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The establishment of the South Atlantic convergence zone 
(SACZ) during austral summer characterizes the South 
American monsoon system and is the source of rainfall to 

eastern South America1. The SACZ is a band of strong precipita-
tion oriented northwest–southeast, from the Amazon towards the  
western South Atlantic (Fig. 1a) and is associated with a cyclonic 
circulation over eastern South America that channels moisture 
from the Amazon towards southeast Brazil2. This region is heav-
ily populated, home to more than 80 million people, and respon-
sible for 60% of the Brazilian gross domestic product. Failure in the 
development of the SACZ in the summer can lead to water, food 
and power shortages, as occurred during the drought in the sum-
mer of 2013/14 (Fig. 1a)3. This event was responsible for a dengue 
fever outbreak that tripled the usual number of fatalities4. It also  
led to water shortages in São Paulo, the world’s fourth most popu-
lated city3,5,6 and reduced Brazilian coffee production, which led to 
global shortages and worldwide price increases7.

The massive scale of this drought event sparked interest 
from the scientific community, which led to a number of studies  
dedicated to explaining the origins of this episode. The pic-
ture that emerged was that a persistent anticyclonic circulation  
established over southeast Brazil both prevented synoptic sys-
tems reaching the region and inhibited the development of the  
SACZ and its associated rainfall3,5,6,8,9. The anticyclonic circula-
tion, in turn, was a result of wave-breaking events over subtropical 
South America with similar characteristics to mid-latitude atmo-
spheric blocking10. This mechanism is not exclusive to the sum-
mer of 2013/14. For the period 1979–2014, the years with more  
blocking days typically coincide with the years with fewer SACZ 
days and less precipitation10. However, the persistence (duration) 
of the blocking event was remarkable in 2013/14 and also led  
to an intense heatwave11 (Fig. 1b). Furthermore, the northerly  

wind anomalies on the western flank of the anticyclonic circu-
lation acted to intensify the South American low-level jet, which 
carried moisture from the Amazon to southeastern South America  
and led to floods in southern Brazil, Uruguay and northern 
Argentina11 (Fig. 1a).

An unprecedented marine heatwave in the South Atlantic
Interestingly, an unusually hot episode of similar magnitude and 
large extent co-occurred in the adjacent ocean but went largely 
unnoticed by the scientific community. A severe marine heatwave 
(MHW) developed in the South Atlantic during the summer of 
2013/14. Sea surface temperatures (SSTs) reached up to 3 °C above 
climatological averages for large areas of the western South Atlantic 
(Fig. 1b,c) and lasted for almost all of the summer (Supplementary 
Fig. 1). MHWs are analogues to atmospheric heatwaves and have 
important consequences for marine life12. They are defined as pro-
longed periods of anomalously high SST13 and can be classified as 
moderate, strong, severe or extreme14 (Methods). Various promi-
nent events in the global ocean were identified, such as those in the 
Mediterranean Sea in 200315, off western Australia in 201116, in the 
northwest Atlantic in 201217, in the northeast Pacific in 2014/1518 
and in the Tasmanian Sea in 2015/1619. These events had devastat-
ing consequences, which ranged from extensive coral bleaching20, 
mass mortality of marine organisms and changes in community 
structure19,21 to fisheries closures and quota changes19,22. The MHW 
event in the western South Atlantic in 2013/14 was responsible for 
a decrease in surface chlorophyll a levels that pushed the concen-
trations two standard deviations below average over a large area 
of the western South Atlantic (Fig. 1d and Supplementary Fig. 2). 
Understanding the physical processes behind the genesis of such 
MHWs is crucial for predicting them and their impacts on marine 
life and coastal resources, but to date there are no studies on the 
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mechanisms of the 2013/14 MHW or MHWs in the South Atlantic 
in general.

Here we identify a common atmospheric pattern that persists 
during western South Atlantic MHWs. First, we applied a standard-
ized methodology to identify all the MHW events during austral 
summer for the period 1982–201613,14. The mean signature of the 
SST warming for all the events is similar to that of the 2013/14 event 
(Fig. 2a). The anomalous anticyclonic circulation, a hallmark of 
atmospheric blocking, is also evident during these events (Fig. 2a).  
The time series of atmospheric blocking days per summer10 is 
strongly correlated to the SST anomalies for the same area of the 
western South Atlantic, with coefficients as high as 0.7 (Fig. 2b) 
corroborating our hypothesis that, as for the 2013/14 MHW, atmo-
spheric blocking over subtropical South America is linked to ocean 
warming. Although blocking conditions persist for about 18% of 
the time, up to 60% of MHW days occur simultaneously with atmo-
spheric blocking days (Fig. 2c). Furthermore, the same proportion 
of extreme air temperatures (defined as days when the air tempera-
ture is above the 95th percentile) also occurs during atmospheric 
blocking events (Fig. 2d).

A common remote trigger for regional droughts and MHWs
The anomalous anticyclonic circulation that characterizes the 
block ing appears as part of a stationary Rossby wave train that 
emanates from a deep convection in the western Pacific/maritime  
continent over warm SST8,9. More recently, the origin of the 

atmospheric perturbations was shown to lie in the deep convection 
mainly over the Indian Ocean associated with the Madden–Julian 
Oscillation (MJO), when daily data are considered10. Indeed, the 
second mode of a maximum covariance analysis (MCA) of daily 
outgoing longwave radiation (OLR) anomalies over the tropical belt 
(30° S to 30° N) and the SST anomaly in the western South Atlantic 
(0–60° W, 10–50° S) for austral summer clearly shows an enhanced 
convection over the Indian Ocean (Fig. 3a) in association with a  
SST pattern reminiscent of the MHW events (Fig. 3c; the first  
mode is associated with El Niño Southern Oscillation, not shown). 
The OLR pattern (Fig. 3a) looks very similar to phase 2 of the  
MJO, which is associated with enhanced convection in the east-
ern Indian Ocean. Moreover, the MJO is active during 92.6% 
of the MHW days that occur simultaneously with atmospheric 
blocking days, and 20% of those days correspond to MJO phase 2 
(Supplementary Table 1 gives more details). The maximum values 
of the SST principal component (PC) time series occurred during 
the summer of 2013/14 (Fig. 3b).

In addition, composites of geopotential anomalies in the upper 
troposphere (200 hPa) for the MHWs that coincide with atmo-
spheric blocking show Rossby wave trains that emanate from the 
Indian Ocean (Fig. 3d, colour shading), travelling through the atmo-
spheric jet (Fig. 3d, solid lines) to reach subtropical South America 
and establish the blocking anticyclone approximately six days later 
(Fig. 3e). The complete evolution of the teleconnection pattern is 
given in Supplementary Fig. 3, obtained from two different data sets 
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Fig. 1 | The 2013/14 western South Atlantic MHW event. a, Anomalies of precipitation averaged for the period from 15 January 2013 to 13 February 
2014 (colour shading (mm d−1)). Contours display the climatological mean precipitation with contour intervals of 1 mm d−1. b, As in a, but for anomalies 
of average sea surface and air temperature (°C) and surface wind vectors. c, Time series of observed SST (black thick line), the long-term regional 
climatology (dotted line) and the 90th percentile climatology (dashed line). MHW severity categories I–IV are shown in shades of red: I, moderate; 
II, strong; III, severe; IV, extreme. d, Time series of surface chlorophyll a concentration (in mg m−3) normalized by its s.d. The time series in c and d are 
averaged over the box 30–33° S and 36–40° W shown in b.
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to show the robustness of our results. We also computed the Rossby 
wave source (RWS) to identify the origin of variability associated 
with the MHW events (Methods). The RWS can be used to exam-
ine the mechanisms by which the mid-latitude circulation responds 
to changes associated with tropical convection. Regions of strong 
RWS represent the locations of wave train excitations. In the case 
of MHW events they occur along the jet stream over the Indian 
Ocean sector (cyan contours in Fig. 3d) poleward of 30° S because 
upper-level convergence is observed at the descending branch of 
the Hadley cell around 30° S, associated with the upper-level diver-
gence caused by convection along the tropics. Also notable is that, 
even though the jet is stronger along the whole Indian Ocean (con-
tours in Fig. 3d), it is closer to the equator in the eastern side of the  
basin. Thus, convection in the eastern Indian Ocean associated 
with MJO phase 2 is more likely to propagate along the jet, which  
acts as a waveguide.

Local processes involved in the MHW generation
Once the anticyclone is established, the MHW is generated by local 
changes in the heat fluxes between the ocean and the atmosphere. 
This can be seen from the evolution of the 2013/14 MHW event 
(Fig. 4a–i). The anticyclonic circulation is associated with conver-
gence in the upper levels and subsidence (not shown) that supresses 
convection (Fig. 4a,d) and consequently the establishment of the 
SACZ. The associated decrease in cloud cover increases shortwave 
radiation (SWR) at the ocean’s surface (Fig. 4a,d). Latent heat loss 
from the ocean to the atmosphere (evaporative cooling) decreases 

(positive anomalies in Fig. 4b,e) due to the combined effect of weak 
winds and enhanced moisture transport from the South America 
low-level jet to the MHW area, which saturates the air above the 
MHW (Fig. 4c,f). The ocean warms (contours in Fig. 4e) and  
the MHW reaches its peak. Note that the increase in SWR affects 
the northeastern portion of the MHW, whereas the reduced latent 
heat loss is confined to the southern part of the MHW. Changes 
in shortwave generate the largest changes, similar to that found for 
the 2014/15 MHW in the northeast Pacific23. In the decay phase, 
another anticyclone that approaches from the southwest brings 
cooler and drier air to the MHW area and drastically enhances 
the evaporative cooling (Fig. 4g–i). As a consequence, the MHW 
event comes to an abrupt end. The composites averaged during all  
the MHWs show a similar evolution, albeit with weaker anoma-
lies during the establishment of other MHWs (Supplementary 
Fig. 4). The other heat flux terms, longwave radiation (LWR) and 
sensible heat flux (SHF), are of lesser importance (Supplementary 
Fig. 4). These results were also reproduced using another data set 
(Supplementary Figs. 5 and 6). A recent study also shows that the 
MJO can cause a warming of the western South Atlantic due to  
surface heat fluxes24.

To quantify the local processes that contribute to the MHW  
generation, we calculated the temperature budget of the ocean 
mixed layer (Methods). The time series of the temperature bud get 
components averaged within the 30–33° S, 36–40° W region are 
shown in Fig. 4j for the period from January 2013 to December 
2014. The rate of change of the mixed-layer temperature  
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Fig. 2 | Western South Atlantic MHW during austral summer for the period 1982–2016. a, Composite of SST anomalies (colour shading (°C)) and 
surface wind anomalies (vectors) for MHW events. b, Correlation between time series of the SST anomalies and atmospheric blocking over subtropical 
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(∂T/∂t) is dominated by SWR during the development of the 
main MHW event (January to February of 2014) associated with 
the reduction in clouds and by latent heat flux (LHF) during 
the decay of the event. Consistent with our qualitative analysis 
(Supplementary Figs. 4 and 6), the LWR and SHF terms are of less 
importance. The zonal and meridional advection terms are negli-
gible. Importantly, the difference between the sum of all the com-
ponents and the rate of change of the mixed layer temperature 
(derived from independent data sources) is small (Supplementary 
Fig. 7). This residual represents the combination of unresolved 
processes, such as vertical turbulent diffusion or observational 
error, and its smallness suggests a robust result. These findings 
are insensitive to the choice of the domain as the results are very 
similar when the temperature budget is calculated for different 
regions within the study area (Supplementary Fig. 8). Moreover, 
this result also holds for other MHW events that occurred during 
the period 1998–2016 for which the temperature budget is calcu-
lated (Supplementary Fig. 9).

Changes in the characteristics of the MHWs
The complete picture that emerges is depicted in a schematic  
(Fig. 5). Tropical deep convection and the related wind conver-
gence in the eastern Indian Ocean associated with the passage of 

the MJO ultimately lead to atmospheric blocking over the western 
South Atlantic as part of a planetary Rossby wave train. This, in 
turn, affects the local heat fluxes, winds and precipitation, and leads 
to drought and both terrestrial and marine heatwaves. Hopefully, 
understanding the mechanisms by which MHWs occur will help 
to predict them in the near- and long-term future. For short  
timescales, there is the potential for MHW predictability from  
MJO-related tropical convection, as was shown for the North 
Atlantic Oscillation25. To help understand future changes, we also 
need to know if the occurrence of these MHW events has varied  
over the recent decades. It is difficult to address this question  
because of the short length of reliable SST records in the South 
Atlantic. Nonetheless, there is an increase not only in frequency 
but also in duration, intensity and extension of MHW events 
over the satellite period 1982–2016 (Supplementary Fig. 10 and 
Supplementary Table 2). For instance, there was an increase of 
8.4 MHW days per year per decade when widespread MHW events 
are considered (when the SSTs surpass the threshold of over more 
than 50% of the area between 30–35° S and 30–50° W). Given that 
25 and 10% of the area yields an increase of 12 and 15.6 MHW days 
per year per decade, respectively. The MHW events are on average 
18 days per decade longer and 0.05 °C per decade more intense  
with an increase in their total areal extent of 7% per decade. 
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All the aforementioned trends are statistically significant at the 
99% confidence level using the non-parametric Mann–Kendall 
test and are consistent with global average trends26,27. Note that 
the PC time series of the OLR and SST MCA (Fig. 3b) are sig-
nificantly correlated with the time series of MHW frequency, 
duration, intensity and duration (Supplementary Fig. 10 and 
Supplementary Table 3).

Some of the remaining questions to be answered are: (1) can the 
aforementioned changes be attributed to natural or anthropogenic 
causes and (2) will they be more frequent in the future? Regarding 
the first question, there is some evidence that the changes in tropi-
cal deep convection in the Indian Ocean and a SST pattern similar 
to that found here for MHWs related to MJO events are modulated 
by the Interdecadal Pacific Oscillation10,28,29 and thus that changes 
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in the MHWs can be attributed to natural decadal changes. We also 
note that neither blocking nor MHWs are significantly correlated 
with the El Niño-Southern Oscillation or the Southern Annular 
Mode, the two leading modes of natural climate variability in the 
Southern Hemisphere. The occurrence of blocking and MHWs 
(Supplementary Fig. 10) is very low during major El Niño events 
(1982/83, 1997/98 and 2015/16) and La Niña events (1984/85, 
1988/89 and 1999/2000). In relation to the second question as to 
whether MHWs will become more frequent, a recent study27 shows 
that under global warming MHWs in the global oceans, including 
the South Atlantic, will be longer lasting and more frequent, exten-
sive and intense. Therefore, it is possible that the positive trends 
observed in the intensity, frequency and persistence of MHWs in 
the region will continue as the world warms. To address this ques-
tion, a more detailed study of western South Atlantic MHWs is 
underway using a suite of Earth system model simulations.

online content
Any methods, additional references, Nature Research reporting 
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Methods
Data sets. To identify the MHW events in this study, we used daily gridded 
SST data obtained from the National Oceanic and Atmospheric Administration 
Optimum Interpolation Sea Surface Temperature V2.030 with a horizontal 
resolution of 1/4° for the period 1982–2016. To compute the wave-breaking index 
and the composites of the atmospheric variables, we used data obtained from the 
European Centre for Medium-Range Weather Forecasts ERA-Interim reanalysis31 
for the same period. Daily values were obtained by averaging the 6 h data of the 
potential temperature on the tropopause, zonal and meridional components of 
the wind at the surface and at 850 hPa, geopotential height at 200 hPa, 2 m air 
temperature and surface specific humidity. Shortwave and longwave radiative 
fluxes and sensible and latent turbulent heat fluxes were also obtained from the 
same data set. However, their daily values were calculated by averaging the 12 h 
forecast outputs. We also used the gridded daily rainfall data provided by the 
Global Precipitation Climatology Project with a horizontal resolution of 2.5° 
for the period 1997–201632 and the interpolated OLR daily data33 as a proxy for 
tropical convection, with same spatial resolution for the period 1982–2016. The 
OLR MJO index34 was obtained from the Physical Sciences Division (Earth System 
Research Laboratory of the National Oceanic and Atmospheric Administration) 
for the same period. Surface chlorophyll a data were obtained from weekly level-3 
satellite images from SeaWiFS and Aqua-MODIS sensors with a horizontal 
resolution of 9 km for the period 2002–201635. Additional data sets were used 
to calculate the mixed-layer temperature budget: 5 days Ocean Surface Current 
Analysis-Realtime (OSCAR) horizontal velocity that represents mean values in 
the upper 30 m of the ocean, calculated from satellite sea level, winds and SST 
and available on a 0.33° grid36; daily averages of LHF and SHF on a 1° grid from 
the Objectively Analysed air–sea Fluxes (OAFlux) data set37; downward SWR at 
the surface of the ocean is available from the Surface Solar Radiation Data Set 
Heliosat-2 (SARAH-2) on a 0.05° grid38 and monthly ORAS4 temperature and 
salinity on a 1° grid39.

Defining MHWs. Following the standardized MHW definition13, a MHW event 
occurs when the SSTs exceed a seasonally varying 90th percentile for a minimum 
of five consecutive days. According to this methodology13, an event is considered 
continuous even if gaps of 2 days or less occur between events. Here we also 
calculated the severity of each MHW event using a simple categorization scheme14. 
Multiples of the 90th percentile difference from the mean climatology value define 
the MHW categories as: (I) moderate (1×), (II) strong (2×), (III) severe (3×) 
and (IV) extreme (4×). As an example for the area in the western South Atlantic 
between 30–33° S and 36–40° W, Fig. 1c shows the time series of observed SSTs 
(bold line), the long-term regional climatology (dashed line), the 90th percentile 
climatology (thin line) and the MHW categories I–IV (tones of red) from 01 
January 2013 to 31 December 2014.

Defining atmospheric blocking. Here we used the same methodology as 
described in previous studies10,40,41 to compute an instantaneous two-dimensional 
wave-breaking index based on the reverse of the meridional potential 
temperature on the tropopause (–2 PV units) for the domain within 25 and 75° S. 
Boxes with dimensions of 15° latitude by 5° longitude are defined to the south 
and north of each central location and the potential temperature is averaged 
over these areas. A large-scale measure of the meridional potential temperature 
gradient is given by subtracting the northern box average from the southern box 
average. Then, a wave-breaking episode is said to occur at a specific longitude 
when large-scale wave breaking is detected within 10° of the longitude of it for a 
minimum duration of four consecutive days. Wave-breaking episode frequency 
is defined as the percentage of days when a wave-breaking episode occurs 
within a specific season. We defined the area of the subtropical South America 
blocking by taking all the grid points in this sector when the mean wave-breaking 
frequency was above 5% during austral summer10. Note that here we include 
March in our analyses for austral summer because this month presents a high 
number of blocking frequency that surpasses the December value. For the period 
1982–2016, the summer blocking frequency was 18% (763 days of a possible 
4,244 days).

MCA and RWS. To identify the source of variability, we performed a MCA of 
daily OLR anomalies over the tropical belt (30° N to 30° S) and SST anomaly within 
the western South Atlantic (0°–60° W, 10–50° S) for all the summers (December, 
January, February and March) for the period 1982–201642. The MCA provides 
the dominant spatial patterns of covariability between the two fields. We also 
calculated RWS using the formulation described in previous studies10,43. RWS 
is defined as ζ−∇ ⋅ ⋅χv( )  where vχ is the divergent component of the horizontal 
velocity field at 200 hPa and ζ is the absolute vorticity. Strong RWS occurs in the jet 
stream regions where large gradients in vorticity occur poleward of the diabatic  
tropical heating.

Mixed-layer temperature budget. Here the mixed-layer temperature budget of 
the ocean is defined as ρ δ∂ ∕∂ = − ⋅ ∇ + ∕ +T t T Q C hv p0 , where ρ is the density of 
seawater (1,025 kg m−3), Cp is the specific heat of seawater (3,940 J kg−1 K−1), T is 
temperature and v is the horizontal velocity vector, both vertically averaged over 

the mixed layer, Q0 is the net surface heat flux, which includes LHF and SHF, SWR 
absorbed in the mixed layer and net LWR emission, h is the mixed layer depth 
(MLD) and δ represents unresolved processes such as vertical turbulent diffusion. 
The rate of change of mixed-layer temperature ∂T/∂t is calculated using daily 
averages of the SST because previous studies have shown that SST agrees very well 
with the mixed-layer temperature44. The horizontal temperature advection (first 
term on the right) is calculated as the sum of the SST transport (using the daily 
interpolated OSCAR horizontal velocity) around the boundaries of the region 
between 30–33° S and 36–40° W relative to the SST averaged in the region45. For 
the net surface heat flux (second term on the right), we used daily averages of 
LHF and SHF from OAFlux and daily downward LWR from ERA-Interim. LWR 
emitted by the ocean is calculated as , where ϵ is the emissivity (0.97), σ is the 
Stefan–Boltzmann constant and T is the SST. Downward SWR at the surface of the 
ocean is available from SARAH-2 and agrees very well with direct measurements 
from moorings in the tropical Atlantic46. We applied an albedo of 6% and then 
calculated the amount of SWR that penetrated through the base of the mixed 
layer using an algorithm47,48 based on satellite chlorophyll a concentrations from 
SeaWiFS. The MLD, required for the calculation of penetrative SWR and Q0, 
was estimated using the criterion of a 0.07 kg m−3 density increase from a depth 
of 5 m, obtained from monthly ORAS4 temperature and salinity. The monthly 
MLD was then interpolated to daily values to calculate the heat flux terms. All the 
temperature budget terms were calculated for the period 1998–2016 and averaged 
in the 30–33° S, 36–40° W region. Anomalies were calculated using the 1998–2016 
daily climatology. Uncertainties for each term were calculated49 using daily errors 
of 10 m for MLD, 10 W m−2 for LWR, 20 W m−2 for surface SWR, 0.3 °C for SST and 
8 cm s−1 for horizontal velocity. Error estimates for LHFs and SHFs are provided in 
the OAFlux data set.

Statistical analysis. In this study, the statistical significance of the composites 
and correlations was evaluated using a Monte Carlo test, randomly selecting the 
same number of days from the climatological sample, taking into account the data 
autocorrelation timescale. This process is repeated 10,000 times and grid points 
where either the composite mean or the correlation coefficient is in the most 
extreme 5% of their surrogated counterparts are considered significant. The non-
parametric test of Mann–Kendall is used for the trends. The panels in Fig. 1 were 
obtained from averaging the fields for the longest event of atmospheric blocking 
for the period 1982–2016. To construct the composites of SST anomalies in  
Fig. 2a, we used all the days in which the severity averaged over the area between 
30–35° S and 30–50° W was above 1.5. We tested the sensitivity of our choice by 
using the criteria of averaged severity above 1.0 and 1.2 and the warming pattern 
did not change considerably, albeit the anomalies were weaker (not shown). For the 
composites shown in Fig. 3, we first determined the MHW events that occurred 
simultaneously with atmospheric blocking and defined the first day of these 
simultaneous events as the onset day.

Data availability
The SST and atmospheric data used in this work are freely available from www.esrl.
noaa.gov/psd/data/gridded/data.noaa.oisst.v2.highres.html and http://apps.ecmwf.
int/datasets/data/interim-full-daily/levtype=sfc/, respectively. The precipitation 
and OLR data are provided freely at www.esrl.noaa.gov/psd/data/gridded/. The 
ocean colour data are also freely available from https://oceancolor.gsfc.nasa.gov. 
OSCAR currents are available from https://podaac.jpl.nasa.gov/dataset/OSCAR_ 
L4_OC_third-deg. Surface turbulent heat fluxes from OAFlux were obtained from 
http://oaflux.whoi.edu/data.html. The SARAH-2 SWR data are available from 
https://wui.cmsaf.eu/safira/action/viewDoiDetails?acronym=SARAH_V002_01. 
Ocean data from ORAS4 are available from www.ecmwf.int/en/research/climate-
reanalysis/ocean-reanalysis.
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