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Marine heatwaves (MHWs) are extreme ocean 
temperature events with significant ecological, 
climatic, and socioeconomic impacts. They occur 
during prolonged periods of abnormally high 
sea surface temperatures and have become 
more frequent, intense, and persistent in recent 
decades due to anthropogenic climate change. 
According to Oliver et al. (2018), factors such 
as atmospheric heatwaves, ocean currents, 
and climate oscillations like El Niño can trigger 
these events. Ecologically, MHWs can cause 
severe stress to marine ecosystems, leading to 

widespread coral bleaching, as observed during 
the 2016 Great Barrier Reef event (Hughes et al., 
2018; Morgan et al., 2017) and during March and 
April 2019 in the Abrolhos Bank (16°40'–19°40'S, 
39°10'–37°20'W), the largest and richest coral 
reefs in the South Atlantic (Ferreira et al., 2021), 
when elevated temperatures caused significant 
coral mortality. Additionally, MHWs alter life cycles 
and distribution of marine species, disrupting 
predator-prey dynamics and potentially leading 
to fishery collapses. Prolonged heatwaves can 
cause loss of kelp forests and seagrass meadows, 
degrading critical habitats that support a wide 
variety of marine life.

Economically, MHWs directly impact fisheries 
(Cheung and Frölicher, 2020) and tourism 
(González Hernández et al., 2023), affecting 
regions dependent on marine resources. These 

The frequency, duration, and intensity of Marine Heatwaves (MHWs) have been increasing, with a notable trend 
in the South Atlantic. This study investigates MHW occurrences over the past five years (August 2019 to April 
2024) using sea surface temperature (SST) data from the Tracker tool and the SiMCosta BA01 buoy, located in 
Salvador, Bahia, Brazil. The Tracker identified 23 MHW events, while the SiMCosta buoy revealed 42 events, 
indicating greater variability due to local dynamics. A particularly significant event occurred in March 2024, with 
a maximum SST anomaly of 2.61ºC. The onset of this warming coincided with an extreme El Niño in the Tropical 
Pacific, suggesting a possible interaction between global climate patterns and local extremes. The identification 
and analysis of MHW events using the SiMCosta buoy highlight the need for continuous and detailed monitoring 
of meteorological and oceanographic data to better assess and understand local climatic extremes and their 
impacts, especially on marine ecosystems and regional economic activities.
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impacts can lead to declines in fish stocks, affecting 
food security and livelihoods. For example, the 
2014-2016 ‘Blob’ event in the Northeast Pacific 
caused significant economic losses in the 
commercial fishing industry due to changes in fish 
populations (Yang et al., 2019) and the occurrence 
of harmful algal blooms (Roberts et al., 2019). 
Smith et al. (2021) explored the effects of MHWs 
globally, highlighting that the economic impact 
of some isolated MHW events resulted in direct 
losses exceeding $800 million and indirect losses 
of up to $3.1 billion in ecosystem services over 
several years. Thus, MHWs have led to harmful 
algal blooms, mass mortality events, and profound 
transformations in entire ecosystems, affecting 
habitats, regulation, and global ecosystem services.

Broadly, MHWs influence climate patterns 
and the global climate system. They intensify 
atmospheric heatwaves and affect precipitation 
patterns, contributing to extreme weather events 
on land. The interconnectedness of marine and 
atmospheric systems makes MHWs crucial 
in climate variability, whose understanding is 
essential to effectively predict and mitigate future 
climate impacts. Researchers have identified a 
significant increase in the frequency, duration, and 
intensity of MHWs globally (Oliver et al., 2018), 
and Costa and Rodrigues (2021) found a rising 
trend in the South Atlantic.

In this study, we investigated MHWs using 
climatological data from the Tracker tool (Schlegel, 
2020) and daily sea surface temperature (SST) 
data collected by the Brazilian Coastal Monitoring 
System (SiMCosta) BA01 buoy, located in 
Salvador, Bahia (Brazil), over the past five years. 
The website marineheatwaves.org provided MHW 
climatology information free of charge, while the 
SiMCosta distributed the in situ SST data. We 
focused on the occurrence of MHWs between 
August 2019 and April 2024 in the Salvador region. 

The SiMCosta BA01 buoy, model WatchKeeper 
(AXYS Technologies), measures the following 
meteo-oceanographic parameters: wind intensity 
and direction, air temperature, atmospheric 
pressure, total solar radiation, wave height and 
direction, coastal current intensity and direction, 
water temperature (SST), salinity, turbidity, dissolved 
oxygen, and chlorophyll concentration. The SST 

sensor is the Seabird Microcat SBE37-SMP-ODO, 
positioned at a depth of approximately 1 m. The 
maintenance team cleans the sensors about every 
30 days. The equipment takes measurements 
every half hour and undergoes regular calibration.

Regarding MHWs, we used the definition by 
Hobday et al. (2016), which considers an abnormally 
warm event as an MHW if it lasts five or more 
days, with temperatures above the 90th percentile, 
considering historical climatology (provided by 
marineheatwaves.org). The NOAA OISST database 
was the basis for the climatology calculated by the 
Tracker. To enhance the climatology applied to the 
buoy data, we calculated the correlation and linear 
regression between NOAA OISST and SiMCosta 
BA01 buoy data over a simultaneous three-year 
period (2019-2022). Since the buoy lacks a 30-year 
data record for establishing its own climatology, this 
approach enabled us to develop a more accurate 
climatology. We observed a strong correlation 
between datasets (r = 0.9, p < 0.05, n = 1096, 
bias = 0.011 ºC). We extracted and analyzed the 
anomalies from the three-year period series and 
found a good correlation (r = 0.53, p < 0.05, n = 1096, 
bias = -2 × 10-16 ºC). Then, we used linear regression 
to adjust the OISST anomaly series and align it with 
the buoy anomaly series from SiMCosta BA-01. 
As a result, it was possible to transform the NOAA 
OISST climatology series by applying the derived 
linear equation between the adjusted SST NOAA 
OISST series and the SST SiMCosta BA-01 series. 
This yielded a high correlation (r = 0.92, p < 0.05, 
n = 1096, bias = 8 × 10-18 ºC), demonstrating that 
the climatology approach employed in this study is 
robust and reliable.

Each MHW event has specific attributes defined 
by Hobday et al. (2016): duration (consecutive 
period during which the temperature exceeds 
the threshold), maximum intensity (highest 
anomaly value during the MHW), mean intensity 
(average temperature anomaly during the MHW), 
and cumulative intensity (sum of daily intensity 
anomalies during the MHW). Annual frequency 
refers to the count of events in a given year. This 
study also used the MHW severity categories, 
a method proposed by Hobday et al. (2018), to 
classify each MHW identified in the study region.
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Finally, air-sea heat fluxes were calculated 
based on Fairall et al. (1996), as implemented 
in the COARE 3.0 model version. The sensible 
heat flux (QH), defined as the heat transferred 
due to the temperature difference between the 
ocean surface and the air immediately above, is 
calculated using:

Q𝐻= ρ ∙ cp ∙ 𝐶𝐻 ∙ U ∙ (T𝑠 – T𝑎)

where 𝜌 is the air density (approximately 
1.2 kg.m-³), 𝑐𝑝 is the specific air heat capacity 
(approximately 1004 J/(kg.K)), 𝐶𝐻 is the sensible 
heat transfer coefficient (a typical value is 
around 1.2 × 10-³), 𝑈 is the wind speed at a 
specific height above the surface (in m.s-1), T𝑠 is 
the sea surface temperature (ºC), and T𝑎 is the 
near-surface air temperature (ºC). The Latent 
Heat Flux (QE) is defined as the heat transferred 
due to water evaporation or condensation at the 
ocean-atmosphere interface. It is calculated using:

Q𝐸= ρ ∙ Lv ∙ 𝐶𝐸 ∙ U ∙ (𝑞𝑠 – 𝑞𝑎)

where 𝜌 is the air density, 𝐿𝑣 is the latent heat of 
vaporization of water (approximately 2.5 × 106 J.kg-1), 
𝐶𝐸 is the latent heat transfer coefficient (a typical 
value is around 1.2 × 10-³), 𝑈 is the wind speed at a 
specific height above the surface, 𝑞𝑠 is the specific 
humidity at the sea surface, and 𝑞𝑎 is the specific 
humidity of the near-surface air.

Data from the meteo-oceanographic buoy also 
helped calculate the shortwave liquid flux (Qsw) 
and longwave liquid flux (QLw), as well as the heat 
balance (Qnet):

Qsw = R ∙ (1 – α)

where R is the incident solar radiation and α 
is the surface albedo (a typical value for water 
is 0.055). QLW is estimated using the Clark 
et al. (1974) bulk formula (Fung et al., 1984):

QLw = εσTs
4 (0.39 – 0.05ea

1/2)(1 – 0.51𝐶2) + 4εσTs
3 (T𝑠 – T𝑎)

where σ is the Stefan–Boltzmann constant 
(5.67 × 10-8 W/m² × K4), ε is the surface 
emissivity (a typical value for water is 0.97), T𝑠 is 
the sea surface temperature in Kelvin, T𝑎 is the air 

temperature in Kelvin, ea is the vapor pressure near 
the surface (calculated using the Tetens equation), 
and 𝐶 is the cloud cover index (which ranges from 
0 [clear sky] to 1 [overcast sky]). 𝐶 is estimated by 
inverting the expression from Reed (1977):

𝐶 =  1.61(1 – Qsw / Qcs + 0.0019n)

where Qcs is the clear-sky radiation (Ångström–
Prescott equation) and n is the solar altitude at noon.

Finally, the heat balance Qnet at the ocean-
atmosphere interface (Hsiung, 1985):

Qnet = Qsw + QLw   + Q𝐻 + Q𝐸

The buoy time series provides data every half 
hour. For daily analysis, data around 2:00 PM were 
selected, as the shortwave liquid flux depends on 
solar radiation, which is absent at night.

Between August 2019 and April 2024, we 
identified 49 MHW events in the SST data 
measured by the SiMCosta BA01 buoy (Table 
1). The Tracker tool identified 23 MHW events 
in the same period and region as the buoy. The 
greater variability in the high-frequency data 
measured by the buoy and the complexity of local 
dynamics justify this difference. Between July 
and November 2023, the Tracker tool detected 
an MHW event lasting 115 days. During this 
period, the SST data from the buoy recorded 
six events, totaling 87 days. This indicates that 
the MHW identified in the Tracker database also 
appears in the SiMCosta data, but with greater 
variability in the latter. This highlights the need 
for a continuous series of meteo-oceanographic 
data, which captures the complexity and real 
conditions of the region, thereby validating 
climate outcomes. Additionally, this data series 
becomes a crucial tool for detecting local climate 
change or abrupt events.

In the analyzed years, the period between 
September and November recorded the highest 
incidence of MHWs in Salvador (Figure 1). 
A continuous warming event was notable 
between September 2023 and April 2024, when 
the Tracker and buoy data classified the MHWs 
as strong. Between March 19 and 21, 2024, data 
from the buoy identified severe warming, with a 
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maximum anomaly of 2.61ºC (Figure 1E). This 
warming coincides with the extreme El Niño event 

in the Tropical Pacific, which occurred between 
November 2023 and January 2024.

Table 1. Characteristics of MHWs identified by the Tracker tool and the SiMCosta BA01 buoy data. Data for 2019 
were analyzed as of August (*). Data for 2024 were analyzed up to April (**). 

year method events nº duration (days) intensity mean (ºC) intensity max (ºC) cumulative (ºC)

2019*
Tracker 5 122 0.93 1.5 127.78

SiMCosta 9 91 0.86 1.80 85.33

2020
Tracker 7 106 0.85 1.17 92.38

SiMCosta 9 119 0.93 1.83 114.18

2021
Tracker 2 49 0.82 1.24 44.72

SiMCosta 4 81 1.06 1.77 86.29

2022
Tracker 3 63 0.85 1.07 54.83

SiMCosta 6 76 0.99 1.79 74.44

2023
Tracker 4 199 0.88 1.59 185.83

SiMCosta 15 169 0.93 1.73 166.26

2024**
Tracker 2 84 1.15 1.72 104.18

SiMCosta 6 83 1.17 2.61 99.72

Figure 1. SST time series and identification of MHWs with seasonal climatology. A) Period between 2019 
and 2020. B) Period between 2020 and 2021. C) Period between 2021 and 2022. D) Period between 2022 
and 2023. E) Period between 2023 and 2024.
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El Niño and the Southern Oscillation (ENSO) 
significantly alter global atmospheric circulation 
(Garfinkel and Hartmann, 2010; Hoerling et al., 
1997; Neelin et al., 2003), affecting Hadley (HC) 
and Walker cells and causing climatic fluctuations 
in the tropics and extratropics via atmospheric 
teleconnections (Taschetto et al., 2020). According 
to Oliver et al. (2018), El Niño generates long-lasting 
and high-intensity MHWs.

In South America, numerous studies explore 
changes caused by ENSO events (Cai et al., 2020; 
Grimm et al., 2000; Medeiros and Oliveira, 2021; 
Rodrigues et al., 2011; Rodrigues and McPhaden, 
2014; Tedeschi, 2015). Recently, Li et al. (2023) 
examined the variability of HC triggered by ENSO 
events and identified a HC decrease in the Tropical 
Atlantic Ocean during El Niño events, which affects 
trade winds in the area. Furthermore, Rodrigues 
and McPhaden (2014) demonstrated that, in 
northeastern Brazil, the SST meridional gradient is 
crucial in determining the position of the Intertropical 
Convergence Zone (ITCZ)— a region known for 
intense cloud formation. Positive SST anomalies 
in the Tropical Atlantic weaken the southeast 
trade winds, shift the ITCZ southward, and alter 
precipitation patterns in the region. Giannini et al. 
(2004) highlight that the weakening of trade winds 
reduces vertical mixing of water and raises SST. 
Discussions suggest that one factor drives the 
other, establishing a cycle that perpetuates SST 
warming and trade wind weakening for a certain 
period, which can favor MHW events.

The Atlantic Meridional Mode (AMM) represents 
a climate variability pattern in the Tropical Atlantic, 
identified with maximum covariance analyses 
between SST and the zonal and meridional 
components of the 10-meter wind field (Chiang and 
Vimont, 2004). This approach detects co-variation 
patterns between SST and surface winds in the region. 
The AMM directly influences the dynamics of the 
ITCZ, modifying rainfall distribution and atmospheric 
circulation patterns in the Tropical Atlantic.  

The AMM generates an anomalous SST gradient, 
shifting the ITCZ toward the warmer hemisphere, 
where SST is higher (Nobre and Shukla, 
1996). During the positive phase of the AMM, 
the ITCZ moves northward, leading to drought 
conditions in northeastern Brazil. Additionally, 

warmer-than-normal SST and weaker vertical wind 
shear during this phase favor the formation and 
intensification of tropical cyclones in the Atlantic 
(Foltz et al., 2012).

The canonical El Niño phenomenon also is key 
in warming the Tropical Atlantic (Amaya and Foltz, 
2014). Figure 2A shows that the severe MHW event 
in March 2024 occurred when both the AMM and 
El Niño 3.4 indices were positive. This combination 
significantly alters atmospheric circulation patterns, 
reduces rainfall, and decreases moisture transport 
from the South Atlantic, leading to droughts in the 
Amazon Basin and northeastern Brazil (Drumond 
et al., 2014).

The maps in Figure 2B display SST anomalies, 
wind speed, relative humidity, and total cloud 
cover from the ERA5 reanalysis for March 2023 
and March 2024. It is evident that SST shows 
positive anomalies throughout the Tropical Atlantic 
in March 2024, with values significantly higher 
than those observed in March 2023. Relative 
humidity also shows higher values in March 2024. 
Regarding wind speed and total cloud cover, the 
maps reveal decreased values in the study region 
between March 2023 and March 2024.

ERA5 reanalysis data from March 2024 
show lower relative humidity in northeastern and 
southeastern Brazil compared to March 2023, 
while northern Brazil and regions near the equator 
recorded increased humidity, likely associated 
with ITCZ displacement. The reduced humidity 
in Bahia resulted in fewer clouds, enabling more 
solar radiation to reach the sea surface and warm 
the water (Figure 2A).

More recently, researchers reported that, in 
addition to the weakening of the HC and Walker 
cells, the Rossby wave train contributed to drier and 
less cloudy conditions during the 2015–2016 El Niño 
in northeastern Brazil (Medeiros and Oliveira, 2021). 
These observations reinforce that climate change, 
driven by global warming, is altering the way ENSO 
events affect atmospheric circulation. This suggests 
that ENSO-related teleconnections will become even 
more complex and unpredictable as the global climate 
continues to warm (Taschetto et al., 2020). Thus, it is 
crucial to focus on processes involving MHW events, 
considering their increasingly significant implications 
in the current climate scenario.
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Figure 2. A) Climate indices AMM (Atlantic Meridional Mode) and Niño 3.4 (source: NOAA Physical Sciences 
Laboratory - https://psl.noaa.gov/data/climateindices/list/). B) Monthly average SST anomalies, wind speed, 
relative humidity, and total cloud cover from the ERA5 reanalysis for March 2023 and March 2024. The coral 
dotted line represents March 2024, marking the occurrence of a severe MHW event.

Data from the SiMCosta BA01 buoy in March 
2024 revealed important meteorological and 
oceanographic characteristics during a severe 
MHW event. During this period, measurements 
recorded low wind speeds (Figure 3A), averaging 
less than 5 m.s-1, indicating relatively calm 
atmospheric conditions, which reduce vertical 
water mixing and elevate SST. Further, the 
data show a significant drop in relative humidity 
(Figure 3B), suggesting the presence of drier air 
masses over the region monitored by the buoy.

Meteorological and oceanographic variables 
provided by the buoy made it possible to 
calculate sensible and latent heat fluxes, which 
are fundamental to understand energy exchange 
between the atmosphere and the ocean. As of 
January 2024, the sensible heat flux began to 
show negative values, indicating a heat transfer 

from the atmosphere to the ocean. This suggests 
that the ocean consistently absorbed heat from 
the atmosphere for three months, contributing to 
the intensification of the MHW event in March. 
Figure 3 illustrates this dynamic. The data indicate 
that weakened winds and decreased humidity 
reduce evaporation and limit latent heat cooling, 
potentially contributing to SST increase. Under 
weak wind conditions, lower turbulence reduces 
heat exchange between the ocean surface and 
the atmosphere, while also restricting the mixing 
of surface water layers. This process inhibits the 
efficient dissipation of energy accumulated at the 
surface during the day through solar radiation, 
leading to higher SST. Decreased evaporation also 
results in less latent heat removal from the system, 
further enhancing surface warming. The graph 
shows a decline in latent heat flux (Figure 3F).
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Figure 3. Time series at 2PM obtained from the SiMCosta BA01 buoy data between 11/2023 and 04/2024. A) wind 
speed, B) relative humidity, C) net shortwave, D) net longwave, E) sensible heat flux, F) latent heat flux, and 
G) net heat balance. The coral-colored shaded area represents the period when the severe MHW event occurred.

In the tropics, the drivers of MHW events 
differ from those in mid- and high-latitudes (Vogt 
et al., 2022). In this event, reduced heat exchange 
with the atmosphere and diminished evaporative 
cooling appear to be the primary contributors 
to SST increase, as shortwave radiation does 
not directly or significantly impact the warming 
observed during this period.  

Vogt et al. (2022) described how reduced vertical 
diffusion initiates MHWs in the equatorial Pacific by 
preventing efficient heat transfer from the surface 
to deeper layers. In this process, weaker winds 
intensify water column stratification, increasing the 
temperature gradient between surface and deeper 
layers. Stronger stratification suppresses heat 
mixing and diffusion, limiting vertical heat transfer. 
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As a result, heat accumulates in the surface layers, 
driving excessive warming and the development 
of a MHW. A similar mechanism likely occurred 
during the severe MHW event observed in March 
2024 by the SiMCosta BA01 buoy.

These analyses are corroborated by Oliver 
et al. (2018), who reported that MHWs frequently 
occur under high atmospheric pressure systems 
with reduced winds, which diminish vertical water 
mixing and may be accompanied by low latent 
heat loss, further increasing the temperature. 
These observations underscore the importance of 
monitoring air-sea interactions to better understand 
the mechanisms driving extreme ocean events. 
Over the past 50 years, the ocean has absorbed 
more than 90% of the additional heat gained by 
the Earth system (Dong et al., 2020).

We conclude that, in March 2024, a severe MHW 
event was identified by the SiMCosta BA01 buoy, 
which stood out as the only such event recorded 
in the past five years. Severe MHW events are of 
great concern due to their potential devastating 
consequences for marine environments, possibly 
causing widespread loss of habitat-forming 
species such as algae and corals, altering species 
distribution and ecosystem structures. Moreover, 
the consequences of this event may extend 
beyond the marine environment, affecting food 
security and impacting the economic sector, with a 
particular emphasis on fishing, which relies on the 
health of marine ecosystems for its sustainability. 
The SiMCosta buoy data were crucial for 
identifying and understanding the characteristics 
of this MHW event. The measured data proved 
to be effective for analyzing the relationships 
between climate extremes and MHWs, especially 
on a local scale. Continuous SST monitoring 
enables a more accurate understanding, which 
is essential to manage and mitigate the impacts 
of these phenomena on marine ecosystems and 
related economic activities.
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