Clim Dyn
DOI 10.1007/s00382-012-1565-z

Evaluation and response of winter cold spells over Western

Europe in CMIPS models

Y. Peings - J. Cattiaux - H. Douville

Received: 30 July 2012/ Accepted: 9 October 2012
© Springer-Verlag Berlin Heidelberg 2012

Abstract This paper is dedicated to the analysis of winter
cold spells over Western Europe in the simulations of the Sth
phase of the Coupled Model Intercomparison Project
(CMIPS). Both model biases and responses in a warming
climate are discussed using historical simulations and the
8.5 W/m? Representative Concentration Pathway (RCP8.5)
scenario, respectively on the 1979-2008 and 2070-2099
periods. A percentile-based index (10th percentile of daily
minimum temperature, Q10) with duration and spatial extent
criteria is used to define cold spells. Related diagnostics
(intensity, duration, extent, and severity as a combination of
the former three statistics) of 13 models are compared to
observations and suggest that models biases on severity are
mainly due to the intensity parameter rather than to duration
and extent. Some hypotheses are proposed to explain these
biases, that involve large-scale dynamics and/or radiative
fluxes related to clouds. Evolution of cold spells character-
istics by the end of the century is then discussed by com-
paring RCP8.5 and historical simulations. In line with the
projected rise of mean temperature, “present-climate” cold
spells (computed with the 1979-2008 10th percentile, Q10P)
are projected to be much less frequent and, except in one
model, less severe. When cold spells are defined from the
future 10th percentile threshold (“future-climate” cold
spells, Q10F), all models simulate a decrease of their
intensity linearly related to the seasonal mean warming.
Some insights are given to explain the inter-model diversity
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in the magnitude of the cold spells response. In particular, the
snow-albedo feedback is suggested to play an important role,
while for some models changes in large-scale dynamics are
also not negligible.
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1 Introduction

Extreme climate events can have high socio-economic
impacts (Mc Michael et al. 2003; McGregor et al. 2005).
They have been investigated in many studies using either
observations (Easterling et al. 2000; Frich et al. 2002;
Alexander et al. 2006) or climate models (Hegerl et al. 2004;
Meehl and Tebaldi 2004; Tebaldi et al. 2006). In particular,
cold extremes show a significant decrease during the last
decades (Christidis et al. 2005; Brown et al. 2008) consis-
tently with the observed global warming attributed to the
human-induced greenhouse gases by the Intergovernmental
Panel on Climate Change (IPCC 2007). Climate projections
for the twenty-first century confirm this trend with, for
instance, frost days being less frequent over Europe (Heino
et al. 1999; Meehl et al. 2004). Some studies suggest that
future cold extremes, though less frequent, could be as severe
as present ones at the global scale (Vavrus et al. 2006; Kodra
et al. 2011). However, it is not clear whether these changes
will be driven by changes in mean temperature (Réisdnen
and Ylhiisi 2011) and/or in the shape of the daily tempera-
ture distribution (Ballester et al. 2010).

Here we focus on the Western Europe region, where
cold spells can have strong consequences on populations
(Huynen et al. 2001). This region has experienced partic-
ularly cold temperatures during the three last winters
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(especially in December 2010, January 2011, and February
2012), which raised some questions about the fate of such
cold events in a warming climate (Cattiaux et al. 2010;
Guirguis et al. 2011). de Vries et al. (2012) recently dis-
cussed in details cold spells statistics over Western Europe,
both for present-day and future climate. They concluded
that cold spells could be ~5 °C warmer in a future climate
and found a change both in the mean and the variance of
the wintertime temperature distribution. They partly
explained this result by a reduction of the mean tempera-
ture zonal gradient due to the higher warming of land
compared to ocean. Other studies suggested that the strong
reduction in the Arctic sea-ice could be responsible for cold
extreme temperatures over Europe through the propagation
of Rossby waves (Petoukhov and Semenov 2010; Overland
and Wang 2010).

The recent availability of global climate simulations
from the 5th phase of the Coupled Model Intercomparison
Project (CMIP5) is a new opportunity to assess how cold
spells could evolve until the end of the twenty-first century.
An important prior step is to check the ability of the new
generation of coupled ocean—atmosphere General Circula-
tion Models (GCMs) to simulate cold spells accurately. In
this study, we evaluate the cold spells characteristics over
Western Europe in a subset of 13 CMIP5 models by using
present-day and future climate simulations. The questions
we address are the following:

e how well do CMIP5 models represent observed cold
spells ?

e how do cold spells characteristics evolve during the
twenty-first century under a severe greenhouse gas
concentration scenario ?

e how are cold spells biases/responses related to their
climatological biases/sensitivity ?

The paper is organized as follows. Section 2 includes a
description of observations and models, as well as some
details about the cold spells definition and statistics. Sec-
tion 3 and 4 present the main results of our analysis,
respectively for current and future cold spells. Their
characteristics are summarized for each model and some
possible mechanisms are proposed to explain the models
biases/responses. Finally, a summary of our results and
future potential prospects are provided in the conclusion.

2 Data and methodology
2.1 Datasets for observations and models
Observed near surface temperature data are taken from the

European Climate Assessment and Dataset (ECA&D)
project which provides a 0.5° gridded dataset (E-OBS v3.0,
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Haylock et al. 2008) of daily minimum, maximum and
mean temperatures derived from in situ measurements at
European stations (http://eca.knmi.nl/dailydata/). This
dataset (hereafter referred to as EOBS) is used on the
1979-2008 period to evaluate CMIP5 models. NCEP2
(Kalnay et al. 1996) sea level pressure (SLP) reanalysis and
ERSST-v3 (Smith et al. 2008) observed monthly mean sea
surface temperatures (SST) are also used. Finally, the
NASA/GEWEX Surface Radiation Budget (SRB, Whitlock
et al. 1993) dataset, only available over the 1984-2007
period, is used as a reference for net radiation (Rnet), total
cloud cover fraction, cloud radiative forcing (CRF) and
clear-sky albedo (ALBCS). The CRF is used to diagnose
the influence of clouds on the surface energy budget during
cold spells. It is computed as the difference between the
all-sky and clear-sky net radiative fluxes.

Concerning models, 13 GCMs of the CMIP5 database
have been selected based on their data availability at the
time of our study (see Table 1 for list of models). Present-
day climate is characterized in models by using the his-
torical (referred as HIST in the following of the study) and
AMIP (Atmospheric Model Intercomparison Project) sim-
ulations. Historical simulations are twentieth century cou-
pled ocean—atmosphere simulations forced by observed
natural and anthropogenic forcings. AMIP simulations are
atmospheric simulations driven by observed monthly mean
sea surface temperatures and similar radiative forcings
(except climatological rather than time-dependent anthro-
pogenic aerosols). These additional experiments only cover
the 1979-2008 period and are here used to assess the SST
contribution to cold spells biases in coupled simulations.
For future climate, we focus on the end of the twenty-first
century by using the 8.5 W/m? Representative Concentra-
tion Pathway scenario over the 2070-2099 period (here-
after referred to as RCP8.5). Since the HIST simulations
end in 2005, the first member of the historical run was
concatenated with its corresponding RCP8.5 member to
evaluate each model over the same 1979-2008 period as in
the AMIP simulations.

All datasets have been interpolated on a common
medium T127 horizontal grid (1.4° x 1.4°) to ease inter-
comparison between observations and models.

2.2 Duration/spatial extent of present-day cold
extremes and definition of cold spells

Cold days are first identified at each grid cell by using the
10th percentile (Q10) of the daily minimum temperature
(Tmin) as a threshold. The observed Q10 is shown in
Fig. la with the domain of study covering Western and
Central Europe between 42 N/55N and —10 W/25E
(hereafter referred to as the “WE domain™). Spatial and
temporal criteria are then necessary to define cold spells at


http://eca.knmi.nl/dailydata/

Evaluation and response of WECS

Table 1 Summary of WECS statistics for EOBS and historical simulations of CMIP5 models

Acronym Center Model Frequency Severity Intensity Duration Extent
EOBS / / 10.2 —54.7 —8.7 10.3 0.56
CNRM CNRM and CERFACS, France cnrm-cm35 9.5 —47.8 —-9.1 9.6 0.52
IPSL IPSL, France ipsl-cmSa-Ir 9.1 —75.3 —-10.9 10.7 0.59
BCC BCC, China bee-csml-1 9.4 —70.6 -9.9 10.3 0.60
CCCMA CCCMA, Canada canesm2 8.6 —48.2 —8.5 10.1 0.53
CSIRO CSIRO and QCCCE, Australia csiro-mk360 9.5 —59.5 —10.5 10.8 0.50
GFDL NOAA-GFDL, USA gfdl-esm2 m 10.5 —45.0 -7.7 9.8 0.54
INM INM, Russia inmem4 9.8 —76.1 —11.6 12.2 0.49
MIROC AORI, NIES and JAMSTEC, Japan miroc5 11.0 —50.2 -7.8 11.1 0.54
HAD MOHC, UK hadgem? 12.1 —56.8 —8.6 12.4 0.48
MPI MPIM, Germany mpi-esm-Ir 10.9 —58.2 —8.1 11.6 0.55
MRI MRI, Japan mri-cgem3 8.5 —56.2 -84 10.3 0.55
NCAR NCAR, USA ccsmé4 9.2 —57.6 -8.1 11.1 0.56
NCC NCC, Norway noresml-m 10.6 —54.1 —8.5 11.0 0.52

Frequency is expressed in % (of DJFM days), severity in °C day, intensity in °C, duration in days and extent in fraction of the WE domain.

Period: 1979-2008

(a) QU10 in EOBS

Extent (%)

Fig. 1 a 10th percentile of Tmin over Europe in EOBS and WE
domain; b Number of cold events (one or more grid point below the
Q10) for EOBS, according to their extent and duration. Dashed white
lines indicate the events defined as cold spells; ¢ Same but for multi-

the regional scale. They are necessarily somewhat arbitrary
and depend on the severity of cold spells we want to focus
on. For this choice, it is useful to have an idea of the
temporal and spatial characteristics of cold events over our
domain of interest. Figure 1b shows the number of cold
extremes in EOBS over the WE domain, as a function of
both duration and spatial extent intervals. A cold extreme is
basically one or more consecutive days with at least one
grid point below the Q10. It explains the great number in
the bottom left corner of the plot, as 1 day with only one
grid point below the Q10 is considered as a cold extreme.
As expected, there is a fairly linear relationship between
duration and extent of the cold extremes, the longest events
generally corresponding to the most extended ones. The
dashed white line depicts the major events defined as cold
spells in the following of the study: we require that events
cover at least 20 % of the WE domain and last more than 6
consecutive days. This definition retains 36 events on the

(b) Coldevents in EOBS
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model bias in historical simulations (HIST-EOBS). Crosses indicate
regions where the sign consistency between models is higher than
80 %. Period: 1979-2008; Season DJFM

1979-2008 period in EOBS observations. To validate our
methodology, we have verified that it captures the main
cold spells recorded in France since 1979 as for example
the January 1987 cold wave (French national meteorolog-
ical service, personal communication).

The same diagnostic has been applied onto the HIST
simulations over the same period. The number of selected
cold spells ranges between 29 and 39 depending on the
model, with a multi-model climatology of 33 i.e. slightly
more than one cold spell per year as in observations. The
ensemble mean multi-model biases as a function of extent
and duration are shown in Fig. 1c. To test their signifi-
cance, crosses have been superimposed onto the pixels
where at least 80 % of the models are in agreement with
the sign of the ensemble-mean bias. The biases are mod-
erate and sign consistency is high for the cold spells (white
dashed line). The same diagnostic computed from AMIP
simulations gives a multi-model average of 35 cold spells
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(from 28 to 45) and quite similar results for the bias dis-
tribution as a function of duration and extent.

Our cold spell definition (using Q10 and 6 consecutive
days for duration criterion) is consistent with the recom-
mendations of the Expert Team on Climate Change
Detection and Indices (ETCCDI) (Zhang et al. 2011). For
each model, the calculation is made with the simulated Q10
rather than the observed one. It means that the simulated
cold spells are defined independently of the climatological
biases. Our season of interest runs from December to
March (DJFM) and we use the seasonal Q10 instead of the
calendar day Q10, which means that cold spells are defined
in the same way regardless of the wintertime day.

2.3 Characteristics of cold spells

Several statistics averaged over the 1979-2008 period are
used to describe WE cold spells (referred to as WECS in
the following of the study):

e [ntensity: average of Tmin anomaly during WECS.
Daily anomalies are computed by removing a 15-day
moving window climatology. For each WECS day, a
spatial average of anomalies on (not necessarily
adjacent) cold pixels is computed. Then, a temporal
average is done on WECS days. Unit: °C.

e Duration: number of days of WECS (by construction
>6 days). Unit: days.

e [Extent: extent of WECS, expressed as the fraction of
the WE domain (by construction >0.2).

e Severity: expressed for each WECS as the product of
the 3 previous statistics (severity = intensity x dura-
tion x extent). It is similar to a degree-day index
(accumulation of °C below daily climatology)
weighted by the fraction of the domain which is
covered by the WECS (0.2-1). Unit: °C days

In addition, the climatological frequency of WECS is
computed as the percentage of winter days when the WE
domain experiences cold spell conditions. Though cold
days are defined on a Q10 threshold basis, it is not nec-
essarily 10 % because of the duration and extent criteria in
the regional cold spell definition.

2.4 Monthly cold spell severity index (CSSI)
and composites analysis

To discuss the relationship between the cold spells biases/
responses and the mean climate, a regional and monthly
cold spell severity index (CSSI) has been constructed by
summing the daily area-averaged WECS intensities for
each month. Intensity, duration and extent are thus taken
into account in this synthetic index and months with a high
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CSSI are characterized by a strong occurrence of WECS.
Composites are then calculated by selecting the months for
which the CSSI is beyond the upper decile (12 beyond the
120 months of the 30-year periods). These “high CSSI
composites” are helpful to determine the large-scale and/or
local processes associated with WECS. The significance of
composites are determined by using a Student ¢ test. We
use monthly data for this analysis because of the lack of
daily data in the CMIPS5 database for some variables and/or
models. By using models for which both daily and monthly
data are available, we verified that the composites were not
too dependent on the use of monthly instead of daily data.
In order to test the sensitivity of our results to the index
choice, we compared the CSSI to the commonly-used cold
spell duration index (CSDI, Alexander et al. 2006). The
CSDI is defined as the annual count of days from cold
events with Tmin < Q10 during at least 6 days. The CSSI
definition is close to the CSDI but integrates additional
information about the intensity and severity of WECS.
Overall, we find that inter-annual time series of these two
indices are highly correlated over 1979-2008 (R = 0.98),
which suggests that our results do not depend on the index
choice in a significant manner. We thus decided to focus on
the more-integrative CSSI in this paper.

3 Cold spells in present-day climate

The WECS statistics (see Sect. 2.3) for observations and
each of the HIST/AMIP simulations are reported in
Table 1 and Fig. 2b, ¢ where model values are represented
as relative departures (in %) from observations. Figure 2a
also compares frequencies of WECS in HIST and AMIP
simulations against EOBS observations.

3.1 WECS statistics in HIST

HIST frequencies are in good agreement with observations
for all models (differences lower than 2 %, which corre-
sponds to about 2.5 wintertime days, Fig. 2a). The biases
on severity are strongly model dependent (Fig. 2b). Their
significance is low (only significant at the 90 % confidence
level for IPSL and INM according to a Student ¢ test) due to
the low significance of duration and extent biases com-
pared to intensity ones. Intensity (red crosses) is the main
contributor to severity biases. Duration (green squares) and
extent (blue circles) are of secondary importance, but in
some cases they can strengthen or cancel the intensity
errors. Most of the models overestimate the duration of
WECS, while their spatial extent is generally underesti-
mated. MRI is the model that exhibits the better agreement
with the observed statistics (except for frequency, Table 1).
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Fig. 2 a Frequency of cold
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3.2 WECS statistics in AMIP

The same analyses than in previous section are shown for
AMIP simulations in Fig. 2c. Note that the daily Tmin from
AMIP was not available for CSIRO, GFDL and NCAR at the
time of the study. For some models, the biases are quite
different from those found for HIST, suggesting the impor-
tance of SST and ocean—atmosphere coupling on WECS
representation. This is especially true for MRI and IPSL
which simulate much less severe WECS than in HIST. For
IPSL, this is an improvement while for MRI it leads to sig-
nificantly underestimate the WECS severity. Interestingly,
these models also have the most pronounced cold bias of SST
over the North Atlantic basin in HIST (—4.2° for IPSL and
—4° for MRI between 35°N and 60°N). Cattiaux et al. (2011)
have shown that North Atlantic SST can play a role on
wintertime temperature extremes over Europe, through the
heat and water vapor advection by the westerlies, which alter
both turbulent fluxes and downward longwave radiation.
Given their cold SST biases, these effects are probably
underestimated in the IPSL and MRI coupled models so that
the WECS severity decreases when observed SST are pre-
scribed in the atmospheric GCMs.

3.3 Geographical distribution of Tmin anomalies
during WECS

The results presented in Fig. 2 are representative of the
whole WE domain. To get an idea of the spatial
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distribution of WECS anomalies in observations and
models, Fig. 3a (EOBS) and b (multi-model bias) show
composites of Tmin derived from the monthly CSSI (see
Sect. 2.4 for details about methodology). In observations,
the cold anomaly associated with WECS is maximum in
the north-east of the WE domain and spreads over Northern
Europe (Fig. 3a). In models, a north—south dipole is found
on Tmin biases during WECS, with an underestimation
(overestimation) of WECS intensity over Northern Europe
(Southern Europe) (Fig. 3b). These anomalies are in good
agreement among models (high sign consistency), sug-
gesting that the same processes may be responsible for
individual model biases.

3.4 Analysis of large scale dynamics

In this section, we investigate the potential role of large-
scale dynamics on WECS biases. Figure 3c, d show high
CSSI composites of SLP to identify the large-scale circu-
lation anomalies associated with the WECS over Europe
and the corresponding model biases. In the NCEP2
reanalysis, they are associated with a high pressure centred
over Iceland and a low pressure over the Mediterranean
region. This pattern is reminiscent of the NAO- pattern and
limits the advection of oceanic flow by westerly winds,
causing strong cooling over Western/Northern Europe.
Actually, this monthly composite is a mix of two pre-
dominant synoptic weather regimes associated with cold
temperatures over Europe: the negative phase of the NAO
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Fig. 3 a High CSSI composites
of Tmin anomaly in
observations; b Multi-model
bias for historical simulations
(HIST-EOBS); ¢, d same as a,
b for SLP. On a, c, stipples
indicate regions where
composites are significant to the
95 % confidence level. On b, d,
stipples indicate regions where
the sign consistency between
models is higher than 80 %.
Period: 1979-2008

5-4-3-2-10123425

and the Scandinavian blocking (Cassou 2008). Figure 3d
suggests that the amplitude of these large-scale circulation
patterns is underestimated by the multi-model, which could
explain the underestimated intensity of WECS over
Northern Europe. This result is consistent with the North
Atlantic weather regime analysis of Cattiaux et al. (2012),
which however indicates that large scale dynamics only
explains a limited fraction of European temperature biases
in CMIP5 models.

3.5 Analysis of the surface radiative budget

Besides large-scale circulation, local thermodynamic and
radiative processes can also contribute to errors in mean
and/or extreme temperatures. To assess the influence of
radiative biases, Fig. 4 shows high CSSI composites of
surface net radiation (Rnet) and surface cloud radiative
forcing (CRF) for observations and multi-model bias. SRB
observations show positive Rnet anomalies during WECS
(Fig. 4a) resulting from reduced upward longwave radia-
tion associated with cold surface temperature during
WECS (not shown). Cloud cover anomalies during cold
spells also contribute positively to the surface energy bal-
ance as shown by the increased CRF (Fig. 4c). The latter
effect mainly arises from solar radiation (Fig. 4e) due to a
weaker total cloud cover in the north of the WE domain
(not shown). These results indicate that dynamically driven
WECS are tempered by both longwave and shortwave
negative feedbacks according to the satellite observations.
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(b) Tmin - CMIP5 bias

These feedbacks are not well captured by the CMIP5
multi-model which shows strong biases in the high CSSI
composites of Rnet, indicating a wrong sign of the Rnet
signal during WECS (Fig. 4b). This deficiency is consistent
with a too weak CRF (Fig. 4d) that is mainly related to the
longwave (not shown) rather than shortwave (Fig. 4f)
cloud radiative effect. This radiative bias helps to maintain
the cold anomaly at the surface and suggests that the
greenhouse effect of high-level clouds is underestimated by
the models during WECS. To go further, it would be
interesting to determine whether this bias comes from a
lack of high-level clouds in models. However, this diag-
nosis is not available in the CMIP5 database for simula-
tions of interest. Besides clouds and their radiative
properties, some CMIP5 models also show shortwave
biases that are related to snow cover and/or snow albedo
biases during WECS (not shown). However, there is no
agreement between the models for the signals associated
with surface conditions.

In summary, and despite a large inter-model diversity,
we found some common biases in large-scale dynamics
and surface radiation among our subset of CMIP5 models
in some regions. Over Northern Europe and the northern
part of our WE domain (mainly British Islands), dynamical
biases are predominant and lead to an underestimation of
WECS intensity. In the rest of our WE domain, radiative
biases take over dynamics biases and the underestimation
of negative cloud feedbacks leads to overestimate the
WECS intensity.
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Fig. 4 a High CSSI composites
of net radiative flux anomaly in
observations; b Multi-model
bias for historical simulations
(HIST-EOBS); ¢, d same as a,
b for cloud radiative forcing; e,
f same as a, b for the shortwave
component of CRF. On a, ¢ and
e, stipples indicate regions
where composites are
significant to the 95 %
confidence level. On b, d and f,
stipples indicate regions where
the sign consistency between
models is higher than 80 %.
Period: 1984-2007 (SRB
period)

5-4-3-2-10123 475

(e) CRF SW - SRB
b5

5-4-3-2-10123 475

4 Cold spells in RCP8.5 scenarios

Figure 5 depicts the same statistics as in Fig. 2 but for
RCP8.5, with two different Q10 thresholds used to identify
WECS. First, Q10 from HIST (Q10P) is used to describe
how characteristics of “present-day” WECS will change
over the twenty-first century. Secondly, Q10 from RCP8.5
is used (Q10F) to characterize “future” WECS based on a
shifted Tmin distribution due to climate change. In Fig. 5b,
c, statistics are expressed as relative differences (in %)
from HIST (2070-2099 minus 1979-2008).

4.1 WECS statistics with Q10P threshold

As expected, “present-day” cold spells (hereafter referred
to as Q1OP WECS) are much less frequent in RCP8.5 for
all models (Fig. 5a). Frequencies are less than 2 % of
wintertime days, with the most important change found in
CSIRO (none Q10P WECS at the end of the century). This
result is consistent with the simulated global warming and

(a) Rnet - SRB

5-4-3-2-1012345

(c) CRF - SRB

(b) Rnet - CMIP5 bias

5-4-3-2-10123425

(d) CRF - CMIP5 bias

W.m-2
5-4-3-2-10123465

(f) CRF SW - CMIP5 bias

5-4-3-2-10123435

with previous studies on the subject (Vavrus et al. 2006;
Kodra et al. 2011; Réisdnen and Ylhdisi 2011). An inter-
esting point is to determine whether these rare events
would be as severe as present-day ones. Statistics of
severity are shown in Fig. 5b for Q10P WECS. In all
except one model (GFDL), the severity of Q10P WECS is
strongly reduced in RCP8.5 (from —10 % to almost
—75 % of the HIST severity). This is mainly related to a
shortening of WECS events (blue circles) and to a lesser
extent to the reduction of intensity (red crosses). Response
in spatial extent is more model-dependent with either an
increase or a decrease (green squares). These differences in
severity are significant at the 90 % confidence level for 8
models among 12.

4.2 WECS statistics with Q10F threshold
Figure 5c shows the same statistics for Q10F WECS. By

design, frequencies are now close to 10 % of the winter-
time days. As expected from the mean temperature
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Fig. 5 a Frequency of cold
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increase by the end of the twenty-first century, severity
decreases drastically for all models except GFDL (from
—60 to —80 %). Though for some models some differences
are found in the duration and extent parameters, this
decrease is mainly due to a weaker intensity of WECS. In
line with the results of de Vries et al. (2012), the duration
parameter does not exhibit any significant change in all
models. The extent parameter is even less sensitive to
global warming. Conversely, all differences (except for
GFDL) are significant at the 90 % confidence level for both
severity and intensity parameters. The weak sensitivity of
GFDL, that is discussed in Sect. 4.4, is consistent with its
relatively low change of mean temperature over Europe in
RCP8.5 (+2.5° C in average over the WE domain, which
represents the lower range of changes predicted by the
models).

4.3 Multi-model response of large-scale circulation
and surface radiation for Q10F WECS

To discuss the possible contribution of large-scale
dynamics to changes in WECS (using the Q10F threshold
in RCP8.5), Fig. 6 shows high CSSI composites of Tmin
and SLP over North Atlantic and Europe. The decrease of
the WECS intensity over the whole WE domain (Fig. 6b) is
associated with a weakening of the NAO- pattern (Fig. 6d).
Models are in good agreement over the Mediterranean Sea
where they exhibit an anticyclonic anomaly that favors the
advection of warm air from north Africa and south Atlantic
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over the WE domain. This fairly robust dynamical response
tends to decrease WECS intensity at the end of the twenty-
first century.

Figure 7 shows the same composite analysis for surface
net radiation (Rnet), total and shortwave cloud radiative
forcings (CRF and CRFSW), as well as clear-sky albedo
(ALBCS). ALBCS is indeed a good indicator of the snow
cover/albedo feedback, which is supposed to play a sig-
nificant role in climate scenarios (Qu and Hall 2006; Levis
et al. 2007). The Rnet response (Fig. 7b) is in sign agree-
ment with the Tmin change depicted in Fig. 6b, with a
strong increase in the amount of radiation absorbed at the
land surface. Conversely, the CRF response (Fig. 7d)
shows a weakening of the absorbed radiation during WECS
that mitigates the surface warming. Over the northeastern
part of the WE domain, this effect is mainly related to a
decrease of the shortwave radiation (Fig. 7f) associated
with an increase of the total cloud cover fraction (not
shown). Over the southern part of the WE domain, the
decrease in longwave radiation (not shown) is predominant
and suggests a decrease of high-level clouds that limits the
greenhouse effect. Thus, the response of cloud cover pro-
cesses, related to changes not only in total cloud cover but
also possibly in cloud properties and vertical distribution,
has a negative contribution on the surface energy budget in
average over the WE domain.

Concerning surface processes, Fig. 7h depicts a strong
decrease in clear-sky surface albedo at the end of the
RCPS8.5 scenarios. It highlights the effect of the snow cover
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Fig. 6 a High CSSI composites
of Tmin anomaly in HIST
(multi-model mean); b Multi-
model response in RCP8.5
(RCP8.5-HIST) by using QI0F;
¢, d same as a and b but for
SLP. On b, d, stipples indicate
regions where the sign
consistency between models is
higher than 80 %. Periods:
1979-2008 (HIST) and
2070-2099 (RCP8.5)
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(c) SLP - HIST
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retreat in response to global warming, not only for seasonal
mean temperatures but also during Q10F WECS. Indeed,
models with available snow outputs (8 models) simulate on
average 4 % of snow cover over the WE domain in
RCP8.5, instead of 17 % in HIST. Thereby, unlike the
multi-model CRF response found over Europe, the snow-
albedo feedback locally enhances the surface warming over
the WE domain as well as over Eastern Europe.

4.4 Focus on individual model responses

To quantify more precisely the cause for the decrease of
WECS intensity in individual models, Fig. 8 gathers scatter
plots of WECS intensities versus some climatic variables.
The relationship between the WECS intensity and the mean
change of Tmin over the domain is clear (R = —0.84,
p < 0.05). Models showing the strongest decrease of WECS
intensity are those with the strongest seasonal mean warming
(Fig. 8a). While correlations with CRF and ALBCS changes
are not significant (Fig. 8b, ¢, R = 0.43 and R = 0.34), the
potential relationship between changes in ALBCS versus
WECS intensity is broken by two “outliers”. Indeed, when
GFDL and IPSL are removed from the list of models, the
correlation between the intensity response and the decrease
of ALBCS becomes significant (R = 0.69, p < 0.05).
Interestingly, GFDL (IPSL) is among the models showing
the weakest (strongest) response in both WECS intensity and
mean temperature (Fig. 8a).

Possible causes for these extreme responses of GFDL
and IPSL are suggested in Fig. 9 with SLP and SST

(a) Tmin - HIST

(b) Tmin - RCP85-HIST

hPa

5-4-32-10122343%5

composites computed as in Fig. 7. In line with the sus-
tained WECS intensity, the GFDL atmospheric pattern
favors polar air advection over Western Europe (Fig. 9a)
with positive SLP anomalies over Greenland and negative
anomalies over Scandinavia. This response of large-scale
dynamics is not found in the other models and is associated
with a particular SST pattern (Fig. 9c). Strikingly, a cold
anomaly is found southward of Greenland and Iceland
coasts. Such a regional exception to global warming was
highlighted in several studies and could arise from a
slowdown of the North Atlantic thermohaline circulation
that mitigates the warming over Western Europe (Vellinga
and Wood 2002; Dai et al. 2005). Since GFDL is the model
with the strongest cold anomaly of SST over this region,
that might explain its limited change in WECS intensity in
the RCP8.5 scenario.

IPSL exhibits a very different SLP pattern (Fig. 9b) with
a strong anticyclonic anomaly centered over the Mediter-
ranean Sea. This anomalous circulation tends to favor the
advection of warm air from North Africa over the WE
domain and provides an explanation for the strong decrease
of WECS intensity in this model. Again, the pattern of the
SST warming could contribute to this atmospheric
response. Indeed, the Mediterranean SST warms strongly
in IPSL, as illustrated in Fig. 9d (around +4 K between
RCP8.5 and HIST). Moreover, as reported in Fig. 8d, a
fairly close relationship is found between the decrease in
WECS intensity and the rise of Mediterranean SST in
RCP8.5 (R = —0.67, p < 0.05). Further analyses would
however be required to wunderstand whether the
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Fig. 7 a High CSSI composites
of net radiative flux anomaly in
HIST (multi-model mean);

b Multi-model response in
RCP8.5 (RCP8.5-HIST) by
using Q10F; ¢, d same as a and
b but for cloud radiative forcing;
e, f same as a and b but for the
shortwave component of CRF;
g, h same as a and b but for
clear-sky albedo. On b, d, f and
h, stipples indicate regions
where the sign consistency
between models is higher than
80 %. Periods: 1984-2007
(HIST) and 2070-2099
(RCP8.5)
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5 -4 -3 -2 -1 1

(€) CRF SW- HIST

-0.12 -0.06

0

Mediterranean SST plays a passive or active role in the
response of WECS to global warming in CMIP5 models.

5 Conclusion

In this paper, an original methodology is developed to
define cold spells over Western Europe (WECS). We use a
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percentile-threshold index (10th percentile of Tmin, Q10)
to retain cold days and some duration and extent criteria to
define the regional cold spells (respectively 6 days and
20 % of the WE domain). Based on this index, WECS
statistics in historical simulations of 13 CMIP5 models
have been compared to EOBS observations over the
1979-2008 period. While most models are able to simulate
realistic  WECS features, model-dependent as well as
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Fig. 8 Scatterplot of changes in
WECS intensity versus seasonal
mean changes (RCP8.5-HIST)
in: a Tmin averaged over the
WE domain; b same as a but for
cloud radiative forcing; ¢ same
as a but for clear-sky albedo;

d same as a but for
Mediterranean SST. Stars
indicate that correlation is
significant to the 95 %
confidence level

Fig. 9 a Model response
(RCP8.5-HIST) of high CSSI
composites of SLP anomaly for
GFDL; b same as a but for
IPSL. ¢, d same as a and b but
for SST. Significant values at
the 95 % confidence level are
shaded. Period: 2070-2099
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common biases are identified on the intensity, duration and
extent of these events. Among these three parameters that
determine WECS severity, intensity has the most important
contribution on the model biases.

A preliminary analysis of the possible causes for such
biases has highlighted the role of ocean—atmosphere cou-
pling and SST errors, with some models simulating more
realistic WECS in AMIP mode. Moreover, some models
share common radiative biases that lead to underestimate
the amount of energy absorbed at the land surface and
overestimate the magnitude of Tmin anomalies during
WECS. However, this cold bias is offset over Northern
Europe by the dynamics bias that cause an overestimation
of oceanic air advection.

The evolution of WECS characteristics at the end of the
twenty-first century (2070-2099 period) is then docu-
mented using RCP8.5 concentration scenarios. Not sur-
prisingly, WECS from the current period (computed with
the present 10th percentile, Q10P) are projected to be much
less frequent by all models. Nonetheless, these “present-
day” WECS can be more severe as in the late twentieth
century in one model, in line with previous results on cold
extremes (Vavrus et al. 2006; Kodra et al. 2011). WECS
defined from the future 10th percentile threshold (Q10F)
show a strong decrease of intensity that scales with the
increase of the mean temperature over Europe between
present and future. While others scenarios have not been
investigated in this study, this linear relationship suggests
that in a more moderate scenario (e.g. RCP4.5) the WECS
decrease would be weaker in line with a weaker rise of
mean temperature. For multi-model ensemble mean, and in
contrast with biases, changes in large-scale dynamics and
surface radiation contribute the same sign to the response
of WECS intensity. The negative contribution of cloud
radiative forcing is offset by a decrease of surface albedo,
in line with the snow cover retreat simulated in RCP8.5.
However, some models (GFDL and IPSL) exhibit partic-
ular atmospheric patterns that shape the simulated decrease
of WECS intensity. Such patterns could be related to the
specific SST response found in the North Atlantic and
Mediterranean Sea but further studies will be necessary to
clarify this question. Besides, the question of trends of
WECS has not been addressed in this paper and would
deserve a dedicated work using appropriate statistical
analysis over longer periods than the 30-year time slices
used in the present study.

In summary, and despite some robust features of the
WECS response found in the CMIP5 multi-model, large
model uncertainties remain about the frequency and
severity of such events at the end of the twenty-first cen-
tury. Further studies and model improvements are needed
for better constraining both regional processes (cloud and
snow radiative feedbacks) as well as large-scale dynamics
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and coupled ocean—atmosphere processes (SST patterns) in
global climate models. The presence of potential outliers in
this respect also raises the issue of defining objective
measures of model performance and combining projections
from multiple models.
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