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Detecting recurrent weather patterns and understanding the transitions between such regimes are key
to advancing our knowledge of the low-frequency variability of the atmosphere and have important
implications in terms of weather and climate-related risks. We adopt an analysis pipeline inspired by
Markov State Modelling and detect in an unsupervised manner the dominant winter mid-latitude
Northern Hemisphere weather patterns in the Atlantic and Pacific sectors. The daily 500 hPa
geopotential height fields are first classified in about 200 microstates. The weather dynamics are then
represented on the basis of these microstates and the slowest decaying modes are identified from the
spectral properties of the transition probability matrix. These modes are defined on the basis of the
nonlinear dynamical processes of the system and not as tentative metastable states, as often done in
Markov state analysis. When focusing on a shifting longitudinal window of 60°, we find that the
longitude-dependent estimate of the longest relaxation time is smaller where stronger baroclinic
activity is found. In the Atlantic and Pacific sectors slow relaxation processes are mainly related to
transitions between blocked regimes and zonal flow. We also find strong evidence of a dynamical
regime associated with the simultaneous Atlantic-Pacific blocking. When the analysis is performed on
a broader geographical region of the Atlantic sector, we discover that the slowest relaxation modes of
the system are associated with transitions between dynamical regimes that resemble teleconnection
patterns like the North Atlantic Oscillation and weather regimes like the Scandinavian and Greenland
blocking, yet have a much stronger dynamical foundation than classical methods based e.g. on EOF
analysis. Our method clarifies that, as a result of the lack of a time-scale separation in the atmospheric
variability of the mid-latitudes, there is no clear-cut way to represent the atmospheric dynamics in
terms of few, well-defined modes of variability. The approach proposed here can be seamlessly
applied across different regions of the globe for detecting regional modes of variability, and has a great
potential for intercomparing climate models and for assessing the impact of climate change on the
low-frequency variability of the atmosphere.

Low-frequency variability in meteorology refers to a broad spectrum of  challenge"”. From a practical perspective, achieving efficient medium and
atmospheric processes occurring over time scales ranging from approxi- extended range intra-seasonal forecasts, beyond the horizon of determi-
mately one week to about a month. Despite extensive research efforts, a  nistic predictability of typically 7-10 days in the mid-latitudes, poses sig-
comprehensive understanding of its underlying nature remains an ongoing  nificant difficulties. Furthermore, the climatic impacts of low-frequency
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phenomena are substantial’, also in terms of modelling changing climatic
conditions’. Long-time scales are typically entangled with large spatial
scales"**. Large-scale weather configurations in the mid-latitudes hold sig-
nificant importance due to their impact on weather conditions over vast
regions. Understanding low-frequency variability, in space and time, is vital
as it has implications for weather forecasting, climate studies, and disaster
preparedness.

One of the critical aspects of the mid-latitude low-frequency variability
is the presence of transitions between two distinct flow regimes: blockings
and zonal flow’™"’. Blockings are synoptic features that are characterized by
persistent high-pressure systems, leading to a disruption of the typical west-
to-east flow of the jet stream''”". Blocking events typically manifest in either
the Atlantic or Pacific sectors and, more rarely, in both concurrently“. The
lifetime of blocking events can span several days to a few weeks, resulting in
the emergence of extreme and prolonged weather anomalies with significant
regional implications"’. Depending on geographic location, season, and pre-
existing conditions, blockings can induce diverse weather phenomena such
as heat waves, cold spells, extensive droughts leading to wildfires, and
floods'*”. Predicting the onset and the decay of blockings is rather elusive
even for modern weather prediction systems”>**”, and, similarly, modern
climate models face difficulties in achieving a correct representation of their
statistics”". Indeed, large uncertainties exist regarding the response of the
statistics of blocking events to climate change”, even if recent studies
indicate the possibility of an overall increase in their size” and intensity’",
with a possible reduction in their persistence in the European sector’.
Nonetheless, as discussed in the most recent IPCC report, results are not
entirely conclusive in terms of the impact of climate change on blockings, as
there is at best medium confidence in a projected decrease in the frequency of
atmospheric blocking over Greenland and the North Pacific for the late 21st
century as compared to the reference climatology™. These difficulties possibly
reflect the fact that the blockings are associated with atypical and anom-
alously unstable conditions of the atmosphere™ ™, leading to serious fun-
damental implications in terms of overall model accuracy in describing their
dynamics and statistical properties”.

Accurate identification of blockings is usually achieved through var-
ious indices based on the geopotential height™ or potential vorticity (PV)
fields”’. More recently, identification of blockings has been performed using
statistical indicators relying on Empirical Orthogonal Functions (EOFs)* as
well as multidimensional methodologies*’; see ref. 42 for a recent survey on
the topic.

The low-frequency variability of the northern hemisphere mid-
latitudes features also atmospheric configurations having spatial and tem-
poral scales larger than blockings, exhibiting links between weather phe-
nomena affecting far-away regions on Earth. These are called teleconnection
patterns, and are responsible for driving the dynamics of the atmosphere at
planetary scale and for facilitating the coupling between atmospheric and
oceanic processes. Particularly relevant are the so-called Pacific-North
American teleconnection pattern (PNA)* and the North Atlantic Oscilla-
tion (NAO)™. The PNA pattern covers a substantial portion of the North
Pacific and North America and exerts influence on synoptic activity and the
subtropical jet stream over the North Pacific, leading to climate impacts over
extensive regions of North America. The NAO is a dipolar pattern of mean
sea level pressure over the North Atlantic, extending from the subtropical
(Azores high) to sub-Arctic latitudes (Icelandic low). It significantly affects
the variability of westerly winds over eastern north Atlantic and Western
Europe, making it a crucial factor in shaping Europe’s winter climate®.
Whereas the PNA and the NAO are considered to be large-scale but still
regional teleconnections patterns, hemispheric teleconnections have been
detected as well, such as the Northern Annular Mode (NAM, named also
Arctic Oscillation*) and the circumglobal teleconnection pattern”’. These
have nontrivial connections with both the NAO and the PNA'**. See
ref. 2,49-51 for a detailed discussion of the dynamics and detection methods
of teleconnection patterns and their nontrivial link with blockings.

Besides the above-mentioned teleconnection patterns or main modes
of variability, other recurring circulation patterns have been shown to be

useful for describing in a coarse-grained sense the weather evolution over
Europe and North America. These go under the umbrella of the so-called
weather regimes (see for example™**). They are more persistent and larger
than synoptic scale weather systems, and are often associated with surface
extremes over vast regions™ . In many cases, the dominant feature of
North-Atlantic weather regimes is a persistent ridge or blocking (over the
North-Atlantic, Greenland, central Europe or Scandinavia), but some of
them are predominantly cyclonic regimes™".

A rather popular way, among others, to describe in a coarse-grained
sense the evolution of the weather in the mid-latitudes amounts to con-
structing via data-driven methods finite state Markov models, where each
state is a statistical cluster associated with a weather pattern, and then
investigating the properties of the resulting Markov chain***"*’. Recently,
more advanced machine learning-based methods have been used to detect
recurrent mid-latitude atmospheric regimes in a simple model of the
atmosphere®. In this work, we wish to advance this perspective and propose
a procedure to detect in an unsupervised manner anomalously persistent
and recurrent weather patterns. The procedure follows the strategy of
Markov State modelling (MSM), an approach originally introduced for
studying metastability in molecular systems***. The key idea is first clas-
sifying all the data - e.g. the molecular configurations, or, in the context of
this work, the daily averaged 500 hPa geopotential height (Z500) fields - ina
finite set of microstates. Each microstate contains rather similar data. One
then empirically estimates the transition probability, at a fixed time lag,
between the microstates. The eigenvalues of this transition matrix allow
estimating the relaxation times of the system, in other words how fast the
system is changing, If a gap in the spectrum exists, say after the n™ eigen-
value, one can represent the dynamics as a Markov process between 1 states,
which can be considered metastable on the time scale defined by the (rn-+1)™
eigenvalue. Such states are identified by the sign pattern of the eigenvectors
associated to the slow eigenvalues.

A key difference to standard k-means clustering analysis is that in our
approach we use clusters (microstates) as a basis to represent dynamics,
rather than as potential metastable configurations based on the analysis of
the realised configurations of the flow. We choose the number of clusters by
using a criterion that is not typical in ordinary clustering approaches:
microstates should be as many as possible to provide a suitable partition of
the data space. In this approach, low-frequency modes emerge from the
spectral analysis of the transition probability matrix among the microstates
and are vectors in the microstate space, not clusters of Z500 patterns.

This procedure, if applied out-of-the-box to the analysis of weather
data, provides poor results for two reasons. First, the Z500 patterns in the
northern hemisphere, as a result of atmospheric turbulence, are extremely
variable. Since the number of available observations in our dataset is of the
order of a few thousands - see details below in Sect. 4 -, the set of Z500
patterns cannot be divided in microstates that are at the same time suffi-
ciently populated, and that contain sufficiently similar patterns. Indeed it is
known since long time that true atmospheric analogues are extremely rare”
(vet they can be useful®). In order to address the first problem we here
propose to perform MSM restricted to a longitude window. If one considers
the Z500 patterns in a longitudinal window of, e.g., 60", it will be more likely
to find coherent patterns which are similar in the window, even if they can in
principle differ outside it. We will nonetheless show below that, in agree-
ment with the idea of atmospheric teleconnections mentioned above,
coherence between the patterns is found also outside the window used for
clustering purposes. In this manner, we are able to classify the Z500 patterns
in microstates which, at the same time, include a sufficient number of
observations, and include Z500 patterns that are qualitatively similar. Such
microstates will be used as a basis to represent the dynamics, as in standard
MSM. One can use this scheme to perform an analysis by using a window of
fixed width, which moves on the longitudinal axe, covering in this manner
the whole globe.

A second problem is that a genuine dimensional reduction using MSM
can be performed only if one observes a significant gap between consecutive
relaxation times, this being able to define a cutoff. Such a gap, as shown in
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Fig. 1 | Kinetic Analysis. Kinetic analysis using a

moving window with kernel width ® = 30°. a First
three distinct relaxation times (days) for the ana-
lyzed windows. b Maximum relative increment for
the first ten consecutive relaxation times.
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Supplementary Fig. 4 included in the Inf,, is typically not present. This,
strictly speaking, implies that weather dynamics cannot be unequivocally
described by a Markov chain between a small number of states associated
with different weather patterns. Nevertheless, all the relaxation times are
associated with an eigenvector in the space of the microstates. Though these
Z500 patterns may not meet the criteria for genuine metastable states in the
MSM lexicon, they represent Z500 configurations that tend to be persistent
and, therefore, meaningful for a coarse-grained description of weather
dynamics. In this work, we exploit the approach’s ability to summarize
robustly localized temporal variabilities to analyze these patterns in specific
geographic locations and show that the patterns are akin to persistent
atmospheric states reported in the literature, such as blocking, zonal flow,
and weather regimes. Moreover, the approach could also be used to study
and compare dynamics predictability in different models and climate data
reanalysis by inspecting their spectral properties, as an increase in the
spectral gap should indicate reduced turbulence that should lead to
increased predictability. This last aspect has not been elaborated further in
this work as we leave it as future work.

Results

In what follows, we investigate the characteristic time scales Markov chains
constructed according to the procedure detailed in the previous section,
which amounts to the so-called kinetic analysis of the system™”. Figure 1
shows the main findings obtained from our dataset of 1950-2022
December-January-February (DJF) daily averaged Z500 fields for the lati-
tudinal band [32°N, 72°N], see the Section Methods for details.

In Fig. 1a we show the first three largest relaxation times of the MSM as
a function of the longitude ¢y, for a kernel width of ® =30". The largest
relaxation time (blue) fluctuates longitudinally between approximately 4
and 7 days, with higher values near the centre of the Eurasian and American
continental masses. Instead, lower values are found over the oceans, near the
Pacific west coast, and over central Europe. Such a geographical pattern
follows to a good degree of approximation the patterns of synoptic
variability’', with smaller relaxation times being associated with more
intense synoptic disturbances. This fits with the concept of baroclinic
instability as being the catalyser of transitions between competing states of
the low-frequency variability of the atmosphere’’. The results are basically
unchanged if one chooses a longer time lag, see Supplementary Fig. 3.

In Fig. 1b, we show the maximum relative gap between two successive
relaxation times at the different longitudes for the first ten relaxation times.
The gap is at most of order one, which implies that the ith relaxation time, ¢; is
at most twice larger than the (i4-1)th. The lack of any significant gap in the

relaxation times implies that atmospheric dynamics cannot be meaningfully
described as a Markov process between a small number of metastable states.
Hence, there is always a certain degree of subjectivity in performing a cutoff in
order to define a discrete, reduced-order model. In other words, the relaxation
to the steady state involves a mixture of processes at different time scales
which are all interlaced. This observation is not surprising: indeed it confirms
the lack of temporal (and spatial) scale separation that is very apparent from
spectral analyses of the mid-latitude atmospheric variability"**.

Alternation between blockings and zonal flow

In the following we describe in detail the eigenvectors associated with the
two slowest relaxation times for windows centered around two longitudes:
0°W, for the Atlantic region, and 180°W, for the Pacific region, choosing in
the first instance a window width of 60°. The eigenvectors are visualized by
plotting the average 7500, t2m, and precip fields of each of the two
microstates, which have been chosen according to the rationale discussed in
the Section Methods. The average is computed over all the fields belonging
to a given microstate.

If the system possessed a gap in the relaxation times, each of the
microstates above could be rigorously interpreted as configurations suc-
cinctly describing Markov states. Hence, the dynamics could be described at
a coarse-grained level as a trapping around a microstate, a rapid transition, a
trapping around another microstate, and so on”’. Since we lack such a time
scale separation, the interpretation above is valid only at a qualitative level.

Nonetheless, the eigenvectors provide, by definition, the best possible
description of the transition matrix T in a span of dimension 3 (the span
includes also the eigenvector that is associated to the unitary eigenvalue, which
corresponds to the stationary state). Hence, while the patterns associated to
these eigenvectors cannot be considered genuine metastable states, they do
reflect dominant modes of variability associated with persistent configura-
tions. Indeed, as we will see, they bear similarities to persistent atmospheric
states previously described in the literature, such as blockings, zonal flow
patterns, and larger-scale weather regimes associated with teleconnections.

Results for the Atlantic and Pacific sectors are presented in Fig. 2 and
Fig. 3, respectively. Both figures have dedicated sections on the top for the
first subdominant eigenvector and on the bottom for the second sub-
dominant one. The arrows included in each section illustrate the fact that the
two depicted microstates are, in the sense described above, counterposed
and that the variability associated to each eigenvector is related to the
transitions between the corresponding microstates. In each section, the
graph in the bottom right corner shows the percentage of blocking days
estimated using the Tibaldi-Molteni (TM) index™ as a function of the
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Fig. 2 | Modes of Variability of the Atlantic Sector. Analysis performed by con-
sidering Z500 data from the Atlantic sector ([30°W, 30°E] x [32°N, 72°N]). Coun-
terposed microstates mean field Z500 anomalies for the slowest relaxation mode of
the system (t, = 5.1 days), and the second slowest relaxation mode of the system
(t = 3.5 days). The green window indicates the area considered for clustering the
data. Slowest relaxation model, panel a: Z500 [m] anomaly for the microstate fea-
turing more blocked days. Panels e and i: same as a, for the t2m [K] and precip [mm/

day] anomalies, respectively. Panels b, f, and j: same as a, e, and i, respectively, for the
microstate with fewer blocked days. Panel m: fraction of blocked days for each
microstate at the longitudes used to cluster the data; compare the orange vs. blue
color code. Panelsc,d, g, h,k,1,and n: same asa, b, e, f, i, j, and m, respectively, for the
second slowest relaxation mode. The full fields, given by the sum of the climatolo-
gical and the anomaly patterns shown here, are portrayed in Supplementary

Figs. 13a, b.
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Fig. 3 | Modes of Variability of the Pacific Sector. Same as Fig. 2, panel by panel, but
with the analysis performed considering Z500 [m] data from the Pacific sector
([150°W, 150°E] x [32°N, 72°N]). The two slowest relaxation modes correspond to

t; =4.8 days and t, = 3.6 days, respectively. Full fields, given by the sum of the
climatological and of anomaly patterns shown here, are portrayed in Supplementary
Figs. 13¢, d.

longitude for the two opposing microstates obtained through the pipeline
procedure. Specifically, the TM index is first computed for each longitude
for all the fields belonging to the microstate. If blocked conditions are
realized at the longitude of reference and in the two neighbouring longitudes
and persist for at least three days, the longitude is defined as blocked and
assigned unitary value. Secondly, the percentage is obtained for each latitude

by averaging over all the fields in the microstate. Note that the patterns
associated with higher (lower) occurrence of blockings are indicated by a
blue (orange) band around the equator. We stick to this convention for the
rest of the paper and in the Supp. Inf.

The graphs concerning the first eigenvector show that the two domi-
nant weather patterns are blocked and non-blocked atmospheric states for
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Fig. 4 | Modes of Variability of the Extended Atlantic Sector. Same as Fig. 2, panel
by panel, but with the analysis performed considering Z500 data for the extended
Atlantic sector ([60°W, 60°E] x [32°N, 72°N]). The two slowest relaxation modes

correspond to ¢ = 3.7 days and t, = 3.5 days, respectively. Full fields, given by the
sum of the climatological and of the anomaly patterns shown here, are portrayed in
Supplementary Fig. 14a, b.

both the Atlantic (Fig. 2a, b) and the Pacific sectors (Fig. 3a, b). While the
dichotomy is strikingly accurate for the Atlantic sector (see Fig. 2m), over
the Pacific the percentage of blocked days achieved by the state we can
synoptically associate with blockings is somewhat lower (see Fig. 3m). Here,
the core of the blockings is geographically shifted towards the western part of
the selected region, near Siberia, in agreement with”>””. We also notice that

the (predominantly) zonal flow pattern over the Atlantic associated with the
blockings-free microstate features the well-known meridionally tilted shape
of the North-Atlantic jet stream™. The relaxation time of the first eigen-
vectors for the Atlantic and Pacific sectors (4.8 and 3.7 days, respectively)
matches well the time scales of mid-latitude synoptic variability associated
with baroclinic disturbances, which are responsible for the transitions
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between blocked and zonal states™’. Looking at the temperature and pre-
cipitation anomalies in the Atlantic sector composites (Fig. 2e, f, 1, j), we find
confirmation of the impact of blocking events on such meteorological fields,
leading to surface extremes™. In what follows we focus on the impacts over
land. In agreement with the original observations by Rex”: blockings in the
Atlantic sector are associated with a dipole of warm anomalies in northern
vs. cold anomalies in central and southern regions, whereas dry anomalies
prevail almost everywhere, except in the southernmost regions. Note also
the wet anomaly in South Greenland, which is presumably due to diverted
storm tracks. On the other hand, zonal flow is characterized by moist air
masses moving towards Europe, resulting in stronger precipitation. The
enhanced eastward advection also leads to warmer conditions in the central
and southern regions.

Changes in the advection due to the occurrence of blockings are
important for determining anomalies in the surface fields in the Pacific
sector too (Figs. 3e,f,1,j). Zonal conditions are associated with strong cold
anomalies in the western sector, as a result of enhanced advection from the
cold continental mass, whereas the eastern sector features warm anomalies;
compare with’*”’. The occurrence of blockings leads almost everywhere
within the region of interest to reduced precipitation, as a result of prevailing
anticyclonic conditions. Notably, one finds increased precipitation near the
western North American coast”.

In order to illustrate the representativity of most extreme microstates
shown in Figs. 2 and 3, we show in Supplementary Figs. 6 and 7 the Z500
anomaly fields corresponding to two additional pairs of microstates of the
slowest relaxation mode for the Atlantic and Pacific sectors, respectively.
These pairs are just slightly less far apart from each other in the complex
plane of the components of the corresponding eigenvector than those
depicted in Figs. 2 and 3. For both sectors, there is a close alignments among
the three pairs. In all three cases, the pairs clearly describe transitions
between blocked states and zonal flow. Nonetheless, one finds differences
(to be expected) among variants of blocking and zonal flow configurations.
Blocking can either substantially suppress the zonal flow over the mid-
latitudes (e.g. Supplementary Fig. 6 states 57, 170, Supplementary Fig. 7 state
80) or lead merely to its southward displacement. This is a characteristic of
high-latitude blocking (Supplementary Fig. 6 state 89, Supplementary Fig. 7
state 7). The zonal flow exhibits a substantial variability as well, especially
over the Atlantic region, where the jet can be either more tilted than usually
affecting primarily the British Isles and Scandinavia (Supplementary Fig 6
state 41), or have a pronounced zonal orientation affecting mainly the
Mediterranean region (linked to a deep trough over Europe, Supplementary
Fig. 6 state 96).

Transitions between different blocking patterns

In the Atlantic sector (Fig. 2, lower panel) the Z500 maps related to the
second eigenvector contain features associated with transitions between
different blocking structures, whereby one microstate features a high-
latitude structure (Fig. 2c) and the other one a smaller-scale positive anomaly
centered in the Atlantic ocean (Fig. 2d). Quite interestingly, one extreme
microstate of the second eigenvector computed for the Pacific sector (Fig. 3d)
is associated with the simultaneous presence of a western North Pacific block
and of a Greenland block. The fact that a specific and rather relevant
microstate captures such a configuration is quite interesting. In ref. 79 it was
shown that simultaneous Atlantic-Pacific blocking occur more frequently
than what would be the case if the two sectoral blockings were wholly
independent. In ref. 37 it was shown that such a pattern is associated with a
rather special - and anomalously unstable - configuration of the large-scale
flow. Additionally refs. 79, and *’ connected - yet not in the strongest terms -
the simultaneous Atlantic-Pacific blockings to the negative phase of the
NAM. Also in our analysis such a connection does not appear to be very
strong, even if the corresponding Z500 anomaly pattern shows a disrupted
polar vortex, which is the main feature of the negative NAM phase. A recent
study” analysing co-occurring North American and Euro-Atlantic weather
regimes identified patterns of simultaneous blocking in the two oceanic
regions as well. While we find stronger signature of the simultaneous

blockings when targeting our analysis to the Pacific sector, a weaker global
teleconnection signal emerges also when targeting the analysis to the region
around Greenland, see Supplementary Figs. 15 and 16, pointing to an
asymmetry in the link between the two regions. The fact that our method
individuates in an unsupervised manner simultaneous Atlantic-Pacific
blockings - targeting only one of the two sectors - further reinforces the idea
of a physical link between the Pacific and Atlantic patterns'*”.

Considering the remarkable nature of the simultaneous Atlantic-
Pacific blocking pattern, it is worth looking at the three pairs of most
extreme microstates of the second eigenvector for the Pacific sector (Sup-
plementary Fig. 8). Indeed the simultaneous Atlantic-Pacific blocking pat-
tern is very different compared to the other microstates associated with the
occurrence of blockings in the Pacific sector. The atypical character of the
simultaneous blocking is underpinned by the large distance w.r.t. the second
and third most extreme eigenvalues (Supplementary Fig. 8, bottom
right panel).

Exploring teleconnection patterns

The analysis of the 60" longitudinal windows captures rather well that the
alternation between blocked and zonal flow states is the dominant feature of
atmospheric dynamics on that scale, but also points to the relevance of
considering different blocking structures and of global teleconnections. In
order to be able to better explore these latter aspects, we increase the
longitudinal window size to 120°. Here, we restrict ourselves to the extended
Atlantic region defined by [60°W, 60°E] x [32°N, 72°N]. Our main findings
are portrayed in Fig. 4, which is structured along the same lines as Fig. 2.

Figure 4 shows that the Z500 fields of the two extreme microstates that
are associated with the first eigenvector feature very large structures with
anomalies covering the whole hemisphere, pointing to the transition between
positive and negative NAO phases (NAO+ and NAO-, corresponding to
Figs. 4a and 4b, respectively). This is supported by the temperature and
precipitation anomaly composites, shown in Figs. 4e, f, i, j; compare with ref.
59. NAO+ is related to a strongly tilted jet and, consequently, a strong ridge
over Europe leading to warm and dry anomalies over the western and
northern part of the continent. Instead, NAO- is related to an anomalously
zonal and southerly shifted jet, which brings abundant precipitation over the
Mediterranean region, while cold arctic air masses can reach northern and
central Europe. Note that the relaxation time associated with the first
eigenvector - 3.7 days - is in good agreement with the decorrelation time -
about 5 days - of the NAO index time series*. Note also that the Z500 fields of
the two extreme microstates are in close agreement on a global scale with the
first two EOFs of the DJF Z500 fields for the whole 20°'N—90°N sector (not
shown), thus supporting the large-scale nature of the modes detected through
our method.

The Z500 anomaly fields related to the second eigenvector show similar
structures, but rather than affecting the whole hemisphere, they are more
confined to the North Atlantic and European regions. The dominant feature
of one of the extreme microstates is a strong, meridionally restricted high
7500 anomaly over Northern Europe, representing a typical Scandinavian
blocking pattern (Fig.4c). The opposite extreme microstate shows a dipole
with a strong blocking over Greenland and Iceland, and a trough over
continental Europe (panel d). Thus, the variability associated with the sec-
ond eigenvector is related to transitions between Scandinavian blocking and
Greenland blocking (or North-Atlantic ridge). Both circulation anomalies
lead to anomalously cold air over most of the European continent, however,
the origin of the cold air differs. The Scandinavian blocking favours cold air
advection from Siberia, whereas the deep trough next to the Greenland
blocking, allows Arctic airmasses to reach all the way south to the Medi-
terranean. This transition between circulation patterns connected to
anomalously cold conditions brings prolonged periods of cold winter
weather over large parts of the continent. Both circulation structures are
related to mainly wet anomalies over the Mediterranean, suggesting an
anomalously southern location of the jet stream.

To obtain a clearer picture of how precisely the extreme microstates are
defined, we show in Supplementary Fig. 9 the Z500 anomaly fields
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corresponding to the three most distant pairs of microstates of the first
eigenvector for the 120° window in the Atlantic sector. We find that the
NAO- pattern (Supplementary Fig. 9b) is close to two patterns (Supple-
mentary Figs. 9d,f) that describe the occurrence of Greenland blocking. This
supports previous findings that reveal a close link between NAO- and
Greenland blocking and clarifies the fundamental difficulty in distin-
guishing between these patterns*"****. Additionally, we find that the NAO+
pattern (Supplementary Fig. 9a) is extremely close to two patterns (Sup-
plementary Figs. 9c¢, e) depicting the Scandinavian blocking. This is an
agreement with recent studies suggesting that these two patterns are closely
dynamically associated***. We remark that this connection does not mean
that the NAO is in a positive phase whenever Scandinavian blocking occurs,
but points instead towards the dynamical similarity between the two
weather patterns that would be classified as different weather configurations
based on a clustering analysis or on the NAO index. Finally, Supplementary
Fig. 9d reveals a clear connection between the first and second eigenvector;
compared with Fig. 4b.

Conclusions
We have analysed the low-frequency variability of the Northern Hemi-
sphere winter mid-latitude atmosphere via MSM. Compared to similar
studies in the literature, we do not choose the number of potential meta-
stable states a-priori. Instead, we follow a two-step procedure that allows us
to distillate the main feature of the dynamics of the system, going beyond a
diagnostic analysis. Following a methodology originally devised for studying
molecular dynamical processes, we first partition the phase space in a
number of microstates that should be as high as made possible by the
available data. In our case, this number ends up being O(100), and is the only
free parameter of the procedure. We then construct the Markov matrix
describing the transition between the microstates; and, using standard
methods, end up identifying the invariant measure corresponding to the
stationary probability as well as the relaxation modes, which can be ordered
according to their corresponding relaxation time. Those with the longest
relaxation times correspond to the slowest decaying modes. Seeking truly
global modes is unfeasible because the data is insufficient. Hence, we resort
to studying regional features by performing our analysis on longitudinal
windows of 60" and 120", respectively. We have the freedom to shift seam-
lessly our domain, but we mostly focus on the Atlantic and Pacific sectors,
considering the high frequency of winter blockings in these two regions™.
For the 60° longitudinal window, our results show that, in both the
Atlantic and the Pacific sectors, the slowest modes are associated with
transitions between blocking states and zonal flow, with the expected
associated Z500, surface air temperature, and precipitation anomalies.
Additionally, we find strong evidence of a mode of variability - almost a
statistical outlier yet clearly relevant for the dynamics - strongly associated
with the simultaneous occurrence of blockings in both sectors; see Fig. 3,
Supplementary Figs. 15 and 16. This reinforces the conclusions of previous
studies indicating the presence of a physical link between the two blockings*
and of a rather special dynamical configuration associated with such a
regime”’. Many aspects of simultaneous Atlantic-Pacific blockings are not
well understood, pointing toward the necessity of future research efforts.
Considering a 120" longitudinal window for the Atlantic sector leads as
well to the detection of blockings and zonal flows as important features.
Nonetheless, the slowest transitions are in this case related to large-scale
dynamics, associated with teleconnections and the transition between dif-
ferent blocking structures. We find that the slowest and second slowest
relaxation modes are associated with the transition between patterns that are
closely reminiscent of the NAO+- and NAO- states, and of the Scandinavian
blocking and Greenland blocking, respectively. A preliminary analysis of the
120" longitudinal window centered over the Pacific is encouraging as our
method allows us to identify large-scale patterns that resemble both phases
of the much-studied Pacific modes of atmospheric variability, namely the
Pacific North America teleconnection pattern® and the North Pacific
Oscillation/West Pacific teleconnection pattern®’, see Supplementary
Figs. 11a—d. Clearly, this aspect deserves further investigation on its own.

The patterns we find are to some degree similar to familiar patterns
obtained with other methods, such as EOF, or weather regimes based
on clustering analysis, which usually leads to considering 4-8 clusters,
see e.g.””""* However, due to the large number of microstates in our
analysis, our patterns resemble more accurately observed daily fields
because less information is filtered out. Furthermore, they are dynami-
cally more meaningful, being defined based on slow modes of variability,
as mentioned above. Given the dynamical nature and the high degree of
granularity of these patterns, they might be promising candidates to
support medium-range weather prediction, along the lines of the so-
called weather types®.

Furthermore, our analysis underlines the complexity of atmospheric
dynamics by revealing dynamical connections between different weather
regimes. Our results also confirm the difficulty in separating clearly some of
these weather patterns, as in the case of the Greenland blocking and NAO-*
as well as Scandinavian blocking and NAO-. In ref. 83 it is shown that the
NAO is strongly related to variations in the occurrence of high latitude
blocking, and can be interpreted from a blocking perspective.

An important outcome of our analysis — and certainly related to the
similarity of different weather patterns discussed above - is that we do not
find a significant gap between relaxation times of the various decaying
modes. Hence, we cannot claim that a handful of weather patterns
unequivocally describe the relevant large-scale atmospheric dynamics. This
underlines the irreducible complexity of atmospheric dynamics of the mid-
latitudes, confirming that there is always a certain degree of arbitrariness
when selecting dominant modes and excluding the rest. The lack of such a
gap, which is apparent when performing a spectral analysis of the mid-
latitude atmospheric variability">, can also be seen as the reason behind the
well-studied presence of deviations from exponential behaviour of the
autocorrelation of the NAO index for long time lags*”.

In this work, we have chosen to focus on the winter season considering
that blockings are more prevalent in winter compared to summer”. However,
our method is able to detect slow modes of variability in summer as well. We
have performed a preliminary analysis on the 1950-2022 summer seasons
(June-July-August, JJA) for the Euro-Atlantic sector, where the longitudinal
window has been shifted eastwards by 30 in order to take into account that
the peak of blocking occurrence is at=~30°E”" When considering the 60°
longitudinal window, one of the identified dominant patterns of variability
captures the occurrence of blockings in the region and is very similar to what
was shown in previous investigations’'. When considering the extended 120°
longitudinal window, the two dominant patterns of variability have a close
resemblance over Eurasia to the double-ridge and double-trough patterns
presented in ref. 92. See Supplementary Fig. 12 for details.

Even if we discuss in detail only the results in two specific, much-
studied regions of the Northern Hemisphere, the methodology discussed in
this contribution can be adapted seamlessly for analysing dominant weather
patterns in other areas of the planet that has been much less extensively
studied according to this angle, as in the case of the tropics™”, or the mid-
latitudes™* and polar regions™ of the Southern Hemisphere. Our method
has the potential of revealing new and previously unknown weather patterns
that are relevant in such regions, thus potentially advancing our knowledge
of regional climate and facilitating the evaluation of the impacts of climate
variability on human and environmental welfare.

Additionally, our approach has a great potential for comparing climate
models, testing their realism, and investigating the impact of climate change
on the large-scale variability of the atmosphere. In this regard, we plan to
take advantage of the available data of the climate models intercomparison
project'”. The availability of much longer time series, as a result of a large
ensemble climate model simulation strategy'®" might allow for extending
this analysis in such a way that global atmospheric patterns can be directly
studied, without the need to resort to longitudinal windows as done here.
This might provide a key advancement for understanding the link between
synoptic scale variability and global teleconnections and be particularly
useful when trying to address the dynamic reasons behind the occurrence of

persistent extremes like heatwaves and cold spells™' ',
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Methods

Meteorological data and definition of the microstates

Our study focuses on the winter low-frequency variability in the mid-
latitudes of the Northern Hemisphere. Hence, following ref.’, we examined
the 1950-2022 DJF daily averaged Z500 field extracted from the 2.5° reso-
lution NCEP Renalysis 1'* for the latitudinal band [32°N, 72°N]. To ensure
that the studied signal meets the basic requirements needed to be able to
adopt the analysis method we intend to use, namely that it is possible to
define an equilibrium measure, we have taken a necessary preprocessing
step of eliminating trends and seasonal variations from the data. In parti-
cular, we have detrended and deseasonalized the data by subtracting the DJF
average for each year separately before removing the seasonal cycle con-
structed by computing the average for each day over all years in a pointwise
manner, namely, separately for each grid point. On these preprocessed data,
we performed Markov state modelling (MSM). In short, MSM involves (1)
dividing the data into a large set of discrete states called microstates. The data
belonging to a microstate are assumed to be similar (see below for a detailed
discussion on this point). One then (2) estimates the transition probability,
in a given time, between the microstates. The dynamics of the system is (3)
described on the basis of the eigenvectors of the transition probability
matrix, with the eigenvalues providing information on the relaxation times.

More specifically, let’s denote the data points by X,, where t=1,...,.N
labels the different data. In the case of this work, X; is the Z500 pattern,
recorded on a geographical region defined below on a latitude/longitude
grid, and ¢ labels the day in which a specific pattern has been recorded. The
data are then divided in microstates using a K-means clustering
algorithm'”". Specifically, one chooses a number K of microstates, and, by
K-means, one finds, for the Z500 pattern X, an integer cluster
label ¢, € {1.,...,K}.

To decide the value of K one should consider two different factors: (i)
the minimum number of elements in each microstate should be large
enough for a reliable estimation of the transition probability matrix and (ii)
the Z500 patterns assigned to a microstate should be (qualitatively) similar.

Condition (i) is pretty simple to satisfy: since the transition probability
in MSM is typically sparse, it is sufficient to choose K in such a way that each
cluster is visited a sufficient number of times. Since the number of available
days is approximately 6400, we opted for 180 microstates, which implies that
each microstate will contain, on average, ~35 fields, each associated with one
day, with values ranging between ~10 and ~70. The viability of this choice is
demonstrated by dedicated experiments on artificial data generated by the
state-of-the-art MPI-ESM-LR version 1.2 Earth system model'” (Supple-
mentary Figs. 2 and 4). This is among the best-performing ESMs belonging
to the CMIP6 class'” and, additionally, its skill in representing the atmo-
spheric variability of the Northern Hemisphere mid-latitudes compares
rather well with its higher resolution version'’. We have considered the
same dataset - piControl run featuring pre-industrial conditions in terms of
atmospheric composition and land-use'"" - used in refs. 23,104 to investigate
heatwaves and cold spells associated with blockings. In the Supp. Inf. we
show - see Supplementary Figs. 4a, b - that the characteristic time scales of
the leading modes are basically unchanged if one performs the analysis on
72 vs. 1000 winters choosing 180 microstates. Similarly, small changes in the
leading characteristic time scales are found if one chooses 180 vs. 360
microstates to analyse the 1000 winters dataset. Moreover, Supplementary
Fig. 5 shows that the actual patterns of the two most extreme microstates
associated with the first eigenvector are robust with respect to the number of
years used in their evaluation (72 vs. 1000 years).

Satisfying condition (ii) turned out to be much more difficult. If one
applies K-means clustering with K of order 100 on the Z500 patterns across
all longitudes in the latitudinal band of interest, one finds that patterns
which are qualitatively different are assigned to the same cluster. As an
example, it is possible to observe a specific and recognizable pattern in the
Atlantic sector (say an omega-block) and, simultaneously, a variety of dif-
ferent patterns in the Pacific sector (not shown). This observation prompted
us to develop a variant of MSM, specifically designed to keep into account
the fact that patterns can be strongly correlated for spatial scales

corresponding to zonal wavenumbers up to=3 but - in general - only
weakly correlated on a truly global scale’. In particular, to weight appro-
priately local correlations we multiply the patterns by a Gaussian kernel,
centered on a specific longitude value ¢, with standard deviation ® of order
of some tenths of degrees (see below). Therefore, the distance between
patterns X and X' is given by

5 _@=gp?

A, X 19g) = Y ag ) (X($,0) — X' (9, 1)) e = )
¢A

where ag,, is the area of the grid patch of latitude A and longitude ¢, and the
sum over A runs between 32°N and 72°N. Clearly, changing the latitudinal
band defining the mid-latitudes has an impact on the final outcome of the
procedure. Nonetheless, we have verified that the results discussed below are
robust with respect to small changes in the spatial domain of references, see
Supplementary Figs. 9 and 10 for an example.

Choosing the kernel width is a crucial decision as it determines the scale
of climatic events we focus on. We present the results for two kernel widths
@ =30" and ® =60", qualitatively corresponding to windows spanning a
longitude of 60°, 120°. The former window is appropriate to detect features
such as blockings occurring within the target region. The latter window is
better suited to capture larger teleconnections and possibly identify global
patterns of weather variability; see results below. We remark that the choice
of the centre of the window is extremely relevant because the prevalence of
blockings, larger scale teleconnection, and the characteristics of the jet
stream in the mid-latitudes are strongly dependent on the local geographical
and orographical features™***”’. Furthermore, this selection of the effective
window size is also roughly consistent with the advection length scale:
taking ~ 10 m s~ as reference value for a westerly wind at 500 hPa in the
region of interest'”’, one obtains an advective length scale over 5 days
of =43 x10° km, which corresponds to about 50° longitude in the
midlatitudes.

We remark that in this approach the K microstates should not be
considered in any manner metastable states, but just a basis to represent the
dynamics. Metastability, if present, emerges from the spectral properties of
the transition probability between these microstates. This leads us to
detailing the next steps in our data analysis protocol.

Transition Probability Matrix

After dividing the data into microstates, we estimate the K x K transition
probability matrix T of the process from the data. Each row element of the
matrix represents the index of the departure microstate, while each column
element represents the index of the arrival microstate. The element T is the
estimated probability of moving from the ith microstate to the jth microstate
after the time lag 7, namely T;; = P.(X, + 7 = j|X, = i). By construction, all the
matrix elements are non-negative and the rows of the transition probability
matrix sum to 1, namely T is a stochastic matrix' ", In our speciﬁc case, we
choose 7= 1 day. In the Supp. Inf. we show that the slowest relaxation times
remain very similar if one chooses 7 = 2 days, see Supplementary Fig. 3. T'is
estimated using only consecutive days, separately on each winter, and
averaged over all the available winters in our dataset.

Also following the standard MSM pipeline, we then perform an eigen-
decomposition of the transition probability matrix T, finding its eigenvec-
tors v; and corresponding eigenvalues A; so that Tv; = Ay;. Since T is a
stochastic matrix, its first eigenvalue equals one, while the other eigenvalues
are complex numbers with norms smaller than one. The components of the
eigenvector related to the first eigenvalue - which is unique in the non-
degenerate case, as found here - are proportional to the long-term prob-
ability of each microstate, thus defining the so-called invariant measure. The
eigenvectors of T linked to the eigenvalues with the largest norms below 1
correspond to the slow decaying modes of the system. In the event that an
eigenvalue is complex, its conjugate will also be found in the spectrum. This
implies that any perturbation to the stationary state described by the ith
eigenvector will decay to zero with an exponentially damped sinusoid. The
time constant of the exponential, denoted by ¢, and the frequency of the
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oscillation, denoted by w;, are given respectively by:

ti — -7
log(IA;1)
2n (2)

0w, = —ZF
1 1m0
[tan '(,;:Ml’)>|

In our case the complex eigenvalues correspond to modes where the
oscillatory behaviour is much slower than the decaying one - say with
timescale of one month vs. one week, so that at all practical purposes the
phenomenology of relaxation is dominated by exponential damping.

It is challenging to find an efficient way to portray an eigenvector given
by a combination of microstates, each representing a Z500 pattern. In the
case of the subdominant eigenvectors, which correspond to |A;| <1, we
proceed as follows. We consider the two microstates that are as far apart as
possible in the complex plane defined by the component of the eigenvector.
Indeed, these two microstates represent the dominant components of the
anomaly associated with the eigenvector. and they appear always in coun-
terphase. In this sense, the two microstates can be seen in opposition and the
eigenvenctor can be interpreted as describing an oscillation between these
two microstates, which can be seen as weather regimes. We then visualise
the Z500 field associated with each microstate by plotting the average of the
7500 fields of all the days assigned to the microstate. The same procedure
can then be repeated for other meteorological fields of interest, see below.
See the Supp. Inf. for further details and clarifying examples.

To check whether the relaxation dynamics have a clear signal on
variables that are not explicitly controlled in the MSM procedure, we also
visualize the average 2-meter air temperature field (t2m) and the pre-
cipitation rate field (precip). To have a clearer picture and show large-scale
patterns, we always visualise these fields over the whole northern hemi-
sphere, highlighting the region used for deriving the MSM by a green frame.
In algorithm 1, we provide a concise overview of the whole analysis pipeline.
Clearly, changing the latitudinal band defining the mid-latitudes has an
impact on the final outcome of the procedure. Nonetheless, we have verified
that our results are robust with respect to small changes in the spatial
domain of references, see Supplementary Figs. 9 and 10 for an example.

Algorithm 1. Pipeline summary
Input: Daily average reanalysis at 500 hPa for winter months of the
Northern Hemisphere
Output: Partition of the data in microstates, and label of microstates
associated with the slowest mode of the system.

1 Select the window central longitude ¢, and the standard deviation ®
of the Gaussian kernel;

Select the number of microstates K;

begin

2 Partition the data into K microstates by the K-means clustering
algorithm;

Compute the transition probability matrix T with time lag 7=1;

Eigendecomposition of T;

Check for a possible spectral gap;

Select the first k eigenvectors of interest;

forj=1to kdo

3 Find the indices of the two most extreme components of the j-th
eigenvector (Euclidean distance on both Real and Imaginary parts)
and assign them to index,[j] and indexp|j]

4end

5 Return data-set partition, index,|:], indexp|:]

6 end

Data availability

The NCEP-NCAR Reanalysis 1 data are freely available and have been
obtained from the NOAA PSL, Boulder, Colorado, USA (https://psl.noaa.
gov). The data'"" for the standard pre-industrial control run (piControl) of
the MPI-ESM-LR version 1.2 ESM-LR model'” can be obtained from the

CMIP6 website (https://pcmdi.llnl.gov/CMIP6/). The data that support the
findings of this study are publicly available at https://doi.org/10.5281/
zenodo.11068800.

Code availability
The code used in this paper is inspired by refs. 65,66 and is publicly available
at https://github.com/sspring137/npj2024.git.
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