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Abstract
Understanding wave systems (WS) dynamics in semi-enclosed tropical basins is challenging due to interactions between 
remote wave generation and regional climate variability. In the Gulf of Panama, prior studies mainly relied on single-site 
offshore analyses, limiting characterization of wave energy distribution and its atmospheric and oceanic drivers. This gap 
in knowledge is particularly consequential for coastal hazard assessments and for deciphering ocean–atmosphere interac-
tions in regions influenced by both long-period swells and low-level wind jets. To address this limitation, we present a 
comprehensive multi-decadal analysis of the seasonal and long-term variability of significant wave height (Hs) and peak 
wave period (Tp), based on WS identified applying spectral statistical techniques using the GLOSWAC-5 atlas. To under-
stand the variability and the modulating effect of the Gulf of Panama semi-enclosed morphology, three representative sites 
at its entrance were selected. Monthly patterns were analyzed by classifying wave trains according to relative orientation 
(i.e., following, crossing, and opposing) to determine the predominant direction and multimodal activity. Long-term trends 
were assessed over 17 to 18-year intervals (i.e. 1969–1987, 1988–2005, 2006–2023) using exploratory analysis and quan-
tile regression, with results reported separately for the dry season (December–April) and the wet season (May–November). 
The analysis revealed five dominant WS, each associated with specific generation mechanisms and geographic origins: 
WS1, associated with Southern Ocean swells; WS5, originating from Northern Hemisphere swells; WS2, driven by south-
easterly trade winds from the subtropical Pacific; and two regionally forced systems, WS3 and WS4, generated by the 
Panama and Chocó Low-Level Jets, respectively. WS1 shows increases in Hs of about 5–10 cm during 1969–1987 and 
1988–2005, and up to ~ 15 cm in 2006–2023, with Tp rising by ~ 0.3–0.6 s over the same intervals. WS2 exhibits small 
variations, with Hs ranging from − 10 to + 17  cm and Tp fluctuations within ± 0.3  s across the three intervals. WS3 dis-
plays the strongest changes, with median Hs increases of 10–30 cm in the first two intervals and extreme values reaching 
50–60 cm in 1988–2005 and 2006–2023, together with Tp increments of ~ 0.3–0.5 s. WS4 remains comparatively stable 
in all periods, with Hs variations within ± 10 cm and Tp changes < 0.4 s. WS5 intensifies mainly in 2006–2023, showing 
Hs increases of 8–15 cm and Tp rises of ~ 0.2–0.4 s. Monthly mean Hs anomalies (> 0.10 m) at the 50th percentile suggest 
a relationship with El Niño–Southern Oscillation (ENSO), but analyses using the 95th percentile reveal that only WS2, 
WS3, and WS4 exhibit a stronger association with ENSO phases.

Keywords  Multimodal wave patterns · Wave spectra · Wave systems (WS) · Gulf of Panama · Coastal hazards · El 
Niño–Southern Oscillation (ENSO)
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1  Introduction

Coastal environments have long been integral to human 
settlements, a process that has been intensified in the pres-
ent with rapid population growth. Socio-economic develop-
ment along with natural climate change has exacerbated the 
phenomenon of coastal squeeze, leading to environmental 
degradation, increased erosion, and heightened flood risks 
(Lincke et al. 2022; Neumann et al. 2015; Reguero et al. 
2015). These impacts are influenced by factors such as pop-
ulation density in vulnerable zones, the value of social and 
economic assets, and the ability of the region to implement 
coastal protection and community-based mitigation strate-
gies (Calil et al. 2017; Luijendijk et al. 2018). Vulnerabil-
ity is further amplified in areas situated below 10 m above 
sea level, where sea-level rise, extreme wave events, and 
land subsidence pose significant risks (Reguero et al. 2015). 
Lincke et al. (2022) emphasize that the primary drivers of 
coastal flooding risk are socioeconomic growth and sea-
level changes, with coastal protection resources allocated 
not only in response to rising sea levels but also to economic 
development. Also, the risk is concentrated in rural areas, 
where limited protection capacity worsens the situation, as 
seen across coastal Latin America (Calil et al. 2017; Lincke 
et al. 2022). Previous research has highlighted the impacts 
of shoreline changes and extreme wave events, including 
those caused by swells or hurricanes/tropical cyclones in 
the region (Silva et al. 2014; Reguero et al. 2015; Vallarino 
Castillo et al. 2023).

Data derived from global and regional research on coast-
line change (Luijendijk et al. 2018; Vousdoukas et al. 2020), 
sea level rise, and the risk of flooding and economic losses 
(Vitousek et al. 2017; Lincke et al. 2022), which includes 
long-term water level variations and short-term storm surges 
(Muis et al. 2016, 2023; Kirezci et al. 2020), offers a frame-
work to guide efforts in the most affected regions. A criti-
cal aspect of these coastal risks is wave dynamics, which 
include both wind-driven waves and long-period swells. 
These wave systems (WS) interact within multimodal con-
ditions, influencing sediment transport and coastal erosion, 
with implications for coastal vulnerability (Hoogervorst 
2022; Lira-Loarca and Besio 2022). As waves from differ-
ent origins converge, the resulting patterns can exacerbate 
coastal impacts, especially when compounded by rising sea 
levels. Several studies have emphasized the vulnerability of 
the Central American region, particularly the Pacific coast 
of Panama. Projections under the high emissions scenario 
(i.e., RCP8.5) indicate that this area will experience rising 
sea levels and more frequent, intense storm surges, mak-
ing it a potential hotspot for coastal impacts in the Cen-
tral American Pacific (Reguero et al. 2015; Kirezci et al. 
2020). In addition to sea level rise, the influence of ENSO 

events, which cause rapid water level fluctuations, is sig-
nificant. Across many coastal zones of the Latin American 
region (IH Cantabria—CEPAL 2015; Vallarino Castillo et 
al. 2023), long-term sea level rise contributes more than 
1.0 mm per year, while short-term variability associated with 
El Niño Southern Oscillation (ENSO) events can induce 
transient increases in sea level exceeding 30 cm. Further-
more, the combined effects of land subsidence, as observed 
in regions such as parts of Chile, and anthropogenic pres-
sures, including the construction of infrastructure along the 
shoreline, can intensify coastal squeezing processes. These 
factors collectively exacerbate shoreline retreat and may 
lead to significant localized increases in relative sea level. 
Despite insights from global and regional studies, localized 
research is necessary to account for the specific morpho-
logical conditions, coastal dynamics, and climatic patterns 
of each study area. Such research is crucial for acquiring 
the detailed data required to inform national-level planning 
strategies. This is especially critical in regions where mul-
tiple WS converge, requiring an individualized analysis of 
each system based on its origin. Simplified parameteriza-
tions, such as significant wave height (Hs), can oversimplify 
energy transport by reducing the wave spectrum to a single 
direction and frequency, failing to capture the complexity 
of multimodal spectra where multiple wave trains with dif-
ferent wavelengths and propagation directions interact and 
vary over time (i.e., wave aging). Consequently, adopting 
more detailed parameterizations that accurately capture 
these interactions is necessary for enhancing the reliabil-
ity of energy transport models, which are central to coastal 
and ocean engineering applications (Holthuijsen 2007; 
Hoogervorst 2022; Hegermiller et al. 2017; Mori et al. 
2013). The relevance of such parameterizations is evident 
in regions with complex wave climates, where multiple sys-
tems interact. In this context, Portilla-Yandún et al. (2020) 
highlight the multimodal nature of wave conditions in the 
Colombian Pacific, identifying five systems that shape 
the coastal climate of the region. Their findings provide a 
valuable reference for understanding dynamics in adjacent 
areas, including the Pacific coast of Panama. In the Gulf 
of Panama, such research is particularly relevant due to the 
intrinsic vulnerability of the region and the complexity of its 
coastal morphology and bathymetry, which limit the propa-
gation of certain WS in this semi-enclosed basin (Portilla et 
al. 2015).

Considering local variations induced by phenomena such 
as ENSO is crucial, as its different phases significantly alter 
coastal climates along the American Pacific, potentially 
intensifying erosion. The study by Losada et al. (2013) pro-
vides evidence on how ENSO contributes to sea level rise 
in Latin America, identifying the Panamanian Pacific as 
one of the most affected regions. During its positive phases, 
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ENSO can enhance the frequency and intensity of tropical 
cyclones in the Pacific while also modifying average and 
extreme wave conditions, influencing energy, direction, 
wind speed, and the trajectory of local “Low-Level Jets” 
(Amador et al. 2006; Amador 2008; Vallarino-Castillo et al. 
2024; Odériz et al. 2024). It is important to note that climate 
variations in coastal areas induced by ENSO phases do not 
follow a linear pattern but fluctuate seasonally, influencing 
associated risks. Odériz et al. 2024 highlights that during the 
colder seasons of each hemisphere, ENSO events signifi-
cantly impact numerous countries, making it the dominant 
climatic driver of seasonal variability and associated haz-
ards. The combination of ENSO’s positive phases and rising 
sea levels will increase exposure in the Central American 
Pacific region. As coastal populations grow and considering 
that extreme ENSO events, such as the one in 1998, have 
contributed to sea level rise, an increasing number of people 
and critical socio-economic resources will face greater risk 
from coastal flooding (Reguero et al. 2015).

This exploratory study establishes a baseline of mul-
timodal wave conditions at the entrance of the Gulf of 
Panama, emphasizing their interaction with regional mor-
phology and implications for coastal extreme events. It 
also describes the long-term and seasonal variability of WS 
from 1969 to 2023 and considers their possible links to the 
ENSO. The results provide new insights into the influence 
of large-scale climate phenomena on local wave dynamics 
and offer a basis for future wave propagation studies in the 
basin.

The structure of this study is organized as follows. Sec-
tion  1 provides a description of the regional context of 
the Gulf of Panama. Section  2 explains the methodology 
and statistical techniques used to analyze both general and 
extreme wave conditions, focusing on long-term trends 
and seasonality. Section  3 presents the results, including 
the characterization of the main WS, their temporal vari-
ability, and the influence of ENSO phases. Finally, Sect. 4 
summarizes the main conclusions of this study, highlighting 
its contributions to advancing the current understanding of 
wave conditions in the Gulf of Panama and the potential 
directions for future research.

2  Methodology

2.1  Geographical context and coastal hazards in the 
Gulf of Panama

The study area is the entrance to the Gulf of Panama 
(Fig.  1A1), a region characterized by complex morphol-
ogy that modulates the impact of wave-generating systems 
in nearby coastal areas (Bundschuh and Alvarado 2012). 

Therefore, it is essential to understand how these WS inter-
act outside the gulf and then analyze more deeply how the 
bathymetry and morphological configuration of the Gulf of 
Panama may alter their behavior. Prior research has iden-
tified zones where converging orthogonal profiles create 
“bathymetric lenses” that focus wave energy (Grimaldo 
2014; Speranski and Calliari 2001).

In the coastal section with the highest wave convergence 
in the Gulf of Panama, previous studies have shown that the 
shoreline change indicates an average retreat of − 1.07 m/
year, based on data from 1998 to 2021 (Vallarino Castillo 
et al. 2022). In addition, information has been gathered 
about strong wave events that caused damage to vulnerable 
housing and critical infrastructure, reported on the social 
network X (formerly Twitter) (Fig.  1A2). These events 
tend to concentrate in the main convergence zone (Playa 
Farallón—Playa Punta Chame), coinciding with the most 
affected coastal region, while isolated occurrences have 
been reported in other Pacific and Caribbean areas of Pan-
ama (see Grimaldo 2014 for further details). The beaches of 
the Gulf affected by these strong wave events mostly show 
shoreline retreat categorized as “moderate erosion” (with 
rates ranging from 0 m/year to − 1.0 m/year) or “high ero-
sion” (with rates > − 1.0 m/year). However, Playa de Farallon 
presents an exception: although it is classified as “moderate 
accretion” (with rates between 0  m/year and 1.0  m/year) 
on average, in the coastal section where damage to vulner-
able houses has been recorded, a localized retreat greater 
than -2.00 m/year has been observed, increasing its vulner-
ability compared to other beaches in the region (Fig. 1D). 
Since these events are recurrent mainly in the months of 
May, September, and October, during the wet (rainy) sea-
son (Fig. 1B and C), it is necessary to conduct both long-
term and seasonal analyses to identify relationships between 
external and local wave-generating systems that may influ-
ence the variability of wave patterns throughout the year.

Providing this context is essential (Fig. 1), as it situates 
the Gulf of Panama within the broader framework of exter-
nal wave-generating systems and shows how local morphol-
ogy at the gulf entrance modulates their impact. Given the 
recurrent flooding and coastal erosion events in the region 
and the scarcity of long-term local wave data, understand-
ing these interactions is crucial. This serves as a baseline for 
future studies on wave propagation aimed at understanding 
the wave climate dynamics throughout the Gulf of Panama, 
while noting that the present analysis focuses exclusively on 
conditions outside the gulf.

2.2  Wave data analysis and statistical approach

A preliminary analysis of wave conditions outside the Gulf 
of Panama will be conducted to identify the main WS that 
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for the determination of the predominant wave direction 
and the frequency of each type at three geographical sites 
within the study area. In this context, correlation analysis 
between different WS at each location supports the informa-
tion presented in the previous section regarding their gen-
esis, whether driven by large-scale climatic phenomena of 
global origin or regional mechanisms such as the Central 
America Wind Jets. Additionally, based on the results, the 
potential impact of the semi-enclosed morphology of the 
Gulf of Panama on wave dynamics is described.

To detect long-term trends in Hs variability, data were 
grouped into intervals series of approximately 17 to 18 years 
periods (1969–1987, 1988–2005, and 2006–2023). Each 
group also incorporated the seasonal component by segre-
gating interannual data for the dry and wet seasons. This 
data structuring facilitates comparisons through exploratory 
statistical analyses, including the description of Hs distribu-
tions using histograms, evaluation of data dispersion using 
the Levene test, which assesses the homogeneity of vari-
ances among groups (Levene 1960), and the comparison of 
the central distribution of WS using the Mann–Whitney U 
test (Gastwirth et al. 2009; McKnight and Najab 2010). The 
initial approach, centered on the complete distribution of Hs 
data, serves as the basis for interpreting the overall behavior 
of WS across different time periods. Following this com-
prehensive analysis, the study proceeds with a preliminary 
assessment of outliers, defined as values exceeding the upper 
threshold (q3 + 1.5·(q3 − q1)), where q1 and q3 correspond 
to the first and third quartiles (25th and 75th percentiles) of 
the distribution within each period. This approach highlights 
changes in the distribution tail that may have direct impli-
cations for coastal responses, including shoreline changes 
and the potential impacts of high-magnitude wave events on 
vulnerable coastal areas (see Fig. 1, panel A.2).

Building on this, a quantile regression analysis is con-
ducted for each period, maintaining data segmentation 
according to the dry and wet seasons. The selection of 
the 50th, 95th, and 99th quantiles allow for a deep trend 
analysis of both the central value and the extremes of the 
Hs distribution. While the 50th quantile reflects the median 
behavior, the 95th and 99th quantiles provide key insights 
into the variability of high-magnitude events, each with a 
distinct and complementary approach. The 95th quantile 
captures changes in high but relatively frequent values 
within the distribution, which may indicate a progressive 
intensification of wave conditions. Conversely, the 99th 
quantile focuses on the most extreme events, such as intense 
storms or exceptional wave pulses, which can exacerbate 
existing erosion problems in the beaches of the Gulf of 
Panama. Analyzing these two quantiles separately makes 
it possible to differentiate between a general intensifica-
tion of wave conditions and specific increases in anomalous 

shape the multimodal sea state in this area, the data from the 
GLOSWAC-5 atlas (GLObal Spectral Wave Climate, see 
https://gloswac.epn.edu.ec/) will be used. This atlas ​p​r​o​v​i​d​e​
s a database on the spectral characterization of ocean waves. 
It is based on ERA-5 reanalysis data provided by ECMWF, 
covering a 54-year period, from 1969 to 2023. GLOSWAC-5 
is an update of the original GLOSWAC, which previously 
relied on ERA-Interim reanalysis data for a 37-year period 
(1979–2015) (Portilla-Yandún 2018; Portilla-Yandún and 
Bidlot 2025). The GLOSWAC-5 atlas offers long-term 
density distributions of frequency (f) and direction (θ) of 
the spectrum, segmented into wave partitions and systems 
at different ocean locations, according to the geographical 
sites of the reanalysis data. Since the wavefield may consist 
of multiple wave trains with different propagation direc-
tions and periods, the spectrum is partitioned based on the 
so called watershed algorithm (Hasselmann et al. 1996). 
Each partition includes a set of frequency-directional bins 
that describe a specific group of waves. These partitions are 
grouped into different clusters called “wave systems (WS)” 
or “wave families,” which share similarities in frequency 
and direction. These systems may be related to atmospheric 
origins, both external and local (Portilla-Yandún et al. 2015; 
Portilla-Yandún 2018).

At the entrance to the Gulf of Panama, the GLOSWAC-5 
atlas provides information for 10 distinct WS across three 
nearby geographic locations: Site 1 (Point 1) at 6.84°N, 
80.04°W; Site 2 (Point 2) at 6.84° N, 78.95° W; and Site 3 
(Point 3) at 7.20° N, 78.02° W (see Fig. 2).

This study first employs an analysis of the monthly occur-
rence frequency and Hs average, for each wave system, pro-
viding a descriptive framework for the annual behavior of 
these systems. This stage aims to identify seasonal patterns, 
establishing a quantitative basis for understanding the com-
plexity of the wave spectrum at the entrance of the Gulf 
of Panama. Simultaneously, wave trains corresponding to 
the period 1969–2023 are analyzed and classified into three 
categories based on their relative angle to the primary wave 
train: following waves (0°–45°), crossing waves (45°–135°), 
and opposing waves (> 135°). The classification of these 
categories follows methodologies established in the litera-
ture (Donelan et al. 1997; Davison et al. 2022), allowing 

Fig. 1  A1 Regional map showing the location of the study area. A2 
Local map (zoomed in) highlighting beaches frequently affected by 
strong wave advisories and sites reporting damage to vulnerable hous-
ing, critical infrastructure, and economic activities. B Timeline of 
coastal flooding events reported for other beaches along the coasts of 
Panama (Caribbean Sea and Gulf of Chiriquí), included for regional 
context. C Timeline of coastal flooding events documented in the Gulf 
of Panama, corresponding to the study area. D Approximate classifica-
tion of erosion and accretion rates for beaches in the Gulf of Panama. 
Note: Flooding dates (B–C) and shoreline-change estimates (D) were 
compiled by the authors
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signatures, which in combination define the seasonal wave 
climate of the region (Fig. 2 panel A to C, and Fig. 3).

The most persistent signal is associated with WS1, a 
swell-type regime generated in the Southern Ocean. WS1 
dominates throughout the year, with daily presence above 
90% at the three study sites, confirming its capacity to 
propagate over large distances into tropical latitudes (Por-
tilla et al. 2015; Caicedo-Laurido et al. 2020). Its average 
Hs reaches a seasonal maximum in May, coinciding with 
the transition to the wet season and the weakening of the 
Panama Low-Level Jet (WS3). Conversely, WS1 exhibits 
lower Hs during the dry season (December–April), when 
WS3 is most active and propagates in the opposite direction.

WS2, linked to subtropical Pacific southerlies, is less per-
sistent during the dry season, with monthly occurrence fre-
quencies generally below 30%, but becomes more relevant 
during the wet season. During May–November, WS2 activ-
ity increases consistently across all study sites, with mean 
Hs values exceeding 0.4 m. This behavior reflects its swell-
like characteristics, which favor energy conservation during 
long-distance propagation.

WS3, associated with the Panama Low-Level Jet (PLLJ), 
exhibits strong seasonality. Its maximum activity occurs 
during December–April, when it is present at up to 70% 
of days per month at sites 1 and 2. At site 3, however, the 
activity of WS3 is attenuated, likely due to the combined 
influence of the Pearl Islands Archipelago and the adjacent 
mountainous terrain of Darién, which limit the effect of this 
local wind system. A secondary but weaker activation of 
WS3 has been observed during El Niño years, particularly 
in July–August, with the signal being most evident during 
strong and very strong El Niño events (Rueda Bayona et al. 
2007; Ordóñez-Zúñiga et al. 2021).

WS4 is controlled by the Chocó Low-Level Jet (ChLLJ), 
which flows northward along the Colombian Pacific and 
turns eastward toward Panama. Its seasonal cycle is tied to 
sea surface temperature gradients between the Niño 1 + 2 
region and the Colombian Pacific (Sierra et al. 2018; Yepes 
et al. 2019). WS4 exhibits weaker activity from January to 
April, increasing markedly between May and December, 
with maximum intensity during September–November, 
when the ChLLJ reaches its northernmost extension. This 
pattern coincides with enhanced southwesterly winds dur-
ing the northward shift of the Intertropical Convergence 
Zone (ITCZ).

Finally, WS5, associated with the northern storm belt of 
the North Extratropical Pacific, represents the least persis-
tent system influencing the Gulf entrance. Its occurrence is 
constrained by both distance and local geographic barriers, 
generally producing Hs values below 0.50  m. Neverthe-
less, episodic extreme events generated by intense North-
ern Hemisphere storms can occasionally propagate into the 

events. Quantile regression is particularly robust for detect-
ing trends in these extreme quantiles compared to simple 
linear regression, which primarily fits central values and 
may not adequately capture variations in the most intense 
events (Hao and Naiman 2007).

As a complementary analysis, given the significant role 
of the peak wave period (Tp) in combination with Hs, the 
monthly variability of Tp is analyzed within each time 
interval.. This analysis extends to the identification of the 
co-occurrence of Tp and the Hs outliers, aiming to iden-
tify possible associations between simultaneous increases 
in both variables. Such patterns could indicate an increase 
in the presence of swell-generated waves or distant storm 
waves, which are characterized by greater energy and wider 
spacing, conditions that contribute to long-term coastal 
erosion.

Finally, considering the geographical position of the 
study area, within the Eastern Tropical Pacific, a region his-
torically influenced by ENSO phenomena, correlation anal-
yses were conducted between ENSO indices and the data 
exceeding the 50th percentile. A sliding window approach 
with intervals of 5 and 10 months was used to effectively 
capture the immediate variability associated with ENSO 
events. The analyses employed monthly anomaly data pro-
vided by NOAA Physical Sciences Laboratory (PSL), using 
indices commonly applied in large-scale studies, such as 
Niño 3.4 and Niño 3, as well as Niño 1 + 2, which captures 
more continental-scale impacts, particularly along the coasts 
of Peru and Ecuador. Correlating periods of heightened 
ENSO activity with observed changes in WS further helps 
identify their contribution to the regional wave climate.

3  Results

3.1  Seasonal variability and characteristics of wave 
systems at the Gulf entrance

At the entrance of the Gulf of Panama, five primary WS 
(i.e., WS1–WS5) have been identified (Table 1), consistent 
with large-scale atmospheric drivers documented in prior 
studies (Portilla et al. 2015; Portilla-Yandún, 2018; IH-Can-
tabria 2021; Odériz et al. 2021; Mazzaretto and Menéndez 
2024). Each system exhibits distinct temporal and spatial 

Fig. 2  The total set of WS and the dominant systems identified at the 
entrance to the Gulf of Panama are shown. The average and seasonal 
frequency-direction energy spectra, along with wind roses for the 
entire period (1969–2023), are shown for: A Site 1/Point 1, B Site 2/
Point 2, and C Site 3/Point 3. D Map indicating the location of the 
three offshore study sites at the entrance of the Gulf of Panama. The 
arrows represent the direction toward which the main WS propagate 
(arrows may extend over land areas due to their size but only indicate 
propagation direction)
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panel D). Their comparison illustrates how large-scale forc-
ing interacts with local bathymetric and orographic features, 
modulating the observed wave climate and the relative con-
tribution of individual WS.

Site 1 (west side of the Gulf of Panama entrance) is 
directly influenced by the Azuero Peninsula, which acts as a 
partial barrier to the north-to-south propagating WS3 asso-
ciated with the PLLJ. This geomorphological configuration 
deflects a portion of the incoming WS3 energy flux toward 
the southwest, generating a more complex and disordered 

Gulf, producing transient increases in Hs at the study sites, 
with magnitudes depending on the intensity and trajectory 
of the originating storm (Amador et al. 2006).

3.2  Spatial modulation of wave systems by local 
geomorphology

The three study sites were strategically selected to capture 
the main geographic controls on wave propagation at the 
entrance of the Gulf of Panama (Fig. 1 panel A.2, and Fig. 2 

Table 1  Genesis and propagation directions of the identified WS in Fig. 2
Wave system Incoming direction Genesis
1 South–West Southern Storm Belt—Extratropical—South Pacific
2 South–West Southerlies—Subtropical—South Pacific
3 North Local wind system—Panama Low Level Jet (PLLJ)
4 West South Trade Winds—related to Chocó Low-Level Jet (ChLLJ)
5 West Northern Storm Belt—Extratropical—North Pacific

Fig. 3  Monthly median significant wave height (in meters) and prob-
ability of occurrence for each wave system, along with the categoriza-
tion of wave types (Following, Crossing, Opposing) and their associ-

ated probabilities, based on wave spectrum data from 1969 to 2023, 
for each of the three study sites at the entrance to the Gulf of Panama

 

1 3

   39   Page 8 of 26



Beyond understanding the role of far-field climate in the Gulf of Panama coastal dynamics: an analysis of…

WS5 remains sporadic at all sites, with limited but occa-
sionally extreme events capable of generating Hs > 0.5 m.

Correlation analyses further illustrate the interplay among 
systems (Fig.  4). WS1 and WS3 maintain strong nega-
tive correlations at all sites, reflecting their opposing sea-
sonal cycles: when WS3 intensifies in boreal winter, WS1 
reaches its lowest values. WS1 also correlates negatively 
with WS5, a relationship attributable to interhemispheric 
contrasts between boreal winter storm tracks and Southern 
Hemisphere low-pressure systems. In contrast, the posi-
tive correlation between WS3 and WS5 suggests regional 
atmospheric teleconnections, possibly linked to Atlantic–
Pacific pressure gradients that promote simultaneous activ-
ity (Amador et al. 2006). Meanwhile, WS2 and WS4 show 
consistently strong positive correlations, confirming their 
shared dependence on ITCZ dynamics and their joint rein-
forcement during late boreal summer and early autumn.

Overall, these results highlight the complementary roles 
of the three study sites in characterizing the Gulf’s wave 
climate. Site 2 captures the large-scale, offshore-like vari-
ability, consistently exhibiting higher mean Hs (> 0.4  m) 
year-round and coherence with regional Eastern Tropical 
Pacific patterns. Site 1 reflects local modulation by the Azu-
ero Peninsula, showing increased directional spreading and 
frequent crossing seas during the dry season when WS3 is 
active, while Site 3 represents a naturally sheltered envi-
ronment, with strongly attenuated Hs and reduced contri-
butions from WS3 and WS4. Seasonal dynamics, such as 
the northward migration of the ITCZ, further reinforce dif-
ferences among sites, affecting the relative persistence and 
intensity of WS2 and WS4. These observations confirm that 
all three sites can be jointly analyzed as representative wave 
nodes for the Gulf of Panama.

3.3  Temporal changes in wave system distributions 
and variance across periods

To explore temporal changes in the distribution and vari-
ability of WS at the Gulf of Panama entrance, Levene’s test 
for variance and Mann–Whitney U tests for central ten-
dency were applied across the three study periods (1969–
1987, 1988–2005, 2006–2023) at each site. The results 
indicate statistically significant changes for most WS–site–
season combinations. Levene’s test commonly returned 
p-values < 0.01, confirming differences in variance, while 
Mann–Whitney U detected significant shifts in Hs medians 
(p < 0.01), indicating systematic changes in the distribution 
of wave heights (Figs. 5, 6).

WS1 (Southern Ocean swell) exhibited the most consis-
tent changes. Variance differences were significant in nearly 
all comparisons (p < 0.01), except in a few cases affected 
by outliers, such as site 1 (1969–1987 vs. 1988–2005, 

spectral signature. In contrast, southward-propagating 
swells (WS1, WS2, and WS4) are less affected by the pen-
insula and largely maintain their propagation into the Gulf, 
although some local attenuation and energy dispersion may 
occur. During the dry season (December–April), when WS3 
becomes highly persistent, Site 1 records frequent cross-
ing seas due to the interaction of the northeastward PLLJ-
generated waves (WS3) with the southwestward swells of 
WS1. The frequency–direction spectra (Fig. 2, panel A to 
C) confirm this pattern, showing broader directional spread-
ing and multiple energy peaks compared to the other sites. 
The effect is most evident during March–April, when WS3 
peaks (> 70% of days active), while WS1 reaches its lowest 
mean Hs (< 0.35 m).

Site 2 (central side of the Gulf of Panama entrance) is 
minimally affected by coastal features and therefore exhib-
its wave conditions most representative of offshore (open-
ocean) conditions. The temporal persistence of WS1 is 
systematically higher than at the other sites, with mean Hs 
values exceeding 0.4 m across most of the year, even during 
the dry season. Seasonal cycles are also more coherent with 
those reported in the Eastern Tropical Pacific, reinforcing 
the role of Site 2 as the most offshore-like reference within 
the Gulf. This coherence makes Site 2 a robust indicator of 
long-term variability, suitable for trend analysis and com-
parison across WS.

Site 3 (eastern side of the Gulf of Panama entrance) is a 
naturally sheltered location, receiving limited wave energy 
due to its position within the Gulf. Local features, such as the 
Pearl Islands Archipelago and the nearby Darién highlands, 
further attenuate waves from WS3, but the primary reason 
for low Hs values at this site is its enclosed geomorphologi-
cal setting. As a result, locally generated waves (WS3) are 
significantly attenuated, with monthly persistence falling 
below 40% during the dry season, compared to ~ 70% at 
Sites 1 and 2. Similarly, WS4, although more active during 
the wet season, contributes less to the energy budget at Site 
3 than at the other locations. The consequence is a system-
atic reduction of Hs across all systems at Site 3, with WS1 
rarely exceeding 0.7  m during boreal winter months, due 
primarily to the semi-enclosed geomorphology that limits 
swell penetration.

A quantitative comparison across the three sites confirms 
these spatial contrasts. WS1 dominates year-round at all 
sites, but its mean Hs is consistently lower at Site 3 due 
to energy dissipation by geographic barriers. WS3 exhib-
its strong seasonal dependence, accounting for up to 70% 
of monthly occurrence at Sites 1 and 2 during December–
April, while remaining substantially weaker at Site 3. WS2 
and WS4 display parallel seasonal reinforcement during 
the ITCZ northward migration (May–November), but their 
energy contribution is again reduced at Site 3. In contrast, 
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in wave energy in the subtropical South Pacific, with mod-
eration at site 3 due to local coastal morphology (Odériz et 
al. 2021).

WS3 (PLLJ) exhibited strong temporal and spatial het-
erogeneity. Sites 1–2 experienced mean dry-season Hs 
increases of ≈0.11–0.16  m from 1969 to 1987 to 1988–
2005, while increases in 2006–2023 were smaller (~ 0.06–
0.09  m). Variance differences were significant (Levene 
p < 0.01), though some wet-season pairings at sites 1–2 
(1988–2005 vs. 2006–2023) were non-significant. Extreme-
value dispersion remained low (< 0.02 m), suggesting uni-
form upward shifts rather than increased variability. Site 
3 consistently showed smaller Hs changes due to attenua-
tion by the Pearl Islands and nearby highlands. Graphical 
analyses confirm that during the baseline dry season, sites 
1–2 had frequent Hs < 1.00 m alongside extremes reaching 
2.0–3.0  m, whereas later periods show elevated mean Hs 
and moderately increased extremes at site 3 (~ 0.07 m).

WS4 (ChLLJ) displayed significant variance changes 
in most comparisons (Levene p < 0.01), though some com-
parisons showed uniform mean shifts without variance 
increase (site 1: 1969–1987 vs. 1988–2005 dry season; site 
2: 1969–1987 vs. 2006–2023 wet season). Mann–Whitney 
U confirmed central tendency differences (p < 0.01) except 
for sites 2–3 in the wet season of the two most recent peri-
ods. Mean Hs increased ≈0.06 m during the first transition 
period, with smaller changes (≤ 0.02 m) thereafter. Outlier 

p > 0.05) and select comparisons at site 2. Mann–Whitney U 
was significant in all site-period contrasts (p < 0.01). Mean 
dry-season Hs increased ≈0.05 m between 1969–1987 and 
1988–2005, maintaining this increment into 2006–2023, 
while extreme Hs rose by more than 0.10 m across all sites. 
In the wet season, mean Hs increased ~ 0.05–0.10 m, with 
extremes increasing 0.08–0.13 m, resulting in progressively 
more frequent waves exceeding 2.00 m. These results align 
with projections for enhanced Southern Ocean swell events 
in the Eastern Pacific under RCP8.5 scenarios (Amores & 
Marcos 2020; Lemos et al. 2021; Semedo et al. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​1​7​5​​/​J​C​​L​I​-​​D​-​1​​2​-​0​0​​6​5​​8​.​12013).

WS2 (southerlies) also showed significant variance 
increases in almost all site–season comparisons (Levene 
p < 0.01) and significant shifts in median Hs (Mann–Whit-
ney p < 0.01). Mean Hs increased by ~ 0.05–0.13 m between 
the baseline and later periods. Notable exceptions include 
site 1 (1988–2005 vs. 2006–2023) and site 3 (wet season), 
which remained relatively stable. The upper quartile (75th 
percentile) at sites 1–2 shifted from ~ 0.80–1.00 m (1969–
1987) to ~ 1.00–1.25  m in later periods, reflecting a pro-
gressive increase in wave magnitudes. At site 3, the upper 
quartile remained < 1.00 m, with rare extremes > 1.5 m. Wet-
season Hs mostly stayed below 1.00 m, but all late periods 
show upward displacement relative to the baseline. These 
trends are consistent with southerly wind-driven increases 

Fig. 4  Upper panel: Correlation analysis between the main WS at the study sites, based on the monthly averages of Hs from 1969 to 2023. Lower 
panel: partial Hs of the main WS identified the values representing the contribution of each system to the total sea state at the study site

 

1 3

   39   Page 10 of 26

https://doi.org/10.1175/JCLI-D-12-00658.1
https://doi.org/10.1175/JCLI-D-12-00658.1


Beyond understanding the role of far-field climate in the Gulf of Panama coastal dynamics: an analysis of…

Fig. 5  Boxplot general data comparison for dry and wet season across the periods 1969–1987, 1988–2005, and 2006–2023

 

1 3

Page 11 of 26     39 



R. Vallarino-Castillo et al.

Fig. 6  Boxplot outliers data comparison for dry and wet season across the periods 1969–1987, 1988–2005, and 2006–2023
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consistent with seasonal Southern Ocean swell patterns and 
previous regional studies (Reguero et al. 2019; Canavesio 
2019; Godwyn-Paulson et al. 2020; Zheng et al. 2022a).

WS2 and WS4 showed higher interannual variability in the 
dry season. WS2 50th percentile waves > 0.40 m increased 
during 1969–1987 at all sites, whereas WS4 increases were 
mostly > 0.20 m at sites 2–3. In 1988–2005, dry-season 50th 
percentile trends increased (WS2: > 0.45  m; WS4: moder-
ate increases) and 95th percentile trends reflected extreme 
waves up to 1.25 m. Wet-season trends were similar, though 
extreme WS4 events were irregular. In 2006–2023, both 
WS2 and WS4 decreased in most sites, especially in late 
dry-season periods, reflecting ENSO-modulated variability 
(Romero-Centeno et al. 2007; Sierra et al. 2018; Yepes et al. 
2019; Torres et al. 2022).

WS3 displayed positive dry-season trends > 0.05  m at 
sites 1–2 during 1969–1987, weaker influence at site 3. 
The 95th percentile increased for waves > 1.50  m at sites 
1–2 and > 0.50  m at site 3. Later periods showed reduced 
dry-season extremes, consistent with decreased positive 
ENSO events. Wet-season increases were smaller due to 
lower WS3 activity, though some coincided with prolonged 
ENSO-positive years (Ordóñez-Zúñiga et al. 2021; Torres 
et al. 2022).

WS5 exhibited irregular trends, with dry-season waves 
slightly increasing in 1969–1987 at sites 1–2, while wet-
season trends were more heterogeneous. Site 3 remained 
largely stable. Observed patterns are consistent with pro-
jected reductions in Northern Hemisphere swell propaga-
tion under RCP8.5 (Amores & Marcos 2020; Lemos et al. 
2021; Zheng et al. 2022b).

3.5  Variability of peak wave period (Tp) and 
extreme conditions in the Gulf of Panama

Figure  7 illustrates clear seasonal cycles in Tp across all 
five WS and highlights modest but system-dependent 
changes between the three analysis periods (1969–1987, 
1988–2005 and 2006–2023). Overall, the dominant pattern 
is a strong intra-annual signal, with each system display-
ing a characteristic timing of maxima and minima, which 
is superimposed on smaller inter-period shifts whose sign 
and magnitude vary by system and by site. Visual inspection 
indicates the most coherent recent increases in Tp occur in 
WS1 (particularly during the wet season) and in parts of 
WS4, whereas WS2 and WS3 are generally stable or show 
slight reductions and WS5 is spatially heterogeneous with 
no single directional trend across sites.

WS1 shows the strongest and most coherent temporal 
variations, with Tp following a well-defined annual cycle 
characterized by early-year minima and sustained maxima 
during the wet season (June–October). Compared with 

trends mirrored mean shifts, while site 3 showed an initial 
increase of ~ 0.11  m followed by a slight decrease in the 
latest period (dry season). These results are consistent with 
projected ChLLJ changes under RCP8.5 (Sierra et al. 2021).

WS5 (Northern Hemisphere storm belt) was highly epi-
sodic. Variance changes were non-significant at site 1 (dry 
season) and at site 3 (1988–2005 vs. 2006–2023). Mann–
Whitney U detected significant distributional shifts in most 
comparisons (p < 0.01), except site 1 (1969–1987 vs. 2006–
2023 dry season) and sites 2–3 (1988–2005 vs. 2006–2023 
wet season). Exposure differed among sites: WS5-related 
waves occurred ~ 40% more frequently at site 1 than at sites 
2–3, with site 3 being the least exposed. Changes in Hs were 
minor in the dry season (~ 0.01–0.03 m), while during the 
wet season, mean Hs increased by ~ 0.01–0.09 m. Interest-
ingly, although extreme event frequency decreased at sites 
1–2, mean Hs of those extremes increased by up to 0.28 m, 
indicating fewer but more energetic extreme waves.

3.4  Long-term trends in significant wave height 
(Hs) by percentile and system

Quantile regression analyses were conducted for the 50th 
and 95th percentiles of Hs, separated by season (dry vs. 
wet) and study period. All regressions were statistically 
significant (95% confidence level) and demonstrated rela-
tively low standard errors. Positive trends were observed in 
both median and extreme Hs for most WS, with exceptions 
indicating non-uniform temporal changes. The resulting 
values represent the total change within each multi-decadal 
period, rather than annual rates. Results from these regres-
sions are summarized in Table 2, which presents seasonal 
and site-specific changes (see Supplementary Materials for 
the Appendix).

Previous studies indicate that Hs in the Gulf of Panama 
has exhibited small but positive trends, typically ranging 
from 0 to 0.50 cm/yr over 1948–2008 (Reguero et al. 2013). 
Recent research highlights the importance of analyzing indi-
vidual WS, as their contributions vary seasonally and can 
interact with ENSO events, emphasizing the multimodal 
nature of the Gulf’s wave climate (Mazzaretto & Menendez 
2024; Lobeto et al. 2022).

WS1 exhibited positive trends at the 50th percentile 
across all sites during 1969–1987, with mean Hs reach-
ing > 0.05 m above baseline by the end of the period. The 
95th percentile increased during wet seasons at all sites, 
while dry-season extremes decreased slightly at sites 2–3. 
For 1988–2005, the 50th percentile showed slight negative 
trends (~ –0.05 m) in early months, while the 95th percentile 
reflected increased occurrence of Hs > 1.25 m. In 2006–2023, 
wet-season 50th percentile Hs increased > 0.10  m, while 
dry-season 95th percentile trends decreased (~ –0.07  m), 
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quantified together with local bathymetry, tidal context, and 
storm statistics.

WS4 displays a more complex, site-dependent signal. 
All sites show pronounced early-year peaks (Feb–Mar) and 
larger month-to-month variability than WS1. Sites 1 and 2 
present moderate increases in Tp during August–October 
in both 1988–2005 and 2006–2023 compared with 1969–
1987, with differences visually on the order of ~ 0.3–0.8 s, 
while site 3 shows larger inter-period scatter and less coher-
ence. This pattern suggests that at least part of the observed 
change for WS4 is spatially localized and likely controlled 
by exposure and wave incidence angle; where increases are 

1988–2005, the most recent period (2006–2023) shows 
higher Tp values in many of the wet-months, with typical 
increases on the order of ~ 0.3–0.6 s; relative to the baseline 
period (1969–1987) the recent periods are commonly ~ 0.4–
0.6  s larger across much of the year. Because these Tp 
increases coincide with previously observed increases in Hs 
for WS1, the joint change in Hs and Tp points to an increase 
in wave energy during the wet season. Such a shift has plau-
sible geomorphological and hazard implications (elevated 
nearshore energy is likely to increase sediment mobiliza-
tion and the potential for coastal erosion and flooding dur-
ing high tides or storms), but these consequences must be 

Table 2  Trends derived from quantile regression: total changes in Hs (cm) for the 50th and 95th percentiles within each multi-decadal period, 
based on dry- and wet-season data at each study site
Quantile Year Season Study area WS1

Trend cm
WS2
 Trend cm

WS3
Trend cm

WS4
Trend cm

WS5
Trend cm

0.50 1969–1987 Dry Site 1 9.42 4.30 15.05  − 2.18 7.96*
Site 2 6.93 2.78 14.93 1.70 12.36*
Site 3 5.53 2.64 5.67 0.96 1.21*

Wet Site 1 8.51  − 8.45  − 0.32  − 10.21 3.16*
Site 2 8.70  − 9.17 0.98  − 8.84 0.60*
Site 3 8.80  − 9.82  − 0.51  − 6.04 2.00*

1988–2005 Dry Site 1  − 11.39 17.23 13.86 3.97 0.73*
Site 2  − 12.76 13.68 29.75 4.49 8.85*
Site 3  − 13.30 7.68 8.19 3.56 2.16*

Wet Site 1  − 4.99 9.73 11.37 14.63 0.82*
Site 2  − 6.14 10.13 9.10 13.50 0.41*
Site 3  − 6.84 9.33 6.10 10.87  − 1.55*

2006–2023 Dry Site 1 5.77  − 6.56  − 0.45  − 1.23  − 1.70*
Site 2 3.01  − 4.02  − 0.42  − 3.78  − 7.89*
Site 3 2.39  − 1.19 1.23  − 2.01  − 1.03*

Wet Site 1 14.71  − 4.08  − 0.88  − 2.98 7.12*
Site 2 12.77  − 3.86 0.10  − 3.75 0.99*
Site 3 11.42  − 1.06  − 2.00  − 2.28 0.42*

0.95 1969–1987 Dry Site 1 2.10 5.64 9.05 0.51 8.94*
Site 2  − 0.34 5.34 10.45  − 10.90 8.12*
Site 3  − 2.21 0.58 6.77  − 5.21  − 0.65*

Wet Site 1 3.53  − 28.85 11.75  − 31.32 1.24*
Site 2 1.43  − 25.98 3.83  − 39.79 5.47*
Site 3 1.18  − 21.14 5.15  − 48.01 2.61*

1988–2005 Dry Site 1  − 7.30 10.73 6.60 15.18  − 18.18*
Site 2  − 5.39 17.79 20.23 39.69  − 32.20*
Site 3  − 4.54 13.63 9.41 39.55 7.47*

Wet Site 1  − 4.33 8.37 56.00 36.21 54.34*
Site 2  − 1.36 5.45 31.74 38.47 28.35*
Site 3 2.49 6.17 11.87 37.57 3.01*

2006–2023 Dry Site 1  − 6.94  − 19.01  − 5.52  − 9.75 1.98*
Site 2  − 9.02  − 19.43  − 1.98  − 25.67 8.54*
Site 3  − 10.70  − 13.49 2.31  − 19.82 3.15*

Wet Site 1 14.91  − 10.11  − 12.55  − 13.46 4.29*
Site 2 15.53  − 9.10  − 18.95  − 17.11 50.76*
Site 3 15.60  − 8.02  − 16.90  − 19.59 14.31*

*The trends presented are not fully representative of the wave system due to its high temporal variability during the period analyzed
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WS5 stands apart because its changes are neither large nor 
spatially uniform. In some months and sites, Tp decreased 
in 2006–2023 compared with 1969–1987 by nearly 1  s, 
whereas in other months the values increased or remained 
almost unchanged. The variability in both sign and magni-
tude across sites and months prevents the identification of 
a coherent region-wide trend. This high spatial heterogene-
ity limits the possibility of drawing strong generalizations 
about recent changes in this system based solely on the plot-
ted series.

In summary, the evidence suggests that changes in Tp 
within the Gulf of Panama are system-specific and have 

temporally collocated with coastal impact events, they may 
contribute to episodic intensifications of coastal hazard.

By contrast, WS2 and WS3 do not show consistent or 
sustained increases in Tp across the study area. WS2 reaches 
its highest Tp early in the year (Jan–Mar, near 8 s) and then 
gradually declines toward mid-year. The baseline period 
(1969–1987) often contains some of the larger monthly Tp 
values, while month-to-month differences between periods 
remain modest (typically < 0.8 s). WS3 exhibits the lowest 
Tp among the WS (3.0–5.0 s) and shows only minor differ-
ences between periods (generally < 0.5 s), indicating stable 
temporal behavior.

Fig. 7  Temporal variability of the 
average monthly Tp across the 
periods 1969–1987, 1988–2005, 
and 2006–2023 for the different 
WS at the three study sites. The 
shading in the background high-
lights the seasonal cycle, the dry 
season (December–April) and the 
wet season (May–November)
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events (Tables 3, 4). Notably, Tp occasionally exceeds char-
acteristic seasonal values during extreme episodes, indi-
cating the influence of long-traveling swell and episodic 
wind-driven waves on coastal dynamics.

WS1 (Southern Ocean swell) dominates both the fre-
quency and magnitude of extreme events throughout the 
year (Lemos et al. 2019). For events exceeding the 99th per-
centile, Hs at Sites 1–2 typically ranges from 2.0 m to 3.0 m, 
with Tp between 16 s and 20 s, sustained for approximately 
48 h, particularly during the wet season. These extreme con-
ditions are the primary causes of coastal impacts, including 
erosion and inundation. The propagation direction of WS1 
is predominantly north-northeast (20°–40°), facilitating 
effective energy transmission into the Gulf entrance. During 
the dry season, extreme Hs decreases to ~ 1.7 m–2.0 m, with 
slightly shorter periods (Tp 14 s–20 s), illustrating the sea-
sonally modulated energy contribution of this system (Fig. 
8). WS2, WS3 (PLLJ), and WS4 (ChLLJ) exhibit compara-
tively stable extreme-event characteristics. Extreme Hs for 
these systems rarely exceeds 1.5  m, and Tp remains near 
baseline seasonal values, suggesting predictable coastal 
impacts. WS2 contributes moderate but persistent energy 
flux during peak wind periods, while WS3 and WS4 are 
more seasonally and spatially variable but generally produce 
smaller extremes than WS1. Their cumulative effect, how-
ever, may still influence shoreline adjustments and sediment 
transport, particularly during the wet season when multiple 
systems reinforce wave energy simultaneously (Romero-
Centeno et al. 2007; Sierra et al. 2018; Yepes et al. 2019).

WS5, associated with North Pacific hurricanes and 
tropical cyclones, is highly episodic. Although Hs typically 
remains below 1.0 m, these events can deliver long-period 

different implications for coastal dynamics. The most con-
sistent increases, observed in WS1 during the wet season 
and parts of WS4, imply that recent decades have been 
characterized by waves of longer period coinciding with the 
season when coastal flooding and erosion events are more 
frequent. Longer-period waves carry more energy shoreward 
and enhance sediment mobilization, thereby increasing the 
potential for shoreline retreat and damage to coastal infra-
structure, particularly in low-lying areas where tidal ranges 
already exceed 4.00 m. In contrast, the relative stability of 
WS2 and WS3, and the spatially heterogeneous behavior 
of WS5, indicate that not all systems contribute equally to 
long-term changes in coastal forcing. Overall, the evidence 
points to an emerging scenario in which wet-season condi-
tions in the Gulf of Panama are gradually shifting toward 
higher-energy wave climates, with direct consequences for 
erosion potential, coastal flooding, potentially affecting the 
long-term resilience of natural and human systems along the 
gulf’s shoreline.

3.5.1  Extreme wave characteristics: analysis of events 
exceeding the 99th percentile

The analysis of Hs and Tp values exceeding the 99th per-
centile provides critical insights into the behavior of the 
five primary WS (i.e., WS1–WS5) in the Gulf of Panama 
and their potential implications for coastal hazards. Across 
both dry and wet seasons and all study periods (1969–1987, 
1988–2005, 2006–2023), variability in extreme Hs consis-
tently exceeds that of Tp, reflecting the higher sensitivity of 
wave amplitude to local and regional atmospheric forcing, 
whereas Tp remains relatively stable even during severe 

Table 3  Average Hs and Tp for events exceeding the 99th percentile during the dry season
Season/year Study area WS1

Hs mean (m)
Tp mean (s)

WS2
Hs mean (m)
Tp mean (s)

WS3
Hs mean (m)
Tp mean (s)

WS4
Hs mean (m)
Tp mean (s)

WS5
Hs mean (m)
Tp mean (s)

Dry
1969–1987

Site 1 1.71 m
15.32 s

1.45 m
6.88 s

2.38 m
6.73 s

1.09 m
7.09 s

0.52 m
17.27 s

Site 2 1.58 m
15.35 s

1.42 m
6.58 s

2.16 m
6.62 s

1.10 m
6.93 s

0.33 m
16.34 s

Site 3 1.42 m
15.26 s

1.27 m
6.57 s

0.79 m
6.25 s

1.00 m
7.10 s

0.34 m
2.90 s

Dry
1988–2005

Site 1 1.81 m
15.79 s

1.45 m
6.66 s

2.33 m
6.71 s

1.31 m
5.87 s

0.61 m
13.23 s

Site 2 1.70 m
15.95 s

1.40 m
6.47 s

2.16 m
6.57 s

1.26 m
5.99 s

0.58 m
13.63 s

Site 3 1.56 m
16.06 s

1.22 m
6.82 s

0.88 m
5.95 s

1.12 m
6.35 s

0.41 m
3.14 s

Dry
2006–2023

Site 1 1.91 m
16.37 s

1.42 m
6.63 s

2.19 m
6.52 s

0.86 m
6.87 s

0.66 m
12.51 s

Site 2 1.79 m
16.37 s

1.36 m
6.63 s

2.07 m
6.45 s

0.89 m
6.83 s

0.59 m
13.93 s

Site 3 1.62 m
16.29 s

1.17 m
6.63 s

0.85 m
5.91 s

0.92 m
6.36 s

0.37 m
2.97 s
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coincident regional wind-driven systems. Documented 
high-impact events, such as May 2015 and September 2023, 
illustrate compound hazard scenarios, with sustained Hs of 
2.0 m–3.0 m and Tp of 16 s–20 s persisting for ~ 48 h, caus-
ing significant damage to coastal infrastructure (Cavaleri 
et al. 2022; Godwyn-Paulson et al. 2020). In contrast, dry-
season extremes, while still impactful, are less energetic and 
generally produce minor inundation without major struc-
tural damage.

Overall, this analysis highlights that extreme waves in 
the Gulf of Panama are primarily driven by WS1, with sec-
ondary contributions from WS2–WS4 and episodic WS5 
events. The distinct seasonal patterns, combined with spatial 
modulation by local geomorphology, emphasize the need 
to account for both amplitude and period in hazard assess-
ments, particularly when planning for compound events or 
ENSO-related anomalies.

3.6  ENSO-driven variability in wave systems

The influence of ENSO on the Gulf of Panama wave climate 
is evident in both median and extreme Hs, yet its impact 
varies across WS, seasons, and study periods (1969–1987, 
1988–2005, 2006–2023; see Fig. 10). Correlation analyses 
using the Niño 3.4 index reveal coherent positive Hs anom-
alies during La Niña for most systems (Fig. 9), whereas El 
Niño predominantly amplifies the Panama Low-Level Jet 
(WS3) and generates contrasting responses for Southern 
Ocean swell (WS1) and other WS (Torres et al. 2022; Porti-
lla-Yandún et al. 2016).

During La Niña, southern swell-dominated condi-
tions (WS1) intensify, particularly in the wet season 

waves to Sites 1–2, contributing disproportionately to 
energy flux and potential coastal stress. Propagation direc-
tions for WS5 range from northeast to southeast (80°–120°), 
with local geomorphology, particularly the Pearl Islands and 
highlands near Site 3, attenuating wave energy before reach-
ing enclosed areas. The “Pali hurricane” of January 2016 
exemplifies this behavior, generating Hs of 0.6 m–0.7  m 
and Tp of 12 s–14 s at the southern Gulf boundary, coin-
ciding with the 2014–2016 positive ENSO phase (Morris 
& Sabia 2016; Steenkamp et al. 2019). This demonstrates 
how ENSO-modulated atmospheric and oceanic anomalies 
can extend the spatial reach of Northern Hemisphere storm-
driven waves.

Seasonality strongly modulates extreme-event char-
acteristics. Wet-season extremes exhibit both higher Hs 
and longer Tp compared to dry-season events, reflecting 
the influence of long-traveling Southern Ocean swell and 

Table 4  Average Hs and Tp for events exceeding the 99th percentile during the wet season
Season/year Study area WS1

Hs mean (m)
Tp mean (s)

WS2
Hs mean (m)
Tp mean (s)

WS3
Hs mean (m)
Tp mean (s)

WS4
Hs mean (m)
Tp mean (s)

WS5
Hs mean (m)
Tp mean (s)

Wet
1969–1987

Site 1 2.16 m
16.18 s

1.83 m
7.20 s

1.36 m
5.27 s

1.52 m
6.63 s

0.32 m
15.53 s

Site 2 1.97 m
16.13 s

1.76 m
7.07 s

1.19 m
5.25 s

1.45 m
6.85 s

0.22 m
13.74 s

Site 3 1.75 m
15.92 s

1.53 m
7.06 s

0.65 m
5.09 s

1.30 m
6.77 s

0.38 m
3.31 s

Wet
1988–2005

Site 1 2.20 m
16.57 s

1.87 m
7.34 s

1.58 m
5.83 s

1.68 m
6.66 s

0.85 m
11.33 s

Site 2 2.09 m
16.64 s

1.77 m
7.23 s

1.53 m
5.83 s

1.59 m
6.86 s

0.60 m
11.73 s

Site 3 1.90 m
16.60 s

1.53 m
7.31 s

0.64 m
5.70 s

1.36 m
6.88 s

0.44 m
3.49 s

Wet
2006–2023

Site 1 2.41 m
17.02 s

1.89 m
7.27 s

1.45 m
5.63 s

1.57 m
6.45 s

0.92 m
11.17 s

Site 2 2.24 m
17.20 s

1.78 m
7.16 s

1.60 m
5.86 s

1.46 m
6.56 s

0.54 m
11.17 s

Site 3 2.01 m
17.08 s

1.53 m
7.28 s

0.95 m
6.09 s

1.27 m
6.61 s

0.42 m
3.24 s

Fig. 8  Monthly averages of Hs events lasting more than 12 h and the 
average Tp, derived from the 99th percentile of data from study site 1, 
from 2015 onward
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Fig. 10  Months with positive Hs anomalies exceeding 0.10 m during ENSO events (identified using the Niño 3.4 index), determined by the differ-
ence with neutral months for the 50th, 95th, and 99th percentiles

 

Fig. 9  Correlation results between the monthly variability of Hs from 
WS (data above 50th percentile) and the anomalies recorded for ENSO 
indices. This analysis uses 10 months (WS1, WS2, WS3 and WS4) and 

5  months (WS5) sliding window correlations for the complete data 
period from 1969 to 2023
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elevate wet-season wave heights, while El Niño ampli-
fies dry-season LLJ-driven systems. Yet, the dominance of 
extreme events and episodic storm activity, particularly at 
the 95th and 99th percentiles, complicates direct attribution, 
underscoring the necessity of percentile-based approaches 
to understand ENSO-wave linkages and their implications 
for coastal hazards.

4  Discussion

4.1  Multi-scale drivers of wave climate variability 
and site-specific modulation

The variability and spatial distribution of the five WS at the 
entrance of the Gulf of Panama result from a complex inter-
play between large-scale atmospheric drivers and local geo-
morphological constraints. WS1 represents the dominant 
year-round regime, yet its effective contribution to coastal 
wave energy varies substantially across the Gulf due to site-
specific factors. Its peak mean Hs in May coincides with the 
attenuation of WS3 activity, reflecting the seasonal weaken-
ing of the PLLJ (Rueda Bayona et al. 2007; Ordóñez-Zúñiga 
et al. 2021). Conversely, during the dry season, WS1 inter-
acts antagonistically with the intensified WS3, resulting in 
frequent crossing seas at Site 1 and Site 2, which are evident 
in both directional spectra and increased directional spread-
ing (Portilla et al. 2015; Caicedo-Laurido et al. 2020).

WS2 and WS4, display coherent seasonal patterns rein-
forced by the northward migration of the ITCZ (García et al. 
2009; Portilla et al. 2015; Sierra et al. 2018). Their positive 
correlation across sites shows a shared dependence on these 
large-scale atmospheric features, with energy maxima dur-
ing the wet season (May–November). However, the influ-
ence of local bathymetry and orography modulates their 
contribution to the coastal energy budget. At Site 3, a semi-
enclosed and sheltered environment, both WS4 and WS5 
are attenuated compared to Sites 1 and 2, highlighting how 
local geomorphology constrains the propagation of incident 
waves. Similarly, the Pearl Islands Archipelago and the 
highlands of Darien reduce the persistence of WS3 at Site 3 
(see Fig. 2 and Fig. 3), despite its high activity at the west-
ern and central sites, demonstrating that geomorphological 
features selectively filter the effect of atmospheric forcing 
(Rueda Bayona et al. 2007; Mora 2018; Caicedo-Laurido 
et al. 2020).

WS5 remains sporadic but can episodically generate Hs 
values (> 0.5  m) across the Gulf, contributing to extreme 
events (Amador et al. 2006). Its positive correlation with 
WS3 suggests that boreal winter atmospheric teleconnec-
tions and Atlantic–Pacific pressure gradients may synchro-
nize the activity of Northern Hemisphere storm-driven 

(May–November). Monthly anomalies above the 50th per-
centile indicate increases exceeding 0.10  m in Hs during 
2006–2023, compared with modest reductions (< 0.10 m) in 
earlier periods (1969–2005). This pattern reflects strength-
ened southerly wind fetches in the Eastern Tropical Pacific, 
delivering higher wave energy into the Gulf (Aramburo et 
al. 2022). Exceptional El Niño events, such as May 2015 
and September 2023, produced local positive Hs anoma-
lies up to 0.25 m and 0.15 m, respectively, illustrating that 
extreme events can depart from typical ENSO-driven ten-
dencies (Cavaleri et al. 2022; Godwyn-Paulson et al. 2020). 
At the 95th and 99th percentiles, ENSO correlations are less 
consistent, highlighting the dominant influence of episodic 
storms and tropical cyclones on extreme Hs.

Mid-latitude and regional WS (i.e., WS2 and WS4) show 
a subtler but coherent ENSO signal. While WS2 exhibits 
minimal dry-season variation, wet-season anomalies reveal 
modest Hs decreases during El Niño (May–November) and 
increases exceeding 0.10 m during La Niña. WS4, linked 
to the Chocó Low-Level Jet, similarly intensifies under La 
Niña due to enhanced trade winds along the Pacific coast 
of South America, producing Hs increases above 0.10  m 
from August to November in 1988–2023 (Sierra et al. 2021; 
Cerón et al. 2021). These seasonal enhancements corrobo-
rate previous observations that regional LLJs respond sen-
sitively to ENSO-driven large-scale wind anomalies, with 
implications for wet-season wave energy and nearshore 
sediment transport.

WS3 (PLLJ) displays a distinct ENSO response, with 
strong positive correlations during El Niño. Dry-season Hs 
increases exceed 0.10  m at the 50th percentile, reflecting 
intensified jet activity and associated local wind-wave gen-
eration, whereas La Niña tends to slightly suppress Hs. At 
higher percentiles (95th–99th), January consistently shows 
increased Hs, aligning with the peak of dry-season PLLJ 
activity and El Niño teleconnections (Mori et al. 2013). The 
interaction between WS3 and WS1 during El Niño amplifies 
crossing seas at exposed Gulf sites, potentially enhancing 
extreme coastal impacts.

Northern Hemisphere storm-driven waves (WS5) dem-
onstrate a highly episodic ENSO response, with strong El 
Niño events (e.g., 1982, 1997, 2016) facilitating south-
ward swell propagation into the equatorial Pacific and pro-
ducing notable dry-season Hs peaks (Zhang et al. 2023). 
Conversely, La Niña events exert minimal influence due 
to weakened SST-driven atmospheric circulation, and per-
centile-based analyses indicate inconsistent correlations, 
reflecting the stochastic nature of storm-driven extremes 
(Aramburo et al. 2022).

Overall, ENSO emerges as a key modulator of Gulf of 
Panama wave climate at interannual scales, influencing both 
seasonal and extreme Hs. Positive La Niña phases generally 
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the dry season, whereas the synchronous reinforcement of 
WS2 and WS4 during the wet season amplifies the energy 
flux toward the coast. Extreme WS5 events, though rare, 
act as additional drivers of episodic flooding and erosion, 
underscoring the need to consider compound wave events in 
future hazard assessments (Amador et al. 2006; Sierra et al. 
2021). Understanding these multi-scale interactions is criti-
cal for improving predictive models of coastal response and 
for guiding the implementation of monitoring and early-
warning systems tailored to the Gulf of Panama’s unique 
environmental setting.

In addition, resolving variability at the level of individ-
ual WS rather than through bulk wave parameters provides 
an essential complement to this physical interpretation. As 
illustrated in Fig. 11, total Hs and Tp may appear relatively 
stable even when individual systems undergo substantial 
seasonal or interannual fluctuations, due to compensatory 
effects among WS1–WS5. These hidden contributions 
highlight the limitations of integrated metrics and the value 
of spectral decomposition for identifying system-specific 
drivers, crossing-sea conditions, and the timing of extreme 
events. This system-based perspective is particularly rel-
evant for multimodal wave climates in the eastern tropi-
cal Pacific, where direction–frequency spectral analyses 
allow the identification of concurrent wave systems gener-
ated by local winds (sea) and by distant storms (swell). In 
regions such as the Gulf of Panama, the temporal overlap 
of these systems produces complex and variable sea states 
that are not adequately represented by bulk parameters, 

waves with locally forced systems. In contrast, WS1 cor-
relates negatively with WS3 and WS5, reflecting the 
interhemispheric opposition of Southern and Northern 
Hemisphere storm systems and the seasonal alternation of 
dominant wave regimes (Amador et al. 2006; Portilla et al. 
2015).

The combined effect of these interactions has direct 
implications for coastal dynamics. At Site 1 and Site 2, fre-
quent following waves and coincident peaks of WS1, WS2, 
and WS4 during September–October enhance wave energy 
reaching the shoreline, coinciding with documented epi-
sodes of coastal flooding and erosion (Romero-Centeno et 
al. 2007; Sierra et al. 2021). The spatial variation among 
sites emphasizes the influence of local modulating features: 
the Azuero Peninsula at Site 1 redirects energy fluxes, lead-
ing to disordered wave patterns; Site 2 exhibits offshore-like 
conditions, providing a robust representation of regional 
wave variability; and Site 3 remains sheltered, with lower 
Hs values and reduced contributions from WS3 and WS4. 
These dynamics suggest that risk assessments and coastal 
management strategies must account for both the temporal 
concurrence of WS and the spatial heterogeneity imposed 
by bathymetric and orographic features (Portilla-Yandún, 
2018; IH-Cantabria 2021).

Moreover, the observed seasonal and inter-system cor-
relations provide a mechanistic framework to interpret 
coastal impacts beyond simple univariate wave statistics. 
The inverse relationship between WS1 and WS3 explains 
periods of reduced Hs at the western and central Gulf during 

Fig. 11  Comparison of monthly 
Hs and Tp for each Wave System 
vs. Total values at study site 2 
(period 2006–2023)
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extremes shifted upward without becoming more variable. 
The combination of higher mean and extreme Hs during the 
dry season, coinciding with persistent WS3 activity, pro-
motes frequent crossing seas when interacting with WS1, 
particularly in the western Gulf. Such interactions amplify 
peak wave energy, enhancing the potential for localized 
sediment mobilization and episodic shoreline inundation 
(Ordóñez-Zúñiga et al. 2021; Torres et al. 2022). At Site 3, 
geomorphological shielding produced attenuated increases, 
underscoring how semi-enclosed environments can buffer 
regional wind-driven wave enhancements and reduce local 
coastal hazards.

WS5 presents highly episodic behavior but with impor-
tant implications for extreme events. Although variance 
changes were generally minor or non-significant at Sites 
1 and 3, Mann–Whitney U tests revealed significant shifts 
in Hs distributions at most site–period combinations. 
Interestingly, while the frequency of extreme WS5 events 
decreased at the more exposed western and central sites, 
the mean Hs of these extremes increased by up to 0.28 m. 
This indicates that episodic but more energetic storm-driven 
waves may act as primary drivers of extreme coastal events, 
even if their occurrence is sporadic, emphasizing the need 
to incorporate compound wave events into hazard modeling 
and coastal planning (Amores & Marcos 2020; Lemos et al. 
2021; Zheng et al. 2022b).

The long-term trends observed, including positive shifts 
in median and extreme Hs across multiple WS, translate 
directly into elevated coastal risk. Sites 1 and 2, with greater 
exposure, are subject to increased energy fluxes that can 
exacerbate beach erosion, destabilize nearshore sediment 
budgets, and elevate the likelihood of inundation during 
compound events. Conversely, Site 3, despite experiencing 
smaller absolute changes, remains sensitive to extreme WS1 
and WS2 events due to the semi-enclosed nature of its set-
ting, which can trap wave energy and enhance local runup 
during high-magnitude swells. Furthermore, differences in 
the timing and strength of WS peaks across seasons high-
light the need to analyze multiple WS, since the simulta-
neous occurrence of WS1–WS4 during the wet season can 
strongly amplify coastal impacts.

4.2.1  Extreme events and percentile-based analysis

The analysis of wave events exceeding the 99th percentile 
provides a focused perspective on the most severe episodes 
capable of generating coastal impacts in the Gulf of Pan-
ama. Extreme events, defined by Hs and Tp values above 
the 99th percentile, reveal that variability in Hs is substan-
tially greater than that of Tp, indicating that wave amplitude 
responds more strongly to episodic atmospheric and swell 
forcing than wave period, which remains relatively stable 

underscoring the importance of resolving individual wave 
systems to properly characterize coastal wave conditions.

4.2  Implications of long-term Hs trends for coastal 
dynamics and hazard assessment

The long-term trends observed in Hs across the Gulf of 
Panama have substantial implications for coastal dynamics 
and hazard assessment, particularly when considering the 
distinct behavior of each wave system (WS1–WS5), site-
specific responses, and temporal evolution across the study 
periods (1969–1987, 1988–2005, 2006–2023).

WS1 exhibits systematic and pervasive increases in both 
mean and extreme Hs, particularly pronounced during the 
wet season. Quantile regression analyses reveal that median 
Hs at the 50th percentile increased progressively by over 
0.05 m at all sites during the early period, with the 95th per-
centile reflecting heightened extremes during austral winter 
months (Reguero et al. 2019; Canavesio 2019; Godwyn-
Paulson et al. 2020). These increases in swell events contrib-
ute to greater wave energy flux along the Gulf’s entrance, 
enhancing coastal stress during peak months and amplify-
ing the potential for shoreline erosion, flooding, and sedi-
ment transport. Notably, site-specific modulation is evident: 
Sites 1 and 2, more exposed to offshore swell propagation, 
experienced larger increases in extreme Hs (up to > 2.0 m), 
whereas the semi-sheltered Site 3 displayed lower Hs and 
reduced variability, highlighting the protective role of geo-
morphological features such as the Pearl Islands and nearby 
highlands (Portilla et al. 2015; Caicedo-Laurido et al. 2020).

WS2 and WS4 display consistent wet-season increases 
in median and upper-quartile Hs, particularly at the west-
ern and central Gulf sites. Increases in the 75th percentile 
from approximately 0.80–1.00  m to 1.00–1.25  m at Sites 
1–2 indicate a progressive shift toward higher wave mag-
nitudes over successive periods. In contrast, Site 3 exhibits 
an attenuated signal, with median and extreme values rarely 
exceeding 1.0 m, underscoring the role of local coastal mor-
phology in attenuating incoming wave energy. These trends 
imply that even modest increases in offshore-generated 
waves can induce differential impacts across the Gulf, with 
exposed areas experiencing heightened flooding risk and 
accelerated erosion rates, particularly during the wet season 
when WS2 and WS4 act synergistically with WS1 to elevate 
coastal wave energy (Odériz et al. 2021; Romero-Centeno 
et al. 2007; Sierra et al. 2018; Yepes et al. 2019).

WS3 demonstrates pronounced temporal and spatial het-
erogeneity. Dry-season Hs increases of ≈0.11–0.16 m were 
recorded at Sites 1–2 during the transition from the base-
line period to 1988–2005, followed by smaller increases 
(~ 0.06–0.09 m) in 2006–2023. Variance analyses indicate 
that extreme-value dispersion remained low, suggesting that 
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episodes of damage and local flooding, complementing 
median- and quartile-based assessments.

Finally, the alignment of extreme event occurrence with 
ENSO phases suggests a strong teleconnection between 
large-scale climatic variability and local coastal hazards. 
Positive and negative ENSO events modulate the frequency, 
height, and period of extreme Hs episodes, particularly for 
WS1 and WS5, highlighting the importance of integrating 
climate teleconnections into hazard prediction and coastal 
management frameworks (Cavaleri et al. 2022; Godwyn-
Paulson et al. 2020; Morris & Sabia 2016). This underscores 
the need for continued monitoring of extreme events and 
percentile-based analyses to support robust risk assessment 
and the design of mitigation strategies tailored to site-spe-
cific exposure and geomorphology.

4.3  ENSO modulation of coastal wave climate

The influence of ENSO on the Gulf of Panama’s wave cli-
mate manifests as a complex interplay between large-scale 
ocean–atmosphere variability and site-specific geomorpho-
logical constraints. Analysis of monthly Hs anomalies rela-
tive to the Niño 3.4 index reveals that La Niña phases are 
generally associated with enhanced wave heights at the 50th 
percentile for WS1 and WS4, particularly during the wet 
season (May–November), whereas El Niño conditions pri-
marily amplify WS3 activity during the dry season. These 
correlations, however, diminish for the 95th and 99th per-
centiles, where extreme events driven by episodic storm 
systems or tropical cyclones dominate, reflecting the sto-
chastic nature of the highest-energy events (Aramburo et al. 
2022; Torres et al. 2022; Sierra et al. 2021).

During La Niña, WS1 exhibits positive Hs anomalies 
exceeding 0.10 m in 2006–2023 across almost all months, 
particularly during the wet season. By contrast, in earlier 
periods (1969–1987, 1988–2005), La Niña events produced 
smaller or negligible changes in Hs (< 0.10  m) between 
October and February, illustrating an inter-period intensifi-
cation of La Niña influence. This increase is consistent with 
strengthened southerly winds in the tropical South Pacific, 
generating higher swell energy that propagates northward 
into the Gulf of Panama while concurrently decreasing 
Northern Hemisphere contributions (Aramburo et al. 2022; 
Cavaleri et al. 2022). Notably, exceptional El Niño events, 
such as May 2015 and September 2023, produced Hs 
anomalies of up to 0.25 m and 0.15 m, respectively, asso-
ciated with prolonged (~ 48 h) high-energy conditions (Hs 
2.0 m–3.0 m; Tp 16 s–20 s), which resulted in significant 
impacts on coastal communities and infrastructure (God-
wyn-Paulson et al. 2020; Cavaleri et al. 2022). These cases 
exemplify departures from the general La Niña–dominant 
pattern and underscore the importance of integrating event 

across seasons and study periods. These observations are 
particularly relevant for understanding the potential coastal 
hazards associated with each WS and the differential expo-
sure of each study site.

During wet-season, WS1 produces the most extreme 
events, with Hs ranging from 2.0 m to 3.0 m and Tp between 
16 s and 20  s, sustained for approximately 48  h. These 
conditions coincide with documented impacts on coastal 
infrastructure, such as the May 2015 and September 2023 
events, which caused damage to housing and commercial 
establishments across Site 1 and Site 2 (Cavaleri et al. 2022; 
Godwyn-Paulson et al. 2020). Dry-season extremes were 
slightly lower (Hs 1.7 m–2.0 m; Tp 14 s–20 s), producing 
minor inundation without significant structural damage. The 
propagation direction of WS1 (20º–40º NNE) facilitates 
effective energy transmission across the Gulf, while semi-
enclosed features, including the Pearl Islands and highlands, 
reduce Hs at Site 3, demonstrating the importance of geo-
morphological modulation on extreme event impacts.

WS5 produces fewer extreme Hs events but can propa-
gate long-period waves to Site 1 and Site 2, although their 
amplitudes remain relatively low (< 1.0 m). Notable cases 
include the “Pali hurricane” of January 2016, characterized 
by Hs 0.6 m–0.7 m and Tp 12 s–14 s, linked to anomalously 
warm SST and the positive ENSO phase of 2014–2016 
(Morris & Sabia 2016; Steenkamp et al. 2019). Although 
WS5 extremes are infrequent, their long-period energy con-
tributes to coastal stress, especially when coinciding with 
elevated WS1 or WS2 activity.

WS2, WS3, and WS4 show relatively stable extreme Hs 
and Tp values across seasons and study periods. WS3 and 
WS4 rarely exceed 1.5 m in Hs, with Tp closely tracking 
seasonal averages, and their combined effect contributes to 
steady wave-driven sediment transport rather than episodic 
inundation. WS2 exhibits a comparable pattern, though wet-
season Hs can reach slightly higher magnitudes (~ 1.2 m at 
Sites 1–2). This stability across space and time provides a 
more predictable influence on coastal morphology, support-
ing reliable hazard assessments and management planning 
in the Gulf of Panama.

Seasonal modulation is evident across all systems. Wet-
season extremes consistently present higher Hs and longer 
Tp, reflecting the combined influence of Southern Ocean 
swells, subtropical southerlies, and regional Low-Level Jets 
(LLJ). The co-occurrence of WS1–WS4 peaks during May–
November can amplify wave energy fluxes, particularly 
at exposed Sites 1 and 2, producing non-linear effects on 
shoreline erosion and inundation. These patterns emphasize 
the critical role of percentile-based analysis in linking long-
term trends with actual coastal impacts, as extreme Hs and 
Tp values provide a mechanistic explanation for observed 
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highest contribution to coastal wave energy, while WS2 
and WS4 (southern-origin swells and Chocó Low-Level 
Jet-driven waves) intensify during the wet season, generat-
ing increased wave energy from the south-southwest. WS3, 
associated with the Panama Low-Level Jet, displays an 
inverse relationship with these southern systems, producing 
crossing seas that amplify wave complexity and sediment 
mobilization. WS5, influenced by extratropical Northern 
Hemisphere storms, contributes sporadically under extreme 
conditions, reflecting the stochastic nature of episodic 
storm-driven swells.

Local geomorphology exerts a major control on wave 
exposure and energy distribution. The Azuero Peninsula 
and Pearl Islands Archipelago induce site-specific modula-
tion of Hs and Tp, with Site 2 reflecting offshore-like wave 
spectra, Site 1 experiencing higher seasonal variability, and 
Site 3 benefiting from semi-enclosed protection, leading 
to reduced Hs and more stable wave periods. These find-
ings emphasize the necessity of accounting for geomorphic 
shielding in coastal hazard assessments and wave energy 
evaluations.

Long-term analyses across 1969–2023 reveal increasing 
trends in Hs and the frequency of extreme waves, particu-
larly during the wet season. WS1 exhibits a steady rise in 
both median and extreme Hs, corresponding to enhanced 
Southern Ocean swell propagation. WS2 and WS4 show 
coordinated seasonal peaks linked to large-scale wind pat-
terns, while WS3 activity intensifies during El Niño and 
diminishes under La Niña or neutral conditions. Although 
WS5 remains episodic, its extremes have increased in mag-
nitude over recent decades. These trends suggest that ongo-
ing changes in atmospheric circulation and global wave 
climate are reinforcing Southern Hemisphere swell contri-
butions while altering the influence of regional wind-driven 
systems, with direct consequences for coastal erosion, 
flooding, and sediment transport.

Wave period (Tp) variations complement Hs trends, 
reflecting shifts in spectral composition. WS1 exhibits 
longer Tp during wet-season extremes, amplifying coastal 
inundation potential, while WS2 and WS4 contribute to 
combined swell and local wind-sea interactions. WS3 Tp 
remains relatively stable except during strong El Niño 
events, and WS5 Tp shows high interannual variability con-
sistent with episodic storm inputs. The integration of Hs and 
Tp underscores the value of spectral analyses in capturing 
energy and period dynamics critical for hazard assessment.

ENSO phases emerge as a key modulator of interan-
nual wave variability. La Niña is generally associated with 
positive anomalies in WS1 and WS4, particularly during 
the wet season, whereas El Niño predominantly enhances 
WS3 during the dry season. Extreme events (95th–99th per-
centiles), however, are primarily driven by episodic storms 

duration and persistence when assessing ENSO-driven 
hazards.

WS3 displays a contrasting ENSO response. Positive 
correlations with Hs are primarily observed during El 
Niño, particularly in dry-season months at Sites 1–2, where 
50th percentile anomalies exceed 0.10 m and 95th percen-
tile extremes reach > 1.50 m. Conversely, La Niña slightly 
reduces Hs (< 0.10  m). This ENSO-driven modulation 
explains periods of frequent crossing seas when WS3 coin-
cides with WS1, amplifying wave energy flux at the west-
ern Gulf, which can lead to episodic sediment mobilization 
and localized shoreline inundation (Ordóñez-Zúñiga et al. 
2021; Torres et al. 2022). Site 3, by contrast, demonstrates 
attenuated responses due to geomorphological shielding, 
highlighting the differential translation of regional ENSO-
forced wave energy into local coastal hazards.

ENSO modulation also affects WS2 and WS4, with wet-
season Hs increasing by more than 0.10 m during La Niña, 
particularly at Sites 1–2. These changes reflect the intensifi-
cation of regional trade winds, which enhance both subtrop-
ical southerlies and the Chocó Low-Level Jet (Sierra et al. 
2021; Cerón et al. 2021). At Site 3, sheltered conditions limit 
these increases, with median and extreme Hs rarely exceed-
ing 1.0 m, illustrating how local geomorphology attenuates 
ENSO-driven wave energy. While the absolute magnitudes 
of these anomalies are smaller than those of WS1 or WS3, 
the cumulative effect over successive wet-season months 
contributes to coastal energy flux and gradual shoreline dis-
placement, particularly when high WS1 activity or episodic 
WS5 events coincide.

WS5 exhibits highly variable behavior due to the sto-
chastic nature of extratropical and tropical storm activity. 
Strong El Niño events (1982, 1997, 2016) drove southward-
propagating North Pacific swells that produced dry-season 
Hs peaks at the exposed western Gulf sites (Zhang et al. 
2023). By contrast, La Niña phases had minimal influence, 
as weakened SST-driven circulation limited both the fre-
quency and intensity of these swells. Site-specific exposure 
further modulates impacts, with Sites 2–3 experiencing 
smaller effects due to their relative sheltering, highlighting 
the challenges in predicting extreme WS5 events.

5  Conclusions

The analysis of the Gulf of Panama’s wave climate reveals 
a complex interplay between local geomorphology, regional 
atmospheric circulation, and large-scale oceanic drivers, 
producing a multimodal coastal wave regime characterized 
by distinct seasonal and interannual variability. The domi-
nant WS (i.e., WS1–WS5) exhibit differentiated behavior: 
WS1 (Southern Ocean swells) persists year-round with the 
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