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ABSTRACT: To understand the cause of regional temperature change, it is common to separate the temperature change signal
into changes in atmospheric synoptic circulation and other factors, so-called within-type changes. In this study, we suggest a
novel probabilistic approach that allows detection of months and regions where temperature changes can mainly be attributed to
changes in synoptic circulation and where within-type changes also play a role. By combining resampling with a Monte Carlo
test, we assess the likelihood that the observed warming can be explained by synoptic circulation changes alone. This method
is applicable for any variable, and in any region of the world. We applied it to an example case using gridded WATCH Forcing
Data ERA-Interim (WFDEI) temperature data and synoptic types derived from the SynopVis Grosswetterlagen catalogue
(1981-2010). For this European example, the most widespread warming was found in summer, with up to 60% of the land
area experiencing significant warming during August, notably in Eastern and Northern Europe. In spring and autumn, this area
was reduced to 10—30%. In December and January, only about 5% of the land area experienced significant warming, most
pronounced in northern Scandinavia. The probabilistic approach revealed that changes in synoptic circulation could not account
for all the observed (WFDEI) warming, with the exception of regions in southeastern Europe in February and Western Europe
in May. Significant warming in other months and regions, such as the large-scale warming in April, June, July, August, and
November, must also be caused by other factors. Within-type changes were confirmed for the Black Sea region in November,
where the magnitude of a widespread temperature trend was strongest. This European example contributes to an improved
understanding of the causes of recent temperature change by assessing the relative role of synoptic circulation changes and

within-type changes on regional-scale warming.
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1. Introduction

“From the deep oceans to the top of the troposphere,
the evidence of warmer air and oceans, of melting ice
and rising seas all points unequivocally to one thing: the
world has warmed since the late 19th century” (Hartmann
etal., 2013). Globally, the warming has been most pro-
nounced after 1970 (Hartmann et al., 2013), and Europe
has warmed faster than the global mean land trend (Chris-
tensen et al., 2013). Annual land temperatures averaged
over Europe were 1.5 °C higher in the 2005-2014 aver-
age compared with the 1850—1899 average (EEA, 2015).
Strong warming trends have been reported for the period
1976-2006 in the Mediterranean region during summer
(up to 0.3°Cdecade™) and in Scandinavia during win-
ter (up to 0.6 °C decade™") (EEA, 2008). The location and
magnitude of the most pronounced warming vary with
region, time of the year, and period chosen however. For
instance, Jones et al. (2012) found that the European win-
ter warmed fastest when analysed over a 150-year period
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(1861-2010), whereas spring warmed fastest when the
same data were analysed over the shorter, most recent 110-
and 32-year periods. Cooling is also seen for some sea-
sons and regions during recent decades, particularly dur-
ing autumn in Central and Eastern Europe [1976-1999;
Klein Tank et al. (2005) and 1961-1998; Cahynova and
Huth (2009)]. These studies are some examples of the wide
amount of evidence of observed changes in temperature
in Europe. To understand the nature of these changes, we
must study whether their driving mechanisms can mainly
be related to synoptic circulation changes or whether other
factors play a role as well.

Detection of change in a climate variable such as
temperature does not say anything about the underlying
cause. Attribution of climate change is “the process of
evaluating the relative contributions of multiple causal
factors to a change or event with an assignment of sta-
tistical confidence” (Bindoff ez al., 2013). The physics of
long-term global temperature trends and its link to varia-
tions in greenhouse gases are well studied and understood;
however, for shorter time scales and smaller regions, the
detailed mechanisms of such a change are not completely
understood (Vautard and Yiou, 2009). Warming signals
at this scale may manifest as a change in atmospheric
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circulation, favouring more frequent warm circulation
patterns (Corti et al., 1999). For example, increasing
temperatures due to an increase in greenhouse gases can
alter the position and strength of the polar jet stream
(e.g. Cohen et al., 2014). Saffioti et al. (2015) studied the
mid-latitude Northern Hemisphere warming hiatus in the
period 1998-2012, and found that circulation changes
contributed to winter warming in the period before 2000,
but led to cooling in the winters after 2000. Early weather
prediction, prior to the advent of numerical weather
prediction models, relied on such relationships between
the local climate and synoptic circulation, and assumed
that local climate trends could be explained by changes in
circulation alone (Yarnal, 1993).

Warming may alternatively be entirely independent of
circulation, occurring as a general increase in surface
temperature. Cases when the circulation cannot explain all
the observed temperature changes are widely documented
(Barry and Perry, 1969; Beck et al., 2007; Cahynova and
Huth, 2009; Jones and Lister, 2009; Kiittel et al., 2011;
Fleig et al., 2015). The process causing warming in the
absence of synoptic type (ST) frequency changes is called
‘within-type changes’ (Barry and Perry, 1969), defined as
a change in the properties of the air masses over time
(Beck et al., 2007). For temperature, this means warming
or cooling. Since then, efforts have been made to separate
the causes of recent warming into these two components:
changes in large-scale circulation (circulation changes)
and other factors (within-type changes).

The importance of circulation changes relative to
within-type changes varies depending on the region and
time of year. Circulation changes have been found to
relate closely to observed warming in Europe, especially
in winter, but cannot explain all the observed warming
(e.g. Corti et al., 1999; Vautard and Yiou, 2009; Hoy et al.,
2013b; Fleig et al., 2015). Beck et al. (2007) analysed
monthly temperatures for Central Europe for the period
1780—1995 and found that circulation changes influenced
trends in spring, winter, and autumn, but the importance
of circulation changes varied over multidecadal time
scales. Similarly, Cahynovd and Huth (2010) found cir-
culation changes in seasons other than winter to be of
minor importance for temperature at stations in the Czech
Republic (1961-1998). The above-mentioned studies
all conclude that within-type changes explained a large
part of the historical temperature trends, especially in
summer for Central Europe (Beck ef al., 2007), though
they differ slightly in their findings for other regions.
Kiittel eral. (2011) analysed gridded temperature and
precipitation time series for all of Europe and concluded
that within-type changes were also important for temper-
ature changes in winter, especially in Eastern Europe and
Scandinavia. One of the reasons for the different response
in winter and summer is that winter weather is dominated
by advective, large-scale processes, whereas summer
weather is dominated by radiative, small-scale processes.

Most of the previous studies analysed changes on
the seasonal scale using 3-month averages. Fleig et al.
(2015) argued that an analysis of climate trends and
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their large-scale climatological causes should rather be
performed at the monthly time scale. This is because
some patterns of synoptic circulation occur more often
in specific months (Hoy eral., 2013a; Vrac efal.,
2014) and changes in circulation frequency may be
masked when averaged over several months. Further,
short-term trend patterns, such as responses related to
changes in snow cover or greening, may be revealed at
a monthly, but not a seasonal, time scale. Fleig et al.
(2015) found that within-type changes played a role in
April (Western Europe), July (Southern Europe), and
September (Southern Europe). Their study was based
on the WATCH Forcing Dataset for Europe covering the
period 1963-2001.

Various methods have been applied to link circulation
to local climate. One such approach is to classify climate
variables into distinct STs (e.g. Yarnal, 1993). Such clas-
sifications group days having the same pattern of airflow
and pressure systems into the same ST. An ST is a single
nominal value characterizing the large-scale state of the
atmosphere over a given domain and day. Circulation clas-
sifications are most commonly calculated from pressure
fields over the domain of interest explaining the synoptic
system in detail. One of the most widely used classifica-
tions is the Hess-Brezowsky Grosswetterlagen (Werner
and Gerstengarbe, 2010), which was originally developed
for Germany by Baur et al. (1944). It was further refined
by Hess and Brezowsky (1977), and has proved valid for a
larger part of Europe (James, 2007). Automated methods
have recently improved classification of pressure fields,
and James (2007) developed an objective version of the
Hess-Brezowsky Grosswetterlagen covering the period
1871-2012, named the Objective-Grosswetterlagen. It
is referred to as ‘objective’ because it uses STs inher-
ited from the Hess-Brezowsky Grosswetterlagen, but
allocation into STs is automated (James, 2007). The
Objective-Grosswetterlagen was refined into SynopVis
Grosswetterlagen (SVG) and provides several improve-
ments including the use of additional climate variables in
the ST classification (see Section 2.1 for further details).

The influence of circulation on temperature trends can be
analysed by the method of hypothetical trends, introduced
by Leathers and Ellis (1996), who studied STs causing
extreme snowfall across the Great Lakes (United States).
Using this method, a new hypothetical time series is con-
structed by replacing all observations with the long-term
mean daily temperature for the given month and ST. The
ratio of the hypothetical trend to the observed trend, called
the trend ratio, was introduced by Cahynova and Huth
(2009) as a way to estimate the relative influence of cir-
culation changes on the observed warming. However, the
trend ratio has some limitations as discussed by Fleig ef al.
(2015). This includes the trend ratio’s inability to capture
changes when both circulation changes and within-type
changes play a role, but in opposite directions (i.e. repre-
senting warming and cooling, respectively), and when the
observed trend is near zero. Division by a very low value
will result in an unrealistically high trend ratio, thus sug-
gesting that circulation changes play a dominating role, but
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is in fact a calculation artefact. Cahynova and Huth (2009)
and Fleig et al. (2015) avoided this problem by reporting
trend ratios only for significant trends, whereas Hoy et al.
(2013b) introduced an arbitrary cut-off at +0.5 °C in their
plots. This study builds on the work of Fleig et al. (2015),
who used hypothetical trends and trend ratios following
Cahynova and Huth (2009) to quantify the relative contri-
bution of circulation changes on observed temperature and
precipitation trends in Europe. To avoid the limitations of
the trend ratio approach, there is a need for a method that
evaluates the statistical significance of synoptic circulation
changes on observed climate trends.

The aim of this study is to introduce a probabilistic
expansion of the method of hypothetical trends that
allows detection of months and regions where temperature
changes can be attributed to changes in ST frequency
alone. This novel method is hereafter referred to as the
probabilistic approach, and the resulting set of hypothet-
ical trends is referred to as synoptic-circulation-induced
trends. The probabilistic approach provides a statistical
test of whether the observed trends can be explained
by changes in synoptic circulation alone, or not. This
is accomplished by estimating the likelihood that the
observed trend can be captured by the distribution of
synoptic-circulation-induced trends using a Monte Carlo
test. To demonstrate the method, we analyse recent tem-
perature trends in Europe based on the WATCH Forcing
Data ERA-Interim (WFDEI) data set for the period
1981-2010 and assess whether WFDEI temperature
trends can be attributed to changes in ST frequency
alone. The SVG is used to derive the distribution of
synoptic-circulation-induced trends, derived by repeated
resampling. The importance of within-type changes for
months and regions with unique responses is confirmed
by analysing whether groups of warm, medium, and cool
STs have become warmer or cooler over time. This study
provides a flexible statistical test that can be applied in
any region of the world and for other climate variables
to attribute the relative importance of synoptic changes
on climate trends. The European example analysis also
provides an important contribution towards an improved
understanding of the role of the two main components of
large-scale temperature change, i.e. synoptic circulation
changes and within-type changes, for Europe specifically
and points out regions and seasons that require additional
focused study.

2. Data

2.1.

A daily catalogue of STs for Europe, the SVG (provided
by P. James, 2013; personal communication) was selected
for this study. The SVG is an updated version of the
Objective-Grosswetterlagen catalogue (James, 2007),
with some methodological improvements described
in detail by Hoy etal. (2013a) and summarized in
Fleig et al. (2015) and Wapler and James (2015). These
improvements include using additional input variables and

Synoptic circulation classification, SVG
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improving the climate mean composites used for correla-
tion so they span the most common synoptic conditions
more effectively (Hoy et al., 2013a). SVG is derived from
mean sea level pressure, precipitable water, 500— 1000 hPa
thickness, and 500 hPa geopotential height. All variables
are taken from the Twentieth Century Global Reanalysis
(Compo et al., 2011) and supplemented by NCEP/NCAR
reanalyses (Kalnay et al., 1996) for the period after 2010
(P. James, 2016; personal communication).

In the automated classification, basic mean composites
of atmospheric variables are made for each of the 29
pre-defined Grosswetterlagen, requiring that an ST lasts
at least 2 days to remove less relevant transient weather
patterns. This is modified from James (2007), who used a
strict 3-day threshold. Daily pattern correlations between
the mean composites and mean sea level pressure, precip-
itable water, 500—1000 hPa thickness, and 500 hPa geopo-
tential height are applied to automatically assign days to
the 29 STs. Each day is assigned to the ST with the highest
correlation.

The SVG covers a larger domain than the
Hess-Brezowsky Grosswetterlagen, but a smaller domain
than the Objective-Grosswetterlagen (Hoy et al., 2013a).
It is not possible to define a boundary for the validity of the
SVG because the pattern correlations are calculated with
weights that gradually decay with distance from Central
Europe. P. James (2014, personal communication) recom-
mends using the domain 40°—-65°N and 10°W-30°E. This
is slightly smaller than the domain selected for this study.
We show the results for all of Europe for completeness,
while keeping in mind that the SVG classification is more
robust for central parts of Europe. Hoy efal. (2013b)
confirmed that the SVG adequately explains European
temperature changes.

2.1.1. Observed temperatures from WFDEI

Temperature data for the study period (1981-2010) were
taken from a bias-corrected reanalysis data set, the WFDEI
(Weedon et al., 2014). The WFDEI is a daily, gridded
0.5° data set of surface variables, originating from the
ERA-Interim reanalysis (Dee et al., 2011) and covering the
period 1979-2012. It consists of instantaneous flux vari-
ables (air temperature, wind speed, surface pressure, and
specific humidity) and accumulated flux variables (long-
wave and shortwave downward surface radiation fluxes,
rainfall, and snowfall rate), available at 3-hourly and daily
time steps. Here we use daily mean 2 m air temperatures.

Temperatures in the WFDEI were extracted from
ERA-Interim every 3-h forecasts and interpolated to a
regular 0.5° lat—lon grid before being elevation corrected
using the environmental lapse rate and bias-corrected
against gridded 0.5° monthly observations of average tem-
peratures and diurnal temperature ranges from the Climate
Research Unit (CRU), University of East Anglia. Prior
to 2010, temperatures stem from CRU TS 3.1 (Harris et
al., 2014, available from http://catalogue.ceda.ac.uk/). An
updated version, CRU TS 3.21, was used for the period
2010-2012, affecting only the last year of our study
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period. Weedon et al. (2014) report that using CRU TS
3.1 instead of CRU TS 3.21 results in minor differences
across the global data set. The station coverage in CRU
varies over time, but generally does not alter the aver-
age temperatures (Weedon et al., 2014). Discontinuities
and artificial variability make reanalysis data unsuitable
for trend analyses (Simmons et al., 2010; Saffioti et al.,
2015); however, CRU trends, not ERA-Interim trends,
are preserved after bias-correction (G. Weedon, 2015;
personal communication), making the WFDEI a good
candidate for large-scale, gridded trend studies. In addi-
tion, it is worth noting that WFDEI variables are spatially
consistent after bias-correction (Weedon et al., 2014),
which is important when linking the local climate to
the large-scale synoptic situation. Validation of WFDEI
(Weedon et al., 2014) shows that daily temperatures agree
well with observed surface fluxes at seven FLUXNET
stations globally (of which three are European stations).
lizumi et al. (2014) conducted further validation, com-
paring WFDEI with the Global Summary of Day data set
(Climate Prediction Center, 1987) and found little bias
for average temperatures. WFDEI proved superior regard-
ing daily mean temperature biases out of seven tested
reanalysis and forcing data sets. The WFDEI was used
for the European example, because it retains the accuracy
of the underlying CRU data set, while improving spatial
resolution and undergoing additional bias-correction using
climate station observations.

3. Methods
3.1.

The first step in the study was to perform a trend analysis of
WEDEI temperature changes across Europe. Temperature
trends were calculated using the Sen slope (also called
the Theil-Sen estimator or Kendall-Theil Robust Line;
Theil, 1950; Déry et al., 2005), because this nonparametric
trend estimator is less influenced by outliers than the linear
regression line (Stahl et al., 2012). The Mann—Kendall test
(Sneyers, 1990) was used to assess whether the WFDEI
trend is significantly different from zero (significance level
0.05). The magnitude of the WFDEI trend is hereafter
referred to as myyppg;, Which is derived as the median of
the linear slopes between all pairs of values:

Trend estimation

ol y"] = median (m,)

6]

m = median [
i

where yi — yj is the temperature difference between all pos-
sible values in the time series, i — ¢j is the corresponding
time difference between each pair of values in the time
series, and mk is a vector consisting of all possible linear
slopes. All trends were calculated from n =30 data points,
both for annual averages and for each month separately
(e.g. 30 mean January temperatures).

3.2. The probabilistic approach

The novel probabilistic approach provides a statistical test
of whether the WFDEI temperature trend can be explained
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by changes in synoptic circulation alone. First, we derived
the empirical distribution of synoptic-circulation-induced
trends by repeated historical resampling. Second, we
applied a test to assess the likelihood that the historical
WEFDEI trend could be randomly generated from this dis-
tribution, thereby assessing whether WFDEI trends can be
explained by synoptic circulation changes alone.

3.2.1. Deriving synoptic-circulation-induced trends by
resampling

Figure 1 (top) illustrates the main differences between the
two procedures: (1) derivation of the hypothetical time
series, following the existing Cahynova and Huth (2009)
method of hypothetical trends, and (2) derivation of the
resampled time series introduced in this study. Similar
to the method of hypothetical trends, any day occurring
in a given month with a given ST, will have the same
temperature in the new constructed time series. Thus,
STs are assumed not to warm or cool over time, which
means that any changes in the hypothetical temperature
series must be caused by changes in the frequency of
STs over time. With this assumption, positive (negative)
trends will result if warm (cool) STs become more frequent
at the expense of cool (warm) STs. The resampled time
series were derived as follows (for each grid cell sampled
simultaneously):

(1) Randomly select 1day from all days with a certain
month k and ST .

(2) Replace the temperature for all daily instances of ST
[ in month k with the temperature for this randomly
selected day.

(3) Repeat the resampling and replacement for all combi-
nations of months and STs.

(4) Calculate monthly mean temperatures for each grid
cell using the resampled time series.

(5) Calculate monthly trends of timeseries of resam-
pled temperature using the Sen slope (Section
3.1). The resulting trends are referred to as
synoptic-circulation-induced trends.

(6) Repeat the resampling 10 000 times with replacement,
implying that some days will be resampled in multiple
realizations, whereas others may not be selected.

The resulting Sen slopes for each of the 10 000 ensemble
time series comprise the resampled distribution of possible
synoptic-circulation-induced trends for a given grid cell.
The median of the distribution of synoptic-circulation-
induced trends is referred to as mgc. This distribution can
then be used to test the likelihood that the WFDEI trend
can be explained by changes in ST frequency alone.

3.2.2.  Statistical test to attribute trends to changes in
synoptic circulation alone

The likelihood that the WFDEI temperature trend belongs
to the distribution of synoptic-circulation-induced trends
is formulated as a two-sided, nonparametric Monte
Carlo test (Besag and Diggle, 1977) with the following
hypotheses:
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Method of hypothetical trends (Cahynova and Huth, 2009) and synoptic-circulation-induced trends
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Figure 1. (top) Example of how to calculate synoptic-circulation-induced time series using the method of hypothetical trends (left) and

our probabilistic approach (right). (bottom) The probabilistic approach allows comparing the WFDEI trend (myppg) to the distribution of

synoptic-circulation-induced trends. If H is accepted, the grid cell is white, the bottom rows in Figure 3 (panels (a) and (c)), and if H, is rejected, a

colour is shown (panels (b) and (d)). If the distribution of synoptic-circulation-induced trends is significantly different from zero (significant mgc),
the grid cell is marked with a dot in the middle rows of Figure 3 (panels (a) and (b)), otherwise, no dot is shown (panels (c) and (d)).

H,: The WFDEI trend can be explained by synoptic-circulation-induced trends, resulting in a stan-
changes in synoptic circulation alone. dard p-value. This is illustrated in Figure 1 (bottom). The
left column shows two cases where the null hypothesis
is accepted, implying that changes in synoptic circu-
lation alone can explain the WFDEI trend. The two

The null hypothesis was tested by assessing the cases in the right column show cases where the null
likelihood that the observed trend, myppg, could hypothesis is rejected, implying that myppgr, is sig-
have occurred randomly from the distribution of nificantly different from the circulation-induced trends

H,: The WFDEI trend cannot be explained by
changes in synoptic circulation alone.
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and that other factors contribute to the WFDEI trend,
in whole or in part. Rows in this figure test whether
the synoptic-circulation-induced trends are significantly
different from zero, with the top row showing a significant
effect of synoptic-circulation-induced trends (hereafter:
significant mgc), and the bottom row demonstrating no
significant effect of circulation trends (not significant
mgc). The four possible combinations listed in Figure 1
(bottom) allow a rigorous analysis of the results and
provide a useful reference when visualizing gridded test
results.

4. Results

This section presents an example analysis using the
proposed trend attribution test for Europe. It provides a
brief overview of the spatial pattern of the annual trends
(Sen slopes) in WFDEI temperatures (1981-2010) in
Section 4.1 and Figure 2, followed by a detailed analysis
of the corresponding monthly trends and whether they
can be attributed to changes in synoptic circulation alone.
Monthly trends are shown in Figure 3(a) (for winter and
spring) and Figure 3(b) (for summer and autumn), display-
ing the key result of the study in one figure. The different
parts of this figure are explained in Sections 4.2—4.4.
Colours in the top rows of Figure 3 show the trends in
monthly historical WFDEI temperatures (mywppg, as
defined in Section 3.2.2.) and dots indicate where these
historical trends are significant (myppg 7 0). Colours in
the middle rows show the synoptic-circulation-induced
temperature trends (calculated as the median of the dis-
tribution, mg-) and the presence of dots indicates where
circulation-induced trends are significant (mg- #0, cases
(a) and (b)). The third rows show the results of the sig-
nificance test outlined in this article and informs whether
synoptic circulation alone can explain the WFDEI trends.
White regions show areas where the null hypothesis is
accepted, i.e. myppgr (cases (a) and (c)), whereas colours
show regions where mypppr #mge (cases (b) and (d)).
Trends towards higher temperature (warmer) are shown
in red, whereas trends towards lower temperature (cooler)
are shown in blue. Significant trends are marked as dots.
For convenience, dots from the top row are reproduced in
the bottom row so that the reader may focus on regions,
which have significant WFDEI trends. Per this recommen-
dation, the results presented in this section will focus on
regions with significant WEDEI trends (dots in the bottom
row) to determine whether the significant historical trend
can be explained by circulation changes (white in the
bottom row) or by additional within-type changes (colours
in bottom row). By comparing the plots across all three
rows and referring to the cases in Figure 1, it is possible
to infer what is driving temperature changes in different
regions and at different times of the year. We emphasize
that the results are sensitive to the data and period chosen,
nevertheless, the recent European temperature changes
serve as a suitable testbed for the applicability of our novel
probabilistic approach.
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Figure 2. Trends (Sen slopes) of WFDEI temperature for the period

1981-2010 (annual average). The Sen slope was calculated as the

median slope of all possible combinations of pairs in the annual mean
of WFDEI temperatures. Dots mark significant temperature trends.

4.1.

Annual WFDEI trends were positive for nearly all of
Europe except for a few isolated grid cells in Turkey
(Figure 2). Warming trends were significant in 70.7%
of the grid cells (Table 1), dominating southeastern and
northwestern Europe. Averaged over all of Europe, the
annual trend amounted to 0.4 °C decade™!, ranging from
—0.25 t0 0.87 °C decade™".

Trends in annual WFDEI temperature

4.2. Trends in monthly WFDEI temperature (top rows)

Monthly WFDEI trends are summarized in Figure 3 (top
rows) and Table 1. Historical warming (myppg;) Was most
widespread in summer, notably in August when >60% of
the grid cells displayed significant warming. The summer
months June and July showed a similar widespread warm-
ing (~45%), followed by April and May (=25-30%), and
September and November (~20%). The lowest fraction of
grid cells experiencing significant warming was seen in the
winter months (x5%), when these significant trends were
restricted to only northern regions. In May, the warming
signal dominated southwestern Europe, and in June, it was
seen across Central Europe. In July and August, significant
warming was found further east, extending from the north-
ern to the southern borders of the domain. In September
and October, only small areas, Scandinavia and south-
eastern Europe respectively, were affected, whereas in
November, large parts of southeastern Europe were again
shown to be significantly warming. Localized warming
patterns existed in Scandinavia (January and December),
in the British Isles (January), and in Iceland (January,
June—September, and December). Significant cooling was
found in a few grid cells for Turkey in January (likely
caused by spurious data errors, see Section 5.5), and for
Spain in November and December. In the latter case, these
grid cells were part of a larger pattern of cooling, covering
Western Europe. Similar large-scale cooling patterns were
also found in other months and regions; however, none
of these showed any significance and are therefore not
discussed further. Note also that the threshold for what is
considered significant will vary with grid cell and month.
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Figure 3. WEDEI trends for (a) winter and spring, and (b) summer and autumn. Top row: WFDEI temperature trends for the period 1981-2010.

Dots mark significant WFDEI trends. Middle row: median of the (resampled) synoptic-circulation-induced trends (mgc). Dots mark significant

synoptic-circulation-induced temperature trends. Bottom row: as the top row, but with white regions to indicate where the Monte Carlo test

is accepted (i.e. explained by synoptic circulation changes alone), coloured regions where the null hypothesis is rejected (i.e. other factors
play arole).
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Table 1. Number and fraction of grid cells (out of 6352 grid

cells in total) that experience significant warming (left), cooling

(middle), and that which cannot be explained by circulation
changes alone (right), i.e. the null hypothesis is rejected.

Mann-Kendall trend test Monte Carlo test

Significant Significant Rejected
warming (%)  cooling (%) H, (%)
January 4.8 0.2 27.1
February 5.1 0 13.8
March 10.3 0 30.0
April 29.4 0 43.9
May 254 0 22.0
June 43.7 0 50.2
July 46.2 0 53.4
August 60.3 0 47.4
September 22.0 0.3 20.4
October 13.6 0 31.6
November 23.5 0.4 26.4
December 6.2 0.4 10.5
Annual 70.7 - -

For example, the critical thresholds in winter and sum-
mer (top rows) are not necessarily equal across months,
because winter has a higher temporal variability than
summer.

4.3. Derived synoptic-circulation-induced trends
(middle rows)

Synoptic-circulation-induced trends, i.e. the component
of the WFDEI trend that can be attributed to changes
in the frequency of STs, are plotted in the middle
rows of Figure 3. The median of the distribution of
synoptic-circulation-induced trends (mgc-) is shown in
colour in the middle rows. Additional dots indicate that
the distribution of synoptic-circulation-induced trends
were significantly different from zero (significant mgc).
By comparing regions of significant WFDEI trends (dot-
ted regions in the top rows) with regions in the middle row,
we see that significant warming WFDEI trends could be
explained by more frequent warm STs for Scandinavia and
Benelux in April; France and Spain in May; the Balkans,
Ukraine, and Hungary in July; and southeastern Europe in
November. More localized significant WFDEI trends were
combined with significant mg. in the Balkans and north
Italy in February, Belarus in August, and Western Nor-
way in September. In December, we could see a cooling
WEFDEI trend in Spain and significant mge in France. Even
though the mg- was not significant in Spain, the prox-
imity to the larger signal of synoptic-circulation-induced
cooling in France suggests that the cooling in Spain in
December may be influenced by synoptic circulation
changes.

Warming and cooling patterns of synoptic-circulation-
induced trends generally resembled those of the WFDEI
trends (comparing the upper and middle rows), how-
ever, the magnitudes of mg- were generally weaker than
Mmyppgr- 1his 18 because myyppp represents one realization,
whereas mg represents the ensemble median of 10000
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realizations. Thus, mg is smoothed compared to 1iywppg;
because the variance of the sample median is reduced
as the number of samples increases. It should further be
noted that in some specific cases, the two trend magnitudes
disagree in sign. In certain months and regions, such as
the Baltics in March, Scandinavia in May, and Spain in
July, synoptic-circulation-induced trends were negative,
whereas WFDEI trends were positive. Here, the cooling
imposed by synoptic circulation changes is exceeded
by other factors, resulting in an observed warming
trend.

4.4. Attributing trends to synoptic circulation changes
or within-type changes (bottom rows)

The result of the Monte Carlo test is shown in the bot-
tom rows of Figure 3. They show the same as the top
rows, except that white regions indicate where the Monte
Carlo test is accepted. Thus, significance dots on top of
white indicate that a significant temperature trend can
be explained by synoptic circulation changes alone, and
significance dots on colour indicate that other factors
play a role in creating a significant temperature trend.
Here we discuss how the results jointly explain the rel-
ative role of synoptic circulation changes, focusing on
regions with significant WFDEI trends (dots in the bot-
tom row), and sort the results into the four cases shown in
Figure 1.

Significant WFDEI warming detected in April, June,
July, and August across Europe could not be explained
by synoptic circulation trends and therefore within-type
changes played an important role in the large-scale
warming during these spring and summer months. These
within-type trends correspond to case (d) in Figure 1,
and emerge because the null hypothesis is rejected, and
mgc 1s not significant. Table 1 (right columns) shows that
the null hypothesis is rejected in >40% of the grid cells
in these months. In the southeastern part of the domain,
within-type changes also played a role in March, May,
October, and November. To a smaller extent, within-type
changes explained the warming in December and January
for Northern Scandinavia, May for Eastern Mediterranean,
and in March and October east of the Black Sea. In March,
June, and October, there was nearly a 1 : 1 correspondence
between the WFDEI trend and the within-type trend
signal.

The WFDEI trend was explained by synoptic circulation
changes alone (case (a) in Figure 1) in France and Spain in
May. In the Balkans in February and Belarus in August,
this case covered small regions of significant WFDEI
trends. These trends can be explained by more frequent
warm and less frequent cool STs over the time period.
Both synoptic circulation changes and within-type changes
contributed to the trend for Scandinavia and Benelux in
April (case (b)). Case (c) was found for the Baltics in
August and for Scandinavia in September. Here, synoptic
circulation changes explain the WFDEI trend, but the
distribution of synoptic-circulation-induced trends is not
significant at the 0.05 level.
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5. Discussion

5.1. Trends in WFDEI temperature

Trends in annual and monthly WFDEI temperature
showed clear warming across most of Europe in agree-
ment with previously published trend patterns (EEA,
2008; Simmons ef al., 2010; Jones et al., 2012). Annually,
we found a strong warming signal in Northern and Eastern
Europe, as also found by EEA (2008), Simmons et al.
(2010), and Jones et al. (2012) for the periods 1976—-2006,
1979-2008, and 1951-2010, respectively. Seasonally,
the most widespread warming across Europe was found
from June to August, in April, and in November, as also
reported by Fleig et al. (2015) for the period 1957-2001.
Significant cooling was only detected in a few individual
grid cells.

The strongest trend magnitudes were seen in a rather
small region in the northernmost part of Scandinavia, with
trends of up to 2.6 °C decade™" in December. This strong
warming may be influenced by limited station coverage,
and poor data quality during winter. To investigate this fur-
ther, we compared temperature trends in WFDEI against
trends in station observations. The results (not shown) con-
firmed strong trends on the order of 2 °C decade™! during
December and January. Certain stations in Norway used by
CRU are known to be influenced by temperature inversions
(Vikhamar-Schuler and Hanssen-Bauer, 2010). Therefore,
temperature trends at these stations likely reflect that tem-
perature inversions have become less frequent rather than a
general warming of the region. Thus, whether these results
are representative for a larger region remains an open
question.

We found relatively small regions of significant warm-
ing WFDEI trends in winter, contrary to previous stud-
ies (Klein Tank et al., 2005; Fleig et al., 2015). There
are several reasons for this, including differences in time
periods and data used. Winter warming from the 1960s
to the 1990s is commonly explained by a positive phase
in the North Atlantic Oscillation (NAO), favouring more
frequent westerly (warm) STs and less frequent east-
erly (cool) STs (Bronnimann et al., 2009; Cahynova and
Huth, 2009; Cattiaux et al., 2013; Hoy et al., 2013a).
The time periods used by Fleig et al. (2015) and Klein
Tank et al. (2005) (1963-2001 and 1976—1999, respec-
tively) ended when NAO was in its positive phase, whereas
our study period (1981-2010) extends into the recent
downward trend in NAO during the last decade, includ-
ing the very cold winter 2009/2010 (Hurrell and Deser,
2009; Osborn, 2011). Saffioti et al. (2015) reported that
from 1998 to 2012, temperature trends during winter
in the mid-latitudes of Europe became negative, partly
because of this shift in the synoptic circulation, i.e. towards
cooling in Northern Europe. They further argued that
the Northern Hemisphere winter cooling was overesti-
mated because of incomplete observation coverage in
the warming Arctic. This warming hiatus partly explains
why pronounced winter warming was rather limited in
our study.
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5.2. Trends attributed to synoptic circulation changes
alone (H accepted)

In this section, we discuss to what degree WFDEI trends
can be attributed to synoptic circulation changes alone.
The null hypothesis, H,,, was accepted and mg. was signif-
icant in May for France and Spain (case (a) in Figure 1).
Fleig et al. (2015) reported similar strong influences of
synoptic circulation on temperature in May for France
and the UK, however, they found the highest trend ratios
(implying dominating influence of synoptic circulation
changes) in January and February for Western Europe, and
in November for the Balkans. Further, Fleig et al. (2015)
found no circulation influence for the Baltics in August or
for Scandinavia in September (where we found that H,, was
accepted, but mg- was not significant at the 0.05 level).
Previous studies report the NAO to be the most important
mode of atmospheric variability for Europe (e.g. Hurrell
and Deser, 2009; Hertig et al., 2015). NAO impacts
temperatures most strongly in winter, and its impact is
greatest for North Atlantic Europe (Beranovd and Huth,
2008; Hurrell and Deser, 2009). During its positive phase,
NAO advects warm air to Northern Europe and cold air to
Southern Europe, however, the correlation between NAO
and temperature is non-stationary in time (Hertig et al.,
2015). Beranova and Huth (2008) analysed relationships
between five modes of variability and maximum winter
temperatures for all of Europe over the period 1958—1998
and found that increased zonality caused an eastward shift
of the Icelandic low during the positive phase of NAO.
This shift led to more cyclonic situations north of 45°N,
and an eastward shift of the Azores high that led to more
anticyclonic situations south of 45°N. A number of circu-
lation classifications have been applied to study circulation
changes across Europe in recent decades, including the
Grosswetterlagen (1958—-2000; Kysely and Huth, 2006);
the SANDRA scheme (1850-2003; Philipp et al., 2007);
the Objective-Grosswetterlagen (1960—-2002; James,
2007); the SVG, Grosswetterlagen and Vangenheim-Girs
(1901-2010 and 1981-2010; Hoy et al., 2013a); and
COST733cat classifications (1961-2000; Cahynovd and
Huth, 2016). For a summary of circulation classifications
tested in the COST733 Action, see Huth ez al. (2008).
The study periods differ, but the results are nevertheless
consistent in winter and, to some degree, in other seasons.
In winter, mild westerly STs have increased, whereas cold
easterly types have decreased (Kysely and Huth, 2006;
Philipp et al., 2007; Hoy et al., 2013a; Cahynovd and
Huth, 2016), confirming winter warming (Jones and Lis-
ter, 2009; Hoy et al., 2013b). Anticyclonic types and the
frequency of blockings increased until 1990 and declined
thereafter, favouring more extreme temperatures in the
first period (Kysely and Huth, 2006). In spring, no clear
changes in the ST frequencies were found (Philipp et al.,
2007; Cahynova and Huth, 2016). In April and the summer
months, Hoy et al. (2013a) found that synoptic circulation
explained a part of the warming signal by an increase in
continental, anticyclonic situations that attracted warm
air towards Central Europe, when comparing the periods
1981-2010 and 1901-2010. This coincides with the
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widespread warming we found in Central Europe, how-
ever, except for July, we did not detect clear influence of
synoptic-circulation-induced changes on this widespread
warming. In summer, cool northerlies increased (Philipp
etal., 2007), however, Kysely and Huth (2006) found
that they decreased after mid 1980s. In autumn, cool
STs decreased (Philipp et al., 2007). Cahynova and Huth
(2016) found no trend in ST frequency in spring, summer,
or autumn, but still detected temperature changes in those
seasons.

We made an effort to detect changes of individual ST
frequencies that could help elaborate on change patterns
related to synoptic circulation (middle rows of Figure 3).
This was not possible, however, because of methodological
issues. It was concluded that a rigorous analysis of changes
in the ST frequencies would require a regional-based
approach for all months, which is beyond the scope of this
study.

5.3. Trends attributed to within-type changes (H,
rejected)

Here we discuss the two cases arising when WFDEI trends
that could not be explained by synoptic circulation changes
alone: H, rejected and significant mg- (case (b)) and H|,
rejected, but synoptic circulation changes were not sig-
nificant on the 0.05 level (mgc not significant; case (d)).
Case (b) was detected for Scandinavia in April, and for
the Balkans in July and November. The combined influ-
ence of the two components have been documented by
Jones and Lister (2009), who found that certain STs expe-
riencing within-type change also increased in frequency
(Philipp et al., 2007). For the Balkans in November, cool
STs became more frequent (Fleig et al., 2015). For Scan-
dinavia, they found an increasing trend of dry, warm
STs in April; however, the signal was not significant.
Contrary to our findings of synoptic-circulation-induced
trends, Fleig et al. (2015) reported negligible synoptic cir-
culation influences for Scandinavia in April, and the Black
Sea region in July, likely because of the different time
periods used.

Case (d) was detected for large parts of Europe from
April to August, and north of the Black Sea in Novem-
ber. These results are in line with other studies that found
within-type changes to be important for Central Europe,
especially in July (1780-1995; Beck et al., 2007 and
1750-2000; Kiittel et al., 2011). It is worth noting that
these studies are not directly comparable to ours because of
the different time periods and methods. Both used objec-
tive circulation classifications based on mean sea level
pressure. Further, they found marked multidecadal vari-
ability in the contribution of synoptic circulation changes
and within-type changes over time, emphasizing that the
results presented in section 4 are valid only for the time
period analysed (1981-2010).

Within-type changes may be caused by positive feed-
backs between the land surface and the atmosphere, by
forcing from greenhouse gases, or other potential cli-
mate factors. Warming in water-limited regions during
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the summer has been documented to be influenced by
soil moisture—temperature feedbacks (Vautard and Yiou,
2009; Zampieri et al., 2009; Seneviratne et al., 2010;
Fischer et al., 2012), which may explain the within-type
changes we detected in Southern and Central Europe in
spring and summer. The warming in Scandinavia dur-
ing spring and summer is likely influenced by albedo
feedbacks related to changes in snow cover and/or vege-
tation cover, and potentially also soil moisture feedbacks.
Reduced snow cover and a longer growing season have
been documented for Norway by Wilson et al. (2010),
Skaugen et al. (2012), and Dyrrdal ef al. (2013). Near
the Atlantic coast, sea surface temperatures have been
found to influence air temperatures, through direct heating
of air masses (de Bilt, The Netherlands, for 2006; van
Oldenborgh, 2007 and Central England temperatures,
1850-2007; Parker, 2009). We performed a trend analysis
of the Extended reconstructed sea surface temperature
(ERSST) data set (Sen slopes for the period 1981-2010,
for all of Europe; not shown). It did not reveal pronounced
trends in the Barents Sea in any of the months, but warm-
ing trends were detected in the Bay of Bothnia from
January to September.

5.4. Confirmation of within-type changes

To further investigate the role of within-type changes,
we selected the Black Sea region in November as a
region experiencing significant WFDEI trends where the
null hypothesis was rejected. Figure 4 shows trends (Sen
slopes) in three temperature groups of STs: the warmest,
medium, and coldest one-third of the ST mean tempera-
ture. With as many as 29 STs, it was necessary to group
STs to get enough samples for a trend analysis. Temper-
ature trends of these ST groups were subsequently calcu-
lated. A single ST may result in low temperatures for some
regions and high for others, therefore, the grouping was
done for a region that was assumed to be rather homoge-
neous in terms of synoptic circulation influence (grey box
in Figure 4). All three ST groups in November warmed
over time, confirming that within-type changes play a role.
Temperatures in the warm ST group increased more than
in the medium and cold groups.

This test for the Black Sea region in November, as well
as the within-type changes detected in spring and summer,
shows that a predictable link between synoptic circulation
and the local climate is not always present. Predictions of
local temperature from synoptic circulation, for instance
in statistical downscaling, require such a predictable link
(Beck et al., 2007). For months and regions experiencing
within-type changes, care should be taken before applying
statistical downscaling.

5.5. Uncertainty

As a primarily methodological study, the analysis pre-
sented here focused on large-scale consistent patterns,
while largely discounting isolated anomalies as a topic
for later study. While the WFDEI temperature data are
among the best available high resolution data sets avail-
able for Europe, some of the localized trends may be
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Figure 4. Sen slopes for the warmest, middle, and coldest one-third of the STs, for the Black Sea region in November. Grid cells influenced by
changes in synoptic circulation are not shown, to limit the analysis to within-type change. The definition of a cold and warm ST is not valid outside
the grey box.

related to underlying issues in the data set. Some CRU
stations used in the bias-correction contain time series
unsuitable for trend analyses. This is likely caused by
quality issues, such as long periods of missing data. For
example, the Turkish mountain station Erzurum lacks data
for 10 months during the period 1987—-1991 and Alme-
ria in Spain lacks data for 8 months in 1980 (Jones et al.,
2012). In CRU, missing observations are replaced by
the climatological mean monthly temperature, which may
introduce biases in grid cells that often lack observa-
tions (Weedon et al., 2014). This may explain some highly
localized trends, particularly near the Eastern Turkey site
that operate differently than the predominant regional
trends and remain a topic for more detailed, regional
confirmation. Concerning the validity of the SVG data
set, it must be kept in mind that its performance decays
with distance from Central Europe (i.e. Germany), imply-
ing higher uncertainty towards the outer boundary of the
domain.

6. Conclusions

The aim of this study is to introduce a novel probabilis-
tic approach to detect months and regions where recent
temperature trends can be explained by changes in atmo-
spheric synoptic circulation alone. The approach has been
developed based on data for Europe (1981-2010), but is
applicable in any region of the world, as well as for other
variables. Temperatures, available from the WFDEI, and
a catalogue of STs (SVG) were used to assess changes in
the frequency of STs. The probabilistic approach, which
involves resampling and a Monte Carlo test, allows assess-
ing the spread of synoptic-circulation-induced trends and
thereby provides an estimate of the likelihood that the
WEDEI temperature trend is attributable to changes in syn-
optic circulation alone. The approach represents a notable
improvement to limitations inherent in existing method-
ologies.
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The main conclusions are:

e Widespread warming in annual temperature was found
in large parts (70%) of Europe, and in all months. The
most consistent warming signal was found from April
to August, and in November, affecting large parts of
continental Europe. In winter, the extent was smallest,
but the trend magnitudes were strongest.

e Synoptic-circulation-induced trends, i.e. the part of the
trend that can be attributed to changes in the fre-
quency of STs, were important for explaining warming
trends for Western Europe in May. For the Baltics in
August, and Scandinavia in September, synoptic circu-
lation changes explained the warming, but the distri-
bution of synoptic-circulation-induced trends was not
significantly different from zero.

e Within-type changes, i.e. STs changing their properties
over time, explained the warming trends in April, June,
July, and August for much of continental Europe, and
north of the Black Sea in November.

e Both circulation changes and within-type changes influ-
enced WFDETI trends in April (Scandinavia), July, and
November (the Balkans).

e For the Black Sea region in November, we showed
that STs warmed over time, confirming the role of
within-type changes.

To investigate the physical processes controlling the
detected changes requires targeted land surface model
experiments, preferably in combination with flux measure-
ments. This is the topic for further studies.
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