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Even though meteorologists have been aware of atmospheric blocking for more than 100 years, it is a phenomenon
still not well forecast or completely understood. Also, while there is not one standard accepted definition, there
are some commonalities known about the understanding of blocking behavior. Blocking occurs less often than
other destructive phenomena, but globally their occurrence has increased since the beginning of the century. The
longevity of blocking means it can negatively impact agricultural and economic activity and human comfort by
bringing extreme conditions not only to the areas where they occur but also to locations well upstream and down-
stream. Additionally, while it is known where blocking occurs and their general character has been well described,
operational models still struggle to replicate the intensity and duration even though improvement has been noted in
the timing and location of onset. Climatologically, models still underestimate their occurrence. In the last 40 years,
investigators have used case study analysis and numerical and theoretical models to understand the onset and main-
tenance of blocking. Comparatively few have examined block decay. This review endeavors to cover the highlights
of the history of blocking investigations, especially in the last few decades, in order to provide an understanding for
a more general scientific audience.
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Introduction Few studies highlighting the climatology or the
dynamics of blocking events can be found in the
literature prior to 1950. One of the first climatolo-
gies of “blocking action” was published by Elliot and
Smith.® This work defined blocking as a persistent
surface high pressure anomaly that exceeded a cer-
tain climatological threshold (420 hPa) for a long
period of time. They noted that there were preferred
regions for blocking action, as well as interannual
and even interdecadal variability in their occurrence
from 1900 to 1938.

During the 1940s, with the more widespread use
of upper air observations, researchers recognized
that blocking events were quasibarotropic and that
many relatively stationary persistent surface highs
were also associated with a strong high-pressure cell
aloft.*® The former study* examined the propa-
gation speed of long waves observationally, noting

Blocking anticyclones have been recognized as a
significant atmospheric phenomenon for over a
century.! During that time, blocking was acknowl-
edged as a large-scale disturbance (high pressure
at the surface) that persisted for a long period of
time in the middle and high latitude flows. These
events were described as propagating very slowly, or
even retrograding. The interest in these persistent
anticyclones at the beginning of the 20th century
was mostly in the context of long-range forecasting
applications.>> The name “blocking” probably
describes the tendency for these anticyclones to
block the regular progression of cyclones where
they normally occur,* and Ref. 5 described the phe-
nomena as “well-known” and “the most important
in long-range forecasting applications.”
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that there was a certain class of waves that approx-
imated stationarity or retrograded in concert with
the Rossby wave formula. The next year, Rossby’
examined the dynamics of blocking and postulated
that blocking is the effect of the “convergent dis-
tribution” of group velocity in long quasistationary
waves.

Then, Yeh® theorized that blocking can be
explained via the slow energy dispersion of an
initial solitary wave and this supported the conclu-
sion that blocking is a high-latitude phenomenon
whose intensity and persistence increased with
latitude, while the propagation speed decreased
with latitude. This paradigm has been supported
by other studies, including the relatively recent
work of Luo,'® who noted that the role of baro-
clinic synoptic-scale eddies is to transform the
blocking event from a dispersive to a nondispersive
system during onset. The opposite would occur
during decay. Additionally, recent studies'"'* have
discussed the onset and maintenance of blocking
in terms of the convergence of wave activity flux,
and the latter study placed their view into a more
modern context (a “traffic jam” in the jet stream).

Even though Rex”® established the first (sub-
jective) blocking criterion for upper air flow and
likened blocking to a hydraulic jump in fluid flows,
nonetheless, to this day, there is no one univer-
sally accepted criterion for what defines blocking.'?
The Rex criterion defined blocking as a “split” in
upper air flow that persisted for 10 days or more.
This study demonstrated that blocking events were
prominent downstream of the Asian and North
American continents as well as the associated storm
tracks.

There are several classes of criterion that have
been used historically to describe blocking events;
however, there is now at least a common under-
standing of what constitutes a blocking anticyclone.
Today, most studies define blocking as persisting for
a minimum of 5 days, or long-lived with respect
to the phenomenon (cyclones) that these events
are impeding.!* Ref. 13 reviews three of the most
common types of blocking criterion: (1) the zonal
index type,'>!® (2) the thresholding type,>!” and
(3) potential vorticity.'"®!” While Ref. 13 demon-
strates that each index has features that recom-
mend its use, the potential vorticity type identi-
fies fewer events in general, while the thresholding
types identify more events. When directly compar-
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ing each method, each criterion may not identify the
same features simultaneously or detect the same fea-
tures of the block. However, each does yield similar
climatologies.'?

Arguably, the zonal index type blocking criterion
is the most frequently used today, whether the crite-
rion examines the one-dimensional 500-hPa height
gradients' following directly from the zonal index
developed by Rossby?® and modified by Namias,*!
or a two-dimensional index.!®?? Even the potential
vorticity indexes cited above would fall into the one-
or two-dimensional category.

The typical blocking characteristics examined
traditionally are occurrence, duration, and, occa-
sionally, size. Block intensity (BI) is a metric that was
first proposed by Lupo and Smith?** and then auto-
mated by Wiedenmann et al.?* and is based on the
midlatitude 500 hPa height gradient in the vicinity
of the blocking event. This quantity is also related to
such dynamic quantities as enstrophy and entropy.>
Another type of 2D index to include intensity was
developed by Mokhov,?® which is the area integral
of the local gradient representing the region of the
blocking system (center and surroundings). This
quantity will have units of the product of energy and
time and can be summed up through the lifecycle of
the blocking event (and then summed up by region
and season). Mokhov?® referred to this index as an
integral action or intensity index.

Review articles of blocking have appeared previ-
ously in the literature (e.g., Ref. 27). A recent review
of atmospheric blocking and the response of block-
ing to climate change was published by Woollings
et al.’® This work primarily focused on the ability
of models to represent blocking and then project
the future occurrence of blocking under different
climate-change scenarios by the end of the 21st cen-
tury. This review will focus on aspects of blocking
including (1) climatological character and variabil-
ity, (2) observational studies and extreme weather,
(3) theoretical studies, and (4) modeling studies.
These will discuss the historical as well as the cur-
rent paradigms regarding the nature of blocking
anticyclones.

Climatological aspects of atmospheric
blocking

Compared with many atmospheric phenomena,
blocking (Fig. 1) is not well known among the gen-
eral public because of the tendency for these events
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Figure 1. Examples of blocking anticyclones on a 500-hPa height map for (A) 1200 26 February 2019 (omega block, Pacific
region), (B) 1200 UTC 3 September 2019 (dipole block), and (C) 1200 UTC 9 November 2019 (Rex block). Panels A and C are
from the Northern Hemisphere, while panel B is from the Southern Hemisphere. Atmospheric blocking events are marked with

a Greek omega over an H. The contour interval is 60 meters.

to occur primarily over the oceans, and in recent
years, they occur only 50-60 times globally com-
pared with more destructive and frequently occur-
ring phenomena. In spite of the tendency to occur
over the oceans, blocking often impacts large pop-
ulation centers because of their vast size and the
fact that they persist for about 8-10 days.”’ Also,
even though anticyclones are thought often to be
quiescent phenomena, they can be associated with
extreme weather conditions. Since the work of Refs.
6-8, there have been several climatological studies
of blocking published since 1980 and it would not
be possible to cite them all. These studies have used
many different criteria, but there are some common
findings among these climatologies.

In the Northern Hemisphere, blocking occurs
primarily in three locations that correspond to the
end of the climatological storm tracks!®!15-17:22-24
(but see also Refs. 26-36) (Fig. 2A). Furthermore,
a recent study’® used an idealized general circula-
tion model and demonstrated that blocking max-
ima (minima) are located near stationary or stand-
ing high pressure (jet maxima) anomalies as well as
the end (entrance) of the storm tracks. In particular,
these regions are over the Pacific Ocean, especially
east of the International Dateline to about 120°W;
the Atlantic, from about 30°W to 60°E; and over
Asia, near 90°E. Many of these climatologies spec-
ify the Pacific region as 140°E to 100°W, the Atlantic
region as 80°W to 40°E, and the remainder as “con-
tinental” regions (Asia and North America). In the
Southern Hemisphere (Fig. 2B), there have been
comparatively fewer climatological studies®*?* (but

see also Refs. 37-40) and these demonstrate that the
Pacific is the only active ocean basin (from 130°E
to 120°W). All these climatologies agree block-
ing is comparatively rare outside of that region in
the Atlantic and Indian Ocean regions. Lastly, Ref.
29 demonstrates that the primary blocking regions
globally have changed little during the last 50 years.

When looking at other characteristics of block-
ing anticyclones, such as frequency of occurrence,
duration, and intensity (Figs. 3 and 4, Table 1), some
common behaviors of blocking are observed. Also,
several references (e.g., Refs. 13 and 28, and refer-
ences therein) discuss the common configurations
for blocking flows based on the shape of the jet
stream, for example, the “omega” block (Fig. 1A—
Pacific), the “dipole” block (Fig. 1B), or the “Rex”
block (Fig. 1A—Atlantic region and Fig. 1C; see
also Ref. 28, anticyclonic and cyclonic wave break-
ing, respectively). However, examining blocking
events over the course of their entire lifecycle would
demonstrate that they frequently exhibit more than
one of these configurations. Thus, this characteristic
is not discussed here.

Most climatological studies find approximately
30-35 blocking events per year in the Northern
Hemisphere (Table 1 and Fig. 3), and each persists
for an average of 9 days. See also Ref. 29 and the
52-year record contained at the University of Mis-
souri. This ranged from a minimum of 18 events to
a maximum of 49 events in a year (Fig. 5). Earlier
climatologies of blocking'>*** found that blocking
occurred most often in the winter and early spring,
while they occurred least often during the summer

Ann. N.Y. Acad. Sci. 1504 (2021) 5-24 © 2020 New York Academy of Sciences. 7
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Figure 2. The frequency of block occurrence (ordinate) versus longitude (abscissa) for the (A) Northern Hemisphere and (B)

Southern Hemisphere. Adapted and updated from Ref. 29.

and early fall (Fig. 4). This seasonality in block-
ing occurrence is due at least in part to the sea-
sonal variation of cyclone frequencies in the midlat-
itudes given their dynamic connection, as discussed
in Refs. 23 and 24 and as inferred from, for example,
Ref. 41. The synoptic-dynamic connection will be
discussed in the next section. Thus, these climatolo-
gies often described the blocking season as begin-
ning in July, as in Ref. 29. Additionally, in spite of
their relative infrequent occurrence, the longevity
of blocking events means that they dominate the
Northern Hemisphere flow for considerably more
than one half of the calendar year.

These atmospheric blocking events have a mean
intensity (BI) of 3.13 (Table 1 and Fig. 3) on a scale
that varies from 1 to 7, with BI as formulated by
Ref. 23. The BI was automated* by normalizing the
central height value for the block at 500 hPa by the
mean height gradient upstream and downstream of

the blocking event. That number is then massaged
such that the intensity scale varies as stated above,
which is similar in concept to the numerical values
used by the Saffir-Simpson Scale for hurricanes or
the Enhanced Fujita Scale for tornadoes. The work
of Ref. 24 shows that the quantity Bl is related to the
strength of that gradient, while Ref. 25 shows that BI
is correlated to a quantity called integrated enstro-
phy (P = 0.10 or better). Enstrophy is a dynamic
quantity related to fluid dissipation (e.g., Ref. 25 and
references therein) and integrated enstrophy is also
related to entropy (Kolmogorov-Sinai; see Ref. 25
and references therein). Summer season events are
associated with the weakest BI (Fig. 4), while winter
and fall season events are the considerably stronger
than spring season blocking events. The duration of
blocking does not vary appreciably (4%) by season
in the Northern Hemisphere (Fig. 4), as suggested
by the 50-year climatology of Ref. 29. However,
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Figure 3. The (A and B) occurrence, (C and D) duration (days), and (E and F) intensity of blocking for (A, C, and E) the entire
52-year period for the Northern Hemisphere and each subregion and for (B, D, and F) the entire 50-year period for the Southern
Hemisphere and each subregion. This is an extension of data from Ref. 29.

earlier studies, such as Ref. 24 (30 years) or Ref. 33
(55 years), found blocking events persisted for 17-
33% longer in the winter season as compared with
the summer season. It is possible that this is a func-
tion of the methodology used to detect blocking
events, especially as concerns the latter study. Simul-
taneous blocking occurrences (e.g., two or more
events occurring at once within the Northern Hemi-
sphere; Fig. 1 left) occur during approximately 17%
of the days in the year (Table 1). A positive cor-
relation between BI and block duration, or BI and
block size, was first identified by Ref. 23 and sub-
sequent research®+4%3 supports the idea that more
intense blocking events are larger and persist longer.
Additionally, Ref. 23 found a significant correlation
between the deepening rate of upstream cyclones
and BIL.

Some climatologies®*?*3*344* have examined the
variation of blocking events with time in the North-

ern Hemisphere (Fig. 5A). The work of Ref. 24,
which studied blocking in the late 20th century,
suggested blocking was decreasing with time when
comparing the 1980s and 1990s with earlier decades
and studies. They also suggested block occurrence
varied with respect to the El Nifio and South-
ern Oscillation (ENSO) (Table 1). However, Ref.
29 revised this viewpoint as blocking has occurred
more often since the turn of the 21st century. This
study and Refs. 33 and 34 find little ENSO variabil-
ity in the long-term record, while all three studies
suggest that the late 20th century showed the dis-
tinct minimum in the late 20th century that** sug-
gested could be linked to decadal variability asso-
ciated with the Pacific Decadal Oscillation or the
North Atlantic Oscillation (NAO) or their combi-
nation. Longer-term studies of blocking®>*>%¢ show
that blocking occurred more often in the early and
mid-20th century. The latter two studies**® link

Ann. N.Y. Acad. Sci. 1504 (2021) 5-24 © 2020 New York Academy of Sciences. 9
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Figure 4. Seasonal statistics for the (A and B) occurrence, (C and D) duration (days), and (E and F) intensity of blocking for (A,
C, and E) the entire 52-year period for the Northern Hemisphere and for the (B, D, and F) entire 50-year period for the Southern

Hemisphere. This is an extension of data from Ref. 29.

this variability, at least in the Atlantic region, to the
Atlantic Multidecadal Oscillation and the NAO.
Then, Ref. 29 also found that the lack of ENSO
variability in the longer-term record reflects the fact
that the interannual variability of the late 20th cen-
tury was opposite to that of the early 21st century
(Table 1). They also found that in the early 21st cen-
tury, blocking events were longer lived, but weaker
than their late 20th century counterparts. Trends
as related to climate change are mixed,”®***° and
these studies suggest that changes in blocking fre-

quency may overall reflect changes in where block-
ing occurs and the type of blocking index used.
Also, blocking has been shown to be linked to
shorter-term (intraseasonal) variability, such as the
Pacific North American (PNA) pattern,” the daily
NAO Index,”' and the Madden Julian (or Intrasea-
sonal) Oscillation (MJO/ISO).”>** The work of Ref.
50 demonstrated that during the winter season,
blocking was more prevalent in the central Pacific
during the negative phase of the PNA pattern,
although Refs. 54 and 55 suggested that the phase

10 Ann. N.Y. Acad. Sci. 1504 (2021) 5-24 © 2020 New York Academy of Sciences.
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Table 1. The characteristics of Northern Hemisphere blocking events per year as a function of ENSO and PDO

+PDO Occurrence Duration (days) Intensity (BI) % Simultaneous
El Nifio (6) 23.5 8.1 3.06 7.6
Neutral (15) 24.2 8.2 3.26 8.9

La Nina (2) 30.5 8.3 3.11 12.7

Total (23) 24.7 8.2 3.20 8.9*
-PDO Occurrence Duration (days) Intensity (BI) % Simultaneous
El Nifio (8) 38.1 9.5 3.17 26.3
Neutral (12) 37.4 9.9 3.03 289

La Nifa (9) 31.3 8.6 3.12 16.8

Total (29) 35.7 9.4 3.09 24.4*

NotE: The number of years in each category is shown in parentheses. Bold numbers show a statistically significant difference at
P =0.10; *P = 0.05. These data are taken from Ref. 25 and updated.

of the PNA pattern (positive versus negative) influ-
ences where blocking is prevalent. Then, Ref. 51
(and many others) demonstrates that blocking is
favored over the Atlantic (Eurasian) region during
the negative (positive) phase of the NAO Index.
The occurrence of blocking correlating to certain
phases of the PNA pattern®® or the NAO is likely
associated with the location of large-scale 500-hPa
positive anomalies®® since these indexes are based
on the location of positive and negative anomalies
(see Ref. 56). The MJO influences blocking across
the Northern Hemisphere via the propagation of
Rossby waves generated by tropical convection and
radiating into the midlatitudes.’>>> The results of
Refs. 52 and 53 were consistent in spite of each study
using a slightly different blocking index. Both of
these papers show a decrease (increase) in block-
ing for the Pacific region, North America, the West
Atlantic, and Europe associated with phases 1-5 (6-
8) of the MJO.

In the Southern Hemisphere (Figs. 3 and 4,
Table 2), roughly 10-15 blocking events occurred
annually over a 50-year period from 1970 to 2019
and their duration was about 7-8 days annually.
Their mean intensity was 2.84, which was signifi-
cantly weaker (at P = 0.01) than those in the North-
ern Hemisphere. This is likely due to the fact that the
Southern Hemisphere flow tends to be more zonal
than the Northern Hemisphere flow. The seasonal-
ity of Southern Hemisphere blocking is more dis-
tinct in that fall and winter season blocking events
(Fig. 4) occur more often, are longer lived, and
stronger when measured using BI*’ compared with
spring and summer events. This is consistent with

the seasonality of Southern Hemisphere midlatitude
cyclones as well.#! In the Southern Hemisphere,
the Pacific region (130°E to 60°W) is associated
with the most frequent, persistent, and strongest
block occurrences (Fig. 3). Only about three block-
ing events annually will occur within the Atlantic
(60°W to 30°E) and Indian Ocean (30°E to 130°E)
regions combined. Because of the infrequent occur-
rence of blocking outside of the Pacific region,
simultaneous blocking events are observed only
about 10 days (2.8%) of the year.” This study®
also found that there is a strong correlation in both
hemispheres between the number of blocking days
and the number of simultaneous events (P < 0.01).
Thus, the more events that occur, the more likely
there will be simultaneous events, and this point will
be discussed in the next section as well.

The overall trend for blocking in the Southern
Hemisphere (Fig. 5B) is similar to that of the North-
ern Hemisphere in that blocking decreased during
the later 20th century to a relative minimum dur-
ing the 1990s, and then increasing again during
the early 21st century.” The duration of blocking
events in the early 21st century increased as well,
but there was no change in the intensity (BI). In
this hemisphere, the interannual variability in rela-
tion to ENSO did not change over the 50-year time
series and blocking was more frequent and stronger
during El Nifio years when compared with La Nifa
years (Table 2). The relative occurrences agree with
the results of others cited here.***

Additionally, Ref. 29 split the Pacific region into
the western (130°E to 160°W) and eastern zones
(160°W to 60°W). The results of Refs. 29, 37, and 40

Ann. N.Y. Acad. Sci. 1504 (2021) 5-24 © 2020 New York Academy of Sciences. 1
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Table 2. The characteristics of Southern Hemisphere blocking events per year as a function of ENSO and PDO

+PDO Occurrence Duration (days) Intensity (BI) % Simultaneous
El Nifio (5) 9.0* 7.0 3.02 1.7
Neutral (15) 9.5% 7.1 2.76 1.4

La Nifa (2) 6.0 6.7 2.74 0.0

Total (22) 9.0* 7.1 2.83 1.3*
-PDO Occurrence Duration (days) Intensity (BI) % Simultaneous
El Nifo (8) 16.5* 8.2 2.89 4.6
Neutral (11) 16.6* 7.7 2.85 4.3

La Nifa (9) 13.0* 7.6 2.71 2.8

Total (28) 15.7* 7.8 2.84 3.9*

Note: The number of years in each category is shown in parentheses. Bold numbers show a statistically significant difference at
P =0.10; *P = 0.05. These data are taken from Ref. 25 and updated.

demonstrate that more blocking occurs tradition-
ally in the western zone and these blocking events
are weaker (P = 0.10).>° These studies also show
that there were relatively more blocking events in
the eastern zone during La Nifia years in the late
20th century; by constrast, during the early 21st
century, the eastern zone showed fewer events dur-
ing La Nifia years. The result described here is
consistent with variations in Southern Hemisphere
teleconnectivity.”® In both hemispheres, there is a
correlation between the duration and BI for block-
ing as highlighted by Ref. 29, and stronger blocking
events tend to live longer (P = 0.10).

Observational studies of blocking and
extreme weather

While blocking anticyclones tend to be associ-
ated with cloud-free conditions, many studies have
associated blocking with anomalous weather over
the regions they exist in, as well as the upstream
and downstream regions, because of their impact
on the jet stream. Episodes of frequent block-
ing have been associated with such events as heat
waves and droughts since the 1970s for mid- and
high-latitude locations.”®™* Some of these block-
ing events and episodes have even become mass
casualty events recently, especially for the nations
of Eurasia in 2003'* and again in 2010, as well
as being the underlying cause of ecological disas-
ters, such as large forest fires or adverse agricultural
impacts.®’~7" There are indicators that the recent
heat and drought of northern Russia and Siberia
have been associated with blocking, including the
measurement of 38 °C (100 °F) in Verkhoyansk on

June 20, 2020 (see the University of Missouri block-
ing archive’!).

However, a wide range of other types of extreme
weather events have been attributed to the block-
ing environment, such as cold waves,*®476372-75
extreme precipitation and flooding,’®”” summer
season thunderstorm activity,”® blizzards,”*%" as
well as having an impact on the weather for entire
seasons.”>%8! Within the last two decades, atmo-
spheric blocking has also been shown to affect air
masses and air mass transport across the globe
in the troposphere,®? as well as the stratospheric
weather (sudden stratospheric warming or variabil-
ity, e.g., Refs. 83-86), including photochemistry in
this part of the atmosphere.’” Additionally, because
of the strong stability associated with blocking anti-
cyclones in the lower troposphere, these events have
been associated with the trapping of pollutants in
urban areas when they occur, most notably Moscow
in 2010° and the cities of eastern China.®

Blocking is also implicated in the steering of
extratropical®® and tropical cyclones, such as Hur-
ricane Sandy (2012), which did not recurve out into
the Atlantic Ocean, but instead tracked into the
Atlantic Coast, and then inland. Blocking over the
North Atlantic was present during this time.”! Trop-
ical cyclones taking this kind of path are not com-
pletely unknown, but this event provided a good
example of how blocking can influence the path
of tropical cyclones.”® Conversely, studies, such as
Ref. 91, demonstrated that recurving West Pacific
typhoons will often transition to strong or explo-
sively deepening extratropical cyclones that can
then be linked to the onset of downstream blocking,

12 Ann. N.Y. Acad. Sci. 1504 (2021) 5-24 © 2020 New York Academy of Sciences.
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blue dashed line is a linear trend line, while the green dashed
line is a quadratic fit. Adapted and updated from Ref. 29.

and the powerful Typhoon Nuri in November 2014
is a striking example.®” The study of Ref. 89 showed
the influence of blocking on the path of extratropi-
cal cyclones along the east coast of the United States
since these events may have a strong societal impact,
depending on the propagation speed and intensity
of extratropical cyclones. This study also reviewed
the abundant literature on this topic.

The studies cited above discuss the impact of
blocking on the character of weather and climate
either as singular events or cumulatively via block-
ing episodes. However, many observational stud-
ies over the last 40 or more years have attempted
to explain the onset, maintenance, and decay of
individual blocking events. Even before this time,
it was suggested that it was the repeated action of
shorter waves in the large-scale flow,>¢ and theoret-
ical models of this process will be discussed in the
next section. Early studies focused mainly on large-
scale baroclinic forcing and topography”*** or reso-
nant longwave amplification.”> Some of these early
studies®®?” described blocking character as being
consistent with that of solitary waves or “modons,”
which in their simplest form exist as a high-low

Atmospheric blocking events: a review

vortex pair. These studies are still performed.”®*’
But at the same time, many studies viewed block-
ing as a scale-interaction problem, or as the inter-
action between synoptic-scale cyclones and large-
scale anticyclones.

During the 1980s, it became fashionable to exam-
ine the lifecycle of individual cyclone events in
order to determine how they behaved observation-
ally and in a weather model, and to understand how
weather forecasting could be improved. At the same
time, similar studies were performed with blocking
events and for similar reasons. Some studies exam-
ined the atmospheric potential and kinetic energy
budgets associated with blocking.!?°1%2 However,
given the difficulty in forecasting blocking just a
few days ahead,'® even today,!”> many have exam-
ined the onset of blocking and associated precur-
sor rapid cyclogenesis.”>!** These studies stated
that all blocking events are preceded by develop-
ing cyclones and Ref. 23 showed that there was a
correlation between cyclone deepening rate and BI
(P = 0.10). Many determined that a favorable rela-
tionship between the developing upstream cyclone
and a large-scale quasistationary ridge was needed
at block onset.'*"1%

The work of Ref. 106 examined the nature of the
synoptic scale contributions and was the first study
to focus on the role of the concomitant deepening
of a precursor synoptic-scale cyclone, the enhance-
ment of an upstream jet maximum, and the onset of
blocking (Fig. 6). During this process, a short-wave
trough associated with the upstream cyclone also
amplifies and phase-locks with the quasistationary
downstream large-scale ridge. The enhancement of
the jet maximum aids the transport of anticyclonic
vorticity!%1%7 or low potential vorticity air!!®!!!
into the block region, and the process is analogous
to upstream jet maxima that enhance troughing.''?
Studies, such as Refs. 110 and, later, 12, 109, 113,
and 114, acknowledged the repeated action of indi-
vidual cyclone-block interactions in maintenance.
The work of Ref. 115 extended the model of Ref.
106 to the entire lifecycle of blocking events. Lastly,
it was studies such as these'>!'"® and the clima-
tological studies of, for example, Refs. 15 and 29
(see above) that determined that the onset and
maintenance of blocking is a local process rather
than a global one. Conversely, Ref. 116 noted that
there is still a discernable role for the large scale in
the support of simultaneous Northern Hemisphere
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Figure 6. The (A, D, and G) sea-level pressure (Pa), (B, E, and H) 300-hPa vector wind (m s~!), and (C, F, and I) 500-hPa height
(m) for (A-C) 1200 UTC 25 August, (D-F) 1200 UTC 26 August, and (G-I) 1200 UTC 27 August 2016. The contour interval for
sea-level pressure, vector wind, and height is 4 hPa, 10 m s~!, and 60 m, respectively. Adapted from Ref. 103.

blocking events that may occur in both the Atlantic
and Pacific regions.

Studies such as'® that endeavored to exam-
ine case studies of blocking used diagnostic equa-
tions, such as the height tendency equation, the
omega (vertical motion) equation,'”” potential
vorticity equation,!*! 1718 the thermodynamic
equation,''>!"? or a vorticity equation.''>'?* Many
examined the role of the planetary-scale flow versus
the synoptic-scale using case studies by partitioning
the primary variables into these components. This
will result in an interaction component in prod-
uct terms. The results of Refs. 113 and 115 sug-
gested that the synoptic scale was more prominent
in Pacific region blocking, while the planetary scale
was more dominant in the Atlantic region. Both of
these works, as well as Ref. 107, suggested a promi-
nent role for the scale-interaction terms and process
in the Northern Hemisphere.

The work of Refs. 108 and 118 examined South-
ern Hemisphere blocking, and the large- and
synoptic-scale features as well as their evolu-
tion were similar to their Northern Hemisphere
counterparts. Both of these studies suggested
qualitatively'® and quantitatively''® that the
synoptic-scale contribution was dominant in the
Southern Hemisphere cases. This is more simi-
lar to the Pacific region events of the Northern
Hemisphere. The last key result from Ref. 118
was that the planetary-synoptic-scale interactions
were important for the formation and maintenance
of Northern Hemisphere blocking and thus the
interaction between the waves was synergistic and
nonlinear. In the Southern Hemisphere, the inter-
action term was small or negative, suggesting that
blocking here may be the result of the superposition
of scales. This may explain why blocking is shorter
lived in the Southern Hemisphere.
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The decay of blocking events is more compli-
cated, as it has been related to the breakdown or
changes in the large-scale flow,'”” or the unfavor-
able alignment of the processes described for block
onset,'” the lack of synoptic-scale support,'!>11>118
or a combination of these. Lastly, the role of the
diabatic process in blocking has been recognized
for a long time, but there are relatively few stud-
ies of highlighting this process. This was eluci-
dated early on with the role of surface heating
from the underlying oceans,'?! as such heating con-
tributed to the formation of a block. Recently, the
role of land-surface heat fluxes'** has been shown
to play a role in the maintenance of blocking,
and the role of surface fluxes on BI'* has been
demonstrated. Additionally, the role of latent heat-
ing in enhancing directly or indirectly block for-
mation and maintenance'?*!?* by strengthening the
upstream synoptic-scale eddies has been studied as
well.

An elegant synoptic-dynamic approach to exam-
ining the physics of blocking was proposed by Ref.
18 and used the potential vorticity approach to
describe Rossby wave breaking'?*"!%" as the mech-
anism that generates and maintains blocking in
both the Northern and Southern Hemispheres. As
stated in Refs. 131 and 132, Rossby wave break-
ing (Fig. 1A and C) is the key process leading the
meridional reversal of the midtropospheric height
and the upper atmospheric potential vorticity gra-
dients associated with blocking. This overturning is
accompanied by the poleward (equatorward) flux of
low (high) potential vorticity air.!*! The work of Ref.
132 proposed that blocking could be classified by
the orientation of wave breaking (cyclonic and anti-
cyclonic) and the intensity of the warm or cold air
mass extrusion associated with the potential vortic-
ity field and the blocking event. They also found that
particular configurations for wave breaking domi-
nate over different regions of the globe.

Theoretical studies of blocking

Theoretical and dynamic-based studies of block-
ing began in earnest in the 1940s when the use
of upper air data became more widespread. For
example, Ref. 4 examined the propagation speed
and development of upper air long waves and used
the Rossby wave equation in order to verify that
long waves obeyed this relationship. They noted
that blocking could be described as “unexplained”
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disturbances that were either stationary or moved
slowly westward and whose dimensions were con-
sistent with those suggested by the Rossby formula.
Then, Rossby himself® described blocking action as
group velocity convergence in long quasistationary
waves, in which the zonal flow weakened, result-
ing in an increase in meridional energy. He defined
the meridional energy as proportional to vorticity,
and called this quantity intensity as well. This sug-
gests the repeated action of shorter waves supported
blocking, and this action was even hinted at by Ref.
1. Ref. 9 was the first to discuss blocking in the con-
text of a solitary wave, and later studies (e.g., Ref. 10)
would discuss the large or planetary-scale compo-
nent of blocking as a Rossby soliton or dipole block-
ing. Around the turn of the 21st century, Refs. 10
and 11, and others have found success replicating
the synoptic and large-scale interactions described
above and these will be highlighted below.

The proliferation of these simple primitive equa-
tion (PE) model-driven studies began with Ref. 93,
which examined blocking in a barotropic channel
model on a beta plane with topography. They devel-
oped a low-order model similar to that of Refs. 133
and 134 using conservation of potential vorticity
and which contained a vorticity source and sink.
They found multiple equilibria in their model as
linked to the resonance between large-scale waves
and topographic forcing, including an analog for
blocking. However, this theory does not explain the
onset, maintenance, and decay of blocking or the
connection to synoptic-scale cyclones highlighted
above. Additionally, Ref. 36 suggests that topog-
raphy is important for the occurrence of blocking
but not the location or movement of blocking. Nor
does this theory describe the dipole blocking con-
figuration suggested in other studies.'®*> Early
studies that portrayed blocking as dipole, such as
Refs. 95 and 96, can describe adequately the large-
scale structure of blocking. However, these studies
failed to represent the key properties of blocking
such as the interaction with synoptic-scale eddies
in observed events that can be associated with the
onset, maintenance, and decay of blocking (e.g.,
fluctuations in intensity'!>!!%). Studies, such as Refs.
10, 98, and 114, do represent these interactions.

Shortly after Ref. 93, similar models were
developed,” 7135139 of which the most well-
known was Ref. 138. These models were among the
first to represent blocking as the result of large- and
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synoptic-scale interactions using PEs. The study of
Ref. 138 proposed the “eddy straining hypothesis”
as the support mechanism for blocking. Their
model proposed that smaller scale eddies were
stretched and deformed on the westward side of
a large-scale split flow region (similar in config-
uration to Fig. 1B), and this could support the
dipole through the transport of low (high) potential
vorticity into the anticyclonic (cyclonic) vortex. In
Ref. 138, the large-scale split in the channel model
jet stream would approximate a blocking dipole
(poleward high and equatorward low), and the
barotropic vorticity equation with a smaller scale
wavemaker the upstream cyclone. These studies
inspired the observational studies such as Refs.
104-109 in the previous section. However, Ref.
140 demonstrated using a similar model that the
eddy straining hypothesis may not be as effec-
tive as many studies have found since they show
the effectiveness of this hypothesis is sensitive to
the properties of the “synoptic”-scale waves as well
as the large-scale component or basic flow. Fur-
thermore, Ref. 128 suggests that the eddy straining
mechanism is a result of block onset rather than
the cause. This study suggested that preexisting
synoptic-scale eddies are needed to explain or
represent the lifecycle of blocking.

It was proposed by Refs. 136 and 137 that block-
ing can be described as a rapidly intensifying or
amplifying eastward propagating wave that initially
emerges from a three-dimensional flow due to a
combination of barotropic and baroclinic processes.
The work of Ref. 137 further elaborates that the scale
of this disturbance grows in scale and becomes sta-
tionary. Then, the wave amplifies without propagat-
ing eastward and the equivalent barotropic forcing
becomes dominant. They'*” described this mecha-
nism as a three-dimensional instability that results
in the unification of Refs. 92 and 95 with Refs. 96
and 97. However, this work did not adequately cap-
ture the synergistic synoptic- and large-scale inter-
actions that are important to block formation and
maintenance, and they did not investigate block
decay.

More complex PE models were developed by
the late 1990s and using the barotropic vorticity
equation on a sphere which contained low- (stand-
ing) and high- (transient) frequency forcing and
their interactions.'!® Studies such as these suggested
that the low-frequency component was most impor-
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tant in the Atlantic region, but the contribution
from transient eddies could not be ignored. In the
Pacific, the higher frequency transients were more
important, with a secondary contribution from the
low-frequency components. They compared their
results with observations, and their model results
confirmed those of observation studies of North-
ern Hemisphere blocking in the previous section.
The next year, Ref. 141 demonstrated that changes
in the large-scale flow associated with vacillation,
as simulated in a channel model, contributed to the
breakdown of blocking in spite of the presence of
synoptic-scale forcing.

Later, as stated in Ref. 12, many of these models
can describe the onset and maintenance of block-
ing, along with the important scale interactions, but
none could define an onset criterion for blocking.
Using a model similar to Ref. 93 (or their own pre-
vious work!!1%), they were able to demonstrate that
blocking could be formed if the local upstream tran-
sients developed strongly even if the initial state
was nonblocked. This was due to the inclusion of
a nonlinear (interaction) term in their model. This
was supported by observations in Ref. 113 and also
in Refs. 107 and 115, for example. They showed
that the local wave action (LWA) (group velocity of
Rossby waves x wave activity density in a reference
state'"12) varied linearly with the zonal LWA flux,
much as traffic flow will vary with traffic density.
However, the contribution of the nonlinear interac-
tion term is that when the Rossby waves grow, they
will slow the zonal wind and limit the zonal LWA
flux in a similar manner to how heavier traffic den-
sity will slow down traffic flow.

Additionally, a series of studies, beginning with
Ref. 10 and then Refs. 142 and 143 and culminat-
ing with the nonlinear multiscale interaction model
proposed by Ref. 144, carry blocking through the
entire lifecycle of the event, which was a major
step forward. These studies show that the large-
scale self-interaction projected onto the synoptic
scale plays a key role in block onset, while the
scale interaction term is important after onset in
a manner similar to the eddy straining. This is
similar to the results obtained from observational
studies.!0®107115118 The Jatest study'** shows that
during block decay, the planetary waves propagate
upward in the region downstream of the block,
a result that is consistent with observations.®*~%
Thus, while convergence of group velocity and its
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energy is the mechanism first proposed by Ref. 5,
studies from the research groups of Refs. 12 and 144
have elucidated the nonlinear wave-wave interac-
tions that take place during the onset and mainte-
nance of blocking.

Modeling blocking events

A recent review article’® examined the ability of
weather and climate models to replicate the occur-
rence and duration of blocking anticyclones. Tradi-
tionally, models have underestimated the frequency
and persistence of blocking.!*!4>-14° Several reasons
have been cited®® for the models’ shortfall in repli-
cating blocking occurrence and persistence, includ-
ing: (1) the ability of models to replicate the mean
flow correctly,!®!45-15! and (2) model characteris-
tics (e.g., resolution,'>>"1>* parameterization,'>>~!
or the model dynamics'®®). This review article®®
also summed up the current research regarding the
future of blocking in the 21st century. The main
conclusion was that the confidence in future occur-
rences of blocking is low due to the differences in
block detection methods (see also Ref. 159), model
design, and model physics. However, Ref. 28 con-
cluded that the models generally do agree that the
frequency of blocking overall may decrease even if
there may be changes in where and when block-
ing occurs. They also noted that these climate mod-
els struggle with the natural variability of block-
ing as well.>*!®C However, a new article!®' shows
remarkable skill in replicating observed Atlantic
region NAO and AMO variability using the Com-
munity Earth System Model-Decadal Prediction
Large Ensemble (CESM-DPLE) at NCAR.

Since the occurrence of blocking is critically
linked to the occurrence of extratropical cyclones,
replicating the mean flow correctly with respect to
the storm tracks is important.'>! This work!>! is one
of the most recent articles to address the topic. Mod-
els have consistently underestimated the observed
strength (intensity and/or number of cyclones) of
the storm track as well as the location and the
latitudinal tilt or orientation of this phenomenon
(Ref. 151 and references therein). However, Ref.
151 shows that recent experiments using the World
Climate Research Programme (WCRP) Coupled
Model Intercomparison Project Phase 6 (CMIP-6)
suite of models improved over the previous CMIP-
5 suite in representing the storm track character.
However, the model storm tracks are still under-
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represented with respect to observations. The ten-
dency for models to underestimate the observed
storm track character, as well as future scenar-
ios demonstrating that the storm tracks weaken in
a warmer world (e.g., CMIP-5'%?), would at least
partly explain the overall decrease in future block-
ing occurrences cited by Ref. 28.

Additionally, the latest CMIP-6 results'®* demon-
strate that the overall representation of blocking has
improved since CMIP-3, but their occurrence is still
biased toward fewer model blocking events in most
regions and seasons. Ref. 163 suggests the CMIP-6
models are performing better in some parts of the
world (e.g., North Pacific) and seasons (e.g., sum-
mer), but that some regions (e.g., Europe) and sea-
sons (e.g., winter) still show large negative biases
and/or no improvement in block occurrence. Lastly,
this study'®® suggested that the occurrence of block-
ing would decrease in a warming climate consistent
with Ref. 28. However, in some regions and seasons
(e.g., the summer season, Ural and Asia regions), a
greater number of more persistent blocking events
are projected. These results are consistent at least in
part with the underestimate of storm track charac-
ter cited above.

While Ref. 28 reviewed the ability of models to
represent and project blocking, and studies such as
Refs. 34, 36, 54, 90, 91, 143, 165, and 166 exam-
ined various aspects of blocking using models, here
the focus will be on operational predictability. One
of the first studies to tackle the operational pre-
dictability of blocking was Ref. 16. When they pub-
lished their work, they used the European Center
for Medium Range Forecast (ECMWF) Model to
demonstrate that block onset was missed consis-
tently beyond 3-4 days before the observed onset
regardless of whether they occurred in the North-
ern or Southern Hemisphere.!®® Conversely, once
the blocking appeared in the initial condition, the
medium range predictability was reasonable but
underestimated. They also found that in the Pacific
Ocean region, a more intense block was better fore-
cast than a weaker event.

A decade later,'” the situation was not much
improved for operational model forecasts using a
single model run, although Refs. 168-170 showed
that ensemble prediction systems improved on the
skill and lead time over the control simulation for
anticipating blocking out to about 10 days. The
decay of blocking events is also not well simulated,
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according to Refs. 16 and 171, since the persistence
of blocking is not well forecast. The latter study used
an ensemble system to study the blocking events
associated with the deadly 2010 heat wave over East-
ern Europe and Western Russia, although the same
author'”? reported better success with anticipating
block decay earlier.

Lastly, Ref. 103 examined the predictability of
blocking using the operational Global Ensemble
Forecasting System (GEFS). They chose blocking
events representing warm and cold season cases as
well as Atlantic and Pacific region cases. This study
also examined the predictability of the intensity of
blocking as measured using BI (see above). This
study showed that the GEFS modeling system fore-
casts the onset location of blocking with lead times
consistent with Refs. 168-170 for warm season and
weaker BI blocking events. In Ref. 103, stronger
blocking events were forecast with less lead time
comparatively. The BI (BI—underestimated by 10%
or more in the model) and duration were under-
forecast by the GEFS model system in their case
studies, a result similar to that found in climate
models.'®>1%3 The BI in Ref. 159 was approximately
5% less in their model. This work'®® attributed
the underforecast of BI to the same issues high-
lighted in other models (e.g., forecasting mass gra-
dients, cyclones, and model physics) by Refs. 28
and 151.

Summary and conclusions

This article is meant to provide a review of the
history of the identification and understanding of
the physical processes involved in the phenomenon
called atmospheric blocking. While blocking is
not a term commonly used in routine operational
weather forecasts for the public or in media weather
broadcasts, or by the general public, the increased
attention to blocking in academic studies means the
term blocking has appeared more frequently in mod-
ern news stories.'”>"'7> This review is by no means
comprehensive; however, the goal was to highlight
some of the major developments in our understand-
ing of atmospheric blocking. A recent comprehen-
sive review?® of the ability of weather and climate
models to represent blocking as well as how the
occurrence of blocking may change in future cli-
mates was also published recently.

Blocking has been known to the weather commu-
nity for over a century, and its importance in subsea-
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sonal and seasonal range forecasting was recognized
early on and continues to this day.!”” However, the
first studies describing the climatological behavior
were performed closer to the middle of the 20th
century, when upper air observations became more
numerous. At that time, blocking was recognized
to be a midlatitude, mid and upper tropospheric,
quasistationary, and persistent phenomenon related
to the dynamics of the jet stream. Before upper
air observations, blocking was noted primarily by
its surface reflection, but other surface anticyclones
were also called blocking.

As described above, the occurrence of blocking
can influence large sectors of the globe for long peri-
ods of time. While there is no one particular com-
monly agreed upon definition of blocking, today
most researchers identify them as ridging in the
jet stream persisting for 5 days or more. Also, the
indexes used most often for the identification of
blocking today are primarily the “zonal index-type,”
or as a reversal in the midlatitude height and poten-
tial vorticity gradient. Additionally, where blocking
occurs primarily is well known. Today’s climatolog-
ical studies have also used some measure for inten-
sity or strength as related to the midlatitude mass or
potential vorticity gradients.”” Additionally, current
climatological studies are mainly devoted to refin-
ing our understanding of the interannual and inter-
decadal variability in both hemispheres as well as
their tendency for change in the face of a changing
climate.

Blocking has been associated often with the
persistent occurrence of extreme temperature and
precipitation regimes, including the impacts these
might have on the occurrence of other atmospheric
phenomena, on the environment, as well as on
the social or economic well-being of modern soci-
eties. In the last four decades, a number of studies
have examined the observed synoptic-scale evolu-
tion, the interactions with the large scale, as well
as the atmospheric dynamics involved in the onset,
support, and even decay of blocking during their
lifecycles.

Additionally, simplified PE models, as well as
complex weather and general circulation mod-
els, have been used to understand what atmo-
spheric and surface processes drive the onset and
maintenance of blocking. In the middle of the
20th century, theoretical models were first built
to capture the large-scale appearance and physical
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properties of blocking, such as the impact of topog-
raphy. However, each of these models also had their
drawbacks as they could not capture some aspects
of the physics associated with the entire block lifecy-
cle, including the scale interactions. However, since
the latter part of the 20th century,'*® and especially
since the beginning of the 21st century, these sim-
plified PE models have made substantial gains in
representing the scale interactions'>!** involved in
the block lifecycle and the latter can even replicate
block decay. More work needs to be done in order
to understand block longevity and decay. In short,
we can describe the formation and maintenance
of blocking as a complex scale-interaction problem
between upstream development of synoptic-scale
waves and how they interact with the large-scale jet-
stream ridge.

Lastly, studies have demonstrated that the pre-
dictability of blocking is still an open research ques-
tion. While we have a better understanding of the
onset dynamics and maintenance, operational fore-
cast models continue to struggle with the timing of
onset and decay. Ensemble modeling and then pre-
dicting the formation of blocking in terms of prob-
abilities have shown some promise in extending the
range of forecasting these events. The models per-
form reasonably well in predicting where block-
ing may occur. However, even to this day, weather
and climate models tend to underestimate the dura-
tion and intensity of blocking, and these issues are
rooted likely in the construction of the model itself
as well as how well the model represents the gen-
eral circulation. This is especially true as regards
the ability of general circulation models to capture
the character of the storm tracks and/or individual
cyclone events (especially those that deepen more
rapidly) since they contribute greatly to block life-
cycles and intensity. Finally, improvements in mod-
eling and predicting blocking have progressed con-
tinually, as shown in observational and the latest
CMIP-6 results, but as is pointed out here and in
many of our references, there is still more work to
be done.

Acknowledgments

The author would like to thank the two anonymous
reviewers for their helpful and constructive com-
ments in making this paper stronger. Also, thank
you to the editors for inviting this contribution.

Ann. N.Y. Acad. Sci. 1504 (2021) 5-24 © 2020 New York Academy of Sciences.

Atmospheric blocking events: a review

Competing interests

The author declares no competing interests.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Garriott, E.B. 1904. Long-range forecasts. U.S. Weather
Bureau. Washington, DC, 32 pp. (report).

. Duletova, T.A., S.T. Pagava, A.A. Rozhdestvensky, & N.A.

Shirkina. 1940. Basics of the synoptic method for long-
term weather forecasts. S.T. Pagava, Ed.: 368. Leningrad;
Moscow: Gidrometeoizdat (in Russian).

. Namias, J. 1947. Extended forecasting by mean circulation

methods. U.S. Weather Bureau, Bulletin, Washington, DC,
89 pp. (report).

. Namias, J. & P.E Clapp. 1944. Studies of the motion and

development of long-waves in the westerlies. . Meteorol. 1:
57-77.

. Rossby, C.G. 1945. On the propagation of frequencies and

energy in certain types of oceanic, and atmospheric waves.
J. Meteorol. 2: 187-204.

. Elliott, R.D. & T.B. Smith. 1949. A study of the effects

of large-blocking highs on the general circulation in the
Northern Hemisphere westerlies. J. Meteorol. 6: 67-85.

. Rex, D.F. 1950. Blocking action in the middle troposphere

and its effect upon regional climate: I. An aerological study
of blocking action. Tellus 2: 196-211.

. Rex, D.F. 1950. Blocking action in the middle troposphere

and its effect upon regional climate. Tellus 2: 275-301.

. Yeh, T.C. 1949. On energy dispersion in the atmosphere. J.

Meteorol. 6: 1-16.

Luo, D. 2000. Planetary-scale baroclinic envelope Rossby
solitons in a two-layer model and their interaction with
synoptic-scale eddies. Dyn. Atmos. Ocean 32: 27-74.
Takaya, K. & H. Nakamurka. 2001. A formulation of a
phase independent wave-activity flux for stationary and
migratory quasigeostrophic eddies on a zonally varying
basic flow. J. Atmos. Sci. 58: 608-627.

Nakamura, N. & C.S.Y. Huang. 2018. Atmospheric block-
ing as a traffic jam in the jet stream. Science 361: 42-47.
Pinheiro, M.C., PA. Ullrich & R. Grotjahn. 2019. Atmo-
spheric blocking and intercomparison of objective detec-
tion methods: flow field characteristics. Clim. Dyn. 53:
4189-4216.

Lindzen, R.S. 1986. Stationary planetary waves, blocking,
and interannual variability. Adv. Geophys. 29: 251-276.
Lejends, H. & H. @Qkland. 1983. Characteristics of North-
ern Hemisphere blocking as determined from a long time
series of observational data. Tellus 35: 350-362.

Tibaldi, S. & E. Molteni. 1990. On the operational pre-
dictability of blocking. Tellus 42: 343-365.

Dole, R.M. & N.D. Gordon. 1983. Persistent anomalies of
the extratropical Northern Hemisphere wintertime circu-
lation: geographical distribution and regional persistence
characteristics. Mon. Weather Rev. 111: 1567-1586.

Pelly, J.L. & B.J. Hoskins. 2003. A new perspective on block-
ing. J. Atmos. Sci. 60: 743-755.

Schwierz, C., M. Croci-Maspoli & H.C. Davies. 2004. Per-
spicacious indicators of atmospheric blocking. Geophys.
Res. Lett. 31. https://doi.org/10.1029/2003GL019341

19


https://doi.org/10.1029/2003GL019341

Atmospheric blocking events: a review

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

20

. Rossby, C.G. 1939. Relation between variations in the

intensity of the zonal circulation of the atmosphere and the
displacements of the semi-permanent centers of action. J.
Marine Res. 2: 38-55.

Namias, J. 1951. The Index cycle and its role in the general
circulation. J. Meteorol. 7: 130-139.

Davini, P, C. Cagnazzo, S. Gualdi & A. Navarra.
2012. A bidimensional diagnostics, variability, and
trends of Northern Hemisphere blocking. J. Clim. 25:
6496-6509.

Lupo, A.R. & PJ. Smith. 1995. Climatological features of
blocking anticyclones in the Northern Hemisphere. Tellus
47: 439-456.

Wiedenmann, J.M., AR. Lupo, LI. Mokhov & E.A.
Tikhonova. 2002. The climatology of blocking anticyclones
for the Northern and Southern Hemisphere: block intensity
as a diagnostic. J. Clim. 15: 3459-3474.

Jensen, A.D., A.R. Lupo, L.I. Mokhov, et al. 2017. Integrated
regional enstrophy and block intensity as a measure of Kol-
mogorov entropy. Atmosphere 8. https://doi.org/10.3390/
atmos8120237

Mokhov, LI 2006. Action as an integral characteristic of
climatic structures: estimates for atmospheric blocking.
Dokl. Earth Sci. 409: 925-928.

Shakina, N.P. & A.R. Ivanova. 2010. The blocking anticy-
clones: the state of studies and forecasting. Russian Meteo-
rol. Hydrol. 35: 721-730.

Woollings, T., D. Barriopedro Cepero, J. Methven, et al.
2018. Blocking and its response to climate change. Curr.
Clim. Change Rep. 4: 287-300.

Lupo, AR, A.D. Jensen, LI Mokhov, et al. 2019.
Changes in global blocking character during the most
recent decades. Atmosphere 10. https://doi.org/10.3390/
atmos10020092

White, W.B. & N.E. Clark. 1975. On the development of
blocking ridge activity over the central North Pacific. J.
Atmos. Sci. 32: 489-502.

Triedl, R.A., E.C. Birch & P. Sajecki. 1981. Blocking
action in the Northern Hemisphere. A climatological study.
Atmos-Ocean 19: 1-23.

Mokhov, LI. & V.K. Petukhov. 1997. Blockings and tenden-
cies of their change. Dokl. Earth Sci. 357A: 1485-1488.
Barriopedro-Cepero, D., R. Garcia-Herrera, A.R. Lupo &
E. Hernandez. 2006. A climatology of Northern Hemi-
sphere blocking. J. Clim. 19: 1042-1063.

Mokhov, LI, M.G. Akperov, M.A. Prokofyeva, et al.
2013. Blockings in the Northern Hemisphere and Euro-
Atlantic region: estimates of changes from reanalyses
data and model simulations. Dokl Earth Sci. 449:
430-433.

Small, D., E.H. Atallah & J.R. Gyakum. 2014. An objectively
determined blocking index and its Northern Hemisphere
climatology. J. Clim. 27: 2948-2970.

Narinesingh, V., J.E. Booth, S.K. Clark & Y. Ming. 2020.
Atmospheric blocking: the impact of topography in an ide-
alized general circulation model. Weather Clim. Dyn. 39.
https://doi.org/10.5194/wcd-2020-2

van Loon, H. 1956. Blocking action in the Southern Hemi-
sphere. Notos 5: 171-177.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

Lupo

Sinclair, M.R. 1996. A climatology of anticyclones and
blocking for the Southern Hemisphere. Mon. Weather Rev.
124: 245-263.

Marques, R.EC. & V.B. Rao. 2000. Interannual variations of
blockings in the Southern Hemisphere and their energetics.
J. Geophys. Res. 105: 4625-4636.

Oliveira, EN.M., L.M.V. Carvalhoc & T. Ambrizzi. 2014. A
new climatology for southern hemisphere blockings in the
winter and the combined effect of ENSO and SAM phases.
Int. J. Climatol. 34: 1676-1692.

Key, JR. & A.C.K. Chan. 1999. Multidecadal global and
regional trends in 1000 mb and 500 mb cyclone frequen-
cies. Geophys. Res. Lett. 26: 2053-2056.

Cheung, H.H.N., W. Zhou, Y.P. Shao, et al. 2013. Observa-
tional climatology and characteristics of wintertime atmo-
spheric blocking over Ural-Siberia. Clim. Dyn. 41: 63-79.
Luo, D., X. Chen, A. Dai & I. Simmonds. 2018. Changes in
atmospheric blocking circulations linked with winter Arc-
tic warming: a new perspective. J. Clim. 31: 6771-7678.
Barnes, E.A., E. Dunn-Sigouin, G. Masato & T.J. Woollings.
2014. Exploring recent trends in Northern Hemisphere
blocking. Geophys. Res. Lett. 41: 638-644.

Hikkinen, S., PB. Rhines & D.L. Worthen. 2011. Atmo-
spheric blocking and Atlantic multidecadal ocean variabil-
ity. Science 334: 655-659.

Yao, Y., D. Luo, A. Dai & I. Simmonds. 2017. Increased
quasi stationarity and persistence of Ural blocking and
Eurasian extreme cold events in response to Arctic warm-
ing. Part I: insight from observational analyses. J. Clim. 30:
3549-3568.

Luo, D., Y. Xiao, Y. Yao, et al. 2016. Impact of Ural block-
ing on winter warm Arctic-cold Eurasian anomalies. Part
I: blocking-induced amplification. J. Clim. 29: 3925-3947.
Hanna, E., T.E. Cropper, R.J. Hall, & J. Cappelen. 2016.
Greenland Blocking Index 1851-2015: A regional climate
change signal. Int. J. Climatol. 36: 4847-4861. https://doi.
org/10.1002/joc.4673

Intergovernmental Panel on Climate Change (IPCC).
2013. Climate Change 2013: the physical scientific basis.
Accessed June 27, 2019. http://www.ipcc.ch.

Renwick, J.A. & .M. Wallace. 1996. Relationships between
North Pacific wintertime blocking, El Nino, and the PNA
pattern. Mon. Weather Rev. 124: 2071-2076.

Shabbar, A., J. Huang & K. Higuchi. 2001. The relation-
ship between the wintertime North Atlantic Oscillation
and blocking episodes in the North Atlantic. Int. J. Clima-
tol. 21: 355-369.

Henderson, S.A., E.D. Maloney & E.A. Barnes. 2016. The
influence of the Madden-Julian oscillation on Northern
Hemisphere winter blocking. J. Clim. 29: 4597-4616.
Gollan, G. & R.J. Greatbatch. 2017. The relationship
between Northern Hemisphere winter blocking and tropi-
cal modes of variability. J. Clim. 30: 9321-9337.

Mullen, S.L. 1989. Model experiments on the impact of
Pacific sea surface temperature anomalies on blocking fre-
quency. J. Clim. 2: 997-1013.

Chen, T.C. & J. Yoon. 2002. Interdecadal variation of the
North Pacific wintertime blocking. Mon. Weather Rev. 130:
3136-3143.

Ann. N.Y. Acad. Sci. 1504 (2021) 5-24 © 2020 New York Academy of Sciences.


https://doi.org/10.3390/atmos8120237
https://doi.org/10.3390/atmos8120237
https://doi.org/10.3390/atmos10020092
https://doi.org/10.3390/atmos10020092
https://doi.org/10.5194/wcd-2020-2
https://doi.org/10.1002/joc.4673
https://doi.org/10.1002/joc.4673
http://www.ipcc.ch

Lupo

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Ann

Wallace, .M. & D.S. Gutzler. 1981. Teleconnections in the
geopotential height field during the Northern Hemisphere
winter. Mon. Weather Rev. 109: 784-812.

Barnston, A.G. & R.E. Livezey. 1987. Classification, season-
ality and persistence of low-frequency atmospheric circu-
lation patterns. Mon. Weather Rev. 115: 1083-1126.
O’Kane, T.J., D.P. Monselesan & J.S. Risbey. 2017. A mul-
tiscale reexamination of the Pacific-South American Pat-
tern. Mon. Weather Rev. 145: 379-402.

Karl, TR. & R.G. Quayle. 1981. The 1980 summer heat
wave and drought in historical perspective. Mon. Weather
Rev. 109: 2055-2073.

Obukhov, A.M., M.V. Kurgansky & M.S. Tatarskaya.
1984. Dynamic conditions of occurrence of drought and
other large-scale weather anomalies. Meteorol. Hydrol. 10:
5-13.

Agayan, G.M. & LI. Mokhov. 1989. Quasistationary
autumn regimes of the Norther Hemisphere atmosphere in
FGGE. Atmos. Ocean Phys. 25: 1150-1156.

Semenova, I.G. 2012. Meteorological and synoptic condi-
tions of drought in Ukraine in autumn 2011. Ukrainian
Hydrometeorol. J. 10: 58-64.

Sousa, PM., R.M. Trigo, D. Barriopedro, et al. 2018. Euro-
pean temperature responses to blocking and ridge regional
patterns. Clim. Dyn. 50: 457-477.

Voropay, N.N. & A.A. Ryazanova. 2018. Atmospheric
droughts in Southern Siberia in the late 20th and early 21st
centuries. IOP Conference Series: Earth and Environmen-
tal Science. 211: 1-9. https://doi.org/10.1088/1755-1315/
211/1/012062

Fang, B. & M. Lu. 2020. Heatwave and blocking in the
Northeastern Asia: occurrence, variability, and association.
J. Geophys. Res. Atmos. 125: €2019D031627.

Lupo, A.R., LI. Mokhov, M.G. Akperov, et al. 2012. A
dynamic analysis of the role of the planetary and syn-
optic scale in the summer of 2010 blocking episodes
over the European part of Russia. Adv. Meteorol. 2012.
https://doi.org/10.1155/2012/584257

Evangeliou, N., Y. Balkanski, A. Cozic, et al. 2014. Wildfires
in Chernobyl-contaminated forests and risks to the popu-
lation and the environment: a new nuclear disaster about
to happen? Environ. Int. 73: 346-358.

Silva, W.L., M.X. Nascimento & W.E. Menezes. 2015. Atmo-
spheric blocking in the South Atlantic during the summer
2014: a synoptic analysis of the phenomenon. Atmos. Clim.
Sci. 5: 386-393.

Cherenkova, E.A., I.G. Semenova, N.K. Kononova & T.B.
Titkova. 2015. Droughts and dynamics of synoptic pro-
cesses in the south of the East European Plain at the
beginning of the twenty-first century. Arid Ecosyst. 5:
45-56.

Li, M., D. Luo & Y. Yao. 2020. Large-scale atmospheric cir-
culation control of summer extreme hot events over China.
Int. J. Clim. 40: 1456-1476.

2020. The University of Missouri Blocking Archive.
Accessed November 20, 2020. http://weather.missouri.edu/
gec/.

Sillmann, J., M. Croci-Maspoli, M. Kallache & R.W. Katz.
2011. Extreme cold winter temperatures in Europe under

.N.Y. Acad. Sci. 1504 (2021) 5-24 © 2020 New York Academy of Sciences.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Atmospheric blocking events: a review

the influence of North Atlantic atmospheric blocking. J.
Clim. 24: 5899-5913.

Ratnam, J.V,, S.K. Behera, H. Annamalai, et al. 2016.
ENSO’s far reaching connection to Indian cold waves. Nat.
Sci. Rep. 6: 37657.

Whan, K., F. Zwiers & J. Sillmann. 2016. The influence of
atmospheric blocking on extreme winter minimum tem-
peratures in North America. J. Clim. 29: 4361-4381.
Quiroz, R.S. 1984. The climate of 1983-84 winter. A season
of strong blocking and severe cold in North America. Mon.
Weather Rev. 112: 1894-1912.

Bissolli, P,, K. Friedrich, J. Rapp & M. Ziese. 2011. Flooding
in eastern central Europe in May 2010—reasons, evolution
and climatological assessment. Weather 66: 147-153.
Houze, R.A., K.L. Rasmussen, S. Medina, et al. 2011.
Anomalous atmospheric events leading to the summer
2010 floods in Pakistan. Bull. Am. Meteorol. Soc. 92: 291-
298.

Mohr, S., J. Wandel, S. Lenggenhager & O. Martius. 2019.
Relationship between atmospheric blocking and warm-
season thunderstorms over western and central Europe.
Quart. J. Roy. Meteorol. Soc. 145: 3040-3056.

Tayang, M., M. Karaca & H.N. Dalfes. 1998. March 1987
cyclone (blizzard) over the eastern Mediterranean and
Balkan region associated with blocking. Mon. Weather Rev.
126: 3036-3047.

Efe, B., AR. Lupo & A. Deniz. 2019. The relationship
between atmospheric blocking and precipitation changes
in Turkey between 1977 and 2016. Theor. Appl. Climatol.
138: 1573-1590.

Efe, B., I. Sezen, A.R. Lupo & A. Deniz. 2020. The rela-
tionship between atmospheric blocking and temperature
anomalies in Turkey between 1977 and 2016. Int. J. Clima-
tol. 40: 1022-1037.

Li, Y., R. Ren, M. Cai & Y. Yu. 2019. Climatological features
of blocking highs from the perspective of air mass and mass
transport. Int. . Climatol. 40: 782-794.

Quiroz, R.S. 1986. The association of stratospheric warm-
ings with tropospheric blocking. J. Geophys. Res. 91: 5277-
5285.

Martius, O., L.M. Polvani & H.C. Davies. 2009. Blocking
precursors to stratospheric sudden warming events. Geo-
phys. Res. Lett. 36. https://doi.org/10.1029/2009GL038776
Colucci, S.J. & MLE. Kelleher. 2015. Diagnostic comparison
of tropospheric blocking events with and without sudden
stratospheric warming. J. Atmos. Sci. 72: 2227-2240.
Woollings, T., A. Charlton-Perez, S. Ineson, et al. 2010.
Associations between stratospheric variability and tropo-
spheric blocking. J. Geophys. Res. 115: D06108.

Sitnov, S.A., L.I. Mokhov & A.R. Lupo. 2017. Ozone, water
vapor, and temperature anomalies associated with atmo-
spheric blocking events over Eastern Europe in spring-
summer 2010. Atmos. Environ. 164: 180-194.

Cai, W, X. Xu, X. Cheng, et al. 2020. Impact of “blocking”
structure in the troposphere on the wintertime persistent
heavy air pollution in northern China. Sci. Tot. Environ.
741. https://doi.org/10.1016/j.scitoenv.2020.140325
Booth, J.E, E. Dunn-Sigouin & S. Pfahl. 2017. The relation-
ship between extratropical cyclone steering and blocking

21


https://doi.org/10.1088/1755-1315/211/1/012062
https://doi.org/10.1088/1755-1315/211/1/012062
https://doi.org/10.1155/2012/584257
http://weather.missouri.edu/gcc/
http://weather.missouri.edu/gcc/
https://doi.org/10.1029/2009GL038776
https://doi.org/10.1016/j.scitoenv.2020.140325

Atmospheric blocking events: a review

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

22

along the North American East Coast. Geophys. Res. Lett.
44:11976-11984.

Barnes, E.A., L.M. Polvani & A.H. Sobel. 2013. Model pro-
jections of atmospheric steering of Sandy-like superstorms.
Proc. Natl. Acad. Sci. USA 110: 15211-15215.

Riboldi, J., C.M. Grams, M. Riemer & H.M. Achambult.
2019. A phase locking perspective on Rossby wave amplifi-
cation and atmospheric blocking downstream of recurving
Western North Pacific tropical cyclones. Mon. Weather Rev.
147: 567-589.

Renken, J.D., ].J. Herman, T.R. Bradshaw, et al. 2017. The
utility of the Bering Sea and East Asian Rules in long range
forecasting. Adv. Meteorol. 2017: 14.

Charney, J.G. & J.G. DeVore. 1979. Multiple flow equilibria
in the atmosphere and blocking. J. Atmos. Sci. 36: 1205-
12216.

Austin, J.E. 1980. The blocking of middle latitude westerly
winds by planetary waves. Quart. J. Roy. Meteorol. Soc. 106:
327-350.

Tung, KK. & R.S. Lindzen. 1979. A theory of station-
ary long waves, part I: a simple theory of blocking. Mon.
Weather Rev. 107: 714-734.

Fleirl, G., V. Larichev, J. McWilliams & G. Reznik. 1980.
The dynamics of baroclinic and barotropic solitary eddies.
Dyn. Atmos. Ocean 5: 1-41.

Mc Williams, J.C. 1980. An application of equaivalent mod-
ons to atmospheric blocking. Dyn. Atmos. Ocean 5: 43-66.
Yamazaki, A. & H. Itoh. 2013. Vortex-vortex interactions
for the maintenance of blocking. Part II: numerical experi-
ments. J. Atmos. Sci. 70: 743-766.

Mokhov, 11, S.G. Chefranov & A.G. Chefranov. 2020.
Point vortices dynamics on a rotating sphere and model-
ing of global atmospheric vortices interaction. Phys. Fluids
32:106605.

Hansen, A.R. & T.C. Chen. 1982. A spectral energetics
analysis of atmospheric blocking. Mon. Weather Rev. 110:
1146-1165.

Kung, E.C., H.L. Tanaka & W.E. Baker. 1989. Energetics
examination of winter blocking simulations in the North-
ern Hemisphere. Mon. Weather Rev. 117: 2019-2040.
Tanaka, H.L. & K. Terasaki. 2006. Blocking formation by an
accumulation of barotropic energy exceeding the Rossby
wave saturation level at the spherical Rhines scale. J. Mete-
orol. Soc. Jpn. 84: 319-332.

Reynolds, D.D., A.R. Lupo, A.D. Jensen & P.S. Market.
2019. The predictability of Northern Hemispheric block-
ing using an ensemble mean forecast system. Open Atmos.
Sci. J. 13: 3-17.

Colucci, S.J. 1985. Explosive cyclogenesis and large-scale
circulation changes: implications for atmospheric block-
ing. J. Atmos. Sci. 42: 2701-2717.

Konrad, C.E. & S.J. Colucci. 1988. Synoptic climatology of
500-mb circulation changes during explosive cyclogenesis.
Mon. Weather Rev. 116: 1431-1443.

Tsou, CH. & PJ. Smith. 1990. The role of
synoptic/planetary-scale interactions during the develop-
ment of a blocking anticyclone. Tellus 42A: 174-193.
Tracton, M.S. 1990. Predictability and its relationship to
scale interaction processes in blocking. Mon. Weather Rev.
118: 1666-1695.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Lupo

Marques, R.EC. & V.B. Rao. 1999. A diagnosis of a long-
lasting blocking event over the Southeast Pacific Ocean.
Mon. Weather Rev. 127: 1761-1776.

Luo, D, J. Cha, L. Zhong & A. Dai. 2014. A nonlinear
multiscale interaction model for atmospheric blocking: the
eddy-blocking matching mechanism. Quart. J. Roy. Meteo-
rol. Soc. 140: 1785-1808.

Hoskins, B.J., LN. James & G.H. White. 1983. The shape,
propagation and mean-flow interaction of large-scale
weather systems. J. Atmos. Sci. 40: 1595-1612.

Illari, L. 1984. A diagnostic study of the potential vorticity
in a warm blocking anticyclone. J. Atmos. Sci. 41: 3518-
3526.

Lupo, A.R. & L.E. Bosart. 1999. An analysis of a relatively
rare case of continental blocking. Quart. J. Roy. Meteorol.
Soc. 125: 107-138.

Nakamura, H., M. Nakamura & J.L. Anderson. 1997. The
role of high and low frequency dynamics and blocking for-
mation. Mon. Weather Rev. 125: 2074-2093.

Yamazaki, A. & H. Itoh. 2013. Vortex-vortex interac-
tions for the maintenance of blocking. Part I: the selective
absorption mechanism and a case study. J. Atmos. Sci. 70:
725-742.

Lupo, A.R. 1997. A diagnosis of two blocking events that
occurred simultaneously over the mid-latitude Northern
Hemisphere. Mon. Weather Rev. 125: 1801-1823.
Woolings, T.J. & B.J. Hoskins. 2008. Simultaneous Atlantic-
Pacific blocking and the Northern Annular Mode. Quart. J.
Roy. Meteorol. Soc. 134: 1635-1646.

Hoskins, B. 1997. A potential vorticity view of synoptic
development. Meteorol. Appl. 4: 325-334.

Burkhardt, J.P. & A.R. Lupo. 2005. The planetary and
synoptic-scale interactions in a Southeast Pacific block-
ing episode using PV diagnostics. J. Atmos. Sci. 62: 1901-
1916.

Colucci, S.J. & D.P. Baumhefner. 1998. Numerical predic-
tion of the onset of blocking: a case study with forecast
ensembles. Mon. Weather Rev. 126: 773-784.

Hwang, J., P. Martinaeu, S.-W. Son, et al. 2020. The role of
transient Eddies in North Pacific blocking formation and
its seasonality. J. Atmos. Sci. 77: 2453-2470.

Kung, E.C.,, J. Susskind & C.C. DaCamara. 1993. Promi-
nent Northern Hemisphere winter blocking episodes and
associated anomaly fields of sea surface temperatures. Terr.
Atmos. Ocean Sci. 4: 273-291.

Kurgansky, M.V. 2020. Atmospheric circulation response
to heat flux anomalies in a two-dimensional baroclinic
model of the atmosphere. Izv. Atmos. Ocean Phys. 56:
33-42.

Tilly, D.E., A.R. Lupo, C.J. Melick & P.S. Market. 2008.
Calculated height tendencies in a Southern Hemisphere
blocking and cyclone event: the contribution of diabatic
heating to block intensification. Mon. Weather Rev. 136:
3568-3578.

Sdez de Adana, FJ. & S.J. Colucci. 2005. Southern
Hemisphere blocking onsets associated with upper-
tropospheric divergence anomalies. J. Atmos. Sci. 62:
1614-1625.

Steinfeld, D., M. Boettcher, R. Forbes & S. Pfahl. 2020.
The sensitivity of atmospheric blocking to upstream latent

Ann. N.Y. Acad. Sci. 1504 (2021) 5-24 © 2020 New York Academy of Sciences.



Lupo

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Ann

heating-numerical experiments. Weather Clim. Dyn. 1:
405-426.

Berrisford, P, B.J. Hoskins & E. Tyrlis. 2007. Block-
ing and Rossby wave breaking on the dynamical
tropopause in the Southern Hemisphere. J. Atmos. Sci. 64:
2881-2898.

Woollings, T.J., B.J. Hoskins, M. Blackburn & P. Berrisford.
2008. A new Rossby wave-breaking interpretation of the
North Atlantic Oscillation. J. Atmos. Sci. 65: 609-626.
Luo, D., W. Zhang, L. Zhong & A. Dai. 2019. A nonlinear
theory of atmospheric blocking: a potential vorticity gradi-
ent view. J. Atmos. Sci. 76: 2399-2427.

Kurgansky, M.V. 2018. On one estimate of the boundary
of the Rossby regime zone in the atmosphere. Izv. Atmos.
Ocean Phys. 54: 257-264.

Tyrlis, E. & B.J. Hoskins. 2008. Aspects of a Northern
Hemisphere atmospheric blocking climatology. J. Atmos.
Sci. 65: 1638-1652.

Masato, G., B.J. Hoskins & T.J. Woollings. 2012. Wave-
breaking characteristics of mid-latitude blocking. Quart. J.
Roy. Meteorol. Soc. 138: 1285-1296.

Masato, G., B.J. Hoskins & T.J. Woollings. 2013. Wave-
breaking characteristics of Northern Hemisphere winter
blocking: a two-dimensional approach. J. Clim. 26: 4535—
4549.

Lorenz, E.NN. 1963. A study of the predictability of a 28-
variable model. Tellus 17: 321-333.

Lorenz, ENN. 1965. Deterministic nonperiodic flow. J.
Atmos. Sci. 20: 130-141.

Kalnay-Rivas, E. & L.-O. Merkine. 1981. A simple mecha-
nism for blocking. J. Atmos. Sci. 38: 2077-2091.
Frederiksen, J.S. 1982. A unified three-dimensional insta-
bility theory of the onset of blocking and cyclogenesis. J.
Atmos. Sci. 39: 969-982.

Frederiksen, J.S. 1983. A unified three-dimensional insta-
bility theory of the onset of blocking and cyclogene-
sis II. Teleconnection patterns. J. Atmos. Sci. 40: 2593
2609.

Shutts, G.J. 1983. The propagation of eddies in diffluent
jet streams: eddy vorticity forcings of blocking flow fields.
Quart. ]. Roy. Meteorol. Soc. 109: 737-761.

Legras, B. & M. Ghil. 1985. Persistent anomalies, blocking,
and variations in atmospheric predictability. J. Atmos. Sci.
42:433-471.

Arai, M. & H. Mukougawa. 2002. On the effectiveness
of the eddy straining mechanism for the maintenance of
blocking flows. J. Meteorol. Soc. Jpn. 80: 1089-1102.
Haines, K. & A.J. Holland. 1998. Vacillation cycles and
blocking in a channel. Quart. J. Roy. Meteorol. Soc. 124:
873-897.

Luo, D. 2005. A barotropic envelope Rossby soliton model
for block-eddy interaction. Part I: effect of topography. J.
Atmos. Sci. 62: 5-21.

Luo, D., A.R. Lupo & H. Wan. 2007. Dynamics of eddy-
driven low-frequency dipole modes. Part I: a simple model
of North Atlantic Oscillations. J. Atmos. Sci. 64: 29-51.
Luo, D. & W. Zhang. 2020. A nonlinear multi-scale theory
of atmospheric blocking: propagation and energy disper-
sion of blocking wave packet. J. Atmos. Sci. 77: 4025-4049.

.N.Y. Acad. Sci. 1504 (2021) 5-24 © 2020 New York Academy of Sciences.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Atmospheric blocking events: a review

Scaife, A.A., T.]. Woollings, J. Knight, et al. 2010. Atmo-
spheric blocking and mean biases in climate models. J.
Clim. 23: 6143-6152.

Masato, G., B.J. Hoskins & T.J. Woollings. 2013. Winter and
summer Northern Hemisphere blocking in CMIP5 mod-
els. J. Clim. 26: 7044-7059.

Davini, P. & F. D’Andrea. 2016. Northern Hemisphere
atmospheric blocking representation in global climate
models: twenty years of improvements? J. Clim. 29: 8823
8840.

D’Andrea, E, S. Tibaldi, M. Blackburn, et al. 1998. Northern
hemisphere atmospheric blocking as simulated by 15 atmo-
spheric general circulation models in the period 1979-
1988. Clim. Dyn. 14: 385-407.

Zappa, G., G. Masato, L. Shaffrey, T. Woollings, & K.
Hodges. 2014. Linking Northern Hemisphere blocking and
storm track biases in the CMIP5 climate models. Geophys.
Res. Lett. 41: 135-139.

Vial, J. & T.J. Osborn. 2012. Assessment of atmosphere-
ocean general circulation model simulations of winter
Northern Hemisphere atmospheric blocking. Clim. Dyn.
39: 95-112.

Priestly, M.D.K., D. Ackerly, J.L. Catto, et al. 2020. An
overview of the extratropical storm tracks in CMIP6 his-
torical simulations. J. Clim. 33: 6315-6343.

Berckmans, J., T. Woollings, M.E. Demory, et al. 2013.
Atmospheric blocking in a high resolution climate model:
influences of mean state, orography and eddy forcing.
Atmos. Sci. Lett. 14: 34-40.

Davini, P, S. Corti, E D’Andrea, et al. 2017. Improved win-
ter European atmospheric blocking frequencies in high-
resolution global climate simulations. J. Adv. Model. Earth
Syst. 9: 2615-2634.

Anstey, J.A., P. Davini, L.J. Gray, et al. 2013. Multi-model
analysis of Northern Hemisphere winter blocking: model
biases and the role of resolution. J. Geophys. Res. Atmos.
118: 3956-3971.

Martinez-Alvarado, O., E. Madonna, S.L. Gray & H. Joos.
2016. A route to systematic error in forecasts of Rossby
waves. Quart. J. Roy. Meteorol. Soc. 142: 196-210.

Jung, T., G. Balsamo, P. Bechtold, ef al. 2010. The ECMWF
model climate: recent progress through improved physical
parametrizations. Quart. J. Roy. Meteorol. Soc. 136: 1145-
1160.

Pithan, E, T.G. Shepherd, G. Zappa & L. Sandu. 2016. Cli-
mate model biases in jet streams, blocking and storm tracks
resulting from missing orographic drag. Geophys. Res. Lett.
43:7231-7240.

Williams, K.D., D. Copsey, E.W. Blockley, et al. 2018. The
Met Office Global Coupled Model 3.0 and 3.1 (GC3. 0 &
GC3. 1) configurations. J. Adv. Model. Earth Syst. 10: 357
380.

Barnes, E.A., J. Slingo & T. Woollings. 2012. A methodol-
ogy for the comparison of blocking climatologies across
indices, models and climate scenarios. Clim. Dyn. 38:
2467-2481.

Mokhov, LI, A.V. Timazhev & A.R. Lupo. 2014. Changes in
atmospheric blocking characteristics within Euro-Atlantic
region and Northern Hemisphere as a whole in the 21st

23



Atmospheric blocking events: a review

161.

162.

163.

164.

165.

166.

167.

24

century from model simulations using RCP anthropogenic
scenarios. Glob. Planet. Change 122: 265-270.
Athanasiadis, PJ., S. Yeager, Y.-O. Kwon, et al. 2020.
Decadal predictability of North Atlantic blocking and the
NAO. npj Clim. Atmos. Sci. 3: 20.

Eichler, T.P,, N. Gaggini & Z. Pan. 2013. Impacts of global
warming on Northern Hemisphere winter storm tracks in
the CMIP5 model suite. J. Geophys. Res. Atmos. 118: 3919
3932.

Davini, P. & E D’Andrea. 2020. From CMIP3 to CMIP6:
Northern Hemisphere atmospheric blocking simulation in
present and future climate. J. Clim. 33: 10021-10038.
Drijthout, S., E. Gleeson, H.A. Dijksta & V. Livina. 2013.
Spontaneous abrupt climate change due to an atmospheric
blocking-sea-ice—ocean feedback in an unforced climate
model simulation. Proc. Natl. Acad. Sci. USA 110: 19713~
19718.

Scaife, A.A., D. Copsey, C. Gordon, et al. 2011. Improved
Atlantic winter blocking in a climate model. Geophys. Res.
Lett. 38: 1.23703.

Tibaldi, S., E. Tosi, A. Navarra & L. Pedulli. 1994. Northern
and Southern Hemisphere seasonal variability of blocking
frequency and predictability. Mon. Weather Rev. 122:1971-
2003.

Tibaldi, S., E D’Andrea, E. Tosi & E. Roeckner. 1997. Clima-
tology of Northern Hemisphere blocking in the ECHAM
model. Clim. Dyn. 13: 649-666.

168.

169.

170.

171.

172.

173.

174.

175.

Lupo

Nutter, P.A., S.L. Mullen & D.P. Baumhefner. 1998. The
impact of initial condition uncertainty on numerical
simulations of blocking. Mon. Weather Rev. 126: 2482-
2502.

Pelly, J.L. & B.J. Hoskins. 2003. How well does the ECMWF
Ensemble Prediction System predict blocking? Quart. J.
Roy. Meteorol. Soc. 129: 1683-1702.

Watson, J.S. & S.J. Colucci. 2002. Evaluation of ensem-
ble predictions of blocking in the NCEP Global Spectral
Model. Mon. Weather Rev. 130: 3008-3021.

Matsueda, M. 2011. Predictability of Euro-Russian block-
ing in summer of 2010. Geophys. Res. Lett. 38. https://doi.
org/10.1029/2010GL046557

Matsueda, M. 2009. Blocking predictability in opera-
tional medium-range ensemble forecasts. SOLA 5: 113-
116.

The Weather Channel. 2020. Accessed September 22,
2020.  https://weather.com/news/climate/news/2020-06-
21-siberia-russia- 100- degrees-heat-record-arctic.
Voosen, P. 2020. Why does the weather stall? New theories
explain enigmatic ‘blocks’ in the jet stream. Accessed
March 5, 2020. ScienceMag.org. https://www.sciencemag.
org/news/2020/03/why- does-weather- stall- new-
theories-explain-enigmatic-blocks-jet-stream.

Carbon Brief. 2020. Accessed September 21, 2020. https://
www.carbonbrief.org/jet- stream-is- climate- change-
causing- more-blocking-weather-events.

Ann. N.Y. Acad. Sci. 1504 (2021) 5-24 © 2020 New York Academy of Sciences.


https://doi.org/10.1029/2010GL046557
https://doi.org/10.1029/2010GL046557
https://weather.com/news/climate/news/2020-06-21-siberia-russia-100-degrees-heat-record-arctic
https://weather.com/news/climate/news/2020-06-21-siberia-russia-100-degrees-heat-record-arctic
http://ScienceMag.org
https://www.sciencemag.org/news/2020/03/why-does-weather-stall-new-theories-explain-enigmatic-blocks-jet-stream
https://www.sciencemag.org/news/2020/03/why-does-weather-stall-new-theories-explain-enigmatic-blocks-jet-stream
https://www.sciencemag.org/news/2020/03/why-does-weather-stall-new-theories-explain-enigmatic-blocks-jet-stream
https://www.carbonbrief.org/jet-stream-is-climate-change-causing-more-blocking-weather-events
https://www.carbonbrief.org/jet-stream-is-climate-change-causing-more-blocking-weather-events
https://www.carbonbrief.org/jet-stream-is-climate-change-causing-more-blocking-weather-events

