Climate Dynamics (2004) 23: 17-28
DOI 10.1007/s00382-004-0410-4

R. M. Trigo - I. F. Trigo - C. C. DaCamara
T. J. Osborn

Climate impact of the European winter blocking episodes

from the NCEP/NCAR Reanalyses

Received: 15 July 2003/ Accepted: 9 February 2004 / Published online: 29 May 2004

© Springer-Verlag 2004

Abstract A comprehensive multivariable characterisa-
tion of the climatic impacts of winter blocking and
strong zonal-flow (non-blocking) episodes over the
Euro-Atlantic sector is presented here, using a 40-year
(1958-97) consistent dataset from NCEP/NCAR.
Anomaly fields of surface or low troposphere climate
variables are then interpreted based on large-scale
physical mechanisms, namely, the anomalous mean flow
(characterised by the 500 hPa geopotential height and
the surface wind) and the anomalous eddy activity
(characterised by the surface vorticity and cyclonic
activity). It is shown that the lower troposphere
(850 hPa) temperature patterns are mainly controlled by
the advection of heat by the anomalous mean flow.
However, at the surface level, the anomaly patterns
obtained for maximum and minimum temperatures
present important asymmetries, associated with a
different control mechanism, namely the modulation of
shortwave and longwave radiation by cloud cover vari-
ations. It is shown that blocking and non-blocking epi-
sodes are typically associated with important meridional
shifts in the location of maximum activity of transient
eddies. The influence of persistent anomaly events in
precipitable water is strongly related to the corre-
sponding anomaly fields of lower troposphere tempera-
ture. The precipitation rate, however, appears to be
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essentially controlled by the surface vorticity field and
preferred locations of associated cyclones.

1 Introduction

The European middle-latitude climate is controlled by
the usual sequence of disturbances travelling from the
west, with spells of varying precipitation amount alter-
nating with dry periods ranging from the week up to the
month scales. However, this pattern is often disrupted
by a temporary change to a situation of predominantly
meridional flow (Barry and Chorley 1998). Such
meridional circulation favours the formation of strong
slow-moving or stationary anticyclones at high latitudes
(blocking highs), often accompanied by slow-moving or
stationary low-pressure areas at lower latitudes (Treidl
et al. 1981). Several theories have been proposed for the
formation and maintenance of blocking episodes, most
of which related to amplification of Rossby waves (Tung
and Lindzen 1979), with barotropic (Simmons et al.
1983) or baroclinic (Frederiksen 1982) instability, or as a
manifestation of multiple equilibria (Charney and De-
vore 1979). A significant number of works invoke non-
linear interactions, either between zonal flow and eddies
(Reinhold and Pierrehumbert 1982), or between plane-
tary waves (Egger 1978; DaCamara et al. 1991; Kung
et al. 1990; Christensen and Wiin-Nielsen 1996). A
number of authors have pointed to the decisive contri-
bution from high frequency cyclones to develop (e.g.
Mullen 1987; Colucci and Alberta, 1996; Nakamura
et al. 1997) and sustain (e.g. Shutts 1986) the typical low-
frequency anomalies associated with blocking episodes.
Conceptual models linking blocking anticyclones and
transient eddies have been proposed (Shutts 1983; Tsou
and Smith 1990).

Since a single blocked situation can persist for weeks,
just a few blocking episodes can determine the climate
characteristics of one winter (Stein 2000). In recent
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years, the analysis of blocking has been extended to
general circulation models, both from an operational
forecast (e.g. Tibaldi and Molteni 1990; Kung et al.
1990; Tibaldi et al. 1994) or climatological (Anderson
1993; Tibaldi et al. 1997; Sausen et al. 1995; D’Andrea
et al. 1998) perspective. This interest arises because the
predictability of the European climate is considered to
be higher during, and in, areas of blocking (Tibaldi and
Molteni 1990). Oddly, there seems to be a lack of studies
describing with sufficient detail the influence of these
blocking episodes on the Atlantic/European climate. In
fact, for the Northern Hemisphere, different authors
have either focused their climate impact studies on
particular intense blocking episodes over Europe (e.g.
Green 1977), the United States (e.g. Quiroz 1984), or
have looked at composites from relatively short time
series (e.g. Hansen et al. 1993; Quadrelli et al. 2001).
Interestingly, the pioneering works by Rex (1950a,b;
1951) are still used as the main reference for this pur-
pose. However, the scope of those studies was limited by
the short time series used in all of them. In fact, Rex
drew most of his conclusions on blocking influence over
European climate based on just two episodes (one in
winter and one in summer) in Rex (1950b), increasing to
six cases (three in winter and in summer) in his following
updated work (Rex 1951, R51 hereafter). It is reasonable
to doubt the statistical stability of his results because
they are dependent on such a small number of blocking
events. The necessity to obtain stable anomaly fields of
surface (and upper level) climate variables requires the
use of datasets with a much longer period, focusing on a
large number of years and including many blocking
episodes. Nevertheless, it is only fair to state that Rex
makes an impressive use of the (then) recently available
500 hPa charts, as well as several different climate
datasets (from a large number of different European
Meterological. Offices). To the best of our knowledge,
no single study has used long datasets (e.g. 30 years or
more) to fully characterize the average climate impact on
the lower troposphere using the composite of all
blocking episodes (grouped by season of occurrence).

Here, we present an attempt to update and consoli-
date some of Rex’s (1950b; 1951) conclusions for the
winter season over the Euro-Atlantic sector based on the
extensive use of the NCEP/NCAR Reanalysis dataset
with a much longer period (40 years) of consistent data.
Moreover, most authors tend to restrict their analysis to
the positive anomalies (blocking) episodes neglecting the
symmetric, and equally interesting, negative anomalies
(strong zonal flow or non-blocking) episodes. In this
study the climatic signature of both situations are fully
characterized in accordance with the procedure adopted
by RS51. The main objectives of this study are thus
twofold:

a. To present a comprehensive characterization of the
climatic impacts of blocking and strong zonal-flow
episodes over the Euro-Atlantic sectors using a 40-
year period of consistent data. This includes an

analysis of anomaly fields of climate variables rarely
employed in previous studies, such as maximum and
minimum surface temperatures or precipitable water.

b. To make an explicit use of dynamical variables (e.g.
surface anomalous wind and vorticity fields as well as
the spatial frequency distributions of individual cy-
clones) that can provide a physical interpretation of
the spatial distribution of climatic anomalies associ-
ated with both blocking and non-blocking compos-
ites. Some methodological aspects used in this
analysis follow closely those adopted in a recent work
(Trigo RM et al. 2002, TOC hereafter).

Data and the criteria to define blocking and non-
blocking episodes are introduced in Sect. 2. Sects. 3 to 6
illustrate the analysis of the composites for different
variables for both blocking and non-blocking compos-
ites, namely; 500 hPa geopotential height, 850 hPa
temperature, surface maximum and minimum tempera-
tures, precipitable water and precipitation rate. Then the
interpretation of the physical mechanisms that generate
the anomaly fields of these variables is performed by
means of corresponding anomaly fields of surface wind,
vorticity and cyclonic activity. Finally a discussion and
some conclusions are presented in Sect. 7.

2 Data and blocking definitions
2.1 Data

The data used in this study are large-scale gridded data
retrieved from the NCEP/NCAR Reanalysis dataset for
the period 1958-1997. The NCEP/NCAR Reanalysis
data were derived through a consistent assimilation and
modelling procedure that incorporated most available
weather and satellite information (Kalnay et al
1996). While the assimilation system has been frozen
throughout the whole re-analysis process, the observa-
tion base has undergone significant changes over the
considered period (White 2000). Six-hourly values of sea
level pressure (SLP), 500 hPa geopotential height, pre-
cipitable water (vertical integral of specific humidity),
precipitation rate, 850 hPa temperature, daily maximum
and minimum 2 m temperatures, and 10 m zonal (u) and
meridional (v) wind components were extracted from the
NCEP/NCAR 2.5° latitude by 2.5° longitude grid, for
the area 80°N-30°N; 60°W—70°E. Daily values are then
computed by averaging the six-hourly analyses (with the
exception of maximum and minimum temperatures).
Although based on observational data, the Reanaly-
ses are also dependent upon the skill and reliability of
the forecast model. Kalnay et al. (1996) categorize the
reliance on the model of different types of variables.
While variables such as SLP, 500 hPa geopotential
height and 850 hPa temperature correspond to observed
variables that were analyzed by the model, precipitation
rate is a member of the class of variables that are most
dependent upon the forecast model. However, it is
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necessary to bear in mind that all the analyses performed
in this work are based on the use of anomaly composites
(mean field removed), thus considerably filtering the
impact of systematic biases of the model on our results.
However, time dependent biases can still influence
results.

2.2 Blocking and non-blocking definition

Since blocking highs affect the middle and upper tro-
posphere as well as the surface they cannot usually be
properly identified by inspection of surface synoptic
charts alone (Treidl et al. 1981). There is no generally
recognized single definition of a blocking event; it is
widely accepted, however, that they are related to large
geopotential height anomalies at 500 hPa, both in space
and time. The criteria used to define blocking episodes
have varied from the earlier subjective definitions (e.g.
Elliot and Smith 1949; Rex 1950a, 1950b; Austin 1980;
Treidl et al. 1981) to more recent objective indices (e.g.
Lejends and Qakland 1983; Dole 1986; Tibaldi and
Molteni 1990; Liu 1994). Here, a similar procedure to
that originally developed by Tibaldi and Molteni (1990)
is adopted, with the necessary adaptation to the window
of data extracted and to the higher resolution of the
NCEP/NCAR Reanalysis dataset (2.5° by 2.5° instead
of 5° by 5°). Furthermore, we took into consideration
the latitudinal frequency distribution of blocking epi-
sodes obtained in the comprehensive study of Treidl
et al. (1981). Two 500 hPa geopotential height gradients,
GHGS and GHGN, are computed for 2.5° longitude
intervals over the Euro-Atlantic sector from 27.5°W to
40°E:

Z(;”a d)o) — Z(;% d)s)

GHGS =
¢n - ¢0
¢, =71.5°N + A
¢, = 60°N + A
¢, =40°N + A

A = —50°-2.5°0°25°

where Z(4, ¢) is 500 hPa height at longitude A and lat-
itude ¢. Then, following the procedure developed by
Tibaldi and Molteni (1990), a given longitude is defined
as “blocked” at a specific instant in time if the following
conditions are satisfied for at least one value of A:

GHGS >0 and GHGN< — 10 m/deg lat . (2)

As mentioned previously, most authors tend to restrict
their analysis to the positive anomalies (blocking) epi-
sodes disregarding the analysis of non-blocking epi-
sodes. Here, we define (empirically) an objective index to
characterize strong zonal flow episodes. After testing
different threshold values we considered that a given
longitude is defined as ‘“‘non-blocked” at a specific

instant in time if the following condition is satisfied for
at least one value of A:

GHGS < — 22.5 m/deg lat. (3)

A certain amount of empirical tuning was applied with
the aim of obtaining comparable frequencies of blocked
and non-blocked days. Naturally, the use of different
thresholds would implicate differences in the total
number of ‘“non-blocked” days. The whole Euro-
Atlantic (E-A) sector is considered to be blocked (non-
blocked) if three or more adjacent longitudes within its
limit are blocked (non-blocked). These criteria are con-
sidered to be sufficient to define a local (in time and
space) blocking pattern (Verdecchia et al. 1996; Tibaldi
et al. 1997). To evaluate the seasonal cycle of both types
of occurrences, we computed the average frequency of
blocked (solid line) and non-blocked (dashed line) days
for each month of the year for the E-A sector (Fig. 1a).
While the blocking frequency curve presents the well
known spring maximum and summer minimum (see, e.g.
Fig. 2c in D’Andrea et al. 1998), the corresponding non-
blocking frequency curve exhibits an expected winter
maximum followed by a pronounced minimum in spring
and summer. It is worth noticing that the lack of a
minimum duration prerequisite leads to the awkward
circumstance whereby the vast majority (~90%) of
winter days are considered (individually) to be either
blocked or non-blocked. Clearly, a minimum duration
threshold must be imposed to the definitions of both
blocking and non-blocking patterns.

2.3 The duration of blocking and non-blocking episodes

The typical duration of blocking episodes varies between
5 and 30 days (Treidl et al. 1981; Tibaldi and Molteni
1990). However, similarly to the ambiguity with the
blocking definition, there is no minimum duration value
for blocking episodes that is globally accepted. In fact,
the minimum threshold in literature has varied between
three (Elliot and Smith 1949) and ten days (Rex 1950a),
while a majority of works tends to adopt a value of five
days (Treidl et al. 1981; Dole 1986; Tibaldi and Molteni
1990; D’Andrea et al. 1998). Here, an empirical lower
threshold of ten consecutive blocked (or non-blocked)
days is added to the circulation constraints defined by
the set of Eqs (1) to (3). While this minimum duration
value might be considered too restrictive (Sausen et al.
1995) it is, nevertheless, a necessary requirement if one
intends to establish a fair comparison of results with
those obtained by RS51. Following a procedure previ-
ously adopted by other authors, we accepted as valid all
those blocking (or non-blocking) episodes where a single
intermediate day does not fulfill the required conditions
(D’Andrea et al. 1998; Verdechia et al. 1996). For
example, if four successive days, considered blocked by
the index for a specific sector are followed by one non-
blocked day and than by five successive blocked days,
the entire episode is considered to be a 10-day blocking
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Fig. 1 a Mean frequency of blocked (solid line) and non-blocked
(dashed line) days for each month, for the E-A sector; b Histogram
of the duration of blocking episodes with at least 10 days; ¢ the
same as b but for non-blocking events

event. A similar tapering criterion procedure was ap-
plied to define all non-blocking episodes. Here, the use
of wording such as blocking (non-blocking) episode or
blocked (non-blocked) day is, from now on, restricted to

C

Fig. 2 The mean 500 hPa geopotential height (gpm) anomalies for
all winter a blocking, and, b non-blocking episodes, with a
minimum duration of 10 days. The shading shows the correspond-
ing 850 hPa temperature field (°C); ¢ Differences between the mean
500 hPa geopotential height (gpm) composites and the correspond-
ing 850 hPa (°C) temperature composites (represented only if
significant at the 1% level)

those days and episodes that fulfill the previous filtering
criteria.

This procedure was applied to every month of the
year but the analysis will be restricted to winter.
Accordingly all blocked winter days (DJF) are consid-
ered, even if the blocking episode began before Decem-
ber or ended after February. Following recent major
works of the climate community that analyze blocking
episodes, the DJF winter definition is also used here.
Moreover, it is compatible with the work of R51 as his
three winter blocking episodes happened either in Jan-
uary or February. Overall, the total number of winter
days (3610) taken into consideration by the blocking
composite is slightly lower (1051) than those considered
by the non-blocking composite (1084). The analysis of
the climate impact of blocking and strong zonal flow
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(non-blocking) episodes in the next sections will be
based on these composites. Finally, the remaining
1475 days (41%) are characterized by intermediate
winter circulation conditions.

The total number of blocking and non-blocking epi-
sodes considered (lasting at least 10 days) for the winter
season, were exactly the same, i.e. 63 cases, and their
frequency histogram of duration can be seen in Fig. 1b
and c, respectively. Both frequency distributions are
skewed, as expected, with median duration values of 13
and 14 days for blocking and non-blocking, respectively.
While the duration of non-blocking episodes presents a
relatively regular decrease with a long tail, the corre-
sponding duration of blocking cases reveals a less clear
picture. In fact, the E-A sector presents a sharp decrease
of blocking episodes between 14 and 19 days, increasing
to more significant numbers between 20 and 26 days.
However, a proper comparison of these frequency his-
tograms with previous results is difficult due to differ-
ences in datasets used, but also because most authors
tend to compute distribution frequencies on a yearly
(not winter) basis (e.g. Treidl et al. 1981; Dole 1986;
D’Andrea et al. 1998).

In the following sections composites of several cli-
matic variables are analysed for blocked and non-
blocked situations (events lasting at least 10 days only).
The respective pairs of blocked and non-blocked com-
posites were tested with a two-tailed ¢-test (null
hypothesis of equal means). We should emphasize that
the evaluation of the degrees of freedom to estimate the
significance of the ¢ statistic was based on the restrictive
criterion adopted in Hansen et al. (1993), i.e. the ¢ sta-
tistic was computed taking only into account the number
of blocking (63) and non-blocking (63) winter episodes
with at least 10 days.

3 Circulation anomalies and associated low-troposphere
temperature anomalies

The composites of 500 hPa geopotential height for
blocking and non-blocking winter episodes, as defined in
the previous section, are shown in Fig. 2. The most
important feature corresponds to the intensification of
the meridional component of the mid-troposphere cir-
culation that is perfectly visible during blocked situa-
tions, up and downstream of the British Isles (Fig. 2a).
This configuration is usually associated with the spliting
of the jet stream into two distinct branches, a feature
that is widely accepted as a trademark of European
blocking episodes (Rex 1950a,b; Treidl et al. 1981). On
the contrary, non-blocked events are characterized by an
intensification of the zonal circulation (Fig. 2b). The
corresponding 850 hPa temperature fields for both
composites are superimposed in Fig. 2a,b. The differ-
ences between blocking and non-blocking composites of
500 hPa geopotential height and 850 hPa temperature
are shown in Fig. 2c, with the differences of the 850 hPa
composites being represented only if they are significant

at the 1% level. This figure presents two recognizable
characteristics of the 500 hPa geopotential height
anomaly field: the maximum difference located between
Scotland and Scandinavia and the less intense maximum
negative difference over Iberia (e.g. Hansen et al. 1993;
D’Andrea et al. 1998). The corresponding difference for
850 hPa temperature field presents concentrated positive
values between Greenland and Scandinavia with a
maximum located to the north of Iceland. On the other
hand a significant temperature anomaly sector is spread
over a large area between the Azores, in mid-Atlantic,
and central Asia, with the lowest values observed over
the Balkans. The magnitude and location of these po-
sitive and negative low troposphere temperature anom-
alies is similar to results obtained by Hansen et al. (1993)
and Dole (1986), although these authors have employed
a considerably shorter period (8 and 11 years, respec-
tively) and lower resolution (5° latitude by 5° longitude)
dataset. A comparison of these results with those
obtained by R51 is left for Sect. 5 where the blocking
impacts on maximum and minimum near-surface
temperatures are analyzed in detail.

4 Cyclonic activity

As mentioned in the Introduction, several authors have
looked at relationships between cyclones and the
development of blocking highs. Several of these studies
have either focused on particular intense blocking
episodes (e.g. Shutts 1986; Lupo and Smith 1995) or
have dealt with conceptual models (e.g. Frederiksen
1982; Shutts 1983; Tsou and Smith 1990). A number of
authors have emphasized the decisive contribution
from high-frequency cyclones for developing (e.g.
Colucci and Alberta 1996; Nakamura et al. 1997) and
sustaining (e.g. Shutts 1986; Nakamura and Wallace
1990) most blocking episodes. In particular, the works
of Shutts (1983) and Mullen (1987) have considered a
mechanism whereby transient eddies act to maintain
blocking patterns through the addition of anticyclonic
vorticity along their western flank. Lupo and Smith
(1995) applied the model developed by Tsou and Smith
(1990) and, demonstrated that all the blocking episodes
in their study were preceded in time by an upstream
cyclone. More recently, Michelangeli and Vautard
(1998) have confirmed that baroclinic waves are fun-
damental for the appearance of most blocking epi-
sodes. Here, we will make use of the large dataset
available in order to analyze spatial patterns of cyclone
distribution that occur simultaneously with blocking
and non-blocking events. For that purpose cyclones
were detected and tracked using a automated proce-
dure (e.g. Murray and Simmonds 1991; Serreze et al.
1997; Trigo IF et al. 1999). Recently, Gulev et al.
(2001) have used this technique to compute the winter
cyclone activity over the entire Northern Hemisphere
using the same NCEP/NCAR dataset as in the present
study.
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The methodology previously developed for the
smaller Mediterranean region (Trigo IF et al. 1999,
2002) has been adapted for the area of the study in the
E-A sector. The cyclone detection and tracking algo-
rithm, described in the Appendix, is based on the iden-
tification, and consequent tracking of local sea level
pressure minima. Previous works have pointed out that
the use of SLP instead of the vorticity field tend to
produce a poleward displacement of the central low’s
position and a tendency to favour the detection of the
deeper or slower-moving systems (Sinclair 1994; Trigo
IF et al. 1999). However, the vorticity field near the
surface is considerably noisier than the SLP, leading to
the additional problem of selecting the vorticity maxima
that correspond to a single cyclone.

The average number of cyclones detected per winter
per 5° long x 5° latitude cell, normalised for 50°N, is
plotted in Fig. 3a and b, for blocking and non-blocking
composites, respectively. The absolute number of cy-
clones mapped in Fig. 3 may be slightly underestimated,
since fast-moving lows may not be counted in some of
the individual grid-boxes due to inadequate temporal
resolution of the data (Zolina and Gulev 2002). How-
ever, the main purpose of this analysis is to compare the
spatial resolution of cyclone counts for blocking and
non-blocking situations. As expected, during blocking
episodes there is a lack of cyclones travelling over the
northeastern Atlantic and through Northern Europe, an
area that spans roughly between 45°N and 60°N and
between 10°W and 20°E (Fig. 3a). Most cyclones tend to
move either along the western margin of the blocking
pattern (between Greenland and the Arctic Sea) or
through a southeasterly trajectory (between the Iberian
Peninsula and the Caspian Sea). This split of the cy-
clonic activity into two distinct branches has been de-
scribed in models (e.g. Shutts 1983) and also in a 30-year
diagnostic study of baroclinic wave activity by Nakam-
ura and Wallace (1990). On the contrary, strong zonal-
flow episodes are characterized by a higher number of
cyclone centres crossing the North Atlantic and pene-
trating Northern Europe. Significant cyclones counts
can be seen over the Mediterranean, albeit not as many
as in the blocking composite. It is important to keep in
mind that this type of cyclone identification algorithm
tends to produce some poleward bias (Sinclair 1994)
implying that these bands may be located a few degrees
north of the actual location of most storm-track trajec-
tories. As expected, the difference in cyclonic activity
between these blocking and non-blocking composites
presents two significant zonal bands of opposite sign
(Fig. 3c).

5 Maximum and minimum surface temperatures

The impact of blocking episodes on the mean tempera-
ture of the European region has already been described
in previous works (e.g. R51; Dole 1986; Hansen et al.
1993). However, a separate analysis developed inde-

C

Fig. 3 Number of cyclones per winter, detected per 5° x 5° area
normalised for 50°N, for a blocking, b non-blocking, and ¢ their
difference

pendently for maximum temperature (Tmax), mainly
recorded during daytime, and minimum temperature
(Tmin), usually recorded towards the end of the night,
has not previously been attempted. Here, such an anal-
ysis is presented, and the anomaly fields of Tmax (Tmin)
for blocking and non-blocking composites can be ob-
served in Fig. 4a,b (Fig. 5a,b). In order to help the
interpretation of these fields, the corresponding anom-
alous mean atmospheric flow is also shown in both fig-
ures through the 10 m wind velocity anomalies. All
anomaly fields were computed by removing the respec-
tive winter climatology from the composite fields. Near
surface NCEP/NCAR winds present some problems,
including time-dependent biases, over the North Atlan-
tic ocean area (Cox et al. 2000). Nevertheless, their
validation against independent observed data is very
difficult and the use of composite analysis should con-
siderably diminish the problem.
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C

Fig. 4 Anomalies of the daily maximum temperature field (°C) for
winter composites of a blocking episodes, b non-blocking episodes,
and c their difference (represented only if significant at the 1%
level). The arrows show the respective anomaly of the 10 m wind
field (ms ")

During blocking episodes, the meridional SLP gra-
dient is weakened, favouring an advection of cold air
from northern Russia into the whole European conti-
nent; such cold advection is reflected in the large area of
negative anomalies of both Tmax (Fig. 4a) and Tmin
(Fig. 5a). However, the magnitude of the temperature
anomaly fields over Europe and the extent over North-
ern Africa is clearly distinct between Tmax and Tmin.
The magnitude of Tmin anomalies in Central Europe is
considerably stronger than that of Tmax. The reverse
can be observed over the Greenland region where the
Tmax signal is stronger than that of Tmin. In a previous
work (TOC) it was shown that the North Atlantic
Oscillation produced the appearance of similar asym-
metries (mainly over the Baltic region) as a consequence
of significant differences in cloud cover and radiative
patterns that can generate different day and night-time
temperature anomalies. The asymmetric responses of the

C

Fig. Sa— As in Fig. 4 but for the daily minimum temperature field

Tmax and Tmin fields over northern and eastern conti-
nental Europe are mainly caused by the usual lack of
clouds that characterises typical blocking anticyclones
(Wilby et al. 1997), and thus by the additional night-time
outgoing longwave radiation, associated with mostly
cloud-free areas. The spatial extent of anomalies, of the
order of —0.4 to —1.6 K for blocking composites, covers
much of the Iberian Peninsula, Morocco and Algeria
even extending to the south of the Caspian Sea for
(daytime) Tmax (Fig. 4a), but not for the (night-time)
Tmin (Fig. 5a). As shown in Sect. 4, the Mediterranean
region is affected by higher than usual storm activity,
likely to be associated with increased cloud cover during
blocking winter events. Thus, the likely presence of a
thick cloud cover does not allow the daytime radiative
warming by short-wave solar radiation, while during the
night it enhances the greenhouse effect partially offset-
ting the advection of cold polar air to yield small Tmin
anomalies. The small positive temperature anomaly over
parts of Greenland, northern Scandinavia and the
northern Atlantic in blocking composites results from
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enhanced northward advection of warm low tropo-
sphere air from the Atlantic.

During strong zonal flow (non-blocking) episodes,
the meridional SLP gradient is enhanced, contributing
to the strengthening of the westerly wind field (Figs. 4b
and 5b). Such strengthening of the westerlies is respon-
sible for an increased advection of moist warm air into
Europe, in accordance with the presence of enhanced
storm tracks (Fig. 3b), and generates a strong positive
temperature anomaly between France and western
Russia. Similarly to the blocking composites, the spatial
extent of the anomaly fields is larger for Tmax than for
Tmin, while the magnitude of both the negative and
positive anomaly patterns is higher for Tmin than for
Tmax over central Europe (Figs. 4a and 5b). As for the
blocked case, the difference in day and night-time tem-
perature response during strong zonal flow episodes can
be understood by the influence on radiative fluxes of
anomalous cloud cover to the south of the storm track
anomalies (Figs. 3b,c). A weak cold anomaly develops
in both Tmin and Tmax over Greenland and northern
Scandinavia as a consequence of the cold polar air
advection from the arctic (Figs. 4b, 5b).

Significant differences at the 1% level in Tmax
(Tmin), between composites of blocked and non-
blocked periods, can be seen in Fig. 4c (Fig. 5c). As
expected, significant positive differences of both Tmax
and Tmin fields are confined to the northern Atlantic,
extending from Greenland to northern Scandinavia, and
are slightly larger for Tmax than for Tmin. However,
over the northern sea, both these fields present anoma-
lies that are slightly weaker than the equivalent tem-
perature anomalies at the 850 hPa level. The amplitude
of the differences over Europe is higher for Tmin than
for Tmax, but the spatial extent of significant differences
over the northern Africa and Caspian Sea sectors is
larger for Tmax than for Tmin.

6 Precipitation

In Sects. 3 and 4 we showed that changes of the mean
circulation are accompanied by important shifts of the
associated frequencies of cyclones. In this section it will
be shown how such shifts can be directly linked with
significant changes of regional precipitation over most of
Europe and parts of northern Africa. Here, two pre-
cipitation-related variables from the NCEP/NCAR
Reanalyses, namely, daily precipitation rate and pre-
cipitable water (hereafter PR and PW, respectively) are
used. It is worth keeping in mind that although the
Reanalyses are based on observational data, they are
strongly dependent upon the skill and reliability of the
model. Kalnay et al. (1996) categorize the reliance on the
model of different types of variable; PR is a member of
the class of variables that are most dependent upon the
forecast model, and model systematic errors may
introduce erroneous precipitation data. Nevertheless,
NCEP/NCAR Reanalysis precipitation has been shown

to present some skill in comparison with observations
(e.g. Widmann and Bretherton 2000). The ability of the
NCEP/NCAR reanalysis to reproduce the daily precip-
itation over Europe was further analyzed by Reid et al.
(2001). These authors have shown that, at least, for both
England and Italy the reanalysis presents a seasonal
cycle in skill, being higher in the winter and lower in the
summer. White (2000) shows a discrepancy between
NCEP/NCAR global precipitation trend and that ob-
served with the well know climatology by Xie and Arkin
(1997). The decline in the number of observations re-
ported by shipping could be partially responsible for
such change. Furthermore, the use of composite anom-
alies eliminates the impact of model inadequacies, in
particular those associated with a poor simulation of the
precipitation rate mean field (TOC). Finally, it should be
stressed that PR is dynamically consistent with other
variables used in this study.

PR anomaly fields for composites of winter days
characteristic of blocking and non-blocking episodes are
shown in Fig. 6a and b, respectively. The most promi-
nent feature in Fig. 6a (Fig. 6b) is the existence of three
latitudinal bands of opposite anomaly signs with the
largest regions of dry (wet) anomaly values centred
roughly near the British Isles and wet (dry) west of the
Iberian Peninsula for blocked (non-blocked) composites.
Figure 6¢c shows three latitudinal bands of opposite
anomaly signs, where differences between blocking and
non-blocking episodes are significant at the 5% level.
Significant negative differences of PR are concentrated
between Iceland and the Volga river region with minima
located west of Scotland, southern Norway and north-
ern France. A prominent positive anomaly appears in
eastern Greenland as a result of advection of warm and
moist air to the mountainous eastern coast of Green-
land. At lower latitudes, a significant positive band of
PR extends from the Azores Islands (mid-Atlantic) to
southern Iberia with a weaker, but still significant
elongation into the Mediterranean basin. In a previous
work (Trigo and DaCamara 2000) results from an
objective weather type classification showed that the
winter precipitation regime in southern Portugal was
mainly controlled by days of cyclonic type. In the
present context this feature might be associated to the
effect of cut-off lows travelling along the southern flanks
of blocking highs located in Northern Europe. Finally, a
smaller and less consistent positive anomaly can be ob-
served between Greenland and northern Russia.

As previously shown in TOC, enhanced precipitation
can be explained by a combination of enhanced moisture
availability and/or conditions that enhance condensa-
tion of water vapour. It is widely recognized that pre-
cipitable water (PW) provides a measure of the first
term, being the total water vapour content in a vertical
column of the atmosphere. PW anomaly fields for
blocking and non-blocking composites of winter days
are shown in Figs. 7a,b, respectively. The impact of
both blocked and non-blocked circulation is character-
ised by two bands of positive and negative regions of
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C

Fig. 6 Anomalies of the precipitation rate (mm/day) for winter
composites of a blocking episodes, b non-blocking episodes, and ¢
their difference (represented only if significant at the 5% level).
Positive (solid) and negative (dashed) isolines of the 10 m vorticity

anomaly field, with intervals in 0.2 x 10°s7! fora blocking, and b

non-blocking composites are also represented)

PW with a slight SW-NE slope. In fact, Fig. 7a (Fig. 7b)
shows that the blocking (non-blocking) composite pre-
sents a positive (negative) anomaly band extending, with
a southwestern-northeastern orientation, from southern
Azores region across Central Europe and into the Black
Sea region. This diagonal band is bordered by a north-
ern band of opposite sign, extending from the southern
Greenland Sea into northern Scandinavia and with a
maximum value over Iceland. The spatial extent of these
two regions is confirmed in Fig. 7c where all significant
differences of PW at the 1% level, between composites of
blocked and non-blocked can be seen. It is well known
that the water vapor content of the atmosphere is highly
associated with its temperature, explaining the similarity
of Figs. 7c and 2c¢ (the main difference being the latitude
of the southwestern anomaly).

Condensation of the PW content typically requires
uplift provided by a range of mechanisms (e.g. Barry

C

Fig. 7a—c As in Fig. 4 but for precipitable water

and Chorley 1998), but mainly through low-level con-
vergence associated with cyclonic circulation (i.e. posi-
tive vorticity). In fact, the relative vorticity field,
computed from the composites of both components
(zonal and meridional) of the 10 m wind field, indicates
that much of the PR response to blocked (Fig. 6a) and
strong zonal-flow (Fig. 6b) is associated with anomalous
values of the vorticity field. The maximum value of
positive (negative) vorticity, represented by solid (da-
shed) lines is consistently located over (or a few degrees
north of) regions with higher (lower) than average PR
values. Small northward shifts of the vorticity extreme
are compatible with the typical configuration of a mid-
latitude synoptic disturbance, with low-pressure centres
positioned poleward of the fronts that induce precipi-
tation through strong vertical motions. Furthermore,
these extremes of the vorticity field are, generally, in
agreement with the location of extreme values of cy-
clones detected (Fig. 3c¢). In some locations, the clear
relationship between the precipitation and vorticity
anomalies is modified by variations in the moisture
content of the atmosphere (Fig. 7). For example, the
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positive vorticity anomaly over the Bay of Biscay during
the blocked composite (Fig. 6a) is not associated with
enhanced precipitation, because the moisture content is
strongly reduced there (Fig. 7a).

In summary, PR anomalies (Fig. 6, colours) can be
mainly attributed to the vorticity of the mean composite
circulation (Fig. 6, isolines), that are associated with
preferred location of storms as previously described
(Fig. 3) and, to a lesser extent, with variations in mois-
ture content (Fig. 7).

7 Discussion and conclusions

Here, we presented a comprehensive characterization of
the climatic impacts of blocking and strong zonal-flow
episodes over a large area (that encompasses the E-A
sector) using the 40-year period of NCEP/NCAR Rea-
nalyses data. Moreover, and unlike many previous au-
thors, we focused our effort equally on the impacts of
the positive anomalies (blocking episodes) and on the
impacts of the negative anomalies (strong zonal flow or
non-blocking episodes). Overall, it is possible to state
that there are significant impacts of blocking and non-
blocking episodes on all surface or low-troposphere cli-
mate variables considered as well as on the associated
variables that characterize the tropospheric dynamics. In
fact, the use of a stringent z-test to compare differences
between composites allowed for a correct assessment of
the spatial extent of all significant differences.

The pattern of 850 hPa temperature anomaly can be
clearly explained in terms of anomalous mean flow as
represented by the 500 hPa height anomaly field. This
simple balance is then perturbed by the heat transport
associated with transient eddies. The composite analysis
of the cyclonic activity for both blocked and non-
blocked composites shows a strong meridional shift over
Europe, which is directly associated with an equivalent
meridional shift in the precipitation pattern. Daily
maximum (Tmax) and minimum (Tmin) temperatures
present anomaly patterns broadly similar to those of the
850 hPa temperature anomaly field. However, over the
northern sea, both Tmax and Tmin anomalies are
weaker than the equivalent temperature anomalies de-
picted at the 850 hPa level. Furthermore, there are
obvious asymmetries between the magnitude and spatial
extent of Tmax and Tmin anomaly patterns over Eur-
ope, northern Africa and around the Caspian Sea re-
gion. In a previous work, a similar analysis of the impact
of the North Atlantic Oscillation over Europe (Trigo
RM et al. 2002) resulted in even larger asymmetries
between Tmin and Tmax patterns which were shown to
be linked with the corresponding cloud cover patterns.
Here, we invoke the same additional mechanism, namely
the modulation of shortwave and longwave radiation by
cloud cover variations associated with the blocking
episodes, to explain these differences between daily
Tmax and Tmin anomaly patterns.

In summary, the large-scale mean temperature
anomalies can be mostly explained by advective heat
transport by the corresponding anomalous mean atmo-
spheric flow (as represented by the 10 m wind velocity
anomalies superposed on Figs. 4 and 5). This result is in
agreement with Mullen (1987) who showed that the
thermal anomalies of the blocking pattern are main-
tained mainly by the advection of mean temperature by
the mean anomalous wind (=7 -VT). The cyclones
(transient eddies) identified in Sect. 4 tend to partially
off-set the zonal asymmetry of the thermal field (Mullen
1987). However, the present analysis highlights the
importance of a third process, namely the modulation by
anomalous cloud cover (associated with anomalous
atmospheric circulation) of the radiative transfer of heat
to and from the Earth’s surface. These radiative and
cloud cover influences, under blocking and strong zonal
flow regimes, result in the generation of different day
and night-time temperature anomalies.

A full comparison of these results with those obtained
by R51 should be done carefully, taking into consider-
ation differences in datasets and methodology applied in
both studies, namely:

1. R51 considered the aggregated impact of 3 blocking
events while we take 63 into consideration.

2. R51 focused his attention on the mean surface tem-
perature while we study separately the impact on the
minimum and maximum temperatures.

3. Finally, R51 employed observed values that were
physically measured in a non-regular grid (synoptic
stations) while we used ‘‘assimilated” values com-
puted by the Reanalyses procedure over a regular
grid.

Overall, the location of the positive and negative
anomalies obtained in the present study are fairly coin-
cident with those obtained by R51: though the negative
temperature anomaly obtained by Rex (1951) does not
present an eastern elongation into Russia (see Fig. 5 in
R51). Furthermore, the small number of cases taken into
consideration in R51 leads to maximum (minimum)
extreme values to be several degrees higher (lower) than
those obtained here.

For precipitation-related variables, we find distinct
patterns of precipitable water (PW) content and pre-
cipitation rate (PR) associated with blocking and
non-blocking composites. While the former is strongly
controlled by the corresponding anomaly fields of the
lower troposphere temperature, PR (as estimated by the
NCEP/NCAR Reanalysis system) appears to be essen-
tially related to atmospheric circulation patterns that
lead to the condensation of the available moisture. These
circulation patterns are examined here through the
vorticity of the composite of the 10 m wind field and by
the actual computation of the spatial frequency of
storms.

It is interesting to compare these results with the
corresponding precipitation anomaly pattern obtained
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by R51. Similar to temperature, and despite the small
number of blocking episodes considered by RS5I1, the
general location of negative and positive anomaly sec-
tors is similar to those obtained here (compare Fig. 6a
with Fig.7 of R51). These include the important wetter
than normal anomalies over southern Iberia, northern
Morocco, east Greenland and northern Norway.
However, R51 results are somewhat drier than those
presented here for most Eastern Europe, including
Turkey, the Balkans and also north of the Arctic polar
circle.

The two main objectives of this study consisted of: (1)
updating some of Rex’s (1950b, 1951) conclusions, using
climate variable rarely employed in previous studies,
such as maximum and minimum surface temperatures or
precipitable water; and (2) making use of dynamical
variables (e.g. surface anomalous wind and vorticity
fields as well as individual cyclones) to provide a phys-
ical interpretation. Further work is underway to extend
the present analysis to the remaining seasons, including
the summer (to compare with Rex 1951 results) and also
spring where blocking frequency reaches a yearly max-
imum in the E-A sector.
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8 Appendix
8.1 Cyclone tracking algorithm

The detection and tracking of North Atlantic cyclones is
based on an algorithm previously developed for the
Mediterranean region by Trigo IF et al. (1999). Both the
detection and tracking schemes are performed using 6-
hourly sea level pressure (SLP), available from NCEP/
NCAR reanalyses on a 2.5° x 2.5° grid. The data cover
the area from 30°N to 80°N and 60°W to 70°E, and the
period 1958-97.

A candidate cyclone is identified as a local SLP
minimum, over a 3 X 3 grid point area. To be considered
a cyclone, this minimum must fulfil two thresholds
found empirically:

1. A maximum value of 1020 hPa is required for the
central sea level pressure

2. The mean pressure gradient, estimated for an area of
12.5° long. x 10° lat. around the minimum pressure,
must be at least 0.55 hPa/100 km

The cyclone tracking algorithm is based on a nearest-
neighbour search procedure (as in Blender et al. 1997;
Serreze et al. 1997): a cyclone’s trajectory is determined
by computing the distance to cyclones detected in the
previous chart and assuming the cyclone has taken
the path of minimum distance; if the nearest neighbor in

the previous chart is not within an area determined by
imposing a maximum cyclone velocity of 50 km/h in the
westward direction and of 110 km/h in any other, then
cyclogenesis is assumed to have occurred. Again, these
thresholds were determined empirically by observing
cyclone behaviour in SLP charts.
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