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Abstract. In this study, we analyze the meteorological configurations leading to extreme ocean swells along the Peruvian
coast, which are frequently produced by remote Pacific storms from both hemispheres. Using extreme-swell warnings from
the Peruvian Navy and ERADS reanalysis, we examine five austral-winter Southern Hemisphere (SH) events (very strong, south-
westerly) and six boreal-winter Northern Hemisphere (NH) events (strong, north-westerly). Event-centred composites are
computed over lead windows guided by estimated swell travel times (3—4 days in the SH; 8-11 days in the NH). In both
hemispheres, a deep extratropical cyclone becomes vertically aligned from sea-level pressure through 500 hPa to 250 hPa
before coastal peak swell, while an upper-level jet core strengthens and organizes a persistent corridor of enhanced surface
westerlies over the swell-generation region. In the SH, coherent surrounding ridging tightens the meridional pressure gradient
and co-occurs with a strengthened, sharper polar-front jet. In the NH, preconditioning is dominated by a deep central-western
North Pacific low with comparatively weak, localized ridging and a markedly intensified, more zonally extended subtropical
jet, while the polar-front jet weakens. A flow-analogue framework suggests a recent strengthening of SH event-related surface
winds consistent with increased large-scale pressure contrasts and a shift toward more positive Southern Annular Mode
conditions, whereas NH events show no robust trend and attribution is obscured by strong interannual-to-decadal variability.
These results can support earlier recognition of remote swell hazards affecting Peru and, consequently, can lead to an

improvement of early warning systems.

1 Introduction

Coastal communities worldwide are increasingly impacted by extreme wave events. These events, often referred to as coastal
wave storms or anomalous swells, can result in flooding, coastal erosion, and disruptions to maritime activities. While some
extreme wave conditions are generated by local storms, many destructive coastal events are driven by ocean swells originating
from distant extratropical cyclones. Swell can cross ocean basins with modest attenuation (Barber and Ursell, 1948; Ardhuin

et al., 2009). In the Pacific, about 22% of coastal extremes originate from the opposite hemisphere (across the Equator) and
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~30-35% of tropical extremes originate at higher latitudes (Boucharel et al., 2021). This underscores a strong interconnection
between mid-latitude storminess and low-latitude coastal impacts, highlighting the need to account for remote wave forcing in
coastal risk assessments.

The Pacific Ocean has a well-documented history of long-range swell events impacting distant shores. In particular, the Pacific
coasts of the Americas have experienced recently severe anomalous swell episodes triggered by remote storms. For example,
an anomalous southwest swell event in May 2023 caused coastal flooding and the closure of dozens of ports in Peru (Infobae,
2023). A late-December 2024 swell event generated by a winter storm in the North Pacific impacted Peru’s northern tourist
beaches and small ports, underscoring the far-reaching effects of remote storm forcing (RPP Noticias, 2024). These events
caught coastal communities by surprise, illustrating how storm activity in remote regions can translate into sudden coastal
hazards even under fair local weather.

For this region, prior studies have noted that the most potent swell-generating storms often involve quasi-stationary or slow-
moving frontal systems, which allow wind energy to accumulate. For instance, Alves (2006) identified mid-latitude cyclones
as the chief source of long-period swells in the Pacific. Similarly, an analysis by Campos-Caba (2016) found that the largest
swells impacting Chile and Peru were typically caused by distant storms with stalled or multi-day frontal activity over 3,000 km
offshore. These prolonged fetch conditions favour the production of exceptionally energetic swells.

Most “ordinary” swell events arise from midlatitude extratropical depressions following typical storm-track paths, whose
sustained winds generate long-period waves that radiate far from the source (Alves, 2006; Semedo et al., 2011). By contrast,
extreme swell episodes tend to coincide with more amplified synoptic states associated with deeper, longer-lived cyclones
(Hell et al., 2021; Lodise et al., 2022). In this context, upper-tropospheric forcing is a plausible discriminator: the polar-front
jet (and, secondarily, the subtropical jet) organizes and energizes midlatitude weather systems through jet-streak circulations
and associated divergence aloft, thereby modulating surface cyclogenesis and intensity (Schultz et al., 2001; Bukenberger et
al., 2025). A stronger and more zonally organized jet can enhance upper-level divergence and favour rapid deepening and
persistence of extratropical cyclones—conditions that extend fetch and bolster swell generation (Bukenberger et al., 2025).
Yet, despite these well-established dynamical links, the explicit connection between jet-stream variability and extreme coastal
swell remains only sparsely addressed in the wave-climate literature (Hell et al., 2021).

Motivated by this gap and using ERAS reanalysis, we investigate the atmospheric circulation associated with extreme swell
events in both hemispheres that affect the Peruvian coast, with particular emphasis on the dynamical characteristics of the jet
stream. In addition, we assess the contribution of climate change to projected changes in the intensity of these events through

an analogue-based framework.
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2 Data and Methods
2.1 Extreme Swell Events Dataset

We define “extreme” swell events as those with anomalously high wave activity well beyond normal seasonal variability. For
this study, anomalous swell events affecting the western coast of South America were identified using information provided
by the Directorate of Hydrography and Navigation (DIHIDRONAYV). These datasets include the number of special swell and
wind warnings issued between 2008 and 2025, along with their respective intensities, start and end dates, as shown in Table
1.

Table 1: Extreme-swell events (2008-2025) based on special warnings issued by the DIHIDRONAV

Special )
Event Year Warning Start date End date Ma>-<|murr? Direction
Number swell intensity
Southern Hemisphere
El 2011 31 19/06/2011 24/06/2011 Very strong Southwest
E2 2014 28 01/07/2014 04/07/2014 Very strong Southwest
E3 2017 61-62 11/08/2017 15/08/2017 Very strong Southwest
E4 2017 68 07/09/2017 11/09/2017 Very strong Southwest
E5 2023 26 27/05/2023 30/05/2023 Very strong Southwest
Northern Hemisphere
E6 2010 3-4 17/01/2010 21/01/2010 Strong Northwest
E7 2010 09 17/02/2010 21/02/2010 Strong Northwest
E8 2011 14-15 21/03/2011 29/03/2011 Strong Northwest
E9 2012 5-6-7 06/02/2012 14/02/2012 Strong Northwest
E10 2021 06 29/01/2021 02/02/2021 Strong Northwest
E1ll 2025 02 10/01/2025 13/01/2025 Strong Northwest

Note. According to the DIHIDRONAY classification, a *"very strong" swell implies wave heights exceeding three times their normal

conditions. In contrast, ““strong" intensity indicates wave heights between two and three times the normal wave heights.

Five extreme swell episodes, classified as “very strong”, were identified along the Pacific coast of South America during the
study period based on Peruvian Navy records (DIHIDRONAYV, 2025). All occurred during austral winter months (May—
September) and were associated with pronounced south-westerly swell directions originating in the South Pacific. We similarly
identified a set of extreme swell events generating in the North Pacific in the past ~17 years. In total, we selected six benchmark
events emanating from the NH (primarily boreal winter occurrences) classified as “strong” swells. The timing of each event’s

peak swell at the coast was documented, and we analysed the atmospheric conditions in the days leading up to that peak.

3



75

80

85

90

95

100

https://doi.org/10.5194/egusphere-2026-408
Preprint. Discussion started: 20 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

To do this, we first estimated the travel time of swell from its source to the Peruvian coast using deep-water wave theory
(Stewart, 2008). The group velocity of a swell packet is given by Eq. 1.

cg == )

4T

where g is gravitational acceleration (9.81 m s2) and T the wave period. The propagation time is given by Eq. 2
t= 4nX/gT (2)

where X is the great-circle distance between the storm fetch and the coast. Using a representative distance of ~4035 km
(between the main fetch region and southern Peruvian coast) and typical periods of 16-20 s (Tamayo, 2007), we obtained
travel times of ~72-90 hours (3—-3.7 days) for the SH. For the NH, we obtained a distance of ~9200 km (related to the northern
Peruvian coast) and travel times of ~192-260 hours (8-11 days). These intervals were therefore used to analyse the atmospheric

circulation leading up to each swell event.

2.2 Synoptic composite analysis

For each hemisphere’s set of events, we performed a composite analysis of the atmospheric fields to identify common patterns.
We used daily reanalysis data from 1991 to 2025 from ERAS (Hersbach et al., 2020) in order to obtain daily maps for a window
of 3—4 days (8-11 days for NH) prior to each event’s swell arrival at the coast (based on swell travel time estimates).

These daily fields were averaged across events to compute composite anomalies of sea level pressure (SLP), geopotential
height at 500 hPa and 250 hPa, 10-m and 250 hPa winds. We also analysed the significant height of wind waves (SHWW) over
the open-ocean source regions to diagnose locally forced wind-sea generation. For each variable, anomalies were defined
relative to the 1991-2020 day-of-year climatology and composited across event days. Statistical significance was assessed
with a two-sided Mann—-Whitney U test (Mann and Whitney, 1947).

2.3 Multiparametric jet diagnostics

To further characterize and understand the jet stream configuration in both hemispheres during these events, a multiparametric
analysis of the jet stream was performed. For this, daily zonal wind data at 250 hPa from ERAS5 were used, and the methodology
developed by Collazo et al. (2024) was applied in order to have a better representation of upper-level jet features. In fact, this
approach overcomes the limitations of traditional analysis based solely on jet latitude and intensity by incorporating additional
metrics describing its dynamic structure, such as tilt, sharpness, meridional displacement (departure), number of branches, and
longitudinal extension. From the daily calculation of these diagnostic parameters, values were extracted and grouped
accordingly. Boxplots were then produced to analyse the distributions and relationships among the different parameters,

differentiating the signal associated with extreme events from the climatological behaviour.



105

110

115

120

125

130

https://doi.org/10.5194/egusphere-2026-408
Preprint. Discussion started: 20 February 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

2.4 Analogue’s analysis

To assess the contribution of global warming to changes in 10-m wind speed, we applied the analogue method (e.g., Cattiaux
et al., 2010; Yiou et al., 2017). This approach searches for events dynamically similar to the observed one and quantifies
changes in intensity by comparing distributions derived from analogues of two periods with different levels of anthropogenic
forcing. Because atmospheric circulation is held fixed, the resulting differences highlight the thermodynamic influence of
climate change.

The analogue analysis is based on ERAS data for 1950-2025. Flow analogues were identified by selecting days with similar
SLP, Z500, and Z250 fields, using the mean standardized Euclidean distance to ensure equal weighting among variables
(Barriopedro et al., 2025). For each event, the expected wind speed was reconstructed by randomly sampling one of the N best
analogues within the [-L, L]-day window surrounding the corresponding calendar date. A sensitivity analysis performed for
N = {20,35,50} and L = {31,45,61}, as well as for different analogue-search domains, showed no relevant changes in the
results. Based on these reconstructed wind speeds, differences in median values between the past (1950-1987) and present
(1988-2025) periods were then assessed for statistical significance using the Mann—Whitney U test (Mann and Whitney, 1947).
After identifying flow analogues, we examined the role of climate variability modes by extracting the monthly Southern
Annular Mode (SAM) index for SH events and the Pacific Decadal Oscillation (PDO) index for NH events on the analogue
dates. The SAM represents the leading mode of extratropical Southern Hemisphere variability and reflects latitudinal shifts in
the westerly wind belt encircling Antarctica, with positive (negative) phases associated with stronger, poleward-shifted
(weaker, equatorward-shifted) westerlies and corresponding changes in storm-track position and intensity (Fogt and Marshall,
2020). The SAM index was computed from monthly ERA5 SLP between 40°S and 65°S following Marshall (2003). The PDO
is a major mode of decadal variability in the North Pacific, marked by basin-wide SST anomalies and associated wind-stress
changes. Its positive phase leads to an eastward extension and poleward displacement of the North Pacific jet stream, along
with increased mid-latitude cyclonic activity (Wills et al.,, 2019). The PDO index was obtained from NOAA

(https://www.ncei.noaa.gov/access/monitoring/pdo/accessed, November 2025).

3 Results

The study first examines events originating in the SH and subsequently those in the NH, allowing for a comparative assessment
of their large-scale atmospheric drivers. For each hemisphere, the analysis begins with a synoptic characterization to establish
the dynamical processes responsible for event development. Building on this, we then deepen the investigation by focusing on
the specific configuration and role of the upper-level jet stream, a key driver of extreme weather patterns (e.g., Xu et al., 2023;
Garcia-Burgos et al., 2023; Collazo et al., 2024). Finally, to contextualize our findings within a broader climatological
framework, we search for analogues of the previously described atmospheric circulation patterns in order to evaluate possible
changes in event intensity over time. This progression, from synoptic overview to jet-stream diagnostics and flow-analogue

assessment, provides a coherent framework to investigate both the physical mechanisms and temporal changes of the events.

5
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135 3.1 Southern Hemisphere Extreme Swell Events

3.1.1 Synoptic Patterns

The composite fields for SH events E1-E5, averaged over days D4 to D-3 relative to DO, reveal a well-organized barotropic
disturbance over the southeast Pacific (Fig. 1a and Fig. S1). SLP exhibits a pronounced negative anomaly south of 40°S and
between about 120°-70°W, flanked by positive SLP anomalies to the southwest and southeast of the low (Fig. 1a). This tripolar
140 structure reflects a deep extratropical cyclone embedded between broad anticyclonic anomalies on both sides of the basin. The
resulting meridional pressure gradient is strongly enhanced along the northern and north-eastern flank of the low over the mid-
latitude Pacific. The vertical coherence of this disturbance is evidenced by the close alignment of the SLP, Z500, and Z250

anomaly centres (Fig. S1 - Supporting Information), which supports the interpretation of a mature, vertically coherent
barotropic disturbance.
145
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Figure 1: Southern Hemisphere composite anomalies during extreme-swell events (EI-E5; MJJAS). Panels (a)-(b) show large-scale
conditions over 140°W-40°W and 5°N-60°S: (a) sea-level pressure (SLP) anomaly (shading) and (b) 250-hPa wind-speed anomaly

(shading) with wind-anomaly vectors. The red boxes in (a) and (b) indicate the regional domain analyzed in (c) and (d) (150°W-

70°W, 30°-70°S): (c) 10-m wind-speed anomaly (shading) with wind-anomaly vectors and (d) significant height of wind waves

150 (SHWW) anomaly (shading). Anomalies are computed relative to the 19912020 MJJAS climatology and averaged over days D—4

to D3 relative to day DO0. Statistical significance at p < 0.05 (two-sided Mann-Whitney U test) is indicated by stippling in (a) and

(d), and by dashed contours enclosing the wind vectors in (b) and (c). The Peruvian coastline is outlined to indicate the impacted

coastal sector.
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At upper levels, the 250-hPa wind composite (Fig. 1b) exhibits an elongated band of enhanced winds relative to the
climatology, between about 30°- 60°S and 130°- 90°W, broadly collocated with the surface pressure tri-pole and the 10-m
wind maximum. The jet core follows a relatively straight southwest—northeast trajectory as it approaches South America.
The near-surface wind response at 10-m (Fig. 1c) is consistent with this pressure pattern. A wide corridor of positive wind-
speed anomalies spans roughly 35°-55°S, with vectors indicating intensified westerly to south-westerly flow over the central
southeast Pacific. Within this corridor, the strongest anomalies are found between about 100°-90°W, oriented along a
southwest—northeast axis that points toward the Peruvian and Chilean coasts. On the equatorward side of the cyclone, the
anomalous flow curves from westerly to north-westerly as it approaches South America, effectively lengthening the fetch over
which the enhanced winds act on the ocean surface. Weaker or negative wind-speed anomalies to the north and south of this
band delineate the core of the storm-track intensification associated with the extreme events.

The impact of this strengthened fetch on local wave generation is captured by the SHWW composites (Fig. 1d). Positive
SHWW anomalies exceeding 1 m organize into a broad, zonally elongated swath between about 38°-65°S and 150°-89°W,
broadly collocated with—and slightly poleward of—the 10-m wind-speed anomalies. This partial offset is expected, because
wind-wave growth integrates wind forcing over the evolving fetch and depends on the absolute wind field rather than anomalies
alone. Negative or near-zero anomalies to the north indicate that the subtropical wave field remains relatively unperturbed,
highlighting the key role of this high-Ilatitude belt as the primary open-ocean source of the extreme swells that reach the

Peruvian coast a few days later.

3.1.2 Southern Jet Stream Characteristics

Having characterized the synoptic structure of the SH events, we next examine the associated upper-level circulation, focusing
in particular on the austral wintertime polar-front jet (PFJ) over the Southeast Pacific. To quantify changes in the PFJ during
extreme-swell events, we construct boxplots for several jet parameters, comparing their climatological distributions with those
observed during the events. The PFJ exhibits marked differences between extreme-swell cases and the seasonal climatology
(Fig. 2). PFJ intensity (Fig. 2a) shows a clear shift toward higher values during E1-E5: event-day medians lie several m s
above the climatological median, and the interquartile range is substantially narrower. According to the summary statistics in
Supplementary Figure S3, both the Mann-Whitney and Kolmogorov—-Smirnov tests indicate that this enhancement in PFJ
strength is statistically significant (p < 0.05).

PFJ sharpness, a metric that quantifies how narrowly the jet core is confined latitudinally, also increases during extreme events
(Fig. 2b). The distribution for event days is concentrated around larger meridional wind-speed gradients, with very little overlap
with the climatological upper quartile. Physically, this indicates that the jet is not merely stronger but also exhibits a steeper
gradient between its core and the surrounding flow when extreme swell develops.

Differences in jet orientation are captured by the departure and tilting metrics, which respectively describe the meridional
coherence and inclination of the jet. Departure measures the spread of the latitudinal positions of the wind maxima along the

jet axis and tilting, in contrast, quantifies the zonal inclination of the jet by evaluating the slope of a linear regression fitted to

7
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the tracked latitudes of the jet core (Barriopedro et al., 2023). PFJ departure displays markedly smaller values for E1-E5, with
event-day boxes clustered near low departures while climatological values span a wide range, including numerous large
outliers (Fig. 2¢). This indicates that during extreme-swell events, the PFJ maintains a compact, well-organized structure, with
a single core of maximum winds. PFJ tilting exhibits a modest but significant shift toward more positive values for extremes,

implying a slightly more consistent southwest—northeast orientation of the jet as it crosses the South Pacific (Fig. 2d).
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Figure 2: Southern Hemisphere jet diagnostics during extreme-swell events E1-E5 (MJJAS). Boxplots of polar-front jet (PFJ)
significant metrics for event days (red) versus austral winter climatology (blue) from ERAS5 250-hPa winds: (a) PFJ intensity, (b)
PFJ sharpness, (c) PFJ departure and (d) PFJ tilting. P-values from Mann-Whitney and Kolmogorov—Smirnov tests are shown
above panels.

As summarized in Table S1 from Supporting Information, tilting differences reach statistical significance in at least one of the
tests, whereas other positional parameters (e.g., jet latitude or longitudinal extent) do not. Overall, the SH composites show
that extreme swell is preceded by a PFJ that is stronger, sharper, less latitudinally variable, and weakly positively tilted
compared with the broader austral winter population. While these analyses characterize the large-scale circulation associated
with extreme swell events, they do not address how such configurations may be evolving over time. To explore this aspect,

we next adopt a flow-analogue approach.
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3.1.3 Analogues Analysis

Records of extreme wave events span only a few years, so to assess how climate change might be altering their characteristics,
we rely on flow analogues. Figure 3 illustrates the results of applying this method to event E1, with similar patterns found for
the other SH events. The wind speed at 10-m and the SLP of the event according to the ERA5 reanalysis are shown in Fig. 3a.
As previously analysed, a strong pressure gradient is identified between an anticyclone and a cyclone in the South Pacific,
resulting in intense surface winds with a considerable meridional component. By removing the climate-induced shift,
quantified as the difference in medians between the present and past flow analogues, E1 yields weaker surface winds due to a
lower pressure gradient (Fig. 3b). A more comprehensive comparison between the reconstruction of wind speed at 10-m in the
region indicated in panels a and b is shown in Fig. 3c. Days with random atmospheric circulation show greater variability in
wind intensity than days with flow analogues; however, the latter tend to have stronger winds (see the medians in the boxplots).
Regarding the comparison between analogue flows in the past and present periods, there has been a significant increase in
wind speed in recent decades, meaning that similar atmospheric circulation in the present climate results in stronger winds in
the South Pacific.

Because the SAM is the dominant mode of climate variability in the extratropical SH (Fogt and Marshall, 2020), we also
examine its role in shaping this event (Fig. 3d). The monthly SAM index associated with past and present flow analogues
indicates a significant difference, with recent analogues predominantly associated with positive values of the index. A positive
phase of the SAM strengthens and shifts the belt of SH westerly winds poleward, increasing windiness over the high latitude
while weakening westerlies in many midlatitude regions. Consequently, positive SAM conditions are associated with stronger
winds across the southern half of the study region (Fig. S2 - Supporting Information), reinforcing the intensification already
suggested by the analogue-based wind reconstructions. This relationship helps explain the differences between the observed
event and its counterfactual. In the counterfactual reconstruction (Fig. 3b), winds are weaker over the southern portion of the
domain compared with the observed event (Fig. 3a). This weakening is consistent with a shift toward less positive SAM
conditions in the past analogue period, indicating that part of the observed wind amplification can be attributed to the recent
tendency toward more positive SAM phases. Previous studies have shown that this positive SAM trend is largely driven by
stratospheric ozone depletion and increasing greenhouse gas concentrations (Abram et al., 2014; Fogt and Marshall, 2020;
King et al., 2023; Purich et al., 2025). These external forcings enhance the likelihood of positive SAM states, thereby creating
background conditions that favor stronger winds in the high-latitude South Pacific. All SH events examined here exhibit this
SAM-related wind intensification, with the sole exception of E3 which does not show a significant influence of this climate

mode.
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Figure 3: Analogue analysis for the E1 event. (a) Wind speed at 10-m (shaded) and SLP (contours) observed during E1 in the
235  ERADS reanalysis. Dashed contours indicate pressures below 1013 hPa. (b) Counterfactual reconstruction of 10-m winds (shading)
and SLP (contours), obtained by removing the climate-change signal—defined as the median differences between present and past
analogue flows—from the observed event. (¢c) Mean wind speed at 10m over the box, indicated in panels (a) and (b), reconstructed
from flow analogues (green) and random (orange) days of the past (1950-1986) and present (1987-2024) period. The dotted
horizontal line indicates the intensity of the event observed in ERA5. The legend shows the difference in medians between the
240 present and past periods for wind speed at 10-m for days with similar flow and its statistical significance according to the Mann-
Whitney U test. (d) Monthly SAM associated with days with flow analogues for the past and present periods. The difference
between medians for both periods and statistical significance is indicated in the legend.

3.2 Northern Hemisphere Extreme Swell Events
245 3.2.1 Synoptic Patterns

The composite fields for NH events E6-E11, averaged over days D—11 to D—8 prior to DO, show a large-scale, vertically
coherent disturbance over the North Pacific (Fig. 4). SLP exhibits a deep negative anomaly centred near 30—40° N in the
central-western basin. Positive SLP anomalies are weaker and more localized, occurring mainly over the north-eastern Pacific—
North American/Arctic sector, with no coherent anticyclonic ridge elsewhere. Thus, in this case, the preconditioning

250 atmospheric pattern is characterized by a single basin-scale deep low with comparatively modest surrounding highs (Fig. 4a).

10
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This configuration tightens the meridional pressure gradient along the southern flank of the low, favouring an enhanced belt
of westerly to north-westerly flow across the midlatitude North Pacific.
The barotropic nature of this storm configuration is evidenced by the consistency among SLP, 500-hPa, and 250-hPa
geopotential height anomalies (Fig. S3 - Supporting Information). Negative height anomalies at Z500 and Z250 are nearly
255  vertically aligned with the SLP minimum over the central-western North Pacific, and positive anomalies arch over the subpolar
and continental sectors at all three levels. This three-level coherence—from the surface pressure field through the mid-
troposphere to the upper-tropospheric flow—confirms that the storm complex associated with events E6-E11 is embedded
within a vertically stacked, slowly evolving barotropic structure. In this configuration, the cyclone sustains enhanced W-NW
low-level winds over a broad midlatitude sector.
260
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Figure 4: Northern Hemisphere composite anomalies during extreme-swell events (E6-E11; DIJFM). Panels (a)—(b) show basin-
scale anomalies over 140°E-70°W and 80°N-60°S, averaged over days D—11 to D-3 relative to day D0: (a) sea-level pressure (SLP)
anomaly (shading) and (b) 250-hPa wind-speed anomaly (shading) with wind-anomaly vectors. Panels (c)—(d) show a zoomed view

of the North Pacific swell-source region (140°E-140°W, 15°-70°N): (c) 10-m wind-speed anomaly (shading) with wind-anomaly

265  vectors and (d) significant height of wind waves (SHWW) anomaly (shading). Anomalies are computed relative to the 1991-2020
DJFM climatology. Statistical significance at p < 0.05 (two-sided Mann-Whitney U test) is indicated by stippling in (a) and (d), and
by dashed contours enclosing the wind vectors in (b) and (c). The Peru outline is highlighted for reference.
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Aloft, the 250-hPa wind-speed anomalies reveal a strongly intensified North Pacific jet, with a well-defined core between
about 30° and 40° N that is significantly stronger than the seasonal climatology (Fig. 4b). The anomalous jet is oriented from
west-southwest to east-northeast across the central basin, closely collocated with the surface cyclone. This upper-level
enhancement indicates that the extreme-swell events occur when the midlatitude jet stream locally accelerates and becomes
more zonally extended over the North Pacific, providing sustained upper-tropospheric support for the surface cyclone and
reinforcing the low-level pressure gradients along its southern flank. Consistent with this large-scale pressure and upper-level
jet configuration, the near-surface wind response strengthens over the North Pacific source region. The 10-m wind-speed
anomaly composite displays a wide swath of positive anomalies between about 25° and 40° N, extending from roughly 145°
E to 175° W (Fig. 4c). Within this band, wind speeds exceed the climatological mean, with the strongest and most coherent
anomalies concentrated on the southern side of the cyclonic system where the pressure gradient is strongest. The vectors reveal
a predominantly W—-NW orientation, which sets up a long and relatively straight fetch directed toward the subtropical eastern
Pacific. To the south and north of this corridor, weak or negative anomalies indicate that the anomalous momentum input is
strongly focused within a narrow mid-latitude belt rather than spread across the whole basin.

The impact of this persistent wind forcing on the sea state is captured by the SHWW composite (Fig. 4d). A broad, statistically
significant band of positive SHWW anomalies spans the open-ocean source region between about 27° and 45° N, overlapping
and extending downstream of the 10-m wind-speed maximum. In the NH, wind and SHWW anomalies are more tightly co-
located, consistent with a narrower, more geographically confined wind-forcing corridor over the North Pacific source region.
This pattern indicates an unusually energetic wind-sea that has grown under sustained W-NW winds over several days.
Negative or near-zero SHWW anomalies equatorward of ~25° N, including around Hawaii, indicate little enhancement (and
locally slight suppression) of wind-sea relative to DJFM climatology in the subtropical central Pacific. Given that the
composite window is 8-11 days before coastal impact, these fields capture the stage when the local wind-sea is still being

generated in the central basin while the resulting swell has already begun its long-range propagation toward South America.

3.2.2 Northern Jet Stream Characteristics

The multi-parametric description of the jets for the NH events, E6-E1, shows statistically robust differences emerge in both
the subtropical jet (STJ) and the PFJ relative to the boreal winter climatology (Fig. 5).

STJ diagnostics reveal a systematic strengthening and structural tightening of the upper-level flow during extreme-swell cases
(Fig. 5a—f). STJ sharpness (Fig. 5a) is clearly larger for event days, with the red boxes shifted upward and a reduced
interquartile range compared with the climatology. The maximum intensity of the western branch (Fig. 5b) and the zonal-mean
STJ intensity (Fig. 5¢) are likewise enhanced, while the eastern-branch intensity (Fig. 5e) also shifts toward higher values. The
western branch extends over a longer longitude range on event days (Fig. 5d), and its tilting (Fig. 5f) exhibits more positive

values, indicating a more coherent southwest—northeast tilt of the western branch, consistent with the WSW-ENE jet axis in
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Figure 4b. Table S2 from Supporting Information, confirms that these changes in sharpness, intensity, extent, and tilting are

all significant at p < 0.05 in at least one of the non-parametric tests.
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Figure 5: Northern Hemisphere jet diagnostics during extreme-swell events E6-E11 (DJFM). Boxplots of the statistically
significant subtropical-jet (STJ) and polar-front-jet (PFJ) metrics derived from ERA5 250-hPa winds. (a) STJ sharpness, (b) STJ
west-branch intensity, (c) zonal-mean STJ intensity, (d) STJ west-branch longitudinal extent, (¢) STJ east-branch intensity, (f) STJ
west-branch tilting, (g) PFJ west-branch intensity, (h) PFJ west-branch longitudinal extent, and (i) PFJ east-branch intensity.
Event-day distributions (red) are contrasted with the seasonal climatology (blue); Mann-Whitney and Kolmogorov—-Smirnov p-
values are shown above each panel. A summary of the statistically significant parameters is provided in Supplementary Figure S3.

PFJ metrics (Fig. 5g—i) show the opposite behavior. West-branch PFJ intensity (Fig. 5g) is significantly weaker during E6—
E11 than in the climatology, with lower medians and a narrower spread. The longitudinal extent of the western branch (Fig.

5h) is also reduced, indicating fewer cases with a long, continuous PFJ across the basin. East-branch PFJ intensity (Fig. 5i)
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tends to be lower for event days as well. As summarized in Table S3 (Supporting Information), these PFJ differences are
statistically significant for both tests, highlighting that NH extreme swell co-occurs with a markedly intensified and more

organized STJ together with a weaker, less extensive PFJ.

3.2.3 Analogues Analysis

For NH events, the analogue-based analysis highlights notable differences between the three most recent events (E9-E11) and
the three preceding ones (E6-E8). To illustrate the latter group, event E7 is shown in Fig. 6. This event is characterized by a
very deep cyclone over the north-western Pacific and anticyclonic conditions over Japan, with the strongest winds exhibiting
a northwest—southeast orientation within the subtropical belt (Fig. 6a). After removing the climate-induced shift, we find that
the event would have been more intense under counterfactual conditions—i.e., with reduced anthropogenic influence on the
climate (Fig. 6b). This behaviour is also evident in the boxplots of the flow analogues: the analogues for the past period exhibit
a significantly higher median wind speed compared with those for the present (Fig. 6¢). For both periods, however, analogue
days generally show stronger winds than days selected under random circulation. Furthermore, the natural variability
associated with the PDO does not contribute to explaining the differences between past and present analogues (Fig. 6d).

In contrast, the three most recent NH events exhibit an increase in wind speed. To examine this behavior in greater detail,
event E9 is presented in Fig. 7. This event was characterized by an intense surface cyclone situated in mid-latitudes over the
North Pacific (Fig. 7a), which, under counterfactual conditions, would have been less intense (Fig. 7b). Boxplots of the
analogue flows further highlight this significant increase in wind intensity during the present period (Fig. 7c). It is important
to note that this increase is observed only under constrained circulation; wind speeds under random circulation remain
essentially unchanged between the two periods.

For both E9 and E11, we find a significant contribution from the PDO, since flow analogues from the present period tend to
occur more frequently under the negative phase of the PDO (Fig. 7d). However, this phase exerts an influence on surface wind
speed that is opposite to that detected with the analogues, as it contributes to a slowdown in wind speed (Fig. S4 - Supporting
Information). This discrepancy indicates that additional factors must contribute to the observed wind speed increases in the
flow analogues for the recent period, as well as the differences found between the different events.

The western North Pacific, at subtropical and mid-latitudes, is characterized by high interannual and decadal variability, with
multiple interacting factors modulating atmospheric and oceanic circulation (Henley, 2017). This intrinsic variability underlies
the IPCC’s low confidence in attributing the observed changes in extratropical cyclones over the North Pacific to anthropogenic

climate change (Seneviratne et al., 2021).
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Figure 6. Analogue analysis for the E7 event. (a) Wind speed at 10-m (shaded) and SLP (contours) observed during E7 in the
ERADS reanalysis. Dashed contours indicate pressures below 1013 hPa. (b) Counterfactual reconstruction of 10-m winds (shading)
and SLP (contours), obtained by removing the climate-change signal—defined as the median differences between present and past
analogue flows—from the observed event. (c) Mean wind speed at 10m over the box, indicated in panels (a) and (b), reconstructed

from flow analogues (green) and random (orange) days of the past (1950-1987) and present (1988-2025) period. The dotted
horizontal line indicates the intensity of the event observed in ERA5. The box shows the difference in medians between the present
and past periods for wind speed at 10-m for days with similar flow and its statistical significance according to the Mann-Whitney
U test. (d) Monthly PDO associated with days with flow analogues for the past and present periods. The difference between
medians for both periods and statistical significance is indicated in the box.

4 Discussion

Extreme swell events affecting the Peruvian coast arise from two seasonally distinct storm tracks, the synoptic pressure pattern
and the jet component that intensifies differ markedly between hemispheres, and these differences help explain the contrast in
coastal swell class.

In the Southern Hemisphere, preconditioning typically resembles a cyclone—anticyclone couplet: a deep subpolar low is
accompanied by a robust subtropical high, yielding a tight meridional pressure gradient along the storm’s equatorward flank.
This configuration supports a broad, persistent belt of south-westerly surface winds over the south-eastern Pacific, favouring

efficient wind—-wave growth over a long open-ocean fetch. Consistent with our jet diagnostics, SH events co-occur with a
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stronger and sharper PFJ that is generally less meandering than the winter climatology, reinforcing the storm—jet coupling

required to sustain these wind corridors and allowing some events to reach the ‘very strong’ swell class at the Peruvian coast.
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365 Figure 7. Same as figure 6 for the E9 event.

In the Northern Hemisphere, the surface pattern is instead dominated by a deep central-western North Pacific low, while
surrounding positive SLP anomalies are comparatively weak and spatially localized, so a clear cyclone—anticyclone tri-pole is
not a defining feature. Upper-level support also shifts: NH events are characterized by a marked intensification and zonal
370 extension of the STJ, whereas the PFJ weakens and becomes less continuous. The resulting surface winds are typically westerly
to north-westerly along the equatorward flank of the low and can still transmit swell energy toward Peru, but the longer
propagation distance and the need to cross the equator favour greater attenuation and dispersion, consistent with NH events
reaching at most the ‘strong’ class in our sample.
Overall, the results show a significant hemispheric asymmetry that is crucial for interpreting how remote storms project wind

375 forcing into the ocean and for translating upper-level diagnostics into early identification of swell-generating situations
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Beyond the synoptic similarities and contrasts described above, it is also crucial to explore how external forcings—particularly
anthropogenic climate change—may influence the occurrence and intensity of these swell-generating configurations. In this
regard, the influence of climate change appears to be more pronounced and consistent among events originating in the SH than
in the NH. Across all SH events, atmospheric circulations analogous to those observed are associated with stronger 10-m winds
in the recent period, reflecting the increased prevalence of the positive SAM phase. Collectively, these results indicate that
climate change exerts a discernible and coherent influence on SH extratropical wind patterns, underscoring the region’s
sensitivity to both anthropogenic forcing and internal climate variability.

To further elucidate the role of other climate modes influencing the South Pacific, we also examined changes in the
predominant phases of the El Nifio-Southern Oscillation (ENSO) associated with the flow analogue days between the past and
present periods. In the austral winter, ENSO modulation over the region is quite weak due to a predominance of the neutral
phase (Cai et al. 2021). A significant signal is observed only in events E3 and E4, where past-period analogues are more
frequently associated with La Nifia conditions, whereas in the present period, neutral and, in some cases, El Nifio phases
predominate (Fig. S5 - Supporting Information). This shift corresponds to an intensification of winds in subtropical latitudes
and a reduction in mid-latitudes (Fig. S6 - Supporting Information), opposing the positive SAM signal. In contrast, the PDO
shows no significant association with wind speed in the South Pacific, so the frequency of analogues under the different phases
is not analysed.

In contrast to the SH, the attribution of changes in surface circulation during flow-analogue events in the NH remains less
straightforward, given that some events have intensified in recent decades whereas others have weakened. The increased
occurrence of analogues associated with the negative phase of the PDO in the recent period for events E9 and E11 introduces
additional ambiguity, since the influence of the PDO appears to oppose the circulation changes inferred from the analogues.
To further elucidate these relationships, the effects of additional modes of internal variability in the North Pacific were
examined (Table S4 - Supporting Information).

The influence of ENSO on these events appears limited, with only E8 exhibiting a significant change in index values between
periods. In the recent period, analogues for this event tend to occur predominantly during EI Nifio phases, which are associated
with stronger winds over the western North Pacific (Table S4 - Supporting Information). ENSO also serves as the primary
driver of the Pacific—North American (PNA) pattern, a leading mode of low-frequency variability in the NH extratropics,
particularly during boreal winter (Wang and Yang, 2023). Nevertheless, only the flow analogues of E11 exhibit modulation
consistent with the PNA.

The Arctic Oscillation (AO), especially in its positive phase, modifies large-scale pressure gradients and induces changes in
wind anomalies over the North Pacific during winter. Positive AO phases correspond to weaker winds mainly in January, over
subtropical latitudes and along the Asian coast, which may have contributed to the wind intensity changes observed in the
analogous circulations of events E6 and E7 (Table S4 - Supporting Information). Another mode that exerts its influence on
various events is the Western Pacific (WP) pattern. The WP is a primary mode of low-frequency variability over the North

Pacific (Barnston and Livezey, 1987; Wallace and Gutzler, 1981). During winter and spring, the pattern features a north—south
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dipole of anomalies, with one centre over the Kamchatka Peninsula and a broad, oppositely signed centre spanning parts of
south-eastern Asia and the western subtropical North Pacific (Ma and Zhang, 2018). Consequently, a strong positive phase of
this pattern corresponds to intense winds in the mid-latitudes and weak winds in the subtropics. Therefore, the higher frequency
of analogues under the positive phase of the WP in the present period is associated with changes in wind intensity that varies
within the target region considered for the reconstruction of the analogues (Table S4 - Supporting Information).

Finally, the Interdecadal Pacific Oscillation (IPO), a basin-wide counterpart of the PDO (Dong and Dai, 2015), exerts
comparable influences on wind variability in the western North Pacific that closely mirrors the PDO-related signal. Its negative
phase is associated with reduced wind speeds across the region, which is consistent with the changes recorded in events E6
and ES8.

The analysis of internal variability and its contribution to the changes detected by the analogues does not reveal a dominant
mode capable of explaining the reported patterns. This suggests the involvement of additional factors. Several reanalyses
indicate that the observed weakening of surface winds in this sector of the Pacific Ocean is largely influenced by variations in
aerosol concentrations (Deng et al., 2021). In addition, anomalous changes in Arctic Sea ice during the preceding summer and
autumn have been shown to strongly modulate the variability of winter extratropical cyclones over the North Pacific (Chen
and Sun, 2023). Finally, the pronounced northward displacement and intensification of midlatitude storm-track activity during
boreal winters in the North Pacific since the early 1980s have been attributed to subtropical tropospheric warming. This
warming enhances the meridional temperature gradient in midlatitudes, counteracting the opposing influence of Arctic
warming, which tends to reduce near-surface temperature gradients and suppress storm-track activity (Hsu et al., 2025). These
external forcings, however, are not explicitly analysed in this study, and further research would be required to determine their
direct influence on the analogues.

In summary, the results presented here align with the conclusions of the IPCC ARG6 report, which notes low confidence in
attributing observed changes in cyclone intensity over the North Pacific to anthropogenic climate change, primarily due to
substantial interannual and decadal variability (Seneviratne et al., 2021). Conversely, there is high confidence that changes in

the SH can be partly attributed to anthropogenic forcing.

5 Conclusions

We examined how extreme swell events affecting the Peruvian coast are preconditioned by large-scale atmospheric circulation
in both hemispheres, with particular emphasis on the dynamical configuration of the upper-tropospheric jets and their coupling
with barotropic storm systems. Using ERAS reanalysis, a multiparametric jet diagnostic, and a flow-analogue framework, we
contrasted Southern and Northern Hemisphere events to assess both the dynamical pathways leading to extreme swell and the
imprint of recent climate change on the associated near-surface winds.

The main conclusions are:
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e Extreme swell events in both hemispheres are preceded by a vertically coherent cyclone—jet configuration (surface to
>250 hPa). In the NH, preconditioning is dominated by a very deep North Pacific low, whereas in the SH it more
often reflects a tripolar pattern that tightens the pressure gradient and sustains the wind corridor that projects swell
energy toward Peru.

e In the SH, extreme swell episodes co-occur with a PFJ that is stronger, sharper, generally with positive tilting, and
less meandering than the winter climatology. The jet core remains closer to its preferred latitude, and its modest
southwest—northeast tilt contributes to focusing persistent southwesterly winds over the southeast Pacific, creating
the primary swell-generating fetch for Peru.

e In the NH, extreme swell events arise under a distinct jet configuration: the STJ intensifies, sharpens, and extends
longitudinally, while the PFJ becomes weaker and less continuous. This redistribution of upper-level momentum
favors deep barotropic cyclones over the central-western North Pacific and sustains a narrow belt of anomalously
strong westerly to northwesterly winds that can still transmit swell energy across the equator to northern Peru.

e Flow-analogue reconstructions indicate that climate change has strengthened surface winds during extreme-wave
events originated in the SH by enhancing the synoptic pressure gradients that generate them. This intensification is
partially amplified by the recent trend toward more positive SAM phases—driven largely by ozone depletion and
greenhouse-gas forcing—which favors stronger westerlies across the high-latitude South Pacific, a pattern
consistently found across all SH events except E3.

e For NH events, analogue-based reconstructions reveal no consistent climate-change signal: while some recent events
(E9-E11) exhibit stronger winds, others (E6-E8) weaken under present-day conditions. However, these contrasts
cannot be explained by a single mode of internal variability; neither the PDO, ENSO, PNA, AO, WP nor IPO accounts
for the observed differences. This highlights that the high interannual and decadal variability characteristic of the

North Pacific obscures’ attribution.

Data Availability Statement

Warnings of extreme swell in the Peruvian Coast were provided by the Directorate of Hydrography and Navigation

(DIHIDRONAV) upon request. ERA5 reanalysis data are publicly available at https://cds.climate.copernicus.eu. The PDO

index was obtained from NOAA (https://www.ncei.noaa.gov/access/monitoring/pdo/accessed, November 2025). The other
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used in this study are available from the corresponding author upon reasonable request.
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