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Abstract

Extra-tropical atmospheric circulation variability is addressed in this study using two complementary approaches:
circulation types and modes of variability. Principal component analysis (PCA) in T- and S-modes has been used to
estimate the features. An objective synoptic classification of Euro-Atlantic atmospheric circulation is described. Eight
circulation types have been identified and described in terms of their spatial features, mean frequency and lifetime,
transitions and trends. The most persistent type is connected with the presence of a ridge over the British Isles and
Iceland, while the less persistent type is related to a tilted ridge west of the continent. Increases in the persistence of
some circulation types such as the Scandinavian and the Euro-Atlantic blockings and a ridge with axis over Western
Europe have been found in the 1990s. Data from two independent re-analyses are used to test the robustness of the
results. The main differences between the two datasets have been found in the distribution of events as a function of
their duration. In a second step, the main modes of variability over the Euro-Atlantic area have been identified using
daily data. An analysis of the relationship between these modes and the circulation types suggests that specific
circulation types shift the phases of certain modes of variability.

1. Introduction

The large-scale circulation of the atmosphere in the extra-tropical regions can be described by the alternation
of circulation types (CTs), also known as weather regimes. Changes in the properties of the CTs are an
important topic for the characterization of the variability of both observed climate and climate simulations.
For instance, the identification of CTs associated with climate extreme events is expected to become more
and more important to determine the possible changes of climate extremes induced by the enhanced
greenhouse effect (SanchezGomez and Terray, 2005).

CTs have been usually characterized by different subjective and objective classification methods. The
subjective methods (Lamb, 1950) have been based on visual interpretation of the surface synoptic maps and
show serious drawbacks like the dependence of the assignment of a map to a particular pattern. In contrast,
objective methods try to classify a set of maps using statistical techniques. Huth (1996) distinguished among
four types of objective methods using correlations (Lund, 1963) or sums of squares (Kirchhofer, 1973) as
cost function, cluster analysis (Key and Crane, 1986; Kidson, 1994) and finally analysis based on
eigentechniques (Richman, 1986). He found, in agreement with Jiang et al. (2006), that no method was
indisputably superior. Compagnucci and Salles (1997) used principal component analysis (PCA) to obtain
CTs of daily July pressure fields over South America that were in good agreement with the types empirically
identified by weather forecasters, enhancing the relevance of the human component. Richman (1986)
employed different PCA-based techniques (in particular, PCA followed by either orthogonal or oblique
rotation of the eigenvectors) to support the use of rotated solutions. Bartzokas and Metaxas (1996) also
employed rotated PCA to avoid some drawbacks of the PCA. In spite of the benefits of rotation in PCA-
based classifications, Compagnucci and Salles (1997) showed that sound classifications could also be
obtained without rotation. Kysely and Huth (2006) advocated, for the first time, the use of both objective and
subjective classifications as complementary methods and, in fact, a growing body of opinion seems to
support this point of view. In summary, experience suggests that it is up to the scientist to select, based
mainly on experience and collaboration with synopticians, the most appropriate method according to the
target of the study.

In the past, a large number of studies focused mainly on changes in frequencies of the Euro-Atlantic CTs:
Slonosky et al. (2000) applying an EOF analysis revealed that the most important circulation regimes are the
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zonal and blocking/cyclonic flows in the eastern Atlantic and western Europe; Plaut and Simmonet (2001)
found four 500-hPa regimes, Atlantic Ridge, Blocking, Greenland anticyclone, Greenwich Trough and Zonal
with interannual variability. Comparatively, few studies have focused on changes in the mean lifetime of the
CTs. Recently, Kysely and Domonkos (2006, KD henceforth) analyzed the Hess-Brezowsky (HB)
classification (1952) of Grosswetterlagen over Europe since 1881 and noticed a sharp increase in the mean
lifetime of the circulation patterns from the 1970s to the late 1980s for all seasons. Werner et al. (2000) were
the first ones to identify the decade 1981-1990 as the onset of a shift in the Euro-Atlantic CTs on the basis of
a change in mean lifetime of the west CT from the HB catalogue. Kysely and Huth (2006) also found an
increase around 1990 in the mean lifetime of atmospheric circulation in winter for all groups of their
objectively defined CTs, although this increase was not as noticeable as for the HB CTs. This recent
enhanced persistence of the atmospheric circulation may have also supported the more frequent occurrence
of temperature and other climatic extremes in Europe recently and seems to be consistent with some climate
change projections. It must also be taken into account that atmospheric blocking is a dynamical feature with
major consequences for European climate (Doblas-Reyes et al., 2002) and it is likely that the mean duration
of certain circulation types could be influenced by the extraordinary persistence of blocking events.

Another approach to the study of the atmospheric circulation variability consists in the use of modes of
variability or teleconnection patterns. These large-scale atmospheric patterns have been employed in many
studies (Blackmon et al. 1984; Hsu and Wallace 1985; Barnston and Livezey 1987; Thompson and Wallace
1998), but there are not many addressing the connection between CTs and modes of variability on a daily
basis. This study tries to look at relationships between them.

The aim of this paper is twofold. Firstly, to provide an objective synoptic-climatic classification of
wintertime mid-tropospheric atmospheric circulation over the Euro-Atlantic domain, focusing on the
robustness of the estimates of frequency, mean lifetime, transitions and trends using two different re-
analyses. As a second objective, the paper analyses the relationship between the CTs obtained with the major
modes of variability in the Euro-Atlantic region. The text is organized as follows. The description of the
datasets can be found in Section 2 and the methodology is presented in Section 3. In Section 4, the
frequency, mean lifetime, transitions and trends of the CTs identified are summarized, while Section 5
addresses the issue of the relationship between CTs and modes of variability. The main conclusions are
drawn in Section 6.

2. Data

Two gridded (on a 2.5° x 2.5° latitude-longitude regular grid) daily 500-hPa geopotential height (Z500)
quasi-independent re-analysis over the period 1962-2002 have been used: the latest re-analysis produced at
the European Centre for Medium-Range Weather Forecasts (ERA-40 henceforth; Uppala et al., 2005) and
the one available from the National Centers for Environmental Prediction (NCEP henceforth; Kalnay et al.,
1996). The study has been carried out for the extended winter season December-to-March (DJFM, 121 days),
the season with the largest variability over the extratropical Northern Hemisphere. The spatial domain
considered is the Euro-Atlantic region, which extends from 25° N to 70° N and from 45°W to 50°E. This
makes a total of 741 grid points (39 in longitude and 19 in latitude), and 4,961 days (121 days times 41
winters). In the following, each winter is referred to with the year of the month of January included in the
season.
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3. Methodology

The classification starts with a PCA, i.e. Z=FAT, where Z is the input data matrix (N x n), F is the principal
component (PC) score matrix (N x n) and A is the loading matrix (n x n), N being the number of observations
and n the number of variables. The loadings, or empirical orthogonal functions (EOFs), are eigenvectors of a
similarity matrix (covariance or correlation) S= (N-1)"Z"Z, scaled by the square root of the corresponding
eigenvalues. The eigenvalues are the variance explained by each PC. Typically, many of the n dimensions of
A represent mostly noise and are discarded based on some eigenvalue selection rules. The retained r
eigenvectors produce a reduced matrix so F” (N x r) while A becomes A’ (n x r) (Richman, 1986; 1999).

The input data matrix Z can be specified in several ways, depending on which magnitudes are treated as
variables and observations. Two possibilities are commonly used for a meteorological field, either the grid
point values are referred to as variables and the time steps as observations, which is known as S-mode, or the
time steps as variables and the grid points as observations in the so-called T-mode. While the S-mode
isolates groups of grid points varying similarly in time, the T-mode isolates groups of time steps with similar
spatial patterns. In this study we have applied both approaches, the T-mode to obtain the CTs and the S-
mode to estimate the modes of variability. In the first case, we constructed Z from the winter unfiltered Z500
daily anomalies and carried out the PCA using a covariance matrix with 4,961 times 4,961 elements. The use
of the correlation matrix was discarded because the CTs obtained were less discriminated, while the
covariance matrix is justified by the quasi-stationary behaviour of the Z500 standard deviation on a day by
day basis for a single grid point, as shown in Figure 1. In the case of the S-mode analysis, the PCA was
carried out on a covariance matrix with 741 times 741 elements, with each element weighted by the
normalized cosine of the latitude of the grid point.
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Figure 1: Interannual standard deviation on a day by day basis over winter (from the 1% of December to
the 31% of March) at a single grid point for ERA-40.
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A shortcoming of the PCA is that the eigenvectors are mathematical constructions constrained by their
mutual orthogonality and the maximization of variance over the entire analysis domain so that no link to
physical entities is guaranteed. The use of PCA can force the analysis to merge or blend patterns that would
be otherwise independent (Richman, 1986). An alternative to reduce the effect of this drawback consists in
rotating the empirical orthogonal functions and the corresponding PCs. The varimax orthogonal rotation
(Richman, 1986), which is the most widely used rotation technique with statistically stable patterns (Cheng
and Dunkerton, 1995), has been used. Following von Storch and Zwiers (1999), the PCs were previously
renormalized to have unit variance to keep them uncorrelated after rotation. The classification was carried
out for both rotated and unrotated solutions, obtaining very similar CTs in both cases. The rotated solutions
were retained because they provide more discrimination in the frequency of occurrence of the CTs. For
instance, while the frequency of occurrence for the unrotated CTs ranges between 11.1 % and 13.6 %, for the
rotated solutions they are found within the range 10.7 % and 14.3 %.

To determine the number r of PCs, a log-eigenvalue versus PC number (LEV) diagram was used (Figure 2a).
This diagram shows the log-eigenvalues for each PC in decreasing order. The number r is chosen as the
number of log-eigenvalues which lie above the leftward extrapolation of the straight-line portion on its right
hand side (Wilks, 2006). Figure 2a suggests a cut at the fourth eigenvalue. This choice is not unambiguous,
so we have studied the impact of r examining the CTs obtained for different values of r. Tests were
carried out with r ranging from 4 to 9. The CTs obtained for r=4 are very similar to the first eight CTs
obtained for all the other values of r: the mean lifetime ranges from 2.1 to 3.9 days. By contrast, the
mean lifetime for the ninth and above CTs obtained for r>4 have a much lower lifetime, ranging
between 1.1 to 1.8 days. Hence, only four PCs were retained for rotation. The cumulative percentage of
variance explained by the four leading PCs is 65%. Similar results were found for both ERA-40 and NCEP.
As the loadings may be either positive or negative, twice as many CTs as PCs can be obtained. In the case
dealt with here, eight CTs are provided by the four rotated PCs. We have considered the CTs as the
composites of the maps that are assigned to each CT.
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Figure 2: Log-eigenvalue versus principal component rank of the T-mode (left) and S-mode (right)
principal component analysis of the ERA-40 500 hPa geopotential height dataset.
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The T-mode PCA approach results in score patterns describing frequently occurring maps. The loadings
indicate how much a pattern explains a specific map, allowing the identification of time periods when the
maps are similar in a statistical sense to specific patterns (Huth, 1997). The degree of similarity of a
circulation pattern to a CT is expressed by the corresponding loading, the higher the loading (in an absolute
sense) the greater the similarity. This allows the classification of the daily circulation patterns depending on
the PC with the highest loading (Jiang, 2006). A shortcoming of this simple approach is the uncertainty of
how classifying maps with high loadings on more than one PC (neighbour loadings). An option to alleviate
this problem consists in classifying only those days for which the loading exceeds a threshold, which implies
that not all maps can be classified. To assess the impact of considering a threshold for the loading beyond
which a map is classified in a CT, or neighbouring problem, a histogram (not shown) was constructed with
the frequencies of the differences (in absolute value) between the two highest loadings for different
thresholds from 0.0 (no threshold) to 0.9, at 0.1 intervals. The histogram suggests that the frequency of maps
with neighbour loadings diminishes as the threshold increases. However, for small differences the
discrimination when the threshold increases is small. For instance, for differences less than 0.2, the
frequency of neighbour loadings decreases only from 25% (no threshold) to 18 % (threshold of 0.9). It can
be concluded that the use of a threshold does not solve properly the problem of neighbour loadings.
Nevertheless, we have analyzed the impact of using both a threshold classifying only the days with the
highest loading being above 0.7 (which implies that 243 days are not classified) and the same threshold plus
the constraint of not classifying those days in which the difference between the two highest loadings does not
exceed 0.3 (243+1549 not classified days). The corresponding eight CTs obtained in these two classifications
are very similar to those obtained without any threshold, suggesting a high robustness for this methodology.
As the selection of a threshold does not significantly change the classification and introduces additional
subjectivity, we decided not to use any threshold and allocate all the days to some CT.

4. Circulation types
4.1 General description

The 2500 CTs for ERA-40 are depicted in Figure 3, along with the total number of days classified in each of
them. The CTs shown are not exactly the same as the score patterns obtained in the T-mode analysis as they
have been obtained as the composites of the maps classified in each CT. This explains the lack of symmetry
between the positive and negative pairs. Identical CTs are found for NCEP, the correlation between the
corresponding CT patterns in both re-analyses being of the order of 0.99. A brief description of the CTs can
be found in Table 1.

Circulation Types Description

CT 1+ Ridge with axis from the Iberian Peninsula to Scandinavia

CT 1- Atlantic ridge with axis south of Iceland

CT 2+ Scandinavian blocking

CT 2- Atlantic ridge as an extension of the Azores anticyclone

CT 3+ Ridge tilted from the Southeast Atlantic to the central Europe

CT 3- Ridge over the Iceland with zonal flow over central and southern Europe
CT 4+ Euro-Atlantic blocking with centre over the British Isles

CT 4- Zonal flow

Table 1: Circulation types obtained with four leading principal components.
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There are common features of this classification with other classifications performed over the European
region. Four of the CTs obtained closely resemble the four NCEP Z500 regimes identified by Yiou and
Nogaj (2004) using the clustering technique described in Michelangeli et al. (1995). Their regime “positive
NAO” compares with CT1+, the “negative NAO” with the CT3-, the “Scandinavian blocking” with CT2+,
and the “Atlantic ridge” with CT2-. However, Yiou and Nogaj (2004) only considered four weather regimes,
which makes impossible to match the eight CTs with their classification. Our results also compared well with
the weather types identified by Huth (1996, 2000) and with the HB-based objective classification published
by James (2007). For instance the Cyclonic Westerly, Cyclonic Northerly, Icelandic High and Anticyclonic
North Westerly are similar to the CTs 4-, 2-, 3- and 2+, respectively.

CT1+ (705 days) CTi- (607 days)

—___/

CT2- (659 days)

y S w..-—
=N
/‘5‘530 s \ i
/\% N 2 5490 |
e =

Figure 3: Circulation types for the classification of the ERA-40 500 hPa geopotential height over the
period 1962-2002 using the four leading principal components with rotation. The circulation types have
been obtained as the composites of the maps classified in each of them, which are indicated on top of
each panel. Contours in metres.
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4.2  Frequency and duration

The frequency of occurrence of the CTs is shown in Table 2. For both ERA-40 and NCEP, the most frequent
CT turns out to be CT1+. As mentioned in the previous subsection, this CT resembles the zonal flow regime
identified in Yiou and Nogaj (2004), which has strong links to the positive phase of the North Atlantic
Oscillation (NAO). The least frequent types are CT3+ and CT3-.

Circulation ERA-40 ERA-40 NCEP NCEP
Types Mean frequency Mean lifetime Mean Frequency Mean lifetime
CT 1+ 14.2 3.2 14.3 3.2
CT 1- 12.2 34 12.4 3.3
CT 2+ 13.9 3.3 13.9 3.2
CT 2- 13.3 2.8 13.2 2.8
CT 3+ 10.9 2.3 10.6 2.3
CT 3- 10.7 3.7 10.7 3.6
CT 4+ 11.3 3.1 111 2.9
CT 4- 135 3.2 13.8 3.2

Table 2: Relative frequency of occurrence (%) and mean duration (days) of the circulation types obtained
for the ERA-40 and NCEP re-analyses with a classification using the four leading principal components.

The interannual variability of the CT frequency is high, as shown in Figure 4, with some CTs happening
more than one third of the days in a winter, while other CTs do not happen at all. There is also some decadal
variability. For instance, an increase in the frequency of CT1+ is evidenced from the 1970s to the early
1990s. A Mann-Kendall test does not indicate statistically significant trends at the 5% significance level.

An interesting characteristic of the extra-tropical circulation is its persistence. Persistence can be expressed
in terms of the mean duration of the events, or mean lifetime. An event is defined as an uninterrupted
sequence of maps classified in the same CT, preceded and succeeded by maps classified in another CT.
Table 3 shows the mean lifetime, which is around 3 days, the percentage of time spent in the events lasting at
least four days, which is relatively high (~60%) and the number of one-day or transition events (~10% of the
days) as defined in Huth (1997). Histograms of the number of events as a function of their duration are
shown in Figure 5 for ERA-40 (blue) and for NCEP (red). The duration of the events has been proven to
closely fit a geometric distribution. This can be compared with the mean lifetime of each CT in Table 2 to
see that the CTs with the shortest mean lifetime have a larger proportion of short events. The longer-lived
CTs are connected with Atlantic ridges (CT1- and CT3-), while the shortest (CT3+) correspond to a ridge
over Western Europe. As CT2+ and CT4+ appear as blocking situations, it is likely that the mean lifetime of
these CTs might be influenced by the extraordinary persistence of blocking events. While there is a
substantial amount of events lasting longer than four days, a large fraction of the maps is classified as 1-day
events. The differences between both re-analyses illustrated in Table 3 and Figure 5 are rather surprising.
The number of 1-day events is larger for NCEP (568 days) than for ERA-40 (537 days). This is due to large
differences in transition events in CTs 2+, 2- and 4+, which are more frequent in NCEP than in ERA-40.
These differences, along with smaller ones in longer-lived events (Figure 5), suggest that some of the
characteristics of the CTs are subject to observational uncertainty. This lack of robustness leads to careful
interpretation of the details of circulation classifications and invites to use as many data sources as possible
in this type of studies. Similar results are found for both NCEP and ERA-40.
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Figure 4: Number of days classified for each circulation type per winter for ERA-40 over the period
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Figure 5: Number of events in each circulation type as a function of the duration in days for the ERA-40
(blue) and NCEP (red) classifications over the period 1962-2002.

The interannual variation of the mean lifetime is displayed in Figure 6. In general, as for the mean frequency,
there is a substantial interannual variability, but the decadal variations illustrated by the moving average are
of a smaller amplitude. A comparison of Figures 4 and 6 suggests that there is some correlation between the
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similar for both re-analyses, although until 1975 ERA-40 exhibits a slightly larger mean lifetime (not

mean frequency and the mean lifetime for certain CTs, as for example CT2-, 3- and 4-. These results are very
shown), which points at an increased uncertainty in the results for the pre-satellite era.

< EC
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Figure 6: Mean lifetime of the circulation types per winter for the ERA-40 classification over the period

1962-2002. The pink line corresponds to a 5-year moving average.
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4.3 Transitions between circulation types

SanchezGdémez and Terray (2005) suggested that the development of a transition may be a process purely
internal to the atmospheric dynamics connected to phase changes of intraseasonal atmospheric waves. James
(2007) has recently pointed out that if any particular Grosswetterlagen is followed by a small number of
specific types, a measure of medium-range predictability could be obtained.

The transitions between a specific CT and the other CTs are described in Table 4 for the ERA-40
classification. The transitions are expressed as the ratio between the number of changes from a CT to another
one to the total number of changes from that CT. There are clearly preferred paths of change. The most
probable transitions occur from CT1+ to CT2- and from CT2+ to CT3+, which in both cases consist in a
regression of ridges that might eventually lead to a blocking event. The least probable transition is found
from CT1- to CT4-, i.e., it is very unlikely that a zonal flow configuration develops into an Atlantic ridge in
one day. In contrast, the zonal flow CT4- tends to be followed by the Scandinavian blocking (CT2+) or some
sort of Atlantic ridge (CTs 1- and 2-). The Atlantic ridges (CTs 2- and 3+) tend to be followed by either the
CT1+, which is linked to the positive phase of the NAO as shown in the following section, or lead to some
sort of European blocking (CTs 2+ and 4+). These preferred paths of transition could be used to enhance the
predictability of medium-range and extended predictions, although they could prove more useful to
understand missed transitions in specific dynamical weather forecasts or climate simulations. Similar results
were obtained for NCEP.

From/To CT 1+ CT 1- CT 2+ CT 2- CT 3+ CT 3- CT 4+ CT 4-

CT 1+ - 0.0 12.6 33.8 11.3 7.6 8.1 26.6
CT 1- 0.6 - 16.8 14.0 20.7 20.7 22.9 4.5
CT 2+ 12.6 15.0 - 0.0 34.5 9.7 9.7 17.5
CT 2- 23.7 15.0 0.4 - 12.9 12.9 19.4 16.4
CT 3+ 17.2 14.2 17.7 18.9 - 0.0 16.8 151
CT 3- 16.9 12.0 19.7 16.2 0.0 - 10.6 151
CT 4+ 22.2 16.1 18.9 18.3 18.9 10.5 - 0.0
CT 4- 171 20.4 20.8 14.7 171 9.0 0.9 -

Table 4: Transition matrix from a circulation type (rows) to a different circulation type (columns) for the
ERA-40 classification. The transitions are shown as the proportion of changes from a given circulation
type to another one with respect to the total number of changes from the first circulation type.

5. Circulation types and modes of variability

CTs and modes of variability are two different approaches to describe the variability of the atmospheric
extra-tropical circulation. To estimate the modes of variability, an S-mode PCA of the daily fields has been
carried out followed by a varimax rotation. Figure 2b shows the LEV diagram used to determine the number
of retained PCs. As in Figure 2a, the four leading PCs show a separation from the remaining PCs and, hence,
have been considered for rotation. The rotated eigenvectors can be identified as the following modes of
variability: the North Atlantic Oscillation (NAO, with 16.8% of explained variance), the East-Atlantic
pattern (EAT, 16.7%), the Scandinavian pattern (SCAN, 15.0%) and the East-Atlantic/Russian (EAWR,
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13.7%). These modes have been detected in previous studies (e.g., Barnston and Livezey, 1987). Note that
the explained variances are slightly lower than those obtained with weekly or monthly-mean data. However,
the patterns and interannual evolution of the modes of variability estimated with daily data are basically the
same as those obtained using monthly-mean data (not shown). The time series (the PCs) represent the
intensity of the modes of variability for each day.

The PCs have been used to understand the relationship between the classification described in previous
sections and the four modes of variability. As daily time series are available for both CTs and modes of
variability, the PCs of the modes of variability have been subsampled by extracting the time series
corresponding to the days classified in each CT. Figure 7 shows the probability distribution functions (PDFs)
for each subsample and the climatological PDF of each mode of variability. The PDFs have been estimated
using a Gaussian kernel estimator (Silverman, 1986) with a smoothing parameter of 0.4. Important shifts in
the central moment and changes in the kurtosis of the distributions of the subsamples (the central moment for
the climatological PDFs is close to zero) can be observed. Concentrating on the NAO mode, a clear
separation between CTs associated to either positive or negative NAO can be evidenced. CT1+ seems to be
the most clearly associated to the positive NAO (as suggested in previous sections), while CT1- and CT3-
show the largest shift to negative NAO values, which suggests that only blocking over the North Atlantic is
clearly linked to the negative phase of the NAO, while European blocking (CT2+ and CT4+) gives only
moderately negative NAO values. While positive values of the SCAN mode are linked to western European
blocking types (CT2+ and CT3+), the negative phase is favoured by ridges over the East Atlantic (CT2- and
CT3-). In other words, the SCAN mode is associated with a strong meridional circulation in both of its
phases. The CTs are divided in two groups in their relationship to the EAT mode. CT1+, CT2+, CT3- and
CT4- shift the EAT PDF towards positive values and CT1-, CT2-, CT3+ and CT4+ towards negative values.
The main spatial difference between the two groups of CTs consists in the location of the main meridional
features, which are over Europe for the first group and over the Atlantic for the second. Finally, the EAWR
mode shows also a separation in two groups, although with different CTs with respect to those involved in
the EAT mode. The CTs with the largest differences for this mode are CT4+, which shifts towards positive
values, and CT4- towards negative ones. This suggests that the two extreme phases of the EAWR are related
to blocked and zonal flows over Europe.

The differences between the PDF of a mode of variability and the one obtained with the sample associated
with a particular CT have been assessed with the non-parametric two-sample Kolmogorov-Smirnov test in
terms of the so-called Smirnov distance Ds (Wilks, 2006). Ds is defined as the maximum absolute difference
between two accumulated distribution functions. Ds is significant at the 5% level for all the subsample
distributions of the modes of variability suggesting that the each CT subsamples significantly different parts
of the PDF of a given mode of variability. The results agree well with the description shown above. In
particular, the SCAN mode discriminates mostly the Euro-Atlantic (CT4+) and the Scandinavian blocking
(CT2+); EAWR discriminates the blocked (CT4+) and zonal flows (CT4-) over the North Atlantic; the NAO
discriminates the CT most similar to its positive (CT1+) and negative (CT3-) phases, as well as the Atlantic
ridge with axis south of Iceland (CT1-); finally, the EAT discriminates especially the Atlantic ridge as an
extension of the Azores anticyclone (CT2-). These results indicate that the eight CTs identified here have a
distinct influence in the variability of the Euro-Atlantic circulation. Furthermore, this allows the
interpretation of monthly or seasonal extreme values of the modes of variability as anomalous successions of
CTs, which can follow preferred paths of transitions as described in Section 4.3.

12 Technical memorandum No.550



Euro-Atlantic circulation types and modes of variability in winter ... S ECMWF

a) b)

0.70 0.70
0.60
0.50
0.40
0.30
0.20
0.10

O'q%.OB -0.06 -0.04 —002 0.00 0.02 0.04 0.06 0.08 O'QEI.DB -0.06 -0.4 -002 000 .\0.02 0.04 0.06 0.0

c) d)

0.70 1 0.70
0.601
0.501
0.404
0.301
0.201

0.104

0085006 0.

Figure 7: Probability density function (pdf) of the four modes of variability (solid black): a) NAO, b) East
Atlantic, ¢) Scandinavian pattern and d) East-Atlantic/West Russia. For each mode of variability, the pdfs
for the days classified in each one of the eight circulation types in the ERA-40 classification over the
period 1962-2002 are superposed: CT1+ (burgundy), CT1- (green), CT2+ (red), CT2- (dark blue), CT3+
(orange), CT3- (blue), CT4+ (pink) and CT4- (light blue).

6. Circulation types and modes of variability

An objective classification of the Euro-Atlantic atmospheric circulation has been carried out using data from
the ERA-40 and NCEP re-analyses. The classification is based on a T-mode PCA followed by a varimax
rotation of the four leading PCs. This classification shows most of the features already presented in previous
studies. The relative frequencies of the CTs show that the most frequent is a ridge with axis from the Iberian
Peninsula to Scandinavia (CT1+), which closely resembles the positive phase of the NAO. The less frequent
types are found for ridges over the Atlantic at different latitudes (CTs 3- and 3+). They are also the CTs with
the longest (CT3-) and shortest (CT3+) mean duration. The CTs related to blocking events, like CT2+ and
CT4+, exhibit higher frequencies in the early 1990s, while a positive trend in the frequency of ridge types is
apparent, especially for CT2-. These types increase in frequency from the late 1980s to 2001. Most of the
characteristics of the classification are insensitive to the database considered, except for the number of events
as a function of their duration, which should be considered as an indication of the lack of robustness of some
of the features found in weather classifications with a single dataset. Preferred paths for transition between
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specific CTs have been found, an interesting feature to explain low-frequency anomalies in specific seasons
and to use as validation tool of weather forecasts and climate simulations.

The main modes of variability for the Euro-Atlantic region (NAO, EAT, SCAN and EAWR) have been
estimated using an S-mode PCA on daily data to assess their relationship with the CTs. The CTs show a
distinct, statistically significant relation with each mode of variability, as inferred from the subsampled PDFs
compared to the PDF obtained for the mode of variability. The probability of finding specific phases of some
modes of variability is enhanced for some CTs (for instance, positive phase of NAO with CT1+ or the
negative phase with CT3-). The discrimination of the modes of variability by the CTs allows the
interpretation of monthly or seasonal extreme values of the modes of variability as anomalous successions of
CTs, which can follow preferred paths of transitions. This opens a new way to interpret model errors in
climate variability on the basis of the features of a weather classification of these simulations. These later
results deserve a more detailed study due to their possible implications for the analysis of climate variability
and its simulation in the Euro-Atlantic region.
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