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ABSTRACT

The idea of using large-scale information to predict local climate variability is widely exploited in climate
change impact studies as an alternative to computationally expensive high-resolution models. This approach
implies the hypothesis that the statistical relationship between large-scale climate states and local variables
defined for the present-day climate remains valid in the altered climate. In this paper, the concept of weather
regimes is used to deduce a relationship between large-scale circulation and European winter temperature.
The change in temperature with increased greenhouse gases is, however, not homogeneous among the in-
dividual regimes. As a result, the impact of the weather regimes on local temperature changes varies in the
future, limiting its usefulness for refining temperature changes to the small scale.

1. Introduction

Predictions of the future climate and its variability at
a very local scale are essential for impact studies and are
often tackled using statistical downscaling. This type of
downscaling consists of expressing the statistical rela-
tionships between local variables and large-scale climate
characteristics for the present-day climate, and then ap-
plying those relationships to large-scale outputs of gen-
eral circulation models (GCMs), representing a climate
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scenario of interest, to estimate the corresponding local
climate characteristics.

The following numerous statistical techniques have
been developed to build such relationships: the weather-
typing method, weather generators, linear regression,
neural networks, or canonical correlation analysis (see
Wilby et al. 2004 for an overview). However, whichever
technique is used, statistical downscaling implies the
strong hypothesis that the relationship will also be valid,
or can be reliably predicted, in the altered climate. From
a general point of view, this hypothesis can only be ex-
amined by using dynamical models. Moreover, such a
test has to involve the intermediate step of examining
the capability of the climate model to reproduce the
observed link between large and local scales.
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In this paper, we consider the winter daily mean tem-
perature over central Europe as the local variable. This
choice provides a well-established relation between var-
iations of a local variable (near-surface temperature) and
of the large-scale circulation over the North Atlantic—
European region (Hurrell et al. 2003). In the context of
climate change driven by the increase of greenhouse
gases, we expect the mean temperature changes to be
dominated by radiative and thermodynamical effects
(Schubert 1998). It is therefore recommended (Wilby
et al. 2004) that statistical downscaling schemes that tar-
get local temperature include a thermal large-scale pre-
dictor in addition to the circulation one. For instance,
Huth (1999) uses 850-hPa temperature. The prediction of
the future local temperature is, however, not the aim of
the present study. We are instead interested in how cir-
culation changes could be used (or not) to predict changes
in the local temperature and in its variability.

To describe the atmospheric circulation variability, we
use the concept of weather regimes (Legras and Ghil 1985;
Vautard 1990). This concept consists of representing the
intraseasonal variability of the atmosphere as transitions
between a small number of preferential states, or re-
gimes. It has been proposed that some recent changes in
temperature could be interpreted in terms of changes in
the frequency of occurrence of atmospheric circulation
regimes (Corti et al. 1999; Palmer 1999). Although the
weather regime paradigm is a topic of debate in the re-
cent literature (Stephenson et al. 2004; Christiansen 2005;
Berner and Branstator 2007; Majda et al. 2006), numer-
ous recent studies have shown that the weather regimes
can explain many aspects of local climate over different
regions of the Northern Hemisphere, not only in terms of
mean but also in terms of variability and extremes (Plaut
et al. 2001; Yiou and Nogaj 2004; Cassou et al. 2005; Yiou
et al. 2008).

The paper is organized as follows. Section 2 provides
the description of the data and of the model used to sim-
ulate future climate conditions. In section 3 we define a
qualitative relationship in terms of regimes favoring either
warm or cold temperatures. Section 4 presents analyses of
the weather regimes in the model for the present and fu-
ture climates. The ability of the model to reproduce ob-
served relationships is tested in section 5. In section 6 we
analyze the future temperature change and verify whether
the relationship between weather regimes and tempera-
ture changes. The conclusions are presented in section 7.

2. Data and model
a. ERA-40

The classification of the observed winter (December—
February) atmospheric circulation for the North Atlantic—
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European sector for the period 1970-99 is based on the
700-hPa geopotential height from the 40-yr European
Centre for Medium-Range Weather Forecasts (ECMWF)
Re-Analysis (ERA-40; Uppala et al. 2005) over the re-
gion 20°-70°N, 60°W-50°E. Winter daily-mean 2-m tem-
perature over the region 30°-70°N, 12°W—46°E is used in
order to define the observed relationship between weather
regimes and winter temperature in Europe.

b. ECA&D

We also analyzed the observations of daily mean tem-
perature from meteorological stations throughout Europe
provided by the European Climate Assessment & Dataset
(ECA&D) project (Klein Tank et al. 2002). Only the
station records with less than 10% missing daily data
during the winters between 1970 and 1999 were used.

c. LMDZ model and simulations

To evaluate the climate change resulting from in-
creasing greenhouse gas concentration, we used the fol-
lowing variable-grid atmospheric model: the Laboratoire
de Météorologie Dynamique atmospheric general circu-
lation model with zooming capability (LMDZ; Hourdin
et al. 2006), with a zoom over Europe and the Mediter-
ranean Sea. The effective resolution of the model is ap-
proximately 150 X 150 km? Two 50-yr simulations are
considered herein. To simulate the present-day climate
the model was forced with the climatological sea surface
temperature and sea ice extension that was observed
over the period 1970-99. The future climate simulation
was performed under the hypothesis of the A2 emission
scenario (Houghton et al. 2001). The boundary condi-
tions for LMDZ were taken from the outputs of the
L’Institut Pierre-Simon Laplace (IPSL) global coupled
model (Dufresne et al. 2002) for the period 2070-99.
The simulation protocol is described in more detail in
Goubanova and Li (2006). The daily 700-hPa geopo-
tential height and 2-m mean temperature were extracted
from each simulation.

3. Observed relationship based on the weather
regime approach

To classify atmospheric circulation patterns into weather
regimes we applied the cluster analysis using the k-means
method (Michelangeli et al. 1995) to the December—
February daily 700-hPa geopotential height data from
ERA-40 (Uppala et al. 2005). The classification was done
in the reduced empirical orthogonal function (EOF)
space (von Storch and Zwiers 2001). We kept the first 10
EOFs, which explained approximately 90% of the total
variance. We obtained the four weather regimes that are
usually identified (Kimoto and Ghil 1993; Michelangeli
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FIG. 1. The four weather regimes over the Europe-North Atlantic region obtained from 700-hPa daily geopotential height for (top)
ERA-40 data obtained from the k-means algorithm, (middle) the LMDZ present-day climate simulation obtained from the k-means
algorithm, and (bottom) the LMDZ present-day climate simulation obtained by projection on the ERA-40 regimes. The full fields
(isolines) and regime anomalies (colors) are shown. Units are in geopotential meters.

etal. 1995) for the North Atlantic-European region (Fig. 1,
top). The zonal regime (ZO) and the Greenland anticy-
clone (GA) capture, respectively, the positive and nega-
tive phase of the North Atlantic Oscillation (NAO) and
represent a meridional pressure dipole between the Ice-
landic low and Azores high. The blocking (BL) is char-
acterized by a strong positive anomaly over Scandinavia.
The Atlantic Ridge (AR) shows an anticyclonic cell in the
center of the North Atlantic. Once the weather regimes
are defined, each daily atmospheric state can be associ-
ated with one of them. To obtain a more accurate rep-
resentation of the regimes we eliminated the transition
days, as described in Sanchez-Gomez and Terray (2005).
Only the episodes lasting 3 days or more were considered
as weather regimes.

To find the relationship between the weather regimes
and local European temperature, the mean values of the
daily temperature inside each regime have been com-
puted. For this purpose we used the daily observations of
mean temperature at meteorological stations from the
ECA&D and 2-m mean daily temperature from ERA-40.
The regime with the largest (smallest) mean value of daily
mean temperature has been considered as the regime that
is favorable to warm (cold) temperatures.

Figures 2a,b illustrate the influence of the weather
regimes on the local winter temperature at approximately
200 stations. Similar maps can be obtained when using

temperature from ERA-40 (not shown). Warm temper-
atures (Fig. 2a) are associated over most of Europe with
the zonal regime, except in the north, where they are
influenced by the blocking, and in the south, where the
Greenland anticyclone dominates. This situation can be
simply explained by the advection of warm air masses
from the Atlantic associated with each weather regime.
Cold temperatures (Fig. 2b) occur under the influence
of the Greenland anticyclone over central and northern
Europe. During the Greenland anticyclone, which cor-
responds to the negative phase of the NAO, the west-
erlies are suppressed and the cold continental air masses
prevail over Europe. The blocking and Atlantic Ridge
regimes control the lowest temperatures in the south and
southeast regions of the continent. These results can be
explained by the southward advection of cold air masses
over the different regions (the wind in each regime fol-
lows the isolines in Fig. 1), with a possible contribution
from local radiative cooling associated with anticyclonic
conditions.

4. Weather regimes in the model: Present and
future climate

In this section we analyze the weather regimes simu-
lated by LMDZ and assess how they change in a warmer
climate. The following two questions are addressed: 1) is
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FIG. 2. Weather regimes favoring the occurrence of (a),(c),(e) warm and (b),(d),(f) cold temperatures over Europe:
(a),(b) the observed relationship for the 1970-99 period, and the relationship simulated by LMDZ for (c),(d) the
1970-99 period and (e),(f) the 2070-99 period. Color legend: zonal regime (red), Atlantic Ridge (green), blocking

(blue), and Greenland anticyclone (yellow).

the model able to reproduce observed regimes, and 2)
do the regimes change in the future climate?

We applied the k-means algorithm with prescribed
k = 4, which corresponds to the number of clusters in the
ERA-40 data. A large number (100) of k-means classi-
fications of the data with different initializations and the
same number of clusters k = 4 is performed, and the
most probable repartition found by the classifications is
used to determine the weather regimes for the present
climate. Figure 1 (middle) shows the weather regimes ob-
tained in this way in the LMDZ simulation. One can
recognize the four regimes of the ERA-40 dataset (Fig. 1,
top). However, relative to the ERA-40 regimes, the re-
gime patterns in the model are not characterized by im-
portant deviations of the atmospheric flow and represent

a wavelike structure. The regime structures are also
generally displaced southward relative to the observed
regimes.

To examine if the spatial structures of regimes change
in the future climate simulation, we used spatial corre-
lation as a measure of similarity between weather regimes
(von Storch and Zwiers 2001). For a given weather re-
gime i the correlation between the present and future
patterns r; was calculated. To evaluate the significance
of the correlation a bootstrap procedure (Efron and
Tibshirani 1993) was applied to the future climate re-
gimes. From all of the days classified to i, we randomly
extracted a number of days M (M is a random number
between 2 and N;, where N; is the total number of days in f).
The spatial correlation between the mean field of these
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TABLE 1. Spatial correlation between LMDZ present and future climate patterns for the four weather regimes obtained from k-means
classifications and by projection on the ERA-40 regimes. The corresponding lower bound of the 90% confidence level is shown in parentheses.

Z0 AR BL GA
k-means 0.82 (0.78) 0.85 (0.84) 0.87 (0.87) 0.86 (0.83)
Projection on ERA-40 regimes 0.99 (0.98) 0.98 (0.98) 0.99 (0.97) 0.95 (0.93)

M days and the given regime was then calculated. This
procedure was repeated 1000 times. The 10th percentile
of the obtained set of spatial correlation was used as a
one-side-90% confidence bound for r;. The r; between
the four present and future regime patterns and their
one-side-90% confidence bounds are given in Table 1.
For all of the four weather regimes the correlation be-
tween the present and future patterns lies within the
90% confidence interval, indicating that the weather
regimes obtained from k-means classification do not
change their structures significantly.

5. Present-day relationship in the model

In this section we checked the ability of LMDZ to re-
produce the observed link between weather regimes and
local temperature using a simulation of the present-day
climate (1970-99). It has been shown in the previous
section that, although a classification of the LMDZ geo-
potential height provides the four observed weather re-
gimes in the LMDZ simulation, their structures exhibit
some bias relative to the observed regimes. To obtain
the closest representation of the observed regimes in the
model we directly compared the daily maps of simulated
geopotential with the spatial patterns of the observed
regimes. The simulated daily atmospheric states are clas-
sified into four classes according to their similarity (based
on the spatial correlation) with the four observed weather
regimes. As before, we eliminated the transition days. For
the blocking regime, which is generally poorly repre-
sented by numerical models (Tibaldi and Molteni 1990;
D’Andrea et al. 1998), we imposed an additional condi-
tion: only the daily states whose correlation with the ob-
served blocking is higher than r = 0.5 were classified into
the corresponding class. The weather regimes obtained
by projection of LMDZ outputs on ERA-40 regimes are
shown in Fig. 1 (lower). The relationship between the
weather regimes defined in LMDZ and the simulated lo-
cal mean temperature is presented in Fig. 2 (middle). The
spatial distribution of the observed relationship (Fig. 2,
top) is realistically reproduced in the LMDZ simulation
for both the warm and cold temperatures.

6. Changes in warmer climate

Because the relationship between the atmospheric
circulation and the mean temperature in the LMDZ

simulations is defined by projection on the ERA-40 re-
gimes (cf. previous section), we checked that in this case
the weather regime patterns still do not change between
the present and future conditions. Indeed, Table 1 shows
that for all four weather regimes the correlation between
the present and future patterns obtained by projection
on the ERA-40 regimes lies within the 90% confidence
interval.

Before verifying if the relationship between the weather
regimes and the local temperature holds in the warmer
climate, we first analyze the mean temperature change.
Figure 3a shows the mean temperature change in 2070-99
with respect to 1970-99 for the entire winter season. The
mean warming is not homogeneous: it follows an eastward
gradient with a maximum in the northeast of Europe and
a minimum in the North Atlantic.

Because we apply the weather regime approach, it is
important to assess which part of this total winter change
is due to the modification of regimes. We have shown that
the weather regime patterns do not change in the future.
We now verify how their occurrence frequencies change.
Table 2 illustrates the change in the frequency of oc-
currence between present and future climate. The sig-
nificance of the change was estimated using bootstrap
method.! Only the change in the frequency of the blocking
regime is significant at the 10% level.

To evaluate which part of the total change in local
winter temperature can be explained by changes in regime
occurrence frequencies we used a linear decomposition
(Boé et al. 2006; Najac et al. 2009),

4
AX = XF - XT = /Zl (FExl — oDy + (FEYF — fEyP),

1)

where A X is the total change of temperature between the
present and future climate, X (X7) is the mean value
of temperature in the present (future) climate scenario,

' The method consists of creating an M-yr randomized dataset of
geopotential height (M is randomly chosen to be between 2 and 50)
by scrambling in the time domain the 50-yr data from the present
climate simulation. The frequency of each of the four weather re-
gimes was then estimated for the scrambled dataset. The same pro-
cedure of scrambling the original data was repeated 1000 times,
which allows derivation of the PDF for the weather regime fre-
quencies. The distribution is then used to assess the significance level.
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FIG. 3. (a) Mean winter temperature change (°C) in 2070-99 relative to 1970-99 for the entire winter season. (b)-(d) The corresponding
changes inside the four weather regimes are shown as the anomalies from (a).

FE(fE) is the frequency of occurrence for kth regime in
the present (future) climate, x (x%) is the mean temper-
ature for kth regime for the present (future) simulation,
() is the frequency of occurrence of the transition
days in the present (future) climate, and Y*(Y”) is the
mean temperature for the transition days for the present
(future) simulation.
Equation (1) can be rewritten as

AX =0 2 [frleg —x)]+ o (YF=YP)

4
=1

k

4

DG = IO+ YP(E - £

k=1

4
+ kZl of —xD)(FE = D)+ (YF = YP)(E = fT)
@)

The first term of Eq. (2) is the “intratype” anomalies. It
represents the part of the total change that is due to
modifications within the weather regimes. The second
term is the “intertype’” anomaly, which shows the part
of the change that is due to changes in occurrence fre-
quency. The third term is a mixing term, which includes
both intertype and intratype changes.

We apply this decomposition to the temperature change
averaged over central Europe (the region indicated by

a rectangle on the Fig. 3a). The results are reported in
Table 3. The temperature change that is due to the in-
tratype modification, or, in other words, the modification
associated with the change in the link between the weather
regime and regional temperature, considerably exceeds
the temperature change resulting from the two other
terms of the decomposition.

Therefore, we only analyze the change in mean tem-
perature within each regime (xj — x,). Figures 3b—e show
the changes for the zonal regime, Atlantic Ridge, block-
ing, and Greenland anticyclone, respectively. They are
presented as anomalies from the whole winter changes of
Fig. 3a. A positive anomaly thus means a stronger-than-
average warming in that regime; a negative anomaly means
a weaker warming.

The magnitude of the temperature change in the zonal
regime is close to the one for the entire winter (the anom-
alies are close to zero). The warming is less pronounced
than average for the days corresponding to the Atlantic

TABLE 2. Weather regime occurrences (%) in the present and
future climate simulation of LMDZ. Weather regimes for the model
are obtained by projection on the observed weather regimes. Only
the change in frequency of blocking regime is significant at the 10%
level.

70 AR BL GA
Present 18 18 9 11
Future 17 16 11 10
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TABLE 3. Effects of the different terms on the mean temperature
change (°C) between the periods 2070-99 and 1970-99 averaged
over the region indicated by a rectangle on the Fig. 3a. Contribu-
tion of four weather regimes (ZO, AR, BL, and GA) and transition
days (trans), and the total effect of each term (sum) are shown.

70 AR BL GA Trans Sum
Intertype  —0.03 0.01 —-0.03 0.01 0.00 -0.04
Intratype 0.50 0.47 0.22 0.55 1.34 3.08
Mixing -0.03 —0.06 0.06 —0.02 0.04 -0.01

Ridge and the blocking, especially over eastern Europe.
The Greenland anticyclone, in contrast, is characterized
by an important temperature increase (up to 4°C more than
the average for winter). This last result could be related to
the fact that in a warmer climate the minimum temperature
increases faster than the maximum temperature (Solomon
et al. 2007). Because the Greenland anticyclone is favor-
able for cold conditions over most of Europe, it is associ-
ated with the largest warming.

Thus, the future temperature changes have different
amplitudes among the four weather regimes. Are these
differences large enough to change the most favorable
regime for either warm or cold temperature over a given
region? The dominant weather regimes for extreme
warm and cold temperatures relative to the future mean
are shown in Fig. 2 (bottom). The warm temperatures
(Fig. 2e) are generally characterized by the same link
with the large-scale circulation as in the control simu-
lation. However, the relationship between the weather
regimes and cold temperatures (Fig. 2f) is altered in the
future. The influence of the Greenland anticyclone is
weaker over a large part of Europe. It gives way to the
Atlantic Ridge in the southwest and northeast, whereas
in central Europe the blocking takes over.

To consider the change found over central Europe
in more detail, we use box-and-whisker plots to repre-
sent the statistical distribution of temperature variability.

JOURNAL OF CLIMATE
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The boxes and whiskers denote the 5th, 25th, 50th, 75th,
and 95th quantiles of the daily temperature distributions.
Figure 4 shows daily temperatures averaged over the
region indicated by a rectangle in Figs. 2d.f. Figure 4a
corresponds to the present-day climate and Fig. 4b rep-
resents the future climate. The wide box-and-whisker
plots denote the daily temperature distributions for the
entire winter season (white box plot) and for the four
weather regimes (colored box plots). In both the present
and future climates, the zonal regime (red) corresponds
to the warmest winter temperatures, and the blocking
(blue) and Greenland anticyclone (yellow) are associ-
ated with temperatures that are lower than that of the
entire season. The coldest temperatures occur during the
Greenland anticyclone in the present climate. In the fu-
ture, the temperature distribution for this regime is sig-
nificantly shifted to higher values so that the temperature
during the blocking regime is colder than the temperature
during the Greenland anticyclone.

This change can be explained as follows. In the present-
day climate the Greenland anticyclone is favorable to low
temperature in winter, because during this weather re-
gime the westerlies are weakened and the temperature
over the north of Europe is dominated by advection
of cold air coming from the continent. In the future, the
Greenland anticyclone is still associated with advection
of continental air masses. However, because the future
warming is, on average, more pronounced over the con-
tinental region (Fig. 3a), the advected air masses are less
cold (relative to the local temperature) in the future than
in the present-day climate.

7. Conclusions

To analyze the link between the large-scale circulation
and the European mean temperature, we use a qualita-
tive relationship defined in terms of weather regimes
that are most favorable for warm/cold temperatures. The

10

Temperature

-5

= —
: '

.

FIG. 4. Box-and-whisker plots of the daily mean temperature distribution (°C) in (a) 1970-99 and (b) 2070-99 over
the region indicated by a rectangle in Figs. 2d,f. Wide white box represents the entire winter season distribution and
colored boxes show the distributions inside the four weather regimes. The horizontal line within the box is the
median; bottom and top box bounds show the 25th and 75th percentiles, respectively; bottom and top whisker bounds
indicate the 5th and 95th percentiles, respectively. Color legend is as in Fig. 2.
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technique of a favorable regime is a compact way to de-
scribe the change of the impact of the regimes on local
temperature variability. The stability of the relationship
is tested in the A2 climate scenario (2070-99) relative to
the present conditions (1970-99), as simulated by LMDZ.

We show that despite the absence of change in the
regimes’ structures, their impact on the temperature
distribution over central Europe changes in a warmer
climate. Moreover, this change cannot be explained by
changes in the occurrence frequencies of weather re-
gimes, but rather it is due to the different amplitudes of
warming among the four weather regimes. As a conse-
quence, the relationship between the local temperature
and the large-scale circulation is different in the present
and in the future climates. The apparent cause is the
future change in the mean temperature gradient, with a
stronger warming over the continent; the consequences
of anomalous advection in different circulation regimes
are then different from the present. The basic hypothesis
of statistical downscaling is thus not always valid in our
case. This result suggests caution in using statistical
downscaling techniques to predict local climate changes
for impact studies.
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