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ABSTRACT

In this paper, Northern Hemisphere winter blocking is analyzed through the introduction of a set of new
bidimensional diagnostics based on geopotential height that provide information about the occurrence, the
duration, the intensity, and the wave breaking associated with the blocking. This analysis is performed with
different reanalysis datasets in order to evaluate the sensitivity of the index and the diagnostics adopted. In
this way, the authors are able to define a new category of blocking placed at low latitudes that is similar to
midlatitude blocking in terms of the introduced diagnostics but is unable to divert or block the flow. Fur-
thermore, over the Euro-Atlantic sector it is shown that it is possible to phenomenologically distinguish
between high-latitude blocking occurring over Greenland, north of the jet stream and dominated by cyclonic
wave breaking, and the traditional midlatitude blocking localized over Europe and driven by anticyclonic
wave breaking. These latter events are uniformly present in a band ranging from the Azores up to Scandi-
navia. Interestingly, a similar distinction cannot be pointed out over the Pacific basin where the blocking
activity is dominated by high-latitude blocking occurring over eastern Siberia. Finally, considering the large
impact that blocking may have on the Northern Hemisphere, an analysis of the variability and the trend is
carried out. This shows a significant increase of Atlantic low-latitude blocking frequency and an eastward
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displacement of the strongest blocking events over both the Atlantic and Pacific Oceans.

1. Introduction

Atmospheric blocking is a midlatitude weather pattern
that describes a quasi-stationary, long-lasting, high pres-
sure system that modifies the westerly flow, “‘blocking”
(or at least diverting) the eastward movement of the
migratory cyclones (Rex 1950). This usually occurs when
a subtropical air mass of low vorticity is advected pole-
ward, developing an anticyclonic circulation. Blocking
occurs throughout the year, even if it is more frequent
during winter and spring. It typically develops at the end
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of the Pacific and Atlantic jet streams, and it significantly
affects the weather of the underlying regions, sometimes
leading to cold spells in winter and heat waves in summer
(Trigo et al. 2004; Sillmann and Croci-Maspoli 2009).
Even though largely debated in the literature since the
1950s, a full dynamical understanding of atmospheric
blocking is still an open issue: this is confirmed by the
large set of theories that has been proposed with-
out achieving a unique conclusion on the dynamics of
blocking (e.g., Charney and DeVore 1979; McWilliams
1980; Shutts 1983; Nakamura et al. 1997) and by the poor
skill of weather and climate models (e.g., Tibaldi et al.
1994; D’ Andrea et al. 1998), which is widely documented
even for state-of-the-art models (Scaife et al. 2010).
However, it is worth highlighting that recently good
representation of blocking over the Atlantic has been
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reported, at least for one climate model (Scaife et al.
2011).

In addition to this, the existence of several objective
blocking detection methods [see Barriopedro et al.
(2010) for a brief review] makes a clear comparison of
different works not straightforward. Recently a series of
articles (Pelly and Hoskins 2003; Berrisford et al. 2007,
Tyrlis and Hoskins 2008a) have linked blocking events
with the concept of Rossby wave breaking ( McIntyre
and Palmer 1983). Rossby wave breaking (RWB) is
manifested by a large-scale overturning of potential vor-
ticity contours on an isoentropic surface. RWB events
have usually been measured as the reversal of the po-
tential temperature gradient at the tropopause level,
identified as the 2 potential vorticity unit (PVU) sur-
face. They can be categorized into cyclonic/anticyclonic
wave breaking when a northwest—southeast/southwest—
northeast tilted trough-ridge pair is advected cyclonically/
anticyclonically (Thorncroft et al. 1993; Peters and Waugh
1996). As Pelly and Hoskins (2003) showed, if spatial and
temporal filters are applied, upper-tropospheric RWB
events have physical characteristics similar to the ca-
nonical blocking (which, instead, is historically measured
on geopotential height surfaces).

In recent years renewed interest has risen around
blocking due to the introduction of new bidimensional
methods for blocking detection. These new indices try to
overcome the traditional fixed-latitude approach by in-
ferring more details on blocking occurring at different
latitudes (Scherrer et al. 2006; Berrisford et al. 2007) and
by distinguishing between several areas of blocking that
could have different impacts on weather patterns and
could be connected in different ways to the main tele-
connection patterns. Indeed, a group of papers (Shabbar
et al. 2001; Croci-Maspoli et al. 2007) studied the re-
lationships between blocking and the North Atlantic
Oscillation (NAO)—the oscillation of the stationary
high and low pressure systems over the Azores and
Greenland, Hurrell et al. (2003). More recently Woollings
et al. (2008, 2010b) demonstrated in detail how the main
components of the NAO can be interpreted in terms of
the presence or absence of blocking over Greenland. On
the other hand, other studies focused on the origin of the
North Atlantic Oscillation found evidence of a relation-
ship between the NAO and the occurrence of RWB
(Benedict et al. 2004; Franzke et al. 2004; Riviere and
Orlanski 2007; Kunz et al. 2009a,b).

Therefore, the adoption of a new robust method for
blocking detection that also accounts for the associated
RWB can provide further insight into the aforemen-
tioned relationships. For this reason, in this work we will
identify blocking using the reversal of the meridional
gradient of the geopotential height at 500 hPa (Tibaldi

DAVINI ET AL.

6497

and Molteni 1990; Tibaldi et al. 1994), but we will exploit
the similarities between RWB and blocking to better
characterize blocking events. Our purpose is to in-
vestigate several properties of atmospheric blocking
occurring in different areas of the Northern Hemisphere
through the definition of a new series of bidimensional
diagnostics all based on the Zs field. We will compare
results from the National Centers for Environmental
Prediction—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis (Kalnay et al. 1996), the
40-yr European Centre for Medium-Range Weather
Forecasts Re-Analysis (ERA-40) (Uppala et al. 2005)
and the ECMWF ERA-Interim (Simmons et al. 2007) to
evaluate the sensitivity of our methodology to the use of
different reanalyses. Moreover, considering the signifi-
cant impact that blocking events may have on the
weather and on the extreme events (Buehler et al. 2011;
Sillmann et al. 2011), we will investigate the interannual
variability and the trends of blocking and its associated
diagnostics.

2. Data and method

The data used in this study is the Northern Hemi-
sphere daily geopotential height at 500 hPa. Unless
otherwise specified, the data analyzed are from the
NCEP-NCAR reanalysis (Kalnay et al. 1996) from
which the 60-yr period from 1951 to 2010 was selected.
Winter season [December—February (DJF)] data for
a total number of 5415 days have been selected. Data
from ERA-40 (Uppala et al. 2005) and ERA-Interim
(Simmons et al. 2007) have also been used. The periods
analyzed are the DJF 1958-2002 and the DJF 1980-
2010, respectively. All data are at the standard resolu-
tion of 2.5° X 2.5°.

To detect atmospheric blocking and study its prop-
erties, a blocking index and several diagnostics have
been adopted. A detailed description of such indices is
reported in the appendix; however, a short summary is
presented here.

To objectively identify blocking the bidimensional
extension of the Tibaldi and Molteni (1990) index de-
veloped by Scherrer et al. (2006) is adopted. This index
is based on the reversal of the meridional gradient of
geopotential height measured at 500 hPa, but it is ex-
tended from 30° to 75°N. All events detected with this
method are defined as instantaneous blocking (IB).
However, this definition does not provide any informa-
tion about the spatial or temporal extension of the phe-
nomena that are the main constraints to define a blocking
event (Rex 1950).

To introduce spatial persistence, large-scale blocking
(LSB) events are defined as IB extended for at least 15°
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of continuous longitude, a spatial constraint analogous
to the one usually seen in the literature (e.g., Tibaldi and
Molteni 1990; Pelly and Hoskins 2003). This allows the
detection of large-scale blocking event and ensures that
the spatial scale of the event is larger than the Rossby
radius of deformation.

A blocking event is finally defined if a LSB occurs
within a box 5° latitude X 10° longitude centered on that
grid point for at least 5 days. Such criteria ensure that
the detected episodes have both significant meridional
and zonal extension, are quasi-stationary, and persist for
sufficient time to be considered as real blocking events.
Furthermore, it is possible to compute the duration of
every single event for every grid point.

It is worth noting that the blocking index here de-
scribed shows weak sensitivity to changes of the spatial
and temporal extents of the definition (i.e., LSB longi-
tudinal extent, box area, and time persistence), espe-
cially with respect to the localization of the spatial
distribution of blocking events. The different method-
ologies that have been tested during development of this
work suggest that changes in the blocking detection
scheme lead only to quantitatively different values of
blocking frequency, but they are unable to significantly
modify the spatial patterns.

In addition to this blocking detection method, several
bidimensional diagnostics have been developed in order
to get more physical insight. Two different indices pro-
viding a measure of the intensity of the blocking are
computed: the meridional gradient intensity (MGI),
which is simply the value of the reversed meridional
gradient at Zsoo as measured by the algorithm of de-
tection, and the blocking intensity (BI), a bidimensional
extension of the method developed by Wiedenmann
et al. (2002). While the former gives a measure of the
intensity of the easterly wind to the south of the blocked
point, the latter indicates how the meridional circulation
is affected by the presence of blocking.

A measure of the direction of rotation of the RWB is
also obtained. Even if RWB events are usually detected
using reversal of the potential temperature gradient at
the 2-PVU surface, by exploiting the similarities be-
tween them and blocking events presented in the in-
troduction, we compute a wave breaking index (WBI) to
detect whether the blocking is associated with a cyclonic
or with an anticyclonic wave breaking. Using the hori-
zontal gradient of geopotential height measured 7.5°
south of the blocked grid point, we are able to compute
the WBI that distinguishes between anticyclonic 1B
events (Zsy decreasing eastward) and cyclonic IB
events (Zsq increasing eastward). This method, similar
to the one adopted by Masato et al. (2012), appears to
be consistent with the areas of wave breaking defined in
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the literature (Tyrlis and Hoskins 2008b; Strong and
Magnusdottir 2008). Moreover, as shown in the appendix,
it is a geostrophic approximation of the method adopted
by Kunz et al. (2009b) based on the horizontal stretching
deformation.

It is worth highlighting that BI, MGI, and WBI are all
computed only for instantaneous blocking events.

3. Results

a. Blocking climatology and sensitivity to different
reanalyses

The instantaneous blocking climatology is reported in
Fig. 1 (left panel) and is measured as the percentage of
blocked days in the 60-yr period examined in the
NCEP-NCAR reanalysis (1951-2010). The well-known
high frequency area present over Europe is evident, with
a maximum placed between the British Isles and the
North Sea. However, IB frequency is dominated by
high-latitude events occurring over the North Pacific—
eastern Siberia and over Greenland [defined as high-
latitude blocking (HLB); Berrisford et al. 2007]. A strip
of high values of IB develops from the British Isles
southwestward to Florida at very low latitudes. A similar
but less noticeable region of blocking is seen over the
subtropical eastern Pacific.

The blocking event frequency is reported in the right
panel of Fig. 1. Interestingly, the distribution of blocking
frequency is only slightly affected by the introduction of
spatial and temporal contraints. A small reduction of
blocking frequency is observed over Greenland and over
the central-eastern Atlantic (i.e., off the coast of Portugal,
suggesting that blocking over this area is smaller in extent
and short lasting) but, overall, the patterns remain un-
changed. As stated in section 2, the adoption of different
spatial and temporal constraints just partially affects the
distribution of blocking.

To strengthen our analysis, other reanalysis datasets
have also been used. In the left panels of Figs. 2 and 3 are
reported the blocking event climatologies for ERA-40
(DJF 1958-2002) and ERA-Interim (DJF 1990-2010),
respectively, while in the right panels the differences
with respect to the corresponding period of the NCEP—
NCAR reanalysis are shown.

Biases between the different reanalyses considered
are generally very small, O(1%) of blocked days. This
means that relative differences lower than 5%-10% in
the areas where blocking occurrence is higher. Likely
due to the lack of observations, larger differences are
recorded over the Pacific Ocean and the subtropical
Atlantic. In any case, the Pearson correlation between
the 2D blocking daily maps among the different datasets
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FIG. 1. NCEP-NCAR reanalysis (DJF 1951-2010) (left) instantaneous blocking frequency and (right) blocking
events frequency. Colors are representative of percentage of blocked days with respect to total days. Contours show
the eddy-driven jets as climatological zonal wind speed higher than 8 m s~ ! at 850 hPa.

is extremely high (0.9 for both ERA-Interim/NCEP and
ERA-40/NCEP), confirming the high agreement be-
tween the datasets, even on a daily basis. Therefore, this
comparison suggests that the blocking index adopted
here is significantly robust.

Over the Atlantic region, the ERA-Interim and ERA-
40 confirm that two distinct relative maxima over the
subtropical eastern Atlantic and central Europe can be
detected. This point will be addressed in the next section.

ERA-40:
_Blocking Events

b. Low-latitude blocking

As shown in section 3a, the introduction of the blocking
event definition reduces the climatological frequency of
occurrence of blocking over the central-eastern Atlantic.
This reduction acts to distinguish between events over
central Europe and events over the subtropical Atlantic,
suggesting that these latter events may have different
properties. This anomalous region of blocking will be

Blocking Events:
Difference ERA-40 - NCEP

g = . .

25

FI1G. 2. ERA-40 (DJF 1958-2002) (left) blocking event frequency and (right) the difference for the corresponding
period of NCEP-NCAR reanalysis. Colors are representative of the percentage of blocked days with respect to total

days. In (left), black contours show the eddy-driven jets as climatological zonal wind speed higher than 8 m s~

Lat

850 hPa. In (right), red contours indicate positive bias and blue ones negative bias. They are drawn every 1%.
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FIG. 3. As in Fig. 2, but for the ERA-Interim (DJF 1980-2010).

hereafter defined as low-latitude blocking (LLB), and
will include blocking over the subtropical eastern At-
lantic and similar events over the subtropical eastern
Pacific. This new definition is introduced so as to distin-
guish them from the canonical blocking sectors currently
studied in literature. Since these LLB events have never
been discussed in previous works, can they be considered
as actual blocking events?

In the literature, long-lasting high pressure systems
over the eastern Atlantic (40°-50°N, 40°W-5°E) have
been defined as strong persistent ridge events (SPREs)
by Santos et al. (2009). LLB events here presented share
some features with SPRESs, such as persistence and the
barotropic anticyclone associated with it, but are detected
over a wider area extending equatorward and are less
localized and less persistent than SPREs. On the other

hand, due to their positioning close to the subtropics, they
resemble as well the Rossby wave breaking events mea-
sured along the subtropical tropopause by Postel and
Hitchman (1999).

A foremost characteristic of LLB events can be found
by analyzing the blocking intensity and the meridional
gradient intensity (MGIO indices reported in Fig. 4.
Since BI and MGI are both small, it is possible to infer
that blocking detected south of 40°N are often events
with negligible impact on the circulation. Similar con-
siderations can be drawn when the ERA-40 and the
ERA-Interim dataset are considered (not shown).

Moreover, it is interesting to note that there exists a
relationship between the location of LLB events and the
average position of the eddy-driven jet stream (shown by
the black contour in Figs. 1,2, and 3): in both the Atlantic

FIG. 4. NCEP-NCAR reanalysis (DJF 1951-2010) diagnostics:
meridional gradient intensity (MGI) index, and average blocking duration. Only values where blocking events frequency exceeds 2% are
plotted.

(from left to right) average blocking intensity (BI) index, average
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European Blocking ->10 ° E-55 ° N4 Greenland Blocking ->-45 ° E-65 ° N4
" 15% of days. ~ 7~ 10%of days. S

Z500 composites on
Atlantic LLB Blocking -> -40 ° E-35 ° N 4

Z500 composites on
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North Pacific Blocking -> 175 ° E-70 ° N 4
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F1G. 5. Composites on blocked days of the geopotential height at 500 hPa: (top left) European blocking, (top right)
Greenland blocking, (bottom left) Atlantic LLB, and (bottom right) North Pacific blocking. Positive anomalies are
contoured in red and negative anomalies in blue; both are drawn every 50 hPa. Dots mark the points on which com-
posites are computed.

and Pacific basins, the jet tilts northward toward the end
of the storm track in correspondence with the maximum
of LLB events. This is evident over the subtropical east-
ern Atlantic where the frequency of LLB is higher.
Composites of zonal wind and geopotential height
during Atlantic LLB events show an increased north-
ward tilt of the jet (not shown) and an enhanced Atlantic
ridge (Fig. 5, bottom-left panel). In this panel compos-
ites of the Zs field (black contours) and their anoma-
lies (red and blue colors) during blocked days during
Atlantic LLB are reported. Therefore, the detection
of LLB events can probably be interpreted as the

development of a strong ridge configuration associated
with poleward displacement of the subtropical easterlies
located south of the blocked area. Our interpretation is
that LLB represents the transition between the westerly
wind regime and the easterly regime, typical of the sub-
tropics, and is a consequence of the definition of the
blocking index. LLB events are thus generated by fluc-
tuations of the subtropical high pressure systems and do
not configure as real blocking events because they are
unable to block or divert the flow.

Finally, a supplementary analysis with a slightly modi-
fied blocking index was performed (not shown). A further
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Cyclonic RWB Frequency

AntiCyclonic RWB Frequency

FIG. 6. (left) Cyclonic and (right) anticyclonic Rossby wave breaking as defined by the wave breaking index (WBI),
represented as percentage of wave breaking days with respect to total days. Contours are drawn from 4% every 2%.

constraint to the south was added: the meridional gra-
dient of the geopotential height between 15° and 30°
south of the blocked grid point must be negative (i.e.,
between 15° and 30° south of the blocked grid point
there must be westerly winds). This constraint aims at
excluding all blocking events connected with a north-
ward shift of the subtropical easterlies since they are
unable to modify the flow. As expected, by applying
this modified blocking index, events detected south of
40°N are totally excluded while the global patterns
remain unchanged. This confirms the hypothesis that
LLB events are linked to northward displacement of
the subtropical high.

c. Unique characteristics of European blocking

Atmospheric blocking and its impact over the Atlantic
basin has been historically analyzed as a unique phe-
nomenon (Tibaldi and Molteni 1990; Trigo et al. 2004).
This point of view has been changing in the last years,
when a distinction between the two Atlantic relative
maxima—one placed over central/northern Europe [Eu-
ropean blocking (EB)] and one over Greenland [Green-
land blocking (GB)] have been pointed out. The latter
one has been recently investigated in many works (e.g.,
Woollings et al. 2008). The GB events have been defined
as HLB since they divert the main westerly flow rather
than block it.

The analysis of our diagnostics is consistent with this
interpretation: it can be noticed in Fig. 4 that GB events
show very low values of BI and, even if they present very
high values of MGI, they are located about 20° north of

the jet stream. This implies that, even though they are
associated with strong easterly winds, GB events are not
able to block the westerly flow because they occur too
far north of the jet stream.

Our diagnostics highlight other important distinctions
between EB and GB events. Clear differences are visi-
ble if the dominant wave breaking mode detected by the
WBI is examined (Fig. 6). WBI highlights that GB events
are dominated by cyclonic wave breaking whereas EB
ones are dominated by anticyclonic wave breaking. It is
important to notice that a sharp transition zone between
cyclonic and anticyclonic events cannot be easily de-
marcated: over Scandinavia and northern Europe both
events are detected (Fig. 6). Extremely similar patterns
are obtained analyzing ERA-40 and ERA-Interim (not
shown). This likely occurs since both EB and GB de-
velop from a strong Atlantic ridge configuration
(Tyrlis and Hoskins 2008b; Woollings et al. 2008). As
a matter of fact, GB events originate from the retro-
gression of an anomalous strong Atlantic ridge and
they are often anticipated by EB (about half of the
cases, not shown).

Looking at the composites shown in Fig. 5 (GB in top-
right panel and EB in top-left panel), the deformation of
the geopotential height field is different, with the clear
predominance of the cyclonic wave breaking for GB
(northwest-southeast axis of the trough-ridge system)
and the anticyclonic breaking for EB (southwest—
northeast axis of the trough-ridge system). The former
one is dominated by a dipolar structure, while in the
latter one the positive anomaly over central Europe is
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notably stronger than the double negative anomalies
over the Mediterranean and the Arctic Ocean.

The average duration of the events (Fig. 4, right
panel) provides further differences between EB and
GB: even if long-lasting events are detected also over
North Pacific/eastern Siberia, a longer duration is ob-
served over Greenland (with high values, higher than
9 days, over the Labradror Sea). European blocking and
Atlantic LLB events tend to be shorter. An area of large
(about 9 days) average duration is detected over inner
central Siberia, in a region where few blocks are de-
tected (<4%). These events can be a consequence of the
oscillation of the high pressure system present over
central Siberia during Northern Hemisphere winter.

Anyway, the average duration of blocking events ap-
pears to be the most sensitive field to the choice of period
among the ones analyzed up to now. When compared
among each other for the same period (1958-2002 for
NCEP vs ERA-40 and 1980-2010 for NCEP vs ERA-
Interim, not shown), the datasets show strong similarities,
even though the NCEP-NCAR reanalysis presents
slightly higher values over Greenland. On the other hand,
marked differences are reported among the datasets
when the whole period is examined (not shown). This
suggests that long-term variability may play an important
role in determining the pattern of this field.

It is worth remarking that the distribution of the du-
ration of the blocking events is not Gaussian, but is ex-
ponentially decreasing (not shown) (Wiedenmann et al.
2002; Barriopedro et al. 2006). Therefore the mean value
does not provide information about the upper tail of the
distribution and the related extreme events. Similar
considerations may be drawn for the MGI. However, the
study of extreme values is beyond the scope of this study.

Additional differences between EB and GB emerge
when the meridional cross section of geopotential height
anomalies during blocking events is studied (Fig. 7). The
EB cross section shows an equivalent barotropic struc-
ture, while the GB one is definitely tilted. The presence
of the underlying Greenland landmass may impact the
pressure field and it can be connected to the observed
baroclinic-like feature of Greenland blocking.

Interestingly, an analogous distinction of blocking
events, as the one discussed up to now between EB and
GB over the Atlantic basin, cannot be drawn for the
Pacific basin. Here the blocking index detects a single
maximum placed over eastern Siberia [defined as North
Pacific Blocking (NPB)]. NPB possesses the same fea-
tures observed for GB, even though it has less impact on
the wind field (this latter point is due to the southern
position of the Pacific eddy jet stream, which is about 10°
to the south with respect to its Atlantic counterpart). In
fact, GB and NPB events both lie to the north of the
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eddy-driven jet and both are dominated by cyclonic
wave breaking (Fig. 6). Moreover, both show long du-
ration, low values of BI, high values of MGI (Fig. 4), and
have a tilted nature when the geopotential height
anomalies cross section is analyzed (Fig. 7, bottom-right
panel). As in GB, NPB usually appears as a dipole of
high and low pressure systems on the northern flank of
the jet stream (Fig. 5, bottom-right panel) and originates
from the amplification and subsequent retrogression of
the local ridge (i.e., the Alaskan ridge).

These findings lead to two important considerations:
first, it emerges clearly that North Pacific blocking is
unable to block the westerly flow and acts only to divert
it. Therefore, as its Atlantic counterpart—the Greenland
blocking, it must be considered as a group of high latitude
blocking event. Second, it is possible to conclude that no
Pacific counterpart of EB exists. This striking difference
between the two basins may have its origin in the sepa-
ration between eddy-driven jets and the subtropical jet
present over the Atlantic basin, probably arising from the
orographic effect of the Rocky Mountains (Brayshaw
et al. 2009), which cannot be found over the Pacific. Here
eddies are trapped by the subtropical jet, suppressing
meridional wave propagation and therefore reducing the
presence of midlatitude Pacific blocking (Nakamura and
Sampe 2002; Eichelberger and Hartmann 2007).

The bulk of events over the Pacific are, indeed, HLB-
like, and the actual blocking, the one that is really able to
block the flow, is instead occurring farther south and east,
as shown also by Pelly and Hoskins (2003). This region is
detected by the large values of both intensity indices, BI
and MGI, and it is found over the eastern Pacific at the
end of the storm track (Fig. 4). These blocking events
show very low climatological frequency (<4%); there-
fore, we conclude that the European blocking can be
considered as the ‘“‘real” midlatitude blocking event (i.e.,
the only one able to block the westerly flow), whereas the
other ones can be interpreted as HLB.

This conclusion partially conflicts with past climatolog-
ical analysis of blocking carried out with monodimensional
indices (Tibaldi and Molteni 1990; Barriopedro et al.
2006). These indices, which traditionally measure blocking
at 60°N, usually detected two maxima of blocking activity:
one over central Europe and the other over the North
Pacific (around 160°E~180°). We argue that Pacific HLB
events rarely onset and develop a few degrees south of the
climatological maximum (~70°N), thus generating the
false midlatitude peak reported by monodimensional
blocking indices.

It must be highlighted that the proposed distinction
between HLB and EB events is not merely geographic,
but, as presented above, is based on strong phenome-
nological differences: different duration, wave breaking
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FI1G. 7. Longitudinal cross section of geopotential height anomalies composited on blocked days: (top left) Eu-
ropean blocking, (top right) Greenland blocking, (bottom left) Atlantic LLB, and (bottom right) Pacific blocking.
Positive anomalies are contoured in black and negative anomalies in dashed gray, drawn every 50 hPa. The black
dotted line shows the maximum positive anomaly at each level.

type, intensity, and cross section all suggest that the
distinction between HLB and EB events could be due to
different physical mechanisms operating in blocking
development.

d. Interannual variability and trends

Since blocking can have a large impact on weather
patterns and sometimes lead to the occurrence of
extreme events, quantifying variability and possible
changes in the preferred location of blocking occurrence
is a high priority. For this reason, in the last part of this
work analysis of the interannual variability and related

trends of blocking is presented. This was done by
adopting the 60-yr period of the NCEP-NCAR re-
analysis and averaging the considered fields on a yearly
basis.

The interannual variability of blocking events, which
is expressed through the standard deviation of the yearly
frequency of occurrence at each grid point, is reported in
the top-right panel of Fig. 8. Large values are recorded
(>7%) over the main sectors of blocking. Interestingly,
slightly smaller values are present over central Europe,
shaping the high-value pattern over the Atlantic basin in
two main bands on the two sides of jet stream, broadly
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FIG. 8. (top left) Blocking events and (bottom left) blocking intensity trends in the NCEP-NCAR reanalysis (DJF
1951-2010) computed on yearly basis. Units are percentage of blocked days per year and BI value per year, re-
spectively. Black contours show the 90% significance level and dark green contours are the climatologies. (top right)
Blocking events and (bottom right) blocking intensity standard deviation. Black contours are the climatologies. In all
panels, only values where blocking event frequency exceeds 2% are plotted.

corresponding with the areas where anticyclonic and
cyclonic wave breaking dominates.

In the top-left panel of Fig. 8 the linear trends of
the yearly blocking frequency are shown. Owing to the
high year-to-year variability, just a few areas show large
significance at the 90% level (shown by the black con-
tours). However, a marked increase is observed for
the Atlantic LLB (0.2% yr !, which means that over
60 years there is almost an 80% relative increase of
blocking occurrence in that area). Over Siberia a general
reduction of blocking frequency is observed. In addition
to this, an increase/decrease dipole associated with an
eastward shift is seen over the Pacific, and a similar but
weaker pattern is notable over Greenland. More gen-
erally it can be stated that there is an increase of LLB

event occurrence and a decrease of HLB ones, even
though there is less significance.

A similar analysis was carried out by studying the var-
iability and trends of the blocking intensity index (bottom
panels, Fig. 8). The variability appears to be smaller with
respect to blocking frequency and, interestingly, higher
values are recorded about 10° north of the climatological
maximum. Likely due to less interannual variability,
trends of the BI index are clearer and more robust. In
the Pacific basin there is an evident eastward shift of the
area of maximum intensity toward British Columbia
(shown by the blue/red dipole). A weaker dipole is ev-
ident also over the Atlantic sector where it is observed
that a stronger increase over Europe suggests the pos-
sibility of an increase rather than a shift.
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The BI maximum values are recorded in the exit re-
gion of jet streams and, by definition, the BI measures
how much the circulation is affected by the blocking.
Therefore, we argue that this observed change could be
associated with a trend in the strength and zonal ex-
tension of the jet stream. In any case, deeper inves-
tigation of this hypothesis goes beyond the scope of this
study. Finally, it is worthwhile to remember that the
same procedure has been carried out with the MGI in-
dex. However no significant trend was detected with this
diagnostic (not shown).

4. Discussion and conclusions

In this paper a new bidimensional blocking climatol-
ogy based on the reversal of the meridional gradient at
Zs0 1s presented. An analysis of the NCEP-NCAR re-
analysis was carried out exploiting the winter season
(DJF) throughout 60 years (1951-2010). Data from the
ECMWEF reanalyses (ERA-40 and ERA-Interim) have
been adopted as well in order to increase the robustness
of the results. Several diagnostics providing information
about characteristics of blocking have been computed:
blocking intensity, its duration, and type of wave breaking
associated with it.

The set of diagnostics here presented provides a large
source of information that allows us to define three main
categories of blocking events. The first case, blocking
occurring on the poleward flank of the jet stream was
defined as high-latitude blocking (Berrisford et al. 2007).
HLB events occur mainly over Greenland (Greenland
blocking) and eastern Siberia (North Pacific blocking).
They represent the largest number of events detected by
the blocking index here adopted and are characterized
by the fact that they are only able to divert the jet stream
equatorward (instead of blocking it) and by the cyclonic
Rossby wave breaking associated with them. Moreover,
their longitudinal geopotential cross section is tilted,
showing a baroclinic feature.

A second category of blockinglike structure was de-
fined as low-latitude blocking: this category contains all
events detected adjacent to the subtropics approxi-
mately south of 40°N. LLB are signatures of oscillations
of the subtropical high and corresponding flow reversal.
These events, occurring mainly over central-eastern Pacific
and Atlantic, are unable to block the flow and they seem
also unable to divert it, thus having an almost negligible
impact on weather patterns. They are barotropic, associ-
ated with anticyclonic Rossby wave breaking, and their
signature is an enhanced subtropical ridge.

The last group of blocking events is the one that splits
the flow and typically occurs at midlatitudes. Our analysis
suggested that only events over central Europe could
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be defined as “real” midlatitude blocking events; these
events are classified as European blocking (EB). EB
shows a signature similar to Atlantic LLB events with an
enhanced barotropic ridge associated with anticyclonic
wave breaking. Interestingly, this region of blocking
(lying on the equatorward side of the jet stream north of
40°N) is not confined to a small region but originates from
breaking of the Atlantic ridge, which can occur from 30°E
to 20°W. Therefore, even though EB events appear to
have similar phenomenological characterization with our
diagnostics, they can have various effects on weather pat-
terns. Moreover, we argue that the Atlantic LLB events
over the Azores can also be originated by the same kind of
wave breaking as the EB, but those events are associated
with wave breaking occurring too far equatorward to ef-
fectively impact the midlatitude westerly flow.

It is worth highlighting that the phenomenological
differences here discussed among LLB, EB, and HLB
are evident also in the ERA-40 and ERA-Interim
dataset and that the differences between datasets are
0O(5%-10%). This provides proof of the robustness of
the diagnostics adopted. However, the long-term vari-
ability of blocking activity leads to evident differences if
whole datasets are compared (as in the case of ERA-40
and ERA-Interim).

In the last section of the work a strong interannual
variability emerged from the analysis of blocking event
yearly time series. Even though such variability does not
allow an easy detection of significant trends in blocking
event frequency, a marked increase is observed for At-
lantic LLB events, while at high latitudes several areas
of decreased blocking frequency are identified. The
trends reported for blocking intensity are more evident,
suggesting an increased impact of blocking events over
central Europe and British Columbia. This last feature
could potentially have some influence on extreme events
over those regions.

In conclusion, the work presented here offers a detailed
phenomenological characterization of blocking behavior,
but other main aspects still need to be investigated to
gain a more complete understanding of blocking.

First, events occurring north of the jet stream and
events occurring south of it seem to possess different
dynamics and time scales. Consequently, performing
studies about dynamics and energetics as carried out in
the past (e.g., Hansen and Chen 1982) will be needed to
clarify the existence of different types of blocking since
the simple distinction based on cyclonic—anticyclonic
wave breaking seems not able to explain it.

Second, more practical analysis making use of the di-
agnostics presented here could be carried out to inves-
tigate the reasons for the large biases still present in
climate models in representing the correct frequency
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of European blocking. In this sense, even if Jung et al.
(2012) noticed some improvements specifically over
Europe, a simple increase in the horizontal and vertical
resolution (Matsueda et al. 2009; Woollings et al. 2010a)
generally did not lead to a significant increase of blocking
frequency. Thus, the causes of biases must be searched
somewhere else. For instance, Scaife et al. (2011) showed
significant improvement in the blocking representation
over the Euro-Atlantic sector adopting a model with an
improved simulation of the Atlantic Gulf Stream.

Finally, the climatologies and the associated diag-
nostics here presented can be used to investigate in detail
the relationship among the main teleconnection patterns
(in first place the North Atlantic Oscillation) and the ef-
fect that blocking has on the Atlantic and Pacific eddy-
driven jet stream. This latter point will be examined in
detail in an upcoming work by the authors.
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APPENDIX

Indices and Diagnostics

Hereafter a brief description of the main indices and
diagnostics adopted in the work is reported.

a. Blocking index

To detect instantaneous blocking (IB) the Zsog me-
ridional gradient reversal is defined in a way analogous
to Scherrer et al. (2006):

Zsoo()‘o’q)o) B Zsoo()‘o’q)s)

D, — Dy ’

GHGS(A, D) = (A1)

0
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Zsoo()‘o’q)zv) — Zsoo()‘o’ q>0)
CDN B (I’o

GHGN(\,, ®,) = (A2)

in which Ay and ®, represent the gridpoint longitude
and latitude, respectively; ®( ranges from 30° to 75°N
and A ranges from 0° to 360°%; &g = ®y — 15; and Py =
dy + 15°

For a grid point of coordinates (Aj, Py), an IB is
identified if
GHGS(A GHGN(A

®,)>0; ®,) <—10m (“lat) "

(A3)

0’ 0’

A grid point is defined as large-scale blocking (LSB) if
Eq. (A3) is satisfied for at least 15° continuos longitude.

Finally, a blocking event is detected if LSB is occur-
ring within a box 5° latitude X 10° longitude centered on
that grid point for at least five days. This is accomplished
in two steps: first an index that considers all grid points
within 5° latitude X 10° longitude centered on a LSB grid
point to be blocked is defined. Then the 5-day persis-
tence criterion to this index is applied.

The modified blocking index constructed to exclude
LLB from the analysis adds the following constraint to
the previous ones:

Zsoo(’\o’q)s) B Zsoo()‘o’q)s
15°

- 15°)

GHGS,(Ay, ®,) =

< —5m(°lat) L. (A4)

b. Meridional gradient intensity

The meridional gradient intensity (MGI) index is
computed associating to each IB event its value of
Geopotential Height Gradient South (GHGS):

MGI(\, ®,) = GHGS(Ay, ). (A5)

By definition, MGI cannot be less than 0.

¢. Blocking intensity

The blocking intensity (BI) Index is created with a
slight modified bidimensional extension of the BI index
by Wiedenmann et al. (2002). For each point where an
IB event is detected, we first define MZ as the value of
Zs00 (Ao, Po,), and we define as Z, and Z, the minimum
of Zsy field within 60° upstream and downstream at
the same latitude (®y) of the chosen point, respectively.
Hence we define

Z + MZ)2 + (Z, + MZ)I2
RC()\O,CIDO)E( u ) 2( ¢ ) .

(A6)
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from which is possible to compute the blocking intensity
for each LSB event:

BI(A,, ®,) = 100[(MZ/RC) — 1.0]. (A7)

The minimum values for BI is 0 and higher values
imply stronger events.

d. Wave breaking index

To detect whether an IB event is associated with
a cyclonic or to an anticyclonic wave breaking, we define
the horizontal stretching deformation § as done by Kunz
et al. (2009b):

S =

1 {au _ u} (A8)

acos¢ A d¢

If S < 0 (S > 0),the wave breaking is cyclonic (anticy-
clonic). To be able to apply this with just geopotential
height values, we reformulate the definition applying the
geostrophic approximation as defined:

g iz g dZ
=_£°%2 = el A9
" fa o’ Ys facosp oA (A9)

Therefore, we obtain a version of S with only a depen-

dence on Z:
- _ 2g 2z
fa? cosp \ordp )’

Since —2g/(fa® cos¢) is defined as negative for any
value of ¢ in the Northern Hemisphere and we measure
the wave breaking in that point where the reversal of the
meridional gradient of geopotential height is present
(i.e., 9Z/d¢ >0), the sign of S is determined simply by
ZIoA.

We define the WBI for each grid point as

(A10)

ZsgoM s @ +7.5%) = Zsy (A ;, @ +7.5°)
Ay = A

WBI(A, ) =

>

(A11)

where @y is defined in the blocking index and Ay =
)\0 — 7.5° and /\E = /\0 —7.5°

So, finally to detect the sense of the wave breaking we
obtain

WBI < 0 — anticyclonic wave breaking, (A12)

WBI > 0 — cyclonic wave breaking. (A13)
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