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Abstract

The presence of atmospheric blocking over the Southern Hemisphere causes a change in the zonal flow, resulting in the
interruption of the propagation of synoptic systems. This behavior significantly affects the weather on the South American
continent and adjacent oceanic areas. This work analyzes the synoptic—dynamic features of blocking, considering the atmos-
pheric conditions that favor onset and decay days of blockings. Blocking events are identified using two meridional gradients
of the geopotential height at 500 hPa, over the Southeastern Pacific (SEP) and South Atlantic (SAT) areas, for the period
from 1979 to 2015. In general, during the 37 years, blocking events in SAT (SEP) are dominated by the Omega (dipole)-type
pattern. Positive anomalies of potential vorticity at 200 hPa, relative vorticity at 200-850 hPa and geopotential height at
500 hPa are found near the blocking regions, two days before onset ([t =t,-2]). On onset day ([t=t_]), these positive anoma-
lies intensify and expand, affecting much of the blocking region. In addition, negative (positive) GH anomalies at 500 hPa
appear in phase with potential vorticity (PV) anomalies at 200 hPa and relative vorticity (RV) at 850-200 hPa. The positive
PV anomalies, at high levels, result from the incursion of PV from mid-latitudes towards the pole. On decay day ([t=t4]),
positive anomalies of GH, PV and RV are still found in the blocking region, but with lower amplitude. After the decay day,
the anomalous anticyclonic center (positive GH, PV, and RV anomalies) gradually propagates westward (southeastward) in
SEP (SAT). Finally, the RV anomalies, in the blocking region, extend from low to high levels of the troposphere, character-
izing the barotropic structure for consecutive days.
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1 Introduction persistence of atmospheric blocking causes long-lasting heat

waves, abnormally dry periods, and stagnant-air conditions

The importance of studying atmospheric blocking relies
on the fact that it leads to atypical weather conditions in
large scale, in both hemispheres (Treidl et al. 1981). The
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(Rothlisberger and Martius 2019). Dry air and precipitation
below climatological average associated with the presence
of the anomalous anticyclone have a high impact on human
activities (Kayano 1999). Atypical weather conditions, pre-
cipitation reduction and temperature increase, in both hemi-
spheres, are a consequence of the abrupt interruption of the
transient systems, which move around the periphery of the
blocking anticyclone (Knox and Hay 1984; Mendes et al.
2005).

Therefore atmospheric blocking has drawn the attention
of the meteorological community worldwide (Ruthlant and
Fuenzalida 1991; Burkhardt and Lupo 2005; Sinclair 1996;
Mendes et al. 2012, Mendes et al. 2014; Rodrigues and
Woollings 2017; Mendes et al. 2019; Lupo et al. 2019). Sin-
clair (1996) and Wiedenmann et al. (2002) when analyzing
the frequency of atmospheric blocking observed a smaller
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number of events on the Southern Hemisphere (SH) when
compared to the Northern Hemisphere (NH). This occurs
in part, as a result of a considerably higher zonal index in
the SH (Taljaard 1972), and a smaller persistence of the
large positive anomalies associated with the blocking anti-
cyclone (Mo 1983). Moreover, the intense westerly winds
in the mid and high troposphere reduces the SH blocking
duration (Trenberth and Mo 1985).

In the SH blockings occur preferentially in the South
Pacific Ocean (Sinclair 1996; Marques 1996), where the
flow is relatively weak (Renwick and Revell 1999; Renwick
2005), which causes a concentration of the blockages at
lower latitudes in comparison to the NH blockings (Wright
1974). They are most frequent during austral winter (Ber-
risford et al. 2007; Mendes et al. 2008; Mendes et al. 2012;
Berrisford et al. 2007), when zonal wave 3 becomes more
evident and plays a dominant role in the majority of blocking
events (Marques 1996; Berbery and Nufiez 1989; Trenberth
and Mo 1985).

Usually the definition of blocking events is based on the
qualitative criteria proposed by Rex (1950a,b). Nevertheless,
these criteria were adapted for a more objective methodol-
ogy, which has been used in several diagnostic studies of
blocking (Lejenas and Okland 1983; Trenberth and Swan-
son 1983; Lejenas 1984; Tibaldi and Molteni 1990; Tibaldi
et al. 1994; Marques and Rao 1999; Mendes et al. 2008).
Regarding the formation and maintenance of blocking, it is
noticed that they are related to various factors, from inter-
ruptions of the zonal flow (Tibaldi and Molteni 1990), tem-
porary change into a meridional flow pattern that favors the
formation of strong slow-moving or stationary anticyclones
(Treidl et al. 1981), barotropic (Simmons et al. 1983) or
baroclinic instability (Frederiksen 1982, 1983), amplifica-
tion of Rossby waves (Berrisford et al. 2007; Nakamura and
Huang 2018), Rossby wave breaking (Pelly and Hoskins
2003), propagation of large-scale waves (Renwick 1998,
Renwick and Revell 1999) or, more recently, the contribu-
tion of latent heat release (Pfahl et al. 2015). The number of
factors and impacts involved in blocking demonstrates the
need to further study in detail the behavior of this phenom-
enon and the characteristics of the atmospheric circulation
during each phase of blocking activity.

Previous works showed the decisive contribution of synop-
tic eddies for blocking formation (Mullen 1987; Shutts 1983;
Colucci and Alberta 1996; Nakamura et al. 1997; Drouard and
Woollings 2018; Drouard et al. 2021). Thus, synoptic eddy
feedback (Berckmans et al. 2013; Shutts 1983) is important for
blocking maintenance, and determines their duration, which
has a strong impact over the weather. Drouard and Woollings
(2018) concluded that blocking events are more influenced by
high-and-low-frequency dynamics than by the storm tracks,
while Burkhardt and Lupo (2005) verified that blocking events
are associated with the planetary-synoptic-scales. In addition,
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a maximum of Rossby wave activity is observed before block-
ing formation (Pelly 2001; Pelly and Hoskins 2003; Berrisford
et al. 2007). Continuing the studies on atmospheric blocking,
some researchers found that interannual variability of block-
ings is strongly modulated both by ENSO (Marques 1996;
Mendes 2007; Renwick 1998; Lupo et al. 2019), and the Ant-
arctic Oscillation phases (Mendes et al. 2012).

In recent years, a growing number of studies use the
Potential Vorticity (PV) to detect blockings in both hemi-
spheres (Hoskins et al. 1985; Pelly and Hoskins 2003; Ber-
risford et al. 2007). Pelly and Hoskings (2003), based on a
daily index of the meridional differences of potential tem-
perature, found a reversal of the typical equatorward gra-
dient of potential temperature over the storm track region,
and blocking. Once a blocking is established, air parcels are
advected from low to high latitudes and vice versa, favoring
the reversal of the meridional gradient of potential tempera-
ture on a given potential vorticity surface, in such a way that
blocking events may be seen as Rossby wave breaking. How-
ever, Hitchman and Huesman (2007) emphasized that events
on the small scale may also give rise to Rossby wave break-
ing, both in the troposphere and stratosphere. Therefore, it
is possible to assume that not all wave breaks are associated
with atmospheric blocking (Berrisford et al. 2007).

While many subjective and objective models have been
proposed to explain how atmospheric blocking is formed
and maintained (Rex 1950a,b; Lejenas1984; Tibaldi and
Molteni 1990; Marques 1996; Pelly and Hoskins 2003; Ber-
risford et al. 2007), they are unable to depict the life cycle of
blocking events, and are concentrated in the Northern Hemi-
sphere. Thus, the present work intends to analyze the average
atmospheric patterns, on a large scale, that can be used as
indicators of blocking onset and decay in the Southeastern
Pacific and South Atlantic, during the period 1979 to 2015
(Fig. 1). These areas are the geographical focus of investiga-
tion due to their proximity to the South American continent.

Synoptic-dynamic aspects related to the evolution of
blocking events are analyzed through daily analyses of mete-
orological variables for representative days of the blocking
cycle. The datasets used and the processing steps taken are
described in the following section. Section 3 discusses the
overall climatology of blocking and their seasonal distribu-
tion, while Sect. 4 analyzes the atmospheric patterns found
before, during and after blocking activity. Discussion and
conclusions are given in Sect. 5.

2 Data description and identification
of blocking events

This study is based on the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA-Interim reanaly-
sis at the 850, 500 and 200 hPa levels, with 2.5x 2.5 degrees
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latitude—longitude spatial resolution (Dee et al. 2011). This
resolution is satisfactory, as we intend to analyze blocking
events and associated atmospheric patterns on a large scale.
Blocking events are identified in the latitudinal band of 40°
S—-65° S, within two longitudinal sectors: 120° W-80° W, in
the Southeastern Pacific Ocean (SEP), and 80° W-20° W, in
the Southern Atlantic Ocean (SAT) (Fig. 1). It is important
to note that the study areas meet the criteria proposed and
established by Rex (1950a, b).

Geopotential Height (GH); Relative Vorticity (RV);
Potential Vorticity (PV); Zonal and Meridional Wind com-
ponents are used for the analysis of synoptic and dynamic
patterns before, during and after the blocking activity, in
the two study areas. The atmospheric patterns during block-
ing events are identified using daily GH data at 500 hPa for
the austral summer (December, January, February—DIJF)
and austral winter (June, July, August—IJJA) seasons in the
Southern Hemisphere, for the period from 1979 to 2015.
These two seasons were chosen because they represent the
one with the lowest and highest blocking activity, respec-
tively, in both study areas (see Sect. 3). Furthermore, Sect. 3
presents the climatology for all seasons.

The atmospheric patterns associated with blocking events
identified in the 37 years of study are diagnosed for repre-
sentative days of the blocking cycle. This process consid-
ers the following representative days of a blocking event:
[(t=ty], the onset day; [(t=t,-2)], two days before onset;
[(t= td)] the decay day; and [(t=t4+2)], two days after decay.
Onset day is identified as the first day in which the objec-
tive criteria of blocking are satisfied (onset of blocking).
In contrast, the decay day corresponds to the day in which

the blocking index is no longer observed or, in other words,
the decay day is defined as the first day in which there is no
blocking. Particular attention was given to two days before
onset, since this period shows greatest variability concerning
the blocking formation. Two days after decay are analyzed
also.

The modified Tibaldi index (Tibaldi et al. 1994), applied
in Mendes et al. (2008), is used to identify blocking and
to obtain its climatology for the period of study. Block-
ing identification is based on two meridional geopotential
height gradients at 500 hPa, defined as Geopotential Height
Gradient South (GHGS) and North (GHGN), calculated for
both areas, SEP and SAT. The 500 hPa geopotential height
meridional gradients GHGS (south) and GHGN (north) are
obtained according to Eqgs. (1-2) below:

GHGS = Z(A, bs) — Z(A, by ) <)

GHGN = Z (4. ¢gy) — Z(4. ) ©)

Ony=40°S+A

G =55°S+A

Gy =50°S+A

Gg=65°S+A

A=-10.0°% —-7.5° —5.0°, —2.5°% 0°

The Z (2,¢) is the 500 hPa geopotential height at longi-
tude A and latitude ¢; “A” represents one latitudinal inter-
val. Then, following the procedure developed by Tibaldi
et al. (1994), a given longitude is defined as “blocked” at a
specific instant in time if the following conditions are sat-
isfied, for at least one value of A: (a) GHGN >0 and (b)
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GHGS <-10 m. A sector is considered blocked on a particu-
lar day if three or more adjacent longitudes, within the study
area, are blocked (Trigo et al. 2004).

This criterion is sufficient to define a local (spatial) block-
ing pattern. However, the definition of a true synoptic block-
ing requires the specification of a certain persistence time for
the event, whose typical duration varies between 5 and 30
blocking days (Treidl et al. 1981; Tibaldi and Molteni 1990).
The concept of blocking day (Tibaldi et al. 1994; Renwick
2005; Trigo et al. 2004; Wiedenmann et al. 2002; Mendes
et al. 2005) refers to a “day” in which the blocking index is
observed, while each blocking episode corresponds to a set
of blocking days, which has a minimum of five consecutive
days.

Composites of anomalous variables were analyzed for
each of the four characteristic days previously defined, in
order to diagnose the blocking temporal evolution in both
sectors, SEP and SAT. The anomalies were obtained taking
into account the daily climatology of each variable (for the
37 years, 1979 to 2015). The significance of the composites
was tested with the Student's t test at the 90% confidence
level, which is applied to examine the significant differences
between the climatological patterns and the daily observed
patterns related to blocking. With this approach the aim is
to identify large coherent areas (particularly over the conti-
nents) that experienced unusual conditions due to blocking
episodes. The statistical test (Student's t test) applied here
has the null hypothesis of equal average, unilateral, with t
critical that depends on the quantity of blocking episodes
found in each sector, and in each season of the year. This
test was also used by Hansen et al. (1982, 1983) in com-
posite analysis. Finally, the composite (Figs. 3, 4, 5, 6, 7,
8, 9, 10) shows the synoptic-dynamic patterns associated
with blocking events in SAT and SEP, for summer (DJF)
and winter (JJA).
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3 Blocking climatology

The frequency and general distribution of blocking events
for each month, season and sector is shown in Fig. 2. The
maximum number of blocking events and blocked days,
in both sectors, occur between the months of May and
August (Fig. 2a, b). The transition months (autumn and
spring) show no significant difference between the num-
ber of blocking days and events. It is worth noting that
the events and blocking days are higher in the month of
May in SAT, while they are predominant in June over SEP
(Fig. 2). Furthermore, the frequency of events and block-
ing days in SEP are practically twice of SAT. These results
are in agreement with other authors that have used either
similar (Marques and Rao 1999, 2000) or different block-
ing methodology (Renwick and Revell 1999).

In winter and spring (Table 1), the blocking events
in SEP (SAT) have a mean duration between 7.00 and
9.03 days (7.02 and 7.26 days). Furthermore, in autumn,
the blocking events lasting longer than five days are more
numerous in SEP. The higher frequency of blocking epi-
sodes from June to September is to be associated with the
more intense meridional thermal gradient observed at this
time of the year, and to the northward displacement of the
Polar and Subtropical jets (Mendes et al. 2008).

Additionally, in summer and autumn (Table 1), the
blocking events which occur in SEP (SAT) have a mean
duration between 6.75 and 8.20 days (5.92 and 8.00 days).
In summer months, when blocking frequency declines over
the Southeastern Pacific, the subtropical jet practically
vanishes over South America, and the polar jet prevails
at higher latitudes (Pezzi and Cavalcanti 1994). Note also
that most blocking events have duration between 5 and
10 days, and only 2.7% last longer than 16 days. The most
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Fig.2 Monthly distribution of the total number of blocking events (columns) and blocked days (lines) for (a) Southeastern Pacific and (b) South

Atlantic in the period 1979-2000

@ Springer



Synoptic—dynamic indicators associated with blocking events over the Southeastern Pacific...

Table 1 Total number of blocking events, total number of blocking days, mean duration, maximum duration, classes of blocking duration in the

Southeastern Pacific (SEP) and South Atlantic (SAT)

SEASONS Winter Spring Autumn Summer

Areas SEP SAT SEP SAT SEP SAT SEP SAT
Duration (days) Events Events Events Events

5-10 57 41 33 33 23 35 11 13
11-15 15 2 6 5 8 5 1 -
16-20 3 2 - - - - -
21-25 2 - - - - - - -
Mean duration (days) 9.03 7.26 7.00 7.02 8.20 8.00 6.75 5.92
Areas SEP SAT SEP SAT SEP SAT SEP SAT
Total of Blocking Days 696 330 273 274 247 268 81 77
Total of Events 77 45 39 38 32 40 12 12
Maximum duration (days) 25 19 14 16 20 13 12 9

long-lasting blocking in SEP was identified in 1986, with
25 days of activity (July 24th to August 16th).

This result was also found by Marques (1996) using a
distinct methodology for identification of blocking as well
as a different database (NCEP/NCAR reanalysis). Marques,
obtained a total of 17 blocking days for this event in SEP
and draws attention to the importance of the subtropical
and polar jets, and of large-scale tropical disturbances for
its formation and maintenance. In SAT, the longest-lasting
blocking event occurred in 1984, from August 8th to 26th,
with 19 days of activity (Table 1).

The annual frequency of blocking events (FBe) for
the years EN (EI Nifio), LN (La Nifia) and N (Neutral) is
presented in Table 2. The total years with EN (El Nifio),
LN (La Nifia) and N (Neutral) is calculated by adding the
number of years classified as EN (LN, N), and dividing the
result by the total of years (37 years, 1979-2015). Finally,
the result is multiplied by 100. The monthly distribution of
the total number of blocking events (columns) and blocked
days (lines) is shown in Fig. 2. The SEP sector presents
a rate of 4.3 events per year, which are evenly distributed
throughout the years. However, when comparing to their
NH counterparts it is observed a smaller number as found
by other authors (Sinclair 1996; Wiedenmann et al. 2002).

The South Atlantic sector shows about 3.3 events per
year, which are evenly distributed throughout the period.

These results are consistent with those found by Burkhardt
and Lupo (2005), who concluded that the events have
smaller duration and are less intense in the SH as compared
to the NH. The interannual distribution of the number of
events shows high variability for both SAT and SEP sec-
tors (Table 2). In both sectors, more events and blocking
days were found in EN years. These results are consistent
with those obtained by Mendes (2007) and Wiedenmann
et al. (2002), and are in disagreement with those found by
Marques (1996). In SEP, the frequency of events in EN years
varies between 62 and 66%, i. e, more than half of the years
with blocks occur with SST above the climatological aver-
age. In SAT, blocking events have a higher frequency in EN
(LN) years, in transition (summer and winter) months.

4 Atmospheric patterns associated
with South Atlantic (SAT) blocking events

The life-cycle of atmospheric blocking has been a widely
discussed topic in the literature, both from a dynamical
point of view, and of the synoptic-scale perturbations.
The composites presented in this section document the
activity of blocking in SAT sector, in austral summer
(DJF) and austral winter (JJA). Figures 3, 4, 5, 6 show the
anomalous patterns of potential vorticity (PV) at 200 hPa;

Table 2 Total number of

. . Seasons Winter Spring Autumn Summer

blocking events in EN (El
Niflo), LN (La Nifia) and Areas SEP SAT SEP SAT SEP SAT SEP SAT
Neutral years as a percentage,
and total number of events Neutral years (percentage) 6.49 6.7 154 13.2 9.3 20 16.6 0
per years for the Southeastern EN years (percentage) 62.3 44.5 66.7 48.7 65.5 45 66.8 41.7
Pamﬁ(‘j (SEP) and South LN years (percentage) 322 48.8 17.9 39.4 28.2 35 16.6 583
Atlantic (SAT) sectors

Total (per years) 2.08 1.21 1.06 1.03 0.87 1.08 033 032
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geopotential height (GH) at 500 hPa; relative vorticity
(RV) at 200 and 850 hPa and wind anomalies at 200 and
850 hPa.

Examining the PV, it is important to keep in mind that
upper-tropospheric and stratospheric PV patterns are asso-
ciated with many atmospheric flow phenomena. A char-
acteristic of blocking formation can be viewed as positive
upper-level PV anomalies that are linked to surface weather
patterns (Sprenger et al. 2007), which are associated to a
large-scale extended ridge; within a Rossby wave pattern
(Woollings et al. 2018). Additionally, PV is frequently con-
sidered in dynamics investigation of blocking (Bluestein
1993; Pelly and Hoskins 2003; Schwierz et al. 2004; Iwabe
2008). However, the ridge extension of the PV occurs within
3 days, associated with both planetary-scale waves and
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baroclinic waves in synoptic-scale weather systems (Wooll-
ings et al. 2018).

Upper—level PV positive perturbations can induce
upward/downward air motion in the middle and lower tropo-
sphere downstream/upstream of the perturbations (Hoskins
et al. 1985, 2003), and are associated with tropospheric
air intrusion in middle and high latitudes. Meanwhile the
negative PV anomalies are associated with the intrusion
of stratospheric air. Positive PV anomalies at high levels,
two days before onset ([t=t,-2]), seems to be an indicator
of blocking formation in both seasons (Fig. 3a, b). In fact,
PV increase, within the blocking region, interrupts the pre-
dominance of negative PV anomalies, found in a large part
of the SH. Moreover, in summer, negative PV anomalies
are identified in the south of South America (Fig. 3a). In
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Fig.4 As in Fig. 3 but with respect to composites for onset day [(t=t,)]

winter, another center de positive PV anomaly is found in
mid-latitudes (Fig. 3b).

Patterns similar to those found here were observed by
Mendes et al. (2019), whom observed distortions in the trop-
opause, characterized by tongues of anomalously high PV,
extending towards the equator, during atmospheric block-
ing action. It is worth noting that the positive PV anoma-
lies accompany the blocking anticyclone, and are relatively
smaller in winter (Fig. 3b), compared to those found in sum-
mer (Fig. 3a). Another important aspect is that the positive
(negative) PV anomalies at high levels are in phase with
positive (negative) GH anomalies at mid-levels. This process
favors the presence of positive GH anomalies, stretched in
a northwest—southeast (northeast—southwest) configuration,
two days before onset ([t=t,-2]) in SAT (Fig. 3a, b).

Thus, the configuration of PV anomalies at 200 hPa
seems to modulate, in part, the geopotential height field at
500 hPa into a distinctive shaped pattern of Omega-type (£2)
blocking studied by Marques and Rao (1999) and others. In
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both seasons, the anomalous anticyclone shows up meridion-
ally aligned with a low located on its northern flank, while
an extensive and stronger low is seen to the west. Due to its
horizontal dimensions, Omega blocking tends to be quite
persistent and cause flooding on the north-northeast flank
of the anticyclone (Mendes et al. 2005).

Furthermore, cyclonic centers (negative GH anomalies)
located to the west of the blocking high, in mid-latitudes
of the South Pacific, two days before onset ([(t=t,-2)]) are
accompanied by significant anomalous winds upstream
(Fig. 3a-d). This pattern is a result of the frequency of
transient systems that are displaced on the periphery of
the blocking anticyclone. This result corroborates those
obtained by Berbery and Nunez (1989) and Mendes et al.
(2005, 2008)).

Traditionally, the significant anomalous winds tend
to have higher magnitudes on the eastern flank and or
downstream of the blocking anticyclone (isentropic PV
gradient and positive GH anomalies). This last one favors
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Fig.5 As in Fig. 3 but with respect to composites for decay day [(t=ty)]

the splitting of the jet into two branches, one in the sub-
tropics, the subtropical jet (STJ), and the other one in
mid-latitudes, the sub-polar jet (SPJ). In summer, the sub-
tropical branch is indicated by the significant anomalous
west-southwesterly winds that accompany the low (nega-
tive GH anomalies) located to the north of the blocking
anticyclone. Furthermore, anomalous winds are seen over
the continent two days before onset [(t=t,-2)] (Fig. 3a, b).

Finally, in summer, centers of positive RV anomalies
(Fig. 3c) are found two days before onset [(t=t,-2)], being
in phase with the positive PV anomalies (Fig. 3a). It is
highlighted that the negative (positive) RV anomalies,
correspond to anomalous cyclonic (anticyclonic) circu-
lation in the Southern Hemisphere (SH). Also, two days
before onset ([t=t,-2]) anticyclonic RV associated with
the blocking high is located to the south of South America
(Fig. 3c, d). Anticyclonic RV (positive RV anomalies) seen
in the area of the blocking anticyclone, has the same sign
along the vertical, from high to low levels, indicating an
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equivalent barotropic condition of the blocking (Takaya
and Nakamura 2005).

Figure 4 shows the composites for onset day in summer
(a, b) and winter (c, d) over SAT. Observations have fre-
quently shown that blocking formation involves the inter-
action between planetary-scale waves, Rossby waves of
different wavelengths and local-scale waves (Austin 1980;
Marques and Rao 1999; Luo 2005). On onset day ([t=t,]),
positive PV anomalies are more pronounced (Fig. 4a, b),
with larger longitudinal/latitudinal extension, compared to
two days before (Fig. 3a, b). This result is in line with those
obtained by Hoskins et al. (1985) and Shutts (1983), who
analyzed the presence of an injection of equatorial low mag-
nitude PV air, during blocking activity.

In both seasons, the positive PV anomalies are north-
eastward displaced, being located on the tip of the South
American continent (Fig. 4a, b). The relatively strong PV
gradient between the blocking region and the north flank is
clearly visible during onset day ([t=t,]). Thus, meridional
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Fig.6 Asin Fig. 3 but with respect to composites for two days after decay [(t=ty,,)]

PV gradient is reversed with anticyclonic PV anomaly (posi-
tive values) on the poleward side and cyclonic anomaly (neg-
ative values) on the equatorial side. This situation is often
described and also pictured in Burkhardt and Lupo (2005).

Regarding, the positive GH anomalies on onset day
([t=t,]), it can be seen that they are better configured,
occupying considerably larger areas, with values equal to
or greater than 100 mgp (Fig. 4a, b). In summer, the posi-
tive center has a northwest-southeast configuration (Fig. 4a),
while in winter it shows a zonal configuration (Fig. 4b). In
both seasons, the positive center of GH anomalies is slightly
displaced north-eastward compared to two days before
onset (Fig. 3a, b), remaining in phase with the positive PV
anomalies.

On onset day [(t=t,)] the positive PV centers (Fig. 4a,
b), are more evident than two days before (Fig. 3a, b).
Moreover, the semi-stationary blocking in summer (winter)
causes changes in the usual trajectory of synoptic systems
(e.g.: extratropical cyclones, frontal systems, storm-tracks),
favoring negative GH anomalies and negative PV anomalies

in central Chile, central Argentina and Uruguay (central
Chile and west Argentina) (Fig. 4a, b). Anomalous winds
are seen over the continent in the South Atlantic Ocean
(Figs. 3 and 4). Analogously to Fig. 3c-d, the configura-
tion of the RV anomalies indicates the barotropic equivalent
condition of the blocking, in which positive RV anomalies
extend from high to low tropospheric levels over the block-
ing region. Additionally, a center of positive RV anomalies
has higher magnitude and larger area (Fig. 4c) in comparison
with two days before.

On decay day ([t=t,]), areas with positive PV anomalies
found in the blocking region are slightly displaced north-
eastward (eastward) in summer (winter) (Fig. 5a, b). This
eastward displacement tends to weaken the blocking itself,
by inducing a zonal narrowing of PV anomaly areas, while
maintaining their spatial scale. This is in agreement with
the previous work of Nakamura et al. (1997), whom already
noted an eastward shift of the low-PV center, concurrent
with the slow retrogression of the high pressure center once
blocking decay begins. This influences the transient systems
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in ways that preferentially intensify the low PV anomaly, and
also acts to maintain the block (Luo et al. 2014). It should
be noted also, that areas of negative PV anomalies increased
and intensified downstream of the blocking anticyclone over
time (Fig. 5a, b). Meanwhile, negative PV anomalies located
in south Brazil, Uruguay and Argentina are weaker and east-
ward displaced.

Moreover, on decay day ([t=td]), the center of positive
GH anomalies associated with the blocking anticyclone has
smaller area, in both seasons (Fig. 5a, b). Concerning the
magnitude, positive GH anomalies are unchanged in summer
(Fig. 5a), and weaker in winter (Fig. 5b). In turn, negative
GH anomalies are found in summer (winter) over central
Chile and central-western Argentina (extreme southern Bra-
zil, Uruguay, northeastern Argentina and eastward exten-
sion over the subtropical South Atlantic) (Fig. 5a, b). An
extensive and strong center is also seen over the subtropical
South Atlantic, in summer (Fig. 5a). In addition, positive
(negative) mid-tropospheric GH anomalies remain in phase
with positive (negative) upper tropospheric PV anomalies,
in both seasons (Fig. 5a, b). Finally, significant winds are
again seen over Brazil (Fig. 5b—d).

Note, however, that the positive RV centers increase in
area up to the decay day ([t=t4]) (Fig. 5c, d), while propa-
gating north-eastward, influencing the tip of the South
American continent. In turn, negative RV anomalies located
on the northern flank of the blocking anticyclone intensify
and extend zonally (Fig. 5c, d). In winter, positive RV anom-
alies at high and low levels shift slightly eastward (Fig. 5d),
while in summer there are no significant changes (Fig. 5c¢).
Cyclonic circulation (negative RV anomalies) is found
downstream from the Andes on decay day ([t=t,]) and, in
general, is associated with storm tracks (Mendes et al. 2007).
Therefore, the negative RV anomalies play an important
role in the formation and maintenance of the blocking itself
(Colucci 1985). In contrast, anticyclonic circulation (posi-
tive RV anomalies) is seen on the bottom left-hand corner
of the map.

Two days after decay ([t=ty+2]), in summer, the block-
ing high (positive GH anomalies), centered on the tip of the
South American continent, has its area and magnitude con-
siderably reduced, while the positive PV center is displaced
north-westward (Fig. 6a). Negative PV anomalies dominate
central-eastern Argentina, and the eastern flank of the block-
ing anticyclone, while negative PV and GH centers are in
phase downstream (Fig. 6a). In winter, the blocking high
and its associated positive PV anomalies are south-westward
displaced and considerably reduced longitudinally, but with
unchanged magnitude (Fig. 6b). The negative GH and PV
anomalous centers remain in phase and are slightly displaced
east-southeastward over the subtropical South Atlantic. Posi-
tive PV anomalies are identified over southeastern Brazil.
This particular pattern favors the southeastward shift of the
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band of negative PV anomalies, located in Chile, Argentina
and south Brazil.

The area occupied by the positive RV centers on two
days after decay ([t=t,+2]) is considerably reduced and
displaced south-westward, with the equivalent barotropic
structure hardly seen (Fig. 6¢c, d). However, while the sig-
nificant anomalous southerly winds, associated with the
blocking anticyclone, weaken, the west-southwesterly wind
located on the storm track area extends in southern South
America (Fig. 6a—d). This result corroborates with that
found by Adana and Colucci (2005), whom suggest that the
increase in anticyclonic flow, forced by the geostrophic rela-
tive vorticity, near the blocking region, contributes also for
block formation in some cases. Finally, positive (negative)
RV anomalies (Fig. 6¢, d) remain in phase with positive
(negative) GH anomalies at 500 hPa (Fig. 6a, b). This pro-
cess maintains the barotropic condition of the block which,
along with the feedback of transient eddies, are important for
maintaining the remnant of atmospheric blocking.

5 Atmospheric patterns associated
with Southeastern Pacific (SEP) blocking
events

Long-lasting blockings are frequently observed over the
Southeast Pacific (SEP), and are favored by the presence
of the Subtropical and Polar jets and transient disturbances
(Mendes et al. 2005). Another contribution to the formation
and maintenance of blockings in this sector is the amplifica-
tion of waves 1 and 3 (Marques 1996). In analogy with the
previous section, the focus here is the blocking activity in
SEP, in austral summer (DJF) and winter (JJA). Figure 7a-d
shows composites of GH anomalies at 500 hPa; PV anoma-
lies at 200 hPa; RV anomalies at 850-200 hPa and wind
anomalies at 200 and 850 hPa, for two days before onset
[(t=t,-2)].

A positive GH anomaly center (blocking high) is observed
in the Southeast Pacific, two days before onset [(t=t,-2)]
(Fig. 7a, b). It is worth noting that blocking appears as a
center of positive PV anomalies within a large area of nega-
tive values. Clearly, the positive PV anomalies indicate that
tropospheric air from low latitudes is being entrained into
higher latitudes, as observed by Hoskins et al. (1985) and
Shutts (1983) for blockings in the Northern Hemisphere. It is
still possible to note the presence of negative PV anomalies
in southern Chile and Argentina when blocking is estab-
lished in SEP. Again, note that the positive (negative) PV
anomalies, similarly to that observed on the SAT, are in
phase with positive (negative) GH anomalies.

Regarding the significant anomalous winds, the position
of the blocking high (anticyclonic circulation) seems to favor
intense south-southwesterly wind anomalies on its eastern
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Fig.7 As in Fig. 3 but with respect to composites in the Southeastern Pacific

flank and downstream, in both seasons (Fig. 7a, b). In sum-
mer, west-southwesterly winds are seen over Peru, Brazil
and nearby oceanic areas (Fig. 7a). In turn, the composites
of RV anomalies at 850-200 hPa (Fig. 7c, d) show that the
positive (negative) centers are in phase with the positive
(negative) GH centers in the middle troposphere, and also
with the PV centers in the high troposphere (Fig. 7a, b).
The barotropic condition can be confirmed by the presence
of a semi-stationary high (anticyclonic circulation), which
extends from 200 to 850 hPa. Overall, the temporal evolution
of the patterns in Fig. 7a—d resembles those in Fig. 5a—d, in
magnitude and extension.

Nevertheless, the anomalous wind patterns, in summer
months, are quite different in the upper troposphere, as
compared to the lower troposphere. Again, the barotropic
structure of the blocking is found in the form of a center of
positive RV anomalies that extends along the troposphere,
in the blocking region (Fig. 7¢c, d). The barotropic structure
of the blocking seems to be associated with transient eddy
forcing which, in turn, favors blocking development (Karoly
1983; Takaya and Nakamura 2005).

Similarly to that found for SAT, on onset day ([t=t,]), the
positive GH and PV anomalies become more pronounced
(Fig. 8a, b), with increased longitudinal/latitudinal exten-
sion, compared to two days before [(t=t.,-2)] (Fig. 7a, b).
The magnitude of the blocking high reaches 400 gpm, the
highest one throughout the life cycle. The center of positive
PV anomalies is surrounded by areas of negative anomalies,
which extend over large areas of both oceans. Such results
are coherent to some degree with those exposed by Hoskins
et al. (1985). Hoskins et al. (1985), analyzing the time evolu-
tion of blocking events over the NH, concluded that injection
of equatorial PV air into the blocking areas, is followed by
the passage of deflected transient synoptic weather systems.

Moreover, negative PV anomalies are observed over
central-southern (southern) Chile and Argentina, in sum-
mer (winter) (Fig. 8a, b). In turn, the pattern of negative GH
anomalies located to the north of the positive GH anomalies
indicates the prevalence of dipole-type blocking over SEP.
The positive RV areas are strengthened, covering a larger
longitudinal extension, and are flanked by smaller centers
with negative RV anomalies (Fig. 8c, d). In addition, the

@ Springer



M. C. D. Mendes et al.

8
@

@

§ AN

Al

N |

y

90 3

b A A
p—

TEOW 130 120 110W 100W OOW 8OW 7OW 60N SOW 40 3OW 208 10W O

WINTER (t=to)

SUMMER (t=to)

> > BN A™ 77
i T\ TN L
e L 1
[ E >y
EZ == S .\
R xR L
e LA !
& L SN
el ——=2"TF 11124 %}" 7‘5‘% » XA N
g 7
S il
6051 } \;_‘/4% Z 7 =1 - - >
- —— i -~ z >
A % <l 2733
708 SR N r%} ;.)z E /
aaaaaa;ﬂ"‘:g.—’__ |kt T 5
80517 7 AT 23> =T <= =y 7 7>
>’;17‘- | >>>> >
9%Fiow 130w 1204 110w 100w 90w 8O 70w 6w SoW  40W oW 20w iow o
()
[ | —
=25 -2 -15 -1 -05 05 1 1.5 2 25 20

(23 = N7 TG 2
wsi %7/74% ta Ay \ \j)"zf\)fz ’;>
yfv"[ ~ z
| TR

>
] i
| %ﬁ) o A
<2
= PR
\ o] Zi8
- =<
s = ——
A A
\ A
sow 70w 60w sOw 40w 30w 20W 10w
(b)
—
I
-2 -16 -12 -08 -04 04 08 1.2 1.6 2 20

1 - AT i > >
e OB qis
W o T J Nz a1 |
r‘,/ﬁ?\ 05 0.5 i f’“%y 71
aos) L <L SN el H ;\; $-5, 1
U L ij\~\\\\ Ll ]); ’J,\_?ZJ D
PR SN: o 1 4177 N
= S| ;gngil AT
-, /\\Q‘*w.: \\ 4"4) e~
\%P \ %L / ‘< ( >
oA 2 A
) ____;’,ﬁ /%%&-H;ﬁfﬁ >3 9
s P r
80s ‘.’P—\‘ — .—_13“4;-—
> P
QD‘S‘DW 130W 120W 110W 100W  90W B0W T0W 60w 50w 40w 30w 20w 10W
—— "
-25 -2 -15 -1 -05 05 1 15 2 25 20

Fig.8 As in Fig. 4 but with respect to composites in the Southeastern Pacific

position of the blocking anticyclone (anticyclonic circula-
tion) seems to favor intense southerly winds downstream
(Fig. 8a—d). In this way, the blocking anticyclone amplifies
the climatological meridional flow both upstream and down-
stream, keeping itself active. Finally, the centers of positive
GH anomalies at 500 hPa, also appear in phase with the
centers of positive PV anomalies, as found in SAT.

On decay day ([t=t4]), positive PV and GH anomalies
are still in phase in the blocking region, but eastward dis-
placed, particularly in winter (Fig. 9a, b). Areas of nega-
tive PV anomalies are better defined around the blocking
region, being coupled with larger and stronger centers of
negative GH anomalies, eastward of the blocking region
(Fig. 9a, b). Negative GH anomalies are also found in
the south of South America. Positive RV anomalies are
weaker and cover smaller areas, while centers of negative
RV anomalies are strengthened, and cover a significant
area northward and eastward of the blocking anticyclone
(Fig. 9c, d). Anomalies found in the equatorial flank,
that extend zonally favors the trajectory of the transient
systems in the extreme south of South America (storm
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tracks). Finally, wind and PV anomalies are also seen over
parts of South America and the South Atlantic, particu-
larly on decay day ([t=t4]) (Fig. 9a-d).

Two days after decay ([t=t;+2]), in summer, the block-
ing anticyclone and its associated positive PV anomalies
are weaker and westward displaced (Fig. 10a). Addition-
ally, the negative centers keep their magnitude and are
displaced eastward. In winter, the positive PV centers are
displaced southeastward, while the blocking anticyclone
becomes weaker (Fig. 10b). The positive PV anomalies, in
summer (winter), occur over Uruguay and central-eastern
Argentina (over Patagonia) (Fig. 10a, b). In summer, over
South America, negative PV anomalies are found south-
ward of 40°S. In winter, negative PV anomalies cover part
of the area southward of 30°S, approximately. The posi-
tive RV anomalies centers, in the blocking region, remain
extending throughout the troposphere, but are less intense,
while negative RV anomalies predominate, in summer
(Fig. 10c, d). Also, strong west-southwesterly winds indi-
cate a northward displaced subtropical jet, while over the
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Fig.9 Asin Fig. 5 but with respect to composites in the Southeastern Pacific

South Atlantic anomalous winds are associated with anti-
cyclonic circulations (Fig. 10a-d).

6 Summary and conclusions

This paper is a contribution to the understanding of block-
ing onset and decay in the Southern Hemisphere, from the
analysis of atmospheric patterns. The location of blocking
anticyclones is important since they have significant impacts
on the weather due to atypical meteorological conditions in
the South American continent. The major results concerning
the climatology are: 2)
(1) Blocking events are long-lasting and more frequent in

winter (June—July—August), weaker and scarce in sum-

mer (December—January—February). The maximum

activity of blocking in the winter months is followed

by the spring months (September—October—November),

which appears in second place in number of events

and blocking days, over SEP area. The autumn months

=
-05 05 1 1.5 2 2.5 20

(March—April-May) come in second place regarding
the number of events and blocking days, in the SAT
area. A total of 48% (33%) of the events occur in winter
and 6% (8%) in summer, in the SEP (SAT). The results
show that blocking duration is different for each season,
while blocking frequency is also different in Pacific
and Atlantic blockings. The mean duration of blocking
events varies between 5-8 (6-9) days over SAT (SEP)
sector, although there are blockings that last more than
20 days. Furthermore, it is found that a total of 28%
(13%) of the blocking events had duration longer than
10 days, over SEP (SAT);

The patterns in GH composites show predominance of
the Omega-type (dipole-type) blocking in SAT (SEP)
sectors. Negative GH anomalies are associated with
low pressure systems and depressions that move along
the periphery of the blocking anticyclone. Additionally,
the composites of GH anomalies in the middle tropo-
sphere give evidence that the Omega-type (dipole-type)
blocking is more frequent over the SAT (SEP) sector.

@ Springer
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Fig. 10 As in Fig. 6 but with respect to composites in the Southeastern Pacific

The long-lasting blocking is causally linked to the
500 hPa large amplitude of positive GH anomalies in the
blocking region, resulting from the presence of a semi-
stationary anomalous anticyclone. During blocking events,
the large-scale atmospheric patterns are modified, especially
over SEP. The main characteristics of the troposphere in
blockings established in SAT and SEP are:

(1) Two days before onset ([t=to-2]), there is an increase
in PV, which generates positive anomalies on the north-
east (inside) of the blocking region, in SAT (SEP). It is
worth noting that GH anomalies at 500 hPa show up in
phase with PV anomalies of the same sign at 200 hPa.
Furthermore, areas with positive RV anomalies are
found in the blocking region, confirming the presence
of an extensive anomalous anticyclonic circulation;

(2) On onset day ([t=to]), the centers of positive 500 hPa
GH and 200 hPa PV anomalies, located in the blocking
region, are intensified and their longitudinal extension
is increased. These positive PV anomalies, over the
blocking region, occur due to PV incursion towards

@ Springer

3)

the pole, which generates a tongue called “Rossby wave
breaking”. When the Rossby wave breaks towards the
pole and the latter lasts for several days, one can associ-
ate it with a strong blocking anticyclone (Gabriel and
Peters 2008).

Centers with negative PV anomalies are found
around the periphery of the anomalous anticyclone,
on South America and the South Atlantic, while sig-
nificant westerly and southeasterly winds are located
downstream of the blocking anticyclone. Furthermore,
positive RV anomalies extend from low to high tropo-
spheric levels, confirming the equivalent barotropic
condition found by Pook (1995), Marques (1996) and
Mendes et al. (2005), Mendes et al. (2008)). Therefore,
the presence of this condition, as well as the incursion
of PV towards the pole, seems to contribute to the for-
mation and maintenance of the blocking (Mendes et al.
2019).

On decay day ([t=t,4]), positive GH anomalies remain
on the blocking region, while negative RV and PV
anomalies become more extensive and elongated in the
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east—west direction. The negative RV and PV anoma-
lies are stronger on the eastern flank of the blocking
anticyclone, and extend over South America. Finally,
in both sectors, blockings tend to shift eastward from
decay. During this period, significant southerly winds
are still observed downstream of the blocking anticy-
clone. Finally, on decay day ([t=t4]) the blocking anti-
cyclone (anomalous anticyclonic circulation) becomes
weaker and gradually moves eastward.

(4) Two days after decay ([t=t;+2]), the positive RV and
PV anomalies practically disappear in the blocking
region. In contrast, negative PV anomalies are observed
in southern South America. It is noted also the pres-
ence of negative GH and RV anomalies associated
with transient systems (depressions and extratropical
cyclones), prevail around the blocking anticyclone.
During blocking events, the pattern of anticyclonic
circulation, associated with the blocking anticyclone,
is seen from the high to the low troposphere. Further-
more, the persistence of positive RV anomalies in the
area and throughout the blocking period confirms the
equivalent barotropic conditions in the blocking region
and adjacent areas.
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