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Abstract

Based on three daily reanalysis datasets for the period from 1958 to 2023, this study details the climatology of high-ampli-
tude wave breaking (WB) events with blocking flow configurations over the extratropical Southern Hemisphere (SH). A
given event is classified as a WB blocking high (WBBH) or blocking low (WBBL) event, depending on the polarity of the
primary height anomaly center. Furthermore, these events are classified as an eastwards (E) type or westwards (W) type
according to the longitudinal movement of the primary potential vorticity center. Both WBBH and WBBL occurrences
are predominantly E-types. Specifically, E-type WBBH events are more frequent over the South Pacific and adjacent
regions, such as the southeast Indian Ocean and southwest Atlantic. In contrast, E-type WBBL events tend to occur over
the 45°S-60°S latitudinal band. On the other hand, W-type events are more likely to occur over the Antarctic continent.
The distribution frequency of WB events is closely associated with the climatological mean flow, but no evident seasonal
preference for their occurrence regions is observed. The composite results at several representative locations demonstrate
a robust relationship between the anomalous potential vorticity flux at the primary potential vorticity center and the con-
vergence/divergence of the wave-activity flux, reinforcing the understanding of the dynamics underlying these events.
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1 Introduction correspond to different underlying dynamics and exert dif-

ferent influences, WB and its morphology have been the

Wave breaking (WB) of Rossby waves is generally pro-
posed from a morphology perspective, i.e., the irreversible
deformation of material contours. Considering that material
contours can deform in different configurations, WB is clas-
sified into anticyclonic or cyclonic orientations under the
dominance of high- or low-pressure systems (Thorncroft
et al. 1993; Peters and Waugh 1996; Tyrlis and Hoskins
2008; Masato et al. 2012). Since different types of WB may
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subject of many studies.

Pelly and Hoskins (2003) developed a WB index by cal-
culating the macroscale meridional gradient of potential
temperature around a reference latitude on the 2 PVU sur-
face, which is regarded as the dynamical tropopause in the
Northern Hemisphere (NH). Once the meridional gradient
becomes poleward, the WB is considered to occur instanta-
neously and locally. The WB detected by the “PV-6” method
is hereafter referred to as morphological WB. According to
the folded orientation of PV or € contours at the tropopause,
early studies classified the morphological WB into anticy-
clonic and cyclonic types based on (1) the zonal gradient
direction of # (Masato et al. 2012), (2) the relative locations
of the grid points along particular PV contours (Martius et
al. 2007; Strong and Magnusdottir 2008; Riviere et al. 2010;
Weijenborg et al. 2012), or (3) the direction of meridional
wave-activity flux (Gabriel and Peters 2008; Ndarana and
Waugh 2011).

Pelly and Hoskins (2003) were the first to propose that
the morphological WB index can be used to detect blocking
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episodes if constraints on the spatial scale and temporal per-
sistence are added to the morphological WB index. Although
the robustness of the relationship between morphological
WB and blocking has been questioned by several observa-
tional studies (Schwierz et al. 2004; Altenhoff et al. 2008;
Small et al. 2014), the climatology of blocking and WB epi-
sodes, detected by the “PV-6" method, has been obtained for
the NH (Tyrlis and Hoskins 2008; Gabriel and Peters 2008;
Masato et al. 2013) and the SH (Berrisford et al. 2007; Nda-
rana and Waugh 2011).

Early studies have explored SH blockings or persistent
anomalies from many perspectives. For example, blocking
or persistent anomalies are prevalent over the South Pacific
in austral winter (Trenberth and Mo 1985; Sinclair 1996;
Renwick 2005; Berrisford et al. 2007; Liu et al. 2017); in
austral summer, their maximum frequency appears over the
West Pacific (Trenberth and Mo 1985; Renwick 2005; Ber-
risford et al. 2007). In terms of morphology, SH WB events
can be divided into two broad types, i.c., anticyclonic and
cyclonic, while there is no significant difference between
different WBs in terms of equatorward or poleward PV
intrusion (Ndarana and Waugh 2011). For external forcings,
the El Niflo—Southern Oscillation (Wiedenmann et al. 2002;
Renwick 2005), Antarctic Sea Ice (Carpenedo and Ambrizzi
2022) and diabatic heating associated with deepening sur-
face cyclones (Tilly et al. 2008) may play essential roles
in modulating the variability or formation of SH blockings.

In contrast to the morphology perspective used in the
abovementioned studies, some studies have proposed WB
from a wave-activity perspective. Nakamura (1994) was the
first to interpret the WB of Rossby wave trains as a dynamic
process of wave activity, i.e., the accumulation and release
of wave activity, as indicated by the convergence and diver-
gence of wave-activity flux, respectively. This dynamic pro-
cess of wave activity is evident in the evolution of the NH
blocking highs but with some geographic and/or seasonal
preferences (Nakamura et al. 1997; Nakamura and Fukama-
chi 2004; Takaya and Nakamura 2005; Wolf et al. 2018).
In fact, the convergence/divergence of wave-activity fluxes
is usually associated with anomalous potential vorticity
(PV) fluxes (Holton 2004). Motivated by these results, we
recently proposed a new detection scheme for WB events by
using anomalous PV flux (Shi and Nakamura 2021; SN21
hereafter). Moreover, the composite analysis confirmed the
consistency between the anomalous PV flux and the conver-
gence/divergence of the wave-activity flux of quasi-station-
ary Rossby wave trains for the NH winter WB events.

Note that the WB or propagation of quasi-stationary
Rossby wave trains has been documented in earlier stud-
ies on SH blocking. For example, the formation of austral
spring and summer blockings (Renwick and Revell 1999) or
a winter blocking event (Nishii and Nakamura 2004) over
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the Southeast Pacific is associated with the WB of Rossby
wave trains across the South Pacific. Apart from the South-
east Pacific, Hirasawa et al. (2000) reported that the ampli-
fication of blocking ridges over the interior of the eastern
Antarctic continent in July 1997 was also associated with
the WB of Rossby wave trains. However, we cannot con-
clude from these case studies that the WB of Rossby waves
is generally important for the formation of blocking epi-
sodes over the SH. There is a lack of systematic analysis of
SH WB events.

As a companion paper of SN21, this paper explores SH
WB events from a wave-activity perspective. The remainder
of this paper is organized as follows. After briefly describ-
ing our data and detection algorithms for WB events in
Sect. 2, the results on the evolution of different types of SH
WB events are given in Sect. 3. In Sect. 4, the influences of
transient eddy feedback forcing and long-term variations in
the occurrence frequency of WB events are discussed. The
final section provides a summary.

2 Data and methods
2.1 Data

The long-term dataset used in this study was obtained from
three reanalysis datasets, i.e., the Japanese 55-year Reanal-
ysis (JRASS, Kobayashi et al. 2015), the fifth generation
ECMWEF reanalysis (ERAS, Hersbach et al. 2020) and the
National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR, Kalnay et
al. 1996). All three reanalysis datasets are available globally
on a regular longitude/latitude grid. The horizonal resolu-
tions of the JRASS, ERAS and NCEP/NCAR datasets used
in the present study are 1.25°, 2.0° and 2.5°, respectively.
Although both the ERAS and NCEP/NCAR datasets pro-
vided longer time series, e.g., from 1940 to the present, only
the common period among the three datasets from 1958 to
2023 was analysed. Overall, the results are similar among
these three datasets. Therefore, only the results from the
JRASS are shown here. Parts of the results from the two
other datasets are primarily provided in the Supplementary
Material file.

The present study analysed the WB events for the austral
spring (September—November, SON), summer (December—
February, DJF), autumn (March-May, MAM) and winter
(June—August, JJA). The following meteorological fields
were used: (1) geopotential height, air temperature and wind
velocity on isobaric surfaces and (2) PV and wind veloc-
ity on the 320 K isentropic surface. The 320 K isentropic
surface is close to the upper troposphere/lower stratosphere
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in the SH mid- and high latitudes throughout the year (not
shown).

To focus on the low-frequency circulation associated
with quasi-stationary Rossby wave trains, low-pass filtering
is first applied to every meteorological field to remove high-
frequency fluctuations associated with migratory transient
disturbances with periods shorter than 8 days. Note that we
also evaluated the feedback forcing of high-frequency dis-
turbances on low-frequency fluctuations, which is discussed
in Sect. 4.1.

Several studies have revealed a discontinuity around
1979 (Kidson 1999; Berrisford et al. 2007) and a long-term
trend (Thompson and Solomon 2002; Renwick and Revell
1999) over the mid- and high-latitude SH in the reanaly-
ses. Although observational data for the SH before 1979 are
sparse, the reanalyses still provide us with the best estimates
of the state of the global atmosphere and dynamically con-
sistent syntheses of available global observations. In addi-
tion, there is a notable problem in the observational data
over the SH from the late 1970s through the early 1990s
(Seaman and Hart 2003), which may affect the accuracy of
the reanalysis data. To minimize the potential influences of
discontinuities, long-term variations or data quality prob-
lems, the climatological annual cycle for a given calendar
date is calculated by a 31-day centred averaging of the
21-year daily climatology. The 21-yr running-mean clima-
tology can make the latest period independent of the early
period, which is important for circulation anomaly analysis.
A local anomaly of a given variable on a particular date is
then obtained by subtracting the climatological-mean annual
cycle from its instantaneous low-frequency value. In the fol-
lowing text, the symbol prime indicates the low-frequency
anomaly. The local standard deviation for a particular cal-
endar date was obtained through a temporal sequence of 31

Fig. 1 Schematic of the detec-
tion scheme for a high-amplitude
wave breaking event with a

days/year X 21 years=651 days, where the annual 31-day
sequence was centred on that particular day and the 21-year
sequence centred on that particular year.

This study used the same shifting procedure as that
employed in Nakamura et al. (1997) and SN21, which
rotates a field along a great circle from a “target point” to the
corresponding “reference point”. Such a shifting procedure
can enhance the significance of composited local anomalies
without causing any serious loss of geographical identity
in the composited signatures. The definitions of both “tar-
get point” and “reference point” are given in Sect. 3.4. The
significance of the composite analysis was assessed via the
two-tailed 7 test. In the case of overoptimism in the signifi-
cance tests over two-dimensional space, the false discov-
ery rate (Wilks 2016) with the control level oppr=0.05 is
applied.

2.2 Detection scheme

As in SN21, the current study focuses on only those WB
events that are characterized by (1) high amplitude, (2) WB
from the wave-activity perspective and (3) blocking con-
figurations. Both absolute and departure fields were used to
identify high-amplitude WB events with blocking configu-
rations, which was motivated by Barriopedro et al. (2010)
and Dunn-Sigouin et al. (2013), who combined conventional
total and departure approaches. A brief description of the
detection scheme for WB events is provided here (Fig. 1).
A high amplitude is satisfied if the amplitude of the local
height anomalies at 300 hPa (7’ for brevity) is larger than
its local one standard deviation. Then, according to the
positive or negative sign of 7/, the high-amplitude events
poleward of 40°S are classified into two categories: high-
pressure and low-pressure events. Note that these two types

a high-amplitude high-pressure wave breaking event
with blocking high configuration

AL

blocking high configuration =

(a) high amplitude

primary Z’ center:
Z’ at 300 hPa on the peak
day = 1 STD

peak day: Z’ at 300 hPa is
largest within 1500 km
during a 3-day period
centered at that day

Z’ between two adjacent
days must be less than
1500 km apart

(c) blocking flow

(b) wave breaking configumation

primary PV’ center:
local maximum ¢’ at 320 K
within 1500 km of the
primary Z’ center at 300
hPa on the peak day

primary PV’ center is traced
both forward and backward
in time

Vg’ at primary PV’ center
changes its sign from - to +
during a 7-day period
centered at the peak day

local maximum of low-
frequency total Z at 500
hPa is detected within 1500
km of primary Z’ center
during a 3-day period
centered at the peak day
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are analogous to the “warm” and “cold” types of morpho-
logical WB, which are classified by Masato et al. (2012)
according to the 8 anomalies at the tropopause with respect
to the climatological mean.

A high-pressure event is taken as an example to explic-
itly demonstrate the following identification algorithm. The
peak day of a high-amplitude high-pressure event is identi-
fied if the local maximum of 7’ is the largest over the region
within 1500 km of the Z’ center during a 3-day period
centered at that peak day. The Z’centre on the peak day is
referred to as the primary 7’ centre. The primary 7’ center
was then traced backwards and forward in time to identify
the start and end days. The start day is when the 7’ value
first exceeds e~ ! (~0.368) times the primary 27’ value at the
peak day, and the end day is when it falls below this thresh-
old for the last time. Considering the quasi-stationarity of
large-amplitude disturbances, the 7’ centers between two
adjacent days must be less than 1500 km apart, and the 7’
centers on any given day should be within 2500 km of the
primary 7’ center on the peak day.

Theoretically, the divergence of the wave-activity flux
V - F' is associated with the PV flux n - u/¢’ (Takaya and
Nakamura 2001), where n denotes the local unit vector in
the direction of the background PV gradient, u’ = (u/,v’)
is the small-amplitude wind anomaly superimposed on a
steady zonally inhomogeneous background flow and ¢ is
the PV anomaly. In the present study, n - u’ is simplified
as ¢T, which represents the component of the wind veloc-
ity anomaly perpendicular to the local climatological-mean
flow. In other words, the local wind velocity anomaly
u’ = (u/,v') in the longitude-latitude coordinate is trans-
formed to f in the new coordinate system, in which the
X-axis and Y-axis are parallel and perpendicular to the
climatological-mean flow, respectively. Accrodingly, at the
primary anomalous PV center for the blocking high, nega-
tive PV flux corresponds to the net convergence of wave-
activity flux and the net accumulation of wave activity into
a developing blocking ridge, zero PV flux indicates satura-
tion around its peak day, and positive PV flux corresponds
to downstream release of accumulated wave activity out of
the decaying blocking ridge (Nakamura 1994; Nakamura
et al. 1997; Nakamura and Fukamachi 2004). Based on the
aforementioned knowledge, the WB feature is identified if
the PV flux v'¢' at the primary anomalous PV center on
the 320 K isentropic surface shifts its sign from negative to
positive during the 7-day period centered at the peak day
of a given high-amplitude event. For each high-amplitude
high-pressure event, the center of the primary positive PV
anomaly center on the 320 K isentropic surface is identified
within the horizontal region within 1500 km of the positive
Z’ center on the peak day. The primary positive PV anomaly
center is traced both forward and backward in time. The
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distance between the primary PV anomaly centers on two
adjacent days must be less than 1500 km.

The blocking flow configuration for a high-amplitude
high-pressure WB event is considered to emerge if a local
maximum in the low-pass-filtered fofal 500 hPa height
field is detected within 1500 km of the primary Z’ center
in the 3-day period centered at the peak day (Nishii et al.
2011). In the following, a high-amplitude high-pressure WB
event with a blocking flow configuration is referred to as a
WBBH event. Analogously, a WBBL event refers to a high-
amplitude low-pressure WB event with a blocking flow con-
figuration in which a local minimum of the low-frequency
500 hPa height is detected.

Considering that different types of blocking exhibit dis-
tinct features in the zonal movement of the primary PV
center (Tyrlis and Hoskins 2008; Masato et al. 2012), both
the WBBH events and WBBL events are further classified
according to the zonal movement of the primary PV anom-
aly center from day —3 to day 3, i.e., A\ = Aday3 — Aday3
. A is the longitude of the primary PV anomaly center. A
WB event is regarded as the eastward (E) type if A\ > 10°
. In contrast, it is regarded as the westward (W) type if
AN < —10°. The rest is referred to as the stationary type.
We confirmed that the classification results are qualitatively
unchanged if the other threshold values for A) around
10° and other period lengths, such as 5 days (from day 2 to
day —2) and 9 days (from day 4 to day —4), are set. Since
the stationary type is rare for both the WBBH and WBBL
events, the present study only focuses on the E and W types.

2.3 Wave-activity flux

The phase-independent wave-activity flux (Takaya and
Nakamura 2001) was used to further verify whether high-
amplitude WB events with blocking configurations are
characterized by well-defined propagation of Rossby wave
trains and whether the convergence/divergence of the wave-
activity flux is consistent with the sign reversal of v . For
quasi-stationary perturbations, the flux on an isobaric sur-
face may be expressed as follows:

U(V? — W) + V(W — W)
1 2
_p U@, - v + Vg - v,
Q‘Ul f(;z ! ! INTU ! ! INTU
DU~ WV, ) + VW, — )

where p =pressure/1000 (hPa), U = (U, V, 0) is the climato-
logical-mean seasonal cycle, f, is the Coriolis parameter at
45°N, v is the streamfunction, and N? is the squared buoy-
ancy frequency. The subscripts represent partial derivatives.
The primes indicate the low-frequency perturbations that are
taken from the composited daily low-pass-filtered anomalies
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associated with the high-amplitude WB events with block-
ing configurations. As noted by Wolf and Wirth (2017), the
wave-activity flux is not strictly phase independent due to
the semigeostrophic nature of Rossby wave trains. We thus
focus on the net flux convergence/divergence around the
primary PV anomaly center in the following analysis rather
than on its local details.

3 Results
3.1 Frequency distribution
3.1.1 WBBH and WBBL events

Figures 2 and 3 show the spatial distributions of the pri-
mary 7’ centers on the peak day for the WBBH and WBBL
events, respectively, observed over the 66 years. At every

Fig. 2 Frequency distributions

of the center positions of various
types of WBBH events from 1958
to 2023. A local value represents
the total number of WB events
identified within 500 km of a par-
ticular grid point. The first column
shows the numbers of all WBBH
events. The second column shows
the number of E-type WBBH
events, and the third column shows
the number of W-type events.

The rows represent austral spring
(SON), summer (DJF), autumn
(MAM) and winter (JJA). Thick
blue (black) contours indicate that
90& (50&) of the total high-ampli-
tude WB events exhibit blocking
flow configurations, regarded as
WBBH events. The hollow white
circles in (e), (f) and (k) indicate
the grid points where the composite
analysis was applied in the follow-
ing text. The domain is extended to
408 in all panels

grid point, if the peak-day interval between two adjacent
events is less than 8 days, the event with a smaller amplitude
is discarded.

Clearly, WBBH events tend to occur mainly over the
South Pacific and Antarctic throughout the year (first col-
umn of Fig. 2). In addition, they tend to occur over the
southwest Atlantic Ocean in spring and winter and over
the southeast Indian Ocean in summer and winter. Overall,
this distribution is roughly consistent with earlier studies
that identified the South Pacific as a preferential region for
persistent anticyclonic anomalies (Trenberth and Mo 1985;
Renwick 2005) or blocking high flows (Sinclair 1996; Ber-
risford et al. 2007; Liu et al. 2017). In addition, Fig. 2 also
extends the case study of Hirasawa et al. (2000) from the
climatological mean perspective that the Antarctic con-
tinent is another preferential region for WB events with
blocking configurations. Note that the WBBH events occur-
ring over the Antarctic continent differ from the traditional

WBBH

-}--)eow 90E |44
] e
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Fig.3 As in Fig. 2 but for WBBL
events
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midlatitude blocking highs since they are located too far
south to obstruct polar jet flow (first column of Fig. 4) or
the passages of transient migratory eddies (third column of
Fig. 4). Thus, these WBBH events can be regarded as high-
latitude events (Berrisford et al. 2007).

The WBBL events exhibited different distribution pat-
terns. They are more uniformly distributed in midlatitude
ocean regions and are predominantly concentrated within
the latitudinal band of 45°S—60°S throughout the year (first
column of Fig. 3). Interestingly, the Antarctic continent is
also the preferential region for WBBL events, except in aus-
tral summer (Fig. 3d).

After further classifying the WB events into ‘E type’ and
‘W type’ based on the zonal movement of the primary PV
anomaly center, it was observed that both the WBBH events
and the WBBL events were predominantly characterized by
the E type (second columns of Figs. 2 and 3). The E type
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predominantly occurs in the mid- to high-latitude ocean,
whereas the W type is more commonly found over the Ant-
arctic continent (third columns of Figs. 2 and 3), which
is particularly evident for WBBH events during summer
(Fig. 29).

Overall, the local peak frequency for both the WBBH
and WBBL events is approximately 20 in the active regions.
Consequently, both WBBH and WBBL events occur on
average once every three years during each specific season
over the most active regions. This frequency is less fre-
quent than that of boreal winter WB events, which typically
occur once every other winter season in the extratropical
NH (SN21). Both the ERA5 and NCEP/NCAR datasets
revealed similar frequency distributions for both the WBBH
and WBBL events (Figs. S1-S4). The main difference was
that the ERAS data tended to identify more WB events,
especially WBBH events, over the Arctic continent (Figs.
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Fig.4 (a-d) Climatological mean
westerlies at 300 hPa, (e-h)
departure of climatological mean
geopotential height at 300 hPa
from its zonal mean, and (i-1)
climatological mean TEKE at
300 hPa for austral spring (SON,
first row), summer (DJF, second
row), autumn (MAM, third row)
and winter (JJA, fourth row).
Units are m/s for (a-d), gpm

for (e-h) and m?/s” for (m-p).
The thick white lines in (a-d)
indicate the contour at 25 m/s.
The domain is extended to 40°S
in all panels

SON
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JJA
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h300-eddy
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S1 and S3), while the NCEP/NCAR data identified the low-
est numbers of both WBBH and WBBL events (Figs. S2
and S4).

The occurrence frequency of WB events is much lower
than that of blocking or WB events identified in previous
studies. There might be three reasons for this discrepancy.
First, the present study counted only the number of centers
of the high-amplitude WB events. This is different from
previous studies that considered the impact area of high-
amplitude anomalies, WB events or persistent maxima
(e.g., Trenberth and Mo 1985; Berrisford et al. 2007; Liu
et al. 2017). Second, the number of events within 500 km
of every grid point is counted. Thus, the spatial domain for
identifying high-amplitude WB events at individual grid
points is considerably more confined than the longitudi-
nal sectors used by Wiedenmann et al. (2002), such as the
Pacific sector spanning from 130°E to 60°W or the latitudi-
nal band from 30°S to 70°S employed by Renwick (2005).
Third, the constraint on the blocking flow configuration

reduced the number of WB events to a great extent (Figs. S5
and S6). In contrast, the constraint on the WB that requires
a sign change in the anomalous PV flux only filtered out
approximately 10-20% of the high-amplitude events with
the blocking configurations. In other words, most of the
blocking events over the SH are associated with Rossby
wave propagation. Whether the WB events over the SH are
more or less related to wave breaking processes than their
NH counterparts still needs future quantitative comparison
studies.

3.1.2 Reasons from background flow

If the blocking flow configurations (i.e., a local maximum
of the low-pass-filtered total 500 hPa height field appears
within 1500 km of the primary Z’ center) are not consid-
ered, the number of high-amplitude high-pressure WB
events is comparable to that of high-amplitude low-pres-
sure WB events (Figs. S7 and S8). However, as shown in
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Figs. 2 and 3, the number of WBBH events (with a block-
ing high configuration) is much lower than that of WBBL
events (with a blocking low configuration), especially over
the midlatitude South Atlantic and South Indian Oceans.
To further discuss the circulation configurations of the WB
events, the solid black and blue contours in the first columns
of Figs. 2 and 3 denote the locations at which 50% and 90%,
respectively, of the total high-amplitude WB events exhibit
blocking flow configurations. The climatological mean flow
southwards of 40°S in the four seasons is also shown in
Fig. 4 to explore the reasons for the formation of the block-
ing flow configurations.

The percentage generally decreases equatorward for both
high-pressure events and low-pressure events. Over the Ant-
arctic continent, approximately 90% of both high-amplitude
high-pressure WB events and high-amplitude low-pressure
WB events are accompanied by blocking configurations
(Figs. 2 and 3). Climatologically, the Antarctic continent
is characterized by rather weak westerlies at 300 hPa (with
speeds less than 10 m/s, first column of Fig. 4) and weak
height eddies (heights deviating from their zonal mean at
300 hPa, second column of Fig. 4). This environment is
equally favourable for a strong positive height anomaly to
form a blocking high configuration (first column of Fig. 2)
and for a strong negative height anomaly to form a blocking
low configuration (first column of Fig. 3).

The climatological situation is different over mid- and
high-latitude oceans. Both the polar jet and the height
eddies exhibit evident geographical differences. During
austral summer (Fig. 4b), the polar jet is at its strongest over
the South Atlantic and Indian Oceans. Throughout the year
(first column of Fig. 4), it spirals southwards toward Ant-
arctica across the South Indian and Pacific Oceans, which
might arise from momentum flux convergence associated
with Rossby wave breaking (Williams et al. 2007). Positive
eddies, corresponding to climatological high ridges, pre-
dominantly occur in the South Pacific, while negative eddies,
which align with climatological low troughs, are primar-
ily located in the South Atlantic and South Indian Oceans.
Clearly, the combination of weak westerlies and a climato-
logical high ridge over the South Pacific is favourable for
strong positive height anomalies to form blocking high con-
figurations. Approximately half of the high-amplitude high-
pressure WB events in mid- to high-latitude oceans occur
predominantly in the South Pacific (black contours in the
first column of Fig. 2). Notably, during winter, the wester-
lies are at their weakest over the southeast Pacific (Fig. 4d),
which explains the locally high percentage of blocking high
configurations observed in that region (Fig. 2j).

Unlike the prevalence of blocking high configurations in
the South Pacific, blocking low configurations tend to occur
across nearly the entire mid- and high-latitude SH oceans,
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as evidenced by the 50% contours at approximately 45°S
(black contours in the first column of Fig. 3). It appears
that westerlies and height eddies play competitive roles in
the formation of blocking low configurations. Specifically,
while the climatological low troughs over the South Indian
Ocean and the South Atlantic are favourable for strong
negative height anomalies to form blocking low configu-
rations even though the local polar jet is strong, the weak
westerlies similarly facilitate such a configuration over the
South Pacific, even when there is a climatologically pres-
ent high ridge. Consequently, blocking low configurations
are more uniformly distributed across the extratropical SH
than blocking high configurations are. Interestingly, both
the 50% and 90% contours in Fig. 3 cover larger areas than
those in Fig. 2. This indicates that blocking low configura-
tions occur more frequently than blocking high configura-
tions for high-amplitude WB events. This asymmetry in the
formation of a blocking flow configuration is also observed
in SN 21 and deserves further study.

Overall, the SH high-amplitude WB events defined from
the wave-activity perspective are not necessarily accompa-
nied by blocking flow configurations, which is similar to
NH WB events (SN21). For simplicity, high-amplitude WB
events with blocking flow configurations are referred to as
WB events in the following analysis.

3.1.3 Dependence on the amplitude

As shown in Fig. 2, the occurrence frequency of extratropi-
cal WBBH events in summer is comparable to that in win-
ter, which might contradict previous findings that blocking
highs are more frequent in austral winter (Trenberth and Mo
1985; Wiedenmann et al. 2002; Renwick 2005; Berrisford
et al. 2007). To investigate this discrepancy, Fig. 5a shows
the frequency distributions of the WBBH events according
to their amplitude. Evidently, moderate amplitudes within
the range of 300 to 400 gpm constitute the largest propor-
tion across all seasons, with comparable numbers of WBBH
events throughout the four seasons. However, when consid-
ering weak-amplitude bins (e.g., 100—200 and 200—300
gpm), austral summer emerges as the most active season,
while austral winter is the least active season. Note that
these weak amplitudes predominantly occur at high lati-
tudes where the local standard deviation is relatively small
(not shown). On the other hand, for large-amplitude ranges
such as 400—500 gpm, austral winter becomes the most
active season, while spring and summer become the least
active. Thus, the greater number of WBBH events observed
in austral summer than in winter is mainly due to the inclu-
sion of weak-amplitude events occurring primarily over
high latitudes. Indeed, if a larger threshold value, e.g., 400
gpm, is used instead of the local one standard deviation as
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Fig.5 Frequency distributions of (a) WBBH events and (b) WBBL events with their primary h300 anomalies within a given amplitude range

the minimum amplitude for defining WBBH events, similar
seasonal frequency distributions to those reported in earlier
studies would be obtained (not shown). The WBBL events
exhibited a similar frequency distribution (Fig. 5b). Austral
summer remains the most active season for weak-amplitude
bins, while austral autumn and winter are the active seasons
for large-amplitude bins. In fact, both the ERAS data and
NCEP/NCAR data revealed similar results (Figs. S5 and
S9). However, both of these datasets revealed that the num-
ber of moderate-amplitude WBBH events, with intensities
ranging from 300 to 400 gpm, peaked in winter, rather than
in autumn as revealed by the JRASS (Fig. 5a).

3.2 Characteristic time scale

To objectively determine the characteristic time scale of the
SH WB events, a semi-log plot was generated. Early stud-
ies (Dole and Gordon 1983; Pelly and Hoskins 2003; Bar-
riopedro et al. 2010) have shown that blocking events can be
considered as a first-order Markov process, where the prob-
ability of an event lasting » days and continuing to n+ 1 day
is independent of n. The reciprocal of the linear slope of the
logarithmic profile of the cumulative blocking histogram
can be regarded as the characteristic time scale of block-
ings. Accordingly, Fig. 6 shows the semi-log plots of the
cumulative histogram (i.e., the number of WB episodes last-
ing equal to or longer than a given duration bin). An evident
exponential distribution of blocking persistence is observed
within the duration range from 9 to 25 days. The reciprocal
of the linear slope in these semi-log plots is approximately
5-6 days, which is considered the characteristic time scale
for SH WB events. This time scale is significantly shorter
than the 9 days for boreal winter NH WB events (SN21),
which is consistent with the more transient nature of SH

blocking events (Berrisford et al. 2007). The longest char-
acteristic time scales occur in austral summer, amounting to
6.6 days for the WBBH events and 5.8 days for the WBBL
events. The ERAS data and NCEP/NCAR data revealed
similar characteristic time scales (Table S1 of the Supple-
mentary Material). The evident differences among the three
reanalysis datasets occurred in the austral summer. The time
scales of both the WBBH and WBBL events depicted by
ERAS are approximately one day longer than those by the
two other reanalysis datasets.

3.3 Composite analysis

In this section, composite analysis was applied for differ-
ent types of WB events to determine whether they tend to
accompany incipient Rossby waves. Due to the similarities
among the four seasons, only the composite results dur-
ing the austral summer and winter at several representative
locations are presented. Additionally, motivated by the find-
ings of SN21 on NH WB events, the evolution of the total
fields for these WB events is discussed to examine their cor-
respondence with the anticyclonic or cyclonic WB features
as proposed from a morphological perspective (e.g., Thorn-
croft et al. 1993; Peters and Waugh 1996; Peters and Waugh
2003; Tyrlis and Hoskins 2008; Masato et al. 2013).

To enhance the significance of the composite results,
the shifting procedure (Nakamura et al. 1997) was imple-
mented prior to the composite process. Specifically, circula-
tion fields are shifted along the great circle from a unique
“target point” to a predefined “reference point” for each WB
event. The reference points chosen are representative loca-
tions, depicted by hollow white dots in Figs. 2 and 3. For
every WB event within a 500 km radius of its correspond-
ing reference point, the target point is the grid point where
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the primary Z’ center is located on the peak day. The spa-
tial shifting is also applied to all temporal lags in the same
manner.

For convenience, -N (N) days represent the N days
before (after) the peak day for a given WB event. Note that
the composite circulation anomalies generally lack statisti-
cal significance before day —4 and after day 4. Hence, the
following composite evolutions of the WB events are shown
from day —4 to day 4 with an interval of 2 days.
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each panel indicates the cumulative numbers. The thick solid lines in
each panel indicate linear regressions for high-amplitude WB events
with durations ranging from 9 to 25 days

3.3.1 E-type WBBH events in summer

The maximum frequency of E-type WBBH events in sum-
mer is 19, which is observed in the southwest Pacific at
[55°S, 200°E], as shown in Fig. 2e. The first two columns
of Fig. 7 show the composited evolution of these 19 E-type
WBBH events. In the developing stage, the primary posi-
tive PV anomaly stays under the northerlies (<0, hatched in
Fig. 71, g), which is on the upstream flank of the amplify-
ing pressure ridge over the southwest Pacific (Fig. 7a, b).
This results in an anomalous negative PV flux (< 0). Consis-
tently, the wave-activity flux from upstream converges over
the southwest Pacific (blue shading in Fig. 7a, b). At the
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peak time (day 0, Fig. 7h), the anomalous PV flux weak-
ens as the PV anomaly center is located almost where =
0. Correspondingly, there is either no net or very weak net
flux divergence near the primary PV anomaly center, as it
is enveloped by wave-activity flux convergence and diver-
gence of similar intensities (Fig. 7c). In the decay stage, the
primary PV anomaly center shifts eastwards into a region
of anomalous southerlies, thereby generating a positive
anomalous PV flux (> 0; Fig. 71, j). Concurrently, the wave
activity flux diverges from the vicinity of the decaying PV
anomaly (Fig. 7d, e).

Renwick and Revell (1999) demonstrated that the prop-
agation of Rossby wave trains across the South Pacific is
pivotal to the formation of austral summer blocking over
the southeast Pacific. To substantiate these findings, the last
two columns of Fig. 7 depict the composited evolution of
14 E-type WBBH events identified at [52.5°S, 256.25°E].

The consistency between the anomalous PV flux and the
propagation of a Rossby wave train around the primary PV
anomaly center becomes even more evident. Specifically,
as at the primary positive PV anomaly center changes from
negative in the developing stage (Fig. 7p, q) to positive in
the decay stage (Fig. 7s, t), the wave-activity flux surround-
ing the primary PV anomaly center gradually transitions
from convergent (Fig. 7k, 1) to divergent (Fig. 7n, o).

Note that for the E-type WBBH events over the southeast
Pacific (last two columns of Fig. 7), the high ridge extends
southeastward and exhibits a pronounced macroscale over-
turning feature in the total height field (Fig. 7m, n). From
a morphological perspective (Berrisford et al. 2007), this
overturning feature should be classified as an anticyclonic
WB. In line with Ndarana and Waugh (2011), this anticy-
clonic WB characteristic is also suggested by the north-
wards direction of the meridional wave-activity flux across
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blue and orange shading represent the convergence and divergence,
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the contours of zero PV anomalies are omitted
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the overturning area. However, for the E-type WBBH
events over the southwest Pacific, the high ridge primar-
ily advances poleward without a clear overturning feature
(Fig. 7b-d). Consequently, it should be noted that E-type
WBBH events, as defined by our detection method, are not
always synonymous with the anticyclonic type of morpho-
logical WB.

3.3.2 W-type WBBH events in summer

As shown in Fig. 2f, there are four locations across the
Antarctic continent where the local frequency of W-type
WBBH events in summer exceeds 12. The highest fre-
quency, amounting to 19 events, is detected over the east-
ern Antarctic continent at [73.75°S, 70°E]. The first two
columns of Fig. 8 show the composited evolution of these
19 W-type WBBH events. The last two columns of Fig. 8
present the composite results for another set of 12 W-type
WBBH events that occurred over the western Antarctic con-
tinent at [77.5°S, 223.75°E].

From day —4 to day 0 (Fig. 8a-c), a pressure ridge devel-
ops and extends southwestward over the eastern Antarc-
tic continent, which is associated with the convergence of

the wave-activity flux pointing southeastward. An isolated
anticyclonic vortex emerges and sustains over the eastern
Antarctic continent from approximately day —2 to day 4
(Fig. 8b-e). After the peak day, the wave-activity flux starts
to diverge more prominently, corresponding to the weaken-
ing of the blocking high. Note that the anomalous PV flux v’
at the primary PV anomaly center transitions from negative
on day —4 (Fig. 8f) to positive on day 4 (Fig. 8j), dynami-
cally aligning with the net convergence of the wave-activity
flux observed before day — 2 (Fig. 8a) and subsequent diver-
gence occurring after day 2 (Fig. 8e) in the vicinity of the
primary PV anomaly center.

In contrast to those over the eastern Antarctic continent,
WB events occurring over the western Antarctic continent
exhibit substantial upstream wave-like anomalies embed-
ded within the polar jet before day 0 (Fig. 8p, q). The wave-
activity flux diverges from the upstream pressure ridge
situated southeast of New Zealand and converges into the
southeast Pacific before the peak day (Fig. 8k, I). As a result,
the pressure ridge over the southeast Pacific strengthens and
extends southwestward. After the formation of the isolated
anticyclonic vortex on day 0 (Fig. 8m), the divergence of
the wave-activity flux gradually overtakes the convergence

W-type WBBH in DJF
Z300&WAF  20ms*

Z3008&WAF ;.- PV'&v’

308 1

day -4 60S

90S

308 1

day -2 60S 1

908

30S 1

day 0 60S-

90S

308 1

day2 60S+

90S

day4 60S-

308 1 - - 308

\——’_\% BRI <& - 60S
,.- — &

908

90S

0 30E 60E 90E 120E 0

30E 60E 90E 120E

T T T T T T T T
180 150W120W 90W 180 150W 120W 90W

Fig. 8 As in Fig. 7, but for 19 W-type WBBH events at [73.75°S, 70°E] (first and second columns) and 12 W-type WBBH events at [77.5°S,
223.75°E] in austral summer, and WAF events with amplitudes less than 3 m? s~ are omitted in (f-g)

@ Springer



A climatology of wave-breaking events with blocking flow configurations in the extratropical Southern...

(Fig. 8n, 0). As in the eastern Antarctic case, at the primary
PV anomaly center, the anomalous PV flux also underwent
a sign change from negative (Fig. 8p, q) to positive (Fig. 8s,
t). Hence, the dynamic consistency between the anomalous
PV flux and the wave-activity flux also remains valid for
these western Antarctic WB events.

Note that for W-type WBBH events over both the eastern
and western Antarctic continents, the primary PV anomaly
centers typically exhibit a southwestward movement, which
coincides with the development of a distinct cyclonic over-
turning pattern. In fact, the cyclonic overturning feature
is accompanied by a poleward-directed meridional wave-
activity flux, aligning with the findings of early studies
(Gabriel and Peters 2008; Ndarana and Waugh 2011).

3.3.3 E-type WBBH events in winter

For winter E-type WBBH events, a composite analysis was
carried out separately at two representative locations, i.e.,
[57.5°S, 195°E] (first two columns of Figs. 9) and [72.5°S,
275°E] (last two columns of Fig. 9). The former site, located
in the southwest Pacific, experiences the highest frequency,
with 19 occurrences, while the latter, situated at a higher

latitude near the Antarctic Peninsula, records a local maxi-
mum frequency of 16. Notably, the latter location [72.5°8S,
275°E] is also in close proximity to the region identified
by Renwick (2005) as having the maximum frequency of
persistent height anomalies during the austral winter season.

The evolution of the WBBH events at both representa-
tive locations is characterized by the propagation of Rossby
wave trains. Before the peak day, the wave-activity flux from
upstream along the polar jet converges near the primary PV
anomaly center (Fig. 9a, b, k, 1), leading to amplification of
the pressure ridge. Similarly, the WBBH events around the
Antarctic Peninsula also feature southeastward propagation
of Rossby wave trains (Fig. 9k, 1). Consequently, the high
ridge extends further poleward around the Antarctic Pen-
insula (Fig. 9k-m). During the decay stage, for the WBBH
events in the southwest Pacific, Rossby wave trains spread
both southeastward and northeastward (Fig. 9c-e), contrib-
uting to the deepening of the downstream pressure trough
(Fig. 9c-e) and the formation of negative PV anomalies with
a distinctive “right bracket” shape to the northwest of the
Antarctic Peninsula (Fig. 9h-j). In contrast, for the WBBH
events around Antarctic Peninsula, Rossby wave trains tend
to be reflected northeastward (Fig. 9n) after reaching their
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southernmost latitude at approximately day 0 (Fig. 9m).
This reflection supports the occurrence of negative PV
anomalies downstream (Fig. 9s).

Although there are differences in the propagation fea-
tures of Rossby wave trains, the consistency between the
sign of the anomalous PV flux and the convergence/diver-
gence of the wave-activity flux remains robust for WBBH
events at both locations. In line with the converging wave
activity flux, the anomalous PV flux v' at the primary PV
anomaly center is negative because the positive PV anomaly
center resides in the northerly region (Fig. 9f, p and q). After
day 0, as the primary positive PV anomaly center migrates
into southerly regions (v/<0), the anomalous PV flux v
becomes positive (Fig. 9j, s, t), which corresponds to the
net divergence of the wave-activity flux around the primary
PV anomaly center (Fig. 9d, e, n, 0). This mutual correspon-
dence highlights the underlying dynamics governing the
evolution of WBBH events across different latitudes and
geographic locations.

In the total height field, WBBH events occurring over the
southwest Pacific predominantly display a poleward-extend-
ing amplifying ridge without any conspicuous overturning
features or clear anticyclonic/cyclonic WB characteristics
(first column of Fig. 9). This pattern is similar to that of the
E-type WBBH events in austral summer in the southwest
Pacific (first column of Fig. 7). This similarity between the
two seasons may be attributed to the local mixture of anti-
cyclonic and cyclonic WB features, as noted by Berrisford
et al. (2007). However, for the WBBH events around the
Antarctic Peninsula, the amplifying pressure ridge exhibits
an omega shape with an anticyclonic overturning feature
on its upstream flank and a cyclonic overturning feature on
its downstream flank (Fig. 9m). Thus, it is challenging to
definitively categorize these events into either anticyclonic
or cyclonic WB types from a morphological perspective.

3.3.4 E-type WBBL events in summer

The location with the highest frequency of E-type WBBL
events in summer is [50°S, 107.50°E], where 30 events are
observed. This location is situated in the exit region of the
polar jet (Fig. 4b). The first two columns of Fig. 10 present
the composite evolution of these 30 events. For comparative
purposes, a similar composite analysis was conducted for
another set of 24 E-type WBBL events at [53.75°S, 232.5°E]
over the South Indian Ocean (last two columns of Fig. 10),
which is the entrance region of the polar jet (Fig. 4b).

In terms of both the evolution of the PV anomalies and
Rossby wave propagation, the two categories of E-type
WBBL events closely resemble each other. These fluc-
tuations are manifested mainly as an enhanced and north-
eastward-extending polar vortex, which is associated with
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the propagation of Rossby wave trains along the polar jet.
Accordingly, the negative PV flux at the primary PV cen-
ter (Fig. 10f, p) is consistent with the net convergence of
the wave-activity flux near the primary negative PV anom-
aly center before the peak day (Fig. 10a, b, k, 1). After the
peak day (Fig. 10d, ¢, n, 0), the anomalous positive PV flux
(Fig. 101, j, s) aligns with the net divergence of the wave-
activity flux.

However, there is a difference between the two regions.
Over the southeast Indian Ocean, Rossby wave trains begin
propagating northeastward around day —2 (Fig. 10b, c).
Due to the convergence of the wave activity flux, the down-
stream high ridge amplifies and extends southwestward.
Together with the northeastward extension of the upstream
pressure trough, a cyclonic breaking feature emerges on day
0 (Fig. 10c). In contrast, for WBBL events over the south-
east Pacific, the pressure trough amplified equatorward
without a clear overturning feature.

3.3.5 E-type WBBL events in winter

Two representative locations are selected for the com-
posite analysis of the E-type WBBL events in winter, i.e.,
[51.25°S, 66.25°E] and [61.25°S, 257.5°E]. The events
occur most frequently at the former location (28 times) and
the latter location (27 times) (Fig. 3k). As shown in Fig. 4b,
the former location is at the polar jet core, while the latter is
poleward of the subtropical jet.

Overall, the composite evolutions for the two categories
of E-type WBBL events also closely resemble each other
(Fig. 11). For example, the polar vortex tends to enhance
and extend northeastward, which is associated with the
convergence of the wave-activity flux; the contours of the
height field begin to overturn cyclonically at approximately
day —2 (Fig. 11b, 1). More importantly, the consistency
between the sign change in the anomalous PV flux and the
convergence/divergence of the wave activity flux is also
confirmed during evolution for both categories. Note that
the Rossby wave trains tend to propagate northeastward in
the vicinity of the primary negative PV center after day 0
(Fig. 11c, d, m-0), which might be associated with the stron-
ger climatological westerlies (Fig. 4d) northeastward of the
primary negative PV center than they are AROUND THE PRI-
MARY NEGATIVE PV CENTER.

Distinct differences in their evolutions are also observed.
For the WBBL events over the southern Indian Ocean,
upstream circulation anomalies are embedded within the
polar jet (Fig. 11g, h), causing Rossby wave trains to primar-
ily propagate zonally along the strong polar jet before day 0
(Fig. 11b, ¢). In contrast, over the central Pacific, the ampli-
fying pressure ridge at approximately 140°W diverts the sub-
tropical jet poleward, facilitating a southeastward-directed
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Fig. 10 As in Fig. 7 but for 30 E-type WBBL events at [50°S, 107.50°E] (first and second columns) and 24 E-type WBBL events at [53.75°S,

232.5°E] in austral summer

wave-activity flux emanating from the downstream flank of
the amplifying pressure high (Fig. 111-n).

4 Discussion
4.1 Transient eddy feedback forcing

The third column of Fig. 4 shows the transient eddy activity,
which is represented as the high-frequency transient eddy
kinetic energy (TEKE) at 300 hPa. The maximum TEKE
appears over the South Atlantic and South Indian Oceans
in summer and autumn. In contrast, winter exhibits the
weakest TEKE over the midlatitude South Pacific (Fig. 41),
which could be attributed to the trapping effect of strong
subtropical jet flow (Nakamura and Shimpo 2004). Gener-
ally, transient migratory eddies can facilitate low-frequency
anomalies, including blocking highs, through feedback forc-
ing (Illari and Marshall 1983; Shutts 1983; Colucci 1985;
Holopainen and Fortelius 1987; Mullen 1987; Tsou and
Smith 1990; Nakamura et al. 1997), with both barotropic
(related to eddy vorticity flux convergence) and baroclinic

(linked to eddy heat flux convergence) forcings. The pres-
ent study evaluated the two components through the geo-
potential tendency equation (Lau and Holopainen 1984) to
discuss the roles played by transient eddies during the evo-
lution of WB events.

Despite our calculations showing that composite tran-
sient eddy forcing contributes to the formation of WB
events to some extent (not shown), these results generally
lack statistical significance. However, there are instances
where the impact of transient eddy forcing is notably sig-
nificant. For instance, in the case of the 19 W-type WBBH
events occurring at [73.75°S, 70°E] (first two columns of
Fig. 8) and the 16 E-type WBBH events in austral winter
at [72.5°S, 275°E] (last two columns of Fig. 9), transient
eddy forcing accounts for approximately 10 to 30% of the
amplification of the geopotential height around the primary
PV center during the development stage. Overall, transient
eddy forcing exhibits large case-to-case variability for WB
events, making its influence marginal when examining the
composite evolution of such events. Our findings offer indi-
rect support to Wiedenmann et al. (2002), who speculated
that the less frequent occurrence and shorter duration of
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SH blocking compared to NH blocking might be due to the
reduced interaction between transient eddies and planetary
waves.

4.2 Long-term variation

Wiedenmann et al. (2002) reported a decreasing trend in SH
blocking from 1970 to 2000. In contrast, Renwick (2005)
demonstrated an increasing trend in the annual frequency
of persistent positive anomalies over the SH from 1958 to
2001. In addition, Barriopedro et al. (2010) noted that there
was a significant shift in the frequency of morphological SH
WBs before and after 1979, with more frequent occurrences
noted during the latter period when the abundance of sat-
ellite observation data increased. These results motivate us
to explore whether long-term variation exists in our results,
especially after 1979.

Figure 12 shows the numbers of high-amplitude WB
events with blocking flow configurations poleward of 40°S,
which are obtained by meridional summation every 11 years
and within every zonal sector of 45° in longitude. Unlike
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WBBH events, which predominantly cluster within the
[150°E-120°W] sector, WBBL events occur more evenly
in the zonal direction throughout the 66-year period. Over-
all, there was no abrupt change in frequency approximately
1979, except for the infrequent WBBL events observed
over the [120°E-0°W] sector during the austral summer
(Fig. 12f) and autumn (Fig. 12g) before 1979. This finding
basically aligns with Renwick (2005), who reported that the
climatological distribution of persistent positive anomalies
remains largely unchanged upon removal of a linear trend
from the daily height field.

Note that Fig. 12 also reveals some discernable long-term
variations. For instance, after approximately 2000, WBBH
events tend to occur less frequently over the [180°-150°W]
sector in austral spring (Fig. 12a), while they become more
frequent over the [0—60°E] and [150°E-140°W] sectors in
austral autumn after 2000 (Fig. 12¢) and over the [100-
160°E] sector in austral winter after 1990 (Fig. 12d). Future
studies on the physical mechanism of such long-term varia-
tions are needed.
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Fig. 12 Seasonal frequencies of (a-d) the WBBH events and (e-h) the WBBL events poleward of 40°S. The frequency is running summed by 11
years and 45° in longitude

The aforementioned main conclusions could also be veri- 5 Conclusions

fied by both the ERAS5 and NCEP/NCAR reanalysis datas-

ets, although ERAS tends to identify the greatest number of ~ The present work applies the detection method of high-

events and NCEP/NCAR the least (Figs. S9 and 10). amplitude wave breaking (WB) events with blocking flow
configurations proposed by SN21 to the extratropical SH.
SH WB events typically have a shorter characteristic tim-
escale of approximately 5 days compared to approximately
9 days for NH events during boreal winter, reflecting the
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more transient nature of SH circulation. The polarity of the
primary height anomaly center classifies an event as a WB
blocking high (WBBH) or blocking low (WBBL) event; the
longitudinal movement of the primary PV anomaly center
further categorizes events into eastwards (E), westwards
(W), or stationary types.

Both WBBH events and WBBL events are prone to
occur over the Antarctic continent, where climatologi-
cal height eddies and westerlies are weak. However, their
frequency distributions differ significantly over mid- and
high-latitude oceans. WBBH events tend to be concentrated
over the South Pacific, southeast Indian Ocean, and south-
west Atlantic, whereas WBBL events are more uniformly
distributed across the 45°S-60°S zonal belt throughout the
year. These distribution differences are closely associated
with the asymmetric influences of climatological flow on
the formation of blocking flow configurations. In the South
Pacific, strong positive height anomalies associated with
high-pressure WB events often form a blocking high due
to relatively weak climatological westerlies and overlying
pressure ridges. In contrast, the formation of a blocking
high is inhibited in the southern Indian Ocean and southern
Atlantic due to the presence of strong polar jets and clima-
tological pressure troughs. For high-amplitude low-pressure
WB events, the climatological pressure ridge/trough and
climatological westerlies become competitive in forming
the blocking low configuration, resulting in a more uniform
WBBL distribution. Note that most WB events are E-type
events, while W-type events are more common over the
Antarctic continent. Seasonality in preferred WB occur-
rence regions is not pronounced.

The Rossby wave breaking feature is identified through
the reversal of the anomalous PV flux from negative to posi-
tive at the primary PV center, theoretically corresponding to
a shift from convergence to divergence of the wave-activity
flux. Composite analysis at several representative locations
confirmed the consistency between the anomalous PV flux
and wave-activity flux convergence/divergence, despite
variations in the evolution of circulation anomalies and
Rossby wave train propagation directions among different
WB event types.

Although different meteorological fields and different
detection methods are utilized, the frequency distribution
characteristics of the selected WBBH events in the pres-
ent study are generally consistent with previous studies on
anticyclones (Sinclair 1996), blocking (Wiedenmann et al.
2002), morphological WB (Berrisford et al. 2007) or persis-
tent circulation (Renwick 2005; Liu et al. 2017). For exam-
ple, the South Pacific is one preferential region for their
occurrence. This implies that these phenomena may repre-
sent different manifestations of a specific physical process
and may be regulated by the background field. Note that
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the present study provides a possible explanation for their
formation, i.e., Rossby wave propagation. Clearly, our study
extends the early studies by Renwick and Revell (1999) that
emphasized the important role of Rossby wave propagation
in blocking high formation over the southeast Pacific. In
addition, in terms of the meridional direction, Ndarana and
Waugh (2011) noted that there is no significant difference
between different WBs in terms of equatorward or poleward
PV intrusion. Accordingly, the classification of WB events
into WBBH and WBBL types, as performed in the present
study, appears more meaningful.

The wave-activity flux employed here is based on the
assumption of a small-amplitude disturbance. For large-
amplitude disturbances, Nakamura and Huang (2018) found
that modulation by nonlinear zonal eddy flux becomes
important. Therefore, using the finite-amplitude wave activ-
ity flux (Huang and Nakamura 2016) to evaluate the con-
tribution of such nonlinear modulation for high-amplitude
WB events should be a focus of future research. In addition,
the diabatic process, which can break the conservation of
PV, may be important in the formation of some blocking
cases (e.g., Hirasawa et al. 2000; Tilly et al. 2008; Pfahl et
al. 2015). Investigating the differences between WB events
with and without strong diabatic effects is another important
avenue for future studies.
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