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Sea Surface Temperature and 
Directional Wave Spectra During 
the 2023 Marine Heatwave in the 
North Atlantic
Daniel Peláez-Zapata   1 ✉, Brian Ward2 & Frédéric Dias1,3

In 2023, an unprecedented marine heatwave (MHW) developed in the North Atlantic. MHWs have severe 
ecological and socioeconomic impacts, and their increasing frequency and intensity demand urgent 
action from climate scientists and policymakers. The characterisation of MHWs requires high-resolution 
observations not only of ocean temperature, but also of its physical drivers, such as wind and ocean 
waves. However, acquiring co-located, in-situ measurements of these variables remains logistically 
challenging, and data scarcity continues to hinder efforts to fully understand and model MHWs 
dynamics. Here, a dataset collected by a freely drifting buoy off the west coast of Ireland during the peak 
of the 2023 MHW event is presented. The dataset includes 1-minute sea surface temperature (SST) and 
position records, directional wave spectra, wind speed estimates, and derived wave parameters. These 
data provide a unique opportunity to analyse air-sea interactions during a MHW at fine temporal scales. 
They are intended to support coupled model validation, diurnal warming studies, and data assimilation 
efforts, ultimately contributing to improved understanding and forecasting of MHWs.

Background & Summary
Marine heatwaves (MHWs) pose a significant and urgent challenge in climate research due to their profound 
impact on marine ecosystems, human activities, and broader climatic systems. MHWs are defined as excep-
tionally high sea-surface temperature (SST) events, where “high” refers to temperatures exceeding a certain 
percentile (e.g. 90th) of the historical climatology. These events last for at least five days and occur within a spe-
cific geographic region, with well-defined start and end times1. Projections suggest that MHWs are expected to 
increase in frequency, intensity, and duration as the twenty-first century progresses2, a trend that underscores the 
urgent need to investigate the mechanisms driving these events and their broad ecological and socio-economic 
implications.

The rise in ocean temperatures during a MHW can disrupt marine ecosystems, leading to increased coral 
bleaching3, reduction of seagrass density and kelp forest biomass4, and modification of fish distribution and 
migration patterns5. Furthermore, MHWs influence atmospheric patterns and oceanic carbon uptake, thereby 
affecting global climate feedback mechanisms and the Earth’s carbon cycle6. Understanding these complex inter-
actions is crucial for devising effective mitigation strategies and for the sustainable management of marine and 
coastal resources.

In the North Atlantic, recent years have seen record-breaking SST anomalies: for instance, boreal summer 
2023 brought unprecedented basin-wide warmth. McCarthy et al.7 reported that the SST reached an extraor-
dinary 4 °C above average off the Irish west coast. Berthou et al.8 described this event as unprecedented in 
terms of intensity and duration and attributed its occurrence to persistent anticyclonic weather with weak winds 
and extended sunshine that enhanced ocean stratification and water temperatures. They suggest that this event 
resulted in one of the fastest warming trends observed over the last 40 years. Supporting these conclusions, 
England et al.9 found that anomalous air-sea heat fluxes, influenced by exceptionally weak winds and a resultant 
shallow surface mixed layer, were the primary causes of the heatwave, discarding unusual ocean heat transport. 

1Centre Borelli, École normale supérieure Paris-Saclay, Gif-sur-Yvette, France. 2AirSea Laboratory, School of Natural 
Sciences, University of Galway, Galway, Ireland. 3School of Mathematics and Statistics, University College Dublin, 
Dublin, Ireland. ✉e-mail: daniel.pelaez_zapata@ens-paris-saclay.fr

Data Descriptor

OPEN

https://doi.org/10.1038/s41597-025-06268-y
http://orcid.org/0000-0001-5862-6194
mailto:daniel.pelaez_zapata@ens-paris-saclay.fr
http://crossmark.crossref.org/dialog/?doi=10.1038/s41597-025-06268-y&domain=pdf


2Scientific Data |         (2025) 12:2025  | https://doi.org/10.1038/s41597-025-06268-y

www.nature.com/scientificdatawww.nature.com/scientificdata/

Furthermore, Guinaldo et al.10 suggest that the June 2023 MHW event would not have been possible without 
anthropogenic climate change. Figure 1 illustrates the SST on 19 June 2023 in the North Atlantic waters around 
Ireland and Great Britain near the peak of the 2023 MHW event. Although the MHW affected the wider North 
Atlantic, this plot focuses on the region covered by the available observations.

These studies primarily rely on daily-averaged reanalysis products and satellite-derived data to monitor SST 
anomalies. While the extensive spatial coverage of these data is indispensable to identify large-scale patterns 
and evolution over time, in-situ SST measurements with high temporal resolution can capture rapid changes 
in oceanic conditions, which is essential, not only to calibrate and validate satellite-derived and reanalysis data, 
but also to better understand processes like diurnal warming11 or heat flux modulation by ocean waves12. It is 
precisely the role of ocean waves in the mixed layer dynamics that is of crucial importance for understanding 
complex air-sea interactions13,14.

In recent years, there has been a shift towards consensus regarding the significant role of wave-induced pro-
cesses in influencing the mixing of the upper ocean15–17. Wave breaking, Stokes drift, and Langmuir turbulence 
are the dominant drivers governing wave-induced vertical mixing in the upper ocean18–22. These mechanisms 
not only affect the transfer of momentum and heat between the ocean and the atmosphere but also influence 
the structure and dynamics of the upper ocean, impacting SST variability and the exchange of gases such as CO2 
across the air-sea interface23,24. Nevertheless, simultaneous in-situ observations of SST, wind speed, and direc-
tional wave spectra remain scarce, particularly during extreme events such as a MHW. The dataset presented 
here addresses this gap by providing concurrent measurements of SST, wind speed, and wave spectra during the 
unprecedented 2023 North Atlantic MHW.

This dataset includes high-resolution SST and GPS-based wave and wind observations collected by a drift-
ing buoy off the west coast of Ireland. It comprises continuous measurements from 17 April 2023 to 1 July 
2023. This period coincided fortuitously with the peak of the 2023 MHW event, making this data collection 
unique for advancing research in the field of air-sea interactions. The dataset includes raw and processed files 
containing SST, directional wave spectra, and wind speed estimates. Such co-located observations are rare and 
highly valuable for improving coupled ocean-atmosphere models, studying diurnal warming, and validating or 
assimilating remote sensing and reanalysis products. Similar efforts have demonstrated the value of this kind of 
datasets for oceanographic research and forecasting applications25,26. Capotondi et al.27, for example, emphasise 
the importance of high resolution observations for enhancing model development and validation processes of 
MHW events.

This dataset is then expected to find utility in advancing oceanographic research and enhancing forecasting 
capabilities in the field. While the present dataset is limited in duration, its coincidence with the 2023 North 
Atlantic MHW underscores the value of high-resolution observations during extreme events. Sustained deploy-
ments of moored and drifting buoys would provide the community with longer-term records essential for mon-
itoring, understanding, and predicting MHWs.

Methods
Instrument and Deployment.  Wave, temperature, and wind data were collected using a Spotter wave buoy 
developed by Sofar Ocean28,29. The instrument was deployed off the coast of Inis Meáin (Aran Islands) on 17 April 
2023 on the west coast of Ireland (approximately 53.09°N, 9.61°W). On 1 June 2023, the buoy broke free from its 
mooring and drifted until it was recovered off the coast of Donegal, Ireland, on 1 July 2023. The Spotter buoy is 
equipped with a GPS module for wave orbital tracking and a thermistor for SST measurements. The buoy stores 
raw data internally on an SD card and transmits data nearly in real-time via satellite communication. Three-
dimensional wave displacements were measured continuously at 2.5 Hz sampling rate with an accuracy of  ±2 cm. 
SST and buoy location were recorded approximately every minute. Raw data were processed in 30-minute bursts 
to produce estimates of wind and wave parameters.

Fig. 1  Drifting buoy trajectory and SST obtained from GLORYS (left) and OSTIA (right) during the peak of the 
2023 MHW. The region corresponds to the North Atlantic waters around Ireland and Great Britain. Yellow point 
and line depict the Spotter buoy position and trajectory, respectively.
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Directional Wave Spectrum.  The directional wave spectrum, E(f, θ), with f denoting wave frequency and 
θ wave direction, was derived from the raw buoy time series using a wavelet-based method30. This method pro-
duces directional information from the three-dimensional wave displacements by applying a time-frequency 
wavelet decomposition. Specifically, the EWDM (Extended Wavelet Directional Method) Python toolbox was 
employed31. Wavelet-based methods have emerged as an alternative to conventional methods and have been 
proven to produce accurate and robust directional spectra30,32.

Derived Wave Parameters.  In addition to the directional wave spectrum, the dataset contains the direc-
tional distribution function, which is defined as 
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 respectively. Here, g represents the acceleration due to Earth’s gravity, z is water depth, and k is the wavenumber, 
which is linked to the wave frequency through the linear dispersion relation. The dataset only includes values of 
Stokes drift at the surface (z = 0). The frequency resolution is logarithmically distributed with 81 components 
from 0.03125 Hz to 1 Hz. The directional resolution is Δθ = 5°. The Cartesian convention was adopted for wave 
directions, i.e., the propagation direction is measured counter-clockwise from the east.

Wind Speed and Direction.  Wind speed and direction were determined using the technique presented 
by Shimura et al.36, which extracts surface wind information from the high-frequency components of the direc-
tional wave spectrum. This method is based on the equilibrium range concept introduced by Phillips37, which 
establishes a local balance between wind input and dissipation. In this range, the wave energy is proportional to 
S(f) ∝ u*f−4. This relationship thus enables the inference of the friction velocity u* and, consequently, the 10-m 
wind speed U10. Additionally, wind direction is assumed to correspond to the average wave direction within this 
frequency range. Extensive testing of this approach on multiple datasets has consistently demonstrated positive 
results38–40.

Sea Surface Temperature.  SST was measured by the onboard thermistor located near the base of the 
Spotter hull, approximately 0.15 m below the sea surface. The sensor accuracy is ±0.10 °C with a resolution of 
±0.02 °C, covering a range of −5 °C to 50 °C. Temperature data is internally sampled every second and then 
averaged over 1-minute intervals.

Data Records
The dataset, which has been deposited in Zenodo41, covers the period from 17 April to 1 July 2023, beginning 
with a fixed nearshore deployment off the coast of Inis Meáin (Aran Islands) and continuing with a drifting phase 
after the buoy broke free on 1 June 2023. The buoy trajectory fortuitously coincided with the peak of the 2023 
North Atlantic MHW. The dataset includes multiple data files in different formats. The raw 1-minute-resolution 
time series of SST and buoy location are available in CSV (comma separated values) format. For the 30-minute 
directional wave spectra, significant wave height, peak wave period, surface Stokes drift, wind speed and wind 
direction, the data is provided in NetCDF format. Additional auxiliary files that support the validation of the 
measured SST are included. Each file is self-descriptive and contains metadata specifying the variable names and 
units, sampling frequency, and conventions, in compliance with the CF standards. A summarised description is 
presented in Table 1.

A description of the variables provided in the NetCDF file processed-wave-spectra-30min.nc is 
presented in Table 2. These variables include the directional wave spectra, wind and wave parameters derived 
from the buoy data. The units and detailed descriptions of each variable are outlined to facilitate a better under-
standing of the dataset and its components.
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Technical Validation
The accuracy of Spotter in-situ SST measurements was assessed by comparing them with three widely-used SST 
datasets: ERA5, GLORYS, and OSTIA. These datasets provide SST estimates with different spatial and temporal 
resolutions and diverse nature (models, satellite, in-situ). ERA542 is a global reanalysis from ECMWF that blends 
model output with observations at 0.25° resolution. GLORYS43 is a 1/12° eddy-resolving ocean reanalysis from 
CMEMS based on NEMO ocean model, assimilating satellite and in-situ observations. OSTIA44 provides daily 0.05° 
resolution maps of foundation SST and sea ice, merging satellite and in-situ data while filtering out diurnal varia-
bility. Wind speed and direction were compared against ERA5, as it was the only available source providing wind 
estimates.

Figure 2a shows a comparison between the in-situ observations and co-located daily SST estimates 
from ERA5, GLORYS, and OSTIA. The observed SST (1-minute resolution, shown in light red) captures 
high-frequency variability that is smoothed out in the daily-averaged products. Despite this, the three reference 
datasets closely follow the general evolution of the observed SST, specifically the onset and peak of the 2023 
MHW event. Wind speed and wind direction are shown in Fig. 2b and 2c, respectively. The observed wind esti-
mates generally agree well with the corresponding reanalysis, although the lower variability in the reanalysis fails 
to capture the real magnitude of extreme values. Note that the overlap between ERA5 and the in-situ records was 
only available after the buoy broke free on 1 June 2023; prior to this, the buoy position fell on a land grid point in 
the reanalysis due to its nearshore location. 

Table 3 summarises the comparison statistics between observations and various model or reanalysis datasets 
for SST, wind speed and wind components. In-situ observations were aggregated to daily values to match the 
reanalysis and compute performance metrics. Correlations for SST are very high across all datasets, exceeding 
0.92, with OSTIA performing best (r = 0.98, RMSE = 0.41°C, bias = − 0.04 °C). ERA5 SST also shows strong 
agreement (r = 0.92, RMSE = 0.42 °C) with a slight cold bias. Wind speed from ERA5 correlates well with 
observations (r = 0.93), but shows larger RMSE and a small negative bias. The eastward (u) and northward (v) 
components of ERA5 wind exhibit high correlations (r = 0.92 and r = 0.94, respectively) with moderate RMSE 
(2.53 and 1.80 m s−1) and small mean biases. Overall, SST products show good agreement with in-situ data, while 
wind estimates have larger uncertainties, particularly in direction.

To assess the reliability of the wave measurements, the directional spectra are compared against the 
ResourceCODE database, which serves as a reference for validation. ResourceCODE45,46 is a 30-year hindcast 
of spectral wave data generated using the WAVEWATCH III phase-averaged wave model47. The spatial domain 
covers European shelf and offshore waters, from approximately 36°N to 63°N, and from 12°W to 13. 5°E, using a 
high-resolution unstructured mesh. Spatial resolution ranges from about 10 km offshore, down to approximately 
200 m in shallow coastal areas. Forcing is provided by ERA5 winds and tidal currents and water levels from 
MARS and FES2014 harmonic databases. Temporal resolution is hourly; directional wave spectra and derived 
parameters are computed at every mesh node. The period covered is 1994–2024.

Figure 3 illustrates the temporal evolution of directional wave spectra derived from Spotter buoy observa-
tions and corresponding ResourceCODE hindcast estimates for two representative cases: 4 June 2023 (left pan-
els) and 25 June 2023 (right panels). On 4 June 2023, the buoy measurements reveal a complex wave system with 
multiple spectral peaks associated with locally growing wind seas propagating toward the south-west and several 
longer-period swells in different directions. On 25 June 2023, a single, well-developed wave system propagating 
toward the north-east is observed.

In both cases, the observed and modelled spectra show good agreement. The ResourceCODE hindcast 
reproduces the overall structure of the observed spectra, particularly the dominant wave directions and their 
alignment with wind forcing, as indicated by the arrows. However, the main differences are evident in the spec-
tral energy distribution: the hindcast produces coarser patterns due to the lower resolution whereas the buoy 
spectral densities are generally smoother. Some low-frequency noise (>20 s period) is apparent in the buoy 
measurements, especially for the 4 June. This can be attributed to limitations of the buoy-derived wave spectra.

Numerical wave models, as they resolve global and regional wave evolution, are able to capture and track 
local and remote wave systems over large distances, producing a good representation of the evolution of the 
directional spectrum. The buoy measurements represent only a single location at any given time. However, they 
are consistent with these wave systems. Some differences are expected due to the local nature of the observations 
and known measurement and modelling limitations, but the comparison confirms that the buoy data are reliable 
and align with the large-scale wave field.

Data File Description

processed-wave-spectra-30min.nc 30-minute directional wave spectra, wind and wave parameters, buoy location and sea 
surface temperature in NetCDF format (see Table 2).

raw-sst-1min.csv 1-minute resolution sea surface temperature (°C) in CSV (comma separated values) 
format.

raw-location-1min.csv 1-minute resolution latitude/longitude (decimal degrees) from the GPS in CSV format.

aux-era5-interpolated-1day.nc 1-day resolution ERA5 sea surface temperature (°C) interpolated along the buoy 
trajectory in NetCDF format.

aux-glorys-interpolated-1day.nc 1-day resolution GLORYS sea surface temperature (°C) interpolated along the buoy 
trajectory in NetCDF format.

aux-ostia-interpolated-1day.nc 1-day resolution OSTIA sea surface temperature (°C) interpolated along the buoy 
trajectory in NetCDF format.

Table 1.  Description of data files included in the dataset.
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The strong agreement evidenced in this comparison provides confidence in the consistency and reliability 
of the in-situ measurements presented in this dataset. Beyond validating the data quality, it also underscores 
their added value for capturing fine-scale and short-term variability in SST, wind, and wave conditions that are 
often smoothed or underrepresented in reanalysis products. This highlights the relevance of maintaining such 
observations as a complement to large-scale datasets, particularly for advancing understanding of MHWs and 
improving model evaluation.

Data availability
The complete dataset is available at Zenodo and can be accessed via the https://doi.org/10.5281/zenodo.15831373. 
External SST products used for validation were obtained from publicly available sources: GLORYS and OSTIA 
datasets are accessible via the Copernicus Marine Service (https://data.marine.copernicus.eu/), and ERA5 
reanalysis is available through the Copernicus Climate Data Store (https://cds.climate.copernicus.eu/datasets/). 
ResourceCODE hindcast can be accessed upon registration at https://resourcecode.ifremer.fr/.

Variable Units Description

directional_spectral_density m2/Hz/deg Full 2D directional wave spectrum computed from buoy time series using a 
wavelet-based method.

directional_distribution 1/deg Normalised directional spreading function.

frequency_spectral_density m2/Hz 1D frequency spectrum obtained by integrating over direction.

significant_wave_height m Estimated Hs from the spectral density.

peak_wave_period s Peak period corresponding to the spectral maximum.

estimated_wind_speed m/s Wind speed at 10 m derived from equilibrium range.

estimated_wind_direction deg Wind direction derived from equilibrium range.

friction_velocity m/s Friction velocity estimated from wave spectra.

eastward_stokes_drift m/s Zonal component of Stokes drift at the surface.

northward_stokes_drift m/s Meridional component of Stokes drift at the surface.

sea_surface_temperature °C Averaged SST over each 30-min segment.

longitude degrees E GPS-derived location at spectrum timestamp.

latitude degrees N GPS-derived location at spectrum timestamp.

Table 2.  Description of variables included in the processed NetCDF file containing directional wave spectra 
and wind and wave parameters (processed-wave-spectra-30min.nc).

Fig. 2  Comparison of Spotter in-situ SST observations with daily SST estimates from ERA5, GLORYS, and 
OSTIA, co-located along the buoy trajectory.
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Code availability
The directional wave spectra were computed using the EWDM Python software, available at https://github.com/
dspelaez/extended-wdm/. Wind speed and related parameters were estimated following the method implemented 
in the roguewave package developed by Sofar Ocean, which is available at https://github.com/sofarocean/
roguewave/.

SST SST SST Wind speed u-wind v-wind

ERA5 GLORYS OSTIA ERA5 ERA5 ERA5

r 0.92 0.96 0.98 0.93 0.92 0.94

RMSE 0.42 °C 0.59 °C 0.41 °C 1.91 m/s 2.52 m/s 1.80 m/s

bias −0.16 °C −0.16 °C −0.04 °C −1.21 m/s −0.13 m/s 0.08 m/s

N 56 120 120 53 53 53

Table 3.  Performance statistics for SST and wind variables presented in Fig. 2.

Fig. 3  Time evolution of directional wave spectra on 4 June 2023 (columns 1–2) and 25 June 2023 (columns 
3-4). Columns 1 and 3 show Spotter buoy observations, while columns 2 and 4 display the corresponding 
ResourceCODE hindcast estimates. Rows represent the temporal progression of the spectral distribution. 
Colours indicate wave energy density normalised by the maximum value at each time step, and black arrows 
denote wind direction, with their length scaled to wind speed.
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