
Reviewer 1:  

This study uses extreme swell warnings issued by the Peruvian Navy and ERA5 reanalysis data to 

analyze the atmospheric circulation precursors of extreme swell events in the Southern Hemisphere 

(5 events) and Northern Hemisphere (6 events). It reveals the hemispherically differentiated 

configuration of the polar-front jet and the subtropical jet, and employs a flow-analogue approach 

to assess the impact of climate change on event intensity. The research topic has clear practical 

value, the methodology is relatively advanced, and the results are directly relevant to swell early 

warning along the Peruvian coast. The overall scientific quality is good; however, there are several 

methodological limitations and deficiencies in result interpretation. It is recommended that the 

manuscript be revised before acceptance.  

Thank you for your thoughtful and constructive review. We greatly appreciate your positive assessment 

of the study’s practical relevance, methodological approach, and its contribution to improving swell 

early warning along the Peruvian coast. We also value your insightful comments regarding the 

methodological limitations and the interpretation of results. These observations are very helpful, and 

we will carefully address them in a revised version of the manuscript. 

 

1. Only five SH events and six NH events are included, spanning 17 years. The conclusions may 

be affected by interdecadal bias, raising doubts about their generalizability. It is recommended to 

extend the event selection period back to beyond 1980 (using earlier wave reanalysis or historical 

documentary records) to increase the number of events. 

We agree that the limited number of events may reduce the generalizability of the results and that 

interdecadal variability may affect the composite patterns, particularly in the Northern Hemisphere. 

 

However, the event catalogue used in this study is intentionally restricted to the homogeneous 

operational archive currently available from DIHIDRONAV, which provides consistently classified 

anomalous-swell warnings for the 2008–2025 period. Extending the sample back to earlier decades 

would require a retrospective reconstruction of historical events using non-uniform documentation and 

without a directly comparable classification scheme, which could introduce substantial inhomogeneity 

and misclassification bias. 

 

We also examined whether historical swell events reported for the Chilean coast could be incorporated 

into the analysis. However, those records are not classified under the same wave-based operational 

criteria used by DIHIDRONAV for the Peruvian coast, but rather under a different intensity framework 

more closely linked to reported impacts and damages. Since the present study is specifically focused on 

extreme swell events affecting Peru, mixing both catalogues would reduce the internal consistency of 

the event definition. 

 

Following the referee’s suggestion, in the revised manuscript we will explicitly acknowledge this 

limitation and temper the scope of the conclusions. In particular, we will clarify that the identified 

patterns should be interpreted as characteristic of a homogeneous benchmark sample of Peruvian 

extreme-swell events, rather than as a complete climatology of all historical extreme swells in the 

southeast Pacific. We will also include a sentence in the Conclusion noting that future work should aim 



to reconstruct and consistently reclassify pre-2008 historical events in order to assess the robustness of 

these results under longer-term interdecadal variability (L569-572). 

 

2. The study uses a fixed great-circle distance and a constant wave period (16–20 s), without 

considering nonlinear dissipation, refraction, diffraction, or background currents (e.g., equatorial 

currents) during wave propagation. The 8‑ to 11‑day composite window for NH events may 

incorporate substantial unrelated meteorological noise. It is recommended to use at least one wave 

hindcast model (e.g., WAVEWATCH III) to simulate one or two representative events (one from 

each hemisphere), validating the wave height, period, and travel time from the generation region 

to the Peruvian coast. If such modelling is not feasible, a sensitivity analysis should be added: 

recompute the travel-time window using different wave periods (14–22 s) and great-circle distances 

(±10%), and assess the sensitivity of the composite fields to window shifts. 

We agree that the manuscript does not describe with sufficient detail how the representative source-to-

coast distances were obtained. 

 

In the revised manuscript, we will clarify that the representative fetch locations were identified event 

by event from ERA5 sequences of sea-level pressure and 10-m wind fields during the days preceding 

the onset of the DIHIDRONAV swell warnings (L87-97). For each event, we inspected the 

preconditioning period indicated by operational knowledge of swell propagation toward Peru and 

identified the region where the pressure gradient was strongest and where the most intense and persistent 

surface-wind vectors were oriented toward the Peruvian coast. The central coordinates of these fetch 

regions were then recorded for each event, and their arithmetic mean was used to define a representative 

source point for the SH and NH composites. 

 

The source-to-coast distance was then calculated as the great-circle distance between this representative 

fetch point and a coastal reference point off Peru, and the corresponding travel times were estimated 

using deep-water group-velocity theory with representative swell periods taken from the empirical 

range commonly reported for long-period anomalous swells affecting Peru. 

 

We agree with the referee that this is a simplified approach and does not explicitly account for nonlinear 

dissipation, refraction, diffraction, or background currents during propagation. For this reason, and 

following the referee’s suggestion, in the revised manuscript we will include a sensitivity analysis in 

which the travel-time windows will be recomputed using a wider range of swell periods and a ±10% 

perturbation of the representative great-circle distance (Figs. S2-S5, S13-S16). We will then compare 

the resulting composites in order to assess the robustness of the large-scale atmospheric patterns to the 

assumed propagation window (L193-195, L334-337). 



 

 

Figure S3. Summary sensitivity metrics for the Southern Hemisphere SLP composites relative to the baseline window.  Heat 
maps show pattern correlation, normalized root-mean-square error, and sign agreement for each combination of assumed 

swell period and distance factor.   

 

 

 

Figure S5. Summary sensitivity metrics for the Southern Hemisphere SHWW composites relative to the baseline window.  
Heat maps show pattern correlation, normalized root-mean-square error, and sign agreement for each combination of 

assumed swell period and distance factor.   

 

 

Figure S14. Summary sensitivity metrics for the Northern Hemisphere SLP composites relative to the baseline window. Heat 
maps show pattern correlation, normalized root-mean-square error, and sign agreement for each combination of assumed 

swell period and distance factor.  

 



 

Figure S16. Summary sensitivity metrics for the Northern Hemisphere SHWW composites relative to the baseline window. 
Heat maps show pattern correlation, normalized root-mean-square error, and sign agreement for each combination of 

assumed swell period and distance factor. 

 

 

The results show that the SH composite patterns are highly robust, while in the NH the large-scale SLP 

configuration remains stable across a broad range of plausible shifts, although the SHWW source 

pattern becomes more sensitive for the longest assumed periods. We therefore retain the original 

windows as reasonable first-order preconditioning windows, while clarifying that they should not be 

interpreted as unique exact propagation times. Event-by-event fetch coordinates, derived travel-time 

ranges, and full sensitivity diagnostics are now provided in the Supporting Information.  

 

3. For NH events, wind speeds weaken in E6–E8 but strengthen in E9–E11. Although modes such 

as PDO, ENSO, PNA, AO, and WP are listed, their influences are inconsistent across events, and 

no unified physical explanation or statistical model is provided. It is recommended to divide the 

NH events into two groups (E6–E8 vs. E9–E11) and perform separate composite and flow-analogue 

analyses for each group, comparing the phase distributions of modes such as PDO and ENSO 

between the two groups. In addition, multiple linear regression or random forest methods should 

be used to quantify the relative contributions of each climate mode to the 10‑m wind speed 

anomalies and to identify the dominant factors. 

 

Following the recommendation, we have explored the NH events into two groups (E6–E8 and E9–E11) 

and performed a comprehensive statistical characterization of the climate modes associated with each 

group. 

Composite and flow-analogue analyses: As noted in the original manuscript, flow analogues were 

identified individually for each event. We explored group composites for E6–E8 and E9–E11 

separately; however, given that only three events constitute each group, slight spatial offsets in cyclone 

position among events tend to blur the composite signal, reducing its representativeness. With n=3, a 

single event can disproportionately influence the composite pattern. Beyond the sample size limitation, 

searching for analogues of a composite field raises a more fundamental methodological concern: a 

composite represents a statistical average that may never have actually occurred in the atmosphere, and 

therefore analogues of such a pattern may not correspond to physically realizable atmospheric states. 

This could introduce spurious results that reflect statistical artifacts rather than genuine dynamical 



similarities. For these reasons, we consider that the event-by-event analogue approach, already 

presented in the original manuscript, provides a more physically meaningful and methodologically 

rigorous representation than analogue search applied to group composites.  

Phase distribution of climate modes: To compare the phase distributions of PDO, ENSO, PNA, AO, 

WP, and IPO between the two groups, we classified each monthly index value, associated with 

analogues days, as negative or positive and applied chi-square tests and Mann–Whitney U tests to assess 

whether the distributions differ significantly between groups. The results show that PDO, ENSO, PNA, 

AO, and IPO differ significantly between E6–E8 and E9–E11, while WP shows no significant 

difference. We have included Figure S28 in the Supporting Information. Furthermore, in the Discussion 

Section, we highlight that the two groups of events are influenced by different phases of climate 

variability modes (L507-515). Events E6–E8 are systematically associated with positive phases of 

PDO, ENSO, PNA, and IPO and a negative phase of AO, whereas E9–E11 are dominated by negative 

phases of PDO, ENSO, PNA, and IPO. 

 

Figure S28. Boxplots showing the distribution of index values for each group across modes. Panels use independent y-axis 

scales, and the dashed line marks the zero reference. Di fferences are statistically significant in all groups except WP, based 

on chi-square tests and Mann–Whitney U tests. 

 

Moreover, when the analysis is stratified by period, differences in the phase distributions are found to 

emerge primarily in the present period, where PDO, ENSO, PNA, and IPO are all statistically 

significant. Therefore, the E6–E8 and E9–E11 analogues do not appear to be responding to the same 

dynamic state of the North Pacific, suggesting that the change in wind is a response to changes in the 

dominant mechanisms. 

Statistical models: Following the reviewer's recommendation, we applied stepwise multiple linear 

regression separately for each group, using monthly index values restricted to months containing 

analogue days, to quantify the relationship between the monthly mean wind and climate modes. For 



E6–E8, the selected model retains AO and IPO as dominant predictors (adjusted R² = 0.22). For E9–

E11, the model selects PNA and IPO as predictors, but the explained variance remains low (adjusted R² 

= 0.10), indicating that large-scale climate indices account for only a limited fraction of wind variability 

in this group, and that mesoscale or local synoptic factors likely play a more important role. This 

analysis is included in the discussion section. 

E6-E8              𝑊𝑖𝑛𝑑 ∝  −0.20 𝐴𝑂 + 0.27 𝐼𝑃𝑂  

E9-E11  𝑊𝑖𝑛𝑑 ∝ 0.11 𝑃𝑁𝐴 − 0.09 𝐼𝑃𝑂  

  

Although we considered using random forests as a complementary approach, we ultimately retained 

multiple linear regression because of its simplicity and interpretability, particularly its ability to quantify 

relationships through coefficients. While random forests can capture nonlinearity, their feature 

importance metrics identify relevant predictors without providing a clear measure of effect size or 

direction. A more detailed investigation of North Pacific variability, potentially using nonlinear 

methods, is therefore left for future work. 

In summary, NH events were divided into two groups (E6–E8 and E9–E11) and analyzed separately. 

The event-by-event analogue approach was retained as the primary method, since composites based on 

only three events are insufficiently robust and searching for analogues of statistically average fields 

may not correspond to physically realizable atmospheric states. Statistical characterization shows clear 

and significant differences in the phase distributions of major climate modes between the groups, with 

these contrasts becoming more pronounced in the present period, suggesting a shift in the dominant 

dynamical mechanisms. Regression results further indicate that large-scale modes play a moderate role 

for E6–E8 but explain only a small fraction of variability for E9–E11. Overall, these findings support 

the interpretation that the observed wind changes arise from differing climate mode configurations and 

their evolving influence, while also pointing to the need for future work to better capture nonlinearities 

and regional dynamics. 

 

4. The flow-analogue method uses only SLP, Z500, and Z250, without including boundary 

conditions such as sea surface temperature (SST) or sea ice. This may mistakenly classify weather 

patterns that are dynamically similar but thermodynamically different as the same type, thereby 

introducing spurious climate change signals. It is recommended to add the SST field (e.g., monthly 

SST anomalies) as a fourth variable in the analogue similarity calculation, or at least to perform a 

sensitivity test: keep the existing three variables unchanged, but use the SST anomalies 

corresponding to the analogue dates as a posteriori diagnostic variable to test whether SST differs 

significantly between the earlier and later periods. 

We would like to clarify that the flow-analogue method was intentionally designed to operate 

exclusively on dynamical fields (SLP, Z500, and Z250), which is standard practice in the analogue 

literature (Jézéquel et al. 2018, Thompson et al. 2026). The rationale is to identify days with 

genuinely similar atmospheric circulation and then assess what thermodynamic conditions are 

associated with those patterns, rather than combining dynamics and thermodynamics in the 

similarity metric itself, which could obscure the relative contribution of each. 



Following the reviewer’s suggestion, we performed an additional analysis in which SST anomalies 

(relative to the 1991–2020 climatology) were used as a posteriori diagnostic variable. After 

identifying analogues based solely on circulation, we classified the SST anomalies associated with 

those dates into terciles (cold, neutral, warm). We then conducted two complementary approaches: 

(i) classifying analogues solely according to SST anomaly category, irrespective of period; and (ii) 

quantifying, for each period, the fraction of analogues associated with each SST class. 

For events originating in the SH, the first analysis revealed that days with warm SST anomalies 

both for random circulation and for analogue situations, are associated with stronger 10-m winds 

(Figure S22). This is physically consistent with enhanced lower-tropospheric instability and 

increased surface energy fluxes under warm SST conditions, which intensify convective activity 

and near-surface winds independently of the large-scale circulation pattern (Chen, 2025). The only 

exception is event E3, which shows an opposite SST–wind relationship; this event is also the only 

one not influenced by SAM, suggesting that different dynamical controls may be at play. 

In the NH, by contrast, warm SST anomalies under random atmospheric circulation are associated 

with weaker surface winds (Figure S23). This opposing sign relative to the SH is consistent with 

the cross-correlation analysis of Chen (2025), who showed that at lag 0 most NH ocean regions 

exhibit a negative SST–wind correlation, in contrast to the predominantly positive relationship 

found in the SH. This hemispheric asymmetry likely reflects the greater role of baroclinic damping 

in the extratropical NH, where warmer sea surfaces reduce the meridional temperature gradient and 

weaken the baroclinic forcing that drives extratropical wind systems. When the circulation is 

constrained to analogue patterns, however, this signal is not uniform: E6 and E8 maintain the same 

weakening behavior observed on random days, whereas E7 and E9–E11 show wind intensification 

under warm SSTs, suggesting that the large-scale dynamical context associated with each event's 

circulation pattern can modulate or even reverse the background thermodynamic response. 

The second analysis revealed that, in the current period, a greater proportion of analogues occur 

under anomalously warm SST conditions for all events, consistent with the background warming 

trend associated with climate change (Figures S24-S25). Therefore, there is strong agreement 

between the period-based and SST-based analyses across most events. In the SH, the observed 

increase in wind intensity in the present period corresponds to a higher frequency of warm SST 

analogues (Figure S24). The exception is E3, where the period-based analysis suggests an increase 

in wind intensity, while warm SST conditions in the SST-based analysis are associated with a 

decrease. 

For NH events, the two analyses are also broadly consistent. E6 and E8 show wind weakening 

under warm SSTs, in agreement with the period-based results. E9–E11 show wind intensification 

under warm SSTs with analogous circulation, also consistent with their period-based signals. The 

main exception is E7, for which the dominant influence of the AO may be overriding the SST-

driven response, decoupling the thermodynamic and period-based signals. 

In summary, the high degree of consistency between the period-based and SST-based analyses 

strengthens confidence in the robustness of our results. For clarity, we have retained the period-

based analysis in the main text, added discussion of the SST-based results and their physical 

interpretation in the Discussion section (L461-465), and included the corresponding figures as 

supplementary material. 



With regard to sea ice, we did not find a strong correlation between 10-meter wind speed and sea 

ice extent in the North Pacific. Likewise, at the request of the other reviewer, for the SH we 

analyzed changes in 10-meter wind before and after 2016, the year from which Antarctic sea ice 

extent decreased considerably, but we did not find a significantly relevant signal either. 

  

Chen, W. (2025). Gradual strengthening of global oceanic surface winds: Correlations with sea 

surface temperature and implications for wind power extraction. Heliyon, 11. 

https://doi.org/10.1016/j.heliyon.2025.e42788. 

Jézéquel, A., Yiou, P. & Radanovics, S. Role of circulation in European heatwaves using flow 

analogues. Clim Dyn 50, 1145–1159 (2018). https://doi.org/10.1007/s00382-017-3667-0 

Thompson, V., Philip, S., Kew, S., Pinto, I., & Vautard, R. (2026). Using analogue methods to 

identify trends in circulation patterns of midlatitude heatwaves. Weather and Climate Extremes, 

52, 100898. https://doi.org/10.1016/j.wace.2026.100898 

  

https://doi.org/10.1007/s00382-017-3667-0
https://doi.org/10.1007/s00382-017-3667-0
https://doi.org/10.1016/j.wace.2026.100898
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Figure S22. Violin and box plots of 10-m wind speed associated with analogue days for events originated in the Southern 

Hemisphere, conditioned on SST anomaly terciles. Distributions are shown separately for analogue and random-circulation 

days under cold and warm SST anomalies, as indicated on the x-axis. The dashed horizontal line marks the observed 10-m 

wind speed. The label reports the difference in median wind speed between warm and cold analogue days and the p-value 

from a Mann–Whitney U test assessing whether the two samples differ significantly. 



 

Figure S23. Same as Figure S22, but for events originating in the Northern Hemisphere. 



  

Figure S24. Relative frequency of analogue days for Southern Hemisphere events occurring under cold, neutral, and warm 

SST anomalies in the past and present periods. 

 

Figure S25. Same as Figure S24, but for events originating in the Northern Hemisphere. 



  

5. The study uses only the significant height of wind waves (SHWW) in the generation region as 

an indicator of swell generation, without providing measured wave height, period, or energy 

spectral data at the Peruvian coast. The causal chain between the source region and coastal impacts 

is therefore incomplete. It is recommended to use measured wave data from at least one coastal site 

in Peru (e.g., Callao, Miraflores, or Paita), which may come from wave buoys, tide gauge inversion, 

or ERA5 nearshore points, and to produce time-series plots for one or two typical events (e.g., E1 

and E9) showing the evolution from SHWW anomalies in the source region to nearshore wave 

heights, thereby directly illustrating the wave evolution during propagation. If measured data are 

unavailable, significant wave height time series should be extracted from ERA5 nearshore points 

(within 50 km of the coast) and subjected to lagged correlation analysis with the SHWW anomalies 

in the generation region (with the lag time set to the estimated travel time) to quantitatively verify 

the causal relationship. 

We agree that the source-to-coast linkage should be documented more explicitly. In the revised 

manuscript, we will complement the source-region SHWW analysis with ERA5 nearshore diagnostics 

at representative coastal points off Peru.  

 

Because homogeneous in situ directional wave records are not available for all selected events, we 

extracted nearshore time series of total swell height (SHTS) and wave-power-related diagnostics for 

representative events and compared them with source-region SHWW anomalies. Using the theory-

based propagation windows adopted in the manuscript (3–4 days for SH events and 8–11 days for NH 

events), we performed lagged-correlation diagnostics between source-region SHWW anomalies and 

coastal SHTS anomalies, and we added event-centred time-series figures to the Supplement (Figs. S20-

S21).  

 

These additional diagnostics provide physically consistent support for the source-to-coast linkage 

(L452-456). In the Southern Hemisphere cases, the primary lags are close to the expected travel times 

and the coastal response is comparatively clear. In the Northern Hemisphere, the response is weaker 

and more dispersed, which is consistent with the longer trans-equatorial propagation path. We therefore 

use this analysis as complementary evidence supporting the physical consistency of the selected lead 

windows, rather than as a strict deterministic estimate of exact coastal arrival time for every event.  

 

 



  

 

Figure S20. Time-series diagnostics for the representative Southern Hemisphere events E1 (left) and E3 (right). For each 

event, panels show (a) the source-region SHWW (Significant Height of Wind Waves) anomaly, (b) the lagged correlation 

between source-region SHWW anomaly and coastal SHTS (Significant Height of Total Swell), (c) the coastal SHTS time 

series, and (d) the coastal PWP (Peak Wave Period) time series. 

 

 

 

 

 

 



  
 

Figure S21. Time-series diagnostics for the representative Northern Hemisphere events E7 (left) and E8 (right). For each 

event, panels show (a) the source-region SHWW (Significant Height of Wind Waves) anomaly, (b) the lagged correlation 

between source-region SHWW anomaly and coastal SHTS (Significant Height of Total Swell), (c) the coastal SHTS time 

series, and (d) the coastal PWP (Peak Wave Period) time series. 

 

 

 

 

 

 

 

 

  



Reviewer 2: 

This manuscript examines a set of extreme swell events along the coast of Peru and connects them 

to jet characteristics in both the Southern and Northern Hemisphere. The recorded extreme swells 

coincide with strong wind events in either hemisphere. The circulation patterns are then related to 

a larger sample of events using an analogue approach with an accounting for the long-term changes 

in wind speed between the mid 20th century and the more recent period. The connections between 

the remote drivers of extreme swell events is important for planning purposes and the current work 

is a nice addition to this understanding with some examination of the historical changes in these 

drivers that could inform potential future projections of extreme swell events. I have some broad 

suggestions related to the 

We thank the reviewer for the careful review and constructive comments. We appreciate the positive 

assessment of the manuscript and the recognition of the relevance of understanding the remote drivers 

of extreme swell events and their historical variability. Your suggestions have been very helpful in 

improving the quality and clarity of the manuscript. Detailed responses to all comments are provided 

below. 

Main comments: 

1. There is a relatively small sample size of these events presented and presumably available 

from the Peruvian Navy records. Especially in the case of the Northern Hemisphere 

generated events, this introduces a very large degree of uncertainty in the types of events 

and the background conditions. There is discussion related to the PDO and IPO, but all the 

events are during 2010 or later, and thus are likely not sampling a representative range of 

the full variability associated with these modes or their trajectories. It’s not clear to me that 

the Southern Hemisphere analogue, where a climate change signal is detected, is 

representative of the swell events in general. Additional discussion related to these 

limitations could be added to the analogue analysis and discussion. 

The observed extreme swell events are indeed all recorded after 2010, as they were identified from 

recent Peruvian Navy records. We fully agree that this limits the number of events available and 

introduces uncertainty. As explained in our response to Reviewer 1, we intentionally did not expand 

the observed-event sample using pre-1980 historical records or swell events reported for the 

Chilean coast because those records are not classified under the same homogeneous 

DIHIDRONAV operational warning framework used for the Peruvian coast. Including them would 

have increased the sample size, but at the cost of reducing the internal consistency of the event 

definition. However, the analogue search was performed over the full period 1950–2025, with 

analogues drawn from two sub-periods spanning several decades: 1950-1987 and 1988-2025. 

Therefore, they do sample both positive and negative states of the PDO and IPO. The core 

comparison in our analysis is between these historical analogues and their recent counterparts. We 

note that this analogue-based approach is methodologically consistent with the ClimaMeter 

framework (Faranda et al., 2024), which has been successfully applied to attribute individual 

extreme weather events to climate change using a limited number of observed events and historical 

analogues drawn from reanalysis data spanning several decades, supporting the validity of our 

approach even given the constraints of the available dataset. 



We acknowledge, however, that the limited number of observed events means we are working with 

a small set of circulation patterns, and that some NH patterns may be more or less representative 

of the full range of variability. We have added a sentence to the discussion explicitly noting these 

limitations and cautioning against over-interpretation, particularly for NH events where the wind 

and SWH signals are weaker and less consistent (L527-534). 

For the SH events, we maintain that the detected signal is robust, as it is consistent across all events, 

physically coherent with the well-documented positive trend in the SAM, and now further 

supported by the statistically significant increases in SWH shown in the new boxplot analysis 

(please see the next answer). 

Reference: Faranda, D., Messori, G., Coppola, E., Alberti, T., Vrac, M., Pons, F., Yiou, P., Saint 

Lu, M., Hisi, A. N. S., Brockmann, P., Dafis, S., Mengaldo, G., and Vautard, R.: ClimaMeter: 

contextualizing extreme weather in a changing climate, Weather Clim. Dynam., 5, 959–983, 

https://doi.org/10.5194/wcd-5-959-2024, 2024.  

 

2. The authors do account for this somewhat with the flow analogues, but the primary novelty 

of the manuscript is the connection between extratropical cyclones or large-scale 

circulation patterns and the swells from this specific dataset.  It would be ideal to make 

more of a connection between the analogues and the swell data where and if possible. 

We thank the reviewer for this suggestion. To more explicitly connect the atmospheric circulation 

analogues with the swell dataset, we have added a comparison of regional mean SWH between past and 

present analogue days for each event. 

 

For the SH events, where we previously identified a consistent increase in 10m wind speed across all 

events between the two periods, the significant wave height (SWH) analysis reveals a corresponding 

significant increase in all events except E2. In the case of E2, a positive signal is still present but is 

spatially more localized, which explains the lack of regional statistical significance. 

 

For the NH events, the SWH results closely mirror the wind speed findings: the three events associated 

with a decrease in 10m winds show no significant change in SWH, while the three events with 

increasing winds show a statistically significant increase in SWH (two at the 5% level, one at p ≈ 0.08). 

The absence of a significant SWH response to decreasing wind speeds in NH events is consistent with 

the nonlinear, power-law nature of the wind-wave relationship (Gao et al., 2023). This nonlinearity 

produces an asymmetric response: wind speed increases above a given threshold generate 

disproportionately larger wave height anomalies than equivalent decreases, particularly when 

background wind conditions are already moderate.  

 

This consistency between the wind and SWH signals across both hemispheres and all events strengthens 

the physical link between the large-scale circulation patterns captured by the analogues and the observed 

changes in swell characteristics. We have incorporated these analyses in the result section (L258-260, 

L405-406) and the figures into the Supporting Information (Figs. S7, S18). 

 

Reference: 

Gao Y, Schmitt FG, Hu J and Huang Y (2023) Probability-based wind-wave relation. Front. Mar. Sci. 

9:1085340. doi: 10.3389/fmars.2022.1085340 



 
Figure S7. Violin–boxplots of regional mean significant wave height (SWH) associated with Southern Hemisphere-origin 

events. The distributions compare analogue days from the past period (1950–1986) with those from the present period 

(1987–2024). The legend shows the difference in medians between the present and past periods for SWH for days with 

similar flow and its statistical significance according to the Mann-Whitney U test. 



 
Figure S18. Same as Figure S7, but for events originating in the Northern Hemisphere. 



  

3. While the statistical tests suggest significance, the box plots for extreme events in Figure 2 

and 5 are still within the spreads of the climatological boxplots in all cases. It is not clear 

that there is a distinction being made between the two groups and it does not necessarily 

highlight any of the jet metrics being examined. These figures require revisiting or 

expanded discussion to make their point. The authors could consider removing these figures 

because the primary conclusions would not be impacted. 

We agree that the boxplots do not imply fully separated populations and, in the revised manuscript, 

we have softened the wording accordingly. However, we prefer to retain Figures 2 and 5 because 

their purpose is descriptive: they show the direction of the shift of the extreme-event sample relative 

to the full climatological distribution, while the statistical inference is based on non-parametric 

tests. To address the referee’s concern, we performed an additional balanced-resampling sensitivity 

test in which the climatological sample was repeatedly randomly downsampled to the same size as 

the extreme-event sample and the Mann–Whitney and Kolmogorov–Smirnov tests were 

recomputed (L236-243, L377-385). The key parameters highlighted in the manuscript remained 

significant in this balanced framework (Table S4). We therefore keep the boxplots in the main text, 

but we revised the interpretation to emphasize a systematic shift toward preferential portions of the 

climatological distribution rather than a complete separation between populations (See also answer 

to Observation #8).  

 

 

Parameter Hemisphere Extreme 

value 

Climatology 

value 

Median 

difference 

Balanced 

MW p 

Balanced 

KS p 

Retained 

significance 

PFJ Intensity  Southern 45.285 
m/s 

37.408 m/s 7.878 m/s 0.0329 0.0420 YES 

PFJ 
Sharpness 

Southern 24.250 
m/s / ° 

16.838 m/s / ° 7.682 m/s / 
° 

0.0229 0.0167 YES 

PFJ 
Departure 

Southern 3.672 ° 7.971 ° -4.299 ° 0.0107 0.0090 YES 

STJ 

Sharpness 

Northern 33.718 

m/s / ° 
 

26.001 m/s / ° 

 

7.717 m/s / 

° 
 

0.0000 0.0001 YES 

STJ WB 
Intensity 

Northern 88.905 
m/s 

79.753 m/s 9.151 m/s 0.0004 0.0001 YES 

STJ Intensity Northern 50.856 
m/s 

44.653 m/s 6.203 m/s 0.0006 0.0021 YES 

STJ WB 
Longitudinal 

Extent 

Northern 62.500 ° 47.000 ° 15.500 ° 0.0009 0.0022 YES 

STJ EB 
Intensity 

Northern 66.042 
m/s 

55.075 m/s 10.967 m/s 0.0167 0.0017 YES 

STJ WB 
Tilting 

Northern 0.071 °/° 0.012 °/° 0.059 °/° 0.0220 0.0153 YES 



PFJ WB 
Intensity 

Northern 42.631 56.910 -14.280 0.0009 0.0001  YES 

PFJ WB 
Longitudinal 

Extent 

Northern 20.500 32.000 -11.500 0.0065 0.0277 YES 

PFJ EB 
Intensity 

Northern 47.034 53.019 -5.985 0.0120 0.0401 YES 

Table S4. Robustness of jet-metric significance under balanced climatological resampling for Southern and Northern 
Hemisphere extreme-swell events. For each parameter, the climatological sample was repeatedly randomly subsampled to 
match the size of the extreme-event sample, and the Mann–Whitney U and Kolmogorov–Smirnov tests were recomputed. 

“Median difference” denotes Extreme minus Climatology. “Retained significance” indicates parameters that remain 

statistically significant under the balanced framework according to the criterion defined in this study. 

 

 

 

 

Specific comments: 

4. Table 1: The classifications for the Southern Hemisphere events are all “Very Strong” 

versus only “Strong” in the Northern Hemisphere. Can you provide more information on 

the definition of “extreme” and “strong” swells? Please make clear the distinction between 

the classifications taken from the Peruvian Navy records and those in the Northern 

Hemisphere. 

 

We agree that the previous version did not distinguish clearly enough between the generic term extreme-

swell events used in this study and the operational intensity classes reported by DIHIDRONAV. In the 

revised manuscript, we clarify that strong and very strong are DIHIDRONAV coastal-impact categories 

assigned to the warnings listed in Table 1, whereas extreme is used here as a broader term for the 

selected anomalous swell episodes affecting the Peruvian coast. Accordingly, the Southern Hemisphere 

subset analysed in this study consists of southwesterly events classified operationally as very strong, 

while the Northern Hemisphere subset consists of northwesterly events classified as strong. We also 

revised Table 1 and Section 2.1 to make this distinction explicit and to avoid implying that both 

hemispheres were sampled from the same operational warning class (L65-70).  

 



5. Line 71-72: It wasn’t initially clear that the swells were generated in the Northern 

Hemisphere and registered along the Peruvian coast. Please make this clearer. 

We revised the sentence to clarify that the swell events originated in the North Pacific and were 

subsequently observed along the Peruvian coast. The revised text now reads: 

“We similarly identified a set of extreme swell events that originated in the North Pacific and 

propagated to the Peruvian coast over the past ~17 years.” (L75-77) 

6. Equation 1: Nitpicking but could you make the g in Gg a subscript to make clearer it is 

group velocity not another gravitational constant. 

Done. (L84) 

7. Line 96-97: Were there any considerations for modifying the approach for characterizing 

jet stream characteristics when applying it to the Northern Hemisphere, since Collazo et al. 

(2024) was only focused on this Southern Hemisphere region near South America. 

While the core algorithmic logic of Collazo et al. (2024) remains valid for identifying wind 

maxima, specific adaptations were implemented for the NH to account for its distinct geographical 

and dynamical features. In particular, to address geographical differences, the algorithm was 

modified to account for the opposite meridional configuration of the jets in each hemisphere: while 

in the NH the PFJ is located north of the STJ, in the SH the PFJ lies south of the STJ. Accordingly, 

the sign of the latitudinal threshold used to distinguish the two jets was inverted. 

From a dynamical perspective, the stronger influence of land–sea contrasts in the NH led us to 

separate the analysis into western and eastern branches. This differs from the Southern Hemisphere, 

where our analysis is restricted to the central and western South Pacific and therefore did not require 

such a division. 

We have updated the text in lines 116-121 to clarify these methodological adjustments. 

8. Line 196: Are you accounting for different numbers of samples in the MW and KS 

statistical tests? Qualitatively the extreme distribution doesn’t look like a distinct 

distribution from the climatology, though the tests suggest they are and I’m concerned that 

is due to sampling. 

Yes. The original Mann–Whitney and Kolmogorov–Smirnov tests were applied to samples of 

unequal size, which is statistically allowed for both tests. Nevertheless, given the small number of 

extreme events, we agree that an explicit robustness check is appropriate. We therefore added a 

balanced-resampling analysis in which the climatological sample was repeatedly randomly 

subsampled to match the size of the extreme-event sample, and the tests were recomputed for the 

same jet metrics. The main significant results reported in the manuscript remained significant under 

this balanced framework, indicating that the reported shifts are not explained solely by sample-size 

imbalance (L236-243, L377-385).  

Furthermore, the analysis was extended by incorporating the analogue days of each extreme event, 

thereby increasing the sample size and further strengthening the robustness of the results. The 

climatological sample was repeatedly randomly subsampled to match the size of the analogue 



sample and the tests were recomputed over 1000 iterations for each jet metric, using the median p-

value and the fraction of significant iterations as summary statistics. The reported differences 

remained robust under this framework. Most jet parameters showed significant differences between 

the analogue days and the climatology in both hemispheres, with the exception of the PFJ departure 

in the SH, and the PFJ and STJ east branch intensity in the NH (Figs. S6, S17). These differences 

may reflect the greater variability inherent to those parameters or the limited number of events 

available for each hemisphere.   

These additional results are now documented in new Supporting Information tables.  

 

 

Figure S6. Bootstrap distributions of p-values from Mann-Whitney (blue) and Kolmogorov-Smirnov (red) tests comparing 
polar jet parameters between analogue days of extreme events originated in the SH and the 1991–2020 climatology, across 
1000 bootstrap iterations in which a random subsample of climatological days (equal in size to the analogue set) was drawn 
without replacement. The red dashed vertical line marks p = 0.05; the solid vertical line indicates the median p-value across 

iterations. Green shading denotes parameters for which the median p-value is below 0.05 (★). Annotations show the median 

p-value and the fraction of iterations yielding a significant result.  

 

 

 



 

Figure S17. Bootstrap distributions of p-values from Mann-Whitney (blue) and Kolmogorov-Smirnov (red) tests comparing 
subtropical and polar jet parameters between analogue days of extreme events originated in the NH and the 1991–2020 
climatology, across 1000 bootstrap iterations in which a random subsample of climatological days (equal in size to the 

analogue set) was drawn without replacement. The red dashed vertical line marks p = 0.05; the solid vertical line indicates 

the median p-value across iterations. Green shading denotes parameters for which the median p-value is below 0.05 (★). 

Annotations show the median p-value and the fraction of iterations yielding a significant result.  

 

 



 

9. Line 205: How similar are the SLP patterns for the other events? The SLP patterns in Fig. 

3 look quite different from those in Fig. 1, so I’m wondering how representative they are 

of the other events. 

 

Figure 1 and Figure 3 are not intended to represent the same level of analysis. Figure 1 shows the mean 

composite pattern for all Southern Hemisphere events (E1–E5), whereas Figure 3 presents the analogue 

analysis for a single illustrative case (E1). Therefore, some differences in the exact position, amplitude, 

and shape of the SLP anomalies are expected, because the composite smooths event-to-event variability 

while the single-event panel retains the full structure of an individual case. 

Nevertheless, E1 preserves the same large-scale ingredients identified in the composite: a deep 

southeast Pacific low, surrounding higher-pressure anomalies, and an enhanced meridional pressure 

gradient favouring strong southwesterly winds over the fetch region. We have revised the text to clarify 

that Figure 3 should be interpreted as an illustrative event-level example embedded within the broader 

composite framework, rather than as a pattern expected to reproduce Figure 1 exactly.  

 

  

10. Line 216: Perhaps checking an Amundsen Sea Low index in addition to the SAM would 

be more targeted based on the composite patterns. It might not give substantially different 

interpretations, being highly correlated with the SAM, but might provide a more nuanced 

regional signal or predictive power. 

Thank you for this valuable suggestion. We explored the use of the Amundsen Sea Low (ASL) indices 

as an additional regional circulation indicator. However, the available ASL index data begin in 1959 

(https://scotthosking.com/asl_index), whereas our analogue search period starts in 1950; consequently, 

the ASL indices do not span the full study period. 

Despite this limitation, we performed the analysis over the overlapping period and obtained several 

noteworthy results. In particular, E3, which does not show a significant relationship with the SAM, 

exhibits significant differences between past and present analogues in both ASL longitude and ASL 

Relative Central Pressure (Figs. S9-S10). The latter is defined as a regional pressure anomaly obtained 

by subtracting the actual ASL central pressure from the area-averaged pressure over the ASL domain, 

thereby isolating the local circulation signal from the hemispheric-scale SAM influence. 

An opposite pattern is found for the Amundsen Sector Pressure index (Figure S11), which is strongly 

correlated with the SAM: the other SH events display significant differences under this index, whereas 

E3 does not. 

These results suggest that E3 may be influenced more strongly by regional ASL dynamics than by the 

large-scale SAM signal, providing a more nuanced interpretation that complements the SAM-based 

analysis. Nevertheless, because the SAM covers the full study period and remains the most widely used 

large-scale circulation index in the literature, we retain it as the primary circulation metric in the main 

text. A brief discussion of the ASL-based results has now been incorporated into the Section 3.1.3 of 

the revised manuscript (L287-289). 

 

https://scotthosking.com/asl_index


 
Figure S9. Amundsen Sea Low (ASL) longitude for past and present analogues. Monthly ASL longitude index associated 

with days of flow analogues for the past (1959–1986) and present periods, shown separately for each event. Note that the 

past period is shorter than in the main analyses due to the availability of the ASL index from 1959 onward. The median 

difference between periods and their statistical significance are indicated within each box. Source of ASL index: 

https://scotthosking.com/asl_index 

https://scotthosking.com/asl_index


 
Figure S10. Same as Figure S9 but for the ASL Relative Central Pressure, which measures the regional pressure anomaly 

after removing the hemispheric SAM signal.  



 
Figure S11. Same as Figure S9 but for the ASL Sector Pressure, which represents the area-averaged pressure over the ASL 

domain and is strongly correlated with the large-scale SAM signal.  

 

11. Line 223: It would be good to introduce the counterfactual approach here in the text before 

discussing the results, rather than only in the figure caption. 

We agree that the concept of counterfactual reconstruction should be introduced in the main text 

before discussing the results (L249-252). We have therefore revised the paragraph to explicitly 

define the counterfactual approach prior to presenting the interpretation of Fig. 3b, rather than 

relying solely on the figure caption.  

 



12. Line 224-225: In addition to changes in the SAM, studies have shown strengthening of the 

Southern Hemisphere over the satellite period that are expected to continue in the future in 

response to anthropogenic forcing (Priestley and Catto, 2022). 

We have incorporated the point about the observed strengthening of SH extratropical cyclones 

and their projected continuation under anthropogenic forcing into the revised text, citing Priestley 

and Catto (2022).  

L290-292: “Beyond changes in the SAM, SH extratropical cyclones have also shown a 

strengthening trend over the satellite period, and are projected to further intensify under continued 

anthropogenic forcing, with stronger wind speeds throughout the troposphere and an expansion of 

the area of extreme winds in both winter and summer seasons (Priestley and Catto, 2022).” 

 

13. Line 226: The timing of the SAM changes and their relationship with the stated external 

forcings is somewhat difficult to gauge given the time period available in this study. But 

an additional factor that might be interesting in this case is the rapid decline of sea ice cover 

beginning around 2016. Perhaps this exposed more ocean surface and increased fetch in 

the region. 

Regarding the SAM, we acknowledge that the observational period (2008–2025) is relatively short to 

robustly characterize its long-term influence. To address this limitation, we extended the analysis using 

analogue events identified in the longer reanalysis record. When comparing SAM values associated 

with months containing analogues in the past (pre-1986) versus the present period (1986–2025), we 

find a statistically significant difference, suggesting that the large-scale circulation background has 

indeed shifted toward more positive SAM conditions in recent decades. This supports the notion that 

SAM changes may be contributing to the increased intensity of the analysed extreme events, even if the 

direct causal link is difficult to establish over the available observational window.  

 

The potential role of sea ice decline as an additional forcing is indeed a plausible mechanism, as reduced 

sea ice coverage could expose more open ocean surface and increase fetch in the region. We examined 

seasonal (MJJAS) 10-m wind composites for the periods before and after 2016 (1950–2015 vs. 2017–

2025). While some differences are apparent around 60°S, these are not statistically significant over most 

of the study region (Fig. AR1). Furthermore, when comparing 10-m winds on analogue days in the 

present-climate period (1986–2025) between the pre- and post-2016 subperiods, differences are again 

generally not significant (Fig. AR2). The exception is E3, which shows some regions with increased 

wind speeds after 2016, consistent with the mechanism proposed by the reviewer, though spatially 

limited. For E5, no analogues were found after 2016, precluding this comparison for that event.  

 

Overall, while we cannot rule out a contribution from sea ice loss, particularly for E3, the results suggest 

that this mechanism does not appear to dominate the wind signal in the analysed events at the scales 

considered. Given the lack of a robust and consistent signal across events, we considered that adding a 

dedicated discussion of this aspect to the manuscript would not be well supported by the available 

evidence, and have therefore kept this analysis as part of our response to the reviewer.  



  

 

Figure AR1: Composites of seasonal (MJJAS) near-surface wind before and after 2016, together with the difference 

between the two periods. Only differences significant at the 5% level according to a t-test are shown.  



 

Figure AR2: Mean differences in near surface wind between days analogs in the present period (1986-2025) before and after 

2016. Only differences significant at the 5% level according to a t-test are shown.  

 

 

14. Line 282: The 10m wind anomalies for the Northern Hemisphere composites occur behind 

the SHWW anomalies, but in the Southern Hemisphere it is the opposite. Why causes this 

difference? 

The discrepancy was caused by an error in the previous version of the figure. For the Southern 

Hemisphere SHWW composites, the figure mistakenly displayed conditions preceding the event, 

whereas the Northern Hemisphere composites showed conditions during the event itself. After 

correcting the Southern Hemisphere figure to use the same event timing as the Northern 

Hemisphere, the apparent difference in the phase relationship of the 10 m wind anomalies was 

resolved.  

15. Lines 354-355: Looks like maybe the sentence got cut off around “intensifies” 

The sentence in Lines 354–355 was indeed incomplete due to an editing issue. We have now 

corrected and rephrased the text to improve clarity and completeness in the revised manuscript 

(L430-436).  

L432-437: “Extreme swell events along the Peruvian coast pose recurrent risks to coastal 

communities, infrastructure, and maritime activities. These events originate far offshore and 

exhibit strong seasonal variability in their source regions: during the austral winter they are 

primarily generated in the South Pacific, whereas in summer they typically develop in the western 



North Pacific. This study examines the atmospheric circulation patterns associated with extreme 

wave events reaching the Peruvian coast from both hemispheres, with particular emphasis on the 

structure and variability of the upper-level jet. In addition, it assesses the potential influence of 

climate change on the intensity of these events using an analogue-based methodology.” 

 

References: 

Priestley, M. D. K., and J. L. Catto. Future changes in the extratropical storm tracks and cyclone 

intensity, wind speed, and structure, Weather Clim. Dynam., 3, 337–360. 2022. 

  

 

 


