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blocking. An objective analysis of the different forcing 
mechanisms associated to each considered weather regime 
has been performed, quantifying the importance of the fol-
lowing processes in causing the temperature anomalies: 
horizontal advection, vertical advection and diabatic heat-
ing. While during winter advection processes tend to be 
more relevant to explain temperature responses, in summer 
radiative heating under enhanced insolation plays a crucial 
role for both blocking and ridges. Finally, the changes in 
the distributions of seasonal temperature and in the fre-
quencies of extreme temperature indices were also exam-
ined for specific areas of Europe. Winter blocking and 
ridge patterns are key drivers in the occurrence of regional 
cold and warm extreme temperatures, respectively. In sum-
mer, they are associated with substantial changes in the fre-
quency of extremely warm days, but with different signa-
tures in southern Europe. We conclude that there has been 
some misusage of the traditional blocking definition in the 
attribution of extreme events.

Keywords Blocking · Ridges · Temperature · Europe · 
Extremes · Synoptic meteorology

1 Introduction

Anomalous temperature episodes are one of the most 
widely addressed topics in climatological studies, and 
numerous works have been published in the last decades 
concerning this subject in Europe, at both continental 
and regional scales. They cover a wide range of sub-top-
ics, ranging from winter cold spells to summer heatwaves 
(e.g. Santos et  al. 2006; Cattiaux et  al. 2010; Andrade 
et al. 2012; Simolo et al. 2012; Monteiro et al. 2013; Lowe 
et  al. 2015), heatwave-related mortality (García-Herrera 
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trigger temperature extremes. In this work, we provide a 
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tropical ridges occurring in three sectors of the Euro-Atlan-
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perature anomalies persist in southernmost areas during 

Electronic supplementary material The online version of this 
article (doi:10.1007/s00382-017-3620-2) contains supplementary 
material, which is available to authorized users.

 * Pedro M. Sousa 
 ppsousa@fc.ul.pt

1 Instituto Dom Luiz (IDL), Faculdade de Ciências, 
Universidade de Lisboa, 1749-016 Lisboa, Portugal

2 Departamento de Física de la Tierra II, Facultad de Ciencias 
Físicas, Universidad Complutense de Madrid, Madrid, Spain

3 Instituto de Geociencias (IGEO), CSIC-UCM, Madrid, Spain
4 Centre for the Research and Technology 

of Agro-Environmental and Biological Sciences, CITAB, 
Universidade de Trás-os-Montes e Alto Douro, UTAD, 
Vila Real, Portugal

http://orcid.org/0000-0002-0296-4204
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-017-3620-2&domain=pdf
https://doi.org/10.1007/s00382-017-3620-2


458 P. M. Sousa et al.

1 3

et al. 2005; Trigo et al. 2009; Muthers et al. 2010; Green 
et al. 2016), forest fires (Pereira et al. 2005; Marcos et al. 
2014; Sousa et al. 2015), drought occurrence and agricul-
tural management (Bastos et al. 2014; Gouveia et al. 2016), 
amongst other topics. The physical and dynamical mecha-
nisms that trigger such extreme episodes are interpreted 
with very distinct methodologies. In this sense, an increas-
ing number of studies are focusing on the contribution from 
large-scale dynamics and mid-latitude synoptic circulation 
patterns to the occurrence of these anomalously cold/warm 
temperature episodes (e.g. Andrade et  al. 2012; Cattiaux 
et al. 2012; Li et al. 2013; Pfahl 2014).

In the context of climatic change, trends in global 
mean temperature have been accompanied by an increase 
of warm extreme temperature events (Fischer and Knutti 
2015), which has not been offset by the hiatus or slowdown 
in global mean temperature rise of the last 15 years (Senev-
iratne et al. 2014). These recent trends do not only indicate 
a thermodynamic forcing, but also changes in the frequency 
of occurrence of mid-latitude circulation patterns (Horton 
et al. 2015), thus stressing the need of characterizing their 
associated impacts.

Regarding European winter cold spells, there is a wide 
consensus on the critical role played by atmospheric block-
ing episodes over large sectors of the European continent. 
In works such as Trigo et al. (2004), Cattieux et al. (2010), 
Sillmann et  al. (2011), de Vries et  al. (2012) or Pfahl 
(2014), the role of blocking structures in transporting cold 
air from higher latitudes or from cold landmasses becomes 
quite clear. Other studies have undertaken a deeper analysis 
of some specific European winter cold spells, as well as of 
their associated synoptic context, and have also addressed 
feedback processes that may amplify the resulting anoma-
lies, such as Eurasian autumn snow-cover anomalies 
(García-Herrera and Barriopedro 2006; Cohen 2011). The 
interplay between Rossby wave-breaking and jet stream 
regimes (Woolings et al. 2011), or the occurrence of Sud-
den Stratospheric Warmings (Barriopedro and Calvo 2014; 
Liu et al. 2014), are potential mediators of blocking activ-
ity, and hence, important precursors of cold events. Epi-
sodes like the extensive cold spell which occurred on the 
later stages of the previously mild winter of 2012 (WMO 
2012) are pertinent examples of the relevance of complex 
feedback processes in triggering significant European cold 
blasts.

Blocking has also been associated with extremely warm 
episodes in summer (Buehler et  al. 2011; Andrade et  al. 
2012; Pfahl 2014). However, using the well-known 2003 
heatwave in Europe as an example, García-Herrera et  al. 
(2010) stressed that there is some overstatement when 
attributing these episodes to standard definitions of atmos-
pheric blocking—high-latitude quasi-stationary anticy-
clones associated with a reversal of the prevailing westerly 

flow (e.g., Rex 1950a, b; Treidl et  al. 1981; Barriopedro 
et  al. 2006, 2010a). These weather systems are indeed in 
clear association with summer heat episodes over Euro-
pean mid/high-latitudes (e.g. Barriopedro et al. 2011; Pfahl 
2014). However, this is not the case for southern European 
sectors, where high-latitude blocks are frequently associ-
ated with colder than average temperatures throughout the 
year. Therefore, there is a clear need to distinguish high-
latitude blocking structures from low-latitude systems, 
including the extensions of sub-tropical high pressure 
systems, commonly denominated as sub-tropical ridges. 
Unlike canonical blocking systems, sub-tropical ridges do 
not have the necessary condition of a wave-breaking occur-
rence (Woollings et  al. 2011; Masato et  al. 2011; Santos 
et  al. 2013). They manifest as relatively narrow bands of 
positive anomalies of geopotential height extending from 
sub-tropical latitudes towards southern Europe and often 
reaching higher latitudes. Although sub-tropical ridges 
can be precursors of wave-breaking and subsequent block-
ing (Altenhoff et al. 2008; Masato et al. 2011; Davini et al. 
2012), their impacts on European surface temperatures are 
rather different from those of high-latitude blocks.

García-Herrera et  al. (2005) briefly introduced the 
importance of sub-tropical ridging patterns on extreme 
summer temperatures over Iberia. Other studies have ana-
lyzed ridge patterns over Europe and their influence on 
rainfall regimes and droughts in southwestern Europe (San-
tos et  al. 2009, 2013). However, there are no systematic 
studies aiming to characterize and distinguish the impacts 
on European temperature due to blocking and ridge pat-
terns, at both regional and seasonal scales. In this paper, 
we characterize the local and regional European tempera-
ture responses associated with blocking and ridging pat-
terns occurring over different locations of the Euro-Atlan-
tic sector and on different seasons. We also clarify some 
of the referred ambiguity on the impacts’ attribution to 
these weather systems. More specifically, the main objec-
tives are to: (1) distinguish blocking and ridge structures 
with objective detection schemes; (2) characterize the 
seasonal impacts of these patterns, considering their spe-
cific location, on European surface temperature (including 
extremes); (3) objectively quantify the contribution and 
seasonality of the main physical mechanisms involved in 
the regional temperature anomalies associated to blocking 
and ridging regimes.

2  Data and methods

2.1  Meteorological data

Maximum and minimum near-surface temperatures (at 2 m 
above the ground, T2m hereafter) are considered for the 
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period spanning between 1950 and 2012 from the E-OBS 
dataset (Haylock et al. 2008). This high-resolution gridded 
dataset is provided by the European Climate Assessment 
and Dataset (ECA&D) project, and is available on a daily 
basis and on a horizontal resolution of 0.25° latitude × 0.25° 
longitude. This regular grid is obtained by interpolating 
observations from local meteorological stations. Despite 
the overall good quality of this dataset, it must be acknowl-
edged that it has some caveats in areas where the spatial 
distribution of stations is sparser (e.g., Kyselý and Plavcová 
2010). Moreover, the E-OBS temperature dataset suffers 
from other limitations such as inhomogeneities in input 
records, statistical interpolation errors and “heat island” 
effects (Hofstra et al. 2009; van der Schrier et al. 2013).

The NCEP/NCAR reanalysis daily dataset is also used 
(Kalnay et  al. 1996), at a 2.5° latitude × 2.5° longitude 
horizontal resolution for the same period. The following 
mean daily fields are selected: 500 hPa geopotential height 
(Z500); 850 hPa temperature, omega-vertical velocity and 
horizontal wind components; upward, downward and net 
long-wave and short-wave surface fluxes; and total cloud 
cover. The Z500 field was used to compute the blocking 
(Barriopedro et  al. 2006) and ridge days catalogues sepa-
rately, as described below. These two different dynamical 
indicators will be used to distinguish the impacts of anoma-
lous geopotential fields at different European sectors (see 
next section).

2.2  Blocking and Ridge catalogues

The catalogue of days adopted in this work for high-lati-
tude blocking (hereafter only referred as blocking) was 
developed by Barriopedro et  al. (2006). The algorithm is 
an adapted version of the Tibaldi and Molteni (1990) index 
based on the reversal of the meridional Z500 gradient 
around the typical latitudes of the extra-tropical jet stream. 

It further imposes spatial (minimum longitudinal extension 
of 12.5°) and temporal (minimum duration of 5 days) crite-
ria to account for the characteristic spatio-temporal scales 
of blocking. The algorithm also enables the characteriza-
tion of useful daily parameters, such as the location of the 
blocking center, the intensity or the spatial extension. Fol-
lowing previous studies (Sousa et  al. 2015, 2016), where 
the same catalogue was used to assess the impacts of block-
ing patterns on precipitation regimes over Europe, three 
non-overlapping blocking sectors covering the Europe and 
the eastern Atlantic are defined. More specifically, daily 
blocking occurrences are assigned to one of the following 
spatial sectors according to the location of their blocking 
centers (Fig. 1): ATL (30°–0°W), EUR (0°–30°E) and RUS 
(30°–60°E).

To compute the catalogue of sub-tropical ridge days 
(hereafter only referred to as ridges), we follow a similar 
methodology as in Santos et al. (2009), which is based on 
daily anomalies of the Z500 field. In order to compare it 
with the blocking catalogue, we also classified ridge occur-
rence into the same three sectors (ATL, EUR and RUS). 
Furthermore, each sector is split into two halves: south 
(30°–50°N) and north (50°–70°N). These latitudinal bands 
are used for winter and, to accommodate the annual cycle, 
they are shifted 5° northward for summer. This partition 
enables classifying ridges as strong Z500 positive depar-
tures in sub-tropical and mid-latitudes that do not extend 
significantly northwards, thus avoiding overlapping days 
between blocking and ridge patterns. For each grid point, 
we computed Z500 departures for each specific day, and a 
30-day running threshold based on the 80th percentile of 
the daily Z500 series. We then obtained, on a daily basis 
and for each longitudinal sector, the percentage of area 
above that threshold in its northern and southern halves. 
To classify a ridge day in one of the three considered lon-
gitudinal sectors the following criteria are employed: (1) 

Fig. 1  Geographical represen-
tation of the considered sectors 
for blocking location (thick 
black frames): Atlantic (ATL)—
from 30°W to 0°W; European 
(EUR)—from 0° to 30°E; 
Russian (RUS)—from 30°E 
to 60°E. Each of these sectors 
was also sub-divided into two 
smaller 15° longitude-wide sub-
sectors (west and east, dashed 
black lines). Magenta boxes 
identify areas for regional-scale 
assessments (cf. Section 3.4)
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at least 75% of the area in the southern half is above the 
threshold; (2) less than 50% of the area in the northern 
half is above the same threshold. These percentages and 
thresholds were tested and calibrated in order to avoid over-
laps between blocking and ridge dates, and furthermore to 
obtain climatological ridge frequencies comparable to pre-
vious studies (e.g. Santos et al. 2009).

We also evaluate for each blocking and ridge day the 
contribution to grid point temperature anomalies of three 
major physical forcings: horizontal advection, vertical 
advection and diabatic processes. This is carried out by sep-
arating and identifying the process associated with the larg-
est daily temperature change at each grid point (considering 
only those cells where the absolute temperature anomalies 
exceed 1 °C under the given weather regime). Daily mean 
horizontal and vertical temperature advections are explic-
itly calculated as in Equations (1) and (2), respectively:

where the term 
(

ΔT

Δt

)

h
 is the temperature advection by 

the horizontal wind, and 
(

ΔT

Δt

)

v
 the temperature advection 

by vertical motion. Equations  (1) and (2) are computed 
from daily mean fields in constant pressure coordinates, 
according to the pressure levels available in the NCEP/
NCAR dataset, with (�,�, t) representing latitude, longi-
tude and time, respectively, and v being the horizontal 
wind, T the temperature, � the vertical velocity and � the 
potential temperature. The daily mean temperature rate due 
to diabatic processes, 

(

ΔT

Δt

)

d
, is estimated as a residual 

from the previous two terms based on the temperature ten-
dency equation:

where ΔT
Δt

 is the daily mean temperature tendency (in K 
 day−1). The residual approximation for the diabatic term 
has been previously applied to reanalyses datasets in Chant 
and Nigam (2009) or Wright and Fueglistaler (2013). It 
must be kept in mind that different factors such as sub-grid 
turbulent mixing, analysis increments and other numeri-
cal errors may contribute to the residual term. Further, this 
approach does not consider sub-daily fluctuations of the 
contributing terms, potential interactions among the under-
lying processes and feedbacks between the dynamics and 
thermodynamics. For example, in addition to horizontal 
warm advection, diabatic and adiabatic heating experienced 
during the re-circulation of air masses around high pressure 
systems can contribute to the warm anomalies. Similarly, 
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warm temperatures induced by a given weather system can 
in turn modulate the contributing terms by reinforcing the 
Z500 anomaly. Thus, the attribution of the temperature 
responses should be taken with caution, as some one-direc-
tional causal relationships cannot be fully inferred from a 
composite analysis.

This bulk analysis is performed for the 1000–850  hPa 
layer. Then, we compute the daily anomalies of all terms in 
Eq. (3) and the relative contribution of each term 

(

ΔT

Δt

)�

i
 (in 

%) to the total change 
(

ΔT

Δt

)�

, where primes denote daily 

anomalies. Finally, we derive the composited values of 
(

ΔT

Δt

)�

i
 for blocking and ridge days, and the leading process 

i with the largest contribution to the temperature tendency 
anomaly.

In this work, the analyses are performed for winter and 
summer separately, using the meteorological seasons: 
December to February and June to August, respectively. 
The statistical significance of the anomalies presented 
in the “Results” section was assessed with a two-sample 
Kolmogorov–Smirnov test (the 5% significance level was 
considered).

3  Results

3.1  Blocking and ridge seasonal distribution

The classification of events according to their position 
enables a simple and objective way of grouping blocking 
and ridge days in each sector and season. It also allows 
the computation of composites for the aforementioned 
meteorological variables under each specific synoptic pat-
tern. The winter and summer composites of Z500 anoma-
lies for blocking and ridge days of each sector are shown 
in Fig. 2. Overall, blocking and ridges display a clear dif-
ference in the latitude of their maximum Z500 anomalies. 
The composites for blocking days show an omega-like 
structure, which is distinguishable from the non-wave-
breaking pattern that is evident in the composites cor-
responding to days of ridge. Furthermore, the absolute 
anomalies are larger in winter, and for blocking regimes 
(Fig. 2a–c). During winter, around one-third of the days 
comprises blocking occurrence in at least one sector of 
the Euro-Atlantic region, while summer frequencies are 
smaller, particularly over the ATL sector (Fig.  2g). The 
composites accurately capture the signatures associated 
with blocking over preferred sectors of occurrence in the 
Eurasian sector (Barriopedro et al. 2006). It is still worth 
noting that some events contribute to the composites of 
more than one sector during their lifecycle (Sousa et  al. 
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2016). Ridge frequencies are more equally distributed 
throughout the three sectors and seasons, with closer val-
ues to those of blocking during summer. The largest Z500 
anomalies under ridging patterns are found for ATL and 
EUR ridges in winter (Fig.  2d, e). The positive anoma-
lies of Z500 during blocking and ridge regimes are often 
accompanied by negative anomalies, but much less pro-
nounced. The most relevant negative Z500 anomalies 
occur southwards (northwards) of the blocking (ridges) 
centers, mainly for ATL structures in winter (Fig. 2a, d).

In the following sub-sections, the specific surface tem-
perature responses driven by each weather regime, as well 

as the corresponding synoptic environments, will be ana-
lyzed in more detail.

3.2  Seasonal temperature responses

Using the seasonal and regional catalogues of blocking and 
ridge days, we computed the corresponding composites for 
the maximum and minimum T2m anomalies. In Figs. 3 and 
4 we present the maximum (TX) and minimum (TN) tem-
perature anomalies for winter and summer, displaying only 
statistically significant anomalies at the 5% significance 
level.

Fig. 2  Composites of the daily anomalies (shaded areas) and abso-
lute values (contours) of the 500 hPa geopotential height for block-
ing centers and ridges in each sector, during winter (upper panels, 
a–c and d–f, respectively) and summer (lower panels, g–i and j–l, 

respectively). All values are in gpm and the thick line represents the 
5500 isohypse (the thinner contours are separated by 50 gpm). The 
seasonal frequencies of occurrence for each regime are shown in per-
centage
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Overall, the geographical locations of the anomaly pat-
terns undergo west-east shifts, in agreement with the posi-
tioning of the considered blocking or ridge structure (as 
presented in Fig. 2). Additionally, there is a clear seasonal-
ity in the responses to blocking and ridge patterns, as they 
typically extend over larger areas in winter than in summer. 
Furthermore, the temperature responses to blocking are 
opposite to those of ridges in winter, but not in summer. 

These distinctive signatures highlight the need of distin-
guishing between blocking and ridges, including their spa-
tial scales and location.

The responses in TN and TX are generally coherent for 
all sectors and regimes during winter (Fig.  3) and reveal 
highly contrasting patterns between blocking and ridges 
(Fig.  3a–c versus 3d–f). While during blocking most of 
Europe experiences well below average temperatures, ridge 

Fig. 3  Composites for blocking and ridge days occurring in each 
sector (ATL, EUR and RUS) of winter 2 m above ground maximum 
(upper panels TX; a–c and d–f, respectively) and minimum tempera-

ture (lower panels TN; g–i and j–l, respectively) anomalies (in °C). 
Only statistically significant anomalies at 5% significance level are 
depicted
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days are characterized by extensive above average tempera-
tures. Negative anomalies exceeding −3  °C tend to occur 
southward and eastward of the blocking centers, with ATL 
blocking (Fig.  3a) revealing the largest widespread signal 
over the continent. During blocking episodes, strong posi-
tive temperature anomalies are found in land areas under 
the highest Z500 anomalies (Fig.  2), i.e. northern half of 
Scandinavia for EUR blocks (Fig.  3b) and northern Rus-
sia and eastern Scandinavia for RUS blocks (Fig.  3c). 
Conversely, winter ridges in both ATL and EUR sectors 

(Fig.  3d, e) are responsible for anomalously warm condi-
tions in almost all regions of Europe. These anomalies are 
particularly striking for EUR ridges (Fig. 3d), when Central 
Europe experiences positive TX anomalies reaching up to 
7 °C. There are some areas on the ridge’s eastern and west-
ern flanks that experience slightly below average tempera-
tures, mainly in Mediterranean regions. This is particularly 
noteworthy in Turkey during EUR ridges (Fig. 3k), though 
these negative anomalies are smaller in magnitude and spa-
tial extension than their positive counterparts.

Fig. 4  Same as in Fig. 3, but for summer
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As previously mentioned, summer temperature anoma-
lies (Fig. 4) are more spatially confined than in winter and 
the opposite temperature response to blocking and ridge 
patterns is no longer observed (Fig. 3). In the case of block-
ing systems, positive anomalies are again centered under 
the maximum Z500 anomaly area, but now affecting larger 
areas. In particular, during EUR (RUS) blocking, extensive 
areas of Central Europe and Scandinavia (Eastern Europe 
and Russia) experience anomalously warm conditions, with 
TX anomalies >5 °C, as seen in Fig. 4b, c). Temperature 
anomalies for ATL blocking (Fig.  4a) are much less pro-
nounced. As in winter, negative anomalies are found in the 
southern and eastern flanks of blocking systems, but they 
are small in magnitude, and mostly restricted to TX. Still, 
southern areas of Europe (e.g., Iberia, Balkans) display 
negative temperature anomalies associated to blocking in 
both winter and summer.

Summer ridges are associated with above normal tem-
peratures over a more confined area than in winter. In par-
ticular, they do not have significant effects in temperature 
over northernmost areas of Europe during this season. The 
lack of opposite signed responses to blocking and ridges 
during summer is evident in some regions, such as Central 
Europe or Russia, which experience above average sur-
face temperatures under both regimes, albeit at different 
latitudes. On the contrary, in southernmost areas, particu-
larly the Iberian Peninsula for ATL regimes (Fig.  4a, d), 
positive temperature anomalies during ridge days tend to 
be replaced by negative anomalies during blocking days. 
Furthermore, summer temperature anomalies over southern 
Europe critically depend on the specific location of ridge 
structures.

Although their locations are similar, TX anomalies dur-
ing summer ridges (Fig. 4d–f) are larger in magnitude than 
those of TN (Fig. 4j–l). This different amplitude in the day-
time and night-time temperature responses is much more 
pronounced than during winter, which is also observed for 
blocking systems (Fig.  4a–c vs 4g–i). This is particularly 
relevant for the occurrence of extremely hot days in sum-
mer. In this sense, it is worth noticing that a given synoptic 
pattern can affect very differently areas situated relatively 
close, as shown by García-Herrera et al. (2005) when com-
paring the weather regimes associated with local heatwaves 
in Lisbon and Madrid. Therefore, a finer-scale analysis 
using smaller regional sectors is required to address local 
extreme events. In Figs. S1 and S2 of the Supplementary 
Material we show the winter and summer composites of 
TX and TN, considering narrower longitudinal sub-sec-
tors for blocking and ridge location (15° longitude-wide). 
Overall, the results are similar to those of Figs.  3 and 4, 
although the temperature responses to summertime ridges 
are more spatially restricted, especially in western Europe. 
As an illustration for the Iberian Peninsula, the exact areas 

under intense summer hot conditions are very dependent 
on small west-east shifts in the position of the sub-tropi-
cal ridge (Fig. S2g-i). Thus, some regional impacts can be 
smoothed out in the analysis using larger sectors. However, 
on the whole, the analysis based on three 30° longitudinal 
sectors is sufficient to identify the most relevant tempera-
ture responses to blocking and ridges, as well as the asso-
ciated mechanisms, which are described in the following 
section.

3.3  Synoptic and forcing mechanisms

In this section we apply the methodology described in 
Sect. 2 in order to assess the relative contribution of differ-
ent processes to the local temperature anomalies associated 
with blocks and ridges, namely: (1) horizontal advection 
by the large-scale flow; (2) vertical advection–adiabatic 
heating/cooling; (3) diabatic processes. In most cases one 
dominant mechanism can be identified, though local tem-
perature responses can also be due to a combination of the 
forcing terms, frequently involving a partial cancelation in 
the net temperature tendency. For the sake of succinctness, 
only the leading term is shown in Fig. 5, and the full analy-
sis of the heating/cooling fraction due to each specific term 
is presented in the Supplementary Material (Figs. S3 and 
S4).

During winter (Fig.  5a–c) and summer (Fig.  5g–i) 
blocking days, horizontal advection by anomalous south-
erly flows appears responsible for a large fraction of the 
warming observed in the northwestern flank of the block-
ing systems, with the exception of winter RUS blocks. The 
negative temperature anomalies found in the southeastern 
flank of the blocking center, particularly striking during 
winter, are also predominantly a result of cold advection 
from higher latitudes under the northerly flow established 
along the eastern flank of the high-pressure system (see 
the anomalous wind fields in Fig. 5a–c). This colder air is 
carried towards southern Europe (e.g. north of the Black 
Sea), thus interacting with different air masses. As a result, 
other processes, such as diabatic cooling, and in particu-
lar, convective processes in warm seasons, can gain further 
importance in localized areas to the southeast of the block-
ing centers (Sousa et al. 2016). This mixed contribution of 
different forcing terms at lower latitudes under blocking 
occurrence is confirmed by Fig. S3 and S4. In areas under 
the maximum geopotential height anomaly, warming due 
to reinforced subsidence and diabatic heating gains par-
ticular relevance, particularly for continental blocks. There 
are also differences in the relative contribution of each 
term depending on the season (Fig.  5a–c, g–i): warming 
due to horizontal advection is relevant during both winter 
and summer blocks, while anomalous downward motion 
is mostly relevant for winter blocking. On the other hand, 
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significant diabatic heating dominates in summer, predomi-
nantly over continental areas (Fig.  5h, i). As shown later, 
the summer dominance of the diabatic term over land areas 
is well explained by changes in the radiative flux budgets.

Regarding ridge days, warm horizontal advection from 
Atlantic air masses influences the temperature responses 
in the northern flank of the ridge, particularly during 
winter ATL and EUR ridges (Fig. 5d, e). This is associ-
ated with the passage of cyclones, but also with the cor-
responding changes in cloud cover and long-wave fluxes, 

as explained below. Similarly to blocking, subsidence 
and diabatic processes are crucial in continental areas 
under the influence of winter and summer sub-tropical 
ridges (Fig. S3m-r and S4m-r). Adiabatic heating due 
to strong subsidence extends over larger areas in winter 
than in summer, mostly eastwards of the maximum Z500 
anomalies (Fig.  5e, f), while diabatic heating dominates 
the summer temperature responses (Fig. 5k, l). Over the 
Iberian Peninsula, subsidence and horizontal advection 
towards southwestern coasts are the main driver for above 
average summer temperatures during ATL ridges.

Fig. 5  Mechanisms related to temperature anomalies in the lower 
troposphere (1000–850  hPa) during blocking and ridge days during 
winter (upper panels, a–c and d–f, respectively) and summer (lower 
panels, g–i and j–l, respectively). Color shadings depict anomalies in 
the mean daily temperature (in °C). Solid (dashed) contours represent 

positive (negative) 500 hPa geopotential height anomalies in 15 dam 
intervals. Light grey vectors show anomalies in the horizontal wind 
direction. Symbols denote the highest contributing mechanism for the 
observed temperature changes at each grid point: horizontal advec-
tion (○), vertical advection (●) and diabatic processes (X)



466 P. M. Sousa et al.

1 3

It should be stressed that NCEP/NCAR temperature 
anomalies for the considered layer do not fully overlap 
with the TX and TN anomalies of the E-OBS datasets in 
all areas and for all regimes, thus partially explaining some 
discrepancies between the areas highlighted in Figs.  5, 3 
and 4. Still, there are also some important dynamical fea-
tures related to these discrepancies. For example, negative 
T2m anomalies during winter blocking (Fig.  3a–c, g–i) 
are more widespread than aloft (Fig.  5a–c). In particular, 
some areas with negative near-surface temperature anoma-
lies display simultaneously positive anomalies in the high-
est level of the considered layer (850 hPa, not shown). This 
indicates a typical pattern of thermal inversion under high 
pressure systems, which extends westwards of the blocking 
center (see Fig. S5a-c). The thermal inversion and the cor-
responding imprisonment of cold air at lower levels are typ-
ical of enhanced long-wave radiative cooling, thus stressing 
the importance of diabatic processes for the near-surface 
temperature responses. During summer, the well-mixed 
boundary layer determines a better agreement between 
anomalies at surface and aloft, supporting the smaller role 
of horizontal advection when compared to other processes, 
particularly those associated to diabatic heating.

Up to now, we have shown that diabatic processes are 
key to determine the near-surface temperature responses to 
blocking and ridges, particularly in summer. The diabatic 
term includes different processes, such as radiative fluxes, 
latent and sensible heat fluxes and frictional dissipation. 
To better frame the observed temperature responses to the 
weather regimes and the seasonal-dependent role of the 
diabatic term, we computed composites of surface radiative 
fluxes for blocking and ridges in winter (Fig. 6) and sum-
mer (Fig.  7), along with composites of total cloud cover 
anomalies (Fig. 8).

The radiative forcing over Europe during winter block-
ing episodes is not remarkable, at least concerning short-
wave fluxes (Fig.  6d–f), which are quite modest in high 
latitudes during months with reduced insolation. Anoma-
lies are rather dominated by the gains (losses) in surface net 
long-wave fluxes, which in turn are strongly associated with 
above (below) average cloud cover (see also Fig. 8a–c). For 
example, near the blocking centers, the enhanced nocturnal 
long-wave losses (Fig. 6a–c) under clear sky conditions are 
partly offset by diurnal short-wave gains (Fig. 6d–f). This 
winter radiative surface cooling signal is in agreement with 
that in the 1000–850  hPa layer due to the diabatic term 
(Fig. S3g-i), which is the leading process in areas to the 
southeast of the ATL and EUR blocking centers (Fig. 5a, 
b).

The radiative fluxes anomalies during winter ridges 
reveal an increase in diurnal radiative heating near the 
Z500 maximum (Fig.  6m–o), due to positive net short-
wave fluxes under enhanced clear sky conditions over 

Iberia (ATL), Balkans (EUR) and Middle East (RUS). 
However, this signal is offset by the opposite negative long-
wave fluxes (Fig. 6j–l) over the same southern regions, as 
reflected in the total radiative budget (Fig.  6p–r). In con-
trast, areas north of the ridge structures exhibit significant 
increases in cloud cover (Fig. 8d–f), which lead to positive 
anomalies in the surface long-wave (Fig.  6j–l) and total 
(Fig.  6p–r) radiative budgets. A similar increase in long-
wave and total radiative fluxes is found north of the block-
ing systems, but restricted to very high latitudes (Fig. 6a–c, 
g–i). The winter radiative heating is particularly relevant 
for the UK and coastal areas of central Europe under 
ATL or EUR ridges (Fig. 6j, k), as well as some Mediter-
ranean areas during EUR and RUS ridges (Fig. 6k, l). Its 
combined effect with the advection of mild Atlantic air 
masses explains the large positive near-surface temperature 
responses during ridge days (Fig. 3d–f). However, as long-
wave radiative fluxes tend to cancel out the short-wave 
fluxes, on the overall diabatic processes are less important 
in the 1000–850  hPa layer than subsidence or advection, 
with the exception made for northern Russia (Fig. 5d–f).

During summer, anomalies in radiative fluxes are larger 
than in winter, in accordance with the stronger contribu-
tion from diabatic processes (Fig. 5g–l) and an increase in 
insolation hours. Like in winter, below average cloud cover 
(Fig.  8g-l) over the centers’ systems results in simultane-
ous warming by diurnal radiative gains (Fig.  7d–f, m–o) 
and cooling by nocturnal radiative losses (Fig.  7a–c, j–l). 
Nonetheless, and different to winter, the summer increases 
in short-wave income are stronger in magnitude than the 
enhanced nocturnal surface long-wave losses over areas 
under the blocking and ridges centers. Thus, short-wave 
gains clearly dominate in summer, and the resulting net 
radiative balance (Fig.  7g–i, p–r) explains well the larger 
anomalies for TX than for TN. The subsequent increase in 
daily temperature range can be found for both blocking and 
ridge regimes, being particularly remarkable at higher lati-
tudes for blocking episodes, and also for central Mediter-
ranean areas during EUR ridges. On the other hand, areas 
south of blocking and north of ridges experience losses 
in net short-wave fluxes and gains in long-wave radia-
tion. This is in agreement with increases in cloud cover 
(Fig.  8g–l) due to the deflection of humid Atlantic west-
erly flows around the high pressure centers (e.g., Trigo 
et al. 2004; Sousa et al. 2016). This effect on the radiative 
budget due to increased cloudiness is particularly evident 
for Atlantic areas in summer, when comparing ATL ridges 
to those located in EUR or RUS (Fig. 7p–r).

Note that the local temperature changes that were 
attributed essentially to diabatic processes (Fig.  5) do 
not always reflect heating/cooling strictly due to anom-
alous surface radiative fluxes (Figs.  6, 7). Sensible and 
latent heat fluxes are very important to transfer these 
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Fig. 6  Composites of net surface longwave and shortwave radiative 
flux anomalies and corresponding total radiative budget (W  m−2) 
for blocking (upper panel; a–c, d–f and g–i, respectively) and ridge 

(lower panel; j–l, m–o and p–r, respectively) days during win-
ter. Reddish (bluish) colors correspond to positive (negative) fluxes 
towards the surface
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surface anomalies to the atmosphere. In addition, 
warming owed to friction can also be relevant on the 
overall diabatic term, particularly during winter. We 

acknowledge the relevance of a deeper assessment of 
such terms but a full analysis is out of the scope of the 
present work.

Fig. 7  Same as Fig. 6, but during summer
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3.4  Changes in regional temperature distribution

In this section we will analyze regional changes in the 
Probability Density Function (PDF) of daily TX and TN for 
each weather regime. These regional temperature responses 
will also be related to the previously discussed forcing 
mechanisms. The PDF analysis was performed using all 
grid point series of each region highlighted in magenta in 
Fig.  1. We computed regional PDFs for all days of each 
season and for each regime separately (Figs. 9, 10), along 
with the corresponding changes in mean TN and TX and 
in their temporal variance. We also measured the degree 
of homogeneity inside each region (σT), by computing the 
standard deviation of the mean local temperatures of all 

grid points, thus accounting for the dispersion of the cli-
matological TX and TN values within each region. As it 
can be seen in Figs. 9 and 10 the regions with larger values 
of σT comprise important orographic barriers (Iberia, Italy 
and Turkey).

Figure  9 indicates that wintertime PDF temperature 
distributions over the considered regions are generally 
shifted towards lower values for blocking, and higher val-
ues for ridge patterns. Warming due to the presence of 
ridge structures is on the overall larger than cooling due 
to blocking. The anomalous warming driven by winter 
ridges may lead to high temperatures over large parts of 
Europe, such as the Central European region (Fig. 9e, f). 
For this region, EUR ridges (red dashed lines in Fig. 9) 

Fig. 8  Composites of the total cloud cover anomalies (%) for blocking and ridge days occurring in each sector during winter (upper panel; a–c 
and d–f, respectively) and summer (lower panel; g–i and j–l, respectively)
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Fig. 9  Distributions for winter minimum (left panels TN) and maxi-
mum (right panels TX) 2 m above ground temperature frequency (%) 
for blocking and ridge days and for the four regional sectors depicted 
in magenta in Fig. 1 [UK (a, b); Iberia (c, d); Central Europe (e, f) 
and Italy (g, h)]. Grey bars denote seasonal climatology, solid lines 

correspond to blocking days and dashed lines to ridge days. Upper 
left values represent the corresponding changes in mean temperature 
(ºC) and variance (%) with respect to the full distribution parameters, 
while σT shows standard deviations of area-mean temperatures
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result in a mean increase in TX of almost 6  °C, and of 
about 4  °C in TN, as well as abnormally high frequen-
cies of extremely warm winter days, while nights with 
TN below −10 °C are almost nonexistent. In the UK, the 

frequency of days with TX below freezing during ATL 
(blue dashed lines) and EUR ridge patterns becomes 
almost negligible (Fig. 9b). While ATL and EUR ridges 
result in well above average temperatures over most of 

Fig. 10  Same as Fig. 9, but for summer
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Europe, the same is not true for RUS ridges (green dashed 
lines, Fig.  9). In this case, well above average tempera-
tures are restricted to the easternmost areas of Europe (cf. 
Fig. S6a-d for Russia and Turkey). However, in areas dis-
tant enough to the west of such structures (e.g., UK and 
Iberia) slightly negative temperature anomalies are found 
due to the presence of a trough westwards of the RUS 
ridge (Fig. 2f).

During winter blocking, there is a shift towards colder 
TX and TN in all regions, which is particularly pronounced 
for ATL and EUR blocks (blue and red solid lines, Fig. 9). 
Furthermore, blocking promotes wintertime extreme cold 
days and nights over large parts of Europe, as inferred 
from the regional shifts towards the left end tails of the 
PDF distributions. In particular, ATL blocks are the main 
drivers of cold days in all regions, since the location of the 
high pressure center favors cold advection over large areas 
of the continent (as previously shown in Fig. 5a). For the 
same reason, during EUR blocks, colder than average tem-
peratures are observed in Central Europe (Fig.  9e, f) and 
Italy (Fig.  9g, h), extending towards Russia and Turkey 
(Fig. S6a-d). Remarkable PDF changes during winter RUS 
blocking are mostly restricted to the easternmost areas, as it 
was found for RUS ridges.

Winter ridges in the ATL and EUR sectors reduce the 
variance of TX and TN in the UK (Fig.  9a, b) by more 
than 10%, while in Central Europe they are associated with 
smaller (larger) variability in TX (TN), as shown in Fig. 9e 
(f). On the overall, winter blocking patterns result in quali-
tatively similar, but smaller changes in variance. For south-
ern sectors, most weather regimes concur with larger win-
tertime variance in TX and TN. This is particularly clear 
for the Italian sector (Fig. 9g, h), where TX displays around 
25% more variability during EUR ridges.

During summer (Fig.  10), the regional PDF responses 
to blocking and ridges are no longer opposite in sign for 
all regions. While ridges (blocks) are still associated with 
warmer (colder) than average temperatures in the southern-
most regions (Fig. 10c, d, g, h), both regimes cause shifts 
towards higher temperatures in the northernmost regions 
(Figs.  10a, b, e, f). Larger PDF changes are observed for 
ridges than for blocks, and in TX than in TN, in agreement 
with Fig. 4 and the dominant role of short-wave over long-
wave radiative fluxes in summer (Fig.  7). In the Iberian 
Peninsula, there is a very clear rise in the number of days 
with TX above 35 °C for ATL and EUR ridges when com-
pared to other regimes (Fig. 10d). In Central Europe, EUR 
blocking and ridge patterns result in an impressive increase 
in the frequency of days above 30 and 35  °C (Fig.  10f), 
respectively. As we move to eastern Europe, the RUS pat-
terns become more relevant (see PDF changes for Russia 
and Turkey in Fig. S6). Concerning summer changes in 
variance, we found a slight increase for almost all patterns 

and regions, particularly pronounced in Italy (Fig. 10g, h) 
during EUR ridges.

Changes in extreme temperatures associated with block-
ing and ridges were also investigated for each region of 
Fig. 1. To do so, we computed for each grid point the num-
ber of days below the 10th percentile of winter TN (TN10, 
hereafter) and above the 90th percentile of summer TX 
(TX90, hereafter). The percentiles, which were derived 
from all seasonal days of the period 1950–2012, the occur-
rence of exceedances and their changes during blocking 
and ridges were spatially averaged for all grid points of 
each region. The relative changes in these extreme indi-
ces associated with each weather regime are presented in 
Fig. 11 (expressed in % with respect to that expected from 
the full 1950–2012 climatology).

Changes in TN10 confirm the previously described 
opposite responses for blocking and ridge patterns during 
winter. On the overall, there is an increase in cold win-
ter extremes during blocking (filled triangle symbols in 
Fig. 10). In particular, the increases in TN10 exceed 10% 
over Iberia (Fig. 11c) and Central Europe (Fig. 11b) during 
ATL blocks. On the other hand, ridges (open triangle sym-
bols), especially those occurring in the ATL and EUR sec-
tors, reduce the occurrence of winter cold extremes in all 
regions. Similar responses to blocking and ridges are found 
in winter TN10 for easternmost areas (cf. Fig. S7 for Rus-
sia and Turkey), but being the RUS patterns more relevant 
here.

During summer, blocking (filled circles) and ridges 
(open circles) cause opposite changes in the frequency of 
extremely hot days in southern Europe (Iberia and Italy, 
Fig. 11c, d). However, in areas further north (UK and Cen-
tral Europe, Fig.  11a, b), both weather regimes promote 
substantial increases in TX90. Thus, while ridging is asso-
ciated to a rise in the frequency of extremely hot days in 
almost all regions, the same is not true for blocks, which 
decrease (increase) TX90 in southern (northern) regions. 
In particular, nearly 30% more extremely hot days occur in 
Central Europe and Italy under EUR ridges (Fig.  11b, d, 
respectively), while in Iberia TX90 increases by around 
10% during ATL and EUR ridges (Fig.  11b). Differently, 
the most important regimes for the occurrence of hot days 
in the UK are ATL and EUR blocks (Fig. 11a), which cause 
TX90 increases of around 10% and 15%, respectively. 
Again, for easternmost areas, weather regimes centered in 
the RUS sector trigger the largest changes in TX90. Thus, 
in Turkey (Fig. S7b), extremely hot conditions are driven 
essentially by RUS ridges, whereas in Russia (Fig. S7a) 
both RUS ridges and blocks result in a 15–20% increase 
in TX90. In fact, the impact of anomalous Z500 fields in 
the Russian area has been widely discussed due to recent 
events, such as the 2010 Russian mega-heatwave (e.g., Bar-
riopedro et al. 2011).
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4  Discussion and conclusions

In this work we introduced a clear separation between 
high-latitude blocking structures and sub-tropical ridges 
occurring in different sectors of the Euro-Atlantic area 
(30  °W–60  °E), both in terms of climatology and sea-
sonal impacts on temperature in the European conti-
nent. While winter blocking characteristics have been 
extensively studied, our work also focuses on the char-
acterization of blocking impacts on European summer 
temperature, which has been much less investigated. Fur-
thermore, the extension of this comprehensive analysis 
towards the sub-tropical ridge phenomenology is a sig-
nificant novelty. In this sense, this systematical separation 
between high- and low-latitude structures may be used in 
other climatological and dynamical applications, besides 
the one presented in this work.

We introduced an objective separation of the differ-
ent forcing mechanisms behind the temperature responses 
associated to each considered weather regime. This 
approach enabled quantifying the importance of the follow-
ing forcing factors: horizontal advection, vertical advection 
and diabatic heating. Particular attention was devoted to the 
radiative contribution to the diabatic term. To our knowl-
edge, this systematic quantification of the different con-
tributing factors to the temperature responses represents an 
innovation in the literature of climatological impacts related 
to blocking and ridge phenomenology—Seo et  al. (2016) 
used a similar approach to link temperature anomalies with 
the Madden-Julian Oscillation. Despite the limitations in 
the methodology, the results are in agreement with previ-
ous studies which have analyzed air parcel trajectories over 
Europe and the associated surface temperature responses 
for some specific case studies or regional weather systems. 

Fig. 11  Relative changes (%) in the frequencies of extreme tempera-
ture during blocking and ridge patterns in the regional sectors pre-
sented in Fig. 1 [UK (a), Iberia (b), Central Europe (c) and Italy (d)], 

using the winter TN10 and summer TX90 indices. Circles (triangles) 
represent maximum (minimum) temperature, and filled (open) sym-
bols represent blocking (ridge) patterns
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Thus, our approach corroborates these results from another 
perspective, and also distinguishes between the physical 
mechanisms associated with blocking and ridges, and to 
what extent they critically depend on their exact locations.

Finally, we complemented our analysis by evaluating 
changes in the PDF distributions of seasonal maximum 
and minimum temperature for different European regions, 
and in the frequency of extremely cold nights in winter and 
hot days in summer. This assessment allowed a finer look 
at regional impacts, framing smaller scale responses into 
the previous larger scale analysis. The main results of this 
study can be summarized as follows:

1 In winter, the synoptic signatures and near-surface 
temperature responses are generally opposite between 
blocking and ridge patterns. In particular, most of 
Europe experiences colder (warmer) than average win-
ter conditions during blocking (ridge) days. On the 
contrary, the summer temperature responses to block-
ing and ridges are more regional and not so dissimilar, 
with above average regional temperatures for both pat-
terns. Negative temperature anomalies are essentially 
restricted to southern Europe during blocking episodes. 
The spring transition in the blocking signatures from 
winter cold to summer warm anomalies in central and 
northern areas of Europe has been noted recently by 
Brunner et al. (2017).

2 Concerning the regional classification of blocking and 
ridges, the largest impacts associated to the weather 
regimes of each specific sector follow the specific lon-
gitudinal locations of the maximum 500 hPa geopoten-
tial height anomalies. Nevertheless, blocking and ridge 
structures located over central and western Europe are 
usually the ones with larger and more extensive tem-
perature anomalies, as they cause the largest disruption 
of the Atlantic jet stream.

3 During winter, the horizontal advection by the anoma-
lous flow plays a dominant role in shaping the lower-
tropospheric temperature responses to blocking and 
ridge systems. In particular, the cold advection of high-
latitude air masses towards central and southern Europe 
during blocking episodes and the transport of Atlantic 
moist and warm air towards the continent during sub-
tropical ridges are key processes. Over continental 
areas, long-wave radiative losses associated to blocking 
and ridges tend to offset the near-surface temperature 
anomalies induced by changes in short-wave radiation 

fluxes. In summer, diabatic heating is the most impor-
tant factor in determining warm temperature anomalies 
during blocking and ridge regimes. Different to winter, 
the induced anomalies in short-wave radiative fluxes 
overwhelm those in long-wave radiative fluxes due to 
the summer increase in insolation hours. As a conse-
quence, blocking and ridges prompt larger responses in 
maximum than in minimum temperatures, and a result-
ing increase in the temperature daily range. The adi-
abatic heating triggered by reinforced subsidence dur-
ing blocking and ridges plays a secondary role in rising 
lower-tropospheric temperatures, being more relevant 
during winter, and particularly important near the cen-
tral locations of the anticyclonic circulation.

4 This process-oriented attribution has enabled more 
detailed regional and seasonal analyses, additionally 
reporting some smaller-scale exceptions. However, 
some limitations must be acknowledged. For exam-
ple, although a dominant forcing factor has often been 
identified, in some cases there is a similar contribution 
or a partial cancelation between the considered forc-
ings. In spite of this, our results are in agreement with 
Lagrangian-based studies (Pfahl et al. 2015; Bieli et al. 
2015; Santos et al. 2015), which have noticed that win-
ter cold events are associated to long air mass trajecto-
ries, whereas summer events are more related to in situ 
warming due to enhanced radiation and surface heat 
fluxes.

5 On the overall, winter changes in extremely cold tem-
peratures are spatially coherent, with generalized 
increases (decreases) in the frequency of TN10 dur-
ing blocking (ridge) occurrence. Summer changes in 
extremely hot days are more regionally focused during 
blocking and ridge regimes. This is particularly evident 
in southern Europe, where we show a clear dissociation 
between the impacts of blocking (decreases in TX90) 
and ridges (increases in TX90). Further, the impact of 
ridges is particularly dependent on the exact longitudi-
nal location of northwards extensions of the sub-tropi-
cal ridge belt.

In summary, we have clarified the very distinct role of 
blocking and ridges in European temperature. This gains 
particular relevance for summer extreme temperatures in 
southern Europe, which has been affected by major heat-
waves such as the episodes of 2003 and 2007 and is bound 
to suffer even more frequent heatwaves in coming decades 
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(Christensen et al. 2013). In this sense, there has been some 
misperception and imprecise attribution of heat episodes in 
these areas to classical blocking definitions (e.g. Trigo et al. 
2005). We are confident to have achieved a more complete 
and consistent phenomenological description of the distinc-
tive impacts of blocking and ridges on European winter and 
summer temperature. Finally, we must acknowledge the rel-
evance of performing further sensitivity analyses using dif-
ferent reanalyses datasets when carrying out specific meth-
odologies as the one performed in this work, namely the 
temperature tendency diagnostic.
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