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Abstract. Marine heatwaves (MHWs), have doubled in fre-
quency globally in recent decades and are becoming longer,
more intense, and increasingly disruptive to marine ecosys-
tems. However, despite their growing ecological and biogeo-
chemical importance, major productive coastal systems re-
main understudied, particularly in the Southern Hemisphere.
Here, we provide the first comprehensive characterization of
MHWs across the Patagonian Shelf (PS), one of the most bi-
ologically productive marine regions on Earth, using 40 years
of satellite-derived daily sea surface temperature (SST) data.
We first assess how the choice of MHW detection method
(fixed versus moving climatology) and SST-dataset selection
affect MHW metrics. Then we quantify MHW frequency, in-
tensity, duration, and long-term trends, revealing that the PS
experiences on average 1.9± 2 MHWsyr−1 with a mean cu-
mulative duration of 23–28 dyr−1 and an average intensity
of 1.36± 0.3 °C. We show that MHW activity varies sub-
stantially across the region, with the northern sector and the
outer shelf experiencing the most frequent and intense events
(> 2 eventsyr−1 and > 2 °C). A notable increase in MHW
days (+5–10 d per decade) is observed in the northern PS,
whereas no significant trends are observed to the south (i.e.,
south of 48° S). These trends are consistent with background
warming of the ocean in this region, suggesting a mechanistic
link, whereby long-term warming enhances the likelihood of
MHWs occurrence and duration. We further demonstrate that
a component of MHW variability can be attributed to the El
Niño Southern Oscillation, which exerts a stronger influence
on the intensity of thermal anomalies than on the cumula-
tive duration of the events. Together, these findings constitute
the first comprehensive assessment of MHWs on the PS and
provide essential insight for anticipating their ecological and

climatic impacts in one of the Southern Hemisphere’s key
marine ecosystems.

1 Introduction

Marine heatwaves (MHWs) are defined as prolonged periods
during which sea surface temperatures (SSTs) exceed certain
thresholds derived from the statistical properties of the local
climatological SST distribution (Hobday et al., 2016). Their
impacts are extensive, influencing both physical and biolog-
ical processes in the ocean, and they are increasingly recog-
nized as key drivers of ecosystem change in the context of the
contemporary climate regime (Smale et al., 2019; Suryan et
al., 2021). The physical consequences of their presence have
been linked to enhanced water column stratification, reduced
dissolved oxygen levels, and hindered sea ice formation (e.g.,
Brauko et al., 2020; Hu et al., 2020; Carvalho et al., 2021).
Ecologically, they are associated with pronounced disrup-
tions to ecosystems, including shifts in phytoplankton com-
munity structure, coral bleaching, altered migration patterns,
and mass mortality events affecting a wide range of marine
taxa, from invertebrates to mammals (Cavole et al., 2016;
Genevier et al., 2019; Manta et al., 2018; Smale et al., 2019;
Rigual-Hernández et al., 2025). MHWs can induce distinct
phytoplankton responses across the water column, including
intensified, weakened, and subsurface-reversed chlorophyll a
anomalies with clear latitudinal patterns driven by changes in
light availability, temperature, and nutrient supply, often en-
hancing deep chlorophyll maxima and reshaping subsurface
chlorophyll distributions (Ma and Chen, 2025). The ecologi-
cal impacts are often more pronounced in coastal and benthic
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habitats, where organisms have limited capacity to escape the
altered thermal conditions. Beyond local ecological effects,
MHWs can also trigger broader systemic consequences, such
as declines in fisheries, alterations in atmospheric circulation,
and disturbances in air-sea carbon fluxes (e.g., Oliver et al.,
2017; Cheung and Frölicher, 2020; Mignot et al., 2022).

Over the past century, both the frequency and duration of
MHWs have increased globally, with the total annual number
of MHW days rising by more than 50 %, largely as a con-
sequence of persistent upper-ocean warming driven by an-
thropogenic climate change (Oliver et al., 2018, 2021, Oliver,
2019). However, quantification of MHW and their long-term
trends present many uncertainties due to methodological dif-
ferences. Indeed, the definition of MHWs is still debated,
complicating research efforts and communication among sci-
entists, policymakers, and the public (Smith et al., 2025).
Most studies have traditionally relied on the definition es-
tablished by Hobday et al. (2016, 2018), which is based on
a fixed climatological temperature threshold. However, ap-
plying a fixed baseline in a warming ocean can blur the dis-
tinction between transient anomalies and long-term trends,
potentially leading to misinterpretation of MHW impacts
(Smith et al., 2025). In response, recent literature has pro-
posed alternative approaches, including shifting baselines,
moving climatologies, and hybrid methods, designed to bet-
ter align with specific applications, research objectives, or re-
gional oceanographic conditions (Chiswell, 2022; Sen Gupta
et al., 2023; Amaya et al., 2023; Giménez et al., 2024). Like-
wise, the selection of source temperature datasets represents
another potential source of bias, influencing the magnitude
and spatial expression of derived MHW metrics. The influ-
ence of these methodological choices is region-dependent,
tending to be most pronounced in areas experiencing strong
long-term SST variability or rapid warming, where they can
substantially affect MHW statistics.

Despite these biases, climate model projections robustly
indicate that the frequency, duration, and intensity of MHWs
will continue to increase markedly under future warming sce-
narios. By the end of the 21st century, the total number of
MHW days is expected to rise by an order of magnitude, with
especially pronounced increases in coastal regions (Frölicher
et al., 2018; IPCC, 2021). However, anthropogenic forcing is
not the sole driver of MHW variability. Internal modes of
climate variability, including the El Niño-Southern Oscilla-
tion (ENSO) and Madden–Julian Oscillation (MJO), together
with regional climate processes, also exert a strong influence
on the timing, spatial distribution, and severity of MHWs,
while modulating their variability across interannual, sea-
sonal and intraseasonal timescales (Heidemann and Ribbe,
2019; Liu et al., 2022; Gregory et al., 2024; Chen et al.,
2025).

Due to climate change, the Southwestern Atlantic Ocean
(SWA) is undergoing significant transformations, including
the gradual warming of surface waters (Hobday and Pecl,
2014), shifts in wind forcing (Leyba et al., 2019), the pole-
ward migration of western boundary currents (Artana et
al., 2019), and an increase in the frequency and intensity
of climate-driven variability events such as the El Niño–
Southern Oscillation (ENSO), the Southern Annular Mode,
droughts, and MHWs (e.g., Cai et al., 2020; Risaro et al.,
2022). Recent research by Artana et al. (2024) demonstrates
a clear relationship between key MHW metrics, particularly
intensity and duration, and ENSO phases in the SWA. Their
results indicate that MHWs in the tropical SWA tend to in-
tensify during El Niño events, while those in the subtropical
sector are more closely associated with La Niña conditions,
with the strength and phase of ENSO modulating both the
magnitude and persistence of the events.

Within the SWA, the Patagonian shelf (PS), stretching
from the southern tip of South America (∼ 55° S) to the
Brazil/Malvinas Confluence (∼ 38° S), covers less than 2 %
of the Southern Ocean’s surface but ranks among its most bi-
ologically productive regions and largest carbon sinks (e.g.,
García et al., 2008; Lutz et al., 2010; Bianchi et al., 2005;
Bianchi et al., 2009; Kahl et al., 2017; Fig. 1). Intense sea-
sonal phytoplankton blooms make the PS a globally signif-
icant refuge and feeding ground for numerous fish species
(FAO, 2020). However, phytoplankton biomass in this re-
gion is already exhibiting changes linked to climate-driven
stressors, including rising sea surface temperatures and the
shoaling of the mixed layer depth (Delgado et al., 2023).
Despite its central role in climate regulation through carbon
fixation and its importance as the foundation of major fish-
eries, a comprehensive characterization of MHWs across the
Patagonian Continental Shelf is still lacking. Understanding
MHW behaviour in the PS is particularly important because
complex interactions between large-scale climate modes and
local oceanographic processes shape the region’s response
to climate forcing and can trigger substantial disruptions to
ecosystem structure and function, with far-reaching environ-
mental and socioeconomic implications.

Here, we analyse the main features of MHWs in the
PS. We first compare two methodologies and four satellite-
derived sea surface temperature datasets for detecting MHWs
to evaluate their consistency in representing these events
in the PS. We then provide a regional characterization of
MHWs, examining their mean and seasonal distribution,
long-term trends, and interannual variability, with particular
attention to their relationship with ENSO events. Together,
these analyses provide both a methodological framework and
an empirical foundation for future research on the ecological
and climatic impacts of MHWs in the region.
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Figure 1. (a) General circulation patterns and oceanographic characteristics of the Southwestern Atlantic Ocean (SWA). The grey line,
corresponding to the 200 m isobath, delimits the Patagonian Shelf (PS). (b) SST trend (°C per decade) in the region for the period 1980 to
2021.

2 Materials and methods

2.1 Regional setting

The PS, on the western boundary of the SWA, consti-
tutes an elongated (36–55° S) and relatively shallow plateau
with a variable width (Fig. 1a). For most of its extent, the
bathymetry is characterized by regularly spaced isobaths par-
allel to the coast and scarce relief features, indicating a flat
seabed with no major topographic features (Glorioso, 1987;
Parker et al., 1997). The shelf is narrower in the northern
sector (∼ 200 km) and widens to between 400 and 600 km.
The increased shelf width enhances tidal resonance, partic-
ularly South of 40° S and towards the coast (Barclay et al.,
2023; Dinapoli and Simionato, 2024), resulting in some of
the world’s highest tidal amplitudes and driving strong tidal
currents that vigorously mix the coastal water column (Kan-
tha et al., 1995; Piola and Rivas, 1997).

Regional oceanography in open waters is characterized
by significant mesoscale activity driven by the interaction
of two sharply contrasting western boundary currents: the
Brazil Current (BC) and the Malvinas Current (MC, Matano
and Philander, 1993; Olson et al., 1988). These currents con-
verge near 38° S, forming the highly dynamic Brazil/Malv-
inas Confluence (BMC), a region characterized by the persis-
tent generation of warm and cold core eddies and filaments
(Gordon and Greengrove, 1986; Gordon, 1989). The MC,
originating from the Antarctic Circumpolar Current (ACC),
flows northward along the shelf-break carrying cold, fresh

waters, while the BC transports warm, salty waters south-
ward (Matano and Philander, 1993).

Within the PS, Sub-Antarctic cold waters enter through
the southern boundary and mix with freshwaters inputs from
the Magellan Strait and several rivers (Dai and Trenberth,
2002). The fresh water sources of the shelf are the small con-
tinental discharge and the low-salinity water outflowing from
the Magellan Strait. Strong westerly and northwesterly winds
(Trenberth, 1991) and cross-shore pressure gradients induced
over the outer shelf by the Malvinas Current force a north-
easterly current at the shelf known as the Patagonian Current
(Rivas, 1997; Palma et al., 2004; Matano et al., 2010).

Interactions between topography, atmospheric circulation,
and proximity to the oceans introduce large complexities in
the spatial patterns of atmospheric temperature in this region.
The Andean Mountain range blocks atmospheric circulation
acting as a formidable barrier to the atmospheric temperature
patterns by reducing the passage of air masses (e.g., Falvey
and Garreaud, 2007; Barrett et al., 2009; Viale et al., 2013).
Therefore, the spatial pattern of atmospheric temperature in
the region is mainly determined by the north–south latitudi-
nal gradient and the elevation (Villalba et al., 2003). Since the
Andean range dramatically varies in altitude north of 35° S
(i.e, from 3000 to over 6000 m) the boundary between the
air masses of the Pacific and those of the Atlantic roughly
follows an oblique NW–SE line stretching from 35° S on the
mountains to 41° S on the Atlantic coast. Southward of this
boundary, westerlies become dominant all year-round (Coro-
nato, 2020).

https://doi.org/10.5194/os-22-961-2026 Ocean Sci., 22, 961–978, 2026



964 A. L. Delgado et al.: Marine heatwaves variability and trends in the Patagonian Shelf

As a consequence of these atmospheric and latitudinal dif-
ferences, mean SSTs along the shelf present clear meridional
variation, ranging from 17 °C in the Río de la Plata mouth
to 6 °C at the latitude of the Magellan Strait (Fig. A1). Ow-
ing to the combined influence of large-scale circulation pat-
terns and climate-driven changes acting upon them, the SWA
shows distinct and contrasting SST trend regimes (Fig. 1b).
North of 48–50° S, at the Brazil/Malvinas Confluence, the
surface ocean is warming at a rate of 0.4 °C per decade as a
result of the poleward migration of the BMC (Artana et al.,
2019; Franco et al., 2020). Farther south, surface tempera-
tures show a slight cooling trend of approximately −0.1 °C
per decade (Delgado et al., 2023), which has been linked to
the positive trend in westerly winds at these latitudes (Sara-
ceno et al., 2022).

2.2 SST datasets

We base our analysis on satellite-derived SST data provided
by the European Space Agency’s Climate Change Initiative
Program (ESACCI), which is dedicated to extending, stabi-
lizing, and enhancing the accuracy of climate data records
for SST. The 40 year climate database provides daily SST at
0.05° resolution, from 1982 to 2021, obtained from twenty
infrared and two microwave radiometers (Embury et al.,
2024). This database was selected for its stability, designed
specifically for climatological studies (i.e., de Boisséson and
Balmaseda, 2024; Konsta et al., 2025). However, to assess
the influence of database selection on the characterization of
MHWs, we conducted a comparative analysis of ESACCI
against three alternative data sources: OSTIA-SST, NOAA-
SST, and ERA-SST.

– OSTIA-SST is the Operational Sea Surface Tempera-
ture and Ice Analysis dataset, produced by the UK Met
Office and distributed by IFREMER/PU. It combines
satellite observations from the GHRSST project with in
situ measurements to generate a high-resolution (1/20°,
∼ 6 km) daily global SST analysis available from 1981
onward (Good et al., 2020).

– NOAA-SST dataset corresponds to the daily Optimum
Interpolation Sea Surface Temperature product (OISST
V2.1) provided by the National Oceanic and Atmo-
spheric Administration. This dataset offers a globally
gridded, gap-filled field of sea surface temperature,
derived primarily from remotely sensed observations
acquired by the Advanced Very High-Resolution Ra-
diometer (AVHRR). It features a spatial resolution of
0.25° and extends from 1981 to the present (Huang et
al., 2021).

– ERA5-SST refers to the fifth-generation reanalysis of
SST by ECMWF, based on in-situ data assimilation,
providing a comprehensive record from 1940 onward
at 0.25° spatial resolution (Hersbach et al., 2023).

2.3 MHW detection methodologies

The standard approach among marine scientists follows the
definition by Hobday et al. (2016): days with temperatures
warmer than the 90th percentile based on a daily climatol-
ogy baseline are considered MHW days, and only prolonged
events lasting at least 5 consecutive days are retained, allow-
ing for interruptions of up to two days. In this study, we ini-
tially adopt a Fixed Baseline (FB) method, consistent with
Hobday et al. (2016), using a daily climatology derived from
the 1982–2021 period (40 years) to estimate key MHW met-
rics such as event frequency, total MHW days, and intensity.
However, the influence of ongoing ocean warming trends on
MHWs detection has sparked a debate on the optimal cri-
teria for defining the baseline reference thresholds. If long-
term temperature trends are not accounted for, MHW oc-
currence and duration may be overestimated (Oliver, 2019).
The current discussion centers on whether a fixed or a mov-
ing baseline offers differing perspectives on MHW statis-
tics (Oliver, 2019). However, while these approaches often
yield different results, the choice of method should ideally
be context-dependent and consider the adaptive capacity of
regional ecosystems (Holbrook et al., 2019). We therefore
additionally compute the MHW statistics using a Moving
Baseline (MB), in the daily climatology is updated annu-
ally using the preceding 20 years of data. We selected a
20 year moving window because it offers a practical bal-
ance between statistical robustness and representativeness
of present-day climatological conditions in a rapidly warm-
ing ocean. A 30 year window, although recommended by
the World Meteorological Organization (WMO), would in-
corporate older and cooler years that depress the percentile
threshold and artificially increase MHW counts, while also
reducing the available temporal span of our analysis, given
that satellite SST records begin in 1982 (e.g., Rosselló et al.,
2023; Fernández-Álvarez et al., 2025). Using a 20 year win-
dow avoids this cooling bias, maintains methodological con-
sistency, and maximizes the number of comparable. Finally,
the sensitivity of MHW statistics to the length of the baseline
period (from 5 to 40 years) is also assessed.

2.4 Climate indices and interannual variability

Inter-annual climate variation in Patagonia is explained by
variations in the position and strength of the southeast Pacific
anticyclone, mean sea-level pressure (SLP) in the Atlantic
between South America and the Antarctic Peninsula, and
teleconnections with ENSO, characterized by 2 to 4 years
oscillations between warm (El Niño) and cool (La Niña)
phases (Webster and Palmer, 1997). In the PS, ENSO has
been linked to changes in the frequency and/or intensity of
climate-driven ocean variability events (e.g., Cai et al., 2020;
Risaro et al., 2022). Specifically, Artana et al. (2024) re-
ported a strong relationship between MHWs characteristics
and ENSO events in the SWA, with interannual variations in
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the number of MHW days and their intensity closely linked
to ENSO conditions. To characterize ENSO variability, we
use the Southern Oscillation Index (SOI), which is based on
the observed sea level pressure differences between Tahiti
and Darwin, Australia (Climate Prediction Center, NOAA).
The negative values of SOI correspond to El Niño conditions,
whereas the positive values indicate La Niña phases.

To examine the interannual variability of MHW charac-
teristics and their relationship with large-scale climate in-
dices, we computed the dominant modes of spatial–temporal
variability using Empirical Orthogonal Functions (EOFs),
applied separately to (i) the annual number of MHW days
(yr−1) and (ii) the annual mean MHW intensity (°C). For
each grid cell, annual anomaly fields were constructed by re-
moving the temporal mean. EOFs were then calculated using
the covariance matrix formulation, which preserves variance
associated with the dominant spatial structures. The covari-
ance matrices were decomposed via singular value decompo-
sition to obtain the spatial EOF modes and their correspond-
ing principal component (PC) time series. We mapped the
spatial pattern of the leading EOF (EOF1) and compared the
associated PC1 time series with climate indices, including
the SOI, to investigate potential large-scale drivers of MHW
variability.

To evaluate the relationship between large-scale cli-
mate variability and MHW characteristics, we computed
frequency-dependent coherence between the SOI and the
PC1 of MHW intensity and the number of MHW days. Both
time series were demeaned and analyzed at a sampling inter-
val of 1 year. Coherence and cross-spectral phase were es-
timated using Welch’s averaged periodogram method, em-
ploying Hamming windows, 50 % overlap, and segment
lengths equal to one-quarter of each time series, with zero-
padding to the next power of two. The resulting coherence
function provides the fraction of variance in the MHW met-
rics that is linearly and phase-consistently associated with
SOI at a given frequency, while the phase spectrum and cor-
responding time-lag estimates quantify the temporal lead–lag
relationship between the two series.

3 Results and discussion

3.1 Comparative baseline climatology criterion and
database selection

3.1.1 Influence of detection methods on the MHW
metrics

Long-term changes in background climate variability can
substantially influence the detection and characterization of
extreme events, particularly when static climatological base-
lines are employed, as these may fail to represent contem-
porary ocean conditions. Consequently, outdated reference
periods can lead to misrepresentations of the probability of

exceeding or falling below threshold values. This limitation
becomes particularly evident in climate model projections of
SST. For instance, Roselló et al. (2023) demonstrated that,
in a warming Mediterranean Sea, employing a fixed base-
line leads to a saturation of MHW days, reaching 365 dyr−1

by the end of the 21st century under the SSP5-8.5 scenario,
compared with roughly 100 dyr−1 during the past decade.

Results from comparing both methods indicate that the
mean number of MHW days is 27± 25 and 26± 21 dyr−1

for the FB and MB approaches, respectively. The spatial pat-
terns in the mean number of MHW days are highly corre-
lated. Figure 2 reveals the differences in applying the FB
and the MB method on the SWA and PS region. Method-
ological discrepancies were most evident in open-ocean ar-
eas characterized by strong sea surface temperature (SST)
trends (Fig. 2b–d). For example, in the Zapiola Anticyclone
region, where the SST trend exceeds 0.3 °C per decade (see
Fig. 1), the MHW # of days trend reaches 30 d per decade
and attains statistical significance when applying the mov-
ing baseline (MB) approach (see Fig. B1). Conversely, over
the PS, both methodologies produced similar outcomes, in-
dicating that methodological sensitivity is region-dependent
and primarily governed by the magnitude of the prevailing
temperature trends.

3.1.2 Dataset comparison

A comparative assessment of MHWs across the four SST
datasets considered (ESACCI, OSTIA, NOAA, and ERA5)
presents an overall agreement on the frequency, number of
days, and mean intensity of the MHWs with no significant
differences (Table B1). On average, the region experiences
1.9± 2 MHWsyr−1 with a mean number of days of 24 to
28 d and intensities of 1.36± 0.3 °C. There are, nevertheless,
significant differences. However, notable differences emerge
when examining the year-to-year variability. For example,
during the historically intense 1998 El Niño event (Enfield,
2001), the NOAA dataset yielded 81 MHW days over the PS,
whereas the ESACCI, OSTIA, and ERA5 datasets indicated
substantially longer durations (124, 130, and 113 MHW
days, respectively; Fig. 3a). Prior to 2005, the NOAA dataset
consistently yields fewer MHW days and lower intensities
(Fig. 3a), whereas post-2005 values become comparable to,
or in some years exceed, those from the other datasets. These
temporal discrepancies result in a higher long-term trend in
MHW days estimated from the NOAA dataset (10.7 d yr−1

per decade) compared with the ESACCI dataset (5.5 d yr−1

per decade). Nonetheless, despite the magnitude of these dif-
ferences, neither trend is statistically significant (Fig. 3, Ta-
ble B2).

In our case, the ESACCI dataset was selected for subse-
quent analyses because it is specifically designed to provide
long-term, stable, and high-quality climate data records for
SST. Additionally, in our comparative assessment, ESACCI
SST values generally fell within the intermediate range for
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Figure 2. Comparison of two baseline methodologies (FB and MB)
for the detection of MHWs in the PS. (a) Mean number of days
per year of MHWs and (b) trend of the number of days by decade
of MHWs using the fixed baseline approach. (c) Mean number of
days by year of MHWs and (d) trend of number of days by decade
of MHWs using the moving baseline approach. (e) Comparison of
both methodologies on the interannual variability of the mean num-
ber of days in the PS. Delimited green areas stand for a statistically
significant trend (p < 0.05).

the four datasets considered, indicating a balanced represen-
tation that avoids the higher or lower biases observed in some
other products.

3.2 Spatial distribution of MHW parameters and
long-term trends

The distribution of MHW descriptors in the PS reveals an av-
erage frequency of 1 to 2.5 events yr−1 (Fig. 4a). The high-
est occurrence rates (2.5 eventsyr−1) are observed at north-
ern latitudes, particularly in the northernmost part of the
study area and along the southwestern coast of Buenos Aires
Province, and along the northern shelf break. The rest of the

shelf presents lower values with frequencies between 1.5 and
2.0 eventsyr−1 resulting in a consistent cumulative MHW
days of 23 to 28 dyr−1 (Fig. 4b). Temperature anomalies gen-
erally range from 0.5 to 2.5 °C, exhibiting a north–south spa-
tial structure broadly similar to that of MHW frequency but
with sharper and more pronounced gradients (Fig. 4c). The
largest thermal anomalies, (up to 2.5 °C) occur in the north-
ern sector of the study region, whereas values barely exceed
0.5 °C in several coastal areas and around Tierra del Fuego
and the Malvinas Islands. This spatial pattern aligns closely
with the known distribution of tidal energy dissipation in
the PS, as documented by Glorioso and Flather (1997), who
identified particularly energetic tidal regimes in the Gulf of
San Matías and across southern Patagonia. Such regions of
strong tidal forcing are associated with enhanced turbulent
mixing and the modification of vertical stratification. Tidal
mixing is known to exert a major control on heat redistri-
bution in continental shelf seas, with intensified tidal mix-
ing and residual circulation shaping the vertical and horizon-
tal structure of temperature fields (e.g., Tinker et al., 2022).
The correspondence between MHW intensity and areas of
strong tidal influence, therefore, suggests that tidal-driven
mixing processes contribute significantly to the observed pat-
tern (Fig. 4c).

As shown in Fig. 4d and e, the frequency of MHWs and the
cumulative number of MHW days exhibit significant positive
trends north of approximately 42–44° S, indicating an inten-
sification of MHW activity in the northern region. MHW fre-
quency increases at a rate of 0.5 to 1.5 events per decade,
while the cumulative number of MHW days rises by 10–20 d
per decade (Fig. 4d and e). In contrast, no significant trends
are detected south of these latitudes, except for a few iso-
lated locations near Tierra del Fuego, where significant cool-
ing trends emerge (−0.2 °C per decade, Fig. 4f). This spa-
tial pattern is broadly consistent with the SST warming trend
shown in Fig. 1b which indicates that the long-term increase
in MHW frequency is likely driven, at least in part, by the
background warming of the ocean. Notably, the reduction in
MHW activity at the southern tip of the Argentine Shelf co-
incides an increase in the frequency and # of days duration
of Marine Cold Spells (MCSs; Schlegel et al., 2021), which
are intensifying at rates of 0.5 to 1 event yr−1 per decade
and 5 to 10 dyr−1 per decade, respectively (Fig. C1). Over-
all, MHW intensity across the PS shows a slight decline of
approximately −0.2 °C.

3.3 Seasonality of MHWs in the PS

The probability of occurrence of MHW events and the num-
ber of MHW days over the PS exhibit weak seasonality
(Fig. 5a and b). The seasonal probability of MHW onset
ranges from 0 % to 20 %, with a standard deviation of the
same order of magnitude (not shown). The season with the
lowest probability of MHWs onset is winter in the southern
portion of the PS (< 43° S); however, in the northern portion
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Figure 3. Dataset comparison for MHWs assessment in the PS. (a) Interannual variability in the number of MHWs days per year. (b) Mean
annual MHW intensity. Dotted lines represent the linear fits to each corresponding dataset (see Table B2 for statistics).

of the shelf, the behavior is similar to that observed during
the other seasons. Regarding the number of MHW days, aus-
tral spring registers the lowest MHW activity, with an aver-
age of approximately 1.8 d per month. In contrast, the mean
number of MHW days increases markedly during summer,
and to a lesser extent during autumn, with summer months
exhibiting an approximately 40 % increase in MHW days rel-
ative to spring. The standard deviation of the seasonal mean
values is, in some cases, even higher than the mean (rang-
ing from 3 to 9 d per month, not shown), indicating that the
seasonal cycle in the average number of MHW days is weak,
despite the presence of seasonal differences.

Air–sea heat fluxes play a pivotal role in modulating cu-
mulative MHW intensity during the warm season (Wang
and Zhou, 2024). Consistent with this, the highest MHW
intensities (> 2.5 °C) occur during austral spring and sum-
mer, particularly along the northern shelf break and near
the Río de la Plata (Fig. 5b). In contrast, during autumn
and winter, MHWs seldom exceed 1.5 °C, especially within
the mid-shelf region. In addition, MHW intensities exhibit
a pronounced seasonal latitudinal migration: events exceed-
ing 2 °C extend northward from the Malvinas region dur-
ing spring and summer, while shifting toward lower lati-
tudes (∼ 38° S) in winter. The highest intensities are ob-
served along the shelf break and in open waters, suggest-
ing that enhanced vertical mixing, driven by wind or tides,
and the northward coastal flow of the Magellan plume may
modulate MHW intensities in shallower shelf areas. Tempo-

ral trends in MHWs reveal marked seasonal variability, with
the most substantial long-term changes occurring in event #
of days rather than intensity (Fig. D1). Across much of the
PS, the number of MHW days shows stronger positive trends
during autumn and winter, reaching increases of up to ∼ 2
additional days per month per decade. These seasonal exten-
sions are particularly relevant for assessing some ecological
impacts, such as the effect of MHWs on secondary phyto-
plankton blooms, which typically occur in late autumn and
have been reported to increase in frequency in recent years
(Delgado et al., 2023).

3.4 Interannual variability of MHWs

The leading empirical orthogonal function mode (EOF1) of
the annual number of MHW days per year and mean MHW
intensity accounts for 63.5 % and 40.8 % of the total vari-
ance, respectively (Fig. 6a and b). Both temporal modes ex-
hibit pronounced interannual variability and are significantly
correlated (r = 0.57; p < 0.05). Despite their temporal cor-
relation, their corresponding spatial patterns differ in the lo-
cation of maximum variability. For example, the northern
sector of the shelf break displays greater variability in MHW
intensity than in cumulative duration of the events (number
of days), with temperature anomalies reaching up to 1.5 °C
above the mean MHWs intensity during extreme events. In
contrast, several shelf regions, including the inner and mid-
shelf areas off Peninsula Valdés, the vicinity of the Malvinas
Islands, and the southern Santa Cruz mid-shelf, accumulate
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Figure 4. (a) Mean frequency, (b) number of cumulative days, and (c) intensity of MHWs in the PS. Corresponding trends are shown in (d),
(e), and (f) (values per decade). Areas in green indicate statistically significant trends (p < 0.05).

Figure 5. Seasonal patterns of MHW. (a) Mean Probability of MHWs occurrence (%). (b) Average number of MHW days per month for
each season. (c) Average MHW intensity (°C) by season.
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Figure 6. Spatial patterns of the first EOF modes of the interannual variability in (a) number of days, (b) mean intensity and (c) the
corresponding time series of expansion coefficients overlayed on monthly (grey) and annual mean (black) SOI index. El Niño (la Niña)
phases correspond to negative (positive) SOI indexes.

MHW days. At these locations, extreme events have eventu-
ally lasted 30 to 110 d longer than average conditions during
peak years.

The coherence between SOI and the PC1 of the annual
number of MHW days is weak across all timescales, with
only modest peaks near ∼ 3 and ∼ 7 years (coherence <

0.18), suggesting that although some interannual and early-
decadal covariability exists, the response of MHW days to
ENSO forcing is limited and likely masked by regional
and local atmospheric–oceanic processes and noise. The
mesoscale structures visible in Fig. 6a further support the in-
fluence of these autochthonous processes. In contrast, the co-
herence between SOI and MHW intensity exhibits a stronger

peak at 4–5 years (coherence ∼ 0.55), indicating a more ro-
bust ENSO imprint on thermal anomalies. A lag of approxi-
mately 0.5 years is found in both metrics between SOI fluctu-
ations and MHWs interannual variability, as represented by
the leading EOF. These differences in the degree of coupling
between MHWs and climate indicate that the mechanisms
controlling how intense MHWs become are more tightly
linked to large-scale climate variability than those govern-
ing how often they occur. Hence, ENSO modulates the mag-
nitude of thermal anomalies more effectively than the fre-
quency of events.

This interpretation is consistent with previous studies re-
porting a strong association between MHW properties in the
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southwestern Atlantic and the positive phase of the SOI,
characteristic of La Niña conditions, which favor the de-
velopment of persistent high-pressure systems (Artana et
al., 2024; Rodrigues et al., 2015). However, this linkage is
not ubiquitous across the region. For instance, over the La
Plata River plume and the Uruguayan coast, an exception-
ally strong MHW occurred in 2017 with no apparent con-
nection to La Niña conditions. Manta et al. (2018) attributed
this event instead to the influence of the Madden–Julian Os-
cillation and persistent atmospheric anomalies, including un-
usually high air temperatures and weak wind speeds. Over
the Patagonian Shelf, local processes such as wind forcing,
coastal currents, and tidal mixing likely play a key role in
modulating both MHW intensity and duration. The com-
plexity of the coastal system introduces non-linear interac-
tions between stratification, advection, and mixing that can
amplify or dampen temperature anomalies independently of
large-scale forcing. This interplay between large-scale and
regional drivers likely explains the weak statistical correla-
tions observed, while still producing the spatially coherent
patterns captured by EOF1.

4 Summary and future perspectives

The ecological and societal impacts of MHWs are an issue
of growing concern. While the consequences of the most in-
tense warming events are well-documented across entire ma-
rine foodwebs (Samhouri et al., 2021; Suryan et al., 2021),
some ecological impacts may arise from the cumulative im-
pact of recurrent high-temperature events or from prolonged,
albeit less intense, thermal anomalies. The present study pro-
vides a comprehensive analysis of MHWs-related tempera-
ture anomalies in the PS, a highly productive and biologically
diverse marine region. The observed MHW intensities (0.5–
2.5 °C) fall within the range reported for other worldwide re-
gions (Wang and Zhou, 2024). However, a positive trend in
cumulative MHW days across the northern PS (10–20 d per
decade) suggests that persistence, rather than intensity, may
ultimately pose the greater environmental challenge.

In general, the definition of extreme events remains a crit-
ical issue for ensuring consistency in research and for fa-
cilitating effective communication among marine scientists,
policymakers, and the public (Smith et al., 2025). The de-
tection and characterization of MHWs are particularly sen-
sitive to methodological choices, which can substantially in-
fluence their interpretation. In this study, we compared the
outputs of four different SST datasets and two methodolog-
ical approaches, FB and MB, across the PS. Although mean
MHW metrics were broadly consistent across datasets and
methods, notable discrepancies emerged when analyzing in-
dividual events or short time periods (e.g., spanning only a
few years). Over the PS, both methodologies yielded com-
parable results, suggesting that methodological sensitivity is

region-specific and influenced by the magnitude of underly-
ing temperature trends.

Within the PS, the highest occurrence of MHWs is ob-
served in the northern sector, particularly near the La Plata
Estuary, where surface temperatures are generally higher
(mean ∼ 17 °C), as well as in specific regions along the con-
tinental shelf. The observed increase in the number of MHW
days in these areas may be linked to shifts in the position
of the latitudinal sea surface temperature (SST) gradient. In
contrast, MHW intensities appear to correspond more closely
with regions of strong tidal influence, suggesting that intense
tidal mixing may moderate the magnitude of thermal anoma-
lies. Nonetheless, the presence of persistent coastal warming
hotspots deserves further analysis.

Part of the variability of MHWs intensity and number of
days can be attributed to climate variability. The interannual
variability analysis indicate that while the frequency and per-
sistence of MHWs over the PS are largely governed by lo-
cal ocean–atmosphere processes, the intensity of the events
exhibits a modulation by ENSO (La Niña) at interannual
timescales (4–5 years). This contrast highlights that large-
scale climate variability plays a potential role in shaping
thermal anomalies, even in a region strongly influenced by
local and regional dynamics. Given the increasing strength
of La Niña events (Geng et al., 2023), it is crucial to moni-
tor regions with high interannual variability, especially those
showing significant positive trends, such as the Península
Valdés front and the northern shelf-break front, which are
highly relevant ecological environments for biodiversity and
biological productivity. Additional mechanisms, including
regional atmospheric processes, may also exert a significant
influence and should be considered in future analyses of the
driving mechanisms.

Appendix A: Mean sea surface temperature in the
southwestern Atlantic Ocean

Figure A1. Mean sea surface temperature (SST, °C).
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Figure B1. Comparison of both methodologies on the interannual
variability of the mean number of days in the ZA.

Appendix B: Comparison of marine heatwave detection
methods in the southwestern Atlantic

Nearby the PS in the SWA, particularly in the Zapiola An-
ticyclone, using the fixed baseline method, the trend in
MHWs days shows values 3-fold higher than with the mov-
ing baseline method for the period 2001–2021, with 33 and
11 MHWsyr−1 per decade, respectively (Fig. 2e). Similarly,
the weak negative MHW days trend east of the Brazil Cur-
rent using a fixed baseline becomes statistically significant
using a moving baseline strategy. Over the Patagonian shelf,
differences between both methods are weaker (Fig. 2), and
the impact on the long-term trends is mostly negligible.

Beyond the choice of baseline type, the length of the base-
line climatology can also exert a strong influence on marine
heatwave (MHW) statistics. Although somewhat subjective,
there is general agreement for FB approaches that a baseline
period should span at least 30 years (WMO). To illustrate the
sensitivity to baseline length, we examine how different cli-
matology windows affect MHW statistics in the ZA region,
where sea surface temperature (SST) trends are significant
(Fig. B2a). Figure B2b illustrates the number of MHW days
per year calculated using different baseline lengths ranging
from 5 to 40 years (Fixed Baseline method starting in 1982).
When using a 30 year baseline climatology (1982–2011), the
average number of MHW days is approximately 45 yr−1. We
find that the highest number of MHW days occurs with a
16 year baseline climatology (∼ 75 dyr−1), while the lowest
(∼ 30 dyr−1) is observed using a 40 year baseline climatol-
ogy. Spatially, the length of the baseline climatology asso-
ciated with the maximum number of MHW days is shown
in Fig. B3 and closely resembles the map of SST trends
(Fig. 1c). This preliminary analysis highlights the need for
further investigation into the influence of baseline length, es-
pecially in regions with strong decadal SST variability, such
as the northwest Pacific, where the Pacific Decadal Oscilla-
tion plays a major role. The sensitivity of MHW trends to
baseline length is further illustrated in Fig. 3c.

Table B1. Marine Heat Waves Statistics. Mean and standard devia-
tion (from yearly time series) values are computed for the Patago-
nian Shelf.

Dataset Frequency Number of Days Mean intensity
(#MHW per year) (#Days per year) (°C)

ESACCI 1.9± 2.0 25.3± 33.6 1.36± 0.30
OSTIA 1.9± 2.0 24.8± 33.3 1.36± 0.30
NOAA 2.0± 2.1 23.6± 30.5 1.44± 0.28
ERA5 2.1± 2.2 28.0± 37.9 1.31± 0.25

Table B2. Marine Heat Waves dataset trends statistics for the Patag-
onian Shelf. In bold, statistically significant (95 % confidence).

Dataset Slope Slope
(#Days per year) (mean intensity °C per year)

ESACCI 0.5± 0.7 −0.0055± 0.0058
OSTIA 0.4± 0.7 −0.0051± 0.0058
NOAA 1.0±0.5 0.0012± 0.0058
ERA5 0.6± 0.7 0.0037± 0.0072
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Figure B2. (a) SST anomaly (°C) in the Zapiola anticyclone. (b) Number of MHW days per year (averaged over 1982–2021) for different
baseline period lengths (in years) ranging from 5 to 40 years (starting in 1982). (c) same as (b) for the trend in MHWs days [#days per year
per decade].

Figure B3. Length of the Baseline period [in years], when the 1982–2021 mean (a) and trend (b) MHWs days is maximum.
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Appendix C: Marine cold spells in the Patagonian Shelf

Figure C1. Marine Cold Spells in the Patagonian Continental Shelf. Mean frequency (a), number of days (b), intensity (c); trend per decade
of frequency (d), number of days (e), intensity (f).
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Appendix D: Marine heatwaves seasonal trends in the
Patagonian Shelf

Figure D1. Seasonal Marine Heatwaves trends in number of days per month per decade and mean intensity (°C per decade).
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