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Abstract This paper aims to provide a new blocking
definition with applicability to observations and model
simulations. An updated review of previous blocking
detection indices is provided and some of their implications
and caveats discussed. A novel blocking index is proposed
by reconciling two traditional approaches based on
anomaly and absolute flows. Blocks are considered from a
complementary perspective as a signature in the anomalous
height field capable of reversing the meridional jet-based
height gradient in the total flow. The method succeeds in
identifying 2-D persistent anomalies associated to a
weather regime in the total flow with blockage of the
westerlies. The new index accounts for the duration,
intensity, extension, propagation, and spatial structure of a
blocking event. In spite of its increased complexity, the
detection efficiency of the method is improved without
hampering the computational time. Furthermore, some
misleading identification problems and artificial assump-
tions resulting from previous single blocking indices are
avoided with the new approach. The characteristics of
blocking for 40 years of reanalysis (1950-1989) over the
Northern Hemisphere are described from the perspective of
the new definition and compared to those resulting from
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two standard blocking indices and different critical
thresholds. As compared to single approaches, the novel
index shows a better agreement with reported proxies of
blocking activity, namely climatological regions of simul-
taneous wave amplification and maximum band-pass fil-
tered height standard deviation. An additional asset of the
method is its adaptability to different data sets. As critical
thresholds are specific of the data set employed, the method
is useful for observations and model simulations of dif-
ferent resolutions, temporal lengths and time variant basic
states, optimizing its value as a tool for model validation.
Special attention has been paid on the devise of an objec-
tive scheme easily applicable to General Circulation
Models where observational thresholds may be unsuitable
due to the presence of model bias. Part II of this study deals
with a specific implementation of this novel method to
simulations of the ECHO-G global climate model.

Keywords Atmospheric blocking - Automatic methods -
Climate variability - Climate change - Reanalyses -
General Circulation Models

1 Introduction

In addition to the quasi-stationary planetary scale circula-
tion, the mid-latitude climate is dominated by transient
synoptic disturbances co-existing with less common but
persistent circulation patterns. Since these weather systems
exhibit preferred spatial distributions, a significant modi-
fication in their amplitude, frequency and/or location (by
either anthropogenic causes or natural variability) can lead
to substantial changes in regional climates. As a conse-
quence, an adequate representation of these systems is vital
to model accurately the mid-latitude climate and to provide
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credible projections in climate change scenarios. Among
these weather systems, blocking is a classical subject in the
meteorological literature that has captured the interest of
the scientific community for several decades. The term was
first introduced by meteorologists in the early twentieth
century when referring to those weather situations in which
the normal zonal flow was temporarily suppressed in a
sector by strong persistent meridional type flow, thus
“blocking” (i.e. interrupting) the normal west-to-east pro-
gress of extratropical migratory cyclone systems. Although
there is no universally accepted blocking definition several
features are widely recognized:

1. Blocking is characterized by a large-scale high
pressure system with an anticyclonic circulation dom-
inating the troposphere in the region where the
prevailing westerlies are usually located. This can
arise under two typical configurations: a high-low
dipole structure that splits the jet into two branches
north and south of the blocking high (diffluent or
dipole block, Rex 1950a) or an amplified ridge with an
omega-like shape (omega block, Sumner 1954). Under
both situations, the high pressure is linked to the
simultaneous occurrence of low pressure systems at
lower latitudes either in the equatorial side of the
diffluent block or upstream/downstream of the omega
block.

2. Blocks are regional phenomena with a characteristic
spatial dimension typical of the large-scale (e.g. Liu
1994). Unlike other features of the general circulation,
they are quasi-stationary with lifetimes amounting
from several days to 4 or 5 weeks (e.g. Knox and Hay
1984; Wiedenmann et al. 2002), thus being an
important component of intraseasonal variability
(Trenberth et al. 2007).

3. There are two preferred regions for blocking occur-
rence in the eastern sides of the Atlantic and Pacific
oceans, coinciding with the climatological areas of
wave amplification and the exit zones of the two main
storm tracks. Although there is not yet a satisfactory
dynamical theory of the blocking phenomenon, it is
recognized that blocking onset, development and
maintenance is influenced by large-scale waves, small
scale perturbations and their mutual interactions (e.g.
Charney and DeVore 1979; Tsou and Smith 1990;
Nakamura et al. 1997). As a consequence, blocks can
be detected through the whole year but exhibit
seasonal variability with maximum occurrence in
winter and spring (e.g. Tibaldi et al. 1994). At longer
time scales, interannual and interdecadal variations are
associated, though not tightly coupled (Stan and
Strauss 2007), to oscillations of the main regional
modes of low-frequency variability in the Atlantic and
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the Pacific, including the North Atlantic Oscillation
(NAO, e.g. Barriopedro et al. 2006), El Nifio—Southern
Oscillation (ENSO, e.g. Wiedenmann et al. 2002) and
the Pacific North America pattern (PNA, e.g. Croci-
Maspoli et al. 2007). In addition, long-term memory
components of the climate system such as sea surface
temperatures (SSTs, Chen and Yoon 2002; Huang
et al. 2002; Luo and Wan 2005) and snow cover
conditions (Garcia-Herrera and Barriopedro 2006) can
modulate blocking occurrence. External forcings such
as solar activity also exert a significant impact on
blocking activity (Barriopedro et al. 2008).

4. Blocking occurrence is associated with anomalous
weather conditions over long periods of time and large
areas of mid and high latitudes, which can have major
impacts on society. Synoptically, regions under the
blocking high experience long periods of cloudless
weather and drying conditions (e.g. Treidl et al. 1981).
If the event is persistent, the long-lasting anomalies
under the blocking high can be responsible for extreme
events (Quiroz 1984; Garcia-Herrera et al. 2007).
Climatologically, blocks induce anomalous warm
(cold) temperature anomalies upstream (downstream)
of the blocking high due to the southerly (northerly)
advection by the anomalous meridional flow. Westerly
winds are replaced by easterlies and hence, the mean
cyclone track and precipitation patterns are diverted
toward polar or subtropical latitudes (Rex 1951; Trigo
et al. 2004; Carrera et al. 2004).

A definition of blocking has become in itself a major
issue, with different blocking indices focusing on different
characteristics of the blocks. Albeit many blocking situa-
tions are successfully detected by any of the existing
indices, there are some discrepancies in the reported fre-
quency and location that may have consequences in
observational and modelling studies (Doblas-Reyes et al.
2002). This has motivated a vivid debate on the type of
features identified by each index and the most suitable
method in providing a realistic approximation to blocking.
The complexity of diagnosing blocking in automatic
algorithms and the lack of agreement for a blocking defi-
nition has undermined the number of publications
addressing blocking behaviour in General Circulation
Models (GCMs, e.g. D’Andrea et al. 1998), as compared
with those focusing on observational data. The main
objectives of this paper (Paper I hereinafter) and the work
presented in a companion paper (Paper II hereinafter) are
twofold: (1) to present a novel blocking index that com-
bines the most traditional approaches employed for
blocking identification and overcomes some problems
resulting from single methodologies; (2) to produce a
blocking algorithm with applicability to observations and
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long-term model simulations of different resolution and
hence a tool for model validation and assessment of model
response in past or future climate change scenarios.
Because of the lengthy nature of this analysis the paper
is divided in two parts. Paper I deals with the design of the
automatic method and its diagnosis in observational data.
Paper II focuses on the applicability of the method as a tool
for testing model performance. Paper I is organized as
follows: Sect. 2 reviews previous blocking definitions. In
Sect. 3 a novel approach is presented. Data, sources and a
detailed description of the diagnostic method are also
given. Section 4 presents a new 40-year blocking clima-
tology for the Northern Hemisphere (NH), highlighting its
differences with those resulting from different blocking
definitions and thresholds. In Sect. 5, some concluding
remarks and the outline of Paper II are summarized.

2 Blocking detection methods

2.1 Review

The long list of relevant literature about blocking discloses
a broad diversity of detection methods. In most of them the
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identification of blocking events is made by demanding a
minimum spatial extension and a temporal duration criteria
to the blocked flows diagnosed on a daily basis. However,
methodologies vary in many aspects, namely with respect
to: (1) the sophistication involved in the methodology, (2)
the base field, and, to a large degree, (3) the specific fea-
tures of blocking employed for the daily identification (the
so-called blocking index). Thus, blocking detection meth-
ods can be categorized in different ways attending to the
objectivity of the procedure, the nature and type of the base
field and the specific index used to diagnose blocking
(Fig. 1).

The former classifies the methods into subjective and
objective, depending on whether the decision is made by
visual inspection or by an automatic routine. Some studies
have developed a combined approach of both criteria (e.g.
Lupo and Smith 1995).

There have been two traditional approaches concerning
the nature of the base field: absolute meteorological fields
or, alternatively, departures from a local, zonal or regional
climatological mean. In both cases, the most common
indicator is the geopotential height at 500 hPa (Z500).
Other approaches use the meridional wind component
(Kaas and Branstator 1993) or the local stream function
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Fig. 1 Review of blocking detection methodologies. Classification
of blocking detection methods reported in the literature as a function
of the objectivity (left rows), the nature of the base field (header
columns) and the specific blocking index (sub header columns).

Shaded (not shaded) boxes indicate methodologies that provide 1-D
(2-D) descriptions of the blocked flow or indices of regional blocking-
pattern activity. Dashed (not dashed) boxes are methods based on
dynamical (standard isobaric) variables
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computed in spherical harmonics expansion (Metz 1986).
Alternatively, recent studies have employed dynamical
parameters, including the vertically averaged potential
vorticity (e.g. Schwierz et al. 2004) or the potential tem-
perature on a dynamical tropopause, identified by a con-
stant potential vorticity surface (e.g. Pelly and Hoskins
2003).

Finally, blocking methods can be further divided by the
specific index used to catalogue blocking situations (i.e. the
blocking definition). Thus, blocking events have been
defined as: (1) regional and persistent meridional gradient
reversals in the absolute geopotential height (or in the
potential temperature) field, that reflect easterly geo-
strophic flows around a reference latitude representative of
the jet stream (e.g. Lejends and @kland 1983; Tibaldi and
Molteni 1990; Pelly and Hoskins 2003; Barriopedro et al.
2006; Diao et al. 2006); (2) persistent positive (negative)
departures from the climatological height (potential vor-
ticity) field (e.g. Dole and Gordon 1983; Shukla and Mo
1983; Knox and Hay 1985; Sausen et al. 1995; Schwierz
et al. 2004); (3) eddy fields identified as regions bounded
by a southerly (northerly) wind upstream (downstream)
(Kaas and Branstator 1993; Cash and Lee 2000) or as areas
where the height field strongly exceeds the zonal mean in a
surrounding sector (Hartmann and Ghan 1980; Mullen
1986, 1989); (4) objective atmospheric circulation patterns
derived from either statistical multivariate methods of
weather regimes classification (Vautard 1990; Michelan-
geli et al. 1995) or neuronal networks (Verdecchia et al.
1996).

The indices of Dole and Gordon (1983), hereafter DG,
and Tibaldi and Molteni (1990), hereafter TM, are the most
commonly used characterizations of blocking, and they
follow the pioneering studies of Elliot and Smith (1949)
and Rex (1950a), respectively. Elliot and Smith (1949)
identified blocking as sea level pressure (SLP) anomalies
from the climatological mean exceeding a given threshold
for a certain time. One year later, Rex (1950a) gave a
definition of blocking in terms of the shape of upper height
fields, emphasizing the existence of an appreciable split
flow into a double jet, a sharp transition from westerly to
meridional flow and a persistence of the pattern. During the
subsequent decades Rex’s definition served as a model for
developing other subjective methodologies (e.g. Sanders
1953; Austin 1980), while the ideas of Elliot and Smith
(1949) did not find a successful continuity. From an his-
torical perspective the early 1980s can be regarded as a
turning point. The development of long and continuously
updated data sets, and the widespread use of more powerful
computers, promoted the design of machine-processed
objective methods. The anomaly method was rescued by
DG that identified blocking as isolated closed areas of
7500 anomalies exceeding a given threshold and lasting for
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a certain time. That same year, Rex’s approach was pursuit
by Lejends and @kland (1983) and later by TM, who
adapted Rex’s criteria into an objective method. They used
the concept of zonal index that provides a measure of the
westerly flow at each longitude from the Z500 meridional
difference centred in a constant reference latitude. This
index provides a local and instantaneous definition of
blocking based on the detection of longitudes with easterly
flows (the so-called blocked longitudes). TM also: (1)
added a second gradient criterion to filter out other systems
that marginally may fulfil the condition of easterly winds in
the jet latitudes; (2) generalized the method to take into
account the longitudinal extension and time duration of the
block by demanding some persistence to a minimum
number of consecutive blocked longitudes.

The TM and DG blocking definitions have suffered
modifications through the years, mostly aimed to improve
the characterization, structure and evolution of the blocked
flow or to reduce the subjectivity and the number of
required criteria to a minimum, but the essence of both
blocking indices still persists and they are largely
employed.

2.2 Assessment of blocking indices

A careful examination of advantages and shortcomings of
the blocking indices is required to construct a methodology.
The following discussion will focus on the two main
blocking methods, based on the papers described in the
previous section (Table 1).

TM is an efficient method that stands out by its simple
applicability to large datasets. It provides a natural defini-
tion and avoids the problem of defining a proper climate
mean state since it relies on the total field, but it suffers
from the limitation of a longitudinal (i.e. 1-D) description
of the block and the specification of empirical parameters
such as the latitude at which the meridional gradient is
computed and the predefinition of blocking sectors. On the
other hand, DG provides a full 2-D (longitude—latitude)
description of the block and a straightforward way of
blocking identification, reducing the number of empirical
parameters to a minimum. However, it requires time series
long enough to derive a robust estimation of the mean field
and the problem of a proper definition of the anomalies and
thresholds has always been present since it involves some
degree of arbitrariness.

A serious limitation of the TM index is its 1-D nature,
which is unable to account for the extension, location and
the spatio-temporal propagation of blocking events. As a
consequence, methods based on this index are usually
forced to pre-define preferred sectors where blockings can
be found. This regional approach ensures blocking sta-
tionarity but simultaneously can miss blocks by transitions
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Table 1 Assessment of blocking detection indices

Diagnosis ™ DG

BGT

Pre-required parameters Reference latitude
Blocking sectors

Critical parameter Reference latitude
Missed blocks

Spurious systems

Immature and Q-blocks
Cut-off lows

Anomaly definition

Anomaly threshold

Not reported
No blocking anomalies

Reference latitude

Anomaly definition

Reference latitude

Anomaly threshold

Some doubtful Q-blocks

A few ridge anomalies north of cut-off lows

Extension criterion 1-D 2-D* 2-D
Tracking No (eulerian) Yes (lagrangian) Yes (lagrangian)
Description of the block 1-D 2-D 2-D

Characteristics of blocking detection indices (columns) inferred from different estimators of the diagnosis quality (rows)
TM Tibaldi and Molteni (1990), DG Dole and Gordon (1983), BGT this work

? Not always demanded

between sectors. Moreover, the spatial scale of the block
that is typically estimated from the 1-D extension of the
reversal does not necessarily reflect the phenomenon’s
dimension. In fact, regional dipole-blocks are usually
associated with easterly winds over areas much larger than
those of omega blocks of comparable dimensions. Fortu-
nately, some of these shortcomings have been partially
overcome by refining the definition of regional blocking
(Pelly and Hoskins 2003; Tyrlis and Hoskins 2008) or
proposing 2-D expansions of the TM index that avoid
a priori definitions of blocking sectors (Barriopedro et al.
20006; Diao et al. 2006; Scherrer et al. 2006).

Regarding the detection efficiency, the TM index can
potentially lead to erroneous identifications since persistent
cut-off lows that are anomalously displaced to the south
can sporadically induce easterly winds. Recent modifica-
tions to the TM index have been attempted to avoid this
shortcoming (e.g. Barriopedro et al. 2006; Diao et al.
2006). The method also presents limitations with atmo-
spheric patterns that are difficult to catalogue from a
meteorological point of view. They mostly refer to its
generalised inability to detect omega blocks and its ten-
dency to miss immature blocks (i.e. the early stages of
block development). However, these caveats are often a
conceptual problem that arises from the complexity of
distinguishing blocks from open ridges rather than a
weakness of the method itself. In that sense, the TM index
identifies blocks as long as a closed anticyclonic circulation
evolves. Otherwise, there are no easterly winds and the
flow is catalogued as an open ridge. In other cases, how-
ever, omega blocks are filtered out with the TM index due
to too demanding choices of the extension criterion that
screen out omega blocks with small-scale reversals.

A deeper insight into blocking indices reveals that some
of the limitations attributed to the TM index do not totally
rely on the synoptic experience. The specification of the

latitudes where a block can be found or the subsequent
implication regarding the occurrence of just one blocking
pattern per longitude is frequently regarded as a needless or
even a serious limitation of the TM index. However, a
thorough review demonstrates that this parameter cannot
be ignored. The relationship between the jet stream and
blocking was already recognized by Rossby (1939) and
Namias (1950). Earlier studies based on visual blocking
identification emphasized: (1) the weakening of the wes-
terly flow as a straightforward feature of blocking occur-
rence and (2) the need of blocking search restricted to a
latitudinal band representative of the westerlies in order to
discern blocking from other type of structures such as
subtropical and subpolar anticyclones (e.g. Treidl et al.
1981; Knox and Hay 1984). Depending on the method and
the analyzed region, the lower latitudinal limit for blocking
occurrence has been fixed in a range between 30°N (e.g.
Treidl et al. 1981) and 50°N (Austin 1980), while the
northern boundary seems to be of secondary importance
and it has ranged between 65°N (Sanders 1953) and 80°N
(Mullen 1989), sometimes imposed by the availability of
data rather than by a stringent method’s requirement. Thus,
some consideration of the latitudinal occurrence of blocks
should be made in objective procedures.

Another criticism to the TM index is the fact that the
reference latitude is kept fixed through the whole NH
(typically centred at 50°N). This assumption does not
reflect realistically the spatial variability of the jet stream
and hampers the applicability of the method to model
simulations where the jet stream could be shifted as com-
pared to the observed one by either a model bias (D’ Andrea
et al. 1998) or a climate change signal. This deficiency has
recently been addressed by Pelly and Hoskins (2003),
hereafter PH.

The need to adopt a reference latitude to properly place
blocks was also stressed by Liu (1994) who compared the
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objective criteria of DG with the subjective one of Rex
(1950a) in order to investigate the conditions that positive
anomalies must satisfy to be interpreted in terms of Rex
blocking structures. He reported that blocking cannot be
defined as an anomaly greater than some threshold value
since the latitudinal position of the anomaly centre is also a
critical parameter, with positive anomalies centred about
45° in the Euro-Atlantic sector usually representing
northward extensions of subtropical anticyclones but not
blocking of the westerlies. In addition to this, the DG index
also suffers from a misleading interpretation of the total
flow and a certain amount of arbitrariness on the choice of
the threshold to catalogue blocks. Thus, while blockings
are always associated with positive height anomalies, the
reverse is not true and the occurrence of a persistent
positive anomaly does not necessarily imply a blocking
high (e.g. Charney et al. 1981). Thus, a variety of synoptic
situations that do not perturb the westerly flow can be
labelled as blocks from an anomaly based approach,
including northward shifts of the jet, amplifications of
subtropical or subpolar anticyclones or weak troughs. This
caveat is the main limitation of examining anomalies rather
than absolute flow, even when some studies have tried to
minimize this effect by requiring severe anomaly thresh-
olds (e.g. Sausen et al. 1995) or strict stationarity (e.g. DG).

3 The detection method

It is clear from the above discussion that a combined
method of absolute and anomaly fields would be desirable
since each approach emphasizes different but comple-
mentary relevant features of the same phenomenon. This
section describes the method to build such a combined
index. Relevant parameters involved in its definition will
be catalogued as critical. Additional parameters required in
the diagnosis (mostly aimed to account for the typical
scales of blocking) will be referred to as secondary, since
the results reported here changed little for variations in
their thresholds. The purpose of this classification aims to
deal with subjectivity in the choice of thresholds, as certain
parameters do not allow the same level of arbitrariness than
others. In any case, we must bear in mind that certain
subjectivity is unavoidable when adjusting any parameter.

3.1 Data

7500 is adopted as the base field in blocking detection for
traditional reasons and intercomparison purposes. Daily
7500 fields and monthly zonal wind data at 500 hPa
(U500) have been extracted from the NCEP-NCAR
reanalysis (Kalnay et al. 1996) at 2.5°x2.5° resolution for
the period 1950-1989 and the whole NH. As observational
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results will be compared to model simulations in Paper II,
data have been interpolated to the same resolution of the
model (ca. 3.75°x3.75°) so as to keep coherency
throughout Paper I and II. Nevertheless, the same analyses
performed at the original grid resolution did not change the
results, supporting the relative independence of the detec-
tion method to grid resolution. The slightly awkward
choice of the analysed period also corresponds to the
present climate window available from the long-term
model simulation (Paper II).

The computation of the anomaly field has been performed
by removing the running annual mean and the seasonal cycle
from the daily Z500 time series, z(f), at each grid point, as
described by Sausen et al. (1995), hereafter SKS (see
Appendix). As the anomaly computation requires the esti-
mation of the mean seasonal cycle (which may change with
time), the procedure has been applied to time-windows of 25-
years. Such a choice was found to reduce the computational
expenditure and provide robust estimates of the mean sea-
sonal cycle, although the specific window’s width was not
crucial for the subsequent analysis (not shown).

3.2 The daily detection index

From a combined perspective, blockings can be viewed as
2-D anomalies capable of reversing the absolute meridional
height gradient. Figure 2 shows a schematic representation
of the parameters used in the blocking index BI definition
for a grid (4, ¢) of (ni, nj) points and (da, d¢) longitude-
latitude resolution. A novel index BI is designed from daily
7500 fields by detecting meridional jet-based reversals of
latitudinal amplitude A¢ that are associated with 2-D
positive Z500 anomalies north of a given reference latitude
(¢p.). A two-step approach is employed:

(i) Detection of meridional height reversals: instantaneous
reversals at a given longitude can be identified from averaged
(PH) or grid point-based (TM) field inversions. TM com-
puted the meridional gradient using two Ad¢-equidistant
grid points from a central latitude, ¢, while PH identified
large-scale reversals as the difference of two A¢-averaged
latitudinal belts north and south of ¢y. TM increases the
opportunities of blocking occurrence but it may produce
spurious reversals as it does not take into account the large-
scale signature of the block. Thus, the PH approach is
adopted here, although there are little differences in the
diagnosis performed by each index (not shown).

The index requires an estimate of the latitudinal scale of
the block (A¢). Given that blocking episodes interrupt the
passage of the transient mid-latitude weather systems, the
latitudinal width of the synoptic activity in the storm tracks
provides an indicative length scale of A¢ (PH). Although
that quantity has traditionally been fixed to 10° by TM, PH
found that 15° may reflect a more realistic approximation.
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A

Fig. 2 Construction of the blocking index. Schematic diagram of a
block centred at A. Solid line (dashed lines) is representative of the
total (anomaly) height field z () during a blocking episode. Dots
indicate the data grid. Filled dots reflect anomalies above a given
threshold z,. ¢, (¢.) represents a characteristic latitude of high-
synoptic activity (jet stream). Adapted from Knox and Hay (1984)
and Pelly and Hoskins (2003)

As such, 15° has been chosen as a typical scale of A¢ in
this study, the exact value was found not to be crucial,
though. In order to account for some latitudinal variation of
the block, ¢ is allowed to oscillate up to A¢/2 north and
south of the reference latitude ¢... Thus, for each longitude
and time step the meridional gradient is computed as
follows:

o) J=o(ism)+Ad J=oim)
210, $0) = 35 > i) - 2(i.J)
J=o(i,m) J=¢o(i,m)—Ad
1<i<ni
¢.(i) — A(m) < ¢o(i,m) < ¢.(i) + A(m)
A(m) =mép 0<m<A¢/26¢ (1)

where the summed quantities are not area-weighted. The
zonal index ZI identifies local and instantaneous
meridional reversals when ZI is positive for any of the
¢q values. However, this approach may depend on the grid
resolution, with coarser grids showing fewer opportunities
for block occurrence. Thus, to avoid resolution biases, ZI is
required to be positive over a given longitudinal interval
A/ centred at each longitude A. The mean zonal index ZI is

computed by averaging maximum ZI values (among those
provided by ¢g) for those longitudes within £AA/2:

o S I=i+A2/200
Z1(i) =1 l:i§25a21max(z, $o)| >0 1<i<ni

(2)

This modified index provides a measure of the mean
zonal wind over a surrounding area regardless of the grid
resolution, thus identifying regional and instantaneous
blocking candidates. A4 is estimated as the deformation
Rossby radius Li at typical block latitudes and can be
considered as a minimum reversal 1-D extension for a
circulation pattern to be considered a block (PH). That
threshold is about 7.5° (A¢/2), which was also found
sufficient to define a blocking pattern by Verdecchia et al.
(1996). According to that, a given longitude is blocked if
the mean zonal index ZI is positive. In any case,
differences between (1) and (2) are minor since most of
the blocked longitudes raised by (1) often appear at
successive grid points, the occurrence of isolated blocked
longitudes being scarce and/or not persistent. Note that this
blocking definition excludes the second gradient condition
imposed by TM. Furthermore, the requirement of
successive blocked longitudes in TM is here replaced by
the demand of regional averaged conditions, thus
increasing the opportunities for detecting omega blocks.

(i1) Detection of 2-D height anomalies: The next step of
the detection process consists of extending the zonal
detection to 2-D by identifying contiguous regions (i.e.
clusters of grid points) where the anomaly field exceeds a
threshold z/, around each blocked longitude (Fig. 2). A two-
step procedure is applied: (1) the 1-D reversal is latitudi-
nally expanded (Eq. 3) by searching along every blocked
longitude grid points within a distance A¢ + A¢/2 north
of ¢, with anomalies exceeding z, (blocked points); (2) in
case of finding blocked points the 2-D blocking pattern is
recognized by the surrounding grid points that exceed the
anomaly threshold, so that the original blocked longitude is
embedded in a new contiguous 2-D area (Eq. 4). Two grid
points belong to the same contiguous area r if they are
adjacent or if a chain of grid points exceeding the anomaly
threshold exists between them (SKS):

gt o P11 26N>z, ZI) >0 1<i<ni ¢.(i) < () < ¢ (i) +3A¢/2

2o (i,]) = {O otherwise G)
o Jr )2 hjeZhp=1 1<i<ni ¢ () <o) <) r=1,2,...

BI(i.j) = {O otherwise . “)
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The algorithm also detects blocking action centres by
computing the mass centre of the 2-D enclosed anomaly
(Schwierz et al. 2004). Following the discussion in Sect.
2.2, this methodology just allows one blocking pattern per
longitude unlike other anomaly based approaches that
consider the occurrence of simultaneous anomaly signa-
tures along the same longitude. This choice is based on the
fact that two anomaly patterns placed along the same
longitude cannot simultaneously reverse the jet stream.

3.3 Criteria

Two critical parameters must be computed before applying
the blocking index: the reference latitude, ¢,., and the
anomaly threshold Z/,.

3.3.1 Reference latitude

The reference latitude ¢, can be inferred from either the
location of the jet stream or the regions of maximum mid-
latitude weather system activity since blocking is associ-
ated with both the suppression of the former and the
interruption of the latter. TM adopted the first approach and
assumed a longitudinally constant time-invariant jet stream
at 50°N, whereas PH used the second concept by com-
puting the latitudinal maximum of the climatological
annual mean high-pass transient eddy kinetic energy at
300 hPa.

Here, ¢, has been estimated at each longitude as the
latitudinal maximum of 5-day high-pass filtered Z500
variance, which has been weighted by the cosine of the
latitude to account for the change of area with latitude and
to avoid any effect of the specific grid employed in its
computation. The choice of 5 days is a typical threshold for
minimum blocking duration and retains most of the syn-
optic variability. ¢, values are derived for every month and
year by defining a two-folded running window of: (1)
90-day centred in the given month and (2) 25-year centred
in the given year. That provides 90 x 25 points of high-
pass Z500 daily field per month and year to compute the
high-pass filtered Z500 variance. Reference latitudes at
successive longitudes are only allowed to oscillate A¢/2
north and south relative to that of the previous longitude to
avoid abrupt transitions.

The 3-month window takes into account seasonal
changes in transient eddy location and simultaneously
allows a smooth transition in ¢, from month to month. The
seasonal approach is preferred to the annual one because
annual-fixed values may include subtropical anticyclones
as blocks during periods of northward eddy migration.
Furthermore, a given model may suffer from an excessive
seasonality in the location of synoptic activity. Long-term
variations in ¢, are also considered by the 25-year window
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so as to account for meridional shifts that may have
occurred in the past and might occur also under a climate
change scenario. The width of 25-year was chosen, after
testing several longer and shorter window sizes, as a
compromise between long periods (that provide robust
estimations) and short periods (that reflect higher-fre-
quency variations).

Figure 3 displays two examples of ¢, and the associated
zonal wind obtained for mid-winter and mid-summer
conditions. ¢, captures regions of maximum synoptic
activity, which lie north of the main zonal wind belt at
extratropical latitudes. Thus, ¢. can be regarded as the
preferred central latitude for blocking occurrence, whereas
the jet stream lies at latitudes where a block exerts a major
impact in the zonal wind (i.e. its equatorial side). Due to
the overall good correspondence between them and for the
sake’s of simplicity, the terms reference latitude and jet
stream will be used indistinctly from now on, keeping in
mind that they are not the same in a rigorous sense.

Figure 4a shows the mean reference latitudes, ¢,, for
two seasons and the whole period. Regional and seasonal
variability is consistent with poleward (equatorward) jet
latitudes over the Atlantic (Pacific) and a generalized
northward shift in summer. Most of the variability in the
reference latitude is explained by monthly-to-seasonal
(light shading) rather than interannual (dark shading) var-
iability. The largest departures from the annual mean
spread along the Pacific, supporting that an approach based
on annual reference latitudes might not capture intersea-
sonal blocking variability.

3.3.2 The anomaly threshold

There is no agreement in the minimum threshold that
anomaly patterns must meet to be considered as blocks.
Different subjective values have been adopted, ranging
from 100 gpm (e.g. Carrera et al. 2004) to 300 gpm (SKS).
Other authors have attempted objective definitions (DG;
Charney et al. 1981) or seasonal dependent thresholds
(Shukla and Mo 1983; Knox and Hay 1984).

Here, following DG, the anomaly threshold is computed
as the one standard deviation level of the daily anomaly
distribution obtained for those grid points lying north of the
reference latitude. To account for seasonal variability,
the anomaly threshold is derived for every month from the
3-month anomaly distribution centred in the given month.
Figure 4b shows the annual and two seasonal mean dis-
tributions, corresponding to winter and summer months.
The distributions reveal a Gaussian shape and anomaly
thresholds ranging from 135 gpm in winter to 95 gpm in
summer. On allowing seasonal changes in the anomaly
threshold, we assume that blocking significantly contri-
butes to the intraseasonal, but not so much to the
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(@) pec U500 & HP-2500 1950-1989

20 30 40 50 60 70

(b) Jun U500 & HP-Z500 1950-1989

12 18 24 30 36 42

Fig. 3 The reference latitude. Long-term (1950-1989) mean refer-
ence latitude (thick solid line, ¢.) for: a January; b July. Shaded areas
(solid lines) show the long-term standard deviation of the 5-day high-
pass filtered Z500 field in gpm (zonal wind in m s~ for the 3-month
period centred in that month. Note the difference in the scale

interseasonal variability. However, unlike the reference
latitude, monthly anomaly thresholds have been kept fixed
through the whole period of analysis, so that changes in
variability at interannual and longer time scales will arise
as fluctuations in blocking frequency. These assumptions
are made on the basis that a large amount of interannual
variability can result from intraseasonal processes (e.g.
Schwierz et al. 2006). In particular, blocking can play an
important role in modulating the interannual variability
patterns, especially over the Euro-Atlantic sector (e.g.
Croci-Maspoli et al. 2007).

As the anomaly criterion is not absent of certain arbi-
trariness, a test was performed to verify if the adopted
threshold was in agreement with the amplitude of the
anomalies observed during cases of meridional Z500
reversals across the reference latitude. The annual com-
posite of the latitudinal Z500 anomalies for those days and
longitudes when the zonal wind around the reference lati-
tude was reversed reveals a north—south anomaly dipole
with local maximum values of about 150 gpm north of the
reference latitude (Fig. 4c). Assuming a latitudinal ampli-
tude of A¢ ~ 15° for blocking patterns, a minimum
anomaly base value of 125 gpm is obtained, which is close
to the annual average (115 gpm) of the monthly anomaly
thresholds adopted here. Similar values are also inferred
from the maximum of the band-pass Z500 deviation (not
shown) and from objective (Charney et al. 1981) or
empirical (Knox and Hay 1984) approaches.

3.4 Additional criteria

The daily blocking index has to be supplemented by further
conditions reflecting the spatial extension and time dura-
tion that distinguish a blocking episode from transient (not-
persistent) systems. Most of these criteria were found to be
secondary. As a consequence, some arbitrariness can be
adopted in their definition.

3.4.1 Extension

According to TM a large-scale blocking occurs if a given
number of consecutive longitudes are found at a specific
instant in time. Unlike TM methodologies, a 1-D extension
criterion is not demanded here, one isolated longitude
being enough to catalogue a blocking candidate. This
choice is based on the fact that: (1) the mean zonal index
(Eq. 2) already accounts for some longitudinal extension of
the block; (2) there is no straightforward way of estimating
the 2-D spatial scale of the block from the extension of the
reversal. As a consequence, the blocking extension is here
determined from the 2-D area delimited by the anomaly
threshold. A characteristic blocking scale of the order of
1-2 x 10° km? is estimated by assuming standard values
of Lg ~ 7.5° as a minimum longitudinal scale (e.g.
Verdecchia et al. 1996; PH) and A¢ ~ 15° as a typical
latitudinal scale of the block (e.g. PH). Thus, 2 x 10° km?
has been imposed as a minimum extension criterion to the
daily 2-D blocking anomalies.

3.4.2 Tracking
The specification of persistence requires a tracking algo-

rithm that identifies blocking episodes as successive daily
blocks with varying extension and location. In this study,
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the spatial coherence is considered by requiring a specified
percentage of area-overlap between two blocking candi-
dates detected in successive time steps (e.g. Schwierz et al.
2004). Thus, a given block detected at a certain day d; is
said to persist on the following day d; | ; if the d; blocked
area overlaps with a d; , | block by a minimum amount. If
more than one block on day d; , | verifies this condition,
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<« Fig. 4 Determination of critical parameters. a Longitudinal distri-

bution of the 1950-1989 annual averaged reference latitude (¢, solid
line). Light (dark) shaded areas indicate the £2¢ level of the monthly
(annual mean) time series; b annual frequency distribution histogram
of daily Z500 anomalies for the period 1950-1989 and all grid points
north of the reference latitude ¢, (solid line). The anomaly threshold,
2, is displayed as the 1o level of the distribution; ¢ annual composite
of daily latitudinal cross-section Z500 anomalies for meridional
height reversals across the reference latitude at any longitude of the
NH (solid line). The latitudinal range A¢ centred on the local
maximum is marked as anomaly baseline. Vertical solid line denotes
the averaged reference latitude ¢.. Dashed (dotted) lines in a, b and ¢
represent the corresponding distributions for July—August—September
(January—February—March)

that presenting the highest overlapping is chosen as the
next position of the block of the day d;. The requirement of
a minimum overlapping indirectly imposes a limit to the
speed of the block, but it also allows simultaneously for a
reasonable movement.

Available literature discloses maximum speeds ranging
between 5° day ' (Metz 1986) and 20° day ' (Hartmann
and Ghan 1980). Several studies have suggested that an
upper speed limit for blocking movement can be set at the
characteristic velocity of travelling large-scale distur-
bances, which is of the order of 10°-15° a day (e.g. Treidl
et al. 1981). Thus, assuming a typical longitudinal scale of
about Lp ~ 15° and a maximum displacement below
10° day ™', a simplified analysis suggests minimum over-
lapping estimates of about 50% (not shown), which has
been chosen here as minimum percentage of area-overlap
between successive daily blocks.

3.4.3 Duration

Minimum duration criteria of individual blocking events
found in the literature cover the whole range of temporal
lengths between 1 (Lejenis and @kland 1983) and 10 (Rex
1950a; Kaas and Branstator 1993) days. Although the
specific threshold is not too critical for the method, an
objective criterion would be desirable by virtue of the wide
spectrum of values employed in the literature.

It is frequently argued that the exponential shape of the
blocking duration distribution is a common and unique
feature of blocking patterns (e.g. DG, PH). When the
cumulative histogram (i.e. the number of blocking episodes
with durations equal or higher than a given bin) is plotted
in a semilog-plot, the deceasing exponential curve appears
linear, the slope of the linear regression being interpreted
as a characteristic temporal scale of blocking. This rea-
soning has been usually employed to stress that responsible
mechanisms of blocking formation and maintenance tend
to follow the distribution of a Markovian process (i.e. the
occurrence probability of a blocking event of ¢ or more
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days is independent of f), although a more recent study has
confirmed that blocking is not totally consistent with such a
process, especially for long-lasting episodes (Masato et al.
2009). This rationale is used here to establish an objective
duration criterion. In order to obtain the duration distri-
bution, a range of durations has been set, with the lower
limit fixed to 4 days (as a commitment between a long
enough threshold above the synoptic scale to observe sig-
nificant impacts, and a short one to have a representative
sample) and the upper one to 15 days (to avoid dispersion
and lack of robustness in the tail of the distribution).
Figure 5a shows the well-known exponential distribution
of blocking persistence. The linear slope in the log-plot
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Fig. 5 Duration criterion. a Normalized distribution of blocking
events with durations equal or higher than the given bin. The number
of blocking episodes of a given bin is normalized by the total number
of events. The dashed line indicates an exponential fit; b as a but in a
semilogarithmic-scale plot. The nearest integer value (#;) to the slope
in the linear regression (dashed line) is adopted as the minimum
duration criterion

(Fig. 5b) provides the minimum duration criterion f,
which is found to be roughly 4 days.

3.5 Efficiency of the method

This method shares some of the advantages of the TM and
DG indices (see Table 1). A 2-D representation of blocking
is possible by virtue of the anomaly based approach, while
the method still preserves the computational-time effi-
ciency, since only those longitudes with meridional
reversals are examined as blocking candidates (and not the
full 2-D field). Aside from that, the method is fully appli-
cable to model simulations since critical thresholds are not
pre-defined but specific of the data set employed.

On the negative side, the number of critical parameters
required in the identification of blocking is higher than just
using one approach, and so, instead of needing only a
reference latitude or an anomaly threshold, both are now
required. Nevertheless, as stated before, a reference latitude
is usually an unavoidable parameter in blocking identifi-
cation. On the other hand, the inclusion of an anomaly
based criterion is automatically balanced with the exclu-
sion of other artificial empirical parameters that would
otherwise be required, such as the a priori definition of
blocking sectors, the need of estimating block’s dimension
from the extension of the reversal or the lack of coherency
in identifying individual blocking propagation from 1-D
descriptions. Thus, the increment of specifications required
to apply the proposed method is expected to be compen-
sated by the improvement in blocking diagnosis.

Figure 6a shows an example of potential misleading
blocking detection relative to the 21 January 1950. The
method described here identifies two blocking candidates
over the Euro-Atlantic and Pacific sectors with standard
blocking signatures. On the other hand, the deep cut-off
low over Eurasia generates easterly winds over typical
latitudes of the jet and would be wrongly detected as a
block by the zonal index (as realized by non-null values of
ZI). Simultaneously, the positive height anomaly lying
over North America reflects an anomalous shift of the jet in
the total flow and would be included as a block in the DG
method when, in fact, there is no weakening of the
westerlies. None of these two systems are catalogued as
blocks with our method since the requirement of an
anomaly threshold overcomes the problem of identifying
deep cut-off lows as blocks, while the reversal criterion in
the absolute field ensures that the so-detected anomaly
signatures are in fact blocking the westerlies. Figure 6b
shows another example of potential misleading blocking
detection when blocking patterns are just detected from
height anomaly based blocking indices. Here, the DG index
has been computed after applying the algorithm described
in previous sections but without demanding the presence of
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() 7500 21 Jan 1950

222222227

(b) 7500 24 Feb 1954

Fig. 6 Blocking detection. Two examples of blocking patterns
identified from: a the proposed blocking index; b an anomaly based
blocking index (after DG). Solid lines indicate the Z500 daily field
(CI 50 gpm). The reference latitude, ¢.., for the given month and year
and the TM central latitude, 50°N, are displayed in grey thick solid
and dashed lines, respectively. Shaded areas show positive anomalies
with contour interval of 50 gpm, starting at 115 gpm. Longitudes
along 25°N with positive (negative) values reflect local reversals that
are (not) associated with anomalies above z,. Blocking mass centres
are successively labelled with the same number assigned to their
blocked longitudes

meridional height reversals in the absolute flow. This
modified version of the DG index identifies several
blocking candidates when only one of them (over Eurasia)
shows typical blocking signatures. In this case, the absolute
flow blocking condition allows screening out positive
anomalies that are not attributable to blocks.

These two examples support that the method presented
here succeeds in identifying persistent anomalies hidden by
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the mean field but associated to a specific weather regime
in the total flow. Nevertheless, we acknowledge that a few
examples are insufficient to guarantee an improved detec-
tion. Such an accomplishment requires a lengthier and
thorough comparison of results obtained with the method
presented here and those attained by different approaches.
That exercise is performed in Sect. 4.2.

4 Climatologies

In this section blocking activity will be assessed from both
a grid-point description and an event-based approach. For
the sake of brevity, the description will focus on overall
NH features and specific blocking sector signatures will not
be addressed.

4.1 Observed features

The resulting 2-D geographical distribution of blocking
frequency is displayed in Fig. 7a. It has been computed as
the ratio of the number of days when a grid point showed a
blocking anomaly to the total number of days of the year.
Two main sectors of blocking activity are observed over
the eastern Atlantic and Pacific, in good agreement with the
coincidental regions of maximum band-pass-filtered vari-
ability and wave amplification (figures not shown). The
Atlantic centre is much broader than its Pacific counterpart
and extends well into Eurasia. Euro-Atlantic blocks are
also more frequent, almost doubling the occurrence of
Pacific blocks.

Figure 8a shows the annual mean blocking frequency as
a function of the longitude (i.e. the 1-D distribution of
blocks) estimated as the percentage of days of the year
when a given longitude was blocked. Again, the distribu-
tion is dominated by two maxima over the western Euro-
Atlantic region and eastern Pacific as well as a weaker
secondary maximum over Eurasia. Some studies have
pointed out this region downstream of the Ural Mountains
as a third preferred region for blocking occurrence, asso-
ciated with the Mediterranean storm track (Lupo and Smith
1995; Wang et al. 2009). This action centre is better dis-
cernible from the Euro-Atlantic one in seasonal distribu-
tions (not shown). The bottom plot of Fig. 8a shows a
longitude-time Hovmoller diagram displaying the monthly
frequency of blocking days (in percentage). Although there
are changes in the seasonal distribution of blocked days
and in the longitude showing the maximum values, the
dominant blocking sectors are appreciable through the
whole year, appearing in late autumn, peaking in winter
and decaying in spring. These results compare well with
observational climatologies (e.g. Rex 1950b; Treidl et al.
1981).
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(a) Annual 1950-1989 <« Fig. 7 2-D blocku}g distribution. Climatological annyal mean
blocking frequency (in percentage of annual days) as derived from
a the proposed index (BGT) and a modified version of: b the SKS
index (SKS2); ¢ the TM index (TM2). See text for details

In what concerns the statistical description of individual
blocking events, this approach provides an alternative way
of describing blocking activity by computing monthly time
series of blocked days (i.e. number of days when a
blocking episode was detected anywhere), blocking events
and average durations (Fig. 9). Blocking activity reflects
strong seasonal variability with maximum occurrences in
late winter and early spring and minimum frequencies in
late summer and early autumn. Similar annual cycles are
gleaned for blocking events (Fig. 9b). However, the dis-
tribution of blocked days reaches its peak earlier in the year

0 2 4 6 8 10 12 14 16 18 20 than that of blocking events due to the longer persistence of
winter blocks (Fig. 9¢c, e.g. Wiedenmann et al. 2002; Diao
(b) Annual 1950-1989 (Fig. 9c. e
et al. 2006).

These seasonal features have already been noted
in previous studies based on TM index descriptions (e.g.
Tibaldi et al. 1994; Barriopedro et al. 2006). On the other
hand, anomaly based methodologies, which do not usually
make use of event descriptors, tend to place the maximum
of blocking activity in winter (e.g. DG; Shukla and Mo
1983; SKS). This discrepancy has been partially attributed
to the different nature of the blocking indices employed.
However, it should be noted that maximum blocking
activity in our method is also confined to winter if a 2-D
grid-point approach is employed (not shown). As a con-
sequence, differences could also be explained by the
methodology adopted to estimate blocking activity. Thus,
an indicator based on the number of blocked days does not
take into account the simultaneous occurrence of blocking
episodes, which is more prone to occur in winter (Lejenés
and @kland 1983). On the other hand, grid-point estimates
depend on the extension of the blocks, whose averaged
sizes peak up in winter (e.g. Wiedenmann et al. 2002; Diao
et al. 2006). As a consequence, while blocked days statis-
tics (typical of TM-based methodologies) tend to under-
estimate winter blocking occurrence, grid-point blocking
estimates (largely employed in anomaly based blocking
methods) tend to overestimate it, producing the visual
impression of spring maxima in the former and winter
maxima in the latter.

4.2 Comparison with previous indices

To evaluate the new index proposed here (BGT hereafter) a
comparison with a set of standard absolute- and anomaly
0 10 12 14 16 18 20 22 24 26 28 based blocking indices employing both 1-D and 2-D
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<« Fig. 8 1-D blocking distribution. Annual mean frequency of blocked

days (in percentage to the total days) as a function of the longitude
(solid lines in a, b, ¢). Shaded areas denote the +10 level of the mean
distribution. Dashed/dotted lines indicate the corresponding clima-
tology after employing: b the TM1 index/the SKS1 index; ¢ space—
time fixed reference latitudes at 50°N (BGT-TM)/time-invariant
reference latitudes (BGT-PH). The bottom graphics display a the
longitude-time Hovmoller diagram of monthly blocking frequency (in
percentage of its number of days) and its difference with: b TM1/
SKS1; ¢ BGT-TM/BGT-PH in horizontal/vertical lines. Negative
differences are shown in absolute value. Only differences exceeding
2% in absolute value and significant at p < 0.1 after a two-tailed
Student’s ¢ test are shown in the bottom panel of b and c. See text for
details

approaches has been performed. They include: (1) the TM-
based index employed by Barriopedro et al. 2006 (TM1
hereafter); (2) a 2-D version of the TM index (TM2 here-
after) formulated according to the same methodology
described in this study but employing a constant reference
latitude fixed at 50°N, a 1-D minimum extension criterion
of A¢ (15°) and z, = 0 gpm so as to minimize the anomaly
field influence in the index performance and keep criteria
as close as possible to the original TM index; (3) the SKS
index, but with slightly different anomaly thresholds
(SKS2 hereafter). SKS2 blocks are identified as adjacent
grid-points in the 3-D longitude-latitude-time domain with
anomalies exceeding a certain threshold z/,;. The so-
detected areas are then contiguously extended to those
points where the anomaly exceeds a second threshold z,
(z,; > 2l,)- SKS set the specific parameters in z,, =
300 gpm and z, = 250 gpm. Here, these reference values
have been fixed to the 2.5¢ (285 gpm) and 20 (230 gpm)
levels of the annual anomaly height distribution of Fig. 4b,
respectively, in order to raise some objectivity in the choice
of margins; (4) a 1-D reduction of the SKS index (SKSI
hereafter) obtained by counting as blocked those longitudes
where a SKS2 blocking pattern was detected at any grid
point (one or more) along its meridian (SKS). For all
blocking approaches a persistence of 4 days is required.

Some dissimilarity between BGT and the standard
blocking indices SKS1 and SKS2 is expected due to
methodological differences, namely the removal of the
meridional height inversion condition and the anomaly
threshold. Further differences are expected because SKS2
(and hence SKS1) allows: (1) overlaps and sizes of any
magnitude; (2) blocks at any grid point of the NH; (3) no
seasonal variation of the anomaly threshold. On the other
hand, the change of the reference latitude and the relaxa-
tion of the anomaly threshold in TM1 and TM2 are the
main sources of discrepancy with BGT.

The distribution pattern of SKS2 blocks (Fig. 7b) shows
the well-known twofold dominant structure of this kind of
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methods, with preferred regions for blocking occurrence
confined to areas of maximum Z500 variance, whereas the
TM2 block distribution (Fig. 7c) tends to emphasise
regions of maximum wave amplification, specially over the
Atlantic. Obviating the expected differences in the reported
blocking frequency (the same block is counted at different
grid-points depending on the anomaly threshold adopted
for each index), there are two noteworthy features of the
SKS2 index in disagreement with BGT: (1) Pacific blocks
are relatively more frequent than the Euro-Atlantic coun-
terparts; (2) Euro-Atlantic blocks are confined to its wes-
tern margin. As compared to BGT, the TM2 index: (1)
yields a broader Pacific maximum and a higher frequency
rate of Pacific versus Euro-Atlantic blocks; (2) emphasizes
western Pacific as a secondary region of block activity.
These discrepancies are also inferred from Fig. 8b, which
shows the zonal blocking distribution derived from BGT
(solid line) and the 1-D blocking indices, TM1 (dashed
line) and SKS1 (dotted line).

None of the features missed by BGT and identified by
SKS2 or TM2 and their respective 1-D versions seem to
compare well with the synoptic experience. Subjective and
objective studies have identified a more active Atlantic
sector (e.g. Rex 1950b; Treidl et al. 1981) with higher
blocking frequencies over its eastern side (e.g. Kaas and
Branstator 1993; Wiedenmann et al. 2002). On the other
hand, blocking activity highlighted by the SKS2 index over
western Atlantic or by the TM2 index over western Pacific
is not in agreement with preferred locations of a climato-
logical trough and an intense jet stream. In particular, the
TM signature over the western Pacific has been explained
in terms of the inappropriate choice of spatially constant
reference latitudes at 50°N (PH), which is suitable for the
Atlantic sector, but too far north from the actual location of
the Pacific jet (Fig. 4a).

Some of the above reported features are comparable to
those described by Doblas-Reyes et al. (2002) and Scherrer
et al. (2006) who assessed performance differences
between TM and SKS indices. To explain some of these
discrepancies, several explanations have been proposed:
(1) the enhanced detection of different types of blocking by
each individual index, with dipolar blocks, more common
in the Euro-Atlantic sector, being easily diagnosed with the
TM index and omega-type blocks, characteristic of the
Pacific sector, being better captured by the SKS index; (2)
the influence of the time-mean structure, with open ridges
and weaker-than-normal troughs (typical of western ocean
basins) being interpreted as blocks by SKS; (3) the
blocking stages that each index highlights, anomaly based
indices being activated in the early stages of block devel-
opment as northerly jet stream deviations over the western
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Fig. 9 Blocking event characteristic parameters. Long-term annual
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basins of both oceans and absolute-based descriptors being
more likely to diagnose the mature stage of the block, when
the quasi-closed anticyclonic circulation is well established
over the eastern side of both oceans. Therefore, discrepancies
in the climatologies reported by the TM and SKS indices
are partially caused by the fundamentally different con-
cepts behind their definitions, which highlight the regions
with maximum Z500 wave amplification and Z500
variance, respectively. In that sense, BGT index provides a
satisfactory compromise, respecting both the maxima of
intraseasonal band-pass variance and the climatological
regions of wave amplification.

In order to further stress the cause of these differences,
blocking signatures detected by one index and missed by
another have been computed over four sectors (Fig. 10):
western Atlantic (WAT; [285, 345]°E), eastern Atlantic
(EAT; [345, 45]°E), western Pacific (WPA; [120, 180]°E)
and eastern Pacific (EPA; [180, 240]°E). A given sector is
said to be blocked one certain day if the daily centre of a
blocking episode falls within that sector. To avoid seasonal
biases in the composites of the absolute flow, the analysis has
been confined to January—February—March (JFM). The key
regions are the Euro-Atlantic sector for SKS2 and the Pacific
sector for TM2, which, respectively, concentrate maximum
frequency differences with BGT (bottom plot of Fig. 8b).

The composite for the blocks detected by BGT and missed
by the SKS2 over EAT is shown in Fig. 10a while Fig. 10c
illustrates the corresponding composite for blocks missed by
the TM2 index over EPA. Both figures reflect a standard
blocking signature with wave amplification north of the jet
stream associated to regionally localized positive height
anomalies. The EAT pattern is relatively weak because of the
removal of very intense blocking anomalies counted by both
BGT and SKS2. WAT block regimes detected by SKS2 and
missed by BGT (Fig. 10b) reveal positive anomalies
extending over a climatological region of deep troughs and
strong westerlies. However, there is no clear meridional
displacement signature in the absolute field, suggesting that,
apart from blocks, other weather systems with no interrup-
tion of the westerlies are identified by the SKS2 index.
Among them, it is worth mentioning subpolar Greenland
anticyclones and Atlantic open ridges, which are not con-
sidered blocks in statistical multivariate methods of weather
regimes classification (e.g. Vautard 1990; Michelangeli et al.
1995). From the BGT point of view, a persistent positive
anomaly does not necessarily imply the existence of a
blocking high, and hence, none of these systems could easily
fulfil our criteria. Further analyses have also been performed
to identify blocks that would result after applying our
methodology but without demanding the presence of
meridional height reversals in the total flow. Results reveal
maximum departures with BGT in the western margins of
both oceans, where near 50% of persistent anomalies above

@ Springer

the prescribed threshold z/, do not actually imply interrup-
tions of the jet stream (not shown).

The signatures of WPA blocks detected by TM2 and not
present in BGT display an amplified ridge with height
reversals over north-eastern Siberia (Fig. 10d). However,
pressure minima (instead of amplified waves) evolve north
of the jet stream and positive anomalies are weak and too
far north of the jet stream so as to have an effect in the
propagation of transient systems and the intensity of the
westerlies. From the anomaly absolute combined perspec-
tive of BGT, the existence of a height reversal does not
necessarily denote a blocking high.

To assess the solely effect of the reference latitude,
blocking output was examined (Fig. 8c) after employing
time-invariant reference latitudes based on either spatially
fixed values at 50°N (dashed line) or the annual mean of ¢,
(dotted line), as in TM and PH, respectively. Maximum
monthly blocking frequency departures in the TM-based
approach of our blocking index occur in regions where the
jet stream significantly deviates from 50°N (bottom plot of
Fig. 8¢). The TM underestimation over Eurasia results
from reference latitudes being placed too far south of the
actual jet stream. The opposite occurs over western Pacific.
Differences are sustained in Eurasia through the whole year
because of the relatively low intra-annual variability of the
jet over there (Fig. 4a). In western Pacific, differences are
mostly confined to winter, when the intensity of the jet
stream increases and moves farther south of TM latitudes,
thus increasing the probability of detecting easterly winds
in the TM-based approach. When reference latitudes are
allowed to vary in space but not in time (PH-based
approach of our index) differences decrease considerably,
almost suppressing the bias introduced by the TM latitudes.
However, discrepancies are still observed in seasons and
regions where the jet stream intensifies and deviates from
its annual mean position (e.g. western margins of both
oceans in winter). These results suggest that an approach
based on annual time-fixed reference latitudes provides a
realistic approximation, but it could not be the case in the
surrogate climate of a model.

5 Conclusions

An updated review of previous blocking detection methods
has been provided herein, assessing the main shortcomings
and advantages of two widely employed standard indices.
Results from these blocking indices suggest that an
improved diagnosis should be performed without ignoring
both the absolute and the anomaly fields. In fact, some
caveats and limitations associated to traditional blocking
indices can be partially overcome by merging them in a
single blocking indicator. A new combined index that
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Fig. 10 Regional blocking
signatures. Composites of Z500

(solid lines) and Z500
anomalies (shaded areas) for
winter blocked days: a, ¢
detected by BGT and missed by
a SKS2 in EAT, ¢ TM2 in EPA;
b detected by SKS2 and missed
by BGT in WAT; d detected by
TM2 and missed by BGT in
WPA. Red (blue) shaded areas
contoured by solid (dashed)
lines indicate positive (negative)
anomalies with contour interval
of 25 (—25) gpm starting at 50
(—=50) gpm. The thick grey line
indicates the climatological

winter reference latitude. See
text for acronyms

reconciles both approaches is proposed, providing a two-
folded complementary perspective of blocking as a signa-
ture in the anomalous field capable of reversing the
meridional jet-based height gradient in the total flow. This
novel approach is also presented as an attempt to pave the
way into a definitive blocking definition.

The novel blocking detection method is based on
500 hPa geopotential height data of wide availability in
GCMs and high reliability in reanalyses. A reference lati-
tude and an anomaly threshold account for the most char-
acteristic features of blocking, namely the suppression of
the jet stream with blockage of storm tracks and its 2-D
amplitude, respectively. The simultaneous need for both
parameters is compensated by the removal of some artifi-
cial assumptions resulting from single blocking indices.
Secondary parameters are based on the requirement of
temporal persistence, spatial extension and overlapping
criteria to the daily detected blocked flows.

Thresholds’ calibration of critical parameters has been
determined from objectively derived margins that are
independent of the type and resolution of the grid used (e.g.
by replacing grid-point based thresholds by areal or resolu-
tion-dependent criteria) but dependent of the input data

(i.e. adjusted from the specific observed or simulated mean
climate state) in order to allow the applicability of the
method to observational and model studies. A higher amount
of arbitrariness is acceptable in the choice of the secondary
parameters’ thresholds, with an assessment of typical spatial
and temporal characteristics of blocking being enough to set
appropriate values. The proposed method is of a lagrangian
nature since it identifies individual blocking events but
simultaneously allows 2-D descriptors of blocking density.
As critical thresholds are data-dependent (i.e. they are
determined from the specific climate) the method can be
applied to long series of data sets, including GCMs with
different spatial resolutions.

The proposed index shares some similarities with pre-
vious blocking indicators but some discrepancies arise.
Thus, unlike single approaches that just highlight preferred
blocking regions on the basis of certain signature of the
general circulation, the combined index shows a good
agreement with the climatological regions of maximum
band-pass height variance and wave amplification. Fur-
thermore, a number of atmospheric patterns identified by
some previous blocking indices over specific regions do not
typically correspond to standard blocking signatures.
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Summarizing, there is enough evidence to support that
this blocking method conciliates previous blocking defini-
tions through the use of a combined blocking index that
avoids artificial assumptions and improves the detection
efficiency. Additionally, this method can be applied to
different data sets, being useful for observations and model
simulations of different resolutions, temporal lengths and
time variant basic states. Results suggest the need of cau-
tion in objective automatic diagnosis tools if they are to be
applied to GCMs, where empirical (i.e. observational)
thresholds that are critical for the method may be unsuit-
able for the climate of the model. These questions will be
further addressed in the companion Paper II.
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Appendix: Computation of the anomaly field

Assuming that the length of the data set is K years, N the
number of data points per year and M the number of data
points permonthsothat ] <¢ < KNand1 < t < N, afour-
step procedure has been applied: (1) evaluation of a running
annual mean with special treatment of the ends of the time
series (Eq. 5); (2) determination of a running monthly mean
of the anomaly relative to the annual mean (Eq. 6); (3)
computation of the mean seasonal cycle (Eq. 7); (4) com-
putation of the anomaly field by extracting the annual mean
and the seasonal cycle from the total flow (Eq. 8).

N#Hk:tffmz(k) N/2<t<KN —N/2
Z(l) — k=t—N/2 (5)
Z(N/2 +1) 1<t<N/2
Z(KN—N/2—1) KN —N/2<t<KN
2 (1)
k=KN—M /2
T X (ek)—z(k)) M/2<t<KN—M/2
_ k=t—M/2
) e M2+ 1) 1<1<M/2
2% (KN —M/2—1) KN —M/2<t<KN
(6)
k=K
E(T)Z%Zz*(N(k—l)+r)l<f<N (7)
k=1
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