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Abstract Recent winter seasons have evidenced that
global warming does not exclude the occurrence of
exceptionally cold and/or snowy episodes in the Northern
mid-latitudes. The expected rarefaction of such events is
likely to exacerbate both their societal and environmental
impacts. This paper therefore aims to evaluate model
uncertainties underlying the fate of wintertime cold
extremes over Europe. Understanding why climate models
(1) still show deficiencies in simulating present-day fea-
tures and (2) differ in their responses under future scenarios
for the twentyfirst century indeed constitutes a crucial
challenge. Here we propose a weather-regime approach in
order to separate the contributions of large-scale circulation
and non-dynamical processes to biases or changes in the
simulated mean and extreme temperatures. We illustrate
our methodology from the wintertime occurrence of
extremely cold days in idealized atmosphere-only experi-
ments performed with two of the CMIP5 climate models
(CNRM-CMS5 and IPSL-CMS5A-LR). First we find that
most of the present-day temperature biases are due to
systematic errors in non-dynamical processes, while the
main features of the large-scale dynamics are well captured
in such experiments driven by observed sea-surface tem-
peratures, with the exception of a generalized underesti-
mation of blocking episodes. Then we show that
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uncertainties associated with changes in large-scale circu-
lation modulate the depletion in cold extremes under an
idealized scenario for the late twentyfirst century. These
preliminary results suggest that the original methodology
proposed in this paper can be helpful for understanding
spreads of larger model-ensembles when simulating the
response of temperature extremes to climate change.

Keywords Global climate model - European
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1 Introduction

Beyond the long-term global mean temperature increase,
climate change may trigger disproportionate responses in
regional temperature variability, especially extreme events
(e.g., summer heat-waves, winter cold spells). Since such
events generally cause the highest impacts on both socie-
ties and ecosystems, it is crucial to evaluate their evolution
under a warmer climate as expected in the twentyfirst
century, together with the associated uncertainties. At mid-
latitudes, inter-annual to intra-seasonal fluctuations in the
local weather are mostly driven by chaotic disturbances of
the atmospheric dynamics, resulting from baroclinic
instabilities underlying meridional temperature gradients.
During wintertime season, the intensification of such gra-
dients causes in particular a strongest day-to-day variability
in surface temperatures. Hence, while the probability of
regional-scale cold waves is expected to diminish under
global warming (e.g., Kharin et al. 2007), they are likely to
persist across mid-latitude land areas even until the end of
the twentyfirst century (Kodra et al. 2011). In addition, as
illustrated during recently observed cold spells in Europe
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of winters 2009/10 (Cattiaux et al. 2010a, b; Ouzeau et al.
2011) and 2010/11, the increased societal vulnerability to
such events may affect the public perception and continue
to spur outbreaks of skepticism regarding the nature and
causes of global warming. It is therefore important to better
understand why models still show difficulties in simulating
the basic dynamical and statistical features of present-day
cold waves, and uncertainties in projecting their response
to climate change scenarios.

Wintertime temperature variability over Europe is
mostly controlled by the North-Atlantic Oscillation (NAO),
generally defined as the main mode of variability in the
daily large-scale circulation over this region (Hurrell et al.
2003, for a detailed review). The positive (negative) phase
of the NAO is characterized by increased westerlies (eas-
terlies) that carry warm (cold) air masses over the Euro-
pean continent (e.g., Thompson and Wallace 2001). Links
between North-Atlantic atmospheric circulation and inter-
annual to intra-seasonal variations in European tempera-
tures, including cold extremes, have often been assessed
trough weather-regime (e.g., Cassou et al. 2005) or
weather-type (e.g., van den Besselaar et al. 2010) approa-
ches. Such techniques consist in describing large-scale
circulation fluctuations as transitions between a finite
number of persisting and recurrent patterns. In particular
wintertime cold outbreaks are generally associated with
concurrent exceptional persistence of one regime, as during
the cold winter 2009/10 characterized by a record occur-
rence of negative NAO conditions (Cattiaux et al. 2010a).
The long-term increase in European temperatures has
therefore legitimately been suspected to be induced by
changes in frequencies of occurrence of weather regimes,
especially after a remarkable spate of positive NAO win-
ters in the 1980s—1990s (Corti et al. 1999; Palmer 1999;
Gillett et al. 2003). However the return to less positive
NAO winters after 1994/95 did not stop the long-term
European warming, underlining the inability of large-scale
circulation changes to explain the amplitude of both recent
(Vautard and Yiou 2009) and future (Cattiaux et al. 2011)
temperature trends.

Here we use a weather-regime approach in order to
estimate which part of biases/changes in the representation
of wintertime cold extremes by climate models can be
attributed to large-scale circulation. Errors in the repre-
sentation of large-scale dynamics by climate models can in
particular result from their horizontal resolution (of the
order of hundred km), insufficient for reproducing small-
scales structures that are helpful in the maintenance of
weather regimes (e.g., Cattiaux et al. 2012; Franzke et al.
2011). Thus we present an original methodology which
linearly breaks up biases/changes into contributions of
regime frequencies, within-regime distributions and other
non-dynamical mechanisms that modulate European
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temperatures. Such non-dynamical mechanisms, which
include physical processes linked to e.g., water vapor,
clouds, snow or soil freezing, indeed constitute a potential
source of systematic biases in climate models for the rep-
resentation of temperature extremes given the complexity
of associated feedbacks.

In this paper, we use idealized time-slice experiments
run with two general circulation models (GCMs), CNRM-
CMS5 and IPSL-CMS5A-LR, both designed for the Fifth
Phase of the Coupled Model Inter-comparison Project
(CMIPS). Models and reference datasets are presented in
Sect. 2, as well as present-day evaluations and projected
future changes in both mean and extreme wintertime
temperatures. Section 3 describes the weather-regime
approach and its relevance in the framework of this study,
and details the breakdown methodology that separates
dynamical from non-dynamical effects. An application to
the projected depletion in extremely cold days over Europe
is presented. Eventually, Sect. 4 summarizes main results
and discusses potential prospects of this study.

2 Data
2.1 CNRM-CMS5 and IPSL-CM5A-LR models

A complete and detailed description of CNRM-CMS5 and
IPSL-CMS5SA-LR (hereafter CNRM and IPSL) coupled
ocean-atmosphere GCMs can be found in reference papers
in this issue (Voldoire et al. 2012; Dufresne et al. 2012)
and is not repeated here. In this study we use time-sliced
atmosphere-only experiments, i.e. with prescribed sea-
surface temperatures (SST) for both present-day and future
climates as designed for the Atmospheric Model Inter-
comparison Project (AMIP). Despite their possible limita-
tions (e.g., Douville 2005), such AMIP-type experiments
allow us to isolate the errors (present-day climate vs.
observations) and uncertainties on changes (future vs.
present-day climate) associated to the atmospheric com-
ponent of coupled GCMs. In addition, the methodology
presented in this paper aims to be applied to a larger
number of both atmosphere-only and coupled ocean-
atmosphere simulations.

The atmospheric component of CNRM-CMS5 is the
spectral ARPEGE-Climat GCM operating on a T127 linear
grid (256 x 128 grid points) with 31 vertical levels and
coupled to the ISBA land surface scheme (see Voldoire
et al. (2012) in this issue for more details). The atmo-
spheric component of IPSL-CM5A-LR is the LMDZ model
operating on a regular 96 x 96 longitude-latitude grid with
39 vertical levels and coupled to the ORCHIDEE land
surface scheme [details can also be found in this issue in
Dufresne et al. (2012)]. Besides their dynamical core,
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resolution and land-surface scheme, these models also have
a different set of physical parameterizations and only share
relatively close radiative schemes.

For both models we use daily outputs of wintertime
(December—March, DJFM) daily minimum temperature
(Tmin). In order to characterize the large-scale atmospheric
circulation, we use the daily mean geopotential height at
500 hPa (Z500). The evaluation of present-day biases is
based on the control AMIP experiment, whose prescribed
monthly mean SSTs and radiative forcings are derived
from 1979 to 2008 observations. The sensitivity to climate
change is assessed using the AMIP-Future experiment as
defined by the CMIP5 protocol (Taylor et al. 2007): the
radiative forcing is unchanged and the SST forcing is the
sum of 1979-2008 observations and climatological
monthly anomalies, whose spatial pattern is derived from
the CMIP3 model-ensemble projections and global average
equals 4 K. While highly idealized, such an experiment
constitutes a reasonable surrogate of future climate over
Europe, since the indirect (i.e. ocean warming) effect
dominates the direct (i.e. radiative) effect of increased
greenhouse-gases concentrations on surface air temperature
in this region (Déqué et al. 1998).

2.2 Observations and reanalyses

Biases in minimum temperatures are evaluated with respect
to the Tmin in-situ observations provided by the European
Climate Assessment and Dataset and interpolated onto a
regular 0.5 x 0.5° grid [hereafter EOBS, Haylock et al.
(2008)]. The reference for Z500 is taken from the NCEP/
DOE reanalysis [hereafter NCEP2, Kanamitsu et al.
(2002)] that also spans the AMIP period (1979-2008). In
order to ease the comparison between both models and
observations, all datasets are interpolated onto a common
grid (without elevation corrections) with a first-order re-
mapping scheme. We arbitrarily choose the T127 grid used
in the CNRM atmospheric model, which is intermediate
between all datasets and should be a medium resolution
among all CMIP5 models.

2.3 Mean biases and future changes in temperatures

Mean biases in wintertime Tmin are presented for both
models in Fig. 1. CNRM exhibits a generalized cold bias
over Europe, with an average of —0.5 K over the whole
domain (12°W-50°E; 36-71°N), and exceeding —3 K over
mountainous regions (Alps, Scandinavian Alps and the
Taurus located in Turkey). IPSL minimum temperatures
are on average 1.1 K warmer than observations, with a
warm bias south of 50°N and over Scandinavia, and a cold
bias over North-Eastern Europe. Model behaviors over

areas of complex orography are likely to be linked to their
horizontal resolutions and to the lack of correction for the
different elevations. Overall, biases are consistent with
Voldoire et al. (2012) for CNRM and Menut et al. (2012)
for IPSL.

Despite different present-day mean states, both models
exhibit similar features in their sensitivity to “global
warming”, as defined as the difference between AMIP-
Future and AMIP experiments (Fig.2). On average,
CNRM response is slightly warmer than IPSL (5.4 vs. 4.9
K), but spatial patterns are highly correlated (» = 0.85), in
particular with a strong South-West—North-East gradient.
The largest differences occur over mountainous regions,
Scandinavia (~2 K) and Taurus (~4 K), which could be
partly due to different snow feedbacks, especially at lower
latitudes where solar radiation substantially impacts sur-
face energy budgets in winter. The latter should never-
theless require further investigation.

2.4 Focus on cold spells

In addition to mean biases, we evaluate the ability of both
models to reproduce observed cold extremes in AMIP
experiments. For each grid point, extremely cold days are
defined as days with a Tmin below the 10th percentile of
the EOBS 1978-2007 distribution. The frequency of
occurrence of such cold days over the whole period thus
corresponds to the empirical Probability of exceeding the
observed 10th Percentile (hereafter PP10). By design, a
perfect representation of observed cold extremes would
imply PP10 = 10 % at all grid points. For both models,
EOBS-relative PP10 in AMIP experiments follow the mean
bias at the first order: above (below) 10 % in areas of cold
(warm) biases. On average over the whole European
domain, CNRM (IPSL) produces 13.7 % (9.1 %) of
extremely cold days.

Then we investigate the difference in cold extremes
between AMIP and AMIP-Future experiments. For both
models, PP10 are computed in the AMIP-Future experi-
ment relative to the 10th percentile of the corresponding
AMIP experiment. Not surprisingly, since this definition
considers a fixed threshold (AMIP percentile), we find a
large decrease in PP10 under future warming (Fig. 3). On
average over the domain, only 0.5 % (1.5 %) of days are
found to be extremely cold in AMIP-Future for the CNRM
(IPSL) model. In other terms extremely cold days remain
about three times more frequent in IPSL than CNRM,
which is consistent with the larger temperature increase
exhibited by the CNRM model. Interestingly, the spatial
correlation between both responses is lower than for mean
changes (r = 0.46), suggesting that temperature extremes
do not necessarily scale on the mean of the distribution.
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Fig. 1 Mean departures from
EOBS in wintertime Tmin for
a CNRM and b IPSL. Units: K

Fig. 2 Mean differences
between AMIP-Future and
AMIP in wintertime Tmin for
a CNRM and b IPSL. Units: K

Fig. 3 Same as Fig. 2 for PP10,
represented as raw departures
from 10 %. Units: %

2.5 Large-scale circulation

In association with the low-troposphere temperature
increase, the Z500 tends to increase between AMIP and
AMIP-Future, as a result of the low-troposphere thermal
expansion. This is illustrated for both models in Fig. 4. On
average over the whole North-Atlantic domain (90°W-
30°E; 20-80°N), this elevation is larger for CNRM (127 m)
than IPSL (100 m). In addition, despite a concurrent
maximum over the Mediterranean area, the anomaly pat-
terns differ: the largest changes in CNRM occur prefer-
entially at low latitudes and over continents, while IPSL
exhibits a strong North-Atlantic/Europe contrast and a
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limited elevation over the West-Atlantic. The following
sections investigate to what extent such differences in Z500
fields are liable to modulate the European temperature
response, both in terms of mean climate and extreme
events.

3 Dynamical versus non-dynamical contributions

3.1 Weather-regime approach

In order to estimate the contribution of the large-scale
atmospheric circulation to biases or changes in wintertime
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Fig. 4 Same as Fig. 2 for Z500.
Units: m

Fig. 5 Wintertime weather
regimes obtained from NCEP2
7500: a NAO+, b NAO—,

¢ Blocking and d Atlantic
Ridge. Units: m

Tmin, we use a weather-regime approach. Such an
approach has often been used in recent years (e.g., Vautard
1990), and consists in considering that the intra-seasonal
variability of the North-Atlantic atmospheric circulation
can be described as transitions between a limited number of
recurrent and quasi-stationary states (or weather regimes).
Here we calculate the weather regimes by computing the
“k-means” clustering algorithm (Michelangeli et al. 1995)
on the distribution of Z500 daily anomalies taken from
NCEP2 reanalysis, over the domain used in Fig. 4 (90°W-
30°E; 20-80°N). NCEP2 anomalies are calculated relative
to the corresponding 1979-2008 climatology and only
wintertime months (DJFM) are retained in the procedure.
More details about this methodology can be found in this
issue in Cattiaux et al. (2012). Eventually, we obtain the
four well-known centroids described e.g., in Cassou
(2008): the two phases of the North Atlantic Oscillation
(NAO+, NAO—), the Scandinavian Blocking (BL) and the
Atlantic Ridge (AR, Fig. 5).

For NCEP2, each day of DJFM 1979-2008 is attributed
to the regime whose centroid is the closest to the day’s

-120
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90 -60 -30 0

m

30

60 90 120

7500 anomaly in terms of Euclidean distance. Then, in
order to retain robust and stationary episodes only and to
avoid a too strong artificial constrain (sum equals one)
between the relative frequencies of occurrence of the
regimes, we arbitrarily apply a 0.25-minimal-correlation
criterion (between centroid and day’s Z500 anomaly) and a
3-day-persistence filter to the classification. This leads to
discard about 20-25 % of all winter days, but we tested
that our results would have been qualitatively similar if
retaining all days. In the following we consider these
“discarded” days as equivalent to a fifth regime: the so-
called “bin” class.

In order to compare observed and simulated regimes, we
use NCEP2 centroids as a common reference. Reasons for
such a choice are discussed in this issue by Cattiaux et al.
(2012) for the IPSL model, and basically rely on the fact
that model centroids are generally close to observed ones
(not shown). For both CNRM and IPSL models and both
AMIP and AMIP-Future experiments, we compute win-
tertime Z500 anomalies relative to the AMIP climatology.
Then, we attribute each day to the closest NCEP2 centroid
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(Euclidean distance minimization), with both correlation
and persistence criteria. In order to account for the thermal
expansion of the troposphere in AMIP-Future (Fig. 4), the
domain-averaged elevation of the Z500 field is removed
before classifying days. Such a procedure, also applied in
Cattiaux et al. (2010b) or Driouech et al. (2010), never-
theless retains the patterned response of Z500 to climate
change, which is likely to project onto the regime fre-
quencies. The differences in patterns of Fig. 4 are thus
purposely accounted for by this methodology.

Frequencies of occurrence of weather regimes are pre-
sented in Fig. 6a. In the NCEP2 reanalysis, the period
1979-2008 is characterized by a high frequency (~25%)
of NAO+ episodes (especially in the 1980s/1990s), while
the three other regimes are rather equiprobable
(~15-20 %). In AMIP experiments, both models represent
the frequencies of both NAO+ and AR regimes quite well,
while they underestimate BL and CNRM slightly overes-
timates NAO—. The BL underestimate is a common feature
of many climate models which generally simulate a too
strong and stable jet stream (e.g., Scaife et al. 2010). The
5 % confidence intervals—obtained by a bootstrap proce-
dure over the 30 years of mean seasonal occurrences—
indicate that the bin class is not overestimated by the
models, which justifies the use of NCEP2 centroids as a
common reference for classifications.

Figure 6b shows the difference between AMIP-Future
and AMIP in mean regime occurrences. Both CNRM and
IPSL models exhibit a significant increase in NAO+ fre-
quency. Such large-scale dynamical response is consistent
with previous findings in both CMIP2 (e.g., Stephenson
et al. 2006) and CMIP3 (e.g., Cattiaux et al. 2011) pro-
jections, even if its robustness may be questioned by the
wide spread in larger multi-model projections (Deser et al.
2010). In our study, the redistribution of the NAO+
increase among the other regimes significantly differs
between CNRM and IPSL. CNRM (IPSL) produces a
decrease (increase) in NAO—, while the IPSL decrease in

a i i i i
50 1 ; ; ; ; "
; ; ; ;
40 - i ; i ; L
; ; ; ;
; ; ; ;
® 30 - i ; i i -
>
3 E ! ! ! 3 é. :
— 1 1 1 1
° 2071 i i i i i
R ; ; ; ;
10 4 i i i ; L
! ! ! !
ol NAO+ ! NAO- ! BL ! AR !  bin L
® NCEP2 'A CNRM' W IPSL' !
1 1 1 1

Fig. 6 Mean frequencies of occurrence of weather regimes. a AMIP
values for CNRM (triangle) and IPSL (inverted triangle) represented
as departures from EOBS values (filled circle). b AMIP-Future values
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AR frequency is significantly greater than for CNRM. BL
responses are also contrasted, with an increase (decrease)
for CNRM (IPSL).

Differences in frequencies between AMIP and AMIP-
Future are directly linked to the mean Z500 difference
shown in Fig. 4. The NAO+- increase is associated with the
generally higher (lower) elevation over low (high) lati-
tudes. Differences in evolutions of NAO— and AR fre-
quencies result from the patterned responses: the CNRM
(IPSL) pattern indeed appears slightly anti-correlated to the
NAO- (AR) centroid of Fig. 5.

3.2 Weather regimes and temperatures

The relationship between weather regime occurrences and
European temperatures has been addressed in many studies
(e.g., Plaut and Simonnet 2001). In particular, intra-seaonal to
seasonal temperature extremes are generally associated with
an unusual persistence of one particular weather regime. The
latter has been recently illustrated during the winter 2009/10
whose cold spells were caused by a record persistence of the
NAO- regime (e.g., Cattiaux et al. 2010a). Here, in order to
assess the link between weather regimes and European Tmin,
we consider the following linear decomposition by writing the
mean of a variable X (X) as the mean of regime-conditional
means x; weighted by the frequencies of occurrence f:

X=13"xi= i, (1)
i€Q k

with Q the total ensemble of the N days, f; = Ni/N the
frequency of occurrence of the kth regime and x; the
conditional mean to regime k defined by:

1
Xe=-—>_ X, (2)
Nk ikEQk

with € the ensemble of the N; days classified in the kth
regime.

b 30

20 A

% of days

- NAO-

NAO+

N
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BL A bin
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+

for CNRM and IPSL represented as departures from AMIP values.
95 %-confidence intervals obtained by bootstrap procedures are
indicated. Units: %
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In our case, the variable X can represent either Tmin
anomalies or PP10 in Eq. 1. In the former case, X corre-
sponds to the average of Tmin anomaly over the whole
period, and each x; represents the composite of Tmin
anomalies within regime k. In the latter case, X corresponds
to the mean probability to exceed the 10th Tmin percentile,
x; the same probability of exceedance when placed in
regime k, and Eq. 1 resembles a classical Bayes formula of
conditional probabilities:

PPI0 = P(T <Ty) = >  P(Q) - P(T <T10|), (3)
k

with P(Qy) =fi the probability of regime k, and
P(T <Ty9|Q) = PP10; the conditional probability of
exceedance to regime k. While the decomposition of Eq. 1
has already been applied to mean climate variables, such as
surface winds (Boé et al. 2006; Najac et al. 2009), pre-
cipitation (Driouech et al. 2010) or temperature (Gouba-
nova et al. 2010), its extension to probabilities of quantile
exceedance has more rarely been performed (Cassou et al.
2005; Sanchez-Gomez et al. 2008). In this paper, the focus
is therefore on the PP10 application.

Figure 7a—d shows the conditional PP10 for each
regime in EOBS Tmin. The NAO+ regime, characterized
by increased westerlies, brings mild air masses over
Europe, which leads to a reduced frequency of extremely
cold days over the whole domain (~3 % on average
instead of 10 %), except over the Taurus area. Con-
versely, the NAO— regime brings polar air over Northern
Europe, enhancing the probability of exceeding the 10th
Tmin percentile north of 50°N. Both BL and AR are also
associated with cold anomalies on average over Europe,
and extremely cold days tend to be distributed among BL
for Central Europe and AR for South-Western Europe.
We verified that the conditional PP10 for the bin class is
close to the mean probability of 10 %, which confirms the
robustness of the regime partition in order to discriminate
temperatures (not shown). Beyond their mean biases, both
CNRM and IPSL models capture the observed partition of
conditional PP10 among the four regimes (Fig. 7e-1).
However, while IPSL overestimates the role of AR over
France, patterns amplitudes are generally underestimated
by both models, especially over Northern Europe in
NAO- regime and over Central Europe in BL. The latter
could indicate that weather regimes are less efficient at
discriminating temperatures in models than in observa-
tions. This fact can either result from our choice to use
NCEP2 centroids as references or suggest a weaker (at
least different) relationship between circulations and
temperatures in models. Such an issue is beyond the
scope of our study.

3.3 Evaluating dynamical contributions

This section describes how contributions of large-scale
dynamics to a difference of X can be estimated from Eq. 1.
Indeed, if we consider for instance the difference in X
between two time slices, e.g., future (index F) and present
(P) climates, Eq. 1 indicates that:

AR =X =X =3 fix =
A 3
zzk:(f,fff[)foer:f/f(x/f*x/f)
+Zk:(f/f—f;f)(xf—Xf)
:;Afkwf+;f[ﬂxk+;Afk'Mk> (4)

BC wcC RES

where BC (between-class) represents the part of the total
difference which is due to differences in frequencies of
occurrence of weather regimes, and WC (within-class) the
contribution of differences within the regimes, while RES
(“Residual”) is a mixing term. We arbitrarily formulate
both BC and WC terms as functions of present-day values
(respectively x; and f;) in order to ease their interpreta-
tions. While Eq. 4 (or equivalent) has often been used for
decomposing responses to climate change (e.g., Goubano-
va et al. 2010), is is worth noting that “future—present” can
easily be replaced with “model—observations” in the dif-
ference of X. Thus, in the following we carry on the
methodology description using the climate change exam-
ple, albeit keeping in mind than it could be applied to
present-day biases as well.

The WC term in Eq. 4 is the most difficult to interpret, in
particular because Ax; terms can contain both dynamical
and non-dynamical sources. Indeed, the subset of the Z500
distribution corresponding to days placed in regime k
(hereafter d;) may differ between present and future, e.g.,
due to a slight shift of the mean centroid k. In addition, the
relationship between X and the Z500 may be modified in
the future, leading to different x; for equal d;. In order to
distinguish these two contributions in the term WC, we
introduce a transfer function ® such as:

Yk xp = O(dy), (5)

i.e which associates a mean value of X to a distribution d of
7500 anomalies. ® can be interpreted as the non-dynamical
mechanisms that convert the influence of the large-scale
circulation on the European temperatures, including surface
conditions (e.g., sea-surface temperatures, soil moisture,
snow) and radiative feedbacks (e.g., clouds, aerosols). It is
worth noting that, in reality, large-scale circulation and such
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Fig. 7 Weather-regimes conditional PP10 for a—d EOBS, e-<h CNRM (AMIP) and i-1 IPSL (AMIP). PP10 values are represented as raw
departures from 10 %. For CNRM and IPSL, mean biases are removed (see details in text). Units: %

regional processes are not independent, so that the artificial
split of Eq. 5 should nevertheless be carefully interpreted.
Equation 1 can be rewritten as follows:

X = fi®(d), (6)
k
and since:
A, = O (d) — 0" ()
= [@"(d) = " ()] + [@7(d]) — @"(d)],  (7)
the WC term can be split in two parts and Eq. 4 becomes:
AX = ZAfk oF (dy) + ka (@ (df) — " (d})]
wcd
+ ka [ (df) — @" ()] + > A - Al@(d)],
k
wCo RES

(3)

where WCd represents the part due to differences in dy
only, and WC® represents the part due to differences in the
transfer function ® only. Concretely the term ®°(df)
represents the mean value of X that would produce the
present non-dynamical mechanisms from daily circulations
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of the future. It is the most difficult term to estimate in
order to derive the full composite. A practical way to do it
is to consider:

o” (df) = o (df ), 9)
where ;1\,15 represents the subset of the present-day Z500
distribution which is the closest to the future d%. In other

terms ;l\,‘f are the flow-analogs of di in the present-day
circulations, as defined by Lorenz (1969) and used in a
bunch of recent studies (e.g., Vautard and Yiou 2009). We
arbitrarily introduce the mixed term ®°(df) in Eq.7
(instead of, e.g., " (dF)), because it allows, as in Eq. 4, to
consider present-day as the reference: the WCd term is
formulated as a function of @, and the WC® term uses

df = dP, thus seeking analogs of future states in the
“reference” set of present-day states.

Thus, for both CNRM and IPSL models and for each
day in AMIP-Future experiment, we select days with the
most analog Z500 field in the AMIP experiment. Analog
days are sought in all AMIP years, but in the same
“month” (31-day moving window). The analogy is asses-
sed by maximizing the spatial correlation, but other metrics
would not have substantially changed the selection [tested
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Fig. 8 Decomposition of the CNRM AMIP-Future-AMIP difference
in PP10 according to Eq. 8. a-d BC terms for each regime,
respectively NAO+, NAO—, BL and AR. e-h Same for WCd terms.

in Cattiaux et al. (2011)]. In order to have subsets d,f and

Z,‘f of same size, we only retain one analog per day (the first
one). Even though there is no methodological reason to
constrain the seek of di analogs to days belonging to df

(i.e. placed in the same regime), we find that ~85 % of d?
actually lie in df . This confirms (1) the robustness of the
weather-regime approach to discriminate daily circulations
and (2) the quality of the selected flow-analogues, which
are both strong requirements of our methodology.

3.4 Application to future changes in PP10

The breakdown of Eq. 8 can be applied to both Tmin
anomalies or PP10 variables (X), and to both present-day
biases or future changes (A). As previously discussed, the
focus on PP10 seems promising, especially because
extreme cold days are remarkably geographically parti-
tioned among the four regimes (Fig. 7a—d). In addition,
applying Eq. 8 to present-day biases indicates that for both
models the contribution of both BC and WCd terms are
minor (not shown), which means in particular that biases in
regimes’ frequencies exhibited in Fig. 6a are dominated by
non-dynamical biases for the representation of temperature

i-1 Same for WC® terms. PP10 values are represented as raw
departures from 10 %. The remaining terms of Eq. 8 corresponding to
the bin class and/or to the residual RES are not shown. Units: %

extremes. Such a conclusion should however be moderated
given the use of AMIP-type experiments, in which pre-
scribed SST inhibit the influence of systematic atmospheric
biases on seasonal mean large-scale circulation. At this
timescale, Eq. 8 should be more fruitful when applied to
coupled ocean-atmosphere models. In this section, we
therefore decided to focus on breaking up future changes in
PP10.

Figures 8 and 9 show BC, WCd and WCO® individual
terms for each regime, respectively for CNRM and IPSL
models. Residual terms (RES) and/or contributions of the
bin class are omitted for convenience, but we verified that
no major signal appears among them. BC terms directly
scale on conditional composites drawn in Fig. 7e-1, with
signs imposed by changes in frequencies of Fig. 6b. For
both models the increase in NAO+ and the decrease in AR
frequencies both contribute to reduce the PP10 in AMIP-
Future. The role of AR is significantly greater for IPSL,
which results from the combination of a higher frequency
decrease (Fig. 6b) and a greater conditional PP10
(Fig. 7h,1). Since models disagree on NAO— and BL
evolutions, the corresponding BC terms are of opposite
signs, especially for NAO— in Northern Europe. WCd
terms are mostly negative for all models and regimes,
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Fig. 9 Same as Fig. 8 for IPSL. Units: %

indicating that the changes in Z500 distributions within
weather regimes would reduce PP10 even with a constant
transfer function @ (e.g., unchanged regional physics). This
also underlines that large-scale circulation changes would
not have been totally accounted for if only considering
them as changes in regime frequencies, as in (e.g., Gou-
banova et al. 2010), which highlights the interest of our
linear model in Eq. 6. WCd contributions are more
important for IPSL than for CNRM, which could be
explained by the highest spatial heterogeneity in large-
scale circulation changes (Fig. 4). Indeed, patterned chan-
ges found in IPSL hardly project onto regimes centroids, so
that they are likely to induce larger changes in within-
regime distributions, while CNRM changes in Z500 should
more directly project onto NAO regimes frequencies.
Eventually, WC® terms generally represent the highest
contributions to PP10 decreases for all regimes, especially
for CNRM. Logically, individual WC® contributions of
each regime are the largest in areas where the regime is the
most discriminating for PP10 (Fig. 7), and hence where
changes in the ® function are crucial for PP10. Interest-
ingly, in some areas WCd changes are larger than WC® for
the IPSL model, for example over Western Europe in BL
and AR regimes. This could be interpreted as a prominent
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contribution of large-scale circulation changes to PP10
decrease in this model, but this probably reaches the limits
of the artificial split introduced in Eq. 5 between ® and d.

Absolute differences between Figs. 8 and 9 are plotted
on Fig. 10. While terms in Fig. 10 do not sum as the total
absolute difference between CNRM and IPSL (precisely
because they are “absolute”, not “raw” differences), they
nevertheless highlight in which regime and/or which of
BC, WCd and WC® terms the largest disagreements occur.
In addition, such a measure could easily be extended to a
greater ensemble of AMIP and/or CMIP simulations by
replacing absolute values by standard deviations or vari-
ances, hence being helpful for investigating uncertainties in
model responses to climate change. Here, largest uncer-
tainties in the PP10 decrease occur in NAO— regime for
Northern Europe and BL and AR regimes for Southern
Europe, while both models agree reasonably well in
NAO+ regime. In addition, uncertainties associated with
changes in large-scale circulations, including NAO— and
AR frequencies and BL and AR within-class distributions,
have roughly the same influence on PP10 than uncertainties
associated with changes in non-dynamical mechanisms
(e.g., cloud and land surface feedbacks). While it should be
interesting to test such conclusions with greater model-
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Fig. 10 Absolute differences between Figs. 8 and 9. Units: %

ensembles, the large difference in simulated changes in
regime frequencies between CNRM and IPSL possibly
provides a rough preview of the model spread expected for
large-scale changes.

4 Discussion and conclusions

In this paper we diagnose the representation of both mean
and extreme wintertime European temperatures in ideal-
ized simulations of present-day and future climate per-
formed with the CNRM and IPSL atmospheric GCMs. We
find a cold (warm) mean bias for CNRM (IPSL), resulting
in an overestimated (underestimated) probability of
exceeding the observed 10th percentile (PP10). The sen-
sitivity of both models to global warming exhibits similar
features, albeit a slightly greater warming is found for
CNRM, associated with a higher decrease in PP10. As
wintertime European temperatures are mostly driven by the
North-Atlantic chaotic dynamics, we use a weather-regime
approach in order to evaluate the contribution of large-
scale circulation to temperature errors and uncertainties.
We find that observed frequencies of occurrence of all
regimes are well captured by both models in the control
AMIP experiments, with the exception of blocking epi-
sodes which are systematically underestimated. However,

simulated frequencies differ in the AMIP-Future simula-
tions: while both models suggest a more frequent NAO+
regime, they exhibit contrasted evolutions in NAO— and
BL regimes, and IPSL shows a greater decrease in AR than
CNRM does. Eventually, a linear breakdown methodology
is proposed in order to split future changes in temperatures
into contributions of large-scale circulation, including
between- and within-regime changes, and non-dynamical
mechanisms. This methodology applied on changes in
PP10 reveals that most of the future decrease in PP10 is
caused by changes in non-dynamical processes (including
surface and radiative feedbacks), albeit large-scale circu-
lation contributions can locally be of the same order of
magnitude. The CNRM-IPSL difference in PP10 response,
i.e. the model uncertainty, is dominated by uncertainties in
both non-dynamical mechanisms and frequencies of
NAO-— and AR regimes.

The main issue when using weather regimes in order to
investigate future changes in large-scale atmospheric cir-
culation relies in discriminating structural changes, i.e. in
spatial patterns, from a mere variation in the occurrence of
the different regimes (Rust et al. 2010). Previous studies
generally considered unchanged patterns in order to inter-
pret changes in frequencies only (e.g., Goubanova et al.
2010). The flow-analog approach proposed here in order to
also account for changes in within-regime circulation
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distributions hence represents a step forward in the
understanding of model uncertainties associated with large-
scale dynamical processes. In addition, this breakdown
methodology would probably gain to be applied to larger
model ensembles and to both atmosphere-only (AMIP) and
coupled ocean-atmosphere (CMIP) runs. To this aim, the
dispersion found with AMIP-type runs and two models
only indicates that greater model-ensembles could exhibit a
large spread in the response of both large-scale circulations
and temperatures to climate change. Also note that this
methodology can be used for summer season as well, even
if the ability of summer weather regimes to discriminate
European temperatures is reduced.

Eventually, one of the main result in this paper is that
the future warming in Europe, as well as the associated
depletion in cold extremes, can not be explained by
changes in regime frequencies only. Such a statement is in
noted contradiction with studies published around the year
2000, after a period of anomalously frequent NAO+ con-
ditions (Corti et al. 1999, among others; Palmer 1999,
among others; Gillett et al. 2003, among others), but is
consistent with more recent studies (Yiou et al. 2007,
Vautard and Yiou 2009; Cattiaux et al. 2011). Note how-
ever that we have used idealized experiments in this study,
in which changes in the surface energy budget simulated
over Europe are strongly constrained by the prescribed 4 K
global mean SST forcing. Applying our methodology to a
global warming of smaller amplitude, e.g., 1979-2008
versus 2009-2028 or a faded scenario for the late twenty-
first century, should reduce the contribution of non-
dynamical mechanisms and emphasize the role of the
North-Atlantic dynamics on long-term tendencies in
European temperatures.
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