, none of the IPCC models
capture the observed relationship with the Siberian snow cover in autumn. Moreover,
the percentage of variance of the SON NHSC that covaries with the DJF AO is
comprised between 2.2 and 3.2%, which is extremely weak and much less than the
observed 10.7%. Projecting the simulated snow cover anomalies on the fifteen to
twenty first EOF for each model leads to a slight increase in VF and in the fraction of
square covariance, but does not modify the patterns and amplitude of the first snow
vectors (not shown), thereby confirming the much weaker NHSCAO relationship
than in the instrumental record.
Several reasons can be proposed for these results. First, the models might
underestimate the snow cover variability in autumn (Fig. 1b) and/or fail at simulating
the teleconnection pathway between the snow forcing and the AO (given their crude
representation of the stratosphere and limited vertical resolution). Second, the
apparent relationship found in the observations can be a pure stochastic effect due to
the limited size of the observational record and the proposed mechanism is not
necessarily robust and/or significant in the real world. A third possibility is that the
relationship does exist but is not stationary.
Such an hypothesis is further examined in Fig. 10a that shows sliding
correlations between the AO index (PC1 of DJF SLP) and a Siberian snow cover
index (average of SON fractions between 30° and 70°N, 40° and 140°E). The multi
decadal modulation of the snowAO correlations remains limited in all but one model:
the NCAR model (CCSM3) that shows an anticorrelation close to the observed range
from the 1950’s to the 1970’. Note however that, when restricted to this limited
period, the first snow cover homogeneous vector from the MCA (not shown) does not
look like the observed one and shows a midlatitude annular signature rather than a
Siberian signal (top left panel in Fig. 7). As far as the whole 20th century is concerned,
note that the absence of a Siberian snow precursor for the simulated winter AO is not
related to a seasonal shift in the snowAO relationship. As shown in Fig. 10b, only the
CNRM model shows a significant anticorrelation between the AO index and the
monthly snow cover anomalies, but this signal appears at the end of the winter season
and, therefore, is probably a snow response to the atmospheric circulation variability
rather than the opposite.
c. Observed response of MAM NHSC
Fig. 11 shows the 4 first homogeneous vectors of an MCA between MAM
snow cover and antecedent DJF SLP north of 20°N. Not surprisingly, the first and
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prevalent mode suggests that the winter AO exerts a significant influence on snow
accumulation in the NH, especially over central Europe and Scandinavia. Negative
snow cover anomalies in spring are associated with a strengthening of the annular
mode. Note however that this is mainly the NAO component of the AO that has a
major influence on the Eurasian snow cover in spring given the lack of significant
North Pacific signature in the first DJF SLP heterogeneous vector (not shown).
Modes 2 to 4 show more regional patterns and explain a lower fraction of the winter
SLP variability than the first pair of MCA vectors.
d. Simulated response of MAM NHSC
Fig. 12 and 13 show the first homogeneous vector of snow cover and SLP
respectively. All models seem to capture the modulation of the MAM snow cover by
the winter AO, with consistent regional signatures over Europe and eastern Asia. The
percentages of explained variance and the correlation between the expansion
coefficient timeseries are comparable to the observed values. These results are not
surprising given the reasonable simulation of the AO shown in Fig. 6 and its strong
impact on simulated temperature and precipitation (not shown). Fig. 14a shows that
the AO influence on the springtime snow cover is relatively stable over central
Europe, even if it is not always significant in most 20th century simulations. The anti
correlation seems to weaken in the IPSL model, while it strengthens in HadGEM1
(i.e. UKMO1). Fig. 14b confirms that the European snow response is found in all
models, even if the correlations are only marginally significant in half of the
simulations.

5. Conclusions
The interannual relationships between the NHSC and the boreal winter extra
tropical circulation have been analysed in both observations and a subset of 20 th
century CMIP3 simulations. While snow mass/depth is probably a more relevant
variable to depict the variability of the NH snow pack, the lack of reliable and global
or hemispheric snow mass/depth climatology is a major obstacle and version 3 of the
NSIDC snow fractions have used to describe the observed NHSC over the 19672006
period. As far as the boreal winter circulation is concerned, an AO index (PC1 of SLP
DJF north of 20°N) has been used to characterize the interannual variability and its
relationships with the NHSC.
Not surprisingly, all models are more or less able to capture the AO mode of
variability and its influence on snow accumulation, as indicated by an MCA between
DJF SLP and MAM snow cover north of 20° North. This result suggests that stateof
theart coupled oceanatmosphere GCMs have a reasonable and significant snow
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memory at the end of the winter season. When used in operational seasonal
predictions, such models should be therefore carefully initialized, not only in the
oceanic mixed layer but also as far as snow cover is concerned. Snow mass anomalies
at the end of the winter season can indeed have a significant impact on surface
temperatures in the following spring season (Douville 2008) and presumably on
summer monsoon precipitation over South Asia (Part II of the present study).
Conversely, none of the selected models is able to reproduce the influence of the
autumn NHSC on the subsequent winter AO found in the instrumental record. On the
one hand, this observed relationship, whereby negative snow cover anomalies over
Siberia are followed by a strengthening of the annular mode (positive AO or NAO
anomalies), is confirmed by an MCA applied to the updated NSIDC data and an
extended ECMWF reanalysis over the 19672006 period. On the other hand, it is not
found in the CMIP3 20th century simulations using the same statistical technique. This
result is consistent with the recent study by Cohen et al. (2005) who did not find any
discernable Eurasian snow cover impact on the phase of the NAO in the AMIP2
experiments. It is in apparent contradiction with the sensitivity experiments conducted
by Gong et al. (2003) who found a consistent response of the AO to realistic Siberian
snow anomalies in the ECHAM3 atmospheric GCM (while the MPI model is here
based on the ECHAM4 atmospheric GCM). The use of climatological SSTs and/or
the limited size of the ensembles (20 members is a minimum for detecting changes in
the winter boreal circulation) could be the reason for the AO modulation in their
experiments.
Note also that most sensitivity experiments to perturbations in the NHSC extent
have been performed with AGCMs using a limited vertical resolution. Further
numerical studies with a better resolved stratosphere are probably required to validate
the possible stratospheric pathway of the snow forcing (Fletcher et al. 2007) and
confirm the relevance of the Siberian snow anomalies for predicting the winter AO
variability. While some of the IPCC AR4 models show a reasonable climatology of
the stratosphere over the late 20th century, half of them have compromised simulations
near 10hPa due to a low model top or insufficient stratospheric levels (Cordero and
Forster 2006). Therefore, if the interaction between the troposphere and the
stratosphere is really relevant for a full understanding of the winter AO variability,
the CMIP3 database is probably not the most suitable framework to look at.
Finally, it should be also emphasized that snow cover extent only describes part of
the snowclimate relationship. Variations in snow depth may also have a distinct and
considerable impact on climate over a wide range of scales. The emerging availability
of continental and global snow depth or snow water equivalent datasets provides
another opportunity for research into the role that snow anomalies play in climate
variability. Nonetheless, snow depth is probably more relevant at the end rather than
10

at the beginning of the snow season due to the low correlation between snow depth
and snow cover variability in spring and the stronger persistence of snow depth
anomalies (Ge and Gong 2008). This issue will be further discussed in part 2 of the
present report that will focus on the influence of the springtime Eurasian snow cover
on the interannual variability of the Indian summer monsoon (Peings and Douville
2008).
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Figure 1: Climatological annual cycle of NHSC: a) monthly mean fraction, b) monthly standard
deviation.

Figure 2: SON snow cover fraction (%) climatology.

Figure 3: MAM snow cover fraction (%) climatology.

Figure 4: DJF Sea Level Pressure (hPa) climatology.

Figure 5: DJF Sea Level Pressure (hPa) interannual standard deviations.

Figure 6: First EOF of DJF SLP over the 1901-2000 period (1958-2006 for the ECMWF analyses).
VF denotes the fraction (%) of variance that is explained by this mode.

Figure 7: First homogeneous vectors of a Maximum Covariance Analysis between SON snow cover
(left) and subsequent DJF Sea Level Pressure (right) north of 20N. VF denotes the fraction (%)
of variance that is explained by each mode, while R denotes the correlation between the expansion
coefficient timeseries.

Figure 8: First homogeneous vector of snow cover (%) from a Maximum Covariance Analysis between
SON snow cover (left) and subsequent DJF Sea Level Pressure (right) north of 20N and over the
1901-2000 period (1958-2006 for the observational record). VF denotes the fraction (%) of variance
that is explained by each mode, while the correlations between the expansion coefficient timeseries
are 0.69, 0.60, 0.67, 0.66, 0.71, 0.57, 0.70, 0.72, 0.73 from the top left to the bottom right.

Figure 9: Same as Fig. 8, but for the DJF SLP homogeneous vectors.
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b) Lead/lag correlations between
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Figure 10: a) Sliding correlations between the SON Siberian [30-70N/70-140E] snow fraction and
the DJF AO index (PC1 of DJF SLP) or b) Lead-lag monthly correlations (from January of year
-1 to December of year +1) between 5-month moving-average Siberian snow fractions and the DJF
AO index at the end of year -1, in the IPCC models (20th century) and in the observational record
(1967-2006). Dashed lines represent the 5% level of significance

Figure 11: First homogeneous vectors of a Maximum Covariance Analysis between MAM snow cover
(left) and antecedent DJF Sea Level Pressure (right) north of 20N. VF denotes the fraction (%)
of variance that is explained by each mode, while R denotes the correlation between the expansion
coefficient timeseries.

Figure 12: First homogeneous vector of snow cover (%) from a Maximum Covariance Analysis
between MAM snow cover (left) and antecedent DJF Sea Level Pressure (right) north of 20N and
over the 1901-2000 period (1958-2006 for the observational record). VF denotes the fraction (%) of
variance that is explained by each mode, while the correlations between the expansion coefficient
timeseries are 0.76, 0.80, 0.64, 0.67, 0.76, 0.71, 0.67, 0.80, 0.73 from the top left to the bottom right.

Figure 13: Same as Fig. 12, but for the DJF SLP homogeneous vectors.
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b) Lead/lag correlations between
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Figure 14: a) Sliding correlations between the SON Siberian [30-70N/70-140E] snow fraction and
the DJF AO index (PC1 of DJF SLP) or b) Lead-lag monthly correlations (from January of year
-1 to December of year +1) between 5-month moving-average Siberian snow fractions and the DJF
AO index at the end of year -1, in the IPCC models (20th century) and in the observational record
(1967-2006). Dashed lines represent the 5% level of significance

