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Abstract Rossby Wave Packets (RWPs) are atmospheric perturbations located at upper levels in mid‐
latitudes which, in certain cases, terminate in Rossby Wave Breaking (RWB) events. When sufficiently
persistent and spatially extended, these RWB events are synoptically identical to atmospheric blockings, which
are linked to heatwaves and droughts. Thus, studying RWB events after RWPs propagation and their link with
blocking is key to enhance extreme weather events detection 10–30 days in advance. Hence, here we assess (a)
the occurrence of RWB events after the propagation of transient RWPs, (b) whether long‐lived RWPs (RWPs
with a lifespan above 8 days, or LLRWPs) are linked to large‐scale RWB events that could form a blocking
event, and (c) the proportion of blocking situations that occur near RWB events. To do so, we applied a tracking
algorithm to detect transient RWPs in the southern hemisphere during summertime between 1979 and 2021,
developed a wave breaking algorithm to identify RWB events, and searched for blocking events with different
intensities. Results show that LLRWPs and the other RWPs displayed large‐scale RWB events around 40% of
the time, and most RWB events in both distributions last around 1–2 days, which is not long enough to identify
them as blocking situations. Nearly 17% of blockings have a RWB event nearby, but barely 5% of blockings are
linked to RWPs, suggesting that transient RWPs are not strongly linked to blocking development. Lastly, large‐
scale RWB events associated with RWPs that lasted less than 8 days are influenced by El Niño‐Southern
Oscillation.

Plain Language Summary When an atmospheric wave breaks in the upper levels of the atmosphere,
it modifies the wind flow in the upper atmosphere and can drastically change local weather conditions. If wave
breaking events are sufficiently big and stable, they can produce atmospheric blocking events, which are linked
to heatwaves and drought development. Here, we assess whether a link between wave breaking events caused by
long‐lived traveling atmospheric waves (waves that last more than 8 days in the atmosphere) and blocking event
development exists during southern hemisphere summer. Independently of the duration of the wave packets,
near 4 out of 10 times they cause very extensive wave breaking events, but do not last long enough time in the
atmosphere to be considered an atmospheric blocking. Oppositely, nearly 20% of blocking events manifest
nearby a wave breaking event independently of the strength of the block, but these wave breaking events do not
seem to be linked to traveling wave packets. Therefore, this study suggests that traveling atmospheric waves are
not directly related to the development of atmospheric blockings. Also, the occurrence of extensive wave
breaking events caused by traveling atmospheric waves that last less than 8 days is influenced by El Niño‐
Southern Oscillation.

1. Introduction
Rossby Wave Packets (RWPs) are synoptic scale perturbations that appear in the upper atmosphere of mid‐
latitudes. During their propagation, these packets travel by downstream development mechanisms, trans-
porting large quantities of energy in the process (Chang & Yu, 1999; Chang, 2000; Yeh, 1949). RWPs play an
important role in the global atmospheric circulation because they are related to storm track variability (Souders
et al., 2014a). In addition, they are precursors of extreme weather events such as heatwaves, extreme rainfall
(Chang, 2005; Grazzini & Vitart, 2015; O’Brien & Reeder, 2017; Wirth et al., 2018) and extratropical cyclone
development (Chang et al., 2005; Sagarra & Barreiro, 2020). Also, during their propagation they increase the
uncertainty of middle‐long range forecast (from 3 to >10 days in advance) in the areas they cross (Zheng
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et al., 2013). Normally, these packets tend to last between 3 and 6 days in the
atmosphere but, under certain circumstances, they can last up to 2–3 weeks
before disappearing (e.g., Pérez et al., 2021). When RWPs have a lifespan
longer than 8 days, they are referred to as long‐lived RWPs or LLRWPs
(Grazzini & Vitart, 2015).

The lifespan and propagation of the RWPs greatly depend on the potential
vorticity gradients in the upper troposphere and the locations of diabatic
heating sources (Grazzini & Vitart, 2015). Potential vorticity gradients shape
the waveguide where the RWPs propagate, such that a very zonal, intense and
narrow jet with strong potential vorticity gradients favor the development of
very stable RWPs (Chang & Yu, 1999; Souders et al., 2014b; Wirth, 2020),
whereas weaker gradients damp or stop the wave packets propagation
(Grazzini & Vitart, 2015).

In the southern hemisphere there are more baroclinically favorable conditions
due to the fewer continental areas compared to the northern hemisphere, thus,
RWPs in the Southern hemisphere are larger and easier to detect (Grazzini &
Vitart, 2015). In addition, during austral summer (December to March) the jet
stream displays a very zonal and narrow wind flow, which acts as a wave-
guide where RWPs propagate (Chang, 1999; Hoskins &Ambrizzi, 1993), and
facilitates RWPs detection. Changes in the background conditions that alter
the jet stream mean flow also affect RWPs activity. Barreiro (2017)
concluded that El Niño events favor RWPs activity. Pérez et al. (2021) found
that Southern Annular Mode (SAM) events heavily influence the develop-
ment of LLRWPs during austral summer, such that years with positive SAM
disfavor LLRWPs activity whereas negative SAM favor their development.
On the other hand, El Niño‐Southern Oscillation (ENSO) influence was found
to be less robust.

When RWPs attain large amplitudes, they can reach a critical point in which
the crest or trough of the wave overturns, and as a result, the wave packet

“breaks”, causing an irreversible mixing of potential vorticity fields over a longitudinally confined region (Jing &
Banerjee, 2018; McIntyre & Palmer, 1983; McIntyre et al., 1984; Simmons & Hoskins, 1978). As a consequence,
high potential vorticity air intrudes the troposphere and/or low potential vorticity air enters in the stratosphere,
causing the development of potential vorticity anomalies that can either remove or reverse the usual potential
vorticity meridional gradients. This process is called Rossby Wave Breaking or RWB (Berrisford et al., 2007;
Masato et al., 2011; McIntyre & Palmer, 1983; McIntyre et al., 1984), RWB usually occurs when the RWPs reach
a region where the baroclinic growth is limited (e.g., the continental areas), there the RWPs are affected by a
barotropic decay, hence the packets strongly deform and break (Kaspi & Schneider, 2011, 2013; Lee, 1995;
Swanson et al., 1997). RWB events are key to the air mass exchange between the troposphere and the stratosphere
(Holton et al., 1995), and are considered as potential precursors of weather regime transitions (Michel & Riv-
iére, 2011) that can increase the prediction skill of precipitation (Ryo et al., 2013). In addition, when RWBs have
enough spatial extension and last enough time in the atmosphere, they are synoptically recognized as an atmo-
spheric blocking (Berrisford et al., 2007). An atmospheric blocking event is a nearly‐stationary large‐scale pattern
in the pressure field arising from the reversal of the westerly upper tropospheric wind flow, and it is stable enough
to last from several days to weeks (Patterson et al., 2019; Rex, 1950). Its appearance is linked to the development
of extreme weather events such as heatwaves or droughts (Woollings et al., 2018).

There are two main types of RWB (Thorncroft et al., 1993), one is cyclonic RWB, where low potential tem-
perature or “cold” air from the dynamical tropopause moves eastward and equatorward to the west of high po-
tential temperature air or “warm” air, whereas “warm” air goes poleward and westward. The other is anticyclonic
RWB, where the equatorward and westward movement of low potential temperature air is to the east of the
poleward and eastward movement of the “warm” air, each morphology of wave breaking implies different
changes in synoptic circulation. Figure 1 shows examples of RWB events with anticyclonic (Figure 1a) and
cyclonic (Figure 1b) shear. RWB activity is affected by the latitude and location of the storm track, such that

Figure 1. Example of different RWB shear following the − 2 PVU units (m2

s⁻1K kg⁻1) contour. (a) shows an anticyclonic RWB event detected the 22/12/
2000 and (b) a cyclonic RWB event found the 23/12/1991 in the Pacific
ocean. Hatched areas identify sections where the potential vorticity fields
overturn (isolated contour cells of are not considered part of RWB events).

Journal of Geophysical Research: Atmospheres 10.1029/2022JD038380

PÉREZ‐FERNÁNDEZ ET AL. 2 of 15

 21698996, 2024, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

038380 by O
xford U

niversity, W
iley O

nline L
ibrary on [28/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



cyclonic RWB occurs more often on the polar side of the storm track, whereas anticyclonic shear manifests more
often on the equatorward side (Weijenborg et al., 2012). Nonetheless, it has been found that RWB activity in the
tropopause is mainly anticyclonic (see Figure 1a) (Peters & Waugh, 1996, 2003; Thorncroft et al., 1993).

Several studies of RWB were done for the Northern Hemisphere (e.g., Masato et al., 2011; Michel & Riv-
iére, 2011; Ryoo et al., 2013; Strong & Magnusdottir, 2008). For example, Thorncroft et al. (1993) found that
RWB frequency is influenced by processes that alter the background mean flow in the upper troposphere, such as
modes of climate variability. In that regard, Strong and Magnusdottir (2008) concluded that the positive phase of
the Northern Annular Mode is associated with anticyclonic RWB, whereas its negative phase is linked to cyclonic
RWB. In the southern hemisphere, Berrisford et al. (2007) showed that RWB in mid latitudes wintertime is
concentrated in the east Pacific, whereas during summertime RWB episodes are less frequent and are confined to
the west Pacific. This is in (qualitative) agreement with the observed location of southern hemisphere blocking.
Gong et al. (2010) studied the influence of SAM and ENSO on RWB breaking during austral spring‐summer, and
found that the positive phase of SAM shows higher wave breaking activity than the negative. Additionally, Wang
and Magnusdottir (2010) observed that anticyclonic and cyclonic RWB frequency is affected by the changes in
background flow caused by ENSO events.

There are numerous studies about the characteristics and frequency of occurrence of atmospheric blocking events,
but there is not yet an accepted unifying theory about the mechanisms involved in the development and onset of an
atmospheric blocking (Berrisford et al., 2007; Lupo, 2020; Weijenborg et al., 2012). Rossby (1945) proposed that
blocking is the effect of the convergent distribution of group velocity in long quasi‐stationary waves. On the other
hand, Yeh (1949) suggested that blocking can be explained as the slow energy dispersion of a single wave, and
that blocking is a high latitude phenomenon whose intensity and persistence intensifies with the latitude. The
latter claim is supported by recent studies, such as Luo (2000), which observed that baroclinic synoptic‐scale
eddies transform the blocking event from a dispersive to a non‐dispersive system in its onset, whereas the
opposite occurs in the decay of the blocking. Other studies also suggested that extratropical RWPs that propagate
in mid latitudes are able to interact with the background flow, affecting atmospheric blocking formation (Hoskins
and Sardeshmuk, 1987; Renwick & Revell, 1999). Additionally, Nakamura et al. (1997) showed that synoptic
scale transient eddies are important for the formation and maintenance of blocking events that occur in the North
Pacific region. Also, Nakamura and Huang (2018) discuss the onset and maintenance of blocking by studying the
convergence of wave activity flux, suggesting that blocking events occur when the jet stream is oversaturated with
wave activity, blocking the usual wind and energy flux.

Other studies have assessed the link between RWB and atmospheric blocking events. Berrisford et al. (2007)
stated that persistent large‐scale wave breaking occurring in the atmosphere is a strong indicator that blocking
event might be present. Nonetheless, as reported by Hitchman and Huesmann (2007) not all RWB events are
necessarily linked to atmospheric blocking, such as small scale or transient scale RWB events. On the other hand,
Weijenbrog et al. (2012) showed that most blocking events that occur in the North‐Atlantic and Europe are caused
by anticyclonic breaking Rossby waves, while Rodrigues and Woolings (2017) proposed that Rossby waves that
break anticyclonically in South America during austral summer are responsible for causing blocking events in
subtropical South America.

Therefore, previous studies suggest that transient RWPs may be linked to atmospheric blocking development.
Nonetheless, to date there are no studies that assess the link between transient RWPs and the onset and devel-
opment of atmospheric blocking. Another question still unanswered is the relationship between the occurrence of
RWB and the propagation of RWPs in the southern hemisphere, as well as whether RWPs can cause RWB events
that trigger atmospheric blocking development. Hence, the aim of this research is to study the detection and
evolution of RWB events after the propagation of transient RWPs, with special emphasis on large‐scale RWB. In
addition, we classify the RWB considering whether their associated RWPs are LLRWPs or not, because we are
interested in understanding the processes that may increase prediction beyond the synoptic time scale. Lastly, we
study whether RWB events that occur after the dissipation of all RWPs are linked to the development of at-
mospheric blockings.

The paper is organized as follows. Section 2 describes the datasets and the methodologies for tracking RWPs, and
detecting RWB events and blockings. Section 3 focuses on the link between RWB and RWPs, Section 4 on the
interannual variability of RWB events and the potential impact of global climate modes, and Section 5 assesses
the link between atmospheric blocking and RWB events. Finally, Section 6 presents a summary of the study.
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2. Data and Methodology
2.1. Data

In this study, we used daily mean data from the ERA 5 Reanalysis (Hans et al., 2020), with an horizontal res-
olution of 0.25° × 0.25°. The region of study consists of the mid‐latitudes of the southern hemisphere, during
austral summer (December to March) between 1979 and 2021 as done in previous studies (Pérez et al., 2021;
Sagarra & Barreiro, 2020). Thus, we have 41 seasons available for the analysis.

RWPs propagate in the upper atmosphere of mid‐latitudes and manifest as meanders of the jet stream. During
their propagation, they produce a series of troughs and ridges that travel confined to a certain latitudinal band,
moving mainly eastward during austral summer (Chang, 1999). Thus, by computing the envelope of the
meridional wind speed at 300 hPa (V300env), we can characterize these transient RWPs. To calculate the V300env,
we followed the methodology specified in Pérez et al. (2021) that can be summarized as follows: (a) we compute
the daily anomalies by removing the daily mean climatology, and then subtract the seasonal mean variability from
the data; (b) we apply the fast Fourier transform and retain wavenumbers that represent atmospheric transients in
the southern hemisphere (i.e., waves with wavenumbers between 4 and 11, as in Trenberth, 1981); (c) we then use
the inverse Fourier transform to the filtered data obtaining V300env. Finally, due to the fact that RWPs propagation
is mostly zonal, and around 50°S in the upper troposphere during December–March season (Chang, 1999), we
averaged the V300env data between the latitudinal range of 40–65ºS.

Regarding the detection of RWB events, as in previous studies, we have used the potential vorticity field in
isentropic coordinates. The computation of the potential vorticity field was performed following Hoskins
et al. (1985), using daily mean temperature and wind speed at 200, 250, 300 and 350 hPa levels and interpolated
them to the isentropic coordinates of 330ºK. In the case of atmospheric blocking detection we used geopotential
height at 500 hPa, as in Tibaldi and Molteni (1990).

Also, to characterize the interannual variability and amplitude of the global climate modes, we used the Oceanic
Niño Index for ENSO, and the Antarctic Oscillation index for SAM. Both datasets are publicly available in the
NOOA website (https://origin.cpc.ncep.noaa.gov/).

2.2. Description of RWP Tracking Algorithm

The RWPs are detected using a tracking algorithm, based on the maximum envelope technique (Grazzini &
Vitart, 2015; Pérez et al., 2021; Sagarra & Barreiro, 2020). This algorithm searches for areas with the highest daily
values of V300env in the longitudinal sector. It identifies the center of activity of the RWPs as the point where the
value of V300env is the largest, and then follows the propagation of the wave packets to the east, assuming that they
travel between 15 and 45ºE per day. Before applying the tracking algorithm, we filter out small values of V300env to
avoid tracking noise. Although there is no optimum threshold because there are no physical properties that separate
one wave packet from another (Souders et al., 2014b), here we applied a minimum threshold of 19 m/s. Pérez
et al. (2021) show that the tracking of RWPs is not sensitive to the choice of threshold between 17 and 21 m/s.

The described tracking algorithm only follows transient RWPs, that is, RWPs that propagate eastwards and have a
zonal wavenumber between 4 and 11, which correspond to the transient structures of the southern hemisphere
(Trenberth, 1981). Therefore, the algorithm cannot track stationary RWPs, or those RWPs with a wavenumber
≤3. Hereafter, when we talk about RWPs, we are referring to these transient RWPs.

After the algorithm finishes tracking all the RWPs of the season, it uses proximity criteria to link trajectories of the
RWPs that were interrupted, and then measures the characteristics of the tracked wave packet: longitudinal
extension, areas of formation/dissipation, lifespan and propagation speed. The full description of the algorithm is
available in Pérez et al. (2021). Finally, for the subsequent analysis, the tracked RWPs are classified in LLRWPs
(lifetime >8 days) and short‐lived RWPs or SLRWPs (lifetime ≤ 8 days).

2.3. Rossby Wave Breaking Detection Algorithm and Validation

RWB events manifest in the upper atmosphere in areas where the usual meridional gradient of potential vorticity
either disappears or reverses, these areas can be located by searching where the potential vorticity contour lines
overturn following isentropic coordinates (McIntyre & Palmer, 1983). Previous studies in the southern hemi-
sphere followed potential vorticity contours in the isolines between 310 and 350ºK (Ndarana and Waugh 2010a,
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201b, Strong &Magnusdottir, 2008) because they represent the dynamical tropopause between the high latitudes
and the subtropics (Ndarana and Waugh 2010a). Having this in mind, we developed an objective tracking al-
gorithm able to search the overturning of potential vorticity contours on the 330ºK isosurface, following the
isoline of − 2 PVU (1 PVU = 10− 6 m2 s⁻1 K kg⁻1). We chose this specific isosurface because it is a transitional
region between the upper troposphere and the lower stratosphere in the mid‐latitudes of the southern hemisphere,
and where most anticyclonic and cyclonic shear have been found (Ndarana and Waugh, 2010a, 2010b).

The RWB tracking algorithm follows the methodology of Barnes and Hartmann (2012), and the steps of the
algorithm are the following.

1.‐ Representation of the − 2 PVU contour line for day t, and retention of the longest contour line. This is done to
avoid the detection of isolated potential vorticity “bubbles” as part of RWB events (see Figure 1).

2.‐ Identification of areas where − 2 PVU contours crosses more than 2 times the same longitudinal section.
These points are referred to as wave breaking points.

3.‐ If there are wave breaking points closer than 500 km from each other we assumed that these points belong to
the same wave breaking event (Barnes & Hartmann, 2012).

4.‐ Retention of RWB events that have a longitudinal extension ≥ 5°. This avoids registering meridionally
extended potential vorticity tongues that do not show overturning.

5.‐ Classification of the RWB event regarding their orientation. This is done by measuring the latitudinal mean of
the 4 most eastward and westward overturning points of the RWB episode. In the southern hemisphere,
cyclonic RWB events have their western‐most overturning point located equatorward, while their east‐most
overturning point is poleward. By contrast, in anticyclonic RWB events their eastern‐most overturning point
are equatorward whereas their west‐most overturning point are poleward. Thus, if the latitudinal mean of their
most westward points of the contour is closer to poleward latitudes than the observed at the most eastward
points, we assume that the wave packet shows an anticyclonic shear, whereas if the most westward points are
closer to the equator than the most eastward points, the breaking event is classified as cyclonic RWB. An
example of the application of the RWB tracking algorithm can be seen in Figure 2.

6.‐ Measurement of the RWB characteristics: longitudinal and latitudinal extension of the event, day of detection,
and type of RWB shear.

Given the few studies reported on RWB for the southern hemisphere it is important first to ensure that the
detection algorithm works as expected. To do so, we first tracked wave breaking events in the December‐March

Figure 2. Potential vorticity fields following the 330ºK isosurface between 25/02/2017 and 01/03/2017. The black contour line signals the location of the ‐2PVU contour
line while the dashed black line shows the longitudinal section where a LLRWPs stopped its propagation on 25/02/2017. The red rectangles indicate the area where the
wave breaking algorithm detected a large‐scale RWB event linked to the RWP that stopped propagating.
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season only between 1979 and 2008, and compared our results against previous studies (Ndarana and
Waugh 2010a, 2010b; Wang & Magnusdottir, 2010). The results are shown in Section 3.1.

2.4. Linking Large‐Scale Rossby Wave Breaking Events to RWPs

In this section we explain the methodology used to link RWB activity to the dissipation of RWPs. The authors
were not able to find a study which links RWB events with RWPs in the southern hemisphere, and propose the
following methodology to link RWP with RWB activity. Before describing the methodology, it is important to
highlight that from this section onward, we will only consider large‐scale RWB, that is, RWB events with a
longitudinal extension of 1,000 km (∼15° in mid latitudes) or above (Barnes & Hartmann, 2012). This is done in
order to retain wave breaking events that can strongly affect the large‐scale atmospheric circulation and have a
spatial scale similar to atmosphere blocking (11° of extension, Patterson et al., 2019). It is also important to
highlight that we search for large‐scale RWB events that occur within 4 days after the RWP stops propagating.
The upper limit of 4 days was chosen after examining the evolution and behavior of several potential vorticity
fields several days after the dissipation of a RWPs, where we observed no RWB activity 4 days after the packet
stopped propagating (see Section 3.2 for a more detailed discussion). The time scale of 4 days may be related to
the fact that RWPs can become stationary for a few days before disappearing.

The methodology used for linking RWPs with RWB events has the following steps.

1.‐ Apply the RWB tracking algorithm at day Tf, being Tf the day when a RWP finished its propagation.
2.‐ If the algorithm detects the geographical center of a large‐scale RWB event between Xf ± 2,000 km, being Xf

the longitudinal section where the algorithm located a RWPs before stopping its propagation, we assume that
the wave breaking event registered is linked to the RWP that stopped its propagation and we proceed to step 3.
If the described condition is not fulfilled, we continue looking for RWB events for the following days. If by
day Tf+4 we do not find a RWB event that matches the described condition, we assumed that the RWP did not
show a RWB episode and finish the search. Oppositely, if after applying the wave breaking detection al-
gorithm we detect two or more RWB event which are in the range Xf ± 2,000 km, we select the RWB events
whose geographical center is closer to the area of dissipation of the RWP.

3.‐ We register the day when a RWB event is detected as Tn, and applied the RWB tracking algorithm at day
Tn.+1. If a RWB event exists with geographical center within 20° (∼1,400 km) of distance or less from the
wave breaking episode found at day Tn,, we assume that this event is an extension of the RWB event found the
previous day. Else, we infer that the RWB episode only lasted for a day.

4.‐ Step 3 is repeated for the following days until we stop finding wave breaking events that fulfill the condition.
5.‐ We save the same characteristics of the RWB events detailed in Section 2.3 as well as the day a RWB event

was detected after the dissipation of a RWP, and how many days lasts the RWB associated to a RWP.

In step 2, we search for RWB events in the area located between Xf ± 2,000 km because even if Xf signals the
center of the RWP, the packet has a certain longitudinal extension, and thus the RWB event does not have to
necessarily appear near Xf. Barnes and Hartmann (2012) considered that RWB events that are within 2,000 km of
the geographical center of the RWB belong to the same episode, hence, in this study we look for RWB events that
are up to 2,000 km of distance from the area of dissipation of the RWPs.

Additionally, in step 3 we used a distance of 1,400 km to search for the continuation of a RWB episode, because
using a longer distance can cause the algorithm to select a wrong wave breaking event that is too far away from the
original episode that is being tracked.

Figure 2 shows an example of the methodology followed to link RWPs with RWB events.

2.5. Linking Atmospheric Blocking to Large‐Scale Rossby Wave Breaking Events

Lastly, we compared the proportion of large‐scale RWB events that are present nearby the development of an
atmospheric blocking event. In order to detect the occurrence of atmospheric blocking events, we use the
methodology of Tibaldi and Molteni (1990)—TM90 hereafter, but modified to consider a range of latitudes in the
southern hemisphere followingMendes et al. (2011). This technique measures two geopotential height meridional
gradients from a central latitude, one to the north (GHGN) and another one to the south (GHGS) by using ex-
pressions 1 and 2.
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GHGN = (Z(λ,q1) − Z(λ,qN))/(
⃒
⃒q1 − qN

⃒
⃒) (1)

GHGN = (Z(λ,qs) − Z(λ,q2))/(
⃒
⃒qs − q2

⃒
⃒) (2)

where, qN = 40ºS + Δ, q2 = 50ºS + Δ, q1 = 55ºS + Δ, qS = 65ºS + Δ

Z(λ,q) is the geopotential height at 500 hPa in a latitude q and longitude λ, and Δ belongs to the set {‐10,‐7.5, − 5,
− 2.5, 0, 2.5, 5, 7.5, 10}. If on a specific day, at a given longitude λ, GHGN >0 and GHGS < − 10 m/degree of
latitude for, at least, one value of Δ, the longitude is considered to be “blocked”. Note that, we measure GHGN
and GHGS using slightly different expressions from Mendes et al. (2011), which implies a stronger requirement
on the gradients to consider a longitude blocked.

Once instantaneous, local, blocked conditions have been identified, additional persistence and spatial extension
requirements must be imposed to define atmospheric blocking events. Various thresholds have been used in the
literature. Patterson et al. (2019) define an atmospheric blocking event when they detect a blocked longitudinal
sector covering, at least, 11° and when this condition persists for a minimum of 4 days in the atmosphere. Mendes
et al. (2011), use a minimum spatial extent of 7.5° in longitude and persistence of 5 days. In our study, we
registered events that have a minimum longitudinal extension of 7.5, 10, 12.5, and 15° and display a minimum
lifespan of 4–5 days, measuring the longitude of detection, lifetime and zonal extension of the blocks. This is done
in order to assess whether the proportion of atmospheric blocks that might be linked to RWB is sensitive to the
blocking conditions. Hence, events that last at least 4 days with a longitudinal extension of 7.5° are most frequent
and represent blocking‐like situations, that is, the persistent reversal of the westerly upper troposphere wind flow
that are not sufficiently extensive to be considered as a blocking event, whereas those that last more than 5 days
and have a zonal extension of at least 15° are considered the strongest blocks of the dataset.

In addition to the index described above, there exist a large variety of indices for the detection of atmospheric
blocking events. These indices complete each other by capturing different features of blocks ‐we refer to
Woolings et al. (2018), Barriopedro et al. (2010), Lupo (2020) for comprehensive reviews. Nonetheless, the most
commonly employed methodology is the TM90 one. In particular, in the southern hemisphere, where much fewer
blocking studies exist compared to the northern hemisphere, this has been by far the prevailing approach (Damiâo
andMachado, 2008; Damião et al., 2012; Mendes et al., 2011; Toulabi Nejad et al., 2022). The choice of TM90 in
our work, therefore allows us to verify the correctness of the algorithm outputs by comparison with previous
studies. Our choice is further motivated by the effectiveness of this index for the detection of omega blocks and
ridges with a marked meridional axis tilt (Pinheiro et al., 2019), which are typically observed in dipole blocks and
wave breaking situations. This characteristic along with the flexibility offered by the wide range of latitudes
covered (Δ) and variation of spatio‐temporal criteria makes our index well suited for studying the co‐occurrence
of large‐scale RWB events and atmospheric blocking events.

In Section 3, we first verify that our algorithm works as intended by measuring the frequency of occurrence and
areas of formation of blocking events in our period of study, comparing the results to those obtained in Mendes
et al. (2011). We then study the potential links between large‐scale RWB events and blocking events by iden-
tifying the events which occur on the same day and such that their respective geographical center are separated by
a maximum of 2,000 km. The fulfillment of the latter conditions ensures that the RWB event is present near the
development of the atmospheric block. Lastly, we determine how many of the RWB events that occur near an
atmospheric block are associated to propagating RWPs. This analysis assesses the proportion of atmospheric
blocks that are associated to large‐scale RWB activity, and whether RWB activity linked to propagating RWPs is
directly linked to the development of atmospheric blocking events.

3. Rossby Wave Breaking Events and Their Relationship to RWPs
3.1. Verification of Rossby Wave Breaking Algorithm

The analysis of RWB events during the December‐March season between 1979 and 2008 detected a total of 659
RWB events in December, 470 in January, 413 in February and 581 events in March. As for the orientation of the
RWB events, 22% of the total wave breaking activity belongs to cyclonic RWB, and 78% to anticyclonic RWB.
Thus, RWB activity detected is mainly anticyclonic, as reported by Thorncroft et al. (1993) and Peter and
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Waugh (2003). Our results are in agreement with those obtained in Ndarana andWaugh (2010a, 2010b) as shown
below.

Figure 3a shows the longitudinal distribution of RWB frequency of occurrence independently of its shear. The
maximum RWB activity occurs in the eastern Indian Ocean (between 120ºE and 180ºE) followed by the western
Pacific (− 180ºE‐120ºE), and the lowest activity is located in the Atlantic (near 0ºE–60ºE). These results indicate
that RWB is weakest at the jet entrance in the Atlantic basin, and largest at the jet exit, consistent with the fact that
largest RWP activity occurs in the Atlantic‐Indian basin where the strong jet acts as waveguide (Pérez et al., 2021).

Additionally, Figure 3b shows the areas of anticyclonic RWB activity. The main area of anticyclonic RWB
detection is located in the western Pacific, as reported by Ndarana and Waugh (2010b). Nonetheless, we also
observe two secondary areas of maximum anticyclonic RWB activity, one located in the Indian Ocean and the
second in the eastern Pacific‐western Atlantic. The latter is in agreement with Ndarana and Waugh (2010b), but
these authors found very little anticyclonic RWB activity in the Indian Ocean during December–February.
Nonetheless, Ndarana and Waugh (2010b) found significant anticyclonic RWB activity in that region during
March–May, suggesting that the differences with our results are explained because of our consideration of March
in the summer season. Thus, overall our results are close to those observed in Ndarana and Waugh (2010b),
providing a verification of our RWB algorithm. In our case the areas of RWB frequency have wider meridional
extension than those found in Ndarana and Waugh (2010b), because our algorithm registers the whole latitudinal
area where the overturning potential vorticity is detected.

3.2. Characteristics of Rossby Wave Breaking After RWP Propagation

For the southern hemisphere summertime during 1979–2021, a total of 1,256 RWPs were found, which corre-
sponds to around 30 per season. Moreover, 141 were LLRWPs, that is about 11% of the total RWPs. From the 141
LLRWPs, 45% have associated large‐scale RWB, whereas for the SLRWPs (1,115 cases) this proportion is close
to 39%. In both cases RWB events show mainly anticyclonic shear: 79% (76%) of the RWB episodes detected
after the propagation of a LLRWP (SLRWP) show anticyclonic RWB.

Figure 4 displays the frequency of occurrence per longitude of large‐scale RWB events as a function of longitude
that happened after the end of LLRWPs or SLRWPs as well all large‐scale RWB that happened after the end of
any RWP, independently of their lifespan. When we focused on large‐scale RWB events linked to the end of
LLRWPs propagation (Figure 4a), we found that most of these events mainly occur between − 120ºE and − 60ºE
(eastern Pacific basin). On the other hand, large‐scale RWB events associated to SLRWPs and to all RWPs

Figure 3. Frequency of total RWB events (a) and anticyclonic RWB activity (b) found during summertime in the Southern
Hemisphere between 1979 and 2008. Shading in (b) indicates anticyclonic RWB frequency (in %) f and red lines the mean
zonal wind speed at 300 hPa (in m/s).
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(Figures 4b and 4c), mainly occur in the region between 120ºE to 180ºE (eastern Indian basin), in agreement with
Ndarana and Waugh (2010a). As expected, Figures 4b and 4c show very similar distributions because SLRWPs
represents around 90% of the all RWPs.

These results thus show that large‐scale RWBs associated to LLRWPs are eastward displaced compared to RWBs
associated with the rest of the packets. This is consistent with Perez et al. (2021), who showed that LLRWPs
propagation is modulated by SAM, and that during negative SAM, when LLRWPs occur more often, the
waveguide where RWPs propagate is extended into the Pacific. Thus, this suggests that when LLRWPs propa-
gate, they travel further east and break in the Pacific ocean, instead of in the eastern Indian ocean sector. Hence,
large‐scale wave breaking events associated with LLRWPs tend to occur in the middle‐eastern Pacific basin,
which could imply that long‐lived packets might be precursors of weather regime transitions affecting conditions
in South America.

The temporal and spatial characteristics of large‐scale RWB events detected after the dissipation of LLRWPs and
SLRWPs are considered next. Figures 5a and 5d display the number of days that pass until a RWB event is
detected after the dissipation of a SLRWPs or a LLRWP, respectively. The two distributions are similar, that is,
most of the RWB events occur on the same or the next day after the RWPs stop propagating, and barely any wave
breaking activity is detected 3 days after. Additionally, Figures 5b and 5e show the lifespan of the RWB events
linked to SLRWPs/LLRWPs, indicating that most of the large‐scale RWB linked to RWPs last between 1 and
2 days, and that there are no significant differences between distributions. Nonetheless, when we compare the
zonal extension of the wave breaking events (Figures 5c and 5f), we found that RWB events that occur after the
propagation of SLRWPs usually cover larger longitudinal extensions compared to those observed after LLRWPs.
RWB events linked to LLRWPs show a median longitudinal extension of 22°, and a interquartile range of 12°,
whereas RWB associated with SLRWPs have a median of 26.5° and display an interquartile range of 15°. A
Kruskall‐Wallis test applied to the datasets of Figures 5c and 5d, indicates that the distributions are significantly
different, at 5% level of significance.

Hence, these results suggest that RWB events caused by SLRWPs cover larger longitudinal extensions of the
atmosphere compared to those produced by LLRWPs. Nonetheless, neither LLRWPs or SLRWPs seem to be
directly related to atmospheric blocking development because, even if the associated large‐scale RWB events
have similar spatial scales to a blocking event, they tend to last only about 1–2 days, too short to lead to blocking
(see also Section 5).

4. Interannual Variability of Rossby Wave Breaking Events Associated to LLRWPs/
SLRWPs
Perez et al. (2021) reported a negative correlation between SLRWPs and LLRWPs, such that during years with
high LLRWPs activity, SLRWPs occur less often. Therefore, one might expect a negative correlation between the
number of RWB events associated with LLRWPs and SLRWPs. Figure 6 displays the interannual variability in
the occurrence of RWB associated with LLRWPs and SLRWPs. Both time series show large year‐to‐year

Figure 4. Relative frequency of occurrence of large‐scale RWB associated to (a) LLRWPs, (b) SLRWPs, and (c) all RWPs
during austral summer 1979–2020.
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variability. In the case of LLRWPs, the number of annual RWB events range
from 0 to 11, while for SLRWPs it ranges from 6 to 32. During certain periods
the frequency of occurrence of RWB associated with the LLRWPs and
SLRWPs seem to be out of phase, but no significant correlation has been
found between the two time series.

Figure 7 shows the dependency of the frequency of occurrence of large‐scale
RWB events linked to SLRWPs and LLRWPs with the SAM/ENSO indices,
this is, the Antarctic Oscillation Index for SAM (SAM index) and the Oceanic
Niño Index (ONI) for ENSO. When we focus on large‐scale RWB linked to
LLRWPs (Figures 7a and 7b), in both cases the correlation values are close to
0 (∼0.12). Thus, there is no linear relationship between the number of RWB
events linked to the dissipation of LLRWPs with SAM or ENSO.

Figures 7c and 7d show the interannual variability of RWB events linked to
SLRWPs as a function of SAM/ONI indices. Years with La Niña have a
higher frequency of occurrence of RWB linked to SLRWPs, and the opposite
occurs in years with El Niño, with a Spearman correlation coefficient value of
− 0.36 statistically significant at 5% level (using Student t‐test). Thus, La Niña
years tend to favor the development of RWB events, whereas El Niño years

Figure 5. Histogram distribution of several characteristics of RWB associated with LLRWPs (lower panels) and SLRWPs
(upper panels). Panels (a) and (d) represent the number of days passed when a large‐scale RWB event appears after the end of
the SLRWPs or LLRWPs propagation, respectively (day 0 is the same day the wave packet stopped propagating). Panels 5b
and 5e display the lifespan of the RWB linked to SLRWPs and LLRWPs. Lastly, panels (c) and (f) show the longitudinal
extension of the RWB.

Figure 6. Interannual variability of RWB events associated to LLRWPs
(black line) and SLRWPs (blue line) during the period of study.
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do the opposite, but the small variance indicates that there are other processes that control interannual wave
breaking variability. In the case of large‐scale RWB linked to SAM, we obtain a Spearman correlation coefficient
value of 0.21, but it is not statistically significant (using Student t‐test). In agreement, Wang and Magnusdot-
tir (2010) and Gong et al. (2010) concluded that RWB in the tropical/subtropical Pacific is increased during La
Niña events, and this was associated to a strong local decrease in the upper‐tropospheric zonal wind. At the same
time Barreiro (2017) found that El Niño events tend to favor the RWPs propagation. Therefore, El Niño seems to
induce large scale background conditions that favor the propagation of RWPs and, by extension, diminishes the

occurrence of RWB, whereas the upper tropospheric wind flow decrease
during La Niña disfavors the propagation of RWPs and propitiate the
occurrence of RWB events.

5. Link Between Atmospheric Blocking and Large‐Scale
Rossby Wave Breaking
Results of Section 3.2 suggest that the link between RWB associated with
RWPs and blocking is not obvious because these RWB events tend to last 1 or
2 days.Herewe look further into the relationship betweenRWBandblockings.

Table 1 shows the number of blocking events found as a function of the
persistence and longitudinal extension considered. For the less restrictive

Figure 7. Scatterplot of RWB events linked to LLRWPs (a), (b) and SLRWPs (c), (d) against SAM/ENSO indexes. The lines
show an adjusted linear regression with the corresponding determination coefficient (R2) indicated in each panel.

Table 1
Number of Blocking Events Found Using Different Criteria, (d) Refers to
Minimum Lifespan in Days and (L) the Minimum Longitudinal Extension in
Degrees of the Atmospheric Blocks Detected

7.5°L 10ºL 12.5ºL 15ºL

4d 263 212 168 123

7.5ºL 10ºL 12.5ºL 15ºL

5d 142 107 79 55
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criteria (blocks that last at least 4 days and with a minimum longitudinal extension of 7.5°) there are 263 events
between 1979 and 2020 summertime, which corresponds to around six blocking events per season. This large
number of events reflects the fact that these criteria cause the finding of more blocking‐like situations than at-
mospheric blocks. On the other hand, for the most intense blocks (lifespan of 5 or more days and with a minimum
extension of 15°) there are 55 events, this is, a mean of 1.3 events per year. As expected, we observe a decrease in
blocking events as the conditions becomemore restrictive. We find a mean of 3 atmospheric block events per year
when we follow the criteria of Mendes et al. (2011), which is similar to the number they found (between 2.9 and
3.1 events per year).

In addition, when we focus on the detection areas of blockings, we find that near 50% of the events appear at the
central‐western Pacific basin (− 180ºE to − 120ºE) independently of the zonal extension and persistence of the
event. On the other hand, there is a secondary area of blocking development in the eastern Indian basin (121ºE–
180ºE), where we find around 23%–38% of the blocking events, showing the highest (lowest) values during the
strongest (weakest) blocking events. Oppositely, we barely detect any blocking in the western south‐Atlantic
(− 60ºE to 0ºE) or the central Indian basin (0ºE‐60ºE). These results are summarized in table 2 and are in
accordance with the observations in Mendes et al. (2011).

The search for large‐scale RWB associated to the formation of an atmospheric block reveals that the latter appear
close to a RWB event between 15% and 18% of the times independently of the strength and stability of the block
(not shown). Also, in agreement with the results of Section 3.2, we only found RWB linked to propagating RWPs
near the development of an atmospheric block around 3%–6% of the times, and it does not seem to depend on the
intensity and stability of the block.

To summarize, RWB events are present in the atmosphere around 1 out of 5 times an atmospheric block is
detected, but these RWB events do not seem to be related with propagating RWPs. Thus, propagating RWPs do
not seem to be directly linked to the development of atmospheric blocks. We recall that here we described
propagating RWPs as those with speed between 15 and 45°/day eastward, a zonal number between 4 and 11, and
lifespan larger than 3 days. Therefore, it is possible that planetary RWPs (those with wavenumber between 1 and
3) and quasi‐stationary RWPs (RWPs with zonal wavenumber above 4 and speeds <15°/day), which were not
considered in this study, might play a key role in the development of atmospheric blocking. One possibility is that
atmospheric blocking onset depends on the interaction between transient and stationary waves. In Nakamura and
Huang (2018), they stated that periods with high Rossby wave activity can saturate the capacity of the jet to
transmit waves, impeding the propagation of oncoming waves and triggering blocking development. They also
discussed that transient and stationary wave activity, among other factors, affect the capability of the jet to
transport Rossby waves. Thus, further studies should try to address if quasi‐stationary and transient RWPs are
linked with atmospheric blocking development, being by RWB activity or by other dynamical processes.

Additionally, it is possible that transient RWPs might influence atmosphere blocking by other dynamical pro-
cesses that are not related to wave breaking activity. For example, through recurrent RWPs: in this mechanism
several transient RWPs propagate in such a manner that the troughs and ridges that build up the wave packets are
repeatedly amplified at the same longitudes, thus producing unusually persistent surface weather conditions
during their lifespan (Barton et al., 2016; Davies, 2015; Röthlisberger et al., 2019).

Alternatively, quasi‐stationary or planetary waves might play a larger role in blocking development. Previous
studies have found that under certain circumstances, planetary and quasi‐stationary synoptic‐scale packets
resonate together, causing slow‐speed synoptic scale Rossby waves amplification, favoring extreme weather
events development in the northern hemisphere during boreal summer (Coumou et al., 2014; Kornhuber

Table 2
Number of Summertime Blocking Events Between 1979 and 2020 in the Area of Study for Two Blocking Detection Criteria:
(d) Refers to Minimum Lifespan of the Event in Days, and (L) to Its Minimum Longitudinal Extension in Degrees

Eastern south‐Atlantic‐
western Indian basin

(0ºE–60ºE)

Central
Indian basin
(61ºE–120ºE)

Eastern
Indian basin

(121ºE–180ºE)

Western Pacific
basin (− 179ºE
to − 120ºE)

Eastern Pacific
basin (− 119ºE
to − 60ºE)

Western
South‐Atlantic
(− 59ºE to 0ºE)

4d 7.5° L 10 16 63 118 38 18

5d 15° L 1 2 20 27 4 1
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et al., 2017). Coumou et al. (2014) also suggested that a similar process might happen in the southern hemisphere,
but this has not yet been studied.

Therefore, results obtained in this study suggest that there is no direct link between propagating RWPs and at-
mospheric blocking development, at least, by wave breaking processes. Nonetheless, we cannot rule out the
possibility that propagating RWPs might interact with atmospheric blocking events by other dynamical mech-
anisms and further research is needed.

6. Summary
Rossby Wave Breaking events are atmospheric perturbations that interfere in the upper troposphere wind and
energy flow, and under certain circumstances they can cause an atmospheric block, leading to the development of
heatwaves or droughts. In this work, an algorithm to track overturning regions of potential vorticity was
developed in order to identify Rossby Wave breaking areas that are linked to the dissipation of transient RWPs.

We found that both long‐lived RWPs and short‐lived RWPs tend to show large‐scale wave breaking events
around 40% of the time, although this number is slightly higher for long‐lived packets. Large‐scale Rossby Wave
breaking events that occur preceded by long‐lived RWPs tend to manifest at the center‐eastern part of the Pacific
basin, and are less zonally extended compared to the wave breaking events associated with the rest of the packets.
Therefore, changes in weather regime conditions caused by wave breaking events that are linked to long‐lived
RWPs are more likely to occur at the south of South America. Moreover, wave breaking events linked to
RWPs tend to last between 1 and 2 days in the atmosphere for both long‐lived and short‐lived packets. Thus, wave
breaking events produced by propagating RWPs do not seem to be directly linked to the development of at-
mospheric blocks.

Previous studies have found that negative SAM years are characterized by a larger number of long‐lived RWPs
due to the extension of the Atlantic‐Indian basin jet wave guide into the Pacific (Pérez et al., 2021). Here, we
report that the frequency of wave breaking linked to long‐lived RWPs does not seem to be affected by SAM nor
ENSO. On the contrary, La Niña events favor the development of wave breaking episodes after the propagation of
short‐lived RWPs. Hence, it is suggested that Rossby Wave Breaking activity linked to RWPs is more common
during years with La Niña.

Finally, we assessed whether Rossby wave breaking events appear near the development of atmospheric blocks,
and found that around one out of 5 times a blocking event develops, a Rossby Wave Breaking event is present.
However, large‐scale Rossby Wave Breaking linked to propagating RWPs does not seem to be associated with
atmosphere blocking development, at least by wave breaking processes. Therefore, blocking event development
associated with wave breaking activity during southern hemisphere summertime might be linked to stationary
RWPs, or propagating wave packets with very low wavenumber (1–3). Another possibility is that propagating
Rossby waves might affect atmospheric blocking development, but through other dynamical processes that are
not related by wave breaking activity, such as by the development of recurrent Rossby waves. Further study is
needed to address these questions.

Data Availability Statement
ERA5 reanalysis data are freely available in the Copernicus Climate Data Store, whereas ENSO and SAM indexes
are available at NOAA website. The wind envelope amplitude of the RWPs used in this study is deposited in a
Zenodo repository and publicly available as Perez. I (2021) Wind envelope at 300 hPa in the Southern Hemi-
sphere during austral summer between 1979 and 2020 (Version 1.1) [Dataset]. A datanote describing the
mentioned dataset as well as the methodology applied to obtain wind envelope data from meridional wind speed
can be found in Pérez and Barreiro (2023), which is publicly available in Open Research Europe.
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