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Abstract

Extreme wave events are recurring meteorological and oceanographic hazards that have a
significant impact on coastal regions, leading to infrastructure damage, beach erosion, and
adverse effects on fisheries and port operations, resulting in substantial economic losses
in Chile. In recent decades, both the frequency and intensity of extreme wave events have
increased, and this trend is projected to continue due to climate change, making Chile’s
extensive coastline particularly vulnerable. In this context, having access to accurate and
high-resolution coastal wave forecasting is crucial for coastal users and stakeholders in-
volved in assessing and managing the risks associated with extreme wave events. Here, we
present a high-resolution coastal wave forecasting system, which is validated using in situ
measurements in Valparaiso Bay. Additionally, an impact-based extreme wave intensity
scale has been developed to improve risk communication, support the issuance of official
early warnings, and enhance emergency response. A five-category scale, derived from a
qualitative analysis of historical impacts on beaches and coastal infrastructure, is fully
integrated into the forecasting system. Video cameras have been installed to provide real-
time broadcasts of the coastline, facilitating continuous monitoring of wave conditions
and their impacts during extreme wave events. Furthermore, the information is dissemi-
nated through a dedicated public website and various social media platforms to effectively
communicate warnings and promote preventive actions. Key national public institutions
responsible for issuing warnings and managing emergencies participate in the information
flow, thereby strengthening risk governance and public decision-making, and increasing
confidence in the reliability of the coastal wave intensity forecasts.
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1 Introduction

Extreme wind waves can significantly affect usual maritime activities. Particularly in coastal
regions, these events can cause infrastructure damage, overtopping, and coastal erosion,
as well as reduce economic activities such as artisanal fisheries and port operations (e.g.,
Koks et al. 2022; Heck et al. 2021; Camus et al. 2019; Ruggiero et al. 2001). As recurring
meteorological and oceanographic (metocean) hazards, they demand operational forecast-
ing and risk management efforts. Notably, extreme wave events have become more frequent
and intense in recent decades. Research using satellite altimetry data to estimate trends in
wave height has shown a significant increase in large areas of the oceans. Moreover, the
rate of increase is higher and more extended for extreme wave heights compared to mean
wave height conditions (Young and Ribal 2019), with significant positive trends observed
throughout the entire Southern Hemisphere. However, there is substantial spatial variability,
with the most significant increase in extreme wave heights in the Southern Ocean, consis-
tent with the increment in extreme surface winds (Young et al. 2011). Furthermore, this
wave-climate change pattern is expected to persist throughout the twenty-first century in the
context of ongoing anthropogenic climate change (Hemer et al. 2013; Morim et al. 2018;
Meucci et al. 2020).

Due to the prominent meridional extent of the Chilean coast (~4200 km), its wave cli-
mate is strongly influenced by the latitudinal variation of mean surface wind speed, where
the stronger winds over the Southern Ocean play a significant role in generating higher
waves at higher latitudes (e.g., Aguirre et al. 2017). Intense fetches, typically associated
with extratropical cyclones (low-pressure cores), serve as the energy sources of extreme
wave events along the coasts of Chile. During the austral winter, the track density of extra-
tropical cyclones displaces northward, forming extreme wave events at lower latitudes.
These cyclones could generate powerful winter surges that impact the coast (e.g., Winckler
et al. 2017). During austral summer, extreme waves generated by boreal winter storms in
the North Pacific spread as long swells toward the Southeast Pacific (Winckler et al. 2025,
Aguirre et al. 2020). In Chile, the average number of wave-extreme events is 40 per year,
however, in the last 40 years, they have increased, with 1 to 3 more events per decade,
depending on latitude (Winckler et al. 2020). Exceptional wave-extreme events have caused
significant damage to the coastal zone, as seen on August 8, 2015 (Winckler et al. 2017),
which was cataloged as a meteotsunami (Carvajal et al. 2017), and in island locations (Car-
vajal et al. 2021). Extreme wave events have led to coastal erosion, infrastructure damage,
and impacts on wetlands, port operations, and marine communities. For example, Martinez
et al. (2022) studied 45 sandy beaches covering nearly 2000 km along the Chilean coast.
Their results show that 80% of the sites present erosion rates, attributing this generalized
shoreline retreat partly to an increase in the frequency of extreme wave events (Martinez
et al. 2018). Furthermore, erosion feedback and the projected sea-level rise exacerbate the
impacts of extreme wave events along the Chilean coast (Albrecht & Shaffer 2016).

Impacts produced by extreme wave events vary and affect socioeconomic activities at
different scales, ranging from suspending recreational pastimes on the coast to destroying
infrastructure and even resulting in loss of human life. In fact, the World Meteorological
Organization (WMO) advocates for the development of early warning systems that protect
citizens from extreme events in the short term, thereby advancing climate change adapta-
tion. By identifying approaching hazards as early as possible, communities can prepare in
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advance and minimize disturbance and damage (WMO 2022). According to the special
report on managing the risk of extreme events by the Intergovernmental Panel on Climate
Change (IPCC), to be effective and complete, an early warning system is typically com-
posed of four interacting elements: 1) generation of risk knowledge, including monitoring
and forecasting, 2) surveillance and warning services, 3) dissemination and communication,
and 4) response capability. Warnings are received and understood by the target audience
and are most relevant when the communication has a shared meaning between those who
issue the forecasts, possess local knowledge, and the decision-makers they are intended to
inform (IPCC 2012). In Chile, the official early warnings of extreme wave events issued by
the Meteorological Service of the Navy (SERVIMET) still have a macro-regional spatial
resolution and are updated daily. However, in the coastal region, it is possible to find very
different wave conditions just a few kilometers away. Such variability is primarily caused by
changes in bathymetry and coastline configuration, which can generate wave shadows and
alter wave propagation, particularly affecting wave height and direction (Fig. 1). Neverthe-
less, several freely available global wave forecasts also miss the detailed coastal features due
to their coarse spatial resolution and thus fail to simulate coastal wave conditions. Bridging
this scale gap is therefore critical for effective risk assessment and local decision-making.
In this work, we validate a high-resolution coastal wave forecasting system implemented
in Valparaiso Bay, central Chile. Furthermore, a qualitative extreme-wave intensity scale
is proposed and integrated into the wave forecasting system, translating information into
likely impacts that are understandable to the general public without requiring technical wave
knowledge. This approach helps risk communication by converting technical wave param-
eters into actionable warnings. Thus, we support institutions that interact for an effective
early-warning system, as our workflow operationalizes hazard knowledge through continu-
ous coastal monitoring, a high-resolution wave forecasting system, and communication to
SERVIMET, the National Service for Disaster Prevention and Response (SENAPRED), and
the National Fisheries and Aquaculture Service (SERNAPESCA). This institutional con-
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Fig. 1 Study Area. a The model domain used for forecasting and the average significant wave height (m)
derived from wave-model data. b Valparaiso Bay: white dots indicate coastal nodes for high-resolution
forecasting, the green square shows the location of wave measurements, and red stars mark the locations
of cameras monitoring the coastal area
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nection has facilitated cooperative discussions, making the tool usable for national public
services, improving access to hazard information, and strengthening community prepared-
ness. Additionally, public dissemination of results is facilitated by an open-access webpage
at www.marejadas.uv.cl and social media updates.

2 Methods
2.1 Wave forecasting system

The model used to generate the wave forecast is the Wavewatch III version 4.18b, a third-
generation spectral wind-wave model developed by the National Centers for Environmental
Prediction (NCEP) of the National Weather Service of the United States (Tolman, 2014).
We simulate the Pacific Ocean basin, spanning from 110°E to 299°E in longitude and from
64°N to 64°S in latitude, with a spatial resolution of 1°x 1°. To generate the grid, we imple-
mented the automated grid generation tools for Wavewatch III (Chawla & Tolman 2007),
which uses bathymetry from the General Bathymetric Chart of the Oceans (GEBCO) with a
one-arc-minute grid resolution. The shoreline data used is the Global Self-Consistent Hier-
archical High-Resolution Shoreline (GSHHS) with a resolution of 40 m. To force the model,
we use wind fields 10 m above the sea surface with a temporal resolution of 3 h and a spa-
tial resolution of 0.5° from the Global Forecast System (GFS), which is generated from a
coupled atmosphere, ocean circulation, land surface, and sea ice model to represent weather
conditions (e.g., NCEP, 2004).

The wave model spectral domain was discretized into 29 frequencies, ranging from
0.0345 Hz to 0.4975 Hz, with an increment factor of 1.1, and 24 regularly spaced direc-
tions (15° intervals). Parametrizations used include the following: (1) the ST4 source term
package (Ardhuin et al. 2010), (2) the Discrete Interaction Approximation (DIA) to simulate
nonlinear wave-wave interactions (Hasselmann et al. 1985), and (3) the third-order Ultimate
Quickest (UQ) propagation scheme along with the averaging technique (PR3) for alleviat-
ing the Garden Sprinkler Effect (Tolman 2002). Using this configuration, a 7-day forecast
has been operational since 2017 and remains so to the present day. Gridded significant wave
height (SWH), mean and peak wave period (T,, and T), and mean and peak wave direction
(D, and D), and 79 points with spectral data in deep water along the coast and surrounding
Chilean islands are saved hourly (Correa et al. 2025).

The model used to generate the high-resolution coastal wave forecast is the Simulating
Waves Nearshore (SWAN) version 41.45, a third-generation wave model developed at Delft
University of Technology (Holthuijsen et al. 1993). The Valparaiso Bay domain extends
from 70.5°W to 71.8°W in longitude and from 32.8°S to 33.1°S in latitude. Simulations are
performed on an unstructured grid with horizontal resolution ranging from 2 km offshore
to 25 m near the coast, comprising a total of 6,491 nodes. The bathymetry for the coastal
region is derived using three nautical charts provided by the Hydrographic and Oceano-
graphic Service of the Chilean Navy (SHOA), covering regional to local scales (Table 1).
Data from nautical charts and GEBCO are processed in OceanMesh2D (Roberts et al. 2019)
to refine coastal bathymetry.

The spectral wave energy transfer to the shallow waters of Valparaiso Bay is based on
the unit spectrum propagation method (e.g., Dominguez et al. 2014). This approach con-
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Table 1 Information about the

€ Number Name Scale
nautical charts used to construct  So0 Bahia Valparaiso a Golfo de Arauco _ 1:500,000
the coastal bathymetry :
5100 Punta Pite a Punta Topocalma y puertos 1:200,000
adyacentes
5111 Bahia y puerto Valparaiso 1:10,000

sists of generating synthetic spectra with a significant wave height of 1 m for different fre-
quency—direction pairs. These spectra are then propagated independently using the SWAN
wave model, and the resulting output spectra are used to construct a transfer function. This
function is subsequently applied to the real offshore spectrum to obtain the equivalent trans-
formed spectra at the site of interest. Consequently, the transformation process using this
transfer function requires relatively low computational cost and time.

The astronomical tides are obtained through the Fourier series analysis methodology
(Pawlowicz et al. 2002) using the sea level data from a tide gauge located off Valparaiso
at -33.03°S and -71.63°W maintained by SHOA and available at https://www.ioc-sealevel
monitoring.org. We generate astronomically driven sea-level forecasting using more than
forty tidal harmonics. Since sea level variability may be important, the wave energy transfer
process to shallow water is carried out for high and low tide conditions. Once the deep-
water spectra and the tide are forecasted, the propagation method is applied by linearly
interpolating the energy transfer coefficients according to the sea level. Thus, we obtain the
wave spectra with high spatial resolution along the coast and calculate wave parameters
#H, T, T, T, D,, and D,). Using H, and T, the wave energy flux (EF) is calculated as
EF = 0.49H?2T,,. Furthermore, the high-resolution coastal wave forecast, along with the
sea-level forecast and coastline features, allows the evaluation of some processes at the sea-
land interface, such as run-up and overtopping discharge. The normalized vertical run-up
excursion is calculated following Guza et al. (1984)

1/2
U (E)
& .

T €0<§c

 tamp w>/
60 - (HS/LO)1/2’£C - <2B

where &, is the Iribarren number, a nondimensional surf similarity parameter useful in param-
eterizing several surf zone processes, and &, is an expression for the condition at which the
transition between non-breaking and breaking occurs (Iribarren and Nogales, 1949; Battjes,
1974). B is the beach slope and L, is the deep water wave length Lo = g7 /27. To calculate
the mean discharge overtopping (g), we follow the design method of Owen (1980)
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where g is the acceleration due to gravity, Rc is the freeboard (modulated by tides), and
0, and b are empirically derived coefficients which depend on the profile of the coastal
structure.

2.2 Forecast validation

To evaluate the performance of the coastal high-resolution forecasting, we compare results
with measurements using an Acoustic Doppler Current Profiler (ADCP) Signature 1000
installed in the Valparaiso Bay at 33°00” S; 71°33” W. Data from December 2021 to Decem-
ber 2022 are obtained in three distinct periods detailed in Table 2. Statistical error metrics
such as bias, root mean squared error (RMSE), and temporal linear correlation (R) are used
to assess the difference between the observed and forecasted wave data. This statistical
analysis was performed using hourly time series. The formulations of these error metrics are

XN
bias = N.lei_Oi
i

2

N
RMSE = ]bz_; [(Pi—P) - (0; —0)]

YL, (P -P)(0,-0)

R =
VEN, (P -P) SN, (0,-0)

N is the data length, P, is the predicted data, and O; is the observed data.

Also, we compare the performance of the coastal high-resolution forecasting system
implemented at Valparaiso Bay, with the results of other freely available global wave fore-
casts, such as Wisuki, Windguru, Windy, and Windfinder. The same error metrics are used
for 40-day data.

Sea level data measured with the gauge pressure sensor from the ADCP are compared
with the forecasted tide for one month. The geographical locations of the instruments and
the measurement periods are indicated in Table 2 and shown in Fig. 1.

2.3 Intensity scale

The first step in creating an intensity scale for extreme wave events was to develop a
detailed catalog based on the scope of their occurrence (Table 3). The impacts analyzed in
this work occur in the two main coastal typologies present in Valparaiso Bay: beaches with
adjacent structures (urban beaches) and breakwaters with coastal walkways. Here, extreme

Table 2 Information about the Latitude  Longitude  Start date End date  Length of
ADCP Measurements data
33°00° S 71°33°’W 17/12/2021 24/03/2022 2320
04/04/2022 17/08/2022 2519
25/09/2022 30/12/2022 2250
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_Table 3 Details of the scope of Scope of impacts Type Coastal
1m;:§ct of ei(t{eme Wa\$ Tvent's tipology
on the coastal zone in Valparaiso . - —
Ba “ P A Submerged activities and/or in Activity
Y coastal waters
B Shore activities in wet areas Activity Beach
C  Beach activities in usually dry Activity with
areas a rear
D  RunUp Phenomena :truc—
ure
E Beach Erosion Phenomena and
F Mobile elements Furniture coastal
G Buildings on the beach Infrastructure prom-
H  Beach end protection structures  Infrastructure enade
1 Buildings in protective structure  Infrastructure
J Overtopping Phenomena Break-
K Pedestrian traffic Activity Wgter
L Vehicular traffic Activity witha
. . coastal
M  Mobile elements Furniture prom-
N Coastal protection structures Infrastructure enade
(0] Buildings close to coastal walks ~ Infrastructure
Table 4 Simultaneous occurrence of impacts in the catalog
l:l Minor impact Impacts Catalog
|:| Major impact Beaches Breakwater category
[ Severe impact AlB|c|/D|E|F|G|H|1|J|K|L|M|IN]|O
8 All null N
&
=
M1
8
s M2
3
o
=
2
=
)
All severe

wave events can cause overtopping and strong run-up, damaging socioeconomic activities,
including shore fishing, diving, and beach sports, as well as infrastructure and furniture, and
can lead to beach erosion.

The selected scopes are divided into three levels of impact: 1) minor, 2) major, and 3)
severe, as presented in the supplementary material (Table S1-S5) for different types of
coastal zones. The catalog of impacts is then organized to classify those that co-occur within
a single coastal typology and across multiple coastal typologies. The classification begins
with a level where all impacts are null and progresses to a level where all impacts are severe,
as detailed in Table 4.

Including the all-null impact level, we identified seven subdivisions representing the var-
ious categories associated with coastal waves. The initial level, characterized by the absence
of any impact, corresponds to normal wave conditions, as there are no disruptions to activi-
ties typically carried out in the coastal zone. The next level accounts for only minor impacts
on submerged activities, serving as a transitional stage between normal and extreme condi-
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tions. The subsequent level represents the first category of extreme wave conditions (M1),
where the impact on submerged activities becomes significant and initial effects on shore
activities emerge. Furthermore, it is considered a key descriptor of extreme events when
the run-up exceeds its usual boundaries and the first signs of beach erosion are observed.
The following levels—M?2, M3, and M4—depict the progressive intensification of impacts
across all areas, including beaches and breakwater structures. Infrastructure damage begins
at category M3. Finally, the highest level (M5) signifies a severe impact in all dimensions,
representing the worst-case scenario.

The categories are defined based on the local wave climate at each location and are
established using statistical parameters such as percentiles and return periods of 2, 5, and
25 years (RP2, RP5, and RP25, respectively) of Hs, wave energy flux, run-up, and overtop-
ping discharge. An extreme wave event is classified into a given category when at least one
variable exceeds the corresponding threshold. Table 5 presents a general qualitative descrip-
tion of each category’s impact, aimed at enhancing the public’s understanding, as well as
the thresholds defined for each category. Designed for web page and social media diffusion
purposes, Fig. 2 explicitly describes the limits of safe permanence on the coast for each
category in both the beach configuration and the coastal walk with breakwater.

Table 5 General description of impacts by category for public understanding (Table in Spanish in supple-
mentary Fig. S6)

Category Description ‘ Thereshold ‘
Usual activities are carried out. The restrictions are the usual ones. <75
8
>
<
= Usual activities in the water are carried out with difficulty but do not 75t _ g5t
affect activities on shore or land. There are more restrictions on
access to water than usual.
Entering the sea is dangerous; caution must be taken during shore 95t _ ggth

activities. Water occasionally comes out on beaches.

Carrying out coastal activities is dangerous. Beaches are frequently
flooded, and sand erosion occurs. Water occasionally and, to a low 99th _RP2
extent, overflows the structures.

Approaching the wet area is dangerous. Beaches have erosion close
to the annual maximum, coastal walks have frequent overtopping, RP2 - RP5
generating minor flooding, and damage occurs to fragile structures.

Coastal evacuation is suggested. Beaches are eroded more than
usual, permanent structures are damaged, water leaves the beach RP5 — RP25
boundaries, and properties are flooded.

Extreme wave events

Coastal evacuation is necessary. Structures are severely damaged or
destroyed; persistent overflows generate flows on coastal walks and >RP25
streets and significant property damage or destruction.
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CALLE
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Fig. 2 Safety limit for stay. Outlines safe occupancy boundaries along the Bay for each category of ex-
treme wave events, intended for community communication. a Beach configuration and b coastal walk
with breakwater

3 Results
3.1 Forecast skill and comparative performance

Observed and forecasted wave parameters time series, heat scatter plots, and statistical error
metrics are presented in this section to assess the skill of the operational coastal wave fore-
casting system. Generally, the comparison between wave forecast data and measurements
shows good agreement for SWH variability. However, the model still underestimates Hs
peak values, particularly in the winter season (Fig. 3). Negative bias values indicate that
forecasted Hs data is underestimated relative to in situ measurements, and consistently, the
heat scatter shows a systematic deviation below the 1:1 line at higher Hs values. Particularly
during the austral winter, when extreme wave events increase in frequency, negative bias
(RMSE) in forecasted Hs data increases its value to 0.14 m (0.21 m). In contrast, negative
bias (RMSE) reduces to 0.09 m (0.13 m) and 0.01 m (0.12 m) during spring and sum-
mer, respectively. The correlation coefficient ranges from 0.59 to 0.87, with higher values
observed during winter. This seasonal partitioning of the statistics highlights that model
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Fig. 3 Significant wave height validation. Time series and density scatter plot of observed versus fore-
casted significant wave height

skill decreases slightly under more energetic conditions but remains within acceptable per-
formance for operational use. Although overall model performance is satisfactory, reduced
skill is observed in reproducing the highest wave heights, consistent with previous evalu-
ations of spectral wave models (e.g., Stopa et al. 2014). Lower performance for extreme
events compared to the mean wave climate has also been documented along the Chilean
coast (Beya et al. 2017; Gallardo et al. 2017). This limitation is primarily associated with
uncertainties in atmospheric forcing (Morim et al. 2023); however, it also reflects the still
largely empirical nature of spectral wave models and the incomplete representation of some
physical processes, which limits their ability to accurately simulate extreme conditions
(Cavaleri et al. 2007).

Observed and forecasted T, time series, heat scatter plots, and error metrics are shown in
Fig. 4. The evolution of T, at the measurement site demonstrates that the forecast accurately
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Fig. 4 Peak period validation. Time series and density scatter plot of observed versus forecasted wave
peak period

captures the synoptic modulation of sea state and the timing of individual peaks. The model
demonstrates a reasonable agreement with T, observations, showing a positive bias —that
is, an overestimation—of up to 1.5 s in winter, compared to 0.3 s in summer. This is consis-
tent with previous research, which has found that wave models systematically overestimate
the T, as a result of longer wave period predictions in the Southern Ocean (Liu et al. 2021;
Liu et al. 2022; Correa et al. 2025), significantly influencing the wave simulation in the
Southeast Pacific, as the Southern Ocean swell predominates (Beya et al. 2016; Aguirre et
al. 2017). The RMSE also exhibits higher values during winter (RMSE=3.1 s) and similar
values during spring and summer (RMSE=2.7 s). The correlation coefficient ranges from
0.32 to 0.61, with higher values observed during the winter months, respectively. These
correlations are lower than those for Hs, given that T, is more sensitive to mixed-sea states.

Time series of the forecasted Hs using different datasets are compared with observa-
tions recorded by the ADCP located in Valparaiso Bay (Fig. 5a), displaying concurrent Hs
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Fig. 5 Significant wave height comparison. a Time series of significant wave height at Valparaiso Bay
from freely available global forecasting. b Error metrics diagram using observed significant wave height
data from the ADCP and different freely available global forecasts

from the Pacific Ocean low-resolution forecast system (offshore), the coastal high-resolu-
tion system (nearshore), and several freely available global products (Wisuki, Windfinder,
Windguru, Windy). The comparison shows that our coastal high-resolution forecast out-
performs other freely available global forecast systems, which tend to overestimate in situ
wave height measurements at the coast. This systematic overestimation is consistent with
the coarse spatial resolution of global models and their limited representation of nearshore
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wave transformation, which occurs due to refraction, shoaling, and shadowing resulting
from local bathymetry and coastline geometry. For example, during the selected period, the
buoy recorded an extreme wave event centered on August 22, 2022. Throughout this event,
the maximum Hs values reached by global forecasts range between 3.8 m and 5 m, while the
coastal forecasted Hs exhibits values of 2.6 m, which is much closer to the Hs value mea-
sured that day by the ADCP (2.3 m). Consequently, the bias of our coastal forecast (~0.3 m)
is markedly smaller than that of the global models (~1.5-2.7 m) for this specific event;
however, it highlights the important systematic positive bias when using global models to
forecast Hs in the coastal region.

To visualize the behavior of the different statistical error metrics obtained for each data-
set—namely, bias, RMSE, and R —a diagram is presented in Fig. 5b. Specifically, it is a
modified Taylor diagram in which the radial distance represents RMSE, the arc indicates R,
and the color encodes the mean bias. Most Hs data freely available from global low-resolu-
tion models exhibit similar correlation and RMSE values in the global forecasting data, with
their markers clustering around 0.40 m RMSE and the R values ranging from 0.65 to 0.70.
Windy-GFS shows a better correlation, with R values of 0.76; however, its RMSE remains
comparable to that of the other global products. The bias exhibits positive values of Hs,
with overestimation as high as 0.8 m to 1.5 m in global products. In contrast, a significantly
lower bias value is found when the observed data are compared with our high-resolution
coastal forecasting system, whose point lies closest to the origin, quantitatively confirming
its superior skill for coastal applications.

The comparison of forecasted astronomical tides with sea-level measurements yields
precise results, with an R-squared value of 0.99 and an RMSE of 0.06 m (Fig. 6). Data
points cluster tightly along the 1:1 line (Fig. 6b). This demonstrates that astronomical tide
forecasting can accurately represent sea-level variations in the coastal region, despite being
influenced by various processes and factors beyond the tide, such as meteorological forcing
and wave setup, among others. Overall, the wave and tide forecast skill supports operational
use providing the technical basis for the impact-based coastal product described next.

3.2 Impact-based coastal forecast

The extreme wave intensity scale has been implemented in the high-resolution coastal wave
forecasting system for the Valparaiso Bay. The information is presented as a mosaic of
wave intensity categories (Fig. 7), which on the vertical axis describes the coastal locations
considered in the forecast, and the horizontal axis presents the next 7 days with an hourly
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Fig.6 Sea level validation. Time series and density scatter plot of observed versus forecasted sea level
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Fig.7 Mosaic. Example of visualization of the high-resolution wave intensity forecast in Valparaiso Bay

temporal resolution. Each cell, therefore, represents a unique space—time bin and is colored
according to the five-category scale evaluating the coastal wave and tide forecasted condi-
tions. The sea level variability associated with astronomical tides can modulate transitions
between distinct categories, particularly if an extreme wave event occurs during a spring
tide period. In this way, we increase the spatial resolution of macro zones (administrative
regions in Chile) to microzones within the Valparaiso Bay, and make a transition from a
public forecast of wave parameters to their expected impacts on the coast at hourly temporal
resolution. This enables the rapid identification of stripes of elevated impact and highlights
alongshore heterogeneity within the Bay, serving as an operational tool to support short-
term decision-making, allowing national agencies and coastal users to prioritize locations
and time windows with higher expected impacts.

The complete mosaic for the operational period of the wave forecasting system is shown
in Supplementary Fig. S7, illustrating the higher frequency and intensity of extreme wave
events during winter, whereas summer events tend to be longer-lasting and strongly modu-
lated by tidal conditions. These summer events are typically associated with swell gener-
ated in the Northern Hemisphere that propagates across the Pacific Ocean and reaches the
Chilean coast with long wave periods due to frequency dispersion. A qualitative evaluation
of the impact-based wave scale was conducted using information from press reports, social
media records, and coastal monitoring cameras. These sources enabled an assessment of
the observed impacts of extreme wave events. The complete list of extreme wave events
considered in this analysis is provided in Supplementary Table S8. All M4-category events
and most M3-category events identified in the forecast were also observed in the reported
impacts; however, some M3 events did not show documented impacts when they affected
only a limited area within the bay. In addition, several M1- and M2-category events were
forecast, although impacts could not be identified for all of them, as these events generally
do not produce sufficiently severe or newsworthy consequences. During the operational
period of the wave forecasting system, no MS5-category events have been forecasted.

3.3 Real-time monitoring, operational workflow, and dissemination pathways
Since the 2022 wave impact monitoring has been implemented in Valparaiso Bay by install-

ing IP cameras at four locations on the coastline: Refiaca Beach, Acapulco Beach, Av. Perti
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Fig.8 Transfer of information. Diagram of the flow of information from the wave intensity forecast to the
community and public institutions

(coastal walkway), and Las Torpederas Beach. The images from the four cameras are being
also transmitted in real-time through the YouTube channel @MarejadasUV (https://www.y
outube.com/@MarejadasUV). Authorities typically utilize this relevant information during
extreme wave events to support near-real-time risk assessment and response coordination.
TV news also utilizes our transmission to inform the population, and people can access our
YouTube channel directly, with 8.6 k subscriptions and over one million total views to date.
The live-stream audience effectively constitutes an auxiliary observation network. User-
generated, time-stamped comments frequently mark the initial occurrence of overtopping,
providing opportunistic real-time ground truth that enhances situational awareness and sup-
ports risk communication. As expected, channel analytics show step changes in views and
subscriptions coinciding with extreme-wave events, indicating heightened engagement and
information demand. In fact, typical peak event audiences are approximately 1.5 to 2 k
concurrent users.

The massification model of high-resolution wave intensity forecasting is based on com-
municating the information generated between the relevant stakeholders involved when an
extreme wave event develops. Operationally, this functions as an information dissemination
and risk governance workflow. First, results enable us to achieve high precision in coastal
wave forecasting, which is incorporated as one of the primary sources of information used
by SERVIMET to issue official warnings for extreme wave events. Figure 8 illustrates the
information flow, where the University of Valparaiso generates a coastal wave intensity
forecast for the next seven days and sends it daily at 6:30 am local time to SERVIMET.
SERVIMET, if the case, issues official extreme wave event warnings for public institutions
and coastal users as needed. Thus, this key technical entity has additional high-resolution
input for monitoring and evaluation. When forecast thresholds indicate the destructive
potential of an extreme wave event, the alert is escalated to the SENAPRED for preven-
tion, preparedness, and response actions. Additionally, the information is targeted at the
artisanal fishing sector through support from the National Fisheries and Aquaculture Service
(SERNAPESCA), facilitating communication with fishermen and mitigating the negative
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impacts on this economic activity. In summary, the workflow formalizes the forecasting,
warning, and emergency management chain with key national institutions.

The forecast information is also available on the website www.marejadas.uv.cl, whose
visitor numbers have increased significantly over time. As in YouTube channel, the website
shows increase in traffic coincident with extreme-wave episodes, consistent with ampli-
fied information demand during hazard onset and evolution. Notably, approximately 15%
of the website’s visits are from abroad. The web interface displays the Pacific Ocean Hs
forecast and local hourly wave parameters, as well as the 7-day intensity forecast matrix,
described in Fig. 7. This allows users to select specific locations along the coast and visual-
ize the evolution between distinct intensity categories of extreme wave events. Furthermore,
on this website, users can register free of charge to obtain high-resolution wave intensity
forecasts for extreme wave events in a specific coastal location, if available. Once the user
registers, they receive daily high-resolution forecast information by email. Currently, 180
registered users receive personalized impact forecast information daily. This subscription
service formalizes risk communication to coastal users by providing a standardized infor-
mation structure.

Social media has also been essential in disseminating our coastal high-resolution wave
intensity forecasting, thanks to its massive reach and speed of transmission, which allows
information to quickly influence coastal communities, fishermen, and tourists who may be
affected by an extreme wave event. In fact, the high use of social media by the popula-
tion reduces the latency of warning dissemination and amplifies reach through network
effects, enabling the rapid propagation of official updates during extreme wave periods.
This strengthens prevention and mitigates risks by ensuring that more people are informed
and have sufficient time to act and mitigate impacts. Currently, we have the following direct
users across social media: 7,1 K followers on Instagram, 2,4 K followers on X (formerly
Twitter), and 1,6 K followers on Facebook. Consistent with the website and YouTube chan-
nel, the social media exhibit step changes in followers and views during extreme wave
events, indicating increased engagement at times when actionable forecasts and real-time
information are most needed.

4 Summary and future work

We have presented a high-resolution coastal wave forecasting system for the Valparaiso
Bay, which is currently operational at the University of Valparaiso. The forecast data have
been successfully validated using in-situ wave information recorded by ADCP and exhibit
the highest level of reliability in coastal areas compared to other freely available global
wave forecasts, such as Wisuki, Windguru, Windy, and Windfinder. This added value arises
from resolving nearshore wave transformation driven by bathymetry and shoreline geom-
etry, and is reflected in significantly lower bias and RMSE, as well as higher correlation for
Hs at the coast. Thus, the results provide the most precise public tool for forecasting extreme
wave events along the Chilean coast among the other products evaluated in this study.
Additionally, we proposed an intensity scale for extreme wave events based on a qualita-
tive analysis of their impact when reaching the coastline, such as overtopping, run-up, and
beach erosion. The scale has five levels or categories, designed to make it easier for coastal
users to understand by using a numerical scale that feels intuitive. Operationally, categories
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are assigned based on combined thresholds in Hs, Tp, and tidal level, evaluated hourly
at micro-zone locations. This method helps coastal users better understand the severity of
wave impacts. It also allows for distinguishing between destructive and non-destructive
events, providing insights into the gradual effects on coastal activities, potential damage to
infrastructure, evacuation needs, and the frequency of these events. In practice, categories
highlight windows of time and location with increased expected impacts, aiding in preven-
tive measures, resource allocation, and coordination with emergency services. As a result,
coastal users can take appropriate actions based on the severity of an impending extreme
wave event, and agencies can coordinate warnings and responses more effectively.

To share information on coastal wave intensity forecasting, collaboration has been estab-
lished with key public institutions mandated by law to issue official extreme wave event
warnings (SERVIMET) and disaster prevention and management (SENAPRED). This
partnership formalizes the coastal high-resolution forecast to support the issuance of early
warnings and strengthen the response chain. It represents a collective, multi-agency effort
to reduce risks, share experience, and coordinate stakeholders to improve governance and
institutional capabilities as extreme wave events become more frequent due to a warming
climate. Additionally, SERNAPESCA serves as a link to the artisanal fisheries, enhanc-
ing communication and preparedness within this sector. The importance of involved public
institutions enables direct and indirect access for many users. However, a dedicated website
and social media platforms are also used to distribute the information generated by the
coastal wave intensity forecasting system.

Although high-resolution coastal forecasting and coastline monitoring have recently
focused on Valparaiso Bay, their results will be expanded to cover the entire country facing
the Pacific Ocean in the coming years. Several new cameras will be installed along the Chil-
ean coastline, and specialized photogrammetry techniques will be employed to determine
the position of the coastline relative to the camera locations, georeferenced points within
the images, and the exact time of image capture, following algorithms such as CoastSnap
(e.g., Harley and Kinsela 2022). All this information will allow us to create structured and
georeferenced databases that utilize artificial intelligence to validate the intensity scale and
continually enhance the performance of extreme wave event impact forecasting along the
coast (e.g., bias correction, nowcasting of category transitions), which will be a focus in the
future. Particularly, the lower categories can be validated for robustness using a quantitative
assessment of impacts.

In future upgrades of coastal wave forecasting, there will be a focus on testing and
implementing coupled regional models that integrate wave dynamics with other physical
processes, such as atmospheric and surface ocean circulation. This includes atmosphere—
wave—ocean coupling with wave—current—wind feedbacks (e.g., Stokes drift and current-
induced refraction), as well as evaluating storm surge conditions. Previous preliminary
coupling efforts have been conducted on the Chilean coast in hindcast mode, considering
interactions and feedback processes between surface winds, currents, and waves (Bahamon-
dez & Aguirre 2023). We will expand this effort to develop a comprehensive coastal fore-
casting system that incorporates new ocean and atmospheric variables, providing accurate
coastal forecast information to support informed decision-making by authorities and the
coastal community.

Supplementary Information The online version contains supplementary material available at https://doi.org
/10.1007/s11069-026-08063-3.
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