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ABSTRACT: We analyze the seasonal evolution and trends of atmospheric blocking from 1979 to 2018 using a geopoten-
tial-height-based method over two domains, one located to the west (1508–908W, 508–708S) and the other over and to the
east (908–308W, 508–708S) of the Antarctic Peninsula. Spatial patterns of geopotential heights on days with blocking feature
well-defined ridge axes over and west of much of South America, and days with the most extreme blocking (above the 99th
percentile) showed upper-tropospheric ridge and cutoff low features that have been associated with extreme weather
patterns. Blocking days were found to be more frequent in the first half of the period (1979–98) than the second
(1999–2018) in all seasons in the west domain, whereas they seem to be more common over the eastern (peninsula) domain
in 1999–2018 for austral winter, spring, and autumn, although these differences were not statistically significant. West of
the Antarctic Peninsula, blocking days occur most frequently when the Antarctic Oscillation (AAO) is negative, whereas
they are more frequent over the peninsula when the AAO is positive. We propose that our blocking index can be used to
indicate atmospheric blocking affecting the Antarctic Peninsula, similar to how the Greenland blocking index has been
used to diagnose blocking, its trends, and impacts over the Arctic.
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1. Introduction

Blocked atmospheric flows can be identified by the appearance
of an upper-tropospheric ridge that deflects cyclones from their
usual storm tracks (Rex 1950a,b; Rasmusson and Wallace 1983;
Legras and Ghil 1985). Blocking often occurs when the jet stream
at middle and high latitudes develops meanders (Häkkinen et al.
2011); these meanders can be caused by splits in the jet stream
(Trenberth and Mo 1985; Wright 1994; Berrisford et al. 2007;
O’Kane et al. 2013) and both anticyclonic and cyclonic Rossby
wave breaking (Berrisford et al. 2007; Weijenborg et al. 2012;
Woollings et al. 2008). The equivalent-barotropic (Davini et al.
2021) circulations that typically result from atmospheric blocking
are linked to a shift in the state of the atmosphere from high to
low kinetic energy as the jet-stream-level circulation slows (Tyrlis
and Hoskins 2008), and that shift can even reverse typical midlati-
tude flow from westerly to easterly (Tibaldi and Molteni 1990;
Scherrer et al. 2006; Scaife et al. 2010) as tropospheric circulation
in blocked flows takes on an anomalous meridional character
(Barnes and Hartmann 2010).

Blocked atmospheric flows can have significant impacts on
surface weather. Blocking can trap an air mass equatorward of
an anticyclone (Häkkinen et al. 2011) for several days or even
weeks (Davini et al. 2021). These equatorward air mass intru-
sions can lead to severe droughts and heat waves in summer
(Black et al. 2004; Dole et al. 2011; Pfahl and Wernli 2012;

Schaller et al. 2018) and severe cold episodes in winter (Dole
and Gordon 1983; Hoskins and Sardeshmukh 1987; Sillmann
et al. 2011; Buehler et al. 2011). Blocking also transports mois-
ture poleward, and extreme flow blocking has been linked to
anomalous moisture transport into the Arctic high latitudes
(Barrett et al. 2020). Moisture transport in the high latitudes
has major consequences for surface ice mass balance (Mattingly
et al. 2018; Neff 2018), and thus blocking is also linked to impor-
tant elements of climate and climate change (Kennedy et al.
2016; Woollings et al. 2018; Nabizadeh et al. 2019).

Both Northern Hemisphere (Barriopedro et al. 2006) and
Southern Hemisphere blocking have been studied (Trenberth
and Mo 1985; Sinclair 1996; Berrisford et al. 2007; Wiedenmann
et al. 2002; de Lima Nascimento and Ambrizzi 2002; Patterson
et al. 2019). In the Northern Hemisphere, blocking extremes
occur in both winter and summer (Barrett et al. 2020). The clima-
tological maximum in Northern Hemisphere winter blocking
days tends to occur over the North Atlantic/western Europe and
North Pacific sectors (Häkkinen et al. 2011;Wachowicz et al.
2021); in summer, the maximum in Northern Hemisphere block-
ing tends to occur in eastern Europe and western Russia (Masato
et al. 2013). In the Southern Hemisphere, studies suggest there
are sectors where blocking tends to occur, but few studies have
explored either the seasonality or trends in blocking. Trenberth
and Mo (1985) found that Southern Hemisphere blocking tends
to occur preferentially in three sectors: New Zealand, south and
southeast of the Andes, and in the southern Indian Ocean. A
climatology by Sinclair (1996) shows that blocked anticyclones
in the Southern Hemisphere are more frequent in winter than
summer, and the climatological maximum in both winter and
summer seasons tends to cluster in the Western Hemisphere
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between 1808 and 908W and between 408 and 808S. Tibaldi et al.
(1994) noted that Southern Hemisphere blocking tends to be
“simpler” than Northern Hemisphere. They identified a single
broad zone of blocking from 1508E to 708W with two relative
maxima: one in an Australian sector from 1508E to 1508W and
another in an Andean sector from 1008 to 708W. Despite these
studies, seasonality and long-term (401 years) trends in Southern
Hemisphere blocking remain as open questions.

Recent work has connected blocking in the Australian sector
to significant societal impacts from drought and fires (Pook et al.
2013; Parker et al. 2014; Reeder et al. 2015). Over South
America, Rodrigues and Woollings (2017) found blocking
linked to anticyclonic wave breaking over subtropical South
America, and those blocking events were found associated with
extremes of temperature and precipitation. Given these impacts,
it is critical to understand and identify trends in atmospheric flow
blocking, and here we do so in the sectors surrounding the
Antarctic Peninsula. We focus here because this region is influ-
enced by baroclinic midlatitude systems, westerlies, and tropical
and extratropical quasi-stationary wave trains, which in turn can
lead to episodic regional circulation anomalies that are connected
to important changes in the Antarctic Peninsula surface climate
(e.g., Stammerjohn et al. 2008; Fogt et al. 2012; Clem and Fogt
2013; Turner et al. 2016; Yuan et al. 2018; Clem et al. 2021). We
thus focus on blocking in latitude belts that include the Antarctic
Peninsula, as surface pressure patterns there (particularly in the
Amundsen–Bellingshausen Sea and Weddell Sea) have been
linked to important sensible weather and cryospheric processes
in both Antarctica and South America (Hirasawa et al. 2013;
Hosking et al. 2013; Turner et al. 2016; Bozkurt et al. 2018;
Carrasco et al. 2021; Rondanelli et al. 2019).

Many quantitative metrics have been developed to identify
atmospheric flow blocking. Both hierarchical methods like spatial
clustering (Cheng and Wallace 1993) and nonhierarchical
methods like partitioning (Michelangeli et al. 1995) have
been used, along with nonlinear equilibrium (Vautard 1990)
and mixture-model methods (Smyth et al. 1999). Some of
the more popular operational metrics involve measures of
the strength of the westerly middle- and upper-tropospheric
flow (LejenÄs and Økland 1983; Pelly and Hoskins 2003)
and direction of the geopotential height (Tibaldi and Molteni
1990) and potential vorticity (Shutts 1986) gradients. Simpler
metrics have been created for the Northern Hemisphere, and
one of these, the Greenland blocking index (GBI) developed
by Fang (2004) and popularized by Hanna et al. (2013, 2014,
2015), has enjoyed widespread adoption because of its ease of
calculation, interpretation, and statistical associations with impact-
ful surface weather patterns (Hanna et al. 2013, 2014, 2015, 2018;
Barrett et al. 2020; Wachowicz et al. 2021).

In this study, two blocking indices extending across the
high-latitude Southern Hemisphere from 1508 to 308W are
developed by applying a method similar to that used to calcu-
late the GBI. The goal is to provide, for perhaps the first time,
simple metrics to capture blocking around southern South
America and Antarctica. The remainder of this article is orga-
nized as follows: the data and methods used to calculate the
blocking indices are presented in the next section. In the
results section, we compare our method with the more

sophisticated blocking index of Tibaldi (Tibaldi and Molteni
1990; Tibaldi et al. 1994) and show multidecadal trends and
seasonalities of blocking days detected by our indices. A dis-
cussion of implications of the metrics follows, and the article
ends with conclusions.

2. Data and methods

a. Data

We define blocking indices in two spatial domains (defined
below) using gridded data from the European Center for
Medium-Range Weather Forecasts (ECMWF) interim reanaly-
sis (ERA-Interim; Dee et al. (2011)) at 0.758 3 0.758 latitude–
longitude grid over the 40-yr period January 1979 to December
2018. For each day in the 40-yr period, we analyzed 1200 UTC
geopotential height at 500 hPa. We selected the ERA-Interim
reanalysis because it has been shown to yield overall good
results in capturing general circulation patterns and surface cli-
mate characteristics at higher latitudes in the Southern Hemi-
sphere (Bromwich et al. 2011; Bracegirdle 2013; Jones et al.
2016; Tang et al. 2018). We also compared mean geopotential
heights at 500 hPa between ERA-Interim and the more recent
ERA5 dataset in the region of analysis and found an almost
perfect match, supporting the use of ERA-Interim in this syn-
optic-scale study. In addition, our choice of ERA-Interim facili-
tates comparisons with previous studies using similar
resolutions (Gonzalez et al. 2018).

We also analyzed blocking using the methods of Tibaldi and
Molteni (1990) and Tibaldi et al. (1994) for the Southern Hemi-
sphere to place our definition of extreme blocking in context
with other studies on blocking. In addition, Gonzalez et al.
(2018) created a daily series of the atmospheric synoptic pat-
terns present each day in a domain around the Antarctic Penin-
sula from 1 January 1979 to 31 December 2016. They used a
cluster analysis and visual inspection to select the five synoptic
patterns that better represent the large-scale conditions over
the region. We use the daily time series from Gonzalez et al.
(2018) to examine the synoptic clusters present during blocking.
Finally, since atmospheric flow blocking is favored when the jet
stream is less zonal and weaker (Ndarana and Waugh 2011),
such as what occurs during the negative phase of the AAO
(Wallace 2000; Thompson and Wallace 2000), we also compare
blocking over our region of interest with the AAO for the
period 1979–2018. For that calculation, we used the daily values
of the NOAA Climate Prediction Center AAO index (Mo
2000).

b. Methods

A number of methods have been described in the literature
to define atmospheric blocking. A review of them can be
found in Woollings et al. (2018). As mentioned by Patterson
et al. (2019), most methods look for persistent positive geopo-
tential height or surface pressure anomalies, or they look at
persistent reversals of potential vorticity or geopotential
height gradients. In this study, we quantified blocking in two
different longitude–latitude domains of 608 3 208 in size: our
first domain is located to the west of the Antarctic Peninsula
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(1508–908W, 508–708S), and the second domain is located over
and to the east (908–308W, 508–708S) of the peninsula (Fig. 1a).
Note that we also compared a smaller domain (708–308W) to
examine blocking to the west and east of the Antarctic Peninsula.
We present the results of the larger domain here (which includes
the peninsula) because they were similar to the smaller one
located only to the east of the peninsula. We selected these two
domains to be consistent with previous studies on important syn-
optic characteristics of the region, such as pressure centers in the
Amundsen–Bellingshausen Sea and the Weddell Sea (King and
Turner 2009; Hosking et al. 2013; Oliva et al. 2017; Gonzalez et al.
2018; Bozkurt et al. 2020).

Given that internal variability of the regional atmospheric
circulation patterns around the Antarctic Peninsula can lead
to important decadal variability, we subdivide the 40-yr period
into two periods: 1979–98 and 1999–2018. For instance, recent
studies show that temperature records for the Antarctic Penin-
sula over the last three decades shifted from a warming trend
during 1979–97 to a cooling trend during 1999–2014 (Turner
et al. 2016; Oliva et al. 2017; Carrasco et al. 2021), and that shift
seems to be associated with more cyclonic conditions in the
northern Weddell Sea (Turner et al. 2016). In addition, a phase
change of the interdecadal Pacific oscillation from positive to

negative was observed in the late 1990s (Meehl et al. 2016), and
this could impact blocking over our domains. In addition to guid-
ance from the blocking climatologies of Sinclair (1996) and
Tibaldi et al. (1994), our choice of blocking regions considers the
analysis of Gonzalez et al. (2018). Gonzalez et al. (2018) identi-
fied the major synoptic patterns around the Antarctic Peninsula
using sea level pressure fields and cluster analysis over 458–758S,
1208–208W, and they found five dominant patterns: low over the
Weddell Sea (LWS), low over the Amundsen and Bellingshau-
sen Seas (LAB), low over the Drake Passage (LDP), zonal flow
over the Drake Passage (ZDP) and ridge over the Antarctic Pen-
insula (RAP). In this study, we place our blocking results within
the context of these five synoptic clusters.

Our blocking indices were created by calculating the mean
500-hPa geopotential height averaged over each spatial domain
(Figs. 1b,c), resulting in two daily time series of blocking, one for
each spatial domain. We defined “extreme blocking” as a day
when the mean 500-hPa height value was greater than the 90th
percentile value (P90), similar to the method that Barrett et al.
(2020) developed for Greenland. “Very extreme blocking” days
were defined when heights exceeded the 95th (P95) and 99th
(P99) percentiles, again following Barrett et al. (2020). Blue and
red vertical lines in Figs. 1b and 1c show the values of P90 (solid

FIG. 1. (a) Map showing the two domains (blue and red boxes) for which blocking was analyzed in this study. The
blue coloring for the domain 1508–908W, 508–708S and the red coloring for the domain 908–308W, 508–708S are the
same through the remainder of the figures. Also shown is the distribution of 500-hPa mean geopotential heights
averaged over the (b) 1508–908W and (c) 908–308W domains. Vertical lines in (b) and (c) show the values of 90th, 95th,
and 99th percentiles, as marked.

MAR Í N E T A L . 380515 JUNE 2022

Unauthenticated | Downloaded 09/12/23 12:52 AM UTC



lines), P95 (dashed lines), and P99 (dotted lines) of the geo-
potential height distributions for domains 1508–908W and
908–308W, respectively. Percentile thresholds were also cal-
culated separately for summer (December–February: DJF),
autumn (March–May: MAM), winter (June–August: JJA)
and spring (September–November: SON), and the total num-
ber of extreme and very extreme blocking days in each year
was obtained by adding the days in each season that exceeded
the respective threshold. We analyzed and contrasted the sea-
sonality and trends of P90, P95, and P99 blocking days for
both domains. Furthermore, we also analyzed the persistence
of blocking events of different duration, and here we tested
events with 21 and 41 consecutive days with geopotential
heights above the P90 and P95 (P99 behaved similarly to P95,
so it is not shown).

As stated in section 2, we compared our indices with the
blocking definition developed by Tibaldi and Molteni (1990)
and Tibaldi et al. (1994) for the Southern Hemisphere. The
Tibaldi blocking index (hereinafter TBI) determines whether
blocking is present along a particular line of longitude by ana-
lyzing the 500-hPa geopotential height gradient reversal
between 308 and 708S. If the height gradient reverses along a
longitude, that longitude line is classified as blocked by TBI.
Since we are analyzing blocking over two domains and not just
single longitude lines (Fig. 1a), we compared the number of
blocking days obtained by our method with those obtained
using TBI by varying the percentage of longitude lines in each
domain that needed to be marked as blocked according to TBI.

3. Results

In this section, we first compare our method with TBI.
Then, we present seasonality and trends of blocking days and
events. Last, we relate blocking with the AAO.

a. Comparison with TBI

Figures 2a and 2c show that the total number of blocking
days detected by the TBI method (dotted lines) was larger
than the number of P90 blocking days detected by our
method (solid lines) in both the 1508–908W and 908–308W
domains when 5% of domain longitudes were blocked
according to TBI (Figs. 2a,c). The differences between the
two methods are more pronounced over the 1508–908W
domain than the 908–308W domain (cf. Fig. 2a with Fig. 2c).
The agreement between the total number of blocking days
detected by TBI and our method (P90) increases when we
consider a greater fraction of longitudes blocked according
to TBI (Figs. 2b,d, when 20% of longitudes are blocked).
This makes sense, considering that a synoptic-scale blocking
pattern would tend to cover an extensive area, and we
consider blocking over 608 swaths.

As the number of longitude lines with TBI blocking increases,
the fraction of days with blocking in both our method and TBI
decreases (Table 1; Fig. 2). For example, 74.5% of days with P90
blocking in the western domain (1508–908W) also have TBI
blocking on at least 5% of longitude lines, but only 57.8% of
days with P90 blocking also have TBI blocking on 20% of longi-
tude lines (Table 1). That tendency is also seen at the P95 and

FIG. 2. Annual number of extreme blocking days (P90), the number of blocking days detected
by Tibaldi’s method (TBI), and the number of days that were detected by both our method and
Tibaldi’s method (TBI and P90) when (left) 5% and (right) 20% of domain longitudes in TBI
are blocked for (a),(b) the domain 1508–908W and (c),(d) the domain 908–308W between 1979
and 2018.
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P99 levels, as well as at all blocking thresholds (P90, P95, and
P99 and 5%, 10%, and 20%) in the eastern domain (908–308W).
The interannual variability in the number of days with extreme
blocking (P90) and the number of same days also detected with
TBI (when 5% of domain longitudes were blocked) also agree
well, even though our method tends to yield a slightly larger
number of days each year with extreme blocking (Figs. 2a,c).

Both the climatological and interannual agreements between
our method (P90, P95, and P99) and TBI for the number of
days detected by both methods appear to be weaker in the
eastern domain than in the western domain (Table 1; Fig. 2).
Nonetheless, the annual number of P90 blocking days is mod-
erately correlated (correlation coefficients ranging between
0.40 and 0.45) with the number of total days of TBI blocking
(using any of the longitude thresholds 5%, 10%, and 20%) in

the 1508–908W domain, whereas the interannual agreement is
even higher in the eastern domain (908–308W), with correlation
coefficients between 0.64 and 0.70.

The mean 500-hPa geopotential height field on days with
extreme blocking (P90, P95, and P99) is very similar to the
mean height field on days with TBI blocking (when 20% of
domain longitudes are blocked), for each domain (Fig. 3).
However, blocking days obtained from our method feature a
more intense ridge pattern than those in TBI. This is because our
method detects blocking when the largest geopotential heights
are present, whereas TBI could indicate blocking on days when
geopotential heights are not as high. The more intense ridge pat-
tern obtained by our method is most notable on the P99 days,
and on those days the ridge extends all the way from the southern
subtropics toward the Amundsen–Bellingshausen Sea (western

TABLE 1. Climatological (1979–2018) fraction of days that feature both P90, P95, and P99 blocking (from our method) and TBI
blocking, when 5%, 10%, and 20% of longitudes are blocked.

Region 1508–908W 908–308W

Percent of longitudes blocked according to TBI (%) 5 10 20 5 10 20
Days with P90 blocking that also have TBI blocking (%) 74.5 69.9 57.8 54.4 48.2 32.2
Days with P95 blocking that also have TBI blocking (%) 80.7 76.9 66.5 62.2 56.2 40.4
Days with P99 blocking that also have TBI blocking (%) 88.1 86.1 77.5 77.5 74.2 56.3

FIG. 3. Spatial distribution of mean 500-hPa geopotential heights averaged over all blocking days obtained from
(left) Tibaldi’s method (TBI, when 20% of domain longitudes are blocked) and from our method for (left center) P90,
(right center) P95, and (right) P99 for (a)–(d) the domain 1508–908Wand (e)–(h) the domain 908–308Wover the period
1979–2018.
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domain) and the Antarctic Peninsula (eastern domain)
(Figs. 3d,h). This difference in geopotential heights supports
our choice to refer to blocking in our index as extreme.

The mean height field differences between the methods
may be partly related to their definitions. For example,
Tibaldi et al. (1994) calculates blocking along each longitude
separately, whereas our method defines blocking when the
domain-averaged value is above a certain threshold (.90th,
95th, and 99th percentiles). In addition, TBI detects blocking
within the latitudinal range from 308 to 708S, whereas our
method analyzes a narrower latitudinal range (508–708S).

Overall, despite some differences between the methods, they
still show notable agreement. Furthermore, the simplicity of our
method supports its use in the analysis of blocking episodes near
the Antarctic Peninsula, similar to the applicability of the GBI
(Fang 2004), which has been used to analyze both long-term and
instantaneous blocking episodes over Greenland (Davini et al.
2012, 2014). Therefore, we present blocking obtained from our
method through the remainder of the results.

b. Seasonality and trends in blocking days

Figure 4 shows the interannual variability in the number of
days with P90, P95, and P99 blocking over each domain for
the period 1979–2018. Both domains exhibit large interannual
variability in blocking, with some years featuring many days
with blocking (up to 80) while some others featuring relatively
few (fewer than 10). Larger interannual variability of blocking
is evident over the 1508–908W domain than over the 908–308W
domain. In addition, individual years with many anomalous
blocking days (e.g., 1980, 1991, 1992, and 2002) tend to be
more frequent for the 1508–908W domain than for the
908–308W domain. This is in agreement with several previous
studies that have shown large geopotential height variability
(Renwick 2002; Ding et al. 2012; Raphael et al. 2016) and the
presence of persistent anticyclones in the 1508–908W domain
(Renwick 1998, 2005). When looking at annual changes in the
number of P90, P95, and P99 days, a Mann–Kendall test did
not show any statistically significant long-term trend in either

the 1508–908W or the 908–308W domain. The analysis of
trends by season is discussed below.

We determined the most frequent synoptic patterns associated
with P90 days in both domains using the daily synoptic classifica-
tion developed for the Antarctic Peninsula region by Gonzalez
et al. (2018). It is important to note that each blocking day corre-
sponds to only one synoptic pattern. Figure 5 shows that LWS,
corresponding to a ridge to the west of the Antarctic Peninsula
(Gonzalez et al. 2018, their Figs. 2 and 3), is the most frequent
synoptic configuration associated with days with P90 extreme
blocking in the 1508–908W domain during all seasons. The LWS
pattern is even more prominent in MAM, JJA, and SON
(Figs. 5b–d). In addition, LDP and ZDP are also related,
although less frequently, to blocking, corresponding to a
ridge farther to the west and northwest, respectively, of the
Antarctic Peninsula.

Gonzalez et al. (2018) found that all five synoptic patterns
presented a similar annual frequency of occurrence over their
38-yr period of study (1979–2016). However, they showed some
differences by season. The LDP was the most frequent pattern
to occur in DJF (28.9%), almost doubling the frequency of
occurrence shown by the LWS pattern in DJF (16.5%). Thus,
even though the LDP pattern occurs twice as often as the LWS
pattern in DJF (see their Table 1), blocking in the 1508–908W
domain is more common during the LWS synoptic pattern. On
the other hand, despite the LWS pattern occurring slightly
more often (23%) than the LDP pattern (17.5%) during JJA
(see their Table 1), almost all the ridging west of the Antarctic
Peninsula occurs during the LWS synoptic pattern in that sea-
son (Fig. 5c). Similar results were found for SON and MAM in
the 1508–908W domain, whereby blocking was most common
when a low pressure was located in the Weddell Sea (LWS
pattern).

FIG. 4. Interannual variability in the number of blocking days by
extremity of the blocking index above the 90th (P90), 95th (P95),
and 99th (P99) percentiles for the period 1979–2018 for (a) the
1508–908Wdomain and (b) the 908–308W domain.

FIG. 5. Total number of (a) DJF, (b) MAM, (c) JJA, and
(d) SON extreme blocking (P90) days (1979–2018) for the
1508–908W domain associated with each synoptic classification
developed by Gonzalez et al. (2018). The synoptic patterns are as
follows: low over the Weddell Sea (LWS), low over the Amundsen
and Bellingshausen Seas (LAB), low over the Drake Passage
(LDP), zonal flow over the Drake Passage (ZDP), and ridge over
the Antarctic Peninsula (RAP).
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The spatial distribution of seasonal mean 500-hPa geopotential
heights averaged over the P90 days associated with the ZDP,
LDP, and LWS patterns for the 1508–908W domain is shown in
Fig. 6. As previously mentioned, the three synoptic patterns are
associated with the presence of a midlevel ridge completely
(LWS) or partially (LDP and ZDP) covering the 1508–908W
domain during the eastward movement of midlevel troughs and
ridges through the region. Since a midlevel ridge completely
covers the domain during an LWS pattern, area-averaged geopo-
tential heights (values used in our indices) will be consistently
larger than those calculated when the other patterns are present,
resulting in more blocking days associated with the LWS over
the 1508–908W domain. Examples of the spatial distribution of
500-hPa geopotential heights for the P90 days with the highest
value in DJF and MAM over the 1508–908W domain, associated
with the LWS synoptic pattern, are shown in Figs. 7a and 7b,
respectively. They show a pronounced extratropical midtropo-
sphere ridge located over the western domain, bounded by mid-
troposphere lows to its northeast and northwest sides.

The same pattern analysis for the 908–308W domain shows
that RAP and LAB are the most frequent synoptic patterns
associated with extreme blocking (P90) in our eastern domain
(Fig. 8). Both of these synoptic patterns correspond to ridging
conditions over and to the east of the Antarctic Peninsula.

Blocking occurs more often over this domain during the RAP
synoptic pattern than the LAB synoptic pattern in DJF,
MAM, and JJA (Figs. 8a–c), whereas blocking is more fre-
quent during the LAB synoptic pattern in SON (Fig. 8d).
These results agree with Gonzalez et al. (2018) in terms of the
frequency of both synoptic patterns by season (see their Table 1).

Figure 9 shows the spatial distribution of seasonal mean
500-hPa geopotential heights averaged over the P90 days
associated with the RAP and LAB synoptic patterns for the
908–308W domain. The RAP and LAB patterns are associated
with midlevel ridges whose axes are located immediately to
the west and east of the Antarctic Peninsula, respectively.
Examples of the spatial distribution of 500-hPa geopotential
heights for the P90 days with the highest value over the
908–308W domain are associated with the RAP pattern in JJA
and with the LAB synoptic pattern in SON (Fig. 7). The
geopotential height distribution for JJA resembles a Rex
block pattern (Rex 1950a) in which a midlevel ridge is located
poleward of a midlevel low (Fig. 7c), whereas SON seems to
feature an omega block pattern (Fig. 7d).

As previously mentioned, internal variability of regional
atmospheric circulation patterns leads to important decadal
variabilities, particularly in the temperature field. For instance,
Bozkurt et al. (2020) showed that the recent cooling trend

FIG. 6. Spatial distribution of mean seasonal 500-hPa geopotential height for P90 days associated with (a)–(d) the low
over the Drake Passage (LDP) synoptic pattern, (e)–(h) the low over the Weddell Sea (LWS), and (i)–(l) the zonal
flow over the Drake Passage (ZDP) synoptic pattern over the 1508–908W domain for the period 1979–2018. The LDP,
LWS, and ZDP synoptic classification is developed by Gonzalez et al. (2018).
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over the Antarctic Peninsula (1999–2014) is dominated by a
notable summer cooling trend triggered by the strengthening
of the Weddell Sea low as well as trend toward more anticy-
clonic (northerly winds) over the Amundsen Sea (similar to
the 1508–908W domain in this work). Therefore, we first ana-
lyzed the changes in the mean 500-hPa geopotential heights
averaged over each domain between the 1979–98 and 1999–2018

periods using a Kolmogorov–Smirnov test. We then contrasted
differences between these subperiods with the long-term
(1979–2018) trend.

The distributions of daily mean geopotential heights from
1979–98 and 1999–2018 for the 1508–908W domain are statisti-
cally significantly different from each other. When we looked at
the distributions of geopotential height for those two 20-yr peri-
ods by season (Table 2), they were statistically significantly differ-
ent from each other in DJF, MAM, and JJA. The same analysis,
but for the 908–308W domain, only found statistically significant
differences in the geopotential height distributions for DJF.

We used a Mann–Kendall test to determine long-term
trends in the annual mean 500-hPa geopotential height, aver-
aged over the 1508–908W and 908–308W domains for the
period 1979–2018. We did not find statistically significant
trends for either of the domains. The p values of the Mann–Ken-
dall test calculated by season (Table 3) only showed a slight sta-
tistically significant decreasing trend for DJF over the 908–308W
domain for the period 1979–2018. Thus, the mean geopotential
height around the peninsula does not seem to exhibit statistically
significant trends over the period 1979–2018. However, we did
find significant differences between the first and second 20-yr
periods, and as we highlight below, we believe this is indicative of
multidecadal variability.

The frequency in the number of days with extreme blocking
(P90) by season shows changes from the first (1979–98) to the

FIG. 7. Spatial distribution of geopotential height for P90 days with the highest value in
(a) DJF and (b) MAM associated with the low over the Weddell Sea (LWS) synoptic pattern for
the 1508–908W domain for the period 1979–2018. (c) As in (a), but for JJA associated with the
ridge over the Antarctic Peninsula (RAP) for the 908–308W domain for the period 1979–2018.
(d) As in (c), but for SON associated with the low over the Amundsen and Bellingshausen Seas
(LAB) for the 908–308W domain for the period 1979–2018. The LWS, RAP, and LAB synoptic
classification is developed by Gonzalez et al. (2018).

FIG. 8. As in Fig. 5, but for number of days with extreme blocking
(P90) for the 908–308Wdomain.
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second period (1999–2018) in both domains (Figs. 10 and 11).
The number of days with blocking (P90) tends to decrease in
the 1999–2018 period during all seasons over the 1508–908W
domain, as can be seen in Table 4. The largest decreases occur
in MAM and JJA (Figs. 10b,c). On the other hand, DJF and
SON show little decrease, yet increases of the extremes in the
right tail (∼.5500 m) are indicated during the second period
(Figs. 10a,d). Note that, relative to the frequency of P90, the
frequency of very extreme blocking (P99) yields larger
increases in DJF and SON during the second period (see
Table 4). On the contrary, notable decreases in blocking are
evident in the right tail (∼.5450 m) during the second period
in MAM. In agreement with this signal, MAM and JJA also
exhibit the largest decrease in the frequency of days with very
extreme blocking (P99) during the second period (Table 4).
None of the changes in the number of days with extreme
blocking between the two 20-yr periods over the 1508–908W
domain was statistically significant (using a Kolmogorov–
Smirnov test).

Unlike the 1508–908W domain, the frequency of blocking
days over the 908–308W domain tends to decrease in DJF

during the second period, particularly toward the right tail
(∼.5400 m) (Fig. 11a and Table 5). At the P99 level, very
extreme blocking in DJF was 2.5 times more common in the
first two decades than in the last two (Table 5). In contrast
with DJF, days with blocking tend to be more common in
MMA, JJA, and SON in the second period than the first. In
particular, the frequency of days with the most extreme
blocking (P99) for MAM in the second period is about 2
times that in the first period (Table 5). Despite consistent
changes in the P90, P95, and P99 seasonal distributions
between both periods over the 908–308W domain, Kolmo-
gorov–Smirnov tests showed that they were not statistically
significant.

Variability in the frequency of blocking was also reported
by Wachowicz et al. (2021), who found meaningful trends in
blocking by season over the Northern Hemisphere and urged
that trends in blocking be considered by season and not in
yearly aggregates. Gonzalez et al. (2018) also found a positive
trend (significant at 95%) in the frequency of LAB patterns
in MAM, which is one of the two synoptic patterns associated
with ridging in the 908–308W domain. In our case, long-term
(1979–2018) trends (using a Mann–Kendall test) in blocking

FIG. 9. Spatial distribution of mean 500-hPa geopotential height for P90 days associated with the Ridge over the
Antarctic Peninsula (RAP) synoptic pattern over the 908–308W domain during (a) DJF, (b) MAM, (c) JJA, and
(d) SON and for 1979–2018. (e)–(h) As in (a)–(d), but for the low over the Amundsen and Bellingshausen Seas
(LAB) synoptic pattern. The RAP and LAB synoptic classification is developed by Gonzalez et al. (2018).

TABLE 2. The p values of the Kolmogorov–Smirnov tests
applied to the distributions of mean 500-hPa geopotential
heights for the 1979–98 and 1999–2018 periods and for both
domains of study.

Seasons 1508–908W 908–308W

DJF 0.016 9.36 3 10211

MAM 6.16 3 1027 0.43
JJA 0.013 0.64
SON 0.42 0.21

TABLE 3. The p values of the Mann–Kendall test to estimate
statistically significant trends in the annual number of blocking
days (P90) over the 1979–2018 period for both domains of study.

Seasons 1508–908W 908–308W

DJF 0.7 0.003
MAM 0.2 0.74
JJA 0.45 0.97
SON 0.4 0.65
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days were not statistically significant for any domain nor sea-
son of analysis.

c. Seasonality and trends in blocking events

As discussed by Woollings et al. (2018), objective methods can
determine local and instantaneous blocking conditions on
gridded fields. They use criteria for spatial extension, stationarity,
and persistence of blocking (usually around 4 days). In addition
to defining blocking using instantaneous values (P90, P95, and
P99), we also analyzed persistence of blocking events, here
defined as consecutive P90, P95, and P99 days.

We selected six groups of blocking events. The first three
groups comprise events with at least two consecutive days
with geopotential heights above the P90, P95, and P99 levels
(21 consecutive days), respectively; the last three groups
comprise events with at least four consecutive days with

heights above the P90, P95, and P99 levels (41 consecutive
days), respectively. It is important to note that the sample size
of blocking events with consecutive P99 days was small,
particularly for events with 41 consecutive days. Therefore,
the discussion of results is mostly focused on events with days
with consecutive blocking above P90 and P95.

As expected, the correlation between the annual number of
events of 21 and 41 consecutive days of blocking and the
annual number of days of extreme (P90) and very extreme
(P95) blocking is high over both domains (not shown). Over
and to the east of the Antarctic Peninsula (908–308W domain),
the correlation between the number of events of 41 consecu-
tive days of extreme blocking and the number of days of
blocking (P90) decreases a bit in comparison with events of
21 consecutive days. The latter could be related to the fact
that the RAP pattern shows a lower persistence of consecu-
tive days than LWS and LAB patterns (Table 2 in Gonzalez
et al. 2018) and most of the blocking days in the 908–308W
domain occur during the RAP pattern. The strong correlation
between instantaneous days of blocking and multiday block-
ing events in both domains support the use of P90, P95, and
P99 to characterize blocking episodes over the Antarctic Pen-
insula, despite those indices not considering blocking over
more than one day.

The number of events with 21 consecutive days of extreme
blocking (P90) changes from the first period (1979–98) to the sec-
ond (1999–2018) in both domains of this study (Figs. 12a,b). The
number of blocking events decreases in the second 20-yr period
for all seasons in the 1508–908W domain (Fig. 12a). This is in
agreement with the reduction in the number of days of extreme
blocking (P90) shown in Table 4. When the above analysis is
applied to P90 and P95 blocking events with 41 consecutive
days, the trends in the 1508–908W domain are similar to that of
blocking events with 21 consecutive days (Figs. 13a,c). In the

FIG. 10. Histogram of frequency of (a) DJF, (b) MAM, (c) JJA,
and (d) SON extreme blocking (P90) for the first (1979–98; dark blue)
and second (1999–2018; light blue) periods for the domain 1508–908W.

FIG. 11. Histogram of frequency of (a) DJF, (b) MAM, (c) JJA,
and (d) SON extreme blocking (P90) for the first (1979–98; dark
red) and second (1999–2018; light red) periods for the domain
908–308W.

TABLE 4. Percent of days with P90, P95, and P99 blocking
over the 1508–908W domain for the 1979–98 and 1999–2018
periods.

1979–98 1999–2018

Season percentile P90 P95 P99 P90 P95 P99

DJF 50.7 53.6 43.2 49.3 46.4 56.8
MAM 59.8 64.7 67.6 40.2 35.3 32.4
JJA 53.8 57.6 64.9 46.2 42.4 35.1
SON 51.6 45.6 32.4 48.4 54.4 67.6

TABLE 5. Percent of days with P90, P95, and P99 blocking
over the 908–308W domain for the 1979–98 and 1999–2018
periods.

1979–98 1999–2018

Season percentile P90 P95 P99 P90 P95 P99

DJF 54.6 59.7 70.3 45.4 40.3 29.7
MAM 45.9 44.0 32.4 54.1 56.0 67.6
JJA 47.6 47.3 37.8 52.4 52.7 62.2
SON 42.3 40.1 35.1 57.7 59.9 64.9
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908–308W domain, the trends in the number of 41 consecutive
days of blocking are similar to those in the number of 21 consec-
utive days of blocking (Figs. 13b,d). These differences, however,
could be related to multidecadal variability. Therefore, an in-
depth analysis needs to be further carried out to better under-
stand whether blocking events are becoming more frequent over
the 908–308W than those over the 1508–908W domain. In addi-
tion, since the number of P99 days shows the largest reduction in
DJF (see Table 5), the reduction in the number of blocking
events with 41 consecutive days in DJF may be associated with
a reduction of days with the most intense ridging.

d. Relation with the AAO

The AAO is a significant modulator of circulation in the mid-
dle and high southern latitudes (Gong and Wang 1999), so it is
important to test its relationship to blocking. Extreme (P90) and
very extreme (P95 and P99) blocking days in the 1508–908W
domain are much more likely on days with negative AAO than

when it is positive: 74.5% of P90 days, 80.2% of P95 days, and
86.8% of P99 days occur when the AAO is negative (Fig. 14a).
In the 908–308W domain, the relationship is reversed (although
not as strong), and blocking there is more frequent when the
AAO is positive: 57.4% of P90 days, 55.7% of P95 days, and
57.6% of P99 days occur when the AAO is positive. This rela-
tionship between the AAO and blocking to the south of South
America agrees with Damião Mendes and Cavalcanti (2014),
who found more instances of blocking in the southeastern Pacific
Ocean when the AAO was negative and in the South Atlantic
Ocean when the AAO was positive. Indeed, a negative AAO
increases the occurrences of the LWS and LDP patterns of
Gonzalez et al. (2018), and we found that for the 1508–908W
domain, blocking was most frequent during those two synoptic
patterns (Fig. 5). Similarly, a positive AAO increases the occur-
rence of the LAB pattern (but not the RAP one), and we found
greatest instances of blocking in the 908–308W domain during
the LAB and RAP patterns (Fig. 8).

Variations in the phase of the AAO can influence pressure
anomalies, which in turn lead to deepening of cyclonic
systems and the development of blocking patterns. More
frequent blocking days in the 1508–908W domain during the
negative phase of AAO is consistent with Turner et al.
(2013b), who examined monthly trends in the absolute depth
and location of the Amundsen Sea low and highlighted a

FIG. 12. Number of events defined as 21 consecutive days of
(a),(b) extreme blocking (P90) and (c),(d) very extreme blocking
(P95) by season for the periods 1979–98 and 1999–2018 for the
(left) 1508–908W and (right) 908–308W domains.

FIG. 13. As in Fig. 12, but for events of 41 consecutive days.

FIG. 14. Occurrences of extreme blocking (P90, P95, and P99) by
value of the Antarctic Oscillation index for the (a) 1508–908W and
(b) 908–308W domains, from 1979 to 2018.
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weakening trend in the Amundsen Sea low that appeared to be
linked with the negative AAO. Emanuelsson et al. (2018) found
the greatest geopotential height variability linked to the AAO in
the Amundsen–Bellingshausen Sea, which corresponds to our
western domain (1508–908W), thus helping to explain why the
link between the AAO and blocking was stronger in that domain
than in the eastern one (908–308W). This agrees well with the
work of Fogt et al. (2012), who studied trends in zonal asymme-
tries in the AAO, and here, the zonal AAO asymmetries could
be placed where blocking is more likely to occur. They noted that
zonal asymmetries in the AAO were most common in austral
winter and spring and found that temperature variations in the
Antarctic Peninsula are strongly tied to these asymmetries. They
finally note that the asymmetries in the AAO were linked to the
El Niño–Southern Oscillation (ENSO); the possible connections
between blocking around the Antarctic Peninsula and ENSO are
left for a further study.

Rather than simultaneous synoptic patterns, global and hemi-
spheric modes of atmospheric teleconnection patterns can also
have a considerable influence on regional circulation patterns.
In this respect, tropical sea surface temperature and convection
variability can create a wave source in the subtropics that
excites quasi-stationary wave trains traveling poleward, which
in turn can lead to major changes in regional circulation pat-
terns around the Antarctic Peninsula (Yuan et al. 2018; Goyal
et al. 2021). For instance, Rossby wave trains emanating from
the central Pacific Ocean during El Niño and Madden–Julian
oscillation events can lead to anomalous high sea level pressure
and increased blocking patterns across the southeast Pacific and
Antarctic Peninsula (Yuan and Martinson 2001; Steig et al.
2012; Yuan et al. 2018; Rondanelli et al. 2019).

4. Discussion and conclusions

In this study, we analyze atmospheric blocking patterns using a
method of 500-hPa geopotential heights exceeding the 90th, 95th,
and 99th percentiles. The analysis was conducted using data from
the ERA-Interim reanalysis over two quasi-rectangular regions
to the south of South America and north of Antarctica, bounded
by latitudes 508–708S, and longitudes 1508–908W (western
domain) and 908–308W (eastern domain) (Fig. 1a). We compared
our method with a more sophisticated hemispheric-scale blocking
index (Tibaldi and Molteni 1990; Tibaldi et al. 1994). Overall,
despite some differences, our method has notable agreement
with that of Tibaldi, thus allowing for simplicity in the analysis of
extreme blocking around the Antarctic Peninsula. It is important
to note that while the method used to calculate the blocking indi-
ces in this study is mathematically simple, the physical processes
involved in blocking are often complex.

Blocking west of the Antarctic Peninsula (1508–908W domain)
occurs mainly in association with a low over the Weddell Sea
(LWS) (Gonzalez et al. 2018). That synoptic situation corre-
sponds to anticyclonic conditions over the 1508–908W domain.
Over this region, blocking also occurs most frequently when the
AAO is negative. Over and to the east of the Antarctic Peninsula
(908–308W domain), a low over the Amundsen and Bellingshau-
sen Seas (LAB) and a ridge over the Antarctic Peninsula (RAP)
are the synoptic conditions (adopted from Gonzalez et al. 2018)

more frequently associated with blocking. Over this region,
blocking is more frequent when the AAO is positive. Given the
potential linkage between some episodic extreme meteorological
events and blocking patterns around the Antarctic Peninsula
(e.g., Bozkurt et al. 2018; Rondanelli et al. 2019), these results
may be useful in understanding extreme events in and around
the peninsula.

Mean 500-hPa geopotential heights were statistically signifi-
cantly different (using a Kolmogorov–Smirnov test) between
1979–98 and 1999–2018 in several seasons in both domains.
However, because long-term trends over the 40-yr (1979–2018)
period (using a Mann–Kendall test) were not statistically signif-
icant (except for a small trend in DJF in the 908–308Wdomain),
we believe this is evidence of multidecadal variability in geopo-
tential heights around the Antarctic Peninsula.

The number of days with blocking above the 90th percentile
(P90) decreased from the 1979–98 to the 1999–2018 period
during all seasons over the 1508–908W domain, although this
decrease was not statistically significant. The frequency of
extreme blocking over the eastern domain (908–308W) decreased
in DJF in the second 20-yr period relative to the first, particularly
for the most extreme cases (however, not statistically significant).
This agrees with a statistically significant negative long-term
trend (using a Mann–Kendall test) in the mean geopotential
height over the 908–308W domain. On the other hand, blocking
in the eastern domain is more common from 1999 to 2018 than
from 1979 to 1998 during the rest of the year, although these
changes neither are statistically significant. In addition, long-term
(1979–2018) trends in the number of blocking days were not
statistically significant for any domain nor season of analysis.
Due to the lack of statistical significance, a more in-depth analysis
would be needed to better determine whether blocking days or
events in the region are associated with multidecadal variability.
Possible causes for the observed differences may also include
temperature changes within the column affecting geopotential
height and changes in the synoptic flow. Finally, it is important to
mention that these changes in blocking days may be dependent
on the gridded product, the period and region of analysis, and
the index used (Barnes et al. 2014; Horton et al. 2015; Hanna
et al. 2016; Woollings et al. 2018).

Recent studies have found a temperature decrease in the Ant-
arctic Peninsula from the middle of the 1990s to the second half
of 2010s (Gonzalez and Fortuny 2018; Jones et al. 2019; Turner
et al. 2016; Bozkurt et al. 2020). This cooling was most pro-
nounced in DJF and also statistically significant. In this study, we
found a decrease in the number of blocking days in DJF for the
eastern domain, although it was not statistically significant. In
parallel to our findings, an increase of cyclonic circulations over
and to the east of the peninsula (similar to our eastern domain)
was found to trigger cold air advection from the continent to the
peninsula (Turner et al. 2016). A work is currently under way to
investigate the possible link between a decrease in blocking days
in the 908–308W domain and the temperature decrease in the
peninsula in recent decades.

Variability in the frequency of days with extreme blocking
and multiday blocking events showed similar results. For this
reason, we propose that our extreme blocking index can be
used to indicate and analyze atmospheric blocking affecting
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Southern Hemisphere regions around the Antarctic Peninsula,
similar to how the Greenland Blocking Index has been used to
diagnose blocking, its impacts, and its trends in the North Atlantic
sector of the Arctic. Impacts on moisture transport and surface
climate patterns may depend on whether blocking occurs to the
west or to the east of the Antarctic Peninsula. Current work is
under way to assess the seasonal and annual influences of extreme
blocking patterns depicted in this study on the surface climate of
the Antarctic Peninsula.

More research is needed to assess whether global climate
models are able to capture extreme blocking patterns over the
Antarctic Peninsula. For example, global climate models can
contain persistent systematic errors in the present climate and
future projections over the West Antarctica and Antarctic Pen-
insula, mostly controlled by large-scale features and sea ice
feedbacks (e.g., Turner et al. 2013a; Wilson et al. 2016; Marshall
et al. 2017). Moreover, synoptic-scale patterns such as anticy-
clonic and cyclonic conditions over the Antarctic Peninsula can
lead to important model-to-model differences in climate change
projections (Bozkurt et al. 2021). Additional studies are needed
to further investigate this possibility.
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