
1. Introduction
Atmospheric circulation in mid-latitudes is dominated by the upper level jet and associated storm track. It is well 
known that atmospheric predictability on time scales longer than the synoptic is limited due to the chaotic nature 
of the atmosphere, while on seasonal timescales predictability is strongly dependent on tropical surface ocean 
conditions. On intermediate, subseasonal scales, predictability relies on persistent structures such as atmospheric 
blockings or Rossby Wave Packets (RWPs). RWPs are packets of upper-level atmospheric waves that are able 
to travel coherently for several days by downstream development (Tu-Cheng Yeh, 1949; Chang & Yu, 1999; 
Chang, 2000) and transport large quantities of energy. These packets are constantly being created and destroyed 
in mid-latitudes and most of them survive only for a few days, but under certain conditions, these packets can be 
stable and propagate for several days or even weeks before disappearing (Grazzini & Vitart, 2015).

RWPs represent high-amplitude meanderings of the jet stream and thus are related to storm track variability 
(Souders et al., 2014a). Moreover, they have been recognized as precursors of extreme weather such as heat waves 
or extreme rainfall events, (Chang, 2005; O’Brien & Reeder, 2017; Wirth et al., 2018), as well as extratropical 
cyclone development, (Chang et al., 2005; Sagarra & Barreiro, 2020). Additionally, it has been shown that RWPs 
affect the weather forecast in the areas they cross, increasing the uncertainty on short and middle range forecast-
ing (Zheng et al., 2013; Souders et al., 2014b). Increasing our knowledge about processes that control RWPs 
is thus crucial to understand the mechanisms that affect weather and climate in mid-latitudes and provides the 
possibility of extending the forecast beyond synoptic timescales (Grazzini & Vitart, 2015).

As mentioned earlier, under certain conditions RWPs can maintain their coherence longer than usual and are able 
to survive for weeks in the atmosphere. The lifespan, extension and propagation of RWPs are highly dependent on 
the potential vorticity gradient and the distribution of diabatic heating sources (Grazzini & Vitart, 2015). Poten-
tial vorticity (PV) gradients control the strength and position of the waveguide where RWPs propagate (Hoskins 
& Ambrizzi, 1993), such that a very intense and narrow gradient of PV favors the development of coherent RWPs 
that will last longer in the atmosphere before they disappear, (Chang & Yu, 1999; Souders et al., 2014b; Manola 
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et al., 2013, Wirth, 2020). On the other hand, weaker gradients tend to stop or attenuate wave propagation (Grazz-
ini & Vitart, 2015). The role of jets as waveguides that favor the propagation of packets in the zonal direction 
has been studied extensively in the Northern Hemisphere (e.g., Hoskins & Ambrizzi, 1993; Branstator, 2002; Xu 
et al., 2019; Teng & Branstator, 2019; Xu et al., 2021).

RWPs are more easily detected in the southern hemisphere due to the absence of baroclinically unfavorable 
continental areas (Grazzini & Vitart, 2015). Moreover, during austral summertime, the storm track is almost 
zonally symmetric at 50ºS and the jet presents a wind speed maximum in the Atlantic-Indian sector that acts as 
a waveguide (Hoskins & Ambrizzi, 1993; Chang, 1999). In the southern hemisphere (SH) there are, however, 
few studies on RWPs and these are mainly focused on climatological characteristics and statistics. For example, 
Chang, (1999) found that wave packets tend to propagate along the mid-latitude jets and that their zonal group 
velocity in the SH summer is about 20–25 m/s. In Chang, (2000) it was shown that most wave packets propagate 
when dominated by downstream development, and that a surface cyclone developed in nearly all cases to the east 
of the upper-level troughs associated with the wave packets. Additionally, Souders et al., (2014a) showed that 
RWPs activity in the SH does not have a strong seasonal cycle and that the packets detected are faster and more 
coherent than in the northern hemisphere. They also found a positive trend in the annual mean activity of RWPs 
that they hypothesize may be related to an improvement of the quality of the reanalysis (consistent with Barreiro 
et al., 2014) or to the observed trend in the Southern Annular Mode (SAM) during summer.

Barreiro, (2017) studied the interannual variability of wave activity during austral summertime in the southeast 
Pacific-Atlantic sector and found that the leading pattern of variability in this region is correlated with El Niño 
Southern Oscillation (ENSO), such that there is an increase in transient wave energy in the Pacific during El Niño 
years. However, this study did not address the characteristics of RWPs. Sagarra and Barreiro, (2020) performed 
a climatological study of RWPs during the austral summer in the SH and found a mean of 32 packets per season, 
90% of the trajectories have a lifespan of 3–8 days and 80% of the waves propagated between 30 and 170º degrees 
of longitude. No main area of dissipation/formation on seasonal or monthly timescales was detected and the study 
did not find a relation between the interannual count of RWPs and ENSO, but suggested a possible relationship 
with SAM.

The interannual variability of RWPs and the influence of global climate modes on RWPs have not been yet ad-
dressed in detail. The goal of the present study is to fill this gap by studying the impact of ENSO and SAM on 
the characteristics of RWPs during austral summer. It is well known that these climate modes alter the large-scale 
mid latitude flow and therefore, the waveguide where the RWPs propagate. We will focus on long-lived RWPs, 
(hereafter LLRWPs), which are those that live longer than 8 days (Grazzini & Lucarini, 2010), having in mind 
that understanding how climate modes modulate the occurrence and propagation characteristics of RWPs, as well 
as how they modify the areas where these long-lived packets are detected, may contribute to the improvement of 
extended range forecasting (between 10 and 30 days) of extreme weather events. The robustness of the results is 
addressed considering two independent reanalyses.

This paper is organized as follows. Section 2 describes the data, the tracking algorithm, and the analysis applied 
in this study. Section 3 describes the climatology and interannual variability of RWPs. Section 4 focuses on the 
impact of ENSO and SAM on LLRWPs and Section 5 addresses the large-scale conditions and mechanisms that 
favor LLRWPs. Lastly, Chapter 6 provides a summary of the results.

2. Data and Methods
2.1. Data

To track RWPs, we use daily mean meridional winds (m/s) at 300 hPa as done previously by several authors (e.g., 
Chang & Yu, 1999; Sagarra & Barreiro, 2020). The data used in this study comes from the ERA5 reanalysis 
(Hans et al., 2020) with an horizontal resolution of 0.25º x 0.25º and from the NCEP-DOE Reanalysis 2 (NOAA/
OAR/ESRL) (Kanamitsu et al., 2002), with a horizontal resolution of 2.5º x 2.5º. The period of study chosen is 
the austral summer here considered as December, January, February, and March (DJFM) from 1 December of 
1979 to 31 March of 2020, thus retaining data corresponding to 41 summer seasons. We included March in the 
analysis to increase the sample size because long-lived RWPs represent close to 10% of the total packets regis-
tered. Barreiro, (2017) and Sagarra & Barreiro, (2020) concluded that the characteristics of RWPs detected in 
March are very similar to those detected in the traditional DJF months of the summer season.
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RWPs are generally composed of a series of through and ridges confined to a certain zonal band, and thus to 
characterize them we compute the envelope that encloses the wave packet. As a result, each RWP is characterized 
by an envelope whose amplitude has highest values at the center and decreases to the east and west. To compute 
the envelope using the meridional winds at 300 hPa, we proceed in three steps: (i) calculation of the anomalies 
by removing the daily climatology, (ii) the subtraction of the seasonal mean in order to remove the interannual 
variability, (iii) calculation of the amplitude of the wave packet envelope (m/s) using the methodology of Zimin 
et al., (2003). We retained wave numbers between 4 and 11, which are representative of the atmospheric tran-
sients in the SH (Trenberth, 1981). For the methodology of Zimin et al., (2003) to work well, the propagation of 
RWPs has to be in the zonal direction (e.g., Zimin et al. (2006), which is the case for the SH summer as shown by 
Chang, (1999). This latter study also showed that the jet and maximum variance in meridional wind anomalies 
are in a band centered at 50º S, and therefore in our study, we averaged latitudinally data in the band 40ºS–65ºS.

To characterize the interannual occurrence of the global climate modes, we considered for ENSO the Oscillation 
Niño Index (ONI) and for SAM the Antarctic Oscillation index (AAO). Both data sets are available from the 
NOAA website. Of the 41 years considered, 14 years are classified as El Niño, 13 years as La Niña, and 14 years 
as Neutral years. In the case of SAM, we also classified years as positive, negative, and neutral. To do so, first 
we subtracted the linear trend of the SAM index for the 41 seasons. Next, we applied the following criteria: if the 
absolute value of the detrended seasonal SAM index in a year t surpasses the threshold of 0.35σ (σ is the standard 
deviation of the detrended SAM index) that year is classified as SAM positive (SAM negative) if the value is 
positive (negative). Conversely, if the seasonal SAM index is below this threshold, it is considered a neutral year. 
The reason to choose this threshold is to retain a similar number of positive SAM and negative SAM years. As a 
result, 9 years correspond to negative SAM, 11 years to positive SAM and 21 years to neutral SAM.

We also used geopotential height (Z300) and zonal winds at 300 hPa (u300), as well as sea surface temperature 
(SST) from the ERA5 reanalysis to study the upper level circulation anomalies and surface ocean conditions, 
respectively, associated with the interannual variability in the occurrence of RWPs. Also, to characterize changes 
in the position and intensity of the waveguide, we calculated the meridional gradient of the absolute vorticity 
(mAVg, also at 300hPa), which is commonly used as an approximation of the isentropic gradients of potential 
vorticity (Wirth et al., 2018).

2.2. Methodology

2.2.1. Tracking Algorithm and RWPs Classification

Before applying the algorithm to track RWPs, we set a minimum threshold for the amplitude of the envelope 
to avoid tracking noise. The value of this threshold should be selected carefully, in order to be able to distin-
guish one packet from another (Souders et al., 2014b). If the threshold is too low, the algorithm will track noisy 
fluctuations, while if it is too large, the algorithm will miss some RWPs. In the case of the ERA5 data set, we 
decided to use 19 m/s as a minimum threshold in the calibration stage. For the case of the NCEP-DOE 2 data set, 
Grazzini & Vitart, (2015) considered a threshold value of 16 m/s, Souders et al., (2014b) 14 m/s, and Sagarra & 
Barreiro, (2020) 15 m/s. Therefore, in our study, we decided to apply a threshold of 15 m/s for the NCEP-DOE 2 
data set. Nonetheless, in order to study the sensitivity of the results, we also considered a 2 m/s higher and lower 
threshold for each reanalysis. The choice of a higher threshold for ERA5 is based on the fact that this reanalysis 
showed larger mean values of the amplitude of the envelope, thus representing a jet stream characterized by 
stronger meandering probably due to the higher resolution of the data set.

The algorithm tracks the amplitude of the envelope above the chosen threshold allowing to follow a coherent 
wave packet in its trajectory and consists of the following steps:

1.  Detection of the highest value of the amplitude in the longitudinal axis (pn) in the first day of the data matrix.
2.  Search for the position of the maximum amplitude eastwards in the next day (pn+1).
3.  If the points pn and p n+1 are between [pn+15º to pn+45º], pn and pn+1 are registered as part of the same trajec-

tory and we repeat steps 2 and 3 for the following days. The distance is chosen so that the wave packet travels 
at a speed between 15 and 45º per day as found in (Sagarra and Barreiro 2020).

4.  When we find a maximum pm that it is not within the range specified in step 3 or when we reach the limit of 
the data matrix, the trajectory is saved and we resume the tracking from the last day we detected the start of 
a trajectory.
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5.  After analyzing all longitudes for the day, we proceed to the next one and repeat steps 1–4 until we analyzed 
the whole data matrix.

6.  Having finished the analysis of the data matrix, we check for trajectories that may have been truncated and ap-
ply proximity criteria as follows. If two trajectories are closer than 1000 km and their difference in slope is less 
than 20º/day they are joined. Additionally, for slow trajectories that were separated by 1–2 days, but the mean 
speed between the end of a trajectory and the start of the next one is less than 15º/day, they are considered as 
a single trajectory if the mean speed between points L–1 or L (being L the last point of the first trajectory) to 
I or I+1, (being I the initial point of the second trajectory) is 15º/day or above and the mean envelope between 
the two trajectories surpasses the minimum threshold.

7.  Finally, we filtered out trajectories with a lifespan below three days because they are not relevant to this study.

After running the algorithm, we performed a statistical analysis of the RWPs detected. The following measures 
were considered: (i) mean propagation speed (m/s) taking into consideration that 1º/day is approximately 0.82 
m/s in the latitudinal region analyzed (40–65ºS) , (ii) duration (days during which a trajectory can be tracked until 
it disappears), (iii) length of the trajectory (difference between the starting and ending point of the trajectory) in 
degrees and (iv) activity areas. Then, we studied the interannual variability of LLRWPs and the impact of global 
climate modes.

RWPs are classified into three categories based on their lifespan: short-lived RWPs if their lifespan ranges be-
tween 3 and 6 days, medium-lived RWPs when their lifetime ranges between 7 and 8 days and LLRWPs when 
they last more than 8 days. Although we focused on long-lived packets, RWPs of different lifespans were regis-
tered to study whether their frequency of occurrence is correlated. As mentioned above, to study the robustness 
of the results, we considered several thresholds in the tracking algorithm for ERA5 and NCEP-DOE 2 data sets. 
For ERA5, we used the thresholds 17, 19, and 21 m/s, and for NCEP-DOE 2 the thresholds 13, 15, and 17 m/s. 
The Kruskal Wallis test was used to determine whether the results obtained classifying the years according to 
the different ENSO/SAM phases are statistically different from each other, highlighting results that reach a 10% 
significance level.

To study the areas of activity of LLRWPs, we considered the following six regions: 0–60ºE, 61–120ºE, 121–
180ºE, 181–240ºE, 241–300ºE, and 301–359ºE. We calculated the frequency (%) of RWPs propagating in these 
regions, for all years and separating according to ENSO and SAM phases.

2.2.2. Analysis of Large-Scale Conditions

The identification of atmospheric and oceanic conditions that favor the formation and propagation of LLRWPs 
was assessed using regression and composite analyses. We regressed u300, mAVg, Z300 and SST anomalies onto 
the time series of interannual occurrence of LLRWPs, assessing the statistical significance of the results obtained 
using a Student’s t-test at 10% significance level. The regression field allows distinguishing ocean and atmospher-
ic circulation anomalies associated with the global climate modes of interest (ENSO and SAM).

To complement the regression analysis, we selected the years with the highest and lowest frequency of occurrence 
of LLRWPs tracked in the ERA5 data set (for a threshold of medium intensity), and constructed composite maps 
of seasonal mean u300 and mAVg for these years. Years of maximum (minimum) LLRWPs occurrence are consid-
ered as those above (below) one standard deviation. Additionally, we subtracted seasonal mean wind (u, v) at 300 
hPa during years of maximum LLRWPs detection against years of minimum detection to determine the regions 
that are statistically different using a Student’s t-test. This also provides insight into the physical mechanisms that 
favor/disfavor LLRWPs formation and propagation.

The results shown below are mainly based on ERA5, including a comparison with NCEP-DOE 2 when it adds 
relevant information.

As mentioned in the Introduction, jets can act as waveguides. Thus, to test whether years with maximum occur-
rence of LLRWPs are related to changes in the jet, we calculated the wave coherence index (WCI). Chang & 
Yu, (1999) & Chang, (1999) showed that the maximum values of the WCI identify the regions where the upper 
level jet acts as a waveguide, and other studies have used the WCI to study the interannual variability of wave-
guides (e.g., Seager et al., 2010). Thus, we expect LLRWPs to be favored during years when the WCI is maximum 
and zonally continuous.
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To study the interannual variability, we first calculated the WCI for each year using the daily mean meridional 
wind at 300 hPa (from ERA5) and the methodology described in Chang, (1999). Then, we performed a Principal 
Component Analysis (PCA) of the yearly WCI in order to identify the main modes and relate them to the occur-
rence of LLRWPs, ENSO and SAM. The PCA analysis was done in the latitudinal band 30ºS-70ºS and the data 
was weighted by cos(latitude)1/2.

3. Mean and Interannual Variability of RWPs
Figure 1 shows the climatological amplitude of the envelope in the SH summer for ERA5. The highest values 
of the amplitude are located in the latitudinal band between 40 and 60ºS as expected, and from 25 to 150ºE 
(Figure 1). There is a minimum located around the southern tip of South America consistent with the results of 
Souders et al., (2014a) (in their case on an annual timescale). The spatial structure is similar on individual months 
(not shown). As a result, RWPs tracked using restrictive thresholds could be abruptly interrupted close to South 
America and may cause a reduction of LLRWPs in the areas between 280 and 330ºE.

The total number of RWPs detected in this analysis using ERA5 is 1256 packets, being 141 the number of packets 
that lasted more than 8 days, corresponding to about a total of 30 (3) RWPs (LLRWPs) per season. Figure 2 pre-
sents a summary of statistics of RWPs properties. Figure 2(a) shows an exponential decrease in the duration of the 
wave packets such that about 77% do not reach 7 days and about 1.1% of the trajectories have a lifespan of 14 days 
or above during the season. In addition, Figure 2(b) shows that 78% of the trajectories travel between 30º and 170º 
in the longitudinal direction and only about 2.45% are able to complete a full latitudinal circle. The mean distance 
travelled by a packet is 126º, the median is 96º, and the inter-quartile range is 101º. In the case of their lifespan, 
they show a mean duration of 5.3 days, a median of 4 days, and an interquartile range of approximately 6 days. 
Figure 2(c) shows the RWPs speed distribution with a mean speed of 20.7 m/s and a standard deviation of 5 m/s.

In the case of the NCEP-DOE2 data set, we detected 1225 RWPs, 101 being LLRWPs. About 70% of the trajec-
tories do not reach 7 days, and barely 2% of the trajectories detected surpass 14 days. The mean distance travelled 
by RWPs is 128º, with a median of 84º, and an interquartile range of 85º. RWPs duration display a mean of 5 
days, a median of 4 days, and an interquartile range of 3 days. Lastly, the mean speed is 20.5 m/s with a standard 
deviation of 4.3 m/s. Thus, the results obtained in NCEP-DOE 2 are very similar to those obtained using ERA5.

In comparison, Sagarra & Barreiro (2020) found that the mean speed of the packets is 20 m/s with a standard 
deviation of 6.6 m/s and a mean lifespan of almost 6 days per packet. Overall, 80% of the packets lasted be-
tween 3 and 7 days and around 1% surpasses the 14 days threshold. They also found that packets trajectory has 
a mean of 99º of longitude. Overall, the results obtained in this study are similar to those obtained in Sagarra & 
Barreiro, (2020).

Figure 1. Mean climatological amplitude (m/s) during DJFM. Solid black lines show the area of study.
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On the other hand, Souders et al., (2014b) found that in the SH, 70% of the RWPs detected lasted less than 8 days, 
with a mean lifetime of 7.9 days and a mean of 151 degrees of distance travelled. The mean duration and distance 
travelled found in our study are lower compared to Souders et al., (2014b), which could be, in the case of the 
NCEP-DOE 2 data set, at least partially explained by the use of a less restrictive threshold in that study (14 m/s).

As shown in Figure 3(a), the frequency of occurrence of the total number of RWPs in ERA5 shows large interan-
nual variability, with values in the range of 20 and 40 packets per year. The dependence on the threshold chosen 
is not strong as the time series of RWPs detected are highly correlated for different thresholds. While results are 
very similar for 17 m/s and 19 m/s, there is a reduction in the mean number of packets detected during the whole 
period for a threshold of 21 m/s. This may be related to the fact that the isoline of 21 m/s shows a break in the 
south Atlantic in the mean conditions (see Figure. 1).

Looking at subsets of RWPs, it is clear that the overall behavior of the total number of events is dominated by 
the variability in the occurrence of short-lived waves (Figure 3b). For medium-lived and long-lived waves (Fig-
ures. 3c and 3d), the number of events per year is similar: it is relatively small and it increases when using a lower 
threshold. In addition, long-lived wave packets show large interannual variability existing years without these 
type of waves and others that present up to 9 packets. This suggests that large-scale circulation conditions set up 
by low-frequency climate modes can modulate their occurrence. Figure S1 shows the time series of occurrence 
of LLRWPs identifying the corresponding ENSO and SAM phases during each year.

Furthermore, it is also worth mentioning that there is a negative correlation between the occurrence of short-lived 
and long-lived waves with r = –0.32 for a threshold of 19 m/s, so that the detection of several long-lived waves 
also results in less short-lived waves during that particular year. This correlation value is statistically significant 
at 5% level according to Student’s t-test.

The wave activity of all RWPs, shown in Figure 4(a), has a maximum at around 61–121º E (Indian ocean) and 
a minimum between 181 and 240ºE (eastern Pacific basin. These results are similar to those found in Souders 
et al., 2014a. In contrast, the median of wave activity for LLRWPs is uniform across all longitudes, although 
longitudes to the east of 120ºE have years with few packets (Figure 4b). Regarding the influence of ENSO on 
LLRWPs activity, we did not find any meaningful differences between the activity areas during El Niño or La 
Niña, (not shown). In the case of SAM, there is also no zonal dependence of the median in wave activity, but 

Figure 2. Climatological properties of RWPs tracked between 1979 and 2020 during DJFM using a minimum threshold of 19m/s; (a) lifespan, (b) distance travelled, 
and (c) the mean speed per packet.
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Figure 3. Interannual variability of the total RWPs tracked (a), short-lived waves (b), medium-lived waves (c), and long-lived waves (d). Red, blue, and green lines 
indicate the results obtained using thresholds of 17, 19, and 21 m/s, respectively.

Figure 4. Boxplot of RWPs activity in ERA5 for (a) all RWPs and (b) for LLRWPs. The bottom panel shows the influence of SAM on wave activity of LLRWPs: (c) 
for SAM+ phase and (d) for SAM – phase. Red crosses indicate the presence of outliers.
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there is a strong increase in variance in the eastern Pacific (241–300ºE) during positive SAM compared to other 
longitudinal bands and to its opposite phase (Figures 4c,d).

4. Impact of SAM and ENSO on the Occurrence and Duration of LLRWPs
The time series of detected LLRWPs for a threshold of 19 m/s in ERA5 and the SAM index are correlated at 
–0.31, significant at 5% level. On the other hand, the correlation between the same time series of LLRWPs and the 
ONI index is 0.19, which is not statistically significant at 10% level. Nevertheless, since the relationship between 
LLRWPs and ENSO may not be linear, in this section, we further explore the influence of SAM and ENSO on 
the distribution of the frequency of occurrence and duration of LLRWPs. Figure 5 shows the results for different 
thresholds and both reanalyses.

The tracking algorithm detected a larger number of LLRWPs during El Niño compared to neutral and La Niña 
years in NCEP-DOE 2 reanalysis. After applying the Kruskal Wallis test, we found that the differences in the 
occurrence of LLRWPs during El Niño and La Niña are statistically significant: the p-values obtained are 0.02 for 
low thresholds (13 m/s), 0.10 for medium thresholds (15 m/s), and 0.09 in high thresholds (17 m/s). Nonetheless, 
in the case of ERA5, these p-values are close but do not reach the minimum level of significance established, 
showing p-values of 0.12, 0.12, and 0.23 for low, medium, and high threshold. We also compared the duration of 
the trajectories during different ENSO phases and we did not find any significant differences. Thus, except for 
the low-threshold case in NCEP-DOE 2, differences between El Niño and La Niña are marginal or not significant 
suggesting that ENSO influence on LLRWPs is weak and not robust.

We next turn to the impact of SAM (Figure 6). In contrast to ENSO, independently of the threshold considered 
in ERA5, positive SAM events display the lowest frequency of occurrence of LLRWPs and negative SAM the 
highest, whereas neutral SAM shows intermediate values. Kruskal Wallis test results show that for ERA the oc-
currence of LLRWPs during positive SAM and negative SAM events are significantly different for all thresholds, 
showing p-values of 0.03, 0.02, and 0.03 for low, medium, and high thresholds, respectively. For the NCEP-DOE 
2 data set, we only found statistically significant differences between positive and negative SAM for low threshold 
(p-values of 0.09, 0.5, and 0.20 for low, medium, and high thresholds). Results are also statistically significant 
between the interannual variability of positive SAM against neutral SAM for medium threshold (p-values of 0.21, 
0.07, and 0.58 for low, medium, and high thresholds, respectively) in NCEP-DOE 2 data sets. (See also Table S1 
in Supporting Information S1).

Figure 5. Boxplots of interannual variability of LLRWPs detected during different ENSO phases using NCEP-DOE 2 (upper 
panels) and ERA5 (lower panel) for different thresholds. Red crosses show outliers and red lines show the median location. 
The title of each boxplot refers to the threshold applied in the tracking stage. Low threshold is 17 (13 m/s), medium threshold 
is 19 (15) m/s, and high threshold is 21 (17 m/s) for ERA5 (NCEP-DOE 2).
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In addition to increasing the frequency of occurrence, negative SAM events register LLRWPs that last longer 
compared to those detected during positive SAM years (Figure  7). The differences between the duration of 
LLRWPs during negative and positive SAM events are statistically significant at 10% level for low and medium 
thresholds in the ERA5 data set, (low, medium, and high thresholds show p-values of 0.03, 0.06, and 0.22), and 
for medium threshold in the NCEP-DOE 2, (p-values of 0.26, 0.09, and 0.44 for low, medium, and high thresh-
olds). Moreover, the LLRWPs duration in positive SAM events is significantly smaller than that during neutral 
SAM events for low thresholds in ERA5 and for medium threshold in the case of NCEP-DOE 2 data set, (p-values 
of 0.06 and 0.09, respectively, see Table S1).

Overall, results obtained in this section suggest that SAM has a robust influence on the LLRWPs, such that 
negative SAM phases favor the occurrence of LLRWPs and that these packets last significantly longer compared 
to those detected during positive SAM phases. Conversely, ENSO impact is not robust as results depend on the 
reanalysis and threshold value used. El Niño seems to favor LLRWPs, but these results are not significant in the 

Figure 6. Analogous to Figure 5 but for SAM events.

Figure 7. Boxplots of interannual LLRWPs duration for different SAM phases using NCEP-DOE 2 (upper panel) and ERA5 
(lower panels) for different minimum thresholds. Red point crosses show the outliers and red lines show the median location. 
The title of each boxplot refers to the thresholds applied. Low threshold is 17 (13) m/s, medium threshold is 19 (15) m/s, and 
high threshold is 21 (17 m/s) for ERA5 (NCEP-DOE 2).
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ERA 5 reanalysis data. In the next section, we explore the mechanisms that favor LLRWPs and how SAM may 
modulate their occurrence

5. Conditions That Favor LLRWPs Propagation
Figure 8 displays the composite maps of u300 and mAVg during years with the highest (Figure 8a) and lowest 
(Figure 8b) LLRWPs frequency of occurrence. During the years of maximum frequency of occurrence of LLR-
WPs, the jet stream is stronger, more zonal, and narrower from the southeastern Atlantic until the southwestern 
Pacific. Both Figures 8a and 8b show a region with negative values of mAVg to the east of New Zealand. Since 
the mAVg must be positive to enable RWPs propagation, in that region RWPs propagation is either restricted or 
blocked (Hendon, 2018). This region of negative mAVg is larger, extending toward higher latitudes during years 
with the lowest frequency of occurrence of LLRWPs. To further understand the differences in mean wind con-
ditions between years of maximum and minimum frequency of LLRWPs, Figure 8c shows the difference in the 
300 hPa wind field. Consistent with the previous maps, circulation changes are characterized by westerly wind 
anomalies between 40 and 50ºS in the Indian ocean sector and easterlies between 50 and 60ºS over most of the 
domain. In addition, superposed on these zonal anomalies there are weak cyclonic circulation anomalies located 
in the southwestern Atlantic, southwest of Africa, and southwest of Australia.

To complement the above analysis, Figure 9a shows the regression fields of u300, mAVg, Z300, and SST anom-
alies onto the time series of the frequency of occurrence of LLRWPs. Consistent with Figure 8, the increase in 
LLRWPs is inversely correlated with an increase of zonal mean wind speed in the medium-high latitudes (50-
65ºS), whereas it is positively correlated with zonal wind speeds at lower latitudes (35–50ºS). In the case of the 
mAVg (Figure 9b), we observe the same spatial pattern as for u300, although the field is noisier. As during austral 
summer, the jet stream is approximately zonally symmetrical and centered in 50ºS, results of Figures 8 and 9 
suggest that northward (southward) displacement of the jet stream favors (disfavors) the propagation of LLRWPs. 

Figure 8. Composite maps of zonal wind speed (colored areas, expressed in m/s) and mAVg (lines, expressed in 10–10/ms), during years of maximum (a) and minimum 
(b) frequency of occurrence of LLRWPs in ERA5. Black lines show positive mAVg and areas with negative mAVg are highlighted with a hatching crossed pattern. 
Black dotted lines show the limits of the area of study. Panel c shows the wind circulation anomalies constructed as the difference between years of maximum and 
minimum LLRWPs. Blue areas indicate where the anomalies are statistically significant at 10% level.
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Accompanying these changes, there is a decrease in Z300 in midlatitudes and an increase in high latitudes, together 
with cyclonic circulations to the southwest of the continental areas as mentioned before (Figure 9c). Similar re-
sults are obtained using NCEP-DOE2 reanalysis (not shown). Thus, taken together these results suggest that years 
with a high number of LLRWPs are characterized by large-scale circulation anomalies that look very close to the 
negative phase of SAM (see also Figure S2). This is consistent with the results of Section 4, where negative SAM 
events were found to favor the occurrence and duration of LLRWPs. Figure 9d further shows that an increase 
in LLRWPs shows zonal bands of positive (negative) correlation with sea surface temperatures in high (mid) 
latitudes, consistent with atmospheric forcing. Lastly, a weak correlation with positive sea surface temperature 
anomalies in the tropical Pacific (Figure 9d) is also seen, again suggesting that El Niño may play a secondary role 
in setting large-scale conditions that favor LLRWPs propagation.

Why would a stronger, northward-shifted and narrow jet in the Indian-western Pacific basin favor LLRWPs? We 
hypothesize that this is because the climatological jet in the Atlantic-Indian sector acts as a better waveguide and 
extends further into the Pacific basin. To address this issue, we calculate the EOFs of the WCI between 30 and 
70ºS.

The leading EOF (EOF1) only explains 10% of the total variance, but the corresponding PC1 is highly correlated 
with the interannual variability of LLRWPs, showing a correlation of 0.51 (in ERA5, medium threshold), sta-
tistically significant at 5%. The second EOF is not related to the occurrence of LLRWPs and thus is not consid-
ered. Figure 10 shows the spatial pattern of the leading EOF, characterized by a dipolar structure with opposite 
values to the south and north of 50ºS. The positive correlation indicates that an increase/decrease of the WCI 
in the midlatitudes is associated with an increase/decrease in the occurrence of LLRWPs. Additionally, the PC1 
is negatively correlated with the SAM index (-0.46), and positively correlated with the ONI index (0.45), both 
results significant at 5%. The strong negative correlation with SAM indicates that during positive SAM, the WCI 
increases in high latitudes of the Indian-Pacific sector. Conversely, negative SAM phases are associated with an 
increase in WCI in midlatitudes from the Indian to the Pacific sector, indicating that the northward-shifted jet 

Figure 9. Linear regression-correlation maps of several fields onto the interannual frequency of occurrence of LLRWPs in ERA5: (a) zonal wind speed at 300 hPa 
(m/s), (b), mAVg (1/ms), (c) geopotential height at 300 hPa (m), and (d) SST anomalies (ºC). The colored areas indicate where the correlation is significant in the 10% 
level, with orange (blue) areas corresponding to positive (negative) values. Black lines display values of linear regression coefficient.
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is acting as a better waveguide compared to the southward-shifted jet during positive SAM phases, favoring the 
occurrence of LLRWPs.

The changes in the circulation associated with EOF1 are further explored in Figure 11. As expected from the 
correlation analysis, years with highest (lowest) amplitude of PC1 are characterized by large-scale circulation 
conditions similar to those during years of maximum (minimum) frequency of occurrence of LLRWPs (com-
pare Figures 8a, 8b and 11a, 11b). Moreover, as in Figure 8c, the difference in wind circulation shows that years 
with maximum WCI in midlatitudes are characterized by a stronger, narrow and northward shifted jet in the 
Atlantic-Indian basin that extends into the Pacific sector (Figure 11c). The development of a cyclonic circulation 
anomaly to the southwest of Australia helps extending the jet into the Pacific. These are the conditions during the 
negative SAM phases. Conversely, during SAM-positive phases, the development of an anticyclonic circulation 
to the southwest of Australia blocks the jet and creates a region of negative meridional absolute vorticity gradient 
that prevents the propagation of wave packets, (see also Figure S2).

The signature of El Niño can also be distinguished in Figure 11c: weakened upper level equatorial westerlies, 
subtropical Pacific anticyclonic anomalies, and a strong anticyclonic center located about 110W, 70ºS (e.g., Bar-
reiro 2017). This explains the significant positive correlation of the PC1 with the ONI index. These circulation 
anomalies are also present, although weaker, in Figure 8c. It is important to note that ENSO teleconnections 
project onto SAM, such that El Niño tends to favor negative SAM phases (Gong et al., 2010). Thus, given that in 
Section 4 the ENSO signal is not found to be robust, it is likely that the relationship between ENSO and LLRWPs 
occurs indirectly through ENSO´s connection with SAM.

6. Summary
A detection algorithm was implemented to study the interannual variability of RWPs, and in particular, the im-
pact of SAM and ENSO on packets lasting longer than 8 days. We used ERA5 reanalysis as our main data set and 
compared the results obtained against NCEP-DOE 2 reanalysis data to test the robustness of the findings. Overall, 

Figure 10. For ERA5, (a) leading EOF of the seasonal variability of the wave coherence index and (b) time series of the PC1.
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we found more (less) LLRWPs that last longer (less) during negative (positive) phases of SAM in both reanaly-
sis. Results show that during negative SAM phases, the jet shifts northward, strengthens in the Indian basin and 
extends further into the Pacific basin, so that it acts as a better waveguide favoring the propagation of LLRWPs. 
Conversely, during positive phases of SAM, the jet shifts southward and an anticyclonic center develops to the 
southwest of Australia blocking the jet and the progression of the wave packets. It is worth pointing out that years 
with neutral SAM conditions tend to show intermediate numbers of LLRWPs.

The impact of ENSO on LLRWPs is not robust. We suggest that the weak relationship found may be due to the 
effect of ENSO on SAM. Gong et al. (2010) suggested that El Niño may set background conditions that favor 
negative SAM events and La Niña does similarly for positive SAM events. Thus, this may result in an indirect 
correlation between ENSO and the occurrence of LLRWPs.

Thus, the results found in this study suggest that LLRWPs are more common during years with negative SAM 
phases. Given their link with extreme weather events, our findings are indicative that extended range forecasting 
of extreme events may be more feasible during negative SAM years and will be less skillful when La Niña and 
positive SAM phases are present.

Data Availability Statement
ERA5 reanalysis data are freely available in the Copernicus Climate Data Store https://cds.climate.copernicus.
eu/. NCEP/DOE Reanalysis 2 can be downloaded at the websites: https://psl.noaa.gov/data/gridded/data.ncep.
reanalysis2.html. ENSO and SAM indexes are available at https://origin.cpc.ncep.noaa.gov/. The amplitude of 
the envelope of the RWPs is publicly available at https://doi.org/10.5281/zenodo.5714192, as well as a script to 
obtain wind envelope data from meridional wind speed at https://doi.org/10.5281/zenodo.5724656.

Figure 11. Analogous to Figure 8, but for the extremes of PC1.

https://cds.climate.copernicus.eu/
https://cds.climate.copernicus.eu/
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html
https://origin.cpc.ncep.noaa.gov/
https://doi.org/10.5281/zenodo.5714192
https://doi.org/10.5281/zenodo.5724656
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