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Abstract The observed prominent multidecadal variations
in the central to eastern (C—E) European summer tempera-
ture are closely related to the Atlantic multidecadal vari-
ability (AMV). Using the Twentieth Century Reanalysis
project version 2 data for the period of 1930-2012, we pre-
sent a mechanism by which the multidecadal variations in
the C—E European summer temperature are associated to a
linear baroclinic atmospheric response to the AMV-related
surface heat flux. Our results suggest that over the north-
western Atlantic, the positive heat flux anomaly triggers
a surface baroclinic pressure response to diabatic heating
with a negative surface pressure anomaly to the east of the
heat source. Further downstream, this response induces
an east-west wave-like pressure anomaly. The east-west
wave-like response in the sea level pressure structure, to
which we refer as North-Atlantic-European East West
(NEW) mode, is independent of the summer North Atlan-
tic Oscillation and is the principal mode of variations dur-
ing summer over the Euro-Atlantic region at multidecadal
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time scales. The NEW mode causes warming of the C-E
European region by creating an atmospheric blocking-like
situation. Our findings also suggest that this NEW mode is
responsible for the multidecadal variations in precipitation
over the British Isles and north-western Europe.
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Europe - Linear baroclinic response

1 Introduction

The Atlantic multidecadal variability (AMV) has a pro-
found impact on European summer climate (Sutton and
Hodson 2005; Knight et al. 2006). Substantial increase of
temperature in central Europe is observed during a strong
phase of the AMV (Sutton and Hodson 2005). The AMV-
related atmospheric pathway to the European summer cli-
mate, however, is still not understood. Previous studies
considered the summer North Atlantic Oscillation [SNAO,
Folland et al. (2009)] and associated meridional shifts in
the storm tracks explaining variations of the European sum-
mer climate (Dong et al. 2012; Bladé et al. 2012). Even
though a direct link of the AMV to the SNAO is still con-
troversial. In addition to the summer North Atlantic Oscil-
lation (SNAO), an alternative atmospheric response could
be the baroclinic atmospheric response to shallow diabatic
heating anomalies in the extra-tropics (Smagorinsky 1953;
Hoskins and Karoly 1981; Kushnir 1994). Such diabatic
heating can result from AMV-related surface heat fluxes as
recently shown in the analysis of observations (Gulev et al.
2013). Here, we investigate the atmospheric response to
such diabatic heating in the North Atlantic and we identify
a remote pathway which explains the observed multidec-
adal variations of European summer climate.
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The central to eastern (C—E) European summer cli-
mate exhibits prominent multidecadal variations as shown
by surface air temperature (SAT) in Fig. la. For example,
there is a likelihood of appearance of high SATs between
1930 and 1960, and from 1990 onwards, and low SATS
between 1960 and 1990. Similar multidecadal variations,
however, have also been observed for other parameters,
for example for the precipitation over the British Isles and
north-western European (BE) region (Fig. 1b), suggesting
that BE precipitation and C-E European SATs stem from
the same dynamical response at multidecadal time scales.

Multidecadal variations of C-E European SATs and
multidecadal variations of North Atlantic sea surface tem-
peratures (SSTs), the AMV, have similar temporal varia-
tions with a correlation of 0.84 (Fig. 1a). Previous studies
suggested that the AMV affects European summer climate
(e.g. Sutton and Hodson 2005; Sutton and Dong 2012;
Robson et al. 2012; Miiller et al. 2014). The observed dif-
ferences between the warm phase (1931-1960) and the
cold phase (1961-1990) of the AMV have shown warmer
summer SATs over C-E Europe to be associated with a
warm phase of the AMV and vice versa (Sutton and Hod-
son 2005; Sutton and Dong 2012). Similar results are found
for the transition from a cold phase to a warm phase in the
1920s (Miiller et al. 2014) and the transition from a warm
phase to a cold phase in the 1960s during the North Atlan-
tic cooling (Sutton and Dong 2012; Robson et al. 2012).
These studies also showed, during the warm phase of AMV,
a positive summer precipitation anomaly over northern
Europe including the BE region, thus suggesting a close

association between the multidecadal variations of C-E
European SATs and BE precipitation in summer. In sum-
mary, the AMV is accepted as a governing factor for multi-
decadal variations of European summer climate. How-
ever, a mechanism describing the atmospheric pathway
from the AMV to European summer climate has yet to be
established.

The principal mode of interannual variability in summer
sea-level pressure (SLP) over the North Atlantic-European
(NAE) region is usually referred to as SNAO which has a
typical North-South dipole-like structure in SLP with the
southern lobe over the north-western Europe. Vertically,
the SNAO is near equivalent barotropic in structure and
on interannual time scales, it has significant impact on the
climate over the north-western Europe by varying the posi-
tion of the North Atlantic storm track (Folland et al. 2009;
Dong et al. 2012; Bladé et al. 2012). Additionally, Bladé
et al. (2012) found the influence of SNAO on Mediterra-
nean climate in interannual as well as multidecadal time
scales. However, SNAO and AMYV are not found to be sig-
nificantly related on multidecadal time scales. Moreover,
on multidecadal time scales to our knowledge no previous
research identified any robust relation of the SNAO with
C-E European SATs and BE precipitation. Therefore, the
AMV-related multidecadal variations of C-E European
SAT are unlikely to be due to an SNAO type of atmos-
pheric response.

An alternative mechanism to the SNAO is the baro-
clinic atmospheric response related to the extra-tropical
SST anomalies (Hoskins and Karoly 1981; Kushnir 1994;
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Kushnir and Held 1996). According to the linear quasigeos-
trophic theory, in the extra-tropical ocean, a shallow diaba-
tic heating induces a surface low east of the centre of heat-
ing. The surface low deviates the colder polar wind towards
the heating region and drives sub-tropical warmer air to the
east of the centre of the low pressure (Hoskins and Karoly
1981). Kushnir (1994) found a similar pressure response
for interdecadal variations of the SST in the extra-tropical
Atlantic Ocean over all seasons. From that he inferred that
the atmospheric response to SSTs over the North Atlantic
sector differs between interannual and interdecadal time
scales. Similar results were found in an atmospheric gen-
eral circulation model experiment by prescribing the SST
anomalies over the extra-tropical Atlantic Ocean (Kushnir
and Held 1996). Moreover, Gulev et al. (2013) showed that
the surface heat flux over the north western Atlantic region
shows similar multidecadal variations as the AMV and thus
may produce the diabatic heating background required
for such a baroclinic response. In addition, Gastineau and
Frankignoul (2015) recently showed that such heating dur-
ing summer is shallow in nature. These results strongly
suggest an investigation of a linear baroclinic response to
diabatic heating and its impact on the multidecadal varia-
tions of C—E European SAT.

Previous studies emphasize on limitations of such baro-
clinic response to diabatic heating under the influence of
transient eddies (Kushnir et al. 2002). The transient eddies
can change the baroclinic nature of the response to equiva-
lent barotropic, which indeed is the case in winter (Czaja
and Frankignoul 2002). However, the strength of the tran-
sient eddy forcing depends on the climatological mean
state of the season (Peng and Whitaker 1999). Therefore, it
could be possible that the eddy forcing in summer is not as
strong as winter which we must ensure to confirm the lin-
ear baroclinic response to extra-tropical heating.

We use the National Center for Environmental Predic-
tion (NCEP) Twentieth Century Reanalysis Project version
2 (20CRv2) data (Compo et al. 2011) to asses the nature of
multidecadal variations in the C—E European summer SAT
and to establish an atmospheric pathway from the AMV
to the C-E European SAT. Similarly, we show a plausible
cause of multidecadal variations for the BE precipitation
as a manifestation of the same dynamical mechanism. The
description of the data used and the methods applied can
be found in Sect. 2. The nature of the multidecadal vari-
ations of European summer temperature and its relation
with the north-western Atlantic heat flux are explained in
Sect. 3. Section 4 describes the observed North-Atlantic-
European East West (NEW) mode during summer and its
association with the C-E European summer temperature
variations. The probable mechanisms for the association
of the NEW mode with European climate are explained in
Sect. 5. Section 6 adds some discussion regarding the new

findings and Sect. 7 summarizes the major results found in
this study.

2 Data and methods

Here, we use the 20CRv2 data as a proxy for observations
(Compo et al. 2011). The data are based on the experimen-
tal version of the NCEP Global Forecast System model,
whose setup we briefly describe here. The observed vari-
ables were derived using synoptic surface pressure data
records from the International Surface Pressure Databank
(ISPD). The monthly observed SST and sea ice concentra-
tion data from HadISST 1.1 were used as boundary condi-
tion during the simulations (Rayner et al. 2003). The rea-
nalysis fields were generated for 6 hourly temporal and 2°
horizontal resolution on 24 vertical levels. A ’deterministic’
type Ensemble Kalman Filter algorithm was used for the
assimilation (Whitaker et al. 2004; Compo et al. 2006). An
ensemble of 6-hourly global fields was performed for the
entire period of the simulation. Here, we use for our analy-
sis the monthly mean fields derived from the 6-hourly fields
covering the period 1930-2012. For further verification, we
use the SAT and precipitation data, stem from the CRU
TS3.2 and covering the period 1930-2012 with 0.5° resolu-
tion (Harris et al. 2014). For reasons explained in Sect. 3.2,
we restrict our analysis to the time period between 1930
and 2012 in 20CRv2.

To analyse the governing factors behind the multidec-
adal variations of the European summer climate, we apply
for all variables a 11 years running mean to the detrended
time series of seasonal [June—July—August (JJA)] means.
We remove the trend by a linear fit. Composites of the
respective variables are constructed on the basis of a pre-
defined index such as the AMV or the SAT index over a
certain region. The composites of the corresponding param-
eters are defined as the difference of the epochs above and
below zero line of the reference index. The significance of
the composites is tested using a bootstrap algorithm where
the composite at each grid point is calculated on the basis
of permutation of the reference index for 1000 times where
a block of 11 years is permuted to consider the effect of
smoothing (11 years running mean) in the data. If the 975
out of the 1000 composite values at any grid point is greater
or less than the actual composite value, then according to
a two-tailed test that grid point is considered significant
at 95 % level (Matthews and Kiladis 1999; Schreck et al.
2013).

For defining the relevant period considered in this study
(1930-2012), we perform running correlation between two
reference indexes (AMV and Heat Flux) using a 70 years
time window. The significance of the running correlation
is calculated through permutation of the indexes for 1000
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times and forming a null distribution on the basis of the
highest correlation found in each attempt. We permute a
block of 11 years to account for the auto-correlation in the
time series due to smoothing.

In case of Pearson’s correlation coefficient values men-
tioned in the paper, for the period 1930-2012, any correla-
tion value above 0.75 (0.66) is significant at 95 % (90 %)
level according to a two-sided student ¢ test with an equiva-
lent sample size of 7 which accounts for the auto-correla-
tion in the data due to smoothing. Similarly, for the entire
period of 20CRv2 (1871-2012) the 95 % significance level
of correlation is 0.58 with equivalent sample size of 12.

To find the principle mode of variations in a parameter,
the empirical orthogonal functions (EOF) of the spatial
variations are calculated from the parameters by using their
anomaly covariance matrix (North et al. 1982). This proce-
dure is also known as principal component analysis (PCA).
The robustness of the orthogonal modes is checked by
rotating the EOFs using Kaiser row normalization and the
varimax criterion (Mestas-Nunez 2000). The coupled mode
of variations between two parameters are further calculated
using the singular value decomposition (SVD) technique
on their covariance matrix (Bretherton et al. 1992).

For understanding the role of the synoptic eddies, the
transient component of the velocity and temperature fields
are calculated using a 2—6 day band pass Lanczos filter on

the field of daily data over a particular season (Duchon
1979).

For deriving the blocking frequency, the blocking index
is used in its extension to two dimensions (Scherrer et al.
2006). The daily 500 hPa geopotential height (Z500) data
from 20CRv2 are used to construct the blocking index.
For the two dimensional extension of the index, all grid
latitudes between 35°N-75°N are accounted as central lati-
tudes. A latitude gradient of 15° north and south is taken
around every central latitude to calculate the Z500 gradient.
A grid point is considered as blocked if the northern Z500
gradient is less than —10 m and southern Z500 gradient is
more than 0 m for minimum 5 consecutive days.

3 Multidecadal variations of European summer
SAT

3.1 Central to Eastern European SAT Index

We first define the C—E European SAT index, using the first
mode of the principal component analysis of summer (JJA)
2 meter air temperature (11 years running mean) over the
region 35°N-75°N and 20°W-50°E (Fig. 2a). The spatial
distribution of the first mode covers much of the central
to eastern (C—E) European area and its time series shows
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mer (JJA) 2 m air temperature
in °C (11 years running mean) 0.1
for the time period 1930-2012. y
The explained variance is 63 %. 0.075
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strong multidecadal variations. This mode explains 63 %
of the total variability. The temporal variations of this
mode are similar to the AMV (Fig. 2b) (temporal correla-
tion = 0.82) and thus indicate the close correspondence of
the C-E European temperature in summer with the North
Atlantic SST variations.

3.2 Relation between European summer SAT
and North Atlantic heat flux

Before considering the atmospheric pathways, we inves-
tigate the nature of the relation between the North Atlan-
tic surface (sensible + latent) heat fluxes and the AMV in
20CRv?2 for the entire period (1871-2012). A composite of
the heat flux based on the AMV index identifies the region
of the most intensified heat fluxes at the central subpolar
gyre region and eastern subtropical Atlantic and shows

20°W

0.90

0.80

0.70

0.60

Run Corr (70 years)

TS IR S W

0.50 T T T T T T
1871 1880 1890 1900 1910 1920 1930 1940
Year

Fig. 3 a Composite of total (sensible + latent) surface heat flux
anomaly (11 years running mean) in Wm™2 over the ocean with
respect to the positive-negative phase of the AMV index (1871-
2012). Positive values denote that the ocean is releasing heat to the
atmosphere. The dotted regions denote areas with significance at
95 % level based on block-bootstrap test. The red box is the area con-
sidered for constructing averaged heat flux anomaly over the north-
west Atlantic. Only the significant grid points inside the red box are
taken for making the average. b Running correlation of AMV index
and the averaged heat flux (both 11 years running mean) for 70 years
windows. The value of the correlation is plotted as red dots at the
starting point of the correlation window. The horizontal black line is
showing the 95 % significance level of the running correlation based
on block-bootstrap test

mostly positive heat fluxes over the North Atlantic except
over the western Atlantic and Labrador Sea (Fig. 3a). This
spatial pattern is similar to the findings of Gulev et al.
(2013), who use observations. Next, we use an average of
all heat flux anomalies that are significant at 95 % level
over the north-western Atlantic Ocean to relate the heat
flux anomalies to the AMV. The evolution of a 70 years
time window running correlation is shown in Fig. 3b. The
overall correlation between the AMYV and heat flux is 0.69,
which is mainly due to stronger relation in the later part of
the record. The values of the running correlation are low
and not significant at the beginning of the record. Only
from 1930 onward, the correlations are above the signifi-
cance level of 95 % (0.837). One reason for the temporally
changing relation between the AMV and heat flux could be
the limited number of observations assimilated at the begin-
ning of the 20CRv2 compared to the later periods (Krueger
et al. 2013; Gastineau and Frankignoul 2015). Since the
diabatic heating of the north-western Atlantic Ocean is the
foundation of our proposed atmospheric response gener-
ated from AMYV, the significant relation between these two
parameters is essential. Hence, we restrict our entire analy-
sis to the period from 1930 onwards from 20CRv2.

Given the close relation of C-E European SAT and the
AMYV, composites of the surface heat flux with respect to
the C-E European SAT index shows a similar response as
for the AMV (Fig. 4). The heat flux composite shows an
area in the north-western Atlantic which is significantly and

Fig. 4 Composite of total (sensible + latent) summer surface heat
flux anomaly (11 years running mean) in Wm~2 over the ocean
(color) with respect to the positive—negative phase of the C-E Euro-
pean SAT Index (1930-2012). Positive values denote that the ocean
is releasing heat to the atmosphere. The dotted regions denote areas
significant at 95 % level based on block-bootstrap test. The red box is
the area considered for constructing averaged heat flux anomaly over
north-west Atlantic Ocean. Only the significant grid points inside the
red box are taken for making the average
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positively related to the C—E European SAT. The averaged
surface heat flux over this region is of the order ~6 W m 2.
Vertically, the warming is maximum within ~700 hPa (not
shown) which is in accordance to previous studies (Kush-
nir et al. 2002; Gastineau and Frankignoul 2015). Hence,
considering the depth of the heating as up to 700 hPa
(~2-3 km) the heating rate would be of magnitude ~0.1 to
0.2 K day~!. Apart from that, the eastern subtropical gyre
also provides some heat to the atmosphere.

The temporal variations of the heat flux anomaly
over the north-western Atlantic region (30°N-60°N,
20°W-60°W), the variations of the SAT index and the
AMYV index, all show similar multidecadal variations over
the last century (Fig. 5). Here, only the grid points show-
ing significance at 95 % level with respect to SAT index
are considered when calculating the average of the heat
flux anomaly over the above mentioned area. The averaged
heat flux anomaly has a temporal correlation with the SAT
index of 0.89. The close association of the C—E European
SAT with the north-western Atlantic heat flux provides the
basis to examine the dynamical atmospheric response in
20CRv2, which can eventually affect the European summer
climate at multidecadal time scales.

4 NEW mode: a linear baroclinic response

In a conceptual framework, Hoskins and Karoly (1981)
examined the atmospheric response to extra-tropical dia-
batic heating within a baroclinic model. In particular they
showed that a shallow diabatic heating forces a negative
surface pressure anomaly east of the centre of the heating.
The composite of the 20CRv2 SLP anomalies (11 years
running mean) during summer (JJA) shows a low pres-
sure anomaly situated over the north-eastern Atlantic
region and an east-west wave-like response further down-
stream (Fig. 6). The low pressure anomaly over the North
Atlantic exceeds 1 hPa at the centre of the system and is
located eastward of the positive heat flux (Fig. 4). This SLP
anomaly is associated to SST anomaly of ~1 K which is
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consistent with the study of Kushnir (1994). The subse-
quent high pressure anomaly is built over the central to
north-eastern European region. The high pressure anomaly
is followed by low and high pressure anomalies with down-
stream decreasing intensity. This wave-like response could
be the result of a baroclinic response to the diabatic heating
in the mid-latitudinal Atlantic Ocean (Kushnir 1994).

The formation of the low pressure anomaly at the east
of the mid-latitudinal heating is also in accordance with
the framework of the linear quasi-geostrophic (QG) the-
ory. According to that theory, the surface low balances the
excess heating by driving colder sub-polar winds towards
the extra-tropical heat source through horizontal tempera-
ture advection (Hoskins and Karoly 1981). As a result of
the formation of this low pressure anomaly, the warmer
sub-tropical air would also be driven towards the extra-
tropics at the east of the center of the low pressure anomaly.
This advection of warmer air is suggested to lead (at least
partially) to the warming of the European region at multi-
decadal time scales; situated just east of the center of the
low pressure (Fig. 6). The findings from the analysis of the
composite of the heat flux (Fig. 4) and of the SLP (Fig. 6)
suggest that the diabatic heating at the surface of north-
western Atlantic Ocean leads to the development of the low
pressure anomaly and the subsequent wave-like response
downstream as a linear baroclinic response.

Before continuing with the QG framework, we show the
east-west wave-like SLP response is the primary mode of
variations on multidecadal time scales. Previous studies
showed that the SNAO plays a major role over the extra-
tropical Atlantic region from interannual time scales to
inter decadal time scales (e.g. Folland et al. 2009; Bladé
et al. 2012). However, in contrast to the north-south SNAO
SLP structures, the composites of SLP with respect to the
C-E European SAT index (Fig. 6) reveals an east-west
wave-like structure over the NAE region. To examine the
differences of the east-west wave-like SLP response from
the SNAO, an EOF analysis is performed for SLP over the
domain 40°N-80°N and 60°W-100°E (Fig. 7). The princi-
pal mode shows the east-west wave-like response in SLP
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Fig. 6 Composite of 11 years running mean SLP in summer (JJA) in
hPa with respect to the positive—negative phase of the C—E European
SAT index. The dotted regions denote areas with significance at 95 %
level based on block-bootstrap test

similar to the SLP composites in Fig. 6 (Fig. 7a). The time
series of the principal mode explains 36 % of the total vari-
ance and exhibits multidecadal variations with negative val-
ues from 1960-1990 and positive values before 1960 and
after 1990 (Fig. 7b). Based on the spatial location, we name

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

the principle mode as North-Atlantic-European East West
(NEW) mode. The correlation of the C—E European SAT
index with the time series of the principal component of the
NEW mode is significant (r = 0.85). This analysis confirms
that the first mode of SLP is associated to the multidecadal
variations in the C—E European SAT. The second mode
(Fig. 7c) shows the characteristic north-south SLP structure
of the SNAO in its negative phase, and explains 29 % of
the total variability. The temporal variations of the second
mode (Fig. 7d) is similar to Folland et al. (2009) and has no
substantial relation with the multidecadal variations of C-E
European SAT (r = —0.07). The same results are found
after rotating the EOFs (not shown). Therefore, these two
modes are robust over the NAE region.

We perform a SVD of geopotential height in verti-
cal with respect to SLP to understand the vertical struc-
ture of the two multidecadal modes (NEW and SNAO)
(Fig. 8). Figure 8b, e show the heterogeneous pressure-
longitude cross-section correlation maps of geopotential
height over the NAE region averaged from 50°N to 60°N.
The corresponding homogeneous SLP modes are shown
in Fig. 8a, d. While considering the vertical structure,
the first mode of SLP co-variability becomes the SNAO
mode which explains 46 % of the co-variance over this
region. The second mode reveals the NEW mode which
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Fig. 7 a EOF1 and ¢ EOF2 of SLP in summer (11 years running mean) in hPa over the region shown in the figure for the period 1930-2012.
EOF1 and EOF2 explain 36 and 29 % of the total variance respectively. b, d are the corresponding PC1 and PC2 of the EOFs
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Fig. 8 SVDI1 of a SLP with b pressure-longitude cross-section of
geopotential height (11 years running mean) and SVD2 of d SLP
with e pressure-longitude cross-section of geopotential height in
summer (11 years running mean) over the respective regions for the
period 1930-2012. The pressure-longitude cross-section of geopoten-

explains 36 % of the co-variance. The equivalent baro-
tropic structure of the SNAO mode kept the footprint of
this mode on upper levels of the atmosphere and hence,
the SNAO mode becomes the principle mode of co-var-
iance. For the NEW mode, the low pressure anomaly at
the surface over the north-eastern Atlantic is still present
at 500 hPa but it diminishes considerably in magnitude
from its strength at the surface which is an indication of
a linear baroclinic-like response to midlatitude surface
heating (Kushnir and Held 1996). Moreover, due to the
baroclinic-like nature of this mode, it has weaker covari-
ance in the upper atmospheric levels than SNAO mode
and hence it becomes the 2nd mode of co-variance.
Another interesting feature of the NEW mode is the
downstream high-pressure anomaly which is enhanced
considerably in magnitude in the mid atmospheric levels
and it is surrounded by the two low pressure anomalies.
The composite with respect to C—E European SAT Index
resembles the same vertical structure (not shown). This
vertical structure is indicating a blocking-like condi-
tion related to the NEW mode. We further discuss about
this blocking-like feature while finding the impact of the
NEW mode on European climate.

The previous studies suggest that in presence of a strong
non-linear transient eddy forcing the direct linear response
to surface heating can change largely from a baroclinic
low pressure anomaly downstream to an equivalent baro-
tropic high through a secondary circulation (Kushnir et al.
2002). The transient eddy forcing to the mean flow explains
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tial height is the average of the latitude extent S0°N-60°N. SVD1 and
SVD2 explain 46 and 36 % of the total covariance respectively and
the spatial patterns represent the correlation maps. ¢ and f are the cor-
responding PC1 and PC2 of the SVDs representing the time series of
the normalized expansion coefficients

why the atmospheric response in winter is mainly baro-
tropic (Czaja and Frankignoul 2002). However, the forcing
also depends on the climatological mean flow of the sea-
son (Peng and Whitaker 1999). Hence, to confirm that the
NEW mode is in accordance to the linear QG theory, we
should get a negligible influence from the transient eddies
in summer compared to winter.

The transient eddies affect the mean flow through eddy-
heat flux and eddy-momentum flux. The eddy-heat flux is
denoted by v'T” where v' and T’ are the 2—-6 day band pass
filtered component of the meridional wind and temperature
field. The lower tropospheric eddy heat flux combined with
the Coriolis force creates a secondary circulation which
accelerates the surface westerly flow where the VT’ is
maximum. Figure 9a shows the composite of the eddy-heat
flux at 850 hPa with respect to the time series of the leading
EOF of multidecadal SLP variations in winter, the North
Atlantic Ocsillation (NAO). The climatological mean eddy-
heat flux (in black contours) shows its strong presence in
the mid-latitude and hence it strongly affects the mean
westerly flow and the Euro-Atlantic climate in winter.
The composite shows that the positive phase of the NAO
is related to the enhancement of the eddy-heat flux and it
mainly drives the westerly flow more northward which sup-
ports the results by Woollings et al. (2014b). In summer,
however, the climatology of the transient eddy-heat flux
is much weaker than winter (black contours in Fig. 9b).
Moreover, the composite with respect to the NEW mode
only shows eddy-heat flux with modest amplitude over the
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PC1 SLP / DJF vT Kms™

PC1 SLP/JJA vT Kms™

PC1SLP/DJF 2-6 day eddy forcing

PC1 SLP/JJA  2-6 day eddy forcing

Fig. 9 a The composite of 2—6 day 850 hPa v'T’ with respect to the
PC1 of SLP EOF in winter (DJF, 11 years running mean). The EOF
is constructed over the region 90°W-30°E and 30°N-90°N based on
the study by Woollings et al. (2014a, b). The climatology is contoured
from 4 to 10 with a spacing of 2 km~'. b Same as a but the com-
posites are with respect to the PC1 of SLP in summer from Fig. 7.

NAE region and it further weakens the climatology over
the north-western Atlantic Ocean. Some negative values
are seen north of the climatological mean. Over Europe,
the magnitude is small and as we show in the next section,
they are of an order smaller than the horizontal advection
of heat. The same feature is seen in the composite with
respect to C—E European SAT index (not shown).

We further investigated the role of eddy-momentum flux
by calculating E.D from the study of Raible et al. (2010).
E is the E-vector from Hoskins et al. (1983) with the vec-
tor components (v — '?)/2 and —u/v' where «’ and V' are
the 2—-6 day band pass filtered wind components. D is the
deformation vector of the time mean flow with the compo-
nents (U, — Vy) and (Vy + Uy) where U and V are the sea-
sonal mean wind components. The scalar product of the E

¢ Same as a but the composite of 2-6 day eddy-momentum forcing
at 250 hPa (E.D) in winter. Climatology is contoured from —10 to
10 with a spacing of 2 m? s~ and negatives contours are dashed. d
Same as b but for the composite of 2-6 day eddy-momentum forc-
ing at 250 hPa (E.D) in summer. The dotted regions denote areas with
significance at 95 % level based on block-bootstrap test

and D vector describes the exchange of the kinetic energy
between the eddy and the mean flow (Mak and Cai 1989).
Negative values of E.D denote that eddy is transferring
kinetic energy to the mean flow and positive values denote
the opposite. The climatology of E.D at 250 hpa in win-
ter shows that over the North Atlantic, eddy prominently
provides energy to the background mean flow (Fig. 9c).
The composite of E.D in winter shows that at the positive
phase of NAO, there is a strengthening of the eddy-momen-
tum forcing east and west to the climatology and weaken-
ing in the north-south direction. However, in summer the
strength of the climatological eddy-momentum forcing
itself is much weaker than in winter. The composite with
respect to the NEW mode shows further weakening of the
climatology in summer through positive anomalies of E.D
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which indicates baroclinic production (Fig. 9d). However,
over the western Europe, the composite shows rather weak
but significant strengthening of eddy-momentum forcing.
It could be a forcing from the baroclinic eddies associ-
ated with the downstream linear baroclinic response from
the diabatic heating. Nevertheless, in absence of a strong
climatological eddy forcing over this region, this localized
eddy-momentum flux could not lead to resultant barotropic
response. Presumably the same composite with respect to
C-E European SAT index shows same feature (not shown).

In summary, these results suggest that at multidecadal
time scales the east-west wave-like SLP response, which
is related to the multidecadal variations of C-E European
summer temperature, has a linear baroclinic signature,
which is in turn distinctively different from the SNAO and
the winter NAO.

5 Impact of the NEW mode on European SAT

Having identified the NEW mode as the atmospheric path-
way from AMV to the multidecadal variations of Euro-
pean summer temperatures, we proceed to analyze how the
NEW mode influences the variations of European summer
climate. As shown by the composites and principal compo-
nents, a positive heat flux is associated with a negative SLP
anomaly, which includes temperature advection at its east-
ern part. To examine the horizontal temperature advection
related to the multidecadal variations of the C—E European
SAT, we consider the linearized quasigeostrophic thermal
energy equation in steady state (e.g. Hoskins and Karoly
1981; Bader et al. 2013):

00’ 4y ,00 N ,30 069 |
u— o — ==
dx By 8p (M

where Q is the amount of heating, C, is the heat capacity
in constant pressure, € and T are respectively the potential
temperature and temperature at the surface of heating. iz, 6
represent the zonal mean of the zonal wind and potential
temperature. The pressure is denoted by p. 6/, v and «’ are
respectively the deviations of the potential temperature,
meridional wind and vertical wind velocity from their zonal
means. Made and v/aa are the zonal and meridional temper-
ature advection terms. In this equation, we have assumed
the transient eddy term to be small compared to the advec-
tive terms. Indeed a quantitative analysis for the preferred
regions indicates that eddy heat flux is small compared to
the major advection terms (Table 1). Further, '35> 9 is the
vertical temperature advection which could also be negli-
gible since its magnitude is much smaller than the horizon-
tal temperature advcetion over the diabatic heating region

@ Springer

Table 1 The magnitude of the composite of zonal (u ) meridional
o d9) vertical (o’ "9) temperature advection terms from Eq. 1 and
the advectlon of eddy heat flux (2% with respect to C-E European
SAT index, averaged over the North Western Atlantic diabatic heat-
ing region (a) 45°N-55°N, 40°W-50°W and over the BE region (b)
50°N-60°N, 0°E-15°E with units K day_l for summer. All terms are
calculated at the level 850 hPa

1 = 86’ 4 / an'T
Region ud Y % w 2197 137})
(a) 0.02 0.13 0.005 0.02
(b) 0.06 0.22 0.19 0.001
(Table 1). & 7 is the diabatic heating term, where in the

northern her‘insphere the 2¢ By 9 is negative as the meridional
temperature gradient is negative, and v' should be negative
to balance the diabatic heating C% % Therefore, the subpolar
colder wind should be driven towards the heating region.
The way to advect this subpolar colder wind is through
the formation of a low east of the heating. This low will
drive the subpolar air towards the heating region (west of
the center of the low pressure) due to formation of the low
pressure.

5.1 Temperature advection

The composite of the 850 hPa meridional temperature
advection (v’ "9 of Eq. 1) with respect to the C—E European
SAT index is shown in Fig. 10a. Positive values denote
northward advection. Keeping in mind that 518 negative in
the Northern Hemisphere, the diabatic heating term ( )
in Eq. 1 can be balanced only if v/ is negative. There ore
the wind direction is from the pole towards the mid-latitu-
dinal heating area resulting in a cold air advection. Over
the north-western Atlantic region, indeed a south-ward
temperature advection is identified. The area of this cold
air advection coincides with the region of positive heat flux
from the ocean. The meridional temperature advection over
this region is of magnitude ~0.1 to 0.2 K day ' which is
comparable to the diabatic heating rate over this region.
Additionally, Table 1 shows the averaged magnitudes for
composites of the advection terms from Eq. 1 and advec-
tion from transient eddy heat flux (%yr’)) over the diabatic
heating region (45°N-55°N, 40°W-50°W). The meridional
temperature advection is clearly the dominant term com-
pared to all the other advection terms. Hence, we can say
that the cold air advection mainly provides the atmospheric
counterpart to balance the diabatic heating; in accordance
with the linearized quasigeostrophic thermal energy equa-
tion (Eq. 1).

We further identify a north-ward temperature advection
centered over the British Isles and the North Sea, bringing
moist air through advection of the subtropical warmer air.
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Fig. 10 Same as Fig. 6, but

M. Tmp. Adv.

for a meridional temperature
advection v/ ?Te at 850 hPa, after
Hoskins and l}(aroly (1981),
where V' is the deviation of the
meridional velocity from zonal
mean and 6 is the zonal mean
potential temperature and b

the total precipitation. Units
for the temperature advection

is [K day~'] and for precipita-
tion is [mm day*l]. The dotted
regions denote areas with
significance at 95 % level based
on block-bootstrap test. ¢ The

time series of the precipitation
anomaly (red) and the meridi-
onal temperature advection
anomaly (blue) averaged over
the region shown by a red box
in Fig. 7a, b
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The north-ward temperature advection is mainly causing
the warming of the north-western European region through
advection of the subtropical warmer air.

The composites of precipitation are associated with tem-
perature advection and show increasing values over the BE
region, in phase with the negative surface pressure anoma-
lies and the respective advection, and vice versa (Fig. 10b).
The time series of the averaged precipitation and the merid-
ional temperature advection over the BE region, show simi-
lar variations at multidecadal time scales (Fig. 10c), and are
significantly correlated (r = 0.9). Dong et al. (2013) sug-
gested a relation of multidecadal variations of storm tracks
with the precipitation over the same region. Our results
suggest that these variations of storm tracks are basically
the manifestation of the NEW response which change the
pressure response over this region at multidecadal time
scales.

The composite of the meridional temperature advec-
tion displays major warm air advection over north-western
Europe rather C—E Europe, where we identify strong multi-
decadal variations of temperature. Hence the temperature
advection is not directly explaining the temperature varia-
tions over C-E Europe.

5.2 Atmospheric blocking

The composite of the outgoing long-wave radiation shows
an intensive outward flux of long-wave radiation over the
C-E European region (Fig. 11a). This outward flux indi-
cates a strong localized radiative heating of the C-E Euro-
pean region which also shows significant reduction in pre-
cipitation (Fig. 10b). Moreover, the composite of 500 hPa
geopotential height further shows a strong high pressure
anomaly over the same region which altogether indicates
a blocking high characteristic. This high pressure anomaly
falls under the climatological location of the European
blocking region (Masato et al. 2013). A blocking high leads
to warmer and drier conditions for an extended period of
time. This high pressure anomaly is surrounded by low
pressure systems (Fig. 11b), which is in line with the verti-
cal structure of the NEW mode as shown in Fig. 8e. This
creates a southerly flow downstream of the high pres-
sure which blocks the westerly winds and hence favoring
a European blocking-like situation over NAE region with
a high just above C-E Europe. Altogether, these findings
suggest that the linear baroclinic response to diabatic heat-
ing which has wave-like pattern downstream, eventually
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Fig. 11 Same as Fig. 6, but for

a upward long wave radiation
(OLR) at the top of atmosphere
and b 500 hPa geopotential
height. Units are [Wm™?] for
OLR and [m] for 500 hPa
height. The dotted regions
denote areas with significance
at 95 % level based on block-
bootstrap test

favoring blocking-like situation over the NAE region with
the high pressure anomaly situated above the C-E Euro-
pean region during the positive phase of AMV.

To further confirm the association of blocking over C-E
Europe with the NEW mode, a SVD analysis of blocking
frequency is performed with respect to SLP (Fig. 12). The
first mode of SVD shows the NEW mode which explains
55 % covariance (Fig. 12a). The second mode shows the

Fig. 12 SVDI1 of a SLP with b blocking frequency (11 years run-
ning mean) and SVD2 of d SLP with e blocking frequency (11 years
running mean) over the respective regions. SVD1 and SVD2 explain
55 and 25 % of the total variance respectively and the spatial pat-
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negative phase of SNAO, explaining 25 % covariance
(Fig. 12d). The blocking frequency with respect to the
NEW mode shows enhanced blocking over the C-E Euro-
pean region (Fig. 12b). Additionally, it shows reduction of
blocking over the north-western Europe where we have seen
strong temperature advection leading to variation of precipi-
tation on multidecadal time scale. The variations in block-
ing frequency with respect to SNAO (SVD2) is much lesser
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terns represent the correlation maps. ¢, f are the corresponding PC1
and PC2 of the SVDs representing the time series of the normalized
expansion coefficients
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Fig. 13 a Velocity potential at
200 hPa (10° m?>s™") regressed

Velocity Potential 200hPa

onto the PC1 of SVD of interan-

nual SST (MAM) and 500 hPa 60N
geopotential (JJA). b Velocity

potential at 200 hPa regressed
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than the SVD1 of blocking frequency (Fig. 12e). It mainly
shows the impact of SNAO over the southern Europe.
Moreover, the time series of the PCs of the two SVDs are
similar to the time series of the EOFs of SLP (Fig. 12c, f).
Therefore, these results confirm that the increase in block-
ing events over the C-E European region is indeed related
to the NEW mode and is in turn leading to the positive tem-
perature anomalies on multidecadal time scale.

6 Discussion

Here, we have presented an atmospheric pathway bridg-
ing the North Atlantic AMV-like SST with the European
summer climate. The pathway emerges as a direct linear
response to a diabatic heating in the extra-tropical North
Atlantic and appears with an East-West-like structure further
downstream. This is called the North-Atlantic-European East
West (NEW) mode which is affecting precipitation over the
BE region and alter the frequency of blocking-like situations
over C—E Europe. The pathway is suggested to be a response
to mid-latitude forcing and thus is complementary to the
recent view of a tropical forcing of the multidecadal climate

0.3 0.4

-0.1 0 0.1 0.2

over the NAE region (Terray and Cassou 2002; Hodson et al.
2010; Gastineau and Frankignoul 2015; Davini et al. 2015).
Using 20CRv2, Gastineau and Frankignoul (2015) pre-
sented an influence from the tropics to the NAE climate in
summer, similar to the processes describing the wintertime
atmospheric response to AMV (Terray and Cassou 2002;
Davini et al. 2015). With a lead of 3 months March—April—
May (MAM) in SST, they performed maximum covariance
analysis (MCA) with the 500 hPa geopotential pattern in
summer. Using the time series of the first mode and a regres-
sion analysis on the 200 hPa velocity potential they showed
a decrease in velocity potential over the tropics associated
with large scale ascending motion over the tropical Atlantic
positive SST anomalies. The extra-tropical climate is thus
affected by the Rossby wave propagation. However, their
analysis is based on seasonal means, which could have a dif-
ferent characteristic than our study on decadal means. There-
fore, to be conclusive with our results, we repeat the cross
covariance analysis based on seasonal as well as decadal
means. On seasonal means, the regression analysis of velocity
potential with the first mode of SVD is similar to findings of
(Gastineau and Frankignoul 2015) (Fig. 13a). For the multi-
decadal time scale, the first mode of SVD MAM SST shows
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an expected AMV like SST pattern (not shown) and the time
series of the first mode has a correlation of 0.9 with the C-E
European SAT index. However, the regression of the time
series of this first mode on velocity potential shows a much
lesser amplitude of negative velocity potential compared to
the analysis based on seasonal means (Fig. 13b). Moreover,
it is confined to the eastern tropical Atlantic Ocean which is
not in accordance to the previous findings regarding the tropi-
cal Atlantic influence over extra-tropics on multidecadal time
scales (Sutton and Hodson 2007; Hodson et al. 2010; Davini
et al. 2015). These figures suggest that the influence from the
tropics acting on the European summer climate is rather weak
on multidecadal time scale in 20CRv2. This is also in line
with the analysis of the transient eddy feedback on the mean
flow, which is small during summertime (Fig. 9b, d).

It should be noted that a previous study suggested a sim-
ilar east-west wave-like pattern in the upper tropospheric
levels (200 hPa), but on the seasonal time scale (Saeed
et al. 2014). They also point out the differences in the
impact of the east-west wave-like pattern from SNAO on
European summer precipitation. Given the great similarity
of the upper tropospheric east-west wave-like pattern with
the NEW mode, it would be worth studying if there is any
relation between these two features.

The analysis in this study is based on 20CRv2, for which
there is large uncertainty in the quality of the data before
1930s (Fig. 3b). This uncertainty limits our investigation to
the last 83 years of data, which consists of only one full cycle
of AMV. To understand the robustness and persistence of the
atmospheric response from AMYV, we must look into the Gen-
eral Circulation Models (GCM) to see whether we can repro-
duce the NEW response. However, previous studies show less
promising results regarding the simulation of the observed
AMV impact over the European region. Hodson et al. (2010)
conducted a multi-model comparison experiment to inves-
tigate the effect of the multidecadal change of SST over the
Atlantic Ocean on the regional climate. They investigated in 5
different atmospheric GCMs the changes in climate due to the
changes in the North Atlantic SST between the warm phase
from 1951-1960 to the cold phase from 1961-1990. In this
analysis, Hodson et al. (2010) found a good agreement among
the models regarding the changes of temperature over North
America. However, for temperature over Europe, they could
not find a consistent change among the atmospheric models.
This can be due to the atmospheric model misrepresentation
of the teleconnection pathways. On the other hand, coupled
GCMs show a substantial bias in the North Atlantic (Jungclaus
et al. 2013). The too strong zonal structure of the North Atlan-
tic current and associated distribution of water masses results
in displacement of the diabatic heating and associated heat
fluxes. As such, further investigation is required into the capa-
bility of the atmospheric stand alone models and also the cou-
pled GCMs to verify the proposed hypothesis of the observed
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atmospheric pathway from North Atlantic SSTs to European
summer climate by the NEW pattern.

The relevance of the North Atlantic multidecadal varia-
tions for the European summer climate further bears prospects
for decadal climate predictions. The North Atlantic has been
shown to be a key region for the prediction of climate on dec-
adal time scales. Robust prediction skill has been established
for various parameters, such as temperature and heat content
(Pohlmann et al. 2009; Kroger et al. 2012; Doblas-Reyes et al.
2013). Prediction skill is further assessed for climate impacts,
such as for the multidecadal variability of Atlantic tropical
cyclones, which have been considered to origin from the sub-
polar gyre region (Smith et al. 2010; Dunstone et al. 2011),
or the European summer climate (Miiller et al. 2012; Herman-
son et al. 2014; Sienz et al. 2016). For the predictability of the
European summer climate, however, the underlying processes
are not yet understood. There has been some indication that
the connections presented here could be relevant also for the
assessment of prediction skill for European summers (Miiller
et al. 2012). In their prediction system prepared for CMIP5,
only oceanic temperature and salinity fields are assimilated in
the coupled model, with no atmospheric quantities used. Nev-
ertheless, the correlation between the SLP and North Atlan-
tic SST maintained an East-West-like structure similar to the
NEW pattern proposed in this study. This signal, however,
could not be maintained during the predictions, which may be
due to the unresolved processed in the atmospheric component
in their model and/or the strong bias in the North Atlantic.

And finally, during the recent positive phase of the
multidecadal cycle of C-E European SAT, different parts
of C-E Europe have encountered some of the warmest
summers on record (Schir et al. 2004; Luterbacher et al.
2004; Founda and Giannakopoulos 2009; Barriopedro
et al. 2011). Increasing greenhouse gas concentrations
and anthropogenic aerosols have been suggested to be the
major drivers for this increase in the frequency of summer
extreme events over the European region (Schir et al. 2004;
Dong et al. 2016). However, we also find a considerable
role of the multidecadal variations behind these extreme
summers. To determine the frequency or return period of
such extreme events, both multidecadal variations and the
effect of green house gases need to be considered.

7 Conclusions

From our analysis of the 20CRv2 data on the mechanism
behind the multidecadal variations of the C-E European
summer SAT, we conclude:

e The SAT over the central to eastern (C-E) European
region and the precipitation over the British Isles and
north-western European (BE) region show similar multi-
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decadal variations related to the Atlantic multidecadal
variability (AMV) and associated surface heat fluxes
over the north-western Atlantic.

e The surface heat flux provides the source of a shallow
diabatic heating which in turn generates a linear baro-
clinic-like atmospheric response with a surface pressure
low east of the centre of the heating. This low-pressure
anomaly is indicative of a quasigeostrophic response to
the extra-tropical diabatic heating, in accordance with
the linear quasigeostrophic theory.

o Further downstream, the SLP anomaly has an east-
west wave-like structure over the European continent.
A principal component analysis of the SLP (applying
a 11 years running mean) confirms the east-west wave-
like NEW response pattern as the principal mode of
the multidecadal variations. The NEW response is not
related to the SNAO, which is the second mode of SLP
variability over this region.

o The NEW response can cause strong multidecadal varia-
tions in the meridional temperature advection. The merid-
ional temperature advection brings warm moist air from
the subtropics to the extra-tropics and influences the pre-
cipitation over the BE region on multidecadal time scales.

e The east-west wave-like response in SLP can further
cause a high pressure anomaly over the European region.
This high pressure response is enhanced at higher alti-
tude (500 hPa) indicating a blocking-like situation. The
analysis of the composites and the SVD analysis of the
blocking frequencies confirm that the blocking over C-E
Europe have a high chance of occurrence during a posi-
tive phase of the SAT index and is related to the NEW
mode. Therefore, apart from the meridional temperature
advection, the NEW response mainly affects the C-E
European temperature on multidecadal time scales by
creating an atmospheric blocking-like situation.
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