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Abstract

Being strongly influenced by internal climate variability, the atmospheric circulation response to greenhouse gas forcing in
the future climate is uncertain. This study addresses atmospheric circulation through representative circulation types (CTs)
and investigates the CTs’ changes with respect to frequency and effect on surface temperature and precipitation over a pan-
Scandinavian domain. The analysis is based on the Swedish Meteorological and Hydrological Institute Large Ensemble per-
formed with EC-Earth3: 50-member ensembles from one historical and six scenario simulations for the twenty-first century
are used to assess internal variability and significance of changes. Although the results show no strong future changes in
the CTs’ sea level pressure patterns, CT frequency changes suggest a future extension of summer conditions towards spring
and autumn and point towards a clearer distinction between summer and winter. The present-climate CT effect on surface
temperature is found to generally weaken which is consistent with a general decrease in temperature variability. Largest-
scale and strongest temperature effect changes are projected between March and May for CT3, a cyclone towards the east
of the domain associated with a domain-wide cooling effect that will likely be decreased towards the end of the twenty-first
century. Similarly but of opposite sign, the CT effect on precipitation is strengthening as a result of the increased precipita-
tion variability. Here, largest-scale and strongest effect enhancement is found for CT6, thus increasing its wetting effect over
southern Scandinavia and drying effect west of the Scandes. Changes are generally largest towards the end of the twenty-first
century and tend to increase with the forcing strength, thus maximizing for SSP585.

Keywords Circulation type changes - Climate change - Large ensemble - Scandinavia - Circulation type classification -
EC-Earth

1 Introduction

The large-scale atmospheric circulation is one of the most
important factors influencing weather and climate conditions
on various timescales. Its short- and long-term variations
are directly linked to both the mean and extreme values of
surface parameters like temperature and precipitation rates.
With the global climate changing due to anthropogenic
greenhouse gases (IPCC 2021) it is hence of particular
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interest to investigate potential changes of atmospheric cir-
culation patterns, also because these may significantly alter
or amplify the expected thermodynamic changes.

The atmospheric circulation can, e.g., be described by sea
level pressure (SLP) fields, and every such field represents
one individual and unique example for its complex appear-
ance. To investigate changes in the atmospheric circulation
it is, however, useful to condense the circulation’s main
aspects into a reasonably small set of representative dynami-
cal situations. Circulation type classification (CTC) methods
are often used in this context where circulation patterns that
show defined similarities are combined into one class, with
the class represented by the average of all its members, i.e.,
the circulation type (CT). A wide range of CTC methods
exists [see, e.g., Philipp et al. (2010) for a comprehensive
description and comparison] and can be roughly divided into
two groups: those that assign individual circulation patterns
to some kind of predefined CTs, and those where the CTs are
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derived as part of an automated process. Both groups have
their advantages depending on specific applications, but gen-
erally there is no particular CTC method which could be
considered “the truth” (Huth et al. 2007). However, the sim-
ulated annealing and diversified randomization (SANDRA)
classification scheme (Philipp et al. 2007) has been shown
to overcome many of the limitations of other CTC methods
while at the same time being less numerically expensive. In
SANDRA, similarities between individual circulation pat-
terns are measured by the Euclidean distance between fields.
Hansen and Belusi¢ (2021) have recently shown that apply-
ing a Euclidean distance-based classification method like
SANDRA to input data where the spatial mean is removed
from each field leads to high physical consistency between
members of one class and effective performance in partition-
ing dependent surface parameters like temperature or pre-
cipitation. We follow these findings and use SANDRA with
daily SLP spatial anomaly fields to analyse future changes
of CTs over a pan-Scandinavian domain.

Two aspects of future CT changes are of particular inter-
est. The first one involves changes in frequency of the indi-
vidual CTs; having, e.g., more or less westerly circulation
situations or more or less blockings over a specific domain
can have strong implications for regional and local weather
and climate conditions. This includes consequences for
extremes like cold winters (Cattiaux et al. 2010) or warm
summers (Wilcke et al. 2020). The second aspect includes
changes in the link between circulation and local climate, or
the “effect” that the individual CTs have on dependent vari-
ables like surface temperature or precipitation rates. A stable
or stationary relation between the large-scale circulation and
the local climate is required to assess future regional climate
changes through statistical downscaling of the large-scale
patterns. Hence, if the local effects of a CT changed with
time, such an assessment would not be justified.

Projections of the future climate are associated with
uncertainties stemming from three major sources. Uncer-
tainties in the next decade are dominated by internal atmos-
pheric variability (Hawkins and Sutton 2009; Koenigk
et al. 2020), which itself in the middle and high latitudes
can have its sources in the variability of the annular modes
(Deser et al. 2012; Horton et al. 2015), the El Nino South-
ern Oscillation (Trenberth et al. 1997; Ineson and Scaife
2009), North Atlantic sea surface temperature variability
(e.g. Schlesinger and Ramankutty 1994), the Pacific Decadal
Oscillation (Mantua et al. 1997), Arctic sea ice variations
(Dai and Blocker 2019) or variability in the stratosphere
(Baldwin et al. 2001; Waugh et al. 2017). Towards the end
of the twenty-first century the uncertainty in future climate
trends is dominated by external forcings like emissions of
climate-relevant greenhouse gases and other socio-economic
developments. In future climate projections, these uncer-
tainties are addressed by performing and analysing climate
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model simulations under different forcing scenarios such as
the Shared Socioecomic Pathways (SSPs) or the preceding
Representative Concentration Pathways (van Vuuren et al.
2011) or Special Report on Emission Scenarios (Nakiceno-
vic et al. 2000). A third source of uncertainty associated
with future climate projections, most pronounced around
the middle of the twenty-first century, comes from errors
in the models. These are often accounted for by analysing
multi-model ensembles such as those provided in the Cou-
pled Model Intercomparison Project (CMIP) framework.

In the present analyses of CT future climate changes, we
are using the unique single-model large ensemble of future
climate projections created at the Swedish Meteorologi-
cal and Hydrological Institute (SMHI-LENS; Wyser et al.
2021), accounting for two out of three above-mentioned
uncertainty sources: the external forcing uncertainties are
addressed by providing eight different scenario simulations
forced with different SSPs for the twenty-first century, while
the uncertainties related to internal variability are accounted
for by providing 50 realizations for each of the scenarios
which were started from slightly different boundary condi-
tions. There are other large ensembles available, performed
in the CMIP5 and CMIP6 context and listed in the Multi
Model Large Ensemble Archive (https://www.cesm.ucar.
edu/projects/community-projects/yMMLEA/, Deser et al.
2020). To our knowledge, the SMHI-LENS is currently the
only large ensemble with a large number of ensemble mem-
bers for all eight Tier 1 and Tier 2 ScenarioMIP emission
scenarios (O’Neill et al. 2016) allowing for the analysis of
a broad range of mitigation actions including the mitigation
according to the Paris agreement, delayed mitigation and
no mitigation.

The broad range of potential future pathways is particu-
larly interesting for the investigation of circulation type
changes as those have so far been mainly analyzed with
respect to past changes (e.g. Beck et al. 2007; Cahynova
and Huth 2016; Fernandez-Montes et al. 2012; Fleig et al.
2015; Jones and Lister 2009; Kucerova et al. 2017; Kuettel
et al. 2011; Murawski et al. 2016; Stryhal and Huth 2019a,
b; Kjellstrom et al. 2022), or using CMIP simulations under
one (Stryhal and Huth 2019b; Huguenin et al. 2020) or a
maximum of three RCP scenarios (Jacobeit et al. 2009).
While many of these studies focus on one or two seasons,
especially the winter season where the connection between
the large-scale circulation and the surface weather and cli-
mate is strongest (Beck and Philipp 2010), we compute CTs
from year-round SMHI-LENS SLP fields and attempt to
identify future changes that are specific to the individual
seasons. For example, summers might experience predomi-
nantly those CTs that occur less often in the other seasons
and can hence be called “summer-CTs”. If the frequency
of these “summer-CTs" increases in spring and/or autumn
in the twenty-first century, this could be interpreted as an
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extension of summer (as defined in the present climate), thus
a climatic change of the seasons.

This paper is exploiting the coexistence of three types of
variability in the SMHI-LENS, i.e. variabilities stemming
from (1) the different future scenarios, (2) the 50 ensem-
ble members in each scenario and (3) the annual cycle. We
investigate changes in the frequency and the effect of CTs
on surface temperature and precipitation between future and
present climate over a pan-Scandinavian domain, accounting
for their uncertainties. Two future periods are considered
independently, the middle and the end of the twenty-first
century. Changes in the average effect of specific circula-
tion types on the local weather and climate can have impli-
cations for changes in extremes, e.g. heatwaves, storms or
extreme precipitation events, and are hence of interest not
only from a scientific, but also from a societal and economic
perspective.

2 Data and Methods
2.1 SMHI-large ensemble

The design of the SMHI Large Ensemble (SMHI-LENS) is
described in Wyser et al. (2021). The ensemble consists of
50 members for each of the experiments described below,
done with the coupled global climate model EC-Earth3 that
was used for CMIP6. The atmosphere model used in EC-
Earth3 is the Integrated Forecast System (IFS) cycle36r4,
and for the ocean and sea ice components, the Nucleus for
European Modelling of the Ocean (NEMO, version 3.6),
including the sea ice model LIM3, has been used. The reso-
lution of the coupled atmosphere—ocean model is approxi-
mately 0.8 degrees in the atmosphere and 1 degree in the
ocean with refinement at the equator. Vertically, there are 91
levels in the atmosphere with the top level at 0.01 hPa, and
75 layers in the ocean with an upper level of about 1 m and
24 levels distributed over the uppermost 100 m. A detailed
description of the EC-Earth3 model is provided in Doscher
et al. (2022). Different from the CMIP6 protocol, the histori-
cal experiment of SMHI-LENS started from a set of 50 dif-
ferent initial conditions in 1970. This set of initial conditions
was created from a set of six historical experiments that was
done previously for CMIP6 and captures the full spread of
the model’s internal variability. The generation of the initial
conditions for SMHI-LENS is described in detail in Wyser
et al. (2021). The scenario experiments branched off in 2015,
seamlessly continuing the historical simulation. While only
4 different scenarios were mentioned in Wyser et al. (2021)
the SMHI-LENS has been expanded since and now includes
all Tier 1 and Tier 2 ScenarioMIP scenarios (O’Neill et al.
2016). For the transient greenhouse gas, aerosol, and land

use forcing the SMHI-LENS uses the datasets provided for
ScenarioMIP.

Of the eight available SMHI-LENS scenarios, we use the
following six in this study: SSP5-8.5, yielding the strong-
est global warming trend of all analyzed scenarios, SSP1-
1.9, representing the lower end of a potential climate evo-
lution, SSP5-3.4-0OS, an overshoot scenario which follows
the SSP5-8.5 scenario until 2040 and includes a decrease
in emissions thereafter, and three scenarios that have a
warming trend between the strong SSP5-8.5 and the weak
SSP1-1.9 scenario (SSP3-7.0, SSP2-4.5 and SSP4-3.4). For
convenience, we leave out the punctuation in the scenario
names in the following, i.e. SSP585, SSP5340S and so on.
For each of the scenarios, we compute classification types
for a pan-Scandinavian domain (50°-73° N, 0°-30° E; see
Sect. 2.2). The evolution of surface temperature (TAS) and
precipitation (PR) averaged over this domain can be seen
from Fig. 1 for all scenarios.

2.2 Circulation type classification

We are using the Simulated Annealing and Diversified Ran-
domization (SANDRA; Philipp et al. 2010) method imple-
mented in the COST733 software package to compute 10
SLP CTs over the pan-Scandinavian domain (the domain
extent is seen in Figs. 2 and 3). SANDRA belongs to the
CTC group of automated or optimization methods (Philipp
et al. 2020) and is based on conventional k-means clustering.
It extends k-means clustering by implementing two addi-
tional concepts: (1) the diversified randomization concept
which randomizes the starting CTs as well as the ordering
of input SLP fields and CT numbers throughout the iterative
process of checking and reassigning, and (2) the concept of
simulated annealing which allows input SLP fields to be
temporarily assigned to specific CTs even though this results
in a temporary decrease of the overall data partitioning qual-
ity (Philipp et al. 2007). With these additions, SANDRA has
been shown to obtain results which are closer to the “global
optimum” compared to e.g. k-means clustering and to over-
come many of the limitations of established CTC methods
while at the same time being less numerically expensive.
As a result, SANDRA has become a widely used alterna-
tive to previously established CTC methods being applied
to SLP or geopotential height fields in various contexts of
atmospheric circulation studies (e.g. Jacobeit et al. 2017;
Kuettel et al. 2011; Murawski et al. 2016; Meredith et al.
2018; Rgste and Landgren 2022).

The SMHI-LENS data analysed for this study include
20 years (1995-2014) of a historical simulation and six
scenarios for two future 20-years periods (2041-2060 and
2081-2100), each with daily year-round data of 50 ensem-
ble members. Classifying these more than 4.7 million
SLP fields together is computationally very challenging.
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Fig.1 Time series of annual mean a temperatures and b precipita-
tion averaged over the pan-Scandinavian domain considered in this
study (50°-73° N, 0°-30° E) for the historical and the six SSP sce-
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Fig.2 SLP fields (contours; in hPa) and TAS anomalies (color; in K)
for 10 CTs generated using 20 years of daily year-round SLP fields
from 50 ensemble members of a the historical simulation between
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1995 and 2014 and b the SSP585 scenario between 2081 and 2100.
TAS anomalies are computed with respect to the climatological
annual cycle over the 20 years for each ensemble member separately
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Fig.3 Same as Fig. 2 but for PR anomalies (in mm/day)

Therefore, instead of performing the full classification
on the entire SMHI-LENS dataset, we compute reference
CTs from another, smaller dataset which can be assumed
to cover similar variations, and then assign each of the
SMHI-LENS fields to one of these CTs. The other data-
set is chosen to obviate the task of smartly selecting the
SMHI-LENS SLP fields that would result in a repre-
sentative set of CTs that accounts for trends between the
different periods, variability over the year and between
ensemble members. This dataset contains regional climate
model simulations with the HCLIM38-ALADIN model
(Belusi¢ et al. 2020) over a pan-Scandinavian domain
forced with two GCMs that have a considerably different
forced response over the domain (EC-Earth and GFDL,
Lind et al. 2022) and can be interpreted as two members of
an ensemble simulation, equivalent to parts of the ensem-
ble spread in SMHI-LENS. The total of 120 years of daily
year-round data are used from the historical, mid- and
end of the twenty-first century periods (Lind et al. 2022),
hence covering the time span also analyzed in SMHI-
LENS. The spatial mean is removed from each field before

T

)

the classification, following the argumentation and proce-
dure in Hansen and Belusi¢ (2021).

The choice of the reference CTs does not considerably
affect the results of the analysis. For example, the 10 refer-
ence CTs computed from 20 years of the ERAS reanalysis
data (Hersbach et al. 2020) could have been used too, since
they strongly resemble the current CTs (compare Fig. 2 to
Supplementary Figure S1), although their relative frequen-
cies are slightly different. However, since the ERAS CTs
cover the present climate only and hence miss one impor-
tant factor of variability from this study, the future evolu-
tion of the climate, we decided against this. The similarity
between the present-day ERAS CTs and the scenario CTs
points to a potential invariance of CTs with future climate
change, which will be explored further below. Finally, with
the resulting 10 SLP CTs being clearly distinct from each
other (see Fig. 2), the assignment of the SMHI-LENS SLP
fields is considered to be insensitive to the choice of any
of these sets of representative CTs.

Each daily SLP spatial anomaly field of the SMHI-LENS
is then assigned to one of the 10 reference CTs by measuring
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the similarity between the field and each CT as the Euclidean
distance between them. In the resulting classification catalogue
(the time series of CT numbers) the day is given the number
of that CT which has the smallest Euclidean distance to the
SLP spatial anomaly field of that day. SMHI-LENS CTs are
then computed afterwards as averages over all members of one
class, i.e. all days with the same number in the classification
catalogue.

We compute frequencies of the 10 CTs separately for
three 20-year periods representing the historical period
(1995-2014), the middle (2041-2060) and the end
(2081-2100) of the twenty-first century. Individual months are
analysed as well as individual scenarios, both in terms of aver-
ages expressed through ensemble means, and spread expressed
through ensemble standard deviations. When the frequency
changes between different periods are analysed, there are dif-
ferent ways of addressing their significance. A common way
of quantifying statistical significance is to use the Student’s
t-test (Wilks 2011). Applying the Student’s t-test to SMHI-
LENS resulted, however, in most changes being significant
at the 99% level (not shown) which can be explained by the
relatively large number of ensemble members decreasing the
t-test’s significance threshold. We hence use a more conserva-
tive significance test to allow interpretation of the most inter-
esting changes. Unlike statistical significance, which generally
increases with the sample size, practical significance can be
defined as a “signal” that exceeds some “noise”, where both
signal and noise have to be further specified. In our study, we
define the signal to be the ensemble mean of a change, such as
the change in CT frequency between the middle or the end of
the twenty-first century in a specific scenario and the histori-
cal period:

M
_ 4 F P

S_M;(qai—cbi) (1
where S denotes the signal, ¢ the CT frequency (or another
variable, see below), F' and P future and present climate,
respectively, i the individual ensemble members and M the
total number of ensemble members, i.e. 50. Noise in this
study is defined as the internal variability of the model,
which is quantified as one standard deviation across the 50
ensemble members in the 20-year historical period:

13 —5\2

N P _ ®P

N=1|3 Z‘f ((Dl. @ ) ®)
i=

where N denotes the noise and overbar the present-climate

ensemble mean.

As a result of this definition, our results are not overly
sensitive to the number of ensemble members. Our results
are also not sensitive to the choice of period used to define
the internal variability; the ensemble standard deviation of

@ Springer

CT frequency does not change notably from the historical
to any of the analyzed future periods.

By defining the significance of a change in the way as
is done here, that is when S/N > 1 (as also in, e.g., Chap-
man and Walsh 2007; Christensen et al. 2007; however with
different significant thresholds), a significant change in the
mean CT frequency implies that the mean CT frequency
in the future climate lies outside the most likely range of
CT frequencies in the present climate. This is slightly dif-
ferent to the interpretation of significance as used, e.g., in
Wyser et al. (2021) who relate the ensemble mean of the
change signals of the 50 members (e.g. temperature change
from historical to mid century in a scenario) to the ensemble
standard deviation of changes. If this ratio is larger than 2,
one can say that 97% of all members agree on the signal,
which can, however, also be a small change of no practical
significance.

2.3 Effect of circulation types on dependent
variables

Each CT is associated with a specific response in the local
weather and climate, which can be different for each month
and change over time. In this study, we call the response
in surface temperatures (TAS) and precipitation (PR) the
“effect” that the CT has on these variables. We express the
effect as anomalies from the climatological seasonal cycle
(TAS,, o and PR, . respectively) to see whether the occur-
rence of a specific CT is linked to colder or warmer tem-
peratures than would normally occur, and to more or less
precipitation.

With the climate changing globally, the effect of the
CTs on TAS and PR could also be changing. Each of the
10 CTs that are computed in this study can undergo dif-
ferently pronounced changes in each calendar month and
each scenario. As it is impossible to present spatial maps
for each of these cases for the two variables of interest, we
compute and compare two measures for each of these fields:
(1) the spatial extent of the significant CT effect changes,
expressed as the percentage of significantly changing grid
points in the domain, and (2) the magnitude of the CT effect
changes, expressed as the sum of the absolute changes at
significant grid points. Significant changes are defined as
outlined above for CT frequency as exceedances of the inter-
nal variability of the model, which again is defined as the
ensemble spread (one standard deviation) of CT effect in the
20-year period of the historical simulation. In other words,
in Eqs. 1 and 2, ¢ denotes TAS, ., and PR, ..

To indicate the direction of the CT effect change, i.e.
whether the CT effect on temperature and precipitation is
strengthening or weakening in the future climate, we first
compute at each grid point the difference between the future
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and present climate CT effect fields and multiply it by the
sign of the effect in the present climate at that grid point. We
found that the sign of the sum over all significantly changing
grid points is then a good indicator of the predominant direc-
tion of the CT effect change in the whole domain.

3 Results
3.1 Circulation type spatial patterns

The mean climate flow over the pan-Scandinavian domain
is dominantly westerly and varies slightly around this direc-
tion over the year. During autumn, winter and spring, the
flow direction is mainly south-westerly, while in summer, it
changes towards westerly or north-westerly. The SLP mag-
nitudes are generally higher during summer than during
winter, while SLP gradients are strongest in winter, espe-
cially along the mountain chain at the Norwegian west coast
(Figure S2; see also Lind et al. 2020; Kjellstrom et al. 2022).
The CTC using the SANDRA algorithm splits up this mean
SLP climate into the most dominant representative circu-
lation patterns. Figures 2a and 3a show the characteristics
of the 10 SLP CTs in the historical 20-year period (1995-
2014), together with their effect on TAS (Fig. 2a) and PR
(Fig. 3a). Note that the results are based on the year-round
data, without a-priori separation into individual seasons. The
CTs are sorted by their number of members with CT1 being
the largest, i.e. occurring most often during that period and
accumulated over all 50 SMHI-LENS ensemble members,
and CT10 being the smallest.

The most frequent CT (CT1) shows a high-pressure ridge
extending over Scandinavia and Finland associated with
weak winds and generally no strong TAS and PR anomalies.
The TAS effect is, however, different in individual seasons,
where the CT1 SLP pattern is associated with colder than
normal temperatures in winter and warmer than normal tem-
peratures in summer (not shown). Other CTs also show some
variation of their TAS or PR effect over the year, but those
are usually not changing signs as for TAS in CT1 and will
therefore not be discussed in detail here.

CTs where the flow has a northerly or easterly compo-
nent over the Scandinavian land masses are generally asso-
ciated with colder than normal temperatures in this region
(CT3, CT4, CT6), with strongest negative TAS anomalies
of up to — 1.5 K occurring in CT6 situations. On the other
hand, when the flow is more from the south or the west as
in CTS, CT7, CT8, CT9 and CT10, temperatures are gener-
ally warmer than normal. Strongest positive TAS anomalies
over Scandinavia of up to + 2 K are associated with CT10,
a westerly SLP pattern with a strong pressure gradient and
hence strong winds.

CT10 also has the largest effect on precipitation, where
the strong westerly winds impinging on the Scandes induce
anomalies of up to 14 mm/day. As expected, the flow
towards the mountains from the different directions is mainly
dominating the PR effects of the CTs, leading to wetter-than-
normal conditions upstream and drier-than-normal condi-
tions downstream of the mountains. Driest conditions over
southern Scandinavia are associated with CT4 and CT5 pat-
terns, and over the Scandes and northern Scandinavia with
CT1, CT3 and CT6.

Regarding the changes in the year-round SLP patterns of
the 10 CTs towards the end of the 21st century, they gener-
ally have maximum values on the order of 1 hPa and are
hence relatively small. This can be seen from the comparison
of panels a and b in Figs. 2 and 3, and also Figure S4 show-
ing the differences between historical and end-century CTs
of the strongest SSP585 scenario as an example. Largest SLP
changes occur in CT5 as a decrease centered over southern
Sweden and the northeastern Baltic Sea. The largest relative
SLP gradient change occurs in CT3, with the future decrease
of the domain-wide gradient of about 14% in SSP585. Apart
from that, the CTs do not experience a considerable change
in their SLP patterns or gradients in the future climate (the
next largest gradient change is the decrease of about 6% in
CT4 in SSP585, while for all the other CTs the gradient
change is less than 2%). The future change in the effects of
CTs on TAS and PR will be discussed in Sect. 3.3.

3.2 Circulation type frequencies

The average SLP patterns change over the different seasons,
mainly in terms of the SLP magnitude and gradient, and
somewhat with regard to the spatial pattern orientation, i.e.
flow direction (Figure S2). Since in this study the CTC was
performed on all the seasons together, the SLP seasonal
change is predominantly expressed as the seasonal variabil-
ity of the frequency of the individual CTs (Fig. 4, upper
panel). CTs 1-4 occur most often between May and August,
with each of them peaking in one of these months. Their fre-
quencies are considerably higher than those of the other CTs
in these months and decrease towards winter, where they are
then lower than most of the other CTs. Hence, CTs 1-4 can
be regarded as summer-CTs. On the other hand, CTs 7-10
have their maxima in winter and minima in summer and can
hence be called winter CTs. Note that the seasonal amplitude
of the winter-CTs is smaller than that of the summer-CTs
because all CTs have some occurrences in the winter months
while it is basically only the four summer-CTs occurring in
summer. CT5 and CT6 peak in the transition seasons, with
CTS5 appearing as the autumn-CT and CT6 as the spring-CT.

To analyse CT frequency changes towards the middle and
the end of the twenty-first century in SMHI-LENS, we start
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Fig.4 Upper panel: total number of occurrences of each CT in each
month. Shown is the ensemble mean of 50 members from 20 years
of the historical simulation (1995-2014). Lower panel: significant

with looking at the changes in the SSP585 scenario which,
of all the scenarios, shows the strongest global warming sig-
nal. A generalization of SSP585 findings to all scenarios is
done afterwards.

Significant CT frequency changes in the SSP585 scenario
towards the middle and the end of the twenty-first century
are shown in the lower panel of Fig. 4 for all individual
months. As described in Sect. 2.2, significance is defined
when the scenario ensemble mean change signal between
the future 20-year period average and the historical 20-year
period average exceeds one standard deviation of the ensem-
ble spread spanned in the historical period. Only a few CTs
show a significant frequency change towards the middle
of the twenty-first century (unfilled bars): CT6 frequency
decreases in May, CT1 frequency increases in August as
does CT5 frequency in September and October. Towards
the end of the twenty-first century (filled bars), three of the
four summer-CTs become more frequent between April and
September. More specifically, it is the late-summer-CTs 2
and 4 that increase in frequency in late spring and early sum-
mer, and the early-summer-CT1 whose frequency increases
in mid and late summer. At the same time, the spring-CT
(CT6) becomes less frequent between April and July which
altogether could indicate more summerlike conditions in the
future under SSP585, or at least a clearer distinction between
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20-year occurrence changes from the historical towards the middle
(2041-2060; unfilled bars) and the end (2081-2100; filled bars, start-
ing at zero) of the twenty-first century in the SSP585 scenario

summer and winter in terms of CTs. This is supported by the
frequency decrease of winter-CTs 7-9 in July and August.
The increase in the autumn-CT5 in September and Octo-
ber is one of the few changes already significant towards
the mid-century. It is partly counteracted by a decrease in
summer-CT3 and spring-CT6, again suggesting a clearer
separation between the seasons. In November, CTs 7 and 10
become more frequent while CTs 3 and 6 occur less often.
No significant frequency changes occur in any of the CTs
between January and March.

Figures equivalent to the lower part of Fig. 4 but for the
five other scenarios can be found in Supplementary Fig-
ure S3. To generalize the results for all the scenarios, Fig. 5
summarizes how many of the overall six scenarios show
significant frequency changes for the individual CTs and in
the individual months towards the middle (Fig. 5a) and the
end (Fig. 5b) of the twenty-first century. The general picture
drawn above from the SSP585 scenario is confirmed here.
For the mid-century period, only the significant frequency
decrease in CT6 in May is found in two other scenarios as
well (SSP5340S and SSP434); the other significant changes
seen in Fig. 4 are constricted to SSP585 only. For the end of
the century period, the results from all scenarios confirm the
SSP585 result that most of the significant frequency changes
are projected for the summer half-year, with 55 out of the
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Fig.5 Number of scenarios that show a significant CT frequency
change from the historical period towards a the middle and b the
end of the twenty-first century. Gray indicates no significant change
in any of the scenarios. Each cell represents one CT and month, and
the letters indicate whether the frequency increases (red font color) or
decreases (white font color) in an individual scenario: a SSP585, b
SSP5340S, ¢ SSP370, d SSP245, e SSP434, £ SSP119. The cell color

overall 71 significantly changing CT/scenario combinations
occurring between April and September (compare top row
numbers in Fig. 5b). Of all the CTs, CT6 shows most sig-
nificant frequency changes accumulated over all scenarios
and months (20 out of 72 possible month/scenario combi-
nations), having a general decrease whenever significant
changes occur (indicated by the minus signs in the respec-
tive boxes). The frequency decrease seen for CT6 in May is
the only case where all six scenarios indicate a significant
change. This decrease is also in line with the projected fre-
quency decrease of a comparable CT computed over a larger,
European domain in a recent study by Rgste and Landgren
(2022; see their CT8), shown for summer months towards
the end of the twenty-first century in some Euro-CORDEX
models.

In general, there is consistency between the scenarios in
terms of the direction of frequency change; there is not a
single CT or month with both decrease and increase pro-
jected from different scenarios. Furthermore, the projected
CT frequency changes tend to follow the strength of the pro-
jected global warming changes in the scenarios such that
most significant CT frequency changes towards the end of
the twenty-first century are seen in the strongest scenarios
(SSP585 and SSP370) and fewest in the weakest scenario
(SSP119). The significant CT frequency changes of the
other scenarios that lie in between (SSP245, SSP534_0OS
and SSP434) are however not strictly sorted according to
their warming signal.

CT
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b) End century
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indicates the number of scenarios with significant change (depicted
also by the number of letters). The numbers to the right of each sub-
figure give the total number of significantly changing scenarios for
each CT (maximum is 12 months X6 scenarios=72); the numbers
above each subfigure give the total number of significantly changing
scenarios for each month (maximum is 10 circulation types X6 sce-
narios =60)

3.3 Effect on temperature and precipitation

The second aspect of future changes related to CTs is that
of the potentially changing effect that the CTs have on the
local weather and climate. It is cumbersome to present spa-
tial maps of changes for each of the 10 CTs in each of the
12 months, for all six scenarios in both future periods con-
sidered and the two variables of interest, surface temperature
and precipitation. Maps showing the end of century year-
round CT effect on TAS and PR are exemplarily shown for
the SSP585 scenario in Figs. 2b and 3b. In the following,
the results are summarized for all scenarios in a similar way
as in Sect. 3.2.

One way to analyze and summarize future changes of
generally very different spatial patterns such as the 10 CTs
and their individual peculiarities in the different months is to
look at their spatial extent. To do that, we count how many
grid points in our domain of interest experience a significant
CT effect change. Significance of a change is again defined
as the exceedance of one standard deviation of the ensemble
spread in the historical period. This number (as a percent-
age of grid points) is computed for each ensemble member
in each scenario separately, and Fig. 6 presents the averages
over all scenarios and ensemble members for each CT and
month for both future periods. The results are insensitive to
averaging over land points only (not shown).

The effect that the CTs have on TAS does not change
on a larger scale towards the middle of the twenty-first
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Fig.6 Spatial extent of significant CT effect changes for each CT and
month, shown as the percentage of grid points that experience a sig-
nificant change from the historical period towards the middle (left)
and the end (right) of the twenty-first century, for TAS (top) and PR

century (Fig. 6a). Significant changes become more spa-
tially extended towards the end of century (Fig. 6b), when
scenario averages show significant CT TAS alterations
over more than half of the domain in individual months
and CTs. Largest-scale changes are projected for CT3,
a low-pressure system located over the southeast of the
domain which of all CTs is showing the largest relative
SLP gradient decrease (see Sect. 3.1). CT3 is associated
with north-easterly winds over Scandinavia and lower-
than-normal temperatures. CT3 TAS effect changes are
most spatially pronounced in spring between March and
May and in October. Figure 7a, which shows the map of
these CT3 TAS effect changes exemplarily for the SSP585
scenario in April, reveals that the cooling effect that CT3
has on TAS in the historical climate (cf. Fig. 2) is signifi-
cantly reduced towards the end of the twenty-first century
over large parts of the domain. This general CT3 TAS
effect change signal is seen in all individual months.
Similar large-scale TAS effect changes are also projected
for CTS in July and August as well as CT7 between Septem-
ber and November. The CT5 TAS effect change occurs as a
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(bottom). Gray denotes no significant changes. The numbers to the
right of each subfigure are the averages over the respective rows (i.e.
CTs); the numbers above each subfigure are the averages over the
respective columns (i.e. months). All six scenarios are considered

large-scale cooling tendency, i.e. a reduction of the present-
day warming effect, as shown in Fig. 7b. In general, there
is a tendency for the TAS effect changes of the winter-CTs
(CTs 7-10) to be of smaller spatial extent in the summer
months. CT6, which was shown to be outstanding in terms
of significant CT frequency changes (see Sect. 3.2), shows
fewest significantly changing grid points for its effect on
TAS.

For the changes in the CT effect on precipitation, how-
ever, it is again CT6 which is showing the strongest signal.
Especially in May, where all six scenarios are showing a
significant frequency decrease (Fig. 5), CT6 has a signifi-
cantly different effect on PR in more than half of the domain
towards the end of the twenty-first century (Fig. 6d). The
changing pattern consists of a wettening in the southwestern
corner of the domain and a drying above the Scandes extend-
ing over Finland (Fig. 7c) and can be seen in all months.
Otherwise, the spatial extent of significant CT PR effect
changes is generally smaller than for temperature. Further
noticeable are the relatively large-scale changes of the sum-
mer-CTs (CTs 1-4) in autumn and partly early winter.
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Fig.7 Example maps of interesting cases for the change of a CT’s
effect on TAS or PR as identified from Figs. 6 and 8. The fields show
the ensemble mean change in the SSP585 scenario from the historical
period to the end of the twenty-first century. Colours indicate signifi-

A second way of analysing the CT effect changes for TAS
and PR is to look at the strength of the significant changes.
The results are presented in Fig. 8 which shows the sum
of the magnitudes of changes at significant grid points for
each CT and month. Changes can occur in both directions,
towards a stronger or a weaker effect. A strengthening of

a) Mid century magnitude & direction TAS
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cant signals as defined in Sect. 2.2. a CT3 TAS effect change in April
(in K); b CT5 TAS effect change in August (in K); ¢ CT6 PR effect
change in May (in mm/day)

the effect in this context means that a cooling or wetten-
ing effect in the present climate gets cooler or wetter in the
future climate, and a warming or drying effect gets warmer
or drier. Changes can further occur in different ensemble
members, the different scenarios and in different locations
of the same field and could partly cancel out when the sum

b) End century magnitude & direction TAS
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Fig.8 As Fig. 6, but for the magnitude of significant CT effect changes in each CT and month, shown as the sum of the absolute changes at all
significantly changing grid points. “+” and “—" signs indicate whether the effect is strengthening or weakening compared to the historical period
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over all these aspects of variability is computed. Because of
that, sums of the absolute values of changes are considered
for Fig. 8. To additionally indicate whether the effect of the
CTs on TAS and PR is strengthening or weakening in the
future periods, “+” and “—"" signs denote the direction of the
change in the individual months with respect to the historical
period, and are calculated as described in Sect. 2.3. A “+”
sign hence indicates that a present climate warming or wet-
ting CT effect is getting warmer or wetter in future climate,
or that a present climate cooling or drying effect is getting
cooler or drier. A “—" sign denotes that a warming, cooling,
wetting or drying is reduced in the future.

The strength of change as computed here is by construc-
tion closely related to the spatial extent analysed above. A
comparison with a different approach, depicting the strength
as the average over all (absolute or raw) values at significant
grid points instead of the sum, generally revealed the same
overall picture as described in the following, but mislead-
ingly emphasized fields with few strongly changing grid
points.

Remarkably, apart from a few exceptions, the effect that
the individual CTs have on temperature, independent of
whether this effect is a warming or a cooling in the historical
period, weakens towards both future periods in all months,
as indicated by the predominant “—” signs in Figs. 8a, b.
This weakening can also be seen from the exemplary maps
showing the year-round future CT effect on TAS for the
SSP585 scenario in Figure S4 in comparison to Fig. 2a. This
means that in many regions which experience a warming
effect of a CT in present climate, this warming is reduced in
future climate, and a present climate cooling effect is getting
less cool towards the end of the twenty-first century. The
general weakening of the TAS effect can also be seen as
a general weakening of differences between the individual
CTs with regard to their TAS effect (compare Fig. 2a, b). We
found that this weakening is consistent with a decreasing
interannual variability in the future scenarios (not shown,
but adumbrated in Fig. 1). What we call the effect of a CT
is the averaged anomaly of all days experiencing that CT,
with the anomaly being defined at each grid point as the
deviation from the climatological daily annual cycle in the
specific period we are looking at (historical or one of the
future periods). If the interannual variability decreases, the
anomalies are generally smaller deviations from the mean,
in both directions, positive and negative, in the future period.

Figure 8 suggests that the weakening of the CTs’ effect on
TAS is generally strongest in winter and early spring for a
large number of CTs, and weakest in summer. This tendency
is already indicated towards the mid-century future period
(Fig. 8a) and becomes even more pronounced towards the
end-century period (Fig. 8b). Large changes are again seen
in CT3, one of the “summer clusters” that is projected to
decrease strongest in its SLP gradient (see above) and is
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associated with a north-easterly flow towards Scandinavia
and lower-than-normal temperatures. Given the compara-
tively low frequency of occurrence of CT3 in winter, these
strong changes are presumably of minor importance for the
overall future temperature conditions; however, their impor-
tance could increase substantially in April where CT3 is the
third most frequent circulation type. Strong changes are fur-
ther seen in the autumn to early spring TAS effect of CT7, a
“winter-cluster” associated with above-normal temperatures
over the whole domain, and CT10.

A similar systematic change as for TAS is projected for
the effect that the CTs have on PR, although of the opposite
sign. Here, with even less exceptions, a systematic strength-
ening of the effect is seen in Fig. 8c, d. This means that
those CTs which are associated with above-average precipi-
tation in the historical period could be associated with even
higher positive PR anomalies. The historically “dry” CTs
could become even drier, although in absolute terms most of
the “dry” CTs are simply CTs with little to no precipitation
which cannot be reduced further. The systematic strength-
ening of the CTs’ effect on PR can be explained with an
increased interannual variability in precipitation in the future
climate, following the same argumentation as above for
temperature. It also means that the differences between the
individual CTs’ PR effect is enhanced in the future climate.

Figure 8c, d suggest that strongest changes for the PR
effect occur between September and December, although
the systematic differences between the individual months
and seasons are less pronounced than for TAS. Changes in
these months are also dominated by changes of the less-
frequent CTs 1-4 and hence of minor importance. When
comparing the effect change of the individual CTs, CT6
shows the strongest signals: its effect on PR, which involves
wetter-than-normal conditions over southern Scandinavia
and drier-than-normal conditions west of the Scandes due to
an easterly-dominated flow over the domain, becomes sub-
stantially stronger especially in May—CT6’s peak month of
occurrence, June, October and November (compare Fig. 7¢).

While the analysis above (Figs. 6, 8) summarizes the
results for all six scenarios, the SMHI-LENS provides the
unique opportunity to investigate the uncertainties in future
changes that are due to uncertainties in external forcings,
like emissions of greenhouse gases and other socio-eco-
nomic developments. We therefore investigated the spatial
extent and the magnitude of the changes of the effect that the
CTs have on TAS and PR in each individual SSP scenario.
In general, the strength of the CT-related changes increases
linearly with the strength of the scenarios—the stronger the
scenario in terms of warming signal (globally and over the
pan-Scandinavian domain considered here), the stronger the
change in CT. Comparing the behavior between the scenar-
ios and the two future periods, the strength of the respective
changes follows the following order for the vast majority of
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CTs and months, and for both TAS and PR: the end-century
change of the weakest scenario SSP119 is exceeded already
by the mid-century change of all other scenarios, and all but
the weak SSP119 scenario show stronger changes towards
the end-century than the strongest scenario SSP585 towards
the mid-century (not shown). This is consistently following
the general warming tendencies over the domain and the
precipitation changes in the different scenarios (Fig. 1a, b).

4 Summary and discussion

The large-scale atmospheric circulation affects the local
weather and climate by linking, e.g., the large-scale pressure
structure to local surface temperature and precipitation. The
question addressed in this study is whether and how climate
change affects the large-scale atmospheric circulation and its
effect on surface parameters. Potential changes in the large-
scale circulation could alter the expected thermodynamic
changes and have implications for relevant scientific applica-
tions like the assessment of future regional climate changes
through statistical downscaling of large-scale patterns.

Assessment of the future climate requires some estima-
tion of the uncertainty, and this study addresses parts of this
uncertainty using the unique dataset provided by the SMHI
large ensemble (SMHI-LENS). We analyze three 20-year
periods, one representing the present climate (1995-2014)
and two for the middle and the end of the twenty-first cen-
tury (2041-2060 and 2081-2100). Six different future SSP
scenarios are analyzed to estimate uncertainties resulting
from external forcings like the emission of greenhouse gases
and other socio-economic developments. Each SMHI-LENS
scenario alone with its 50 members includes the general
advantages of single-model initial-condition large ensembles
such as the ability to quantify and separate a climate signal
from internal variability (e.g. Maher et al. 2021). Having
available six scenarios with 50 ensemble members allows
for addressing an additional uncertainty factor — one that is
stemming from external forcings—and hence makes SMHI-
LENS an ideal testbed to obtain robust results.

This article focuses on a pan-Scandinavian domain where
the general flow direction is westerly, with generally higher
absolute pressure during summer and a stronger pressure
gradient during winter. To answer the question given above,
this study splits up the mean SLP climate and expresses the
large-scale atmospheric circulation using sea level pressure
circulation types (CTs), which are representative dynamical
situations computed using the circulation type classification
method SANDRA. We investigate how the frequency of the
ten prevalent CTs changes from present to future climate as
well as the effect that these CTs have on temperature and
precipitation over the domain of interest. We also address the
seasonal variations of CTs and their changes. The significant

future change in the characteristics or effects of CTs is deter-
mined as a change that exceeds the present-day ensemble
variability.

The analysis reveals the following:

e CTs affect surface temperature and precipitation in
accordance with their sea level pressure patterns. The
general characteristics and effects of the individual CTs
are mostly stable over the annual cycle with few excep-
tions, e.g. high-pressure systems being linked to surface
cooling in winter and surface warming in summer.

e The frequency of occurrence of the individual CTs is
highly variable over the year. Of the ten prevailing CTs,
four can be regarded as summer CTs, four as winter CTs,
and two are dominating one of the two transition seasons.

e Significant changes in the CT frequency towards the
middle of the twenty-first century are limited to a few
individual CTs and months and are mainly found in the
strongest considered scenario simulation (SSP585).
Towards the end of the twenty-first century, changes in
CT frequency suggest an extension of summer conditions
towards spring and autumn and point towards a clearer
distinction between summer and winter: three of the four
summer-CTs become more frequent in late spring and
early autumn, while the spring-CT as well as three of
the four winter-CTs become less frequent in individual
summer months. No significant CT frequency changes
occur during winter months.

e Similarly to the CT frequency changes, the effect of the
CTs on surface temperature and precipitation changes
significantly mainly towards the end of the twenty-first
century. A clear weakening of the CTs’ effect on tem-
perature is found for all CTs and all months, i.e. inde-
pendent of whether the CT is associated with generally
warmer- or colder-than-normal conditions. This also
means that the difference between the individual CTs’
effect on temperature is suppressed in a warmer cli-
mate. Conversely, for precipitation a strengthening of
the CT effect is found, also consistent over all CTs and
months, resulting in the difference between the CTs’
effect on precipitation being enhanced. The changes
in the CT effect on temperature are strongest during
winter and early spring, while for precipitation, they
are strongest between September and December.

e Largest-scale and strongest changes in the CT effect on
temperature are found for CT3, a low-pressure system
located towards the southeast of the domain. Its associa-
tion with lower-than-normal temperatures is suppressed
significantly over large parts of the domain towards
the end of the twenty-first century in all months, espe-
cially between March and May and in October. For the
CTs’ effect on precipitation, largest-scale and strongest
changes are projected for CT6. CT6 involves a wetten-
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ing over Southern Scandinavia and a drying west of the
Scandes which we find significantly enhanced under
future climate change in early summer and autumn.

In general, for both CT frequency and their effect on the
surface variables, the projected changes roughly follow the
strength of the scenarios’ projected warming trends and are
most pronounced in the SSP585 scenario.

We find that the general weakening of the CT effect on
surface temperatures is related to a general decrease in inter-
annual temperature variability towards the end of the twenty-
first century in SMHI-LENS. A similar decrease can also be
seen in Bathiany et al. (2018; cf. their Fig. 1c) for northern
and middle Europe with a high consistency throughout vari-
ous CMIP5 models. Reasons for the decreasing interannual
temperature variability are suggested to lie in a reduction of
the meridional temperature gradient that goes along with
Arctic amplification under future global warming (Screen
2014; Holmes et al. 2016; Schneider et al. 2015; Bathiany
et al. 2018). The decrease in temperature variability is con-
sistent with smaller anomalies with respect to the future
mean state in temperature and hence with a weakened effect
of the circulation on temperature. The future temperature
distributions in our domain of interest do not only decrease
in variance, but also the skewness becomes less negative
(not shown), indicating stronger warming of the cooler part
of the distribution. For precipitation, SMHI-LENS projects
a general increase of the interannual variability which is
consistent with the strengthening of the CT effect described
above. With precipitation being restricted at the lower end
of the distribution by dry days, this strengthening effectively
means that those CTs which are associated with wetter-than-
normal conditions in the present climate will be associated
with even more precipitation in the future. The latter is con-
sistent with the future increase in mean precipitation and
also with the humidity, and consequently extreme precipi-
tation, increasing with temperature according to the Clau-
sius-Clapeyron scaling (e.g. Pall et al. 2007; O’ Gorman and
Schneider 2009).

During the review process of this study, an article from
Mittermeier et al. (2022) was published that analyzed,
among other questions, CT frequency changes in the SMHI-
LENS SSP370 scenario over a large Europe-North Atlantic
domain. Their results are consistent with our finding that the
frequency of some CTs changes significantly under future
climate change. Details, however, differ from their as well
as from other studies that analyze future circulation changes.
For example, Huguenin et al. (2020) find no change in any
summer and winter CT frequencies towards the end of the
twenty-first century, but their focus is on Central Europe and,
probably more important in this context, they use a different
classification method, namely the Grosswettertypes (GWT)
classification method which was also applied in Mittermeier
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et al. (2022). GWT groups the large-scale pressure fields
mainly based on their predominant flow direction and basi-
cally does not take into account the pressure gradient mag-
nitude which limits its efficacy in separating effects of CTs
on other variables such as temperature and precipitation
(Hansen and Belusi¢ 2021). Therefore the CTs in Huguenin
et al. (2020) have different characteristics than the CTs in
this study classified using the SANDRA method [see Hansen
and Belusi¢ (2021) for a comparison between GWT and
SANDRA CTs]. Further, Stryhal and Huth (2019a, b) find
a significant increase in westerly flow types during winter,
which seems not to be in line with the results from Huguenin
et al. (2020) nor this study. Our analysis shows no CT fre-
quency changes in winter, but indicates significant changes
in the summer and partly spring and autumn such that a
clearer separation between the seasons and more summer-
like conditions emerge in the future climate. This apparent
contradiction between different studies indicates the existing
uncertainties associated with analyses of future projections
in general, and those of future CT changes specifically. We
postulate that SMHI-LENS with its large amount of reali-
zations for both the present and several potential future cli-
mates addresses many of the previous uncertainties in one
and the same testbed and allows us to obtain statistically
robust results for the assessment of future CT changes.

Frequency changes of specific CTs could imply changes
in extreme events. For example, heatwaves over Scandi-
navia are often associated with persistent blocking situa-
tions which correspond to the CT1 in our study. In fact, the
extreme heatwave in summer 2018 which had devastating
impacts on different sectors of society (Wilcke et al. 2020)
had one third of all days between May and July assigned
to the CT1 equivalent in a set of 10 CTs obtained from
ERAS reanalysis (Hersbach et al. 2020) using SANDRA
(not shown). Our analysis revealed a significant increase in
CT1 frequency during summer and hence indicates that heat-
waves will become more frequent over Scandinavia. Fur-
ther analysis about the connection between CTs and extreme
events in SMHI-LENS is ongoing and will be presented in
a separate study.
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