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Abstract

While the evidence for anthropogenic climate change continues to strengthen,

and concerns about severe weather events are increasing, global projections of

regional climate change are still uncertain due to model-dependent changes in

large-scale atmospheric circulation, including over North Atlantic and Europe.

Here, the Jenkinson–Collison classification of daily circulation patterns is used

to evaluate past and future changes in their seasonal frequencies over Central

Europe for the 1900–2100 period. Three reanalyses and eight global climate

models from the Coupled Model Intercomparison Project phase 6, were used

based on daily mean sea-level pressure data. Best agreement in deriving rela-

tive frequencies of the synoptic types was found between the reanalyses.

Global models can generally capture the interannual variability of circulation

patterns and their climatological state, especially for the less frequent synoptic

types. Based on historical data and the shared socioeconomic pathway 5 sce-

nario, the evaluated trends show more robust signals during summer, given

their lesser internal variability. Increasing frequencies were found for circula-

tion types characterized by weak pressure gradients, mainly at the expense of

decreasing frequencies of westerlies. Our findings indicate that given a high-

emission scenario, these signals will likely emerge from past climate variability

towards the mid-21st century for most altered circulation patterns.
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1 | INTRODUCTION

Circulation classifications (CCs) simplify the infinite
expressions of atmospheric circulation conditions into a
concise number of recurrent atmospheric circulation

patterns, typically associated with specific weather condi-
tions over a particular region. CCs provide a valuable
framework to assess past and future climate changes by
isolating dynamical contributions (i.e., changes in
circulation-type frequency or persistence) in multidecadal
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variations of weather conditions. CCs can analyse the
impact of both natural climate variability and external
anthropogenic forcing at the regional scale. Beyond
mirroring changes in mean climate, CCs also represent a
powerful tool to investigate extreme events, which are
often associated with specific atmospheric circulation
patterns (Richardson et al., 2020; Mastrantonas
et al., 2021).

Changes in frequency and severity of extreme events
have long been recognized as one of the major threats
posed by climate change (Seneviratne et al., 2012). By
definition, extreme events are rare; thus, it is often chal-
lenging to detect significant trends in available records.
This is particularly true for precipitation extremes, given
their limited spatio-temporal occurrence and the lack of
spatial representativity of in situ measurements (Khairul
et al., 2018; Mastrantonas et al., 2019). In contrast, daily
circulation patterns can be reconstructed since the begin-
ning of the 20th century or even earlier (Schwander
et al., 2017). They provide a valuable framework to ana-
lyse and interpret changes in long-term climate behav-
iour. While it is impossible even to attempt predicting
distinct future weather in a literal sense when it comes to
climatological time frames (many years to decades into
the future), it appears feasible to elaborate future
weather-type (WT) dynamics and their likely trigger-
capacity for extremes on a wide range of time scales, from
subseasonal to multidecadal. CCs group similar atmo-
spheric patterns of mean sea level pressure (SLP), geo-
potential height and other atmospheric variables
available in regular grids (Huth et al., 2008). Obtained
groups or classes are commonly known as circulation
types (CTs) or weather types (WTs). Before the advent of
computers, such “circulation catalogues” were subjec-
tively categorized, based on synoptic experience and
interpretation of the forecasters, and were mainly used in
weather forecasting. Some of the best-known methodolo-
gies widely used for Europe are the
(a) “Grosswetterlagen” catalogue, developed for Germany
by Baur et al. (1944) and improved by Hess and
Breszowsky (1952), (b) Lamb classification, created for
the British Isles (Lamb, 1972), and (c) Schüepp's classifi-
cation, focussing on Switzerland (Schüepp, 1979). How-
ever, new automated categorization became possible
during the last few decades, given our ability to process
increasingly larger data sets (Yarnal et al., 2001).

One key reason to classify the different circulation
conditions is their ability to realistically portray a strong
association with other weather aspects (Jones et al., 2014)
and their usefulness to analyse atmospheric circulation
variability with respect to frequency changes (Beck and
Philipp, 2010). Some more recent applications have
proven the usefulness of CCs in investigating

relationships between large-scale atmospheric synoptic
configurations and climate variables such as temperature
or precipitation (Jacobeit et al., 2003; 2017; Beck
et al., 2007; Hoy et al., 2013a; 2013b; Hoy et al., 2014;
Vallorani et al., 2018), and to evaluate CT trends during
the 20th and early 21st century (Cahynov�a and
Huth, 2016; Kučerov�a et al., 2017; Stryhal and
Huth, 2019b). The underlying general assumption is that
human-induced changes in atmospheric circulation man-
ifest themselves primarily in the frequency and persis-
tence of recurrent CTs rather than in the spatial
circulation patterns themselves. Such a statement can be
tested a posteriori when using “dynamical” classification
techniques without prior assumptions on CTs' number
and specific definition.

Here, we investigate past and future frequency
changes of synoptic circulation patterns based on an
automatized version of Lamb's classification adapted by
Jenkinson and Collison (1977) and commonly known as
the Jenkinson–Collison automated classification (JC).
This approach has become one of the most-used ones,
given its simplicity to be adapted to other mid-latitude
regions and its relatively easy interpretation of resultant
CTs based on large-scale geostrophic flow (Jones
et al., 1993). This classification experienced a renaissance
over the last two decades owing to the development of
consistent spatiotemporal gridded datasets like
reanalyses. Applications evaluating the ability of the clas-
sification to recreate the circulations patterns and their
relationship with other atmospheric variables emerged
from various mid-latitude regions: Scandinavia
(Linderson, 2001), Iberia (Goodess and Jones, 2002;
Lorenzo et al., 2011), Taiwan (Lai, 2010), Chile
(Sarricolea Espinoza et al., 2014), Falkland Islands (Jones
et al., 2016), southwest Russia (Spellman, 2017), to evalu-
ate their representation on climate model simulations (El
Kenawy et al., 2014; Otero et al., 2018; Fernandez-Granja
et al., 2021) and to reconstruct European circulation con-
ditions back to the 19th century, using reanalyses (Jones
et al., 2013), and the 18th century, based on observations
(Delaygue et al., 2019).

Global warming is expected to change the frequency
of the circulation patterns as we start facing the dynami-
cal response to increasing CO2 levels and related changes
in global surface temperature. Such circulation changes
can either mitigate or enhance the changes in the behav-
iour of surface atmospheric variables (Belleflamme
et al., 2015; Räisänen, 2019) and which can result in
direct impacts on extreme events like droughts,
heatwaves, and heavy rains (Meehl and Tebaldi, 2004)
given the strong influence of atmospheric circulation on
climate at the regional scale (Shepherd, 2014). Several cli-
mate projections demonstrated, for example, (a) that
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blocking situations might decrease in frequency and shift
towards eastern Europe (Woollings et al., 2012; de Vries
et al., 2013), though observed trends are sensitive to the
choice of the blocking index and to large internal vari-
ability that complicates the detection of forced trends
(Barnes et al., 2014; Cattiaux et al., 2016; Woollings
et al., 2018), (b) higher probability of heat waves with
longer mean duration, extent and intensity (Russo
et al., 2015; Schoetter et al., 2015), as well as (c) an
increase in the persistence of mild westerlies, which
might contribute to warmer winter temperatures across
much of the continent (Hoy et al., 2013b; Kučerov�a
et al., 2017). Hence, it is crucial to understand if these
variations can be explained by CT-frequency changes or
simply by within-types' variations (Beck et al., 2007).

Therefore, this work focuses on evaluating CT-
frequency changes, using some of the latest reanalyses and
two experiments from the Coupled Model Intercomparison
Project phase 6 (CMIP6). We aim at (a) comparing the abil-
ity of reanalyses and of global models to reproduce the
winter and summer frequencies of the main synoptic pat-
terns, and (b) detecting changes in these CTs' occurrences
since the 1900s and to figure out whether evaluating a high
emission scenario will drive significant changes in atmo-
spheric circulation types.

Section 2 describes the different reanalyses and
CMIP6 models we used. Section 3 explains the geographi-
cal space, the procedure involved in implementing the JC
classification, the evaluation of the model's ability to
reproduce the frequencies of the circulations and the
methodology for evaluating past and future trends.
Section 4 discusses the results. Conclusions are drawn in
section 5.

2 | DATA

2.1 | Reanalyses

Reanalyses became one of the most-used datasets in
studying weather and climate dynamics over past
decades. They provide comprehensive and physically
consistent reconstructions of past atmospheric conditions
at the Earth's surface and across the different atmo-
spheric levels by assimilating satellite and/or conven-
tional observations in numerical weather models
(Parker, 2016). We use 1� × 1� latitude/longitude gridded
daily SLP data from three state-of-the-art reanalyses and
daily mean 2 m temperature (T2M) from only one dataset
(ERA5) to investigate the relationship of these atmo-
spheric types with European temperatures. The ERA5
reanalysis, distributed by the Copernicus Climate Change
Service of the ECMWF, is the newest set of atmospheric

reanalyses, embodying a detailed record of the global
atmosphere. Data is currently available from 1950 to the
present (Hersbach et al., 2020). The ERA-20C reanalysis
by ECMWF is a 20th-century dataset. It covers 1900–2010
and assimilates surface pressure and marine wind obser-
vations only (Poli et al., 2016). The NOAA-CIRES 20th
Century Reanalysis V3 (NOAA-20CRv3), created by the
National Oceanic and Atmospheric Administration,
assimilates a large set of surface pressure observations
available for the 1836–2015 period (Slivinski et al., 2019).
The assimilation of these observations allows for outputs
that provide a realistic picture of synoptic situations over
sufficiently well-observed regions like Europe. Here we
use the 1900–2010 period from these last two reanalyses
to compare their time span directly with each other.

2.2 | CMIP6 global climate models

The Coupled Model Intercomparison Project (CMIP) is an
international collaborative framework designed to improve
climate change knowledge. Recently, its sixth phase has
seen the participation of an increasing number of global
modelling centres and the coordination of a large variety of
experiments (Eyring et al., 2016). These include, among
other experiments, standard historical simulations, driven
by observed radiative forcings, and new Shared Socioeco-
nomic Pathways (SSP) scenarios, exploring a range of plau-
sible future climates on how the world might evolve given
the absence—or achievement—in the reduction of emis-
sions and climate policy.

Here, daily mean SLP datasets from eight CMIP6
Global Climate Models (GCMs; hereafter also referred to as
models) are employed to assess past and future large-scale
circulation changes since the 20th century. Using different
models allows capturing the high degree of variability in
the circulations and their uncertainties by using four to six
members in each GCM (Table 1). We employ the historical
experiment using the data for the 1900–2010 and the
Shared Socioeconomic Pathway 5 (SSP5-8.5) scenario cov-
ering the 2015–2100 time span. The historical simulation is
based on the climate response, considering historically
evolving forcings (e.g., emissions of short-lived and long-
lived greenhouse gases [GHGs] and their concentrations,
global gridded land-use forcings, solar forcing, stratospheric
aerosol from volcanoes, etc.). As far as possible, it is based
on observations (Eyring et al., 2016). SPP5-8.5 is used to
assess future circulation changes; envisioning rapid eco-
nomic growth driven by an energy-intensive, fossil fuel-
based economy. This will result in the highest overall emis-
sions compared to any other SSP, with resulting warming
of 4.7–5.1�C by the end of the century (O'Neill et al., 2015;
Riahi et al., 2017). This pathway was selected to effectively
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capture future changes in circulation frequencies if world
development continues to strongly depend on fossil fuels.
Similar to the former CMIP5 RCP8.5 scenario, SSP5-8.5
may appear excessively pessimistic for the late 21st century.
Yet, it remains the best match out to mid-century under
existing and foreseeable emission policies. Thus, it is a
valuable framework to quantify physical climate risks,
especially across the first half of the century (Schwalm
et al., 2020).

All GCM data underwent bilinear interpolation to a
regular grid of 1� latitude by 1� longitude, consistent with
the reanalyses' resolution.

3 | METHODS

The JC classification uses 16 gridded SLP points to clas-
sify daily circulation patterns, based on the calculation of
the different flow features: That includes zonal and
meridional flow components, resultant flow, zonal and
meridional shear vorticity components, as well as total
shear vorticity (detailed explanation about the
corresponding equations in Jones et al., 2013). This meth-
odology can be adapted to practically any region in the
midlatitudes, given its strong dependency on horizontal
pressure gradients to derive any of the terms. Adaptation
is possible by shifting the 16 grid points over the domain
of interest and adjusting its latitude-dependent equations
to represent the new central area. Here, we use the region
delimited within 40�–60�N and 5�W–25�E centred over
Germany (Figure 1). This area comprises most of central
and a small part of western Europe as well as portions of
the North and Mediterranean Seas. This selection allows
capturing the wide range of synoptic circulations that
transit from all directions and directly affect the predomi-
nant regional weather on a day-to-day basis.

Twenty-seven different CTs are obtained on a daily
basis once the automated classification is performed. The
original CTs are classified as follows: Low Flow (LF), char-
acterized by weak pressure gradients, Anticyclonic (A) and
Cyclonic (C), delimited as high- and low-pressure systems
centred over the area. Hybrid CTs respond to slight varia-
tions in the A and C types' central positions and describe
the direction of the main flow over the central area. There-
fore, type AN corresponds to an Anticyclone with its cen-
tre shifted towards the west, creating a predominant
Northerly flow over the region. This same naming conven-
tion follows the rest of the 16 hybrid types. Finally, the
pure directional types correspond to those constellations
when classification cannot be assigned directly to one of
the main A or C circulations. Thus, isobars and the main
flow cannot be considered dominated by a high or a low-
pressure system, resulting in eight CTs named according
to the corresponding dominant flow direction.

TABLE 1 CMIP6 models used in the current study: Model names, corresponding institution, original resolution and number of

realizations employed in the historical and SSP5 experiments

GCM name Institution Original lon–lat Realizations

CNRM-CM6-1 (Voldoire, 2018) Centre National de Recherches Météorologiques,
France

1.4 × 1.4� 6

MPI-ESM1.2-LR (Wieners et al., 2019) Max Planck Institute for Meteorology, Germany 1.9 × 1.9� 6

IPSL-CM6A-LR (Boucher et al., 2018) Institute Pierre Simon Laplace, France 2.5 × 1.25� 6

MIROC6 (Tatebe and Watanabe, 2018) Japan Agency for Marine-Earth Science and
Technology, Japan

1.4 × 1.4� 6

EC-Earth3 (EC-Earth, 2019) EC-Earth Consortium 0.7 × 0.7� 4

ACCESS-ESM1-5 (Ziehn et al., 2019) Commonwealth Scientific and Industrial
Organisation, Australia

1.8 × 1.2� 6

HadGEM-GC31-LL (Ridley et al., 2018) Met Office Hadley Centre, UK 1.8 × 1.25� 4

UKESM1.0-LL (Tang et al., 2019) Met Office Hadley Centre, UK 1.8 × 1.25� 4

FIGURE 1 The 16-grid points used for the JC classification in

this paper, centred over Germany

HERRERA-LORMENDEZ ET AL. 4065



We reduced their number to 11, given the uneven
occurrence distribution of CTs, especially when related to
extreme weather events. The reduction in the number of
synoptic types has long been suggested in previous stud-
ies, with seven types for the British Isles (Lamb, 1972)
and eight types (Jones et al., 1993), where a hybrid type is
given the same weight towards its major type. Here, we
follow Delaygue's proposed simplification, favouring the
A and C circulations (Delaygue et al., 2019) and combin-
ing the hybrid types by attributing them to their “pure”
synoptic type (e.g., AN, ANE, AE, etc. becoming A, and
CN, CNE, CE, etc. becoming C). However, unlike the
UK's application, we retain all pure directional types as
well as the Low Flow type and end up with a reduced
number of 11 CTs (Table 2). This methodology is

preferred as the reduced number of CTs bring important
information about the directional nonmerged types and
their connections with localized surface temperature con-
ditions due to the vital role of large scale advection driven
by pressure.

Day-to-day synoptic types were obtained based on
daily mean SLP pressure fields. In the ERA5 dataset,
daily averages were built from 6-hourly data (0, 6,
12, and 18Z), whereas data from the remaining sources
were directly available as daily averages. Subsequently,
CTs are compared as seasonal relative frequencies for
winter (DJF) and summer (JJA) seasons. Composites
based on the ERA5 reanalysis were created based on the
1981–2010 period. We calculated daily SLP and T2M
anomalies, where a 5-day moving average was used to
compute a smooth daily mean climatology to obtain the
corresponding temperature anomalies. A two-tailed Stu-
dent's test computed significant T2M anomalies different
from zero above the 95% confidence interval.

Subsequently, we employ two objective indices to
measure the ability of the reanalysis and the GCMs to
capture the characteristics of the CTs during the refer-
ence period of 1981–2010, as described by Perez
et al. (2014). The scatter index (SI), defined as the root
mean square error normalized by the mean frequency,
compares the seasonal relative frequencies derived from
the ERA-20C, NOAA-20CRv3 reanalyses and the eight
global models with the resulting from ERA5. The SI is
defined as follows:

SI=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PN
i=1 pi−p0ið Þ2

N

s

=

PN
i=1 pið Þ
N

, ð1Þ

where pi denotes the winter or summer relative fre-
quency of the ith CT from ERA5, pi0 the season's relative
frequency derived from the remaining reanalyses and
GCMs, and N represents the number of used circulation
types (11 in our case). We evaluate the index across all
members of each model, which allows us to illustrate
their uncertainty. This index provides a measure of the
skill of the reanalyses and the models to represent the cli-
mate status of the CTs. The scatter index of the standard
deviations (stdSI) is employed to analyse the skill of the
different datasets to represent the interannual climate
variability throughout the reference period. Defined as

stdSI=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PN
i=1 std pið Þ−std p0ið Þð Þ2

N

s

=

PN
i=1 std pið Þð Þ

N
: ð2Þ

It uses the annual values of relative frequencies of
each CT during the 30 years of the reference period. The

TABLE 2 Description and acronyms of the original 27 WTs,

obtained from the classification, and resulting merged 11 types

CT categories
27 original
weather types

11 merged weather
types

Low flow LF LF

Anticyclone A A

Hybrid
anticyclones

AN

ANE

AE

ASE

AS

ASW

AW

ANW

Cyclone C C

Hybrid
cyclones

CN

CNE

CE

CSE

CS

CSW

CW

CNW

Pure
directional

N NW

NE N

E E

SE SE

S S

SW SW

W W

NW NW
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lower the SI and stdSI, the better the performance of the
GCM. Values larger than 1 would indicate a GCM with a
lower simulation performance than the frequency of the
synoptic situations obtained in the ERA5 reanalysis.

Subsequently, trends were analysed as resulting
relative trend magnitudes based on the Theil–Sen estima-
tor (Harrigan et al., 2018; Hannaford et al., 2021). Based
on the 90th, 95th and 99th percentile statistical signifi-
cance, they display only significant trends resulting from
the nonparametric Mann–Kendall trend test. Calcula-
tions were conducted with the Python package
pymannkendall (Hussain and Mahmud, 2019). The trend
analysis was divided into two periods (past and future),
with the past representing 1900–2010, computed from
the ERA20C and NOAA-20CRv3 data, and compared
against the ensemble mean winter and summer frequen-
cies (CTs calculated along with each member and then
averaged) of the CMIP6 historical simulation; while the
future is based on the SSP8.5 scenario, covering the
2015–2100 period. ERA5 reanalysis is not included in the
trend analysis due to the shorter period for which they
are available. However, ERA5 data is used to study the
spatial representation of the CTs and their present-day
climate relationship with surface temperatures.

The Time of Emergence (TOE) is introduced to evalu-
ate the point in time when long-term changes in the
occurrence of circulation patterns emerge from the early
20th-century historical variability. We employ a modified
version of the Signal Threshold method (Maraun, 2013)
by outlining an upper and lower threshold demarcated
by the CTs mean seasonal relative frequencies, resulting
from all members used in each GCM. Such thresholds
are defined by the corresponding 90th and 10th percen-
tile, based on the 1900–1950 period. Later, a third-degree

polynomial fit is adjusted to the mean seasonal frequency
of each of the CTs and models. The year of emergence is
expressed as the first year when the fitted line crosses the
upper or lower limit (Figure 2). We avoid using the data
before the 1900s to define these thresholds as we
observed distinct inconsistencies in some of the resulting
circulation frequencies. This behaviour was observed
mainly in the Low Flow type. A substantial decrease in
its occurrence appears in the NOAA-20CRv3 reanalysis
and some models from the 1850s towards the end of the
19th century.

4 | RESULTS

4.1 | Spatiotemporal circulation-type
characteristics

We use the ERA5 reanalysis, based on the 1981–2010
climatological period to show the composites of SLP and
T2M daily anomalies for five of the main CTs. These syn-
optic circulations (Figures 3 and 4) are based solely on
this source as they represent our closest approximation to
reality. They demonstrate JC's ability to correctly capture
the different CTs based on pressure fields and flow direc-
tions over the target region. The main differences in the
seasonality of the different types materialize in the pres-
sure gradients. We observe more intense (weaker) merid-
ional gradients during winter (summer) as expected due
to related meridional temperature gradients along the
midlatitudes (Figure 3).

The corresponding Low Flow CT during winter is
characterized by a very weak pressure gradient
that complicates assigning a defined type of circulation.

FIGURE 2 Calculation example of the time of emergence (TOE), based on the JJA relative frequency of the LF CT from the CNRM

model. Upper and lower thresholds represent the 90th and 10th percentiles from 1900–1950 (continuous red line), considering the mean

seasonal frequency among members. The solid blue line represents the third degree fitted polynomial for 1900–2100. TOE in each model is

the year when the signal crosses the upper or lower threshold [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 1981–2010 winter (DJF) and summer (JJA) SLP composites of mean (contour lines) and anomalies (shaded) of five CTs,

based on the adapted JC classification for Europe. Percentages indicate their mean seasonal relative frequency based on the ERA5 reanalysis

[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 1981–2010 winter (DJF) and summer (JJA) composites of daily temperature anomalies (in K), related to five CTs. Dots show

the significant anomalies (95% confidence), based on a two-tailed Student's test. Percentages indicate each circulation's mean seasonal

relative frequency based on the ERA5 reanalysis [Colour figure can be viewed at wileyonlinelibrary.com]
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LF-governed days are dominated by weak airflow and
lack a defined direction of large-scale advection. They are
linked to slightly colder temperatures over northern
Europe, where anomalous positive SLP values appear to
be related to high-pressure ridges during these events. On
the contrary, summer is dominated by positive tempera-
ture anomalies, likely related to stationary air masses that
heat up faster over continental areas influencing the daily
temperatures (Figure 4). The merged A and C types,
respectively, represent the two most frequent CTs occur-
ring during the year, accounting for roughly 56% of total
annual variability. Their effects on temperatures are
well-defined, depending on flow direction. During sum-
mer, both circulation patterns depict a west–east divide,
given their influence on temperatures. This effect is
more evident in the cyclonic type, where we observe the
southerly warm and the northerly cold sector towards
the east and west of the domain, respectively. In con-
trast, the inverted sectors are observed in the anticy-
clonic circulation. However, it should be stated that
even if the composites depict the centre of these synop-
tic patterns over Germany, by merging all hybrid types,
we fail to capture information related to the small spa-
tial variations in their central position over the domain.
The remaining eight CTs are defined subject to their
dominant flow direction; the eight cardinal directions

represent them. Here, we show the easterly and westerly
types as they are usually related to characteristic contra-
sting weather conditions. Easterlies, for example, are
responsible for the advection of very cold temperatures
from continental Eurasia during DJF. In contrast, west-
erlies favour milder temperatures, given their maritime
origin during this season. Nevertheless, this effect is at
the inverse during the JJA season. The easterly CT
advects warmer and drier continental air resulting in
positive temperature anomalies over the W-NW Europe.
On the other side, the influence of wet milder westerlies
results in slightly colder temperatures than usual over
this area. The influence of the remaining synoptic pat-
terns (Figures S1 and S2) confirms their strong correla-
tion, depending on the large-scale patterns' dominant
wind direction. Southerlies and dominant Westerly
types are commonly associated with positive tempera-
ture anomalies, whereas the contrary is observed for
Easterly and Northerly circulation patterns. These com-
posites demonstrate that the classification in the ERA5
reanalyses well captures CTs and their effects on
European temperature fields. However, the limitations
arising when using only a single dataset to evaluate
these links have to be considered as the results might
differ from one reanalysis to another, as previously
pointed out by Stryhal and Huth (2017).

FIGURE 5 DJF and JJA relative frequencies of five simulated CTs. Comparison with the 1981–2010 period and the different data

sources [Colour figure can be viewed at wileyonlinelibrary.com]
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Derived seasonal relative frequencies can be seen in
Figure 5, after computation based on daily SLP data from
reanalyses and CMIP6 GCMs. The boxplots show the
same five CTs as discussed before when considering the
1981–2010 period. The best agreement results when com-
puting the CTs based on the reanalyses datasets. The
main differences appear when obtaining the circulation
patterns with some of the global models. Anticyclonic
(Cyclonic and Westerlies) types tend to be under-
estimated (overestimated) during winter in some models.
These biases have also been observed in previous evalua-
tions concerning the previous generation of CMIP and
when using an extended set of CCs. Stryhal and
Huth (2019a) found that meridional circulation tends to
be underestimated as models prioritize zonal advection of
air masses coming from the ocean onto the continent.
Furthermore, we can observe the distinction in the sea-
sonality of some of the circulation patterns that are
strongly driven by tighter meridional temperature and
pressure gradients during DJF, influencing, for example,
the higher (lower) frequencies of the W (LF) days,
whereas JJA depicts the opposite effect. The remaining
CTs' relative frequencies (Figure S3, Supporting Informa-
tion) showed a better agreement for the low-frequency
types between the reanalyses and GCMs. However, sum-
mer remains the best outcome.

The resulting evaluation of the SI, employed to mea-
sure the datasets' ability to capture the climatological rel-
ative frequencies of the synoptic circulations, is shown in
Figure 6a. The best agreement results from the ERA-20C

reanalysis during both seasons, although this dataset only
assimilates surface pressure and marine wind data. How-
ever, it is likely that the resulting highest skill, compared
to ERA5, is due to both datasets having closer configura-
tions as the same centre develops them. The NOAA-
20CRv3 reanalysis only outperforms the rest of the GCMs
during winter. Interestingly, the skill of the JJA climato-
logical relative frequencies in 20CRv3 appears to be simi-
lar to the captured by some of the models. The best SI
scores among the GCMs arise in the UKESM, HadGEM
and ECEarth GCMs that can better capture winter and
summer seasons' climate state of the synoptic patterns.
The remaining models generally show better perfor-
mance in either one season or the other. Furthermore,
IPSL has the most significant difference between the two
seasons, with winter resulting in the lowest score while
summer outperforms all other models. Nevertheless,
none of the examined GCMs show SI values larger
than 1, which indicates that none displays a lower simu-
lation performance than the climatological ERA5
reproduced CTs.

The evaluation of the stdSI, used to measure the skill
of the reanalyses and models to capture the interannual
variability of the CTs adequately, is shown in Figure 6b.
As before, results agree with the highest quality from the
reanalyses, and ERA-20C having a slightly better skill
than NOAA-20CRv3. The HadGEM climate model stands
out; it better captures the year-to-year circulation vari-
ability during the reference period of 1981–2010. Yet, dif-
ferences with the other models remain minimal, with

FIGURE 6 (a) Scatter index, based on climatological relative frequencies of winter (DJF) and summer (JJA). (b) Scatter index of the

standard deviations, based on 30 years of yearly relative frequencies. Both analyses use the 1981–2010 period. Boxplots are based on the

skills computed from all members of the GCMs where each realization skill is displayed as dots [Colour figure can be viewed at

wileyonlinelibrary.com]
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most of the members having skills between 0.2 and 0.25
and barely reaching values above 0.3. Similar results were
found in evaluations carried out in previous versions of
CMIP over the northeast Atlantic domain (Perez
et al., 2014) and in Europe, where GCMs generally per-
form better (worse) during summer and autumn (spring
and winter) seasons due to the low variability of the pres-
sure input fields (Otero et al., 2018).

Added information results from the detected overall
good ability of the datasets to capture their temporal (sea-
sonal) characteristics based on their relative frequencies.
The observed capability of the JK classification to repro-
duce these predefined synoptic features does not come as
a surprise and instead serves as a confirmation that the
CC, when applied correctly to the models, can reproduce
the synoptic features correctly. This is true especially in
our application, given that all the data has been brought
to a joint resolution making it easier to compare between
different data sources. However, even if most of the
GCMs seen here demonstrate to reproduce the CTs' sea-
sonal features, some substantial differences remain from
one CT to another and among models. Intriguingly, it
seems as if the model with the coarser original resolution
(IPSL-CM6A-LR) relates to the worst observed perfor-
mance during DJF. However, this cannot explain the
results in some of the other GCMs. Further investigation
on this is required using a multimodel approach to
diminish the uncertainties coming from individual
models, as previously suggested by Otero et al. (2018).

4.2 | Evaluation of past and future
trends

Our investigation of frequency changes of the CTs is
divided into past (1900–2010) and future (2015–2100).
Trends are portrayed as relative trend magnitudes to
facilitate comparability among the different data sources;
only those with significance above 90% are shown
(Figure 7a–d). GCM-based trend evaluation was per-
formed using the ensemble mean seasonal relative fre-
quencies. In addition to the historical experiment from
CMIP6, we also include the ERA-20C and NOAA-
20CRv3 reanalyses to compare their past trends against
results from the global models.

The first noticeable difference between computed past
(1900–2010) and future (2015–2100) trends is that most
emerging changes do not appear during the last century
but become more apparent under the chosen high-
emission scenario. Nevertheless, it is possible to see that
during past summers, most models show an increasing
frequency of Low Flow days, whereas NOAA reanalyses
indicate a decreasing trend of this CT. This contradictory

finding has been addressed by Delaygue et al. (2019),
who conclude that such behaviour relates to lacking
homogeneity in observed data before the 1900s. However,
the level of disagreement and the lack of consistent
emerging trends between reanalyses and global models to
evaluate the past does not allow drawing any feasible
conclusion about possible changes in seasonal circulation
frequencies in the 1900–2010 period. In contrast, the
future shows a higher number of significant trends and
better agreement among the models. DJF partially reveals
a decreasing trend in cyclonic, E and SE types and
increasing westerly dominant circulations. This corre-
sponds to recent findings, suggesting an increase in fre-
quency and persistence of the positive phase of the North
Atlantic Oscillation, evaluated in both the CMIP5 and
CMIP6 multiple scenarios (Fabiano et al., 2021).

On the other hand, JJA exhibits the highest number
of trends. The increasing frequency in the LF types con-
tinues, as observed earlier in some models during the
past period. Such projected increase has previously been
documented (Otero et al., 2018) during summer and
autumn seasons, suggesting that “weak flow” types are
expected to increase in occurrence, extending from the
Mediterranean towards continental Europe. We also find
a divided behaviour, where most westerly-related circula-
tions suggest decreasing frequencies while the contrary is
observed in easterly-dominated types. This is likely
related to projected decreasing values in the climatologi-
cal SLP for JJA across most southern Europe, and primar-
ily the Mediterranean (IPCC, 2007; Giorgi and
Lionello, 2008) which has also been observed in most of
the GCMs studied here (Figure S4). This could be linked
to the projected poleward expansion of the Hadley cell in
both CMIP5 and CMIP6 experiments (Grise and
Davis, 2020).

Interestingly, a previous exploration employing win-
ter (October–March) and summer (April–September) half
years revealed the same trend signs between the different
datasets but with distinctively weaker magnitudes. A
slightly smaller number of statistically significant
detected trends were also observed in some of the GCMs.
This is likely caused due to the trends not always being
consistent between DJF/JJA and the transitions seasons
(MAM and SON). Further understanding would benefit
by exploring whether some of these detected changes
during the winter and summer meteorological seasons
will extend their influence on the spring and autumn
periods given the occurrence and persistency changes
and their direct implications for European surface
temperatures.

Recent studies argue that there is a lack of CT
changes over Central Europe, given that most changes
remain small and constrained within their internal
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variability (Huguenin et al., 2020). To investigate whether
these changes in seasonal frequencies are susceptible to
emerge from past variability observed in the early 20th
century, we investigate their time of emergence. Mean
seasonal relative frequencies are used, computed along
the model's members, to derive TOE and the thresholds
based on the 90th and 10th percentiles corresponding to
the 1900–1950 period. TOEs in Figure 7e,f summarize
these results as the corresponding emerging year of each
model. Positive and negative signals are depicted as red
and blue symbols, respectively. We notice that most

emerging signals are detected during the summer season.
Few winter circulations emerge from the “noise” of past
climate under our current methodology, with most
emerging trends related to those falling below the 10th
percentile. This can be attributed to inherent higher vari-
ability between the circulation patterns observed during
winter years, making it more challenging to detect con-
sistently emerging signals.

As observed before in the evaluation of the future
summer trends, some of these projected changes in circu-
lation frequencies are more likely to emerge from past

FIGURE 7 (a–d) Relative trend magnitudes, based on the Theil–Sen estimator and (e, f) TOE for DJF and JJA. Trends in the GCMs

were computed along the mean of ensemble's seasonal relative frequencies. Past trends use the 1900–2010 period (a, b), while future trends

are based on SSP5-8.5, covering the 2015–2100 timespan (c, d). Only significant trends are shown, based on the 90(*), 95(**) and 99(***)

percentile confidence intervals, calculated with the Mann–Kendall trend test. Time of Emergence (TOE) in years corresponding to each

GCM (e, f) shows only those significant emerging signals corresponding to the trends in the SSP5-8.5 scenario. Red (blue) symbols represent

the positive (negative) signals surpassing the 90th(10th) percentile [Colour figure can be viewed at wileyonlinelibrary.com]
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variability towards the mid-21st century under the
SSP5-8.5 scenario. In some cases, the detected signals
vary significantly from one model to another, primarily
observable in the Low Flow circulations. Some of these
signals have already emerged in the ACCESS and IPSL
models compared to the early 20th-century variability.
Other emerging signals like those dominated by a west-
erly component appear more consistently ±20 years
around 2050. However, the uncertainty in the years of
emerging trends for most of the CTs remains high. It is
strongly affected by the preferred thresholds or when
they are evaluated individually along every model mem-
ber. Furthermore, the current selection of a limited num-
ber of GCMs and the use of only one CC proves a
limitation as it has been previously pointed out that the
use of different CCs might sometimes lead to diverging
conclusions as well as when employing a limited number
of few GCMs (Cahynov�a and Huth, 2016; Kučerov�a
et al., 2017; Stryhal and Huth, 2017; 2019b).

5 | SUMMARY AND
CONCLUSIONS

We adapted the JC automated classification (Jenkinson and
Collison, 1977), focusing on Central Europe, to determine
large-scale daily circulation patterns characterized by their
SLP features. Daily patterns were computed from three sets
of reanalyses and eight global models from CMIP6. Data
were analysed during the winter and summer seasons, with
the best temporal agreement resulting from the derived cir-
culation patterns from the reanalyses. However, some
models have difficulties reproducing two of the main sea-
sonal circulation frequencies during the winter, likely due
to our chosen methodology when merging some CTs.

We can show that this classification works well in
capturing single synoptic circulation patterns over Cen-
tral Europe. Composites of SLP and their anomalies
deliver consistent results. They only differ in the season-
ality of the meridional pressure gradients, as expected. JC
classification reproduces the effect of circulation patterns
on daily temperature anomalies over Europe. Further
work is needed to evaluate the capability of GCMs to cap-
ture these effects.

The obtained CTs, based on global models and
reanalyses, were generally able to reproduce key climato-
logical features of the synoptic types for the 1981–2010
period. Most models clearly show different skills
depending on the analysed season. Summer appears to
result in the highest skills on most of the ensemble mem-
bers between the models. The ability to capture the inter-
annual variability outperforms in the ERA-20C and
NOAA-20CRv3 reanalyses. While the GCMs generally

portray the same mean ability, only the HadGEM model
slightly outpaces the others. Despite recently reported
improvement in CMIP6 models' ability to reproduce the
synoptic features over Europe when compared to the pre-
vious CMIP5 (Fernandez-Granja et al., 2021), some
models analysed here, for example, IPSL and MIROC,
still, show biases when capturing frequencies of the
major CTs.

The ERA5 maps showing the composites of mean SLP
fields and their anomalies from the derived synoptic circu-
lation types demonstrate that the classification correctly
discerns the spatial configuration of the large-scale atmo-
spheric circulations. Furthermore, the T2M anomalies
associated with each CT show the strong link between the
influence of circulation patterns on temperature advection
over Europe. This becomes more noticeable for some low-
frequency types, such as the Easterly and Westerly types,
that are usually associated with opposite temperature
effects depending on the analysed period.

Evaluating past and future trends in CTs' seasonal fre-
quencies shows that most tendencies emerge during JJA
in the SSP5-8.5 scenario. The highest agreement relates
to a likely frequency increase of days classified as “weak
flow” (LF type) in eastern and northeastern types and a
decrease in days characterized by all the westerly compo-
nents. The projected increase in LF-days dominated by
weak airflow and stationary air masses agrees with find-
ings on an increment in future episodes of air pollution
(Horton et al., 2012). Our results also suggest that
towards the mid-21st century, these changes might
emerge from past (1900–1950) variability, assuming a
high-emission scenario. However, high uncertainty
remains in the detected times of emergence of these sig-
nals as they can distinctly vary from one model to
another. For example, in anticyclonic and westerly days,
certain models suggest that some changes have already
emerged during the past decade. They agree with other
investigated TOEs based on temperatures over Europe,
implying that temperature changes have already emerged
around the start of the 21st century (Lehner et al., 2017).
However, future European temperature changes are
found not to be related to changes in CT frequency. It is
somewhat expected that global warming would also
affect characteristics of the synoptic circulation types
(Otero et al., 2018). Therefore, additional assessment on
understanding the drivers behind these signals remains
necessary to determine the potential effects of such
changes on the future European climate.
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