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Marine heatwaves and cold spells in the
BrazilOvershootshowdistinctseasurface
temperature patterns depending on the
forcing
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TheBrazil CurrentOvershoot regions feature the strongest sea surface temperature variationsover the
global ocean but forecast skill for these extreme variations is limited. Here we investigate the drivers of
marine heatwaves and cold spells in this region and find that ocean flows and sea surface heat fluxes
are the primary drivers. We also find that sea surface temperature extremes driven by air-sea heat
fluxes produce consistent changes in sea surface temperature and related atmospheric variables over
a wide horizontal area, whereas ocean flow-driven sea surface temperature extremes exhibit low
consistency in air variables and limited consistency in the spatial extent of sea variables across most
sea surface temperature extreme events. These differing air-sea characteristics associated with
extremes driven by different drivers offer potential avenues for improving prediction skills and
advancing the understanding of three-dimensional air-sea impacts associated with extreme events.

The collision of the two opposite western boundary currents in the western
South Atlantic Ocean has formed the Brazil-Malvinas confluence (BMC,
Fig. 1a). The southward western boundary current is called the Brazil
Current (BC). When it encounters the northward Malvinas Current (MC)
near 38°S, this current separates away from the eastern coast of the South
American continent, continuing south and retroflecting northward at 45°S1.
ThisV-word-shapedflow in theBMC is called theBrazilCurrentOvershoot
(BCO, Fig.1b). The BCO favors energy transfer from the mean current to
mesoscale flows2, producing strong meanders, eddies, and filaments. It is
one of the most energetic mesoscale regions over the global ocean3. The
strongocean front andmesoscale eddies over theBMCand theBCOregions
favor the exchanges of salt and heat and account for 50% of the total
subduction rate in the South Atlantic Ocean and approximately 50% of the
cross-Antarctic Circumpolar Current poleward heat flux over the global
ocean4. Themixture of different types of water5 promotes and sustains high
phytoplankton diversity6–8.

TheBCO(also denoted asBrazilCurrent extensions in the literature) is
a hot spot of global warming9,10. The enhanced eddy (see definition in the
Methods section) generation over the eddy-rich region has led to enhanced
ocean warming3 over recent decades through the poleward shift of western

boundary currents. Furthermore, both anticyclonic and cyclonic eddies that
originated and decoupled from the BC could bringwarmer toward the pole,
and theywarm air-sea systems over the BCO11. Thus, the increased number
of eddies can warm the sea surface.

Marine ecosystems are highly vulnerable to ocean warming. For
example, ocean subsurface warming can lead to the tropicalization of
demersal megafauna within the South Atlantic subtropical gyre12. Marine
heatwaves (MHWs), denoted as prolonged periods of anomalously high sea
surface temperature (SST) on the weather time scale13, can also cause
devastating impacts on the marine environment in the southwestern South
Atlantic Ocean. The most intense MHW occurred during the austral
summer of 2017, resulting in tons of dead fish and algae blooms along the
coast of Montevideo14. Similarly, the MHW in 2013/14 was associated with
adjacent droughts in Brazil, leading to a tripled number of fatalities due to a
fever outbreak15. Although the characteristics of MHWs have been studied
extensively in the vicinity of the coastal ocean of the southwestern South
Atlantic, their characteristics in the eddy-rich BCO remain poorly under-
stood. The opposite of an MHW is a cold spell (MCS), which occupies the
cold endof the temperature range16. The characteristics of cold spells are also
less investigated.
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Previous research has shown that MHWs driven by different local
drivers, such as atmospheric and oceanic factors, have different spatial SST
patterns. MHWs driven by air-sea heat fluxes show an extended area of
positive SST anomalies17, while MHWs driven by ocean currents exhibit
deeper vertical extensions18. However, other than SST anomalies, the spatial
states of different air-sea variables associated withMHWs remain generally
less investigated yet important to both ecosystems and maritime activity.
Therefore, further research is necessary to fully comprehend the complex-
ities surrounding extreme SST events.

TheCoupledModel Intercomparison Project 5 (CMIP5)models show
the most disagreement over the BCO with observations and among
themselves in past and future MHWs19. The BCO is associated with the
lowest MHW forecast skill20, which is possibly attributed to the lack of a
dominant driver of climatemodes responsible forMHWoccurrence within
this region21. By understanding the local drivers of extreme SST events and
their associated changes in air-sea patterns, we will be able to better
understand their potential predictability.

Here, we conduct a joint analysis of a set of well-established reanalysis
data to investigate the local drivers of MHWs andMCSs over the BCO and
explore their associated air-sea patterns. The main objective of this study is
to establish a relationship between drivers of SST extremes and changes in
their respective air-sea states and characteristics. Through this analysis, we
aim to enhance our understanding of the unique features exhibited by
MHWs and MCSs in eddy-rich regions. The Results section comprises an
examination of the connection between eddy dynamics and the intensity of
SST extremes. Additionally, we utilize a mixed layer temperature budget, as
outlined in previous studies22,23, to identify the local drivers of MHWs and
MCSs. Furthermore, we present the air-sea states during heat flux-driven
and advection-drivenMHWs/MCSs. In the Discussion section, we provide

a summary of our findings, discuss the implications of this study, and
compare our results with previous analyses.

Results
Sea surface temperature extremes over the BCO
The South Atlantic exhibits maximum eddy kinetic energy (EKE) in the
BCO region (Fig. 1a, b). This large EKE can be attributed to increased eddy
generation/dissipation frequency24 and/or the larger amplitude of eddies25,
which exceeds those found in most of the global ocean26. The unique
characteristics of EKE observed over the BCO are a result of its consistent
drain on energy from the time-mean flows27.

The magnitude of SST anomalies associated with the maximum
intensity of MHWs and MCSs is substantial (>±5 °C) over the BCO
(Fig. 1c, d). This magnitude is higher than most of the recorded MHWs
across the rest of the globe and has serious consequences for both human
andnatural systems28. Themaximum intensity ofMHWs (Fig. 1c) occurs in
regions of enhanced eddies, in agreement with the theory of “warmer over
eddy-rich regions”3,10. The maximum intensity of MCSs (Fig. 1d) also cor-
responds to areas of high eddy activity (compared in a spatial perspective),
indicating the possible role of eddies (or their absence) in driving MCSs.
MHWs are more prone to occur during high-EKE events (compared in a
temporal perspective) over the BCO (Fig. 1e), with a peak occurrence in the
160–180 Jm�3 EKE range. In contrast to MHWs, MCSs preferably occur
over lowerEKE in theBCOregion,with apeakoccurrence of 140–160 Jm−3.

Increased eddy activity is commonly linked to greater horizontal heat
transport29 and increased vertical heat exchange facilitated by eddy-induced
Ekman pumping30. Figure 1 demonstrates that the relationship between
eddy strength and sea surface warming/cooling also exists on a synoptic
weather time scale, and an increased/attenuated EKE strengthens the

Fig. 1 | Relationship between EKE and the inten-
sity of SST extreme events. a The spatial distribu-
tion of climatological mean EKE. b The spatial
distribution of EKE and velocities (thin black
arrows) over the BMC. BC denotes the Brazil Cur-
rent, MC denotes the Malvinas Current, MRC
denotes the Malvinas Return Current and BCO
denotes the Brazil Current Overshoot. The
thick black arrow denotes the flow patterns of
the BCO, and the magenta arrows denote the
directions of other currents. c The spatial distribu-
tion of the maximum intensity of the MHWs.
d Spatial distribution of the maximum intensity of
the MCSs. e Probability distribution of MHWs
(orange), MCSs (blue) and the neutral phase (SST
anomalies lie between the 10th and 90th percentiles)
against the strength of the EKE over the BCO (black
box). All panels were calculated over the 1993-2020
period. The black boxes in a, b, c and d denote the
BCO region with a high EKE and a large magnitude
of extreme SST events.
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likelihood of the occurrence ofMHWs/MCSs. It should be noted that while
there is a strong connection between EKE strength and the occurrence of
MHWs/MCSs, this does not imply a tight relation between coherent
mesoscale eddies and SST extremes. Our statistical analysis reveals that the
impact of coherent eddies on SST extremes is limited (see supplementary
discussion 1 and Supplementary Fig. 1). This suggests that other con-
tributing factors or forces may play an important role in driving the
occurrence of SST extremes.

Local drivers of marine heatwaves and cold spells
To fully understand the relationship between EKE and extreme SST events
across BCO regions, we calculate themixed layer temperature budget22,23 by
taking into account the daily variations inmixed layer depth17. Our findings
indicate that horizontal advection serves as the primary driver (seemethods
for details) of MHWs and MCSs over most of the South Atlantic Ocean,
especially the BCO (Fig. 2a, b). These results are consistent with those
reported by Marin et al.22, who demonstrated that advection also plays a
dominant role in the onset and decay of MHWs, albeit with a different
model configuration.There are clear differences in dominant termsbetween
MHW and MCS events over the 20 °S zonal band. Heat fluxes dominate
during MHW events, while the advection term dominates during MCS
events. It results from stronger heat fluxes and weaker advection terms
during MHWs (supplementary discussion 2 and Supplementary Fig. 2).

The probability distribution of dominant drivers for MHWs (Fig. 2c)
reveals that approximately 37%ofMHWs in the BCO regions are attributed
to horizontal advection, making it the primary driver of extreme SST
anomalies in the area. The second most influential driver during MHWs is
air-sea heat fluxes (accounting for 25% of the total MHW occurrence). On
the other hand, the combined effects of vertical entrainment, mixed events
(in which more than one term is in the dominance), and residual terms
contribute to less than 40% of MHW occurrence.

In the BCO regions, during MCSs, the dominant factor is advection,
which accounts for 35% of the occurrence of SST extreme events, while heat
fluxes also play a prominent role, contributing to 33% of the total MCSs.
Similar results were reported in the eddy-rich region within the South
Pacific western boundary current systems18, where heat fluxes contributed
to over30%of theMHWoccurrence. This highlights that heatfluxes cannot
be neglected in generating extreme SST events over advection-dominant
regions with a high concentration of eddies. Moreover, heat flux-driven

MHWs (HFlux-drivenMHWs, see method for definition) in 2013/14 over
the western South Atlantic Ocean were accompanied by severe drought in
eastern SouthAmerica15. Thus, the characteristics of atmospheric and ocean
processes during MHWs and MCSs warrant further investigation.

During both MHWs and MCSs, the latent heat flux is the dominant
component of net heat fluxes (Fig. 2d). In fact, the latent heat flux con-
tributes to more than 60% of the net heat fluxes, making it an important
factor in these extreme events. The second dominant term is solar radiation,
which also plays a role in contributing to net heat fluxes. Recent studies in
the eddy-rich region of the Tasman Sea have found similar results, whereby
the latent heat flux is the dominant driver of heat fluxes in this region17,18.
This implies that the latent heat flux might be a common driver of HFlux-
driven MHWs in the eddy-rich western boundary current extension.

To further identify the key components in the horizontal advection
terms (Fig. 2e), the ADV-driven MHWs and MCSs are divided into two
terms. Mesoscale flows are the main contributors to the advection in
MHWs. This feature is consistent with the strong connection between EKE
and SST extreme events, as demonstrated in Fig. 1. During MCSs, both
mean flows (Methods section) and mesoscale flows are important to heat
advection.

Air and sea patterns during SST extreme events
SST extreme events caused by different drivers are associated with distinct
air and sea states during their onset phase (as defined in themethods section,
Figs 3 and 4). In HFlux-driven MHWs/MCSs, positive and negative SST
anomalies exhibit a larger spatial extent than those in advection-driven
MHWs/MCSs (Fig. 3a–d). Similar observations have been reported in the
Tasman Sea17,31 and on the southwestern flanks (on the northern side of the
BCO) of the South Atlantic15. In contrast, SST anomalies in ADV-driven
MHWs are typically confined to the BCO region.

Positive sea level pressure (SLP), latent heat flux, 200 hPa geopotential
height andnegative cloud cover/wind stress are foundover an extendedarea
during Hflux-driven MHWs (Fig. 3e, i, m, q, u). Conversely, these same
variables are typically insignificant at a 95% confidence level over the
southwestern South Atlantic subtropical gyre during ADV-driven MWHs
(Fig. 3f, j, n, r, v). Positive SLP anomalies in Hflux-driven MHWs are
associated with low-level air divergence, which leads to a decrease in cloud
cover due to suppressed convection. Additionally, weakened wind stress
leads to a decrease in evaporation cooling, resulting in positive latent heat

Fig. 2 | The local drivers of MHWs andMCSs over
the western South Atlantic Ocean. a The main
drivers of MHWs at each grid point over the 1993-
2020 period. b The same as in a, but for the MCSs.
The black boxes in a and b denote the BCO region.
c The probability of the dominant drivers of MHWs
and MCSs over the BCO. d The dominant heat flux
during MHWs and MCSs (decomposed into solar
radiation, latent heat flux, sensible heat flux, and
longwave radiation). e The dominant advection
term during MHWs and MCSs (decomposed into
advection by mean flows and advection by mesos-
cale flows). Blanks in (a) denote grid points with a
depth of less than 100 m. The orange bar in (c)
denotes the heat flux term, the light blue bar denotes
the horizontal advection term, the green bar denotes
the entrainment, the purple bar denotes the residual
term, and the red bar denotes thatmultiple terms are
dominant simultaneously.

https://doi.org/10.1038/s43247-024-01258-1 Article

Communications Earth & Environment |           (2024) 5:102 3



Fig. 3 | Atmospheric states during the onset
phase (from the start time to peak time) of
different types of SST extreme events. Com-
posites of anomalies. a–d SST. e–h SLP.
i–l Latent heat flux.m–pCloud cover. q–tWind
stress. u–x Geopotential height at 200 hpa.
a, e, i,m, q, and u denote cases during HFlux-
driven MHW events. b, f, j, n, r, v denote cases
during ADV-driven MHW events.
c, g, k, o, s, w denote cases during HFlux-driven
MCS events. d, h, l, p, t, x denote cases during
ADV-driven MCS events. The color shadings
denote regions with anomalies significant at the
95% confidence level (see methods for details).
The vectors in subpanels (q-t) denotewind stress
(N m−2). The black contours denote the isolines
of each variable without considering the 95%
confidence level. The black boxes denote the
BCO regions.

Fig. 4 | Ocean states during the onset phase of
different types of SST extreme events. Com-
posites of anomalies. a–d SSH. e–h 0-900 m
OHC. i–lMLD.m–pEKE. q–t pycnocline depth
(defined as the depth of 27kgm−3 isopycnal).
a, e, i,m, and q denote cases during HFlux-
driven MHW events. b, f, j, n and r denote cases
during ADV-driven MHW events. c, g, k, o and
s denote cases during HFlux-driven MHW
events. d, h, l, p and t denote cases during ADV-
driven MCS events. The color shadings denote
regions with anomalies significant at the 95%
confidence level. The black boxes denote the
BCO regions.
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fluxes and a warm ocean15,32. Composites of geopotential height anomalies
in the upper troposphere (200 hPa) during Hflux-driven MHWs coincide
with anomalous anticyclonic circulation and positive SLP anomalies, which
suggests that blocking events control local weather systems15. The blocking
could be part of a stationary Rossby wave train associated with the
Madden–Julian Oscillation (MJO) originating in the Indian Ocean15 or
associated with a global wavenumber-433/asymmetric Southern Annular
Mode wavenumber-3 atmospheric wave17. SLP anomalies are typically
larger over the southeastern side of the BCO due to their eastward propa-
gation during the onset phase, which is in line with the paradigm of sta-
tionary waves leading to changes in SST33.

Largemagnitudes of SLP, latent heat flux, cloud cover, wind stress, and
200 hPa geopotential height occur during Hflux-drivenMCSs (Fig. 3g, k, o,
s, w), whereas ADV-driven MCSs exhibit a smaller magnitude or insignif-
icant distribution of these variables (Fig. 3h, l, p, t, x). Negative SLP
anomalies, negative 200 hPa geopotential height, and anomalous cyclonic
circulation (Fig. 3s) suggest enhanced convection, leading to an increase in
cloud cover (Fig. 3o). Similarly, an increase in wind stress leads to enhanced
surface cooling (Fig. 3k).

Compared to atmospheric variables, most ocean variables exhibit
significant changes over smaller spatial extent in the BCO (Fig. 4). The
composite of sea surface height (SSH, which can be used as proxy for the
position ofBC34), 0-900moceanheat content (OHC, 900m is definedas the
lower limit because the BC is generally above 900m in GLORYS12V1
data34), and sea surface EKE anomalies (Fig. 4a, c, e, g, m, o) show insig-
nificant values over most of the BCO and its surrounding area in HFlux-
driven MHWs andMSCs. In contrast, in ADV-driven MHWs, we observe
significantly positive SSHandOHCon the southernflanks of the BCO,with
negative values occurring on its eastern side in MCSs (Fig. 4b, d, f, h).
Changes in SSH andOHCare associatedwith changes in SST, which can be
attributed to changes in horizontal flows. The BC and its associated eddies
transport warm waters to the BCO11,35, resulting in pronounced effects on
the OHC during ADV-driven MHWs/MCSs. These results suggest that
extreme sea surface events are deeply expressed in the subsurface layer of the
BCOdue to oceanic circulation. Similar expressions are also reported in the
East Australian Current system, where the deepest MHWs are associated
with changes inoceanic circulation18. In addition, vertical processes alsoplay
a significant role inmodulatingSSTanomaliesduringADV-drivenMHWs/
MCSs. In the southern hemisphere, positive wind stress curl (shown as
anticlockwise vectors inFig. 3r) induces a deepeningof thepycnoclinedepth
due toEkmanpumping (Fig. 4r),which, in turn, can lead toawarmingof the
sea surface during adv-MHW events. Conversely, negative wind stress curl
associated with Ekman suction (illustrated by clockwise vectors in Fig. 3t)

causes uplift of the pycnocline depth (Fig. 4t), resulting in the upwelling of
subsurface water and the subsequent cooling of the sea surface. Conversely,
consistent changes in pycnocline depths are not observed in HFlux-driven
MHWs and MSCs (Fig. 4q, s).

The composite of mixed layer depth (MLD) anomalies (Fig. 4i–l)
shows a large extent of significant negative (positive) values inHFlux-driven
MHWs (MCSs), while in ADV-driven events, they exhibit small horizontal
extent (see supplementary discussion 3 for discrepancy between the deeper
expression of SST extremes and no significant changes in MLD). This
supports the idea that changes in MLD are related to changes in wind
stresses and latent heatfluxes during extreme SST eventswhen air-seafluxes
can directly influence how the upper layer ismixed36. It should be noted that
the SST anomaly observed during an air-sea flux-driven extreme eventmay
be influenced directly by heat flux or through amore intricate pathway: heat
fluxes leading to changes in MLD, which subsequently impact SST. While
we have not extensively delved into the specifics of these two processes, we
can at least draw the conclusion that alterations in air-sea fluxes drive
changes in MLD or SST during these extreme events, either directly or
indirectly.

In both HFlux and ADV-drivenMHWs/MCSs, the composite of EKE
anomalies (Fig. 4m–p) does not show significant values over the BCO. This
is due to the occurrence of different types of anomalous flow fields during
extreme SST events. Sometimes, individual events have opposite velocity
fields but the same effect over the area-averaged SST anomalies within the
BCO, leading to the cancellation of EKE anomaly map and rendering the
composite insignificant. We will provide a detailed analysis of this phe-
nomenon in the next section.

Different types of flow patterns during MHWs/MCSs
The relationship between EKE and SST extreme events has been shown to
be closely linked (Fig.1). However, during the onset phases of MHWs/
MCSs, prominent changes in SST occur over the BCO but no significant
changes were observed in the composite of EKE anomalies on most of grid
pointswithin theBCO(Fig. 4m,n, o andp). Tounderstand this discrepancy,
we examined the anomalous flow and EKE patterns during the start date
(see methods) of extreme SST events (Fig. 5).

During MHWs, BC on January 4, 1993 (Fig. 5a), shows a poleward
shift, leading to an increase in the horizontal heat fluxes toward the BCO (as
BC is warm compared to surrounding waters). EKE anomalies (seasonal
cycle removed) show negative values along the southern tip of the clima-
tological BCO. The BC on June 17, 2010 (Fig. 5b), is strengthened, which
shows positive EKE anomalies along the southern tip of the climatological
BCO.Thus, the EKE anomalies cancel each other out between the two cases,

Fig. 5 | Examples of different spatial patterns of
EKE anomalies during the start time of
extreme SST events. The background shadings
denote the composite of EKE anomalies, and the
climatological daily mean position of the sub-
tropical front (orange broken line) and the sub-
antarctic front (black broken line). The
subtropical front and subantarctic front are used
here to delineate the mean positions of the BC
and MC, respectively34. EKE anomalies during
MHWevents on (a) January 4, 1993, (b) June 17,
2010, and (c) November 21, 2020. EKE anoma-
lies during MCS events on (d) September 14,
1997, (e) April 6, 1999, and (f) November 2,
2003. Anomalies are calculated by removing the
seasonal cycle of daily mean values. The clima-
tological daily mean is derived from the daily
mean value averaged over 1993-2020. The
orange arrows denote the shift in the position of
BC. The black boxes denote the BCO regions.

https://doi.org/10.1038/s43247-024-01258-1 Article

Communications Earth & Environment |           (2024) 5:102 5



and similar cases may occur over other MHW events, leading to no sig-
nificant changes in the composite of EKE anomalies during the MHWs
(Fig. 4n). Previous analysis has indicated that the warming observed in the
western boundary extensions is primarily attributed to either the poleward
shift10,37 or intensification9 of the west boundary currents. However, it
should be noted that lateral shifts in the boundary current (east-westward)
also play a role in the occurrence of MHWs (Fig. 5c).

Similar cases occur during MCSs. On September 14, 1997 (Fig. 5d),
EKE is weakened in the eastern side of the BCO due to a westward shift in
BC.OnApril 6, 1999 (Fig. 5e), the BC shrinks toward the equator, resulting
in positive EKE anomalies lying on the northern sides of the BCO. This
shrinkage is probably attributed to the northward shift of the BMC, as
similar casesderived from thehydrographic data collected by the SpanishR/
V Sarmiento de Gamboa cruise conducted between April 9 and May 10,
20165.OnNovember2, 2003 (Fig. 5f), BC isweakenedover theBCO, leading
to negative anomalies over most of the BCO. Thus, the northern BCO
between the two cases has opposite EKE anomalies.

The above cases explain that changes in the strength andpositionof the
BC can cause extreme SST anomalies but no significant imprint on the
composite of EKE anomalies. The processes driving the shift in BC could be
due tomultiple processes. For instance, themeridional shift in the BMChas
been associated with the position of the zonal wind stress zero isolines10,34 or
the poleward migration of the westerlies38. Changes in the BC’s position
relative to the BMC are also linked to Rossby waves39 or variations in gyre
circulation strength, which themselves may arise due to alterations in wind
stress curl40 or coastal trapped waves41. Additionally, interactions between
eddies and currents could exert lateral (east-westward) forceson thewestern
boundary current42. The dynamics process in controlling the position of the
BC could be linked to climate variability such as the Southern Annular
Mode (SAM), Atlantic Niño, Pacific El Niño, and Indian Ocean Dipole
(IOD)10,38,39. However, it is important to note that these relationships are
established based on low-frequency spectral analysis or long-term linear
trends. As for extreme events, the dominant climate driver impacting the
BCO has yet to be definitively established. An in-depth examination of the
specific causes behind the BC shift and associated climate variability during
each MHW event is beyond the scope of this study.

Discussion
TheBrazil CurrentOvershoot (BCO) is an eddy-rich region43 and is a global
warming hotspot10. Our findings reveal that ocean flows and air-sea heat
fluxes are the two primary drivers of MHWs/MCSs (accounting for 37%/
35% and 25%/33% of total events, respectively) over the BCO. These two
drivers are associated with distinct patterns in the air and sea states during
SST extremes. When SST extremes are driven by air-sea heat fluxes, con-
sistent changes are observed in SST and related atmospheric variables
(including both high- and low-level variations) over a wide horizontal area.
Conversely, when SST extremes are driven by ocean flows, little consistency
is observed in air variables and limited spatial extent of consistency among
the sea variables across the majority of SST extreme events.

Using high-resolution daily reanalysis data, this study reveals that
MHWs occur during high EKE and that MCSs occur during relatively low
EKE. Previous studies have shown that enhanced eddy generation in wes-
tern boundary current extensions leads to ocean warming3,10. The results of
this study supplement this theory, demonstrating the connection between
extremely cold sea surfaces and low EKE on a temporal perspective. In this
study, the definition of EKE encompasses not only coherent mesoscale
eddies but also mesoscale currents.

Previous reports have found that mesoscale flows play a vital role in
determining MHW properties44 and SST anomalies26. Specifically, mesos-
cale eddies have been identified as key drivers in the growth and dissipation
of MHWs across various regions of western boundary extensions45.
Through our statistical analysis (see supplementary discussion 1) and
budget analysis (Fig. 2), we determined that coherent mesoscale eddies and
mesoscale flowsmake amoderate contribution to observed SST extremes in
the BCO. Thus, other factors must also be considered in understanding the

causes of SST extremes. For example, in the case of MCSs, bothmean flows
and mesoscale flows are equally crucial for heat advection (Fig. 2e).

During the onset phase of sea surface heat flux-driven SST extreme
events, atmospheric variables such as SLP, latent heat flux, wind stress, and
200hPa geopotential height display significant values over an extended area.
In contrast, the composites of those variables display no consistent changes
in advection (ADV)-driven events. It should be noted that prominent
atmospheric variable anomalies may occur outside of the BCO. For
example, themaximumSLPanomalieswere foundon the southwestern side
of theBCO(Fig. 3). The spatial distributionof SLP inHFlux-drivenMHWs/
MCSs is likely associated with a global atmospheric wavenumber-4 event,
which propagates eastward33.

Composite analysis of MLD, which measures the depth range of sur-
face fluxes that have beenmixed in the ocean46, indicates consistent changes
withinmost of SST extremes inHFlux-driven events but no significant value
in ADV-driven events (Fig. 4). This suggests that air-sea fluxes, such as
momentum fluxes bywind stirring and heat fluxes36 play a dominant role in
MLD variations during most extreme SST events.

During the onset phases of MHWs and MSCs, the composites of
oceanic variables, including SSH, upper 0–900m OHC, and EKE, exhibit
insignificant values over themajority of theBMC.However, within theBCO
region, there are a few grid points that display consistent changes in the
0–900m OHC during advection-driven scenarios. This suggests that the
SST extremes have a subsurface manifestation, which is consistent with
findings reported by Elzahaby et al.18. It is proposed that this subsurface
expression might be attributed to anomalous sea surface convergence and
Ekman downwelling47. However, these mechanisms do not explain why, in
most gridpoints, the composite analysis reveals insignificantEKEanomalies
for both heat flux-driven and advection-driven events. Further analysis
demonstrates that the flow fields exhibit diverse spatial patterns (Fig. 5),
includingdecreasesor increases in theBrazilCurrent (BC),meridional shifts
of the BC, or zonal shifts of the BC within the BCO. These BC patterns can
lead to different spatial patterns of EKE anomalies, resulting in the can-
cellation of EKE anomalies during the composite analysis. Previous studies
have indicated that themeridional shift of thewesternboundary extension is
influenced by the upstream stability of the western boundary10. Addition-
ally, it has been suggested that the position of the BC extension can be
affected by Rossby waves excited by multiple climate modes39. Further
investigation into the specific causes of flow patterns in individual SST
extreme events is necessary to fully understand the mechanisms governing
these changes.

Methods
Ocean reanalysis and air-sea flux reanalysis data
To characterize extreme SST events and to calculate temperature budget
terms, daily mean ocean temperatures, ocean velocities, and salinities from
the Global Ocean Reanalysis and Simulations 12v1 (GLORYS 12v148) data
are used. This reanalysis configuration is basedon theNucleus for European
Modeling of theOcean (NEMO) oceanmodel, which is forced at the surface
by the European Center for Medium-Range Weather Forecasts (ECMWF)
ERA-Interim atmospheric reanalysis. It is distributed by the Copernicus
Marine Environmental Monitoring Service (CMEMS). The horizontal
resolution is 1/12° and it has 50 vertical levels, with spacing increasing with
depth. The GLORYS12V1 data cover 1993 to 2020. The dynamic and
thermodynamic variables from GLORYS12V1 have been compared to
in situ measurements, indicating that they correctly present circulation and
front patterns over theBCO34,49,50. This is justifiedby usingGLORYS12V1 to
study the SST extremes, but we also acknowledge that our results are sen-
sitive to potential model biases and errors during periods and regions with
limited historical observations.

Air-sea fluxes, used to calculate the net heat fluxes and derive com-
posite maps (SLP, could cover, wind stress and geopotential height at 200
hpa), are derived from the fifth-generation ECMWF reanalysis (ERA551).
ERA5 employs four-dimensional variational data assimilation of in situ and
satellite observations. It is constructed from the ECMWF Integrated
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Forecast System. The spatial resolution is 0.25°, and the temporal resolution
is hourly. We converted it to daily data to calculate heat flux terms. The
ERA5 covers from 1940 to the present, and data from 1993 to 2020 are used
in this study. ERA5 has been accompanied byGLORYS12V1 to identify the
drivers of MHWs in previous studies52,53 and to identify the air-sea inter-
action during SST extreme events.

Definition of marine heatwaves and cold spells
The definition ofMHWs is adapted fromHobday et al.13, in which the daily
SST anomaly relative to a 31-day window climatology is above a seasonally
varying 90th percentile threshold for each calendar day for a minimum of
five consecutive days. Cold spells are defined similarly to MHWs, but SST
anomalies are below their 10th percentile. SST anomalies are calculated
relative to a 1993-2020 climatological period. Themaximum intensity of an
individualMHW/MCS event is derived from themaximum andminimum
temperature anomalies observed during a heatwave/cold spell event,
respectively. The maximum intensity of MHWs/MCSs for the 1993-2020
period is the maximum/minimum SST anomalies from all extreme SST
events.

The start time of the SST extremes is defined following the metho-
dology proposedbyHobday et al.13. Specifically, the start time is identified as
the first day when the SST exceeds or falls below the 90th or 10th percentile
(see Supplementary Fig. 3), respectively. The onset phase is defined as the
period between the start of an extreme event (start date/onset date) and
when it reaches its peak. Composites of air and sea variables are averaged
over the onset phase (Figs. 3 and 4).

Eddy kinetic energy
We estimate the kinetic energy on each grid point for themean (MKE) and
eddy (EKE) fields. The time-mean flow is defined as �u and �v, with overbars
denoting time averages over the entire record. Maps of the EKE can be
calculated as

EKE ¼ ρ0
2
ðu02 þ v02Þ ð1Þ

where the time-varying components are defined as u0ðtÞ ¼ u� �uðtÞ and
v0ðtÞ ¼ v � �vðtÞ. The density of seawater is assumed to be constant
ρ0 ¼ 1025kgm�3.The units of MKE and EKE are Jm�3.

The “eddy kinematic energy” used in this study includes not only
coherent eddies but also mesoscale currents, instability waves, and other
processes. This is widely accepted because many studies treat eddy-scale
dynamics and anomalous velocities interchangeably10,45,54.

Budget analysis
Mixed-layer heat budget analyses were performed to explore the relative
contributions of different local drivers to MHW or MCS events over the
BCO region. The budget equation53 is written as follows:
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where the subscript a denotes the variable vertically averaged between the
sea surface and the bottom of themixed layer, and the subscript�h denotes
the quantity at the bottom of the mixed layer. T is the temperature, Ta is
themixed layer temperature and h is themixed layer depth (MLD), which is
defined basedona 0.03 kgm−3 density threshold55.u and v are the horizontal
velocities. w is the vertical velocity derived from the equation of volume
continuity (wz ¼ �R z

0∇huzdz,uz is the horizontal velocity at ocean level z).

ρ0 denotes the reference density (1025 kgm�3) and cp denotes the heat
capacity of seawater (3850 J kg−1 °C−1).Qnet is the net heat flux, andQpen is
the shortwave radiation penetrating through the bottom of the MLD. Qpen
are derived from the sameprocedures asHuang et al.56.Qnet is the sumofnet
contributions from shortwave radiation (QSW), longwave radiation (QLW),
sensible heat fluxes (QSen) and the latent heat fluxes (QLat). Positive heat
fluxes denote the sea surface receiving heat.

Qnet ¼ QSW þ QLW þ QSen þ QLat ð3Þ

The left-hand side of Eq. (2) denotes the temperature tendency (Tend).
The first right-hand side term (in parentheses) in Eq. (2) denotes horizontal
advection (ADV), the second right-hand side term denotes entrainment
(ENT), and the third right-hand side terms denote heat fluxes (HFlux). The
fourth term denotes the residual, which is the difference between Tend and
the sumofADV,ENT, andHFlux.The residual term is composedof various
factors, encompassing horizontal and vertical diffusion, calculation errors,
as well as other terms that have not been considered in the budget equation.

To identify the dominant driver of MHWs/MCSs at each grid point in
each event, we calculate the anomalies of the right-hand side terms of Eq. (2)
relative to the daily climatologicalmeanvalue and integrate the anomalies in
time (from the start time of the SST extreme events to the peak time of SST
extremes). It is evident that the SSTanomalies have already accumulated to a
noticeable extent before the defined start time. Thus, we have defined the
initial time of heat integration as the local minimum point just prior to the
initiation ofMHWs, and vice versa forMCSs (Supplementary Fig. 3). Then,
the cumulative values are compared, and we classify them as HFlux-driven
SST extremes if the net heat flux is the dominant force, ADV-driven SST
extremes if horizontal advection plays themost important role, ENT-driven
SST extremes if vertical entrainment is the dominant term, Resi-driven SST
extremes if the unresolved term is the dominant term and “mixed-driven”
SST extremes if the difference between the first dominant and the second
dominant term is 10% or less18.

To further investigate the relative contribution of mean flow and
mesoscale flow in horizontal advection, ADV anomalies can be divided
based on approaches from Bian et al.45:
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The mean flow signals, represented by an overbar, are determined

through a 3° × 3° spatial running mean. On the other hand, the mesoscale
eddy (flow)fields, indicatedby aprime, are calculated asdeviations fromthis
3° × 3° spatial mean. The terms within the first bracket on the right-hand
side signify the advection caused by the mean flow (HFC-M), while the
second term represents the advection driven by themesoscale eddies (HFC-
E, i.e., mesoscale flows). The definition of HFC-E follows the methodology
outlined in Bian et al.45. However, it is important to note that the procedure
used does not allow us to distinguish coherent mesoscale eddies from other
mesoscale flows. Therefore, in this study, we refer to HFC-E as mesoscale
flows rather than specifically identifying themas coherentmesoscale eddies.

Data availability
All data used in this study are available online. GLORYS reanalysis data are
freely available at: https://resources.marine.copernicus.eu/products. ERA5
hourly data were obtained from https://cds.climate.copernicus.eu/cdsapp#
!/dataset/reanalysis-era5-single-levels?tab=form.

Code availability
All analyseswereperformedusingMATLAB.The source codeused tomake
the calculations and plots in this paper are available from the corresponding
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author on request or scripts used for producing the figures will be available
on Github at publication (https://github.com/lortty163/SST-extremes-
on-BCO).
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