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Marine heatwaves are events of extreme warming in the ocean and have devastating consequences
for marine life. Here we used a K-mean clustering analysis to detect different types of marine
heatwaves along the South American coast from 10°S to 45°S and identify their remote drivers. In the
central part of the domain, marine heatwaves are associated with atmospheric blocking caused by
wave trains triggered by the Madden-Julian Oscillation. On the other hand, marine heatwaves
occurring along the northern and southern coast of South America are associated with El Nifio and La
Nina events, respectively. The intensity and duration of these marine heatwaves are modulated by the
development phase and intensity of the Nifio and Nifia events. By identifying the climatic modes of
variability leading to each type of marine heatwaves, our study can help develop adaptation strategies,
such as early warning systems, to prevent the devastating effects of marine heatwaves.

The ocean absorbs around 89% of the excess heat generated by human-
induced greenhouse gas emissions', and as a consequence, extreme events of
ocean warming called Marine Heatwaves (MHWs) are becoming more
frequent and intense globally”. Even though trends in ocean warming during
the last decades are positive in almost all the world’s oceans, there are
hotspots of warming in highly biologically productive areas. The western
South Atlantic, spanning from 10°S to 45°S, is one of these hotspots, with
trends in sea surface temperature (SST) surpassing 0.3 °C per decade in
some regions (Fig. 1).

Regions of extreme warming are expected to present a high occurrence
of MHWs  as well’. These events have devastating consequences for marine
ecosystems ranging from habitat shifts and changes in population structure
to high mortality of various marine species’. Specifically for the western
South Atlantic, MHWS s have been reported to impact primary productivity,
yellow clams and corals™.

MHWs have different drivers. They can be locally generated either by
air-sea fluxes or ocean dynamics and remotely by modes of climate varia-
bility, such as El Nifio Southern Oscillation (ENSO)’. For the western South
Atlantic between 20°S and 30°S, Rodrigues et al.® showed that atmospheric
blocking, associated with high-pressure centres, inhibits cloud formation
over the region, increasing shortwave radiation into the ocean. Together
with weaker winds that reduce evaporative cooling, atmospheric blocking
leads to MHW s in the region during austral summer. In turn, the atmo-
spheric blocking is remotely driven by the Madden-Julian Oscillation
associated with deep convection over the Indian Ocean. Later, Sen Gupta
et al."’ showed that a large fraction of the most extreme MHWs in the
subtropical oceans are associated with persistent atmospheric high-pressure
systems and weakened surface winds, similar to the western South Atlantic.

Ocean heat advection can be important for driving MHWs along the
Brazil Current. Goes et al."' showed that a westward propagating oceanic
feature with a periodicity of 3-5 years modulates the interannual variability
of MHWs in the western South Atlantic. In the Brazil-Malvinas confluence
region, an increase in the eddy activity associated with the Brazil Current
extension can enhance warming over the region, leading to MHWs'>".
More generally, mesoscale eddies have been identified as a relevant feature
involved in the development and dissipation of MHWSs across various
western boundary regions'.

Despite the existing studies on the western South Atlantic, a compre-
hensive characterisation of the MHWSs along the South American coast is
still lacking. Quantifying MHW characteristics is key for the establishment
of connections between these events and their effects on marine
ecosystems”'*'°. Moreover, such MHWs characterisation and systematic
analysis are necessary to improve their short-term (seasonal) prediction and
long-term projections under climate change, as the occurrence of MHWs
has increased in this region over the past decades and will continue to do so
in the future®”. For this reason, the main objective of this study is to
characterize MHWs along the coast of South America between 10°S and
45°S by applying cluster analysis to the Mercator Ocean High Resolution (1/
12°) Ocean reanalysis (GLORYS12) for the period of 1993-2019. We will
show that the different types of MHW:s identified by the cluster analysis are
associated with different modes of climate variability.

Results

Marine heatwaves characteristics in the western South Atlantic
The characteristics of MHW:s along the western South Atlantic coast vary
considerably with latitude (Fig. 2). In the northern domain, MHW events
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Fig. 1 | Sea surface temperature in the western
South Atlantic. a Mean sea surface temperature (in
°C) and b sea surface temperature trends (in °C
decade ') computed from GLORYS12 reanalysis for
the period of 1993-2019. Only values statistically
significant at the 95% confidence interval using a
Mann-Kendall test are plotted. BC stands for Brazil
Current and MC for Malvinas Current. The 300 m
and 3000 m isobaths are indicated with black
contours.
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occur on average 1.5 times a year with a mean duration of 30 days, mean
intensity of 0.7 °C and maximum intensity of 0.9 °C (circles in Fig. 2b-e),
whereas in the central domain, they occur on average 2 times a year
with a mean duration of 17 days, mean intensity of 1.5 °C and maximum
intensity of 2°C (squares in Fig. 2b-e) and in the southern domain
they occur on average 3 times a year with a mean duration of 10 days,
mean intensity of 4 °C and maximum intensity of 7 to 10 °C (stars in
Fig. 2b-e).

Note that the frequency of MHWs can be considered in terms of the
number of MHW days per year (Fig. 2a). In this case, the northern domain is
exposed to a higher number of MHW days. Moreover, the longest events
(lasting more than 5 months) are exclusively observed in the northern
domain (Fig. 2g), and the most intense events (reaching more than 10 °C)
are found in the southern region (along the Brazil-Malvinas Confluence)
between 35°S and 45°S (Fig. 2g). Therefore, from the northern to the
southern domains, MHW events become more frequent and stronger but
less persistent (Fig. 2g). For this reason, higher values of cumulative
intensity, which accounts for both frequency and intensity, are found in the
southern region (Fig. 2f). In summary, the northern domain is dominated
by longer and weaker MHW:s and the southern domain by shorter and more
intense MHWSs, whereas the central domain has middle of the range
characteristics (Fig. 2g). It is worth noting that the same spatial distribution
in the MHW characteristics is observed when the trend is removed from the
SST maps (Supplementary Fig. 1).

In order to separate the different MHWs into groups according to their
characteristics, we applied a K-mean clustering analysis (see methods for
more details). The clustering identified seven different groups for the studied
region (Fig. 2h). Each group is constrained to a particular geographical
region (white colours in Fig. 3 indicate that the group is never active in those
regions). Groups 1 and 2 comprise MHWs from the northern part of the
study area (Fig. 3a, b, h, i). These episodes are not very intense (mean of
1°C). Group 1 selects extremely long-lasting heatwaves (mean duration of
50 to 70 days), while Group 2 gathers shorter ones (mean duration around
10 days). Groups 3 and 4 encompass MHW: s from the central region of the
study area. MHWSs belonging to this group show a low to moderate mean
intensity (1-2 °C) (Fig. 3¢, d, j, k). MHWs from Group 3 are on average short
in duration, while those from Group 4 are longer (30 days). Lastly, Groups 5,
6,and 7 select MHWs in the southern part of the study region, in the vicinity
of the Brazil Malvinas Confluence (Fig. 3e-g, 1, m, n). The MHWS range
from high to extreme intensity (mean of 2-5 °C) and vary in duration (mean
of 5 to 15 days).

We then explored the seasonality of the MHWSs belonging to each
group. Figure 4 shows the total number of event days that occur each month

for each group over the entire period. Certain clusters identify episodes that
are more common during a given season. For example, there is a larger
number of MHWS occurring in austral summer for Groups 1, 4, 6 and 7.
Groups 1 and 7, with 87 and 13 events respectively, have their peak in
March. Groups 4 and 6 peak, with respectively 61 and 6 events, have their
peak in February. Group 1, with 77 events, also has a secondary peak in May.
Group 5 with 15 events peaks predominantly in winter (August). Group 2
shows an increase in the number of events during fall and spring.

In Table 1, we provide a summary of the MHW characteristics inferred
from this section. The different “flavours” of MHWSs could indicate different
drivers at play. These MHW drivers will be investigated in the following
section.

Drivers for each type of MHWs

To identify the different drivers for each group, we computed monthly time
series considering the percentage of pixels from the total that corresponds to
each group (Fig. 5). Interestingly, Groups 1 and 4, associated with longer-
lasting MHWsS, present larger peaks in their time series in the last decade,
while Groups 2 and 3, which select shorter MHW:S, present more intense
peaks at the beginning of the time series.

Since ENSO is an important mode of climate variability impacting the
western South Atlantic and eastern South America'**’, we computed the
correlation between the time series and ENSO index (Tab. 1). We find a
particularly large and positive correlation between Group 1 and 2 and
negative correlation with Groups 5, 6 and 7. This suggests that El Nifio plays
a role in developing long-lasting MHWs located in the northern region,
while La Nifa is important for developing intense MHWs in the southern
region.

To gain some understanding of the connection between ENSO and
MHWs, we calculated composites of SST anomalies for each group (Fig. 6)
by selecting the dates in which the time series of MHW pixel percentage
exceeds two standard deviations (black line in Fig. 5). Groups 1 and 2 appear
to be linked to warm SSTs in the equatorial Pacific. Specifically, SST com-
posites indicate that summer MHWS from Group 1 correspond to well-
developed El Nifios, while MHWS from Group 2 are associated with either
the onset or decay phases of El Nifio events. Significant and positive SST
anomalies are also observed in the Indian Ocean and in the South Pacific for
the composites of MHWSs from Group 1. These patterns correspond to the
classic SST anomalies observed during El Nifio*". In contrast, Groups 3 and 4
do not exhibit any particular relationship with Pacific SSTs. Finally, Groups
6 and 7 are linked to La Nifia events (cold anomalies in the equatorial
Pacific). Negative SST anomalies in the equatorial Pacific are particularly
strong for Group 7. In contrast, winter MHWSs from Group 5 are linked to
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Fig. 2 | MHW characteristics in the western South Atlantic from GLORYS12 described in the text. g Scatter plot of MHW:s intensity (°C) vs MHWSs duration
reanalysis. a Frequency (days year'); b frequency (events year'); c duration (days);  (days) with colours indicating the latitude. h Same as g with colours indicating the
d mean intensity (°C); e maximum intensity (°C); f cumulative intensity (°C day). ~ group number obtained from the cluster analysis.
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Fig. 4 | MHWs seasonality by groups. Total number of event days that occur for
each month over the entire period. Event days were considered if MHWS for each
day exceeded a spatial coverage larger than 10%.

weak cold SST anomalies in the equatorial Pacific, probably associated with
either the onset or the decay phases of La Nifa events (Fig. 6).

It is worth noting that the monthly record used here is relatively short,
which probably explains the lack of significance for certain composite
values. However, the composite maps suggest that the intensity of El Nifio
and La Nina events modulates the intensity and duration of MHWs in the
northern part and southern part of the study region, respectively. Fur-
thermore, the SST composites comprising the entire Southern Ocean pro-
vide a broader spatial context to the MHWSs occurring along the western
South Atlantic. In fact, the SST composite also reveals that MHWSs from
Group 5 are confined to the Brazil-Malvinas Confluence, whereas Groups 6
and 7 are linked to positive anomalies extending further south of the study
area, affecting the entire Argentine Basin as well. Indeed, the SST composite
from Group 7 resembles the positive phase of the South Atlantic Dipole
mode (Fig. 6). This is consistent with Rodrigues et al.”’, who showed that La

Nifa events are associated with positive South Atlantic dipole events and
thus warming over the southern region.

Detrended SST composites yield similar spatial patterns to those
described above (Supplementary Fig. 2).

To identify the remote drivers and their teleconnection to the South
Atlantic responsible for each type of MHW, we analysed composites of
geopotential height anomalies in the upper troposphere at 200 hPa (Fig. 7).
The composites reveal distinct patterns: Groups 1 and 2 exhibit a connection
with a wave pattern originating in the central equatorial Pacific, closely
resembling the ENSO-induced Pacific-South American teleconnection
pattern (PSA2). In the Southern Hemisphere, this teleconnection corre-
sponds to the third leading pattern of atmospheric variability” ™. In
agreement with Rodrigues et al.”’, we observe that the PSA2 influences the
South Atlantic temperatures through the establishment of a persistent high-
pressure system (not shown) forced by strong positive anomalies of geo-
potential height at 200 hPa (Fig. 7a, b).

Groups 3 and 4 patterns near the South Atlantic closely resemble those
documented in Rodrigues et al.’. As shown by these authors, Rossby wave
trains that originate in the Indian Ocean generally travel with the atmo-
spheric jet up to the western South Atlantic and generate a positive anomaly
of geopotential height over the central region. The latter leads to

Table 1 | Summary of MHWs characteristics for each group
and correlation coefficient (R) between group time series and
ENSO index (El Nifio-Southern Oscillation)

Communications Earth & Environment| (2024)5:555

Group Region Intensity Duration Peak season R (ENSO)
1 Northern ~ Weak Long Summer and fall  0.48
2 Northern ~ Weak Short Fall and spring 0.24
3 Central Weak Short Summer -
4 Central Moderate Long Summer -
5 Southern  Very intense  Short Winter -0.19
6 Southern  Moderate Short Summer —0.34
7 Southern  Intense Short Summer —0.38
Only statistically significant values at the 95% confidence level are shown.
4
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Fig. 5 | Contribution of each group for the MHW:s over the study area. Monthly
time series of the percentage of pixels for each group contributing to the total number
of pixels with MHWs in the whole domain. The positive and negative phases of

0
93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19

ENSO are indicated by red and blue stripes, respectively. The black straight lines
represent 2 standard deviations. Panels on the right indicate the intensity of the
MHWs for each group, as in Fig. 3a-g.

atmospheric blocking over the region, suppressing the South Atlantic
Convergence Zone, its associated convection and clouds, leading to more
shortwave radiation into the ocean and, thus, MHWs. This wave pattern is
associated with the Madden-Julian Oscillation (MJO), which triggers
atmospheric blocking that contributes to the onset of MHWs in the central
part of the study area. Indeed, the composites of outgoing longwave
radiation (OLR) for Groups 3 and 4 show a pattern very similar to phase 2 of
the MJO, which is associated with enhanced convection in the eastern
Indian Ocean (negative values of OLR in Supplementary Fig. 3). Moreover,
the MJO is active during 93 and 94% of MHW s from Group 3 and Group 4,

respectively (c.f. methodology, section 4.7). Negative OLR anomalies over
the Indian Ocean are larger in composites from Group 4 than those in
Group 3. This is consistent with larger geopotential height anomalies over
the central region associated with Group 4 (Fig. 7). The wave train associated
with Group 4 is more developed and presents larger geopotential anomalies
than those from Group 3, suggesting that the intensity and phase of the MJO
modulates the MHWS intensity and duration in the central part of the
study area.

Finally, Groups 5, 6, and 7 are associated with a wave train pattern
originating in the equatorial Pacific associated with La Nifia events that
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Fig. 6 | Large-scale SST patterns associated with 15°N
each MHW group. Composite of SST anomalies for
each MHW group (see Methods for more details).
The black dots indicate regions where composites
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results in a high-pressure system located to the south that probably drives
the development of MHW: s in the vicinity of the Brazil-Malvinas Con-
fluence. The wave pattern for Group 5 is distorted in the zonal direction, and
geopotential height anomalies are relatively low as the associated MHWSs
occur during winter when La Nifa events are weak in their onset or decay
phases. Notably, this group, which is linked to MHW s confined to the Brazil

Malvinas Confluence region (as shown in Fig. 6e), is associated with a
localised anticyclonic circulation that results in northerly winds capable of
inducing a southward displacement of the Subtropical Front and thus the
confluence region allowing warmer waters from the Brazil Current to reach
further south (Supplementary Fig. 4). The composite of the wind stress curl
anomalies for Group 5 (Supplementary Fig. 4b) shows large positive values
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Fig. 7 | Large-scale atmospheric patterns associated with each MHW group.
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5ms”, starting at 20 m s~ The black contours delimit regions where composites
are statistically significant at the 95% confidence level. The right panels indicate the

intensity of the MHW: s for each group, as in Fig. 3a-g.

along the Subtropical Front (southern edge of the subtropical gyre) asso-
ciated with an intensification and southward displacement of the South
Atlantic subtropical high (anticlockwise atmospheric circulation in Sup-
plementary Fig. 4a). This leads to a more intense Brazil Current advecting
warm waters to the south, and thus a southward displacement of the con-
fluence region and more eddy activity, generating the MHWs there (Sup-
plementary Fig. 4c). The corresponding persistent atmospheric high

systems for each group probably responsible for the development of the
MHWs are located in regions where the low level jet slows down (grey solid
contours in Fig. 7), and the wave trains tend to veer (e.g. refs. 25-27).

In summary, the intensity and duration of MHWS from Groups 3 and
4 are modulated by the MJO phase and corresponding intensity, while those
of Groups 1 and 2 and those from Groups 5, 6, and 7 seem to be modulated
by the development phase and the intensity of El Nifios and La Nifas,
respectively. As such, the correlations between the group time series are
negative for Groups 1-2 associated with El Nifios against Groups 5-7
associated with La Nifas, are positive between Groups 5-6 and Group 7, all
associated with La Nifas, and not significant against Groups 3 and 4 that are
driven by MJO (Supplementary Table 1).

Discussion

This study provides a comprehensive characterisation of MHWs  along the
Brazilian Coast, encompassing their properties and underlying physical
drivers. In agreement with findings from Rodrigues et al.’, we observed that
MHWs occurring in the central part of the domain are primarily driven by
atmospheric blocking events associated with the Madden-Julian Oscillation.
In contrast, MHWSs occurring in the northern and southern areas are linked
respectively to El Nifio and La Nifa events, through atmospheric tele-
connection patterns that lead to the development of persistent high-pressure
systems. Furthermore, we observed that the intensity and duration of
MHWs are modulated by the intensity and duration of El Nifio and La Nifa
events.

Our analysis links local extremes with remote drivers and large-scale
climate modes of variability following an “inside-out” approach (as defined
by Chapman et al.*®). First, MHWSs were detected and then large-scale
drivers were identified. However, we did not investigate the local drivers.
Recently, an outside-in approach has been proposed by Chapman et al.”*. In
this methodology the authors identify first large-scale patterns associated
with extreme SST by employing an Archetype analysis to go from global to
local scales. This methodology allows distinguishing events driven by large-
scale modes of climate variability and those dominated by local processes.
Local processes certainly play an important role in maintaining the MHWSs
once they have been triggered. This could be particularly the case for MHW's
belonging to Group 4, which are long-lasting (>30 days) and seem to be
triggered by the MJO which only lasts a few weeks. As a result, composite
maps may include days when the MJO is not active. This probably explains
why the MJO Rossby waves associated with Group 3 and 4 are not as distinct
as those identified in Rodrigues et al.’. Similarly, Group 5 corresponds to
winter MHWs highly localized to the Brazil-Malvinas Confluence.
Although the composite maps show negative SST anomalies over the
equatorial Pacific, the anomalies are relatively weak. This is in agreement
with the wave train observed in the geopotential height composite, which is
also relatively weak and distorted in the zonal direction. This is consistent
with the fact that austral winter is either the onset or decay phase of ENSO.
Moreover, the impacts of ENSO teleconnection can be more intense in other
seasons rather than the mature season (austral summer). Our interpretation
is then that seasonal phase lock with local factors might contribute to the
development of this type of event, such as intense eddy activity at the
confluence or frontal displacements of the subtropical front. Finally, we did
not investigate other processes that can lead to a time lag between the more
rapidly remote atmospheric forcing and the slower ocean response that can
set favourable conditions for the development of MHWs. For instance,
Morrow et al.”’, showed that changes in winds near the Southern Ocean can
increase eddy activity 2-3 years later, subsequently impacting SST along the
Southern Ocean fronts. Recently, Goes et al."!, showed that large-scale ocean
circulation at interannual time scales (an oceanic westward propagating
mode with 3-5 years of periodicity) may set a baseline for temperature
extremes or interact with these events.

Given that ENSO and MJO provide a certain degree of predictability,
our findings linking each type of MHW to specific modes of climate
variability lay the foundation for MHW forecasting and the development of
strategies such as early warning systems to mitigate the dramatic impacts of
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MHWs on ecosystems. For example, the southernmost reefs located in the
region influenced by Group 1 (17°S), have been historically spared from
ocean warming due to turbid waters reducing solar irradiance. However,
they experienced an unprecedented MHW in 2019 that caused a cata-
strophic decline in coral cover®. From December 2018, the ENSO index was
significantly high (0.7), and five months later, Group 1 showed a record peak
in April 2019. Another example is the 2017 MHW, one of the most extreme
in the western South Atlantic in the region™ associated with Group 4, which
led to mass mortality of yellow clams, devastating populations across
Uruguay, Argentina, and Brazil. This event also triggered toxic algal blooms,
leading to the closure of recreational beaches. From January to March 2017,
the MJO was particularly active, and the Group 4 time series peaked in
February 2017. These two cases illustrate the societal relevance of our study.
A precise knowledge of the relationship between ENSO, MJO, and MHWSs
at that time could have helped to anticipate the most vulnerable regions and
potential intensity of the MHWs. Establishing connections between MHW
characteristics and their biological impacts is essential for addressing the
devastating effects of such events. Future research should focus on linking
MHW typologies with ecological and socioeconomic changes to help pre-
dict future potential effects.

Methods

Satellite sea surface temperature

The daily SST data used were obtained from the National Oceanic and
Atmospheric Administration Optimum Interpolation Sea Surface Tem-
perature (NOAA OISST V2.1""). The data are freely available on the
NOAA website https://www.ncei.noaa.gov/data/sea-surface-temperature-
optimum-interpolation/v2.1/access/avhrr/. This data set is an interpolation
of remotely sensed SSTs from the Advanced Very High-Resolution
Radiometer (AVHRR) imagery into a regular grid of 0.25 and daily tem-
poral resolution from 1981 to the present.

Atmospheric reanalysis
Monthly atmospheric fields were obtained from the fifth-generation
ECMWEF reanalysis (ERA5"). ERA5 has a spatial resolution of 0.25° and
covers the period 1940 to present. This atmospheric reanalysis combines
in situ observations in a model simulation to produce an atmospheric state.
We also used monthly data of interpolated outgoing longwave radia-
tion (OLR) with a spatial resolution of 2.5° for the period 1993-2019
(https://psl.noaa.gov/data/gridded/). The OLR MJO index was obtained
from the Australian Government Bureau of Meteorology (http://www.bom.
gov.au/climate/mjo/).

ENSO index

We used the detrended ENSO index (Niflo 3.4) available at https://origin.
cpe.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php.
El Nifo or La Nifia events are defined when the Nifio 3.4 SSTs exceed
+0.5 °C for a period of at least 6 consecutive months.

Ocean reanalysis

We used daily means of high-resolution (1/12°) global Mercator Ocean
reanalysis for the period of 1993-2020 (hereafter, GLORYSI2) from
Copernicus Marine Environment Monitoring Service (CMEMS, http://
marine.copernicus.eu/)”. GLORYS12 reanalysis uses the reprocessed
atmospheric forcing coming from the global atmospheric reanalysis ERA5
and benefits from a few changes in the system settings about observation
errors. The reanalysis has 50 vertical levels with 22 levels in the upper 100 m,
leading to a vertical resolution of 1 m in the upper levels and 450 m at
5000 m depth. The physical component of the reanalysis is the Nucleus for
European Modeling of the Ocean platform (NEMO). The reanalysis
assimilates observations using a reduced-order Kalman filter with a 3-D
multivariate modal decomposition of the background error and a 7-days
assimilation cycle. Along-track satellite altimetric data from CMEMS®,
satellite sea surface temperature from NOAA, sea-ice concentration, and
in situ temperature and salinity vertical profiles from the latest CORA in situ

databases™”” are jointly assimilated. A 3D-VAR scheme provides an addi-
tional 3-D correction for the slowly evolving large-scale biases in tem-
perature and salinity when enough observations are available***. The high-
resolution ocean reanalysis (8 km) has been extensively validated against
existing observations in the region””*' and has shown good skill in repro-
ducing the front locations (in particular the Brazil-Malvinas Confluence) as
well as the high mesoscale eddy activity in the region. Moreover, it has been
widely used in other regions of the ocean to study MHWs (e.g. refs. 42-44).

The surface MHWs are well reproduced in the reanalysis in terms of
amplitude, frequency and duration (Supplementary Fig. 5). The reanalysis
MHW intensity is larger by about 1 °C compared to the satellite MHW's
intensity at the Confluence region. The reanalysis presents more frequent
MHWs south of 24°S compared to satellite-detected MHW s (3 MHW:S per
year against 2) and less frequent events north of 24°S (1 per year compared
t0 2). The mean duration of the MHW: s is larger in the reanalysis than in the
satellite data by about 10 days to the north of 24°S. The discrepancies
between the reanalysis-detected MHWSs and the satellite-detected MHWS
may be due to the spatial resolution of each product (1/12° vs 1/4°). The
interpolation involved in the satellite product due to cloud coverage can also
lead to the observed differences between the satellite and the reanalysis. The
interpolation artefacts can be somehow smoothed in the reanalysis as
satellite altimetry data is also assimilated (which is not influenced by cloud
coverage). The integrated nature of the reanalysis, combining satellites and
in situ observations with the model dynamics, does not guarantee that all
SST information is retained. Overall MHWSs metrics from satellite and
reanalysis are in good agreement.

MHW detection

Here, we considered the definition proposed by Hobday et al., in which
MHWs are prolonged and discrete events during which the water tem-
perature is anomalously warm, with temperatures exceeding the seasonally
varying 90" percentile for more than five days. This definition has been
implemented to each grid point using a freely available software tool in
Matlab*.

We then computed a set of properties, including frequency, duration,
mean maximum and cumulative intensity and number of MHWs per year™.
These metrics are defined as follows: “mean (maximum) intensity” is the
mean (maximum) temperature anomaly, measured relative to the clima-
tological seasonally varying mean, during the event and “cumulative
intensity” is the integrated temperature anomaly. “Duration” is the number
of days between the event’s start and end dates.

1.45

Clustering method

We used the k-means clustering method" to classify MHWs detected
from the ocean reanalysis (1/12°) in different groups based on common
characteristics. We used mean, maximum, cumulative intensity and
duration as variables for the clustering algorithm. The k-means algorithm
is an iterative method. The obtained distribution did not change among
different initialisations, confirming the robustness of our results. We used
a correlation-based method to determine a suitable number of clusters.
We applied the kmean method to the GLORYS12 SST considering k
values (groups) ranging from 2 to 12. For each k, the algorithm parti-
tioned the data into k clusters. For each k, we computed the mean of each
cluster and created two vectors: The first vector contained the original
data points, the second vector contained the mean values of the corre-
sponding clusters. We then calculated the correlation between these two
vectors. This correlation measures how well the cluster means represent
the original data points. As the number of clusters k increases, the cor-
relation between the vectors also increases. When k equals the number of
data points, each cluster contains a single data point, resulting in a perfect
correlation of 1. The optimal number of clusters is identified at the point
where the correlation stabilizes, even if more clusters are added. This
indicates that increasing the number of clusters beyond this point does
not improve the representation of the data. In our case, the correlation
tended to a constant when considering 7 groups.
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Composite analysis

Composite maps of SST, geopotential height at 200 hPa and OLR were built
by averaging the monthly maps corresponding to the dates on which the
group time series showed values larger than two standard deviations in
Fig. 3. The statistical significance of the composites is evaluated using a
T-student test at the 95% confidence level. Considering the months during
which Group 3 and 4 MHWs are active, we compute the number of days
that the MJO is active within these months using the MJO index from the
Australian Government Bureau of Meteorology.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data used in this study are available online. GLORYS reanalysis data is
freely available at: https://resources.marine.copernicus.eu/products. The
NOAA satellite SST at: https://www.ncei.noaa.gov/data/sea-surface-
temperature-optimum-interpolation/v2.1/access/avhrr/, the atmospheric
fields at: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
pressure-levels-monthly-means?tab=overview, the OLR at https://psl.noaa.
gov/data/gridded/ and the ENSO Index and the MJO respectively at https://
origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.
php and http://www.bom.gov.au/climate/mjo/

Code availability
All analyses were performed using MATLAB. The library used to compute

MHWs characteristics is available at https://doi.org/10.21105/joss.01124.
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