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ABSTRACT

Multidecadal changes in regional climate can occur as a forced response to changing
greenhouse gases and aerosols, as a result of natural internal climate variability, or due
to their combination. Internal climate variability is frequently associated with regional
changes in large-scale circulation. We investigate how changes in Scandinavian
temperature and precipitation conditions during 1961-2020 can be linked to changes
in the atmospheric large-scale circulation. The study is based on data from the ERA5
reanalysis and on Swedish average conditions based on observations from the Swedish
Meteorological and Hydrological Institute. In general, it is shown that all seasons have
become warmer and there is a predominance for more precipitation in the last 30
years. The results also show a clear decrease in daily temperature variability for winter
and anincrease in summer while there is no similar systematic change for precipitation.
Further, we use a circulation type classification technique for identifying ten different
circulation types for each calendar month in the 1961-2020 period. Results indicate
that changes between the two periods can partly be related to changes in large-scale
circulation due to changes in the frequencies of different circulation types. However, it
is also clear that the contribution from frequency-related changes to the total change
is comparatively low for most months and that changes also within the circulation
types are required to explain the total change. The main conclusion of the study is
that during the last 30 years it has mostly been warmer than in the preceding 30
years for the same type of weather situation for all months in the year. Consequently,
internal climate variability, as represented by changes in the large-scale atmospheric
circulation, cannot explain the observed changes in the Scandinavian temperature and
precipitation.
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INTRODUCTION

Ongoing global warming, resulting primarily from increasing
greenhouse gas concentrations in the atmosphere (IPCC,
2021), is rapid and comes with strong global and regional
impacts (IPCC, 2018). In a European perspective warming
is pronounced both in winter and summer. The Arctic
region shows particularly strong temperature increase,
resulting from feedback mechanisms involving retreating
snow and ice cover (IPCC, 2019). At the same time, the
North Atlantic does not warm as rapidly; and one of the
areas where the lower atmosphere warming is smallest
on a global scale is found south of Greenland (Gulev et
al.,, 2021). In summer, the Mediterranean area is subject
to strong warming. Many of these features are seen in
observations and are expected to become even more
pronounced in the future as a consequence of continued
global warming. Resulting from such geographical
differences and depending on the large-scale circulation
of the atmosphere, other nearby areas, including northern
Europe, may see variational changes with time in climate
characteristics such as near surface temperature and
precipitation. Such changes represent different signatures
of climate change and involve changes both in seasonal
means as well as changes in higher order statistics such
as daily variability (Kjellstrém, 2004).

Changesin the large-scale atmospheric circulation and
variability on longer time scales from years to decades
contribute significantly to uncertainty in projections of
future climate change for the 21t century (van Ulden
and van Oldenborgh, 2006; Kjellstrém et al.,, 2011). The
contribution has been shown to be especially important
to the overall climate uncertainty in small regions and
for the near future when anthropogenic climate forcing is
still relatively small (Hawkins and Sutton, 2009). Change
and variability in large-scale circulation is strongly
related to the frequency of different circulation patterns.
For instance, periods can have more or less zonal or
meridional winds, which have strong consequences for
weather and climate conditions including extremes such
as cold winters (Cattiaux et al., 2010) and warm summers
(Wilcke et al, 2020). Specifically, for Europe, such
episodes can to a strong degree be linked to the North
Atlantic Oscillation (NAO), which in its positive phase
is indicative of zonal flow and advection of maritime
influenced air masses from the North Atlantic (Hurrell,
1995). Trends in the large-scale circulation, such as
manifested by changes in the NAO index, can potentially
have strong impacts on the regional climate, as shown
by e.g. Hegerl et al. (2018). There are also changes in
the large-scale circulation that may be related to long-
term forcing-derived trends, such as greenhouse gas
concentrations or aerosols, or natural variability in for
example sea surface temperatures or soil moisture. As
an example, Cattiaux et al. (2010) showed that the cold
European winter 2010 was warmer than expected from

its record-breaking seasonal circulation pattern. They
concluded that this provided a picture of a regional cold
event mitigated by long-term climate warming.

The large variability from year to year or decade to
decade implies that climate change can be difficult
to detect as changes on local and regional scales may
reflect erratic changes in the large-scale circulation
(Rutgersson et al., 2014). An implication is that different
long-term climate change features associated with
global warming, such as regional warming or changing
precipitation, emerge at different times due to different
degrees of variability (Hawkins and Sutton, 2012). For
example, Kjellstrom et al. (2013) showed that changes
in seasonal mean temperatures in Europe are readily
discernible out of the background noise, related to
large interannual and decadal variability, already in the
first decades of the 21t century, while corresponding
discernible changes in precipitation lags by several
decades or more. Strong natural variability in the large-
scale circulation may also impede attribution of regional
climate change to the ongoing anthropogenically forced
global warming (Hegerl and Zwiers, 2011). Despite this
a number of attribution studies for the European and
North Atlantic region have been conducted. For Northern
Europe Bhend and von Storch (2009) found that the
increase in annual mean temperatures in the Baltic Sea
region could be linked to the ongoing global warming
but that it was not possible to make such statements
for changes in individual seasons or for spatial patterns.
More recently, Parding et al. (2016) found that changes in
the large-scale circulation contributed to explaining the
warming in Northern Europe in addition to the increased
greenhouse gas content but that also other effects, such
as decreasing aerosol emissions, were needed to fully
account for the observed changes. Attribution studies
have also focused on earlier time periods; for instance,
Hegerl et al. (2018) found that changes in the first half of
the 20t century resulted from a combination of changes
in large-scale circulation, greenhouse gas concentrations
and aerosol content of the atmosphere.

One way of describing and understanding impacts of
variations in the large-scale atmospheric circulation is
through analysis of weather typesor circulation types (CTs).
A large number of methods to assemble meteorological
data into distinct CTs have been used for this purpose
(see Philipp et al., 2010 for a review). Busuioc et al. (2001)
found a strong dependence on precipitation in Sweden
between 1890 and 1990 on the large-scale circulation
based on an EOF analysis. In addition to classifying
large-scale patterns into CTs, Barry and Perry (1973)
decomposed climate differences into different parts that
are caused either by changes in frequency or changes
within each CT. This methodology has subsequently been
widely applied. For instance, Beck et al. (2007) found
that large parts of the long-term variations at a number
of stations in the Central European climate since 1780
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cannot be explained just by frequency changes of CTs.
Similarly, but involving spatial fields covering all of Europe,
Kuettel et al. (2011) found that wintertime changes over
the last 250 years are strongly related also to within-CT
changes, in particular for temperature in Eastern Europe
and Scandinavia. For more recent decades, Cahynova
and Huth (2016) showed a significant trend for changes
in the frequency of CTs in 1961-2000 that could explain
part of the changes in temperature and precipitation in
Europe. Such methods have also been used for extremes,
including Sui et al. (2020) showing that within-CT
changes were mostly responsible for the positive trend in
warm extremes and the negative trend in cold extremes
for wintertime conditions in Northern Europe from 1979
to 2016. One of the circulation type classification (CTC)
methods extensively used is the simulated annealing and
diversified randomization (SANDRA) classification scheme
(Philipp et al., 2007). It has been shown to perform
comparatively well (Philipp et al., 2016) and by adding a
step of a simple pre-processing of input data Hansen and
Belusi¢ (2021) recently showed that the SANDRA method
results in even more physically consistent CTs compared
to previous studies.

The motivation for this work is to extend previous
analysis of impacts from large-scale circulation changes
to the full period 1961-2020 looking at changes
in temperature and precipitation in  Northernmost
Europe for all seasons. By applying the SANDRA CTC
method, as adopted by Hansen and Belusi¢ (2021), we
investigate how Scandinavian/Swedish temperature and
precipitation conditions can be linked to the large-scale
atmospheric circulation. Specifically, we ask the question
to what degree changes in large-scale circulation can
explain the observed changes in temperature and
precipitation. Here, we apply the Barry and Perry (1973)
decomposition on reanalysis fields to distinguish between
changes related to CT frequency or to alterations within
CTs. We focus on monthly mean conditions for which the
CTC is performed but also investigate changes in daily
variability. A further motivation for the study has been a
wish for better categorizing differences between the two
climate normals 1961-1990 and 1991-2020.

DATA AND METHOD

DATA

The main part of the analysis has been done based on
reanalysis data from ERA5 from the European Centre
for Medium range Weather Forecasts (Hersbach et al.,
2020). We have used daily mean sea level pressure,
near-surface temperature and precipitation. The analysis
has been made based on data from January 1t 1961 to
November 26" 2020. For comparison of results with the
NAO we have used data for monthly NAO-index values
provided by NCAR (2021). They have derived the index
based on an EOF analysis according to Hurrell (2003).

To set the analysis in a Swedish context we have used
i) data from ERAS5 and ii) two climate indicators from
the Swedish Meteorological and Hydrological Institute
(SMHI). The two indicators are areal averages for
Sweden of near-surface temperature and precipitation.
For temperature this is based on data from 35 stations
spread out over the country while for precipitation the
number of stations is approximately 80. Results for
Sweden are also compared to the northern hemisphere
average from HadCRUTS (Morice et al,, 2021).

CIRCULATION TYPE CLASSIFICATION
TECHNIQUE

For the determination of CTs and the assignment of
individual days to them, the simulated annealing and
diversified randomization (SANDRA) clustering scheme
(Philipp et al., 2007) is used. SANDRA is a non-hierarchical
clustering technique based on conventional k-means
clustering which attempts to minimize the sum of
Euclidean distances within a class while at the same time
maximizing the distances between different classes. In
the process of simulated annealing, the overall data
partitioning qualityis allowedtobe temporarily decreased,
but the resulting set of CTs is closer to the “global
optimum” than, e.g., in standard k-means clustering. In
addition to overcoming many of the limitations of other
automated clustering methods, SANDRA is at the same
time also less numerically expensive.

The SANDRA method is used with daily mean SLP fields
with the spatial mean removed. Hansen and Belusié
(2021) showed recently that this simple pre-processing of
input data results in both physically more consistent CTs
compared to when unprocessed data is used and a better
partitioning of independent variables like temperature or
precipitation. Ten CTs are calculated based on the full
time series 1961-2020 for each month separately.

DISCRIMINATION INTO FREQUENCY AND
INTENSITY

The climate change signal between 1961-1990 and
1991-2020 has been divided in two parts following
Barry and Perry (1973). One part is related to changes
in frequency of the respective CTs while the other part
deals with changes within the respective CTs. Formally,
the total change is given by

G
AC:Z[AF,-(C,-—|—AC,-)/n+F,-AC,-/n] 1)
i=1
where
G = the number of CTs (here 10)
F.=the frequency of CT i during the first period
F.+ AF, = the frequency of CT i during the second period
n = number of time steps during the first period
C,=climatological average for CT i during the first period
C, + AC, = climatological average for CT i during the
second period
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RESULTS

TEMPERATURE AND PRECIPITATION IN
SWEDEN OVER THE LAST SIXTY YEARS

The Scandinavian area has seen strong climate change
over the last 60 years. Figure 1 shows how the annual
mean temperature and precipitation has changed
between the two climate normals 1961-1990 and
1991-2020 according to ERAS5. Changes are largest
in mountainous regions in Norway and Sweden but
warming is also pronounced over parts of the Baltic Sea
and Finland. Correspondingly, precipitation has increased
in large parts of the area, again with the largest changes
in connection to mountainous areas in Norway and
Sweden. We can also note an increase in precipitation in
western parts of southern Sweden and more generally
in northern Sweden and Finland. In the southeast,
precipitation has instead decreased.

For Sweden as an average, SMHIs long-term
temperature record and ERAS both show c. 1.1°C higher
annual mean temperatures in the latter period which
may be compared to the Northern Hemisphere average
change of 0.72°C as given by HadCRUTS. For precipitation,
the Swedish average given by the ERAS shows anincrease
of 3.4% while the average compiled from the climate
stations indicates an increase of 6.7% on an annual
mean basis. Corresponding station-based numbers for
Swedish mean temperature and precipitation changes
for the three-month nominal seasons are given in Table
1. It is clear that all seasons have become warmer in the
second period. The inter-annual variability, expressed as
one standard deviation around the mean, has decreased
for winter and increased for summer and fall. For
precipitation the latter period shows more precipitation
for all seasons although differences are relatively small
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Figure 1 Annual mean temperature (°C; 1 row) and precipitation (mm; 2" row) in the Scandinavian area for 1961-1990 (left) and
changes between 1991-2020 and 1961-1990 (right). Data are taken from the reanalysis ERAS.

NORMAL PERIOD SEASON TEMPERATURE PRECIPITATION
MEAN*1X MIN/MAX MEAN*CV  MIN/MAX

1961-1990 DJF -4612.6 -9.5/-0.5 133+26 721203
MAM 32+1.1 1.4/5.9 115+ 26 49/158
JIA 146+0.8 12.7/16.1  203+20 122 /285
SON 5609 35779 193+17 1297267

1991-2020 DJF -2.8%2.0 -6.9/0.9 148 +23 471195
MAM 44+1.0 2.5/59 120+ 20 84 /174
JIA 154+1.0 13.3/17.3  229+%17 1537309
SON 6.3+1.2 3.9/8.2 188+ 18 1397269

Table 1 Mean temperature (°C) and precipitation (mm) in Sweden from SMHIs climate indicators. Interannual variability is given
as one standard deviation for temperature and as the standard deviation normalised with the mean for precipitation to give the

coefficient of variation (CV that is given in %).
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for spring and fall. In this case there is a tendency for
reduced variability in all seasons apart from fall.

CIRCULATION TYPE BASED 60-YEAR
CLIMATOLOGY

The CTC analysis based on the full period 1961-2020
results in distinct patterns of mean sea level pressure and
associated near surface temperature and precipitation
for the Scandinavian area as shown in the composite
plots for January and July in Figures 2 and 3. The CTs
are shown in order of frequency where CT1 (Circulation
Type number 1) is the most frequent cluster for each
month which implies that CTs with the same number in
Figures 2 and 3 are not necessarily describing the same
atmospheric circulation pattern. Despite differences in
frequency between CTs in individual months the analysis
shows that the large-scale circulation patterns are
similar throughout the year (not shown). Similarities are
notably strong among the winter months and among
the summer months with a gradual transition in between
during fall and spring.

For January (Figure 2), the most common CT (CT1)
shows a high-pressure ridge over Finland and Scandinavia
with associated weak winds from the east or northeast
over southern Sweden and winds from the south or
southwest over the mountain ridge and in the far north.
The situation is associated with cold conditions over most
of the country while precipitation is below, albeit close to,
its average. Seen as an average over the whole country,

CT1 is the coldest second only to CT9 that has a similar
large-scale circulation although with stronger easterlies
reaching further to the north. Both clusters show relatively
dry conditions but in CT9 there is more precipitation in
the south in association with the low-pressure system
to the southeast of the Baltic Sea. Contrastingly, CT3,
CT4 and CT7 show warmer than average conditions and
winds from the west or southwest over most of the area.
These CTs are also associated with high precipitation,
in particular along the west coast of Norway due to
the orographic reinforcement. Also, CT10 shows strong
westerlies in the southern half of the domain while the
northeasternmost part is dominated by weak anticyclonic
conditions. For CT5 there is also a clear difference
between a strong south-westerly flow in the north with
mild and above average precipitation and a high-pressure
situation in the south dominated by colder conditions and
less precipitation than average. CT2 is associated with a
more northerly flow and thereby relatively cold and dry
conditions while CT6 and CT8 represent situations with
winds from the south indicative of warmer conditions and
more precipitation than average. For CT6 this is, however,
moadified in the far north where winds are more easterly
leading to relatively cold conditions.

For summer the CTs represent distinctly different
pressure patterns as shown for July in Figure 3. In
general, pressure is higher and pressure gradients
weaker, indicative of weaker winds, than in winter. The
most high-pressure dominated situations are CT1 and
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Figure 2 Ten circulation types generated using the SANDRA CTC method for all January days in 1961-2020. The frequency for each
cluster is indicated as the number of days (out of a total of 1860) on top of each map. The isolines show composite averages mean
sea level pressure. The colour shaded fields show corresponding temperature and precipitation anomalies relative to the monthly

mean for temperature (top, °C) and precipitation (bottom, mm).
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Figure 3 As Figure 2, except for July.

CT3 with temperatures above average in all of Sweden
apart from the northernmost part of the mountain
chain in CT3 where low pressures north of Scandinavia
brings relatively cold and wet conditions. Apart from
that, precipitation is below average in both CTs. CT5 is
dominated by a low-pressure pattern with cold and wet
conditions apart from the far north that has relatively
mild conditions. Low pressure dominates in the north in
CT8 with above average precipitation and cold conditions.
Furthermore, cold air masses are being advected from
the north bringing cold conditions also to southern
parts of Scandinavia. CT2 and CT10 are both indicative
of low-pressure conditions over the North Atlantic that
yield winds around west to southwest over large parts of
Sweden with colder and wetter than average conditions.
In some more detail it is clear that CT2 shows different
precipitation amounts between western and southern
parts of southern Sweden as a consequence of orographic
reinforcement. Likewise, in CT10, most precipitation falls
in Norway leading to drier than average conditions in
Sweden apart from the northern parts of the mountain
chain. CT6 and CT7 are associated with low-pressure
centres southwest and west of Scandinavia bringing
winds around east or southeast over Sweden and
relatively warm conditions. Southern Sweden receives
more precipitation than average while there is less than
average in the north. In CT4 and CT9 the low-pressure
centres are more to the east indicating winds around
north or northeast over the country. Consequently,
conditions in Sweden are generally relatively cold, and in
the east with more precipitation than average.

CT BASED CLIMATE CHANGE SIGNAL

In this section we look separately at the two time periods
1961-1990 and 1991-2020. Analysis is done both for
frequency of the respective ten CTs for each month as
well as for changes within each CT.

Changes in monthly mean conditions

Figure 4 shows how the frequency of the respective CTs
change between the two periods for each month. Note
that the numbering of the CTs is done for each month
separately indicating that the individual months cannot
be directly compared to each other. It is clear that the
frequencies for the respective CTs are similar between
the two periods. For instance, CT1, the most common
CT in the 60-year time series, is most common in both
individual periods for five months (February, March, April,
August and December). Similarly, CT10 is the rarest one
in both periods for February, April, May, June and July.
Also, in other cases, CTs with high frequency in one period
generally show high frequency also in the other period.
But there are exceptions to this, like for instance CT9 in
January that occurs about twice as often in 1961-1990
as in 1991-2020. For July, we note that CT3 was much
more common in 1961-1990 while CT6 was more
common in 1991-2020.

For each CT we show the differences between the two
periods for January and July in Figures 5 and 6. For all CTs
we note some differences in surface pressure. Mostly
these differences are relatively weak but we can see
that the situation for CT9 in January changes markedly
between the periods. Here, the high-pressure ridge in the
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north is considerably weakened in the second period. At
the same time, the low in the southeast is much deeper
and shifted towards the north. As a result, the north-
south pressure gradient in the region is of about equal
strength.

Apart from the changes in surface pressure it is clear
that the majority of the CTs reveal warmer conditions
in the second period. An exception is CT4 with slightly
colder conditions in parts of northern Sweden. In this
case we note that the north-south pressure gradient
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Figure 4 Frequencies for each circulation type in the two periods for 1961-1990 (blue) and 1991-2020 (orange). Note that circulation
types are defined separately for each month and that it is not meaningful to compare the individual circulation type numbers

between months.
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Figure 6 As Figure 5, except for July (cf. Figure 3).

off the Norwegian coast is slightly weaker which
contributes to weaker winds towards Scandinavia that,
in turn, influences both precipitation and temperature
conditions. Also, in CT6 there are areas in the south
where a slight reduction in temperatures are seen, likely
in connection with a somewhat stronger high-pressure
ridge stretching over the country from the north-east.
Apart from these two exceptions in CT4 and CT6 we note
higher temperatures in all situations in the second period.
Differences in precipitation between the two periods show
areas with more and areas with less precipitation for all
clusters. Differences are, in several cases, particularly
strong along the Norwegian west coast, which may be
linked to orographic reinforcement. But also changes in
temperature, and thereby atmospheric content of water
vapor, may play a role as well as changes in pressure
gradients. An example of the latter is CT3, where the
north-south pressure gradient is strengthened north of
c. 65°N with increasing precipitation along the Norwegian
coast. South of 65°N where the pressure gradient is
weakened, precipitation instead decreases. In Sweden
we note, in particular, increased precipitation in CT10
which is associated with low pressure systems moving
in from the North Atlantic. In the cold CT9 we also note
more precipitation, in particular in the north, indicative of
snowfall along the coast. Also in the southerly dominated
CT8 precipitation has increased in most of the country. In
all these three CTs we note strengthening of the pressure
gradients (cf. Figure 2) in parts of the domain indicating
stronger transport of water vapor and thereby, more
precipitation. In CT10 this involves a sharpening of the
north-south pressure gradient south of the low pressure

in the west contributing to widespread precipitation
increase in the southern part of the domain. In CT9 the
north-south pressure gradient over the northern part
of the Baltic Sea becomes stronger leading to stronger
easterlies and more precipitation in northern Sweden. In
CT8, finally, the east-west pressure gradient is increased
contributing to more precipitation in the southerly flow
over Scandinavia. The only cluster showing considerable
decrease of precipitation over Sweden is CT5, which may
be related to the somewhat more pronounced high-
pressure ridge over the country as described above.

Also for July (Figure 6) there is a clear increase in
temperature in most CTs with the exceptions of CT6
and CT7 over parts of northernmost Sweden. For CT7
lower pressure in the whole domain with a weaker high
pressure in the east and a deeper low pressure in the
west reveals a situation more characterized by cyclonic
conditions. Also, a slight weakening of the east-west
pressure gradient indicates weaker southerlies in the
second period that may have contributed to the lower
temperatures in the north. For CT6, a slightly stronger
pressure gradient in the far north indicates stronger
north-easterly winds over northernmost Scandinavia
that may more efficiently bring in colder air masses
from the north to the area. In the southwest part of the
domain this cluster is associated with a strong increase
in pressure and associated warmer and drier conditions.
For the high-pressure influenced CT1, we note that the
pressure increases in the entire domain and mostly so in
the north. This CT is associated with strong temperature
increases with maxima both along the mountain chain
in the north and in the south-eastern parts of Sweden.



Kjellstrém et al. Tellus A: Dynamic Meteorology and Oceanography DOI: 10.16993/tellusa.49

Associated with this CT is also a decrease in precipitation,
in particular in the north, likely a result of the more
anticyclonic conditions. For the other high-pressure
dominated cluster, CT3, changes in pressure are relatively
small albeit with a tendency for a stronger high-pressure
ridge extending further to the east towards the Baltic
countries. Thisis also an area with decreasing precipitation
while it increases in the northernmost part. The
temperature increases associated with CT3 are smaller
than those in CT1. Also the low-pressure dominated CT4
(east part of the domain), CT5, CT8 (northeast) and CT9
(southeast) show increasing temperature. The largest
increases in precipitation are associated with the low-
pressure systems in the northern parts in CT8 and over
parts of southern Scandinavia and along the northern
Baltic Sea coast in CT9. For both of these CTs there are
changes in the pressure patterns although these are
relatively small in the vicinity of the low-pressure centres
where most precipitation falls (cf. Figure 3). In both cases
the precipitation increases are pronounced in areas with
winds from the north or northeast.

Summarizing for Sweden we note that in the majority
of CTs for all months 1991-2020 is warmer compared to
1961-1990. 1t is only in eight out of 120 combinations
that a CT is colder in the second period (Table 2). We can
also compare with the Northern Hemisphere average as
given by HadCRUTS5, which ranges from 0.65°C in June to
0.80°C in January and note that the warming is stronger
in 74 of the 120 cases (Table 2). Adding up we find that
in 20 of the 120 cases warming within a CT is more than
twice that seen in the northern hemisphere average. For
January and July as discussed above, the majority of the
CTs show larger warming than the northern hemisphere
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average. In particular in January we note five CTs showing
more than twice the Northern Hemisphere warming rate.
Itis only in CT4 in January when warming is smaller than
the hemispheric average, which is not surprising as this
CT is dominated by westerly winds bringing air from the
North Atlantic that has warmed relatively little.

For Swedish mean precipitation the picture reveals a
larger fraction of cases with increased precipitation than
cases with decreases (Table 3). In total 57 out of 120
combinations show precipitation increase with more than
5% and 16 with more than 25% increase. Corresponding
numbers for decreases are 38 and 8 combinations.

Changes in daily variability of temperature and
precipitation

Figure 7 shows distributions of daily areal averages for
Sweden for each respective CT in the two periods. Again,
the warming is clearly seen in the means and medians.
But the distributions also indicate differences in the
signature of the warming. For some CTs, changes are
larger than in others and with different amplitudes for
lower ends of the distributions compared to those for the
upper ends. Notably, the interquartile range shrinks for
most clusters in January. This is primarily a result of a
stronger increase in temperature on the cold side of the
distribution with the 25" percentile increasing relatively
more than the 75™. Exceptions to this general pattern
involve the warmest CT4 for which the interquartile
range increases, the coldest (CT9) where the interquartile
range is roughly unchanged, although centred at much
higher temperatures and CT10 that also reveals a mere
shift in the distribution. For July the situation is reversed:
all CTs, apart from two, show increased interquartile

1 2 3 4 5 6 7 8 9 10 NH
JAN 1.3 24 23 0.1 1.2 1.1 13 1.6 3.4 2.3 0.74
FEB 1.5 0.7 33 1.1 05 01 00 28 19 0.7 0.80
MAR 1.8 1.5 0.8 0.5 2.1 08 0.7 06 038 1.5 0.78
APR 13 16 1.2 1.3 16 15 08 1.0 05 1.0 0.77
MAY 10 -02 06 0.7 05 14 22 -01 03 -01 0.66
JUN 06 -03 01 -0.2 03 01 01 0.0 0.6 0.4 0.66
JuL 1.8 1.1 0.7 1.2 08 07 03 08 09 0.9 0.65
AUG 0.8 1.5 05 0.9 1.2 11 1.0 0.8 0.4 0.9 0.68
SEP 0.5 1.1 11 1.5 0.7 07 04 1.0 1.9 0.5 0.67
ocT 0.4 0.9 -0.4 09 -08 03 02 03 -0.4 0.3 0.74
NOV 1.5 1.1 1.1 2.5 16 08 0.6 1.0 03 1.7 0.76
DEC 2.8 09 02 2.8 16 21 26 19 07 1.7 0.70

Table 2 Area average mean temperature change (°C) for Sweden between 1961-1990 and 1991-2020 for each cluster calculated
from ERAS data. Clusters for which the interquartile range of daily data changes by more than 0.5°C are marked with italics for
decreased range and bold face for increased range. The rightmost column shows the corresponding northern hemisphere average

warming according to HadCRUTS.
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1 2 3 4 5 6 7 8 9 10 TOTAL

MAR 8 -39 -15 19 -12 10 6 2 0 -2 -7

APR  -26 -13 -11 -7 -5 -4 -12 -3 27 7 -6

MAY 17 46 3 13 33 25 1 11 25 17 15

JUN -3 46 29 38 35 28 3 23 37 16 29

Jur 32 1 7 10 0 -12 5 24 25 -16 5

AUG 18 17 -3 1 22 7 4 18 5 12 5

SEP  -41 8 -51 0 4 7 =27 -8 41 -11 -10

oCcT 6 6 -4 -8 6 -4 61 14 -10 -47 1

NOV -3 -21 -12 -13 -7 -3 -12 10 -3 7 -4

DEC -2 -10 1 19 12 -11 24 13 3 -16 1

Table 3 Area average mean change in precipitation intensity (%) for Sweden between 1961-1990 and 1991-2020 for each cluster
and total for each month. Clusters for which the coefficient of variability (CV) of daily data changes by more than 10% are marked
with italics for decreased range and bold face for increased range.
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Figure 7 Distributions of daily data for the ten circulation types in January (left) and July (right). For each circulation type the blue
boxplot represents 1961-1990 and the orange 1991-2020. The boxplots show the mean value represented with an x, the median
represented by the central horizontal line, the 25% and 75™ percentiles represented by the box. Points outside of 1.5 times the
interquartile range from the respective 25" and 75 percentiles are considered to be outliers and are denoted by a point. The length
of the whiskers is defined as the largest or smallest value not being an outlier. Units: °C for temperature and mm for precipitation.
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range indicating larger variability in temperatures. The
two CTs with smaller variability are CT4 and CT9, which
both are associated with low pressure centres to the east
of Scandinavia and winds from the northeast.
Generalizing to all months, the seasonal pattern is
amplified. Table 2 indicates that CTs with a decrease of
the interquartile range exceeding 0.5°C are most common
in November-March while an increase exceeding 0.5°C is
most common in April-September. Naturally, changing the
threshold to 0°C, to consider all CTs, changes the actual
number of CTs showing increasing or decreasing variability.
But the general pattern with reduced variability in winter
and increased variability in summer does not change.
Also for precipitation there are CTs indicating increases
and CTs indicating decreases in variability (Table 3). In
contrast to temperature, however, the trends are less
consistent between the seasons with tendencies for
increase and decrease seen in both summer and winter.

Discrimination between changes in frequency and
within-CT amplitude

Figures 8 and 9 show the monthly mean change between
the two climate normals both as a total number and

divided in its two components related to frequency and
within-CT amplitude following Eqg. 1. Both for temperature
and precipitation it is clear that there are strong seasonal
and geographical differences in the change signals.

For temperature, starting in November-December
strong changes are seen in the northern parts of the
domain, in particular in high-altitude areas (Figure 8).
Subsequently, changes spread from these areas and
from the far north to wider areas and in January a strong
warming signal is seen over most of Scandinavia, still
with pronounced maxima along the mountain chain.
Continuing further into the winter and spring we note
that changes are relatively smaller in an area in the
interior parts of central and northern Scandinavia while
larger changes are seen both in the mountains to the
west, in the south and along the Baltic Sea coasts. Also
in summer the strongest temperature changes are seen
along the mountain chain. For June and October, with
lower temperatures in the second climate normalin large
parts of Sweden we note again strong positive change in
the mountains but also over the Baltic Sea.

It is clear from the figure that the within-CT change
dominates the temperature signal for most months
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Figure 8 Temperature difference between 1961-1990 and 1991-2020 for January-June (upper part) and July-December (lower). The
uppermost row for each month shows the difference that is due to changing frequencies of circulation types. The middle row shows
the within-circulation type amplitude changes. The lowermost row shows the total changes. Units: °C.
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Figure 9 As Figure 8, except for precipitation. Units: mm/day.

in all of the domain. Both the geographical patterns
and the amplitude of the within-CT changes are very
similar to the total signal. There are, however, some
notable contributions from frequency-related changes.
The largest ones are seen as strong contributions to
the warming in January and February. In February, the
contribution even exceeds the contribution from within-
CT change for parts of Northern Sweden. Also for other
months, there are frequency-related contributions to
warming like in March, July and December or cooling as
in May, June and October. In general, frequency-related
changes are more geographically homogeneous than
the within-CT changes that appear to be more influenced
by orography, extension of snow cover and land-sea
contrasts.

For precipitation (Figure 9) the differences are less
coherent than those found for temperature. The figures
show a mixed pattern with months showing either
increasing or decreasing precipitation in different parts
of the domain. A general increase in precipitation in
the first six months of the year is seen for large parts of
Norway and the mountain chain while changes to the

east, in Sweden, have different signs. The strongest area
increase is found for June while September shows the
largest decrease.

As a stark contrast to temperature, the frequency-
related contributions for precipitation are relatively larger.
In some areas and months, it is even dominating the
signal like in the mountain chain in January and February.
In other areas and months, the two counteract each
other like in south-eastern Norway and southern Sweden
in May that would have seen a decrease in precipitation if
it only were for frequency-related changes. In reality, the
within-CT strong increase even leads to overall increasing
precipitation in the area. For other months, the within-CT
changes dominate the picture, like in April and June. Also
for precipitation we note that the frequency-related fields
are smoother than the within-CT changes, indicating a
more geographically homogeneous response. However,
in contrast to temperature, there are stronger regional
features associated with orography, evidently most
pronounced along the mountain chain but also, to some
extent, visible over southern Sweden where extensive
areas are more than 200 m above sea level.
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DISCUSSION

POTENTIAL MECHANISMS BEHIND

THE CHANGES IN TEMPERATURE AND
PRECIPITATION

Global warming, resulting primarily from increasing
greenhouse gas content, shows strong geographical
differences (IPCC, 2021). Such differences in warming
lead to changes in zonal and meridional temperature
gradients that, in turn, may have an impact on the large-
scale atmospheric circulation. The strong warming in
the Arctic and its potential impact on lower latitudes
have received strong attention over the last years but it
is still uncertain to what degree there is an impact on
mid-latitude circulation (Doblas-Reyes et al., 2021). The
uncertainty is to a strong degree associated with the
relatively short observational time series and the large
natural internal variability in the climate.

Related to the analysed CT changes we discriminate
between changes in frequency of different CTs,
exemplified by the decreases in frequency of CT9 in
January and CT3 in July (Figure 4), and changes within
(CTs, such as the changes in pressure gradients associated
with CT4 and CT9 in January (Figure 5). The distinction
between frequency-related changes and within-
circulation type changes shows, similar to what was
found by Kuettel et al (2011), that within-type changes
dominate for temperature. For precipitation, however, we
note that frequency-related changes have a relatively
large impact (Figure 9). Compared to Kuettel et al. we use
higher-resolution data and note that this may explain
some differences as it better resolves dynamical features
related to orography, which appears to be strongly linked
to the higher degree of frequency-related differences for
precipitation than for temperature.

In addition to frequency-related changes and within-
circulation type changes, changes in local climate
conditions can also result from airmasses being advected
from regions that have seen more or less warming and/or
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moistening and from local changes in forcing conditions
and feedback processes. Which of these mechanisms are
responsible for the observed changes and to what degree
cannot be determined in detail from the simple analysis of
(CTs performed here. For Europe, however, we note that the
observed warming over the last decades is strongest over
the northern, central and eastern parts, while western
areas and the adjacent North Atlantic have seen less
warming (Gulev et al., 2021). This indicates that airmasses
being advected towards Scandinavia have changed
differently for different directions. We reiterate here
that the westerly circulation type CT4 in January shows
only small changes in temperature over Scandinavia
(Figure 5), likely a result of relatively modest changes in
sea surface temperatures over the North Atlantic. At the
same time the cold circulation type CT9, associated with
easterly winds shows very strong warming over much of
the region, which may be related to warmer conditions
in general over eastern Europe and Russia. We also note
that the strong within-type changes seen for temperature
in mountainous regions indicate that local feedback
processes related to changes in snow conditions have a
strongimpact on the observed changes during all seasons
in this region (Figure 8). Similarly, feedback processes in
the Baltic Sea appear to have an impact for some specific
months. To analyse such differences more in-depth we
suggest to explore the combination of CT classification
and climate model simulations with different imposed
changes in regional forcing conditions.

RELATION TO VARIATIONS IN THE NAO-INDEX
The NAO-index is often used to relate changes in
climatological variables in Northern Europe to changes
in large-scale atmospheric circulation (e.g. Hegerl et al.,
2018). For Sweden, we present results from a regression
analysis between the NAO-index and respectively
temperature and precipitation for the two periods in
Table 4. \We note that there is partly a strong positive

NORMAL PERIOD SEASON NAO R? K L
T PR T PR T PR
1961-1990 DJF -0.25 0.59 0.17 1.70 117 -4.22 136
MAM 0.02 038 004 1.17 105 3.18 114
JIA 0.13 0.09 0.02 0.74 -17.6 145 205
SON 0.07 035 0.00 1.00 0.23 551 193
1991-2020 DJF 0.37 0.61 024 138 149 -331 143
MAM 0.13 0.46  0.02 0.99 492 429 119
JIA -0.08 0.03 021 0.42 -429 155 226
SON -0.10 0.28 0.02 1.39 109 639 189

Table 4 30-year average NAO-index and results from linear fits with temperature (T) and precipitation (PR) from the Swedish average
derived from the SMHI stations. The linear fits are done separately over the two 30-year periods. The regression coefficients (r?),

slopes (k) and intercepts (1) are given.
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correlation between the NAO-index and temperature. For
instance, we note that more than 55% of the interannual
variability can be explained by the NAO-index in winter.
In summer, correlation is much smaller (<10%) and in
spring and fall it lies in between. Also for precipitation
some correlation can be expected as seen from the
distinct patterns in precipitation in Figure 3. However,
when averaged over all of Sweden, positive and negative
contributions partly cancel out and the correlation is
relatively low for all seasons. Again, the highest numbers
are found in winter with a correlation explaining about
20% of the variability.

Comparing the two periods, it is clear that there are
differences in the NAO-index. For winter there is a shift
from a negative number in the first climate normal to a
positive number in the second. This is a result of similar
changes in all three winter months, mostly pronounced
in February (not shown). Also in spring, the second period
is on average more NAO positive due to increases in
March and April, while in summer and fall the second
period is more NAO negative. The strongest tendencies
towards more NAO negative numbers are found for
June and October. We also note that the intercept (l)
increases for temperature for all seasons indicative of
the warmer climate. The correlation is similar in both
periods for temperature apart from fall where it drops
from 0.35 to 0.22, which could potentially indicate that
conditions in fall change from being more “winter-like”
to more “summer-like” in the second period. Also for
precipitation the degree of correlation between the two
periods is similar with the exception for summer where
it increases from 0.02 to 0.22 in the second period
indicating a stronger anticorrelation with on average less
precipitation the warmer it is.

TEMPERATURE AND PRECIPITATION CHANGES
DERIVED FROM ANALYSIS OF CHANGES IN THE
LARGE-SCALE CIRCULATION

As summarized in Figures 8 and 9, results obtained from
the CTC and the decomposition following Barry and Perry
(1973) clearly show that part of the changes between
1961-1990 and 1991-2020 are related to changes

in large-scale circulation. In detail this is related to
changes in individual CTs such as, for instance, the strong
reductionin frequency for the cold CT9 in January (Figures
2 and 4) which contributes to the warming between the
two periods. We note, however, that changes within CT9
are also very large (Figure 5). Similarly, changes in the
frequency of CT3 and CT6 in July as shown in Figure 4
are expected to impact differences in temperature and
precipitation in different parts of the country (Figures 3
and 6). Results for both temperature and precipitation
indicate that the fraction of explained change, due to
frequency-related changes and/or within-CT related
changes, differs between different months and in
different locations (Figures 8 and 9). The analysis of
changes in the NAO-index corroborates the picture as it
also indicates milder conditions during winter in the latter
period, resulting from more NAO-positive conditions on
average.

The results, both for changes in CTs and in NAO-index,
also show that changes in large-scale conditions can
only explain parts of the differences between the two
periods and that there are strong changes also within
each CT. Here, we summarize this by setting up two
simple models for the temperature and precipitation
climate in 1991-2020 based on the relation between
these variables and the large-scale circulation as given
by the CT analysis and by the NAO-index. For our “NAO
model” we use the result from linear regressions of
temperature and precipitation against the NAO-index for
all twelve calendar months based on the full 1961-2020
time period. The regression coefficients are then used
with the NAO-index to derive synthetic temperature and
precipitation values for all individual months in 1961-
2020. Subsequently, we calculate differences between
the two periods based on these synthetic numbers. In a
similar way we set up a “CT-based model” by taking the
average temperature and precipitation for 1961-1990
for each CT and then multiplying by the frequency of the
CTs in the 1991-2020 period. We compare the change
in climate between both these synthetic “models” for
1991-2020 average Swedish conditions with the actual
observed difference in Figure 10. As already indicated
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Figure 10 Changes in Swedish mean temperature (left, °C) and precipitation (right, mm/month) between 1961-1990 and 1991-2020.
Observations (green) are from the SMHI data, reanalysis (blue) from ERAS. The synthetic temperature and precipitation series are
derived from changes in the NAO-index (grey) and the analysis of circulation types (orange). See text.
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above, it is clear that the large-scale circulation related
changes can only explain a fraction of the change in
Swedish average temperature and precipitation. For
temperature, the degree of explanation is largest for
the winter months (cf. Figure 8). We also note that the
relatively cold conditions in June and October can partly
be explained by large-scale circulation changes. For
precipitation, circulation-based changes in January and
February contribute to explain the observed differences.
For other months, the degree of explained changes is
small. Notably, there is a contribution to the increased
precipitation in June from the large-scale circulation as
also seen in Figure 9.

METHODOLOGICAL ISSUES
The results show distinct differences in both temperature
and precipitation for the different CTs. A potential
effect that could influence our interpretation would be
systematic changes in timing of CTs. In particular, during
spring and fall when temperature differences between
early and late parts of a month are large shifts in timing
could influence the results. A systematic difference of
three days (10% of a month) could result in an artificial
temperature difference by a few tenths of a degree in a
month with large temperature trends. To check if this is
the case we have calculated the average date number for
each CT and each monthin the two periods. Differences of
up to several days are noted for individual CTs and months
but in general differences are within plus minus two days
and it is only in four out of the 120 combinations (10 CTs
x 12 months) that they exceed four days (not shown).
We conclude that systematic differences in timing are
not important for the interpretation of our results.
Another potential source of error emanates from
the “blurring” of results as we look at daily averages.
In reality, the CTs shift in a more continuous way with
different weather situations sometimes occurring on
the same day. As it is now we assign the full day to a
certain CT implying that we are occasionally blending
results from both cold and warm air mass weather on
the same day. This blending is likely a contributing cause
to the relatively large variability within some CTs (cf.
Figure 7). We have not made any attempts to quantify
this potential error or compensate for it and it could be
suggested as a possible extension to this work. At the
same time, however, we note that any potential impact
from it would be similar in the two periods so it is unlikely
that any of the conclusions would change.

CONCLUSIONS

We present a detailed analysis of change in temperature
and precipitation in northern Europe between the two
climate normals 1961-1990 and 1991-2020. Results
indicate that all seasons have become warmer and that

the warming is generally larger than the hemispheric
mean. The results also show a clear decrease in daily
temperature variability for winter and an increase in
summer. For precipitation observations indicate an
increase in the Swedish average in eight out of twelve
months, changes close to zero for three, and only in one
month, September, there is a decrease. The reanalysis
also shows an increase, albeit smaller, both expressed
in absolute and relative numbers. We speculate that this
difference may either reflect errors related to sampling
in the station data, or deficiencies in the forecast
model used to produce ERAS, or representativity issues
when comparing spatial fields from the reanalysis to
an estimate based on c. 70 stations. There is no clear
indication of a systematic change in daily precipitation
variability.

In a subsequent step the analysis is conditioned
on large-scale circulation patterns as given by the
SANDRA circulation type classification method. The
different circulation types (CTs) generated individually
for each month resemble each other, in particular
within the winter period and within the summer period.
As expected, it is shown that they are associated with
strong anomalies in temperature and precipitation with
distinct regional features. Not only averages and spatial
patterns differ between CTs but also daily variability in
both temperature and precipitation.

The analysis of the CTs shows that changes between
the two periods can partly be related to changes in large-
scale circulation due to changes in the frequencies of
different CTs. However, it is also clear that the contribution
from frequency-related changes to the total temperature
change is comparatively low for most months and that
changes also within each CT are required to explain the
total change. For temperature, the largest contribution
from frequency-related changes are seen in January and
February when about half of the increase in temperatures
can be attributed to generally more zonal conditions. The
results also indicate that changes in daily variability are
strongly dependent on circulation type. It is illustrated
that the largest reduction in temperature variability
seen in winter is related to decreased variability in cold
high-pressure type situations while the low-pressure
dominated periods with strong advection of mild air
from the Atlantic do not see large changes. For summer,
contrastingly, temperature variability increases for all
weather types.

For precipitation, the contribution of frequency-related
changes to the overall changes are sometimes larger than
for temperature. This is particularly seen in areas close to
high-altitude areas like the Scandes mountain chain as
a result of orographic reinforcement. Such reinforcement
is also noted for other parts of Scandinavia like southern
Sweden where the highland area, despite moderate
height of a few hundred meters, influences precipitation
in different directions of the large-scale flow. Averaged
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over all of Sweden the precipitation changes are to some
extent cancelling out which makes it difficult to explain
the change signal between the periods by use of the CTs
alone. This may also be the reason for why we do not find
any systematic changes in variability as for temperature.
We note, however, that by investigating in more detail
changes in mean sea level pressure distributions within
the CTs we can identify potential explanations for the
observed changes. For example, we find a number of
areas where altered pressure gradients for some CTs
contribute to regional changes in precipitation in both
summer and winter.

A comparison with a simple analysis of the NAO-index
reveals many similarities, such as the larger contribution
from changes in CTs to changes in temperature and
precipitation during winter. But, also, it is clear that the
CT analysis reveals more details and can give a more
comprehensive picture of climate and changes between
periods. Simple empirical models that were set up to model
temperature and precipitation characteristics of 1991-
2020 based on circulation changes combined with relations
from the 1961-1990 climate normal failed to explain
the full warming and gave only very little information
about precipitation changes between the periods. This
summarizes in a clear way that changes between the two
periods are only partly determined by changes in CTs. We
conclude, that internal climate variability, as represented
by changes in large-scale atmospheric circulation,
cannot explain the observed changes in temperature and
precipitation in Sweden. A main conclusion of the study is
that during the last 30 years it has mostly been warmer
than in the preceding 30 years for the same type of
weather situation for all months in the year.
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