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Marine heatwaves (MHWs) are discrete warm-water anomalies events occurring in both open ocean and coastal areas. These phenomena have drawn researchers’ attention since the beginning of the 2010s, as their frequency and intensity are severely increasing due to global warming. Their impacts on the oceans are wide, affecting the ecosystems thus having repercussions on the economy by decreasing fisheries and aquaculture production. Chilean Patagonia (41° S-56° S) is characterised by fjord ecosystems already experiencing the global change effects in the form of large-scale and local modifications. This study aimed to realise a global assessment of the MHWs that have occurred along Central and South Chile between 1982 and 2020. We found that the frequency of MHWs was particularly high during the last decade offshore Northern Patagonia and that the duration of the events is increasing. During austral winter and spring 2016, combination of advected warm waters coming from the extratropical South Pacific Ocean and persisting high pressure inducing reduced winds have together diminished the heat transfer from the ocean to the atmosphere, creating optimal condition for a long-lasting MHW. That MHW hit Patagonia during 5 months, from May to October 2016, and was the longest MHW recorded over the 1982-2020 period. In addition, a global context of positive phases of El Niño Southern Oscillation and Southern Annular Mode contributed to the MHW formation.
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Highlights

	1) Detection of MHWs from 1982 to 2020 with satellite data.

	2) 5-months long MHW offshore Patagonia.

	3) Combination of reduced winds and advected warm water that favoured MHW development.



Additional content available at: https://dox.uliege.be/index.php/s/i3JQbteimolWYkr.

It contains the different metrics associated with all MHWs detected in the 3 studied areas (Northern, Transition and Southern areas): event number; duration; start, end and peak date of each event; mean, maximal and cumulative intensity; variation of the intensity; onset and decline rate.



1 Introduction

Extreme warming events in the oceans have become more frequent over the years (Oliver et al., 2018), partly due to human induced global warming (Laufkötter et al., 2020). Lima and Wethey (2012) estimated that between the 1980s and the 2010s, 38% of the world’s coastal zones suffered from an increase of extremely warm SST events. More recently, the IPCC has estimated in 2021 that the frequency of marine heatwaves (MHWs) has doubled since the 1980s and is believed to continue to increase, particularly in the coastal zones (IPCC, 2021). Considered as anomalously warm events, MHWs are described by their duration, intensity, rate of evolution and spatial extent. Their severity depends on both absolute SST and on local seasonal SST variability, meaning that a high temperature above the threshold does not always imply a severe MHW. Diverse factors, both atmospheric (e.g. reduced winds, higher air temperatures) and oceanographic (e.g. advection of warm waters, weaker than usual upwellings) ones with different time and spatial scales can lead to ocean’s mixed layer warming, inducing formation, maintenance and disappearance of MHWs (e.g. Holbrook et al., 2019). However, although the mechanisms that contribute to the formation of such events are becoming well known, the way they interplay to initiate and maintain MHWs remains uncertain.

The consequences of such extreme events, which can extend up to 100 m depth (e.g. Pearce and Feng, 2013; Jackson et al., 2018; Su et al., 2021), are diverse, ranging from ecosystems damages such as mass mortality, species migrations, ecosystem’s communities shifts (e.g. Smale et al., 2019), to reduced fisheries and aquaculture production (e.g. Oliver et al., 2017; Cheung and Frölicher, 2020), to modifications of the ocean’s properties (e.g. altering carbon cycle and water column stratification, reducing dissolved oxygen concentration or preventing sea ice formation; Brauko et al., 2020; Hu et al., 2020; Carvalho et al., 2021; Mignot et al., 2021).

The Chilean Patagonia, extending from 41.5°S to 56°S and bordered by the Southeast Pacific Ocean, is characterised by a complex fragmented coast forming one of the largest fjord regions in the world (Pantoja et al., 2011). Freshwater inputs through the fjords and the relatively cold and stable coastal oceanic conditions confers to Patagonia an ideal environment for aquaculture farming (Iriarte, 2018; FAO, 2019), thus being a region with a major importance in the country’s economy. Due to its sensitive environment and its economic importance, this region is particularly vulnerable to global warming (Yáñez et al., 2017; Castilla et al., 2021; Soto et al., 2021). Patagonia has already experienced the global change consequences in the form of melting glaciers (e.g. Porter and Santana, 2014), reduced precipitations (Boisier et al., 2016; León-Muñoz et al., 2018; Aguayo et al., 2021) associated with more frequent droughts (Garreaud, 2018a; Winckler-Grez et al., 2020), reduced river discharge modifying nutrient supply, turbidity and salinity (e.g. Soto et al., 2019; Winckler-Grez et al., 2020) and harmful algal blooms (HABs; León-Muñoz et al., 2018). More precisely, during the first half of 2016, Patagonia experienced very uncommon conditions with warmer temperatures, a severe drought which had reduced the streamflow by -30% to -60%, and experienced a very strong HAB development (Garreaud, 2018a) in a global context of drought in subtropical Southeast Pacific Ocean since 2010 partly due to large-scale climate forcings (Garreaud et al., 2020). However, to the best of our knowledge, MHWs have not been studied yet in this region, despite the ecosystem’s vulnerability. The first objective of this study is to realise a global assessment of the MHWs that have occurred off Central and South Chile over the last 4 decades (1982 to 2020). The second objective is to analyse the metrics of those MHWs (frequency of the events, duration and average and maximal intensity) in order to determine when the most important events occurred and if long-term trends can be observed. In addition, decadal trends of the MHWs’ metrics and of the SST will also be assessed. The third objective of this study is to have a better understanding of the factors that contribute to the formation of exceptional MHW conditions that have occurred during the 2016-2017 period, as the MHWs observed at that time were particularly intense and long.

This paper is organised as follows: in section 2, we describe the data used for the MHWs detection and for the understanding of the atmospheric and oceanic context while the MHWs were occurring. An overview of the MHWs that have occurred between 1982 and 2020 is presented in section 3, as well as a focus on the MHW conditions and their forcings over the period 2016-2017. Then, the MHWs detected in 2016-2017 are placed in a larger context and the possible consequences of the MHWs on fjord ecosystems are exposed in section 4. Section 5 provides a summary of the main results of the study.



2 Material And Methods


2.1 Study Area

Chile, bordered to the West by the South Pacific Ocean and to the East by the Andean Cordillera, extends over more than 4300 km from 17°S to 56°S (Figure 1). The Cordillera has a major role in Chilean hydrology as it regulates the climate by controlling precipitations due to the orographic effect (Viale and Garreaud, 2015; Aceituno et al., 2021). The climate and oceanic circulation off the southern part of Chile, the Patagonia (characterised by fjord ecosystems), are forced by large scale atmospheric systems. The two main ones are the Westerly Winds belt at midlatitudes and the basin-scale South Pacific Subtropical Anticyclone extending over the Southeast Pacific. The seasonal North-South migration of the two atmospheric systems is largely influencing the oceanic circulation by inducing the north-south migration of the South Pacific Current (Pérez- Santos et al., 2019; Strub et al., 2019). Thus, the wind-induced currents are also alternating from North to South direction with respectively equatorward currents in summer and poleward currents in winter along central coasts of Chile (Thiel et al., 2007; Strub et al., 2019). Consequently, along the coasts, currents are mostly equatorward north of 37°S (Sobarzo et al., 2007), North-South alternating between 37°S and 46°S, and mostly poleward south of 46°S (Strub et al., 2019). Our study region will therefore be separated in 3 areas according to the main currents circulation: as highlighted by Strub et al. (2019), the region between 38°S to 46°S represents a “transition zone” where the currents are alternating from North to South. This zone, representing North Patagonia, will constitute our central study area, referred to as the “Transition area” in the study. The two other studied areas are North and South of the Transition one, the first one extending from 29°S to 38°S and corresponding to Central Chile, named in this study the “Northern area”, and the second one being the South Patagonia, 46°S to 55°S, named in this study “Southern area”. Longitudinally, the areas were delimited in order to have a similar oceanic surface: Northern area is limited from -82°E to -71°E; Transition area from -86°E to -72°E; Southern area from -89°E to -74°E.




Figure 1 | Mean sea surface temperature (SST; °C) in Southeast Pacific during summer (A) and winter (B). Seasonal averaged SST has been calculated over 1982-2020. Studied areas are indicated by the coloured squares: in red the Northern area (-82°E to -71°E and 38°S to 29°S); in green the Transition area (-86°E to -72°E and 46°S to 38°S); in blue the Southern area (-89°E to -74°E and 55°S to 46°S).





2.2 Data

The SST was needed to first calculate the SST climatology and secondly to calculate the SST anomaly. The SST climatology was calculated using the reanalysed product Optimum Interpolated Sea Surface Temperature (OISSTv2) provided by NOAA (available at https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html) which has a daily resolution. OISSTv2 is one of the longest temporal global SST data available and makes available 39 years of daily data with a spatial resolution of 1/4 degree, from 1982 to 2020. This dataset was used for MHW detection as advised by Hobday et al. (2016) and also to calculate SST long-term trends (described in section 2.4). To calculate the SST anomaly, we choose to use another dataset. Indeed, reanalysed products tend to be overly smooth (e.g. Subrahmanyam, 2015); we therefore preferred to create ourselves an L4 dataset instead of relying on existing ones to retain as much as possible SST variability. We decided to use the SST satellite dataset provided by the Advanced Microwave Scanning Radiometer 2 instrument (AMSR-2) onboard Global Change Observation Mission satellite, having a 1/4 degree resolution and being available at http://www.remss.com. Although our study focuses on the 2016-2017 MHWs, we downloaded the satellite data over the whole available period (2012-07-03 to 2020-12-31) for the whole Pacific Ocean. While microwaves do not interfere with clouds, they do interfere with rain; thus satellite data are still incomplete (36% of missing data on average). Reconstruction of the satellite SST field was performed with DINEOF as described in section 2.3. SST anomalies were calculated by doing the difference between the reconstructed SST data and the daily climatology.

Sea level pressure and air temperature 2 meters above surface were downloaded from 1982 to 2020 using the European Centre for Medium-Range Weather Forecast (ECMWF) reanalysis data (ERA5) available at https://cds.climate.copernicus.eu/#!/home. They both have a spatial resolution of 1/4 degree and a daily temporal resolution. Daily and monthly average atmospheric temperature anomalies were calculated using the data described above doing respectively the difference between daily and monthly air temperature and long-term daily and monthly mean from 1982 to 2020. Same for daily and monthly sea level pressure anomalies.

Zonal and meridional winds components 10 meters above surface, also downloaded from the ECMWF, were analysed over the period 2012 to 2020 (hourly temporal resolution and a spatial resolution of 1/4 degree) and wind speed was calculated from u and v component (respectively eastward and northward components).

Time series of atmospheric temperature, sea level pressure, winds and anomalies for both atmospheric pressure and temperature were also calculated and a 3-months Gaussian filter was applied on each variable to remove variability inferior to the season.

The hourly heat fluxes were also downloaded from the ECMWF from 2012 to 2020 with a spatial resolution of 1/4 degree. They are related as follows:

	

where Qi is the total net heat flux at the surface of the ocean, Qs the surface net solar radiation (also known as shortwave radiation) that reaches a horizontal plane at the surface of Earth minus what is reflected by Earth’s surface (governed by the albedo); Qb is the surface net thermal radiation (also known as longwave radiation) which is the difference between downward and upward radiation received/emitted by Earth’s surface;Qe is the surface latent heat flux representing the transfer of latent heat (e.g. heat transfer due to evaporation or condensation) between atmosphere and Earth’s surface through turbulent motion; Oc is the sensible heat flux, i.e. the heat transfer between Earth’s surface and atmosphere via turbulent motion but not taking into account heat transfer resulting from water phase change (e.g. evaporation and condensation). We have calculated a spatial average of the hourly heat fluxes between the ocean and the atmosphere within the 3 studied areas (Northern, Transition, Southern areas) to know the temporal evolution and applied a 3-month Gaussian filter to subtract variations inferior to the season. In addition, we calculated the anomaly of the total heat transfer from the ocean to the atmosphere (Qbec), which is the sum of Qb, Qe and Qc, by subtracting Qbec monthly climatological mean (calculated based on 2012 to 2020 values) from monthly averaged Qbec values. Within this study, we will consider that fluxes from ocean to the atmosphere are heat loss from the ocean, i.e. negative fluxes, whereas fluxes from the atmosphere to the ocean are heat gain for the ocean, i.e. positive fluxes.

Different remote forcings were evaluated. For El Niño Southern Oscillation (ENSO), we used the Oceanic Niño Index (ONI) provided by NOAA to monitor El Niño and La Niña phases. This index indicates the difference between the 3-month running mean SST and the 30-year climatology in the tropical Pacific between 120°-170°W (Niño3.4 region). El Niño (La Niña) phases are determined when the index is above (below) +0.5 (-0.5). For PDO, we used the ERSST PDO index provided by NOAA. It is the dominant year-round pattern of monthly SST anomalies in the Northern Pacific obtained via empirical orthogonal function analysis. For the Southern Annular Mode (SAM), we used the index calculated according to Marshall’s method (2003) expressing the zonal pressure difference between 40° S and 60° S. All indexes were analysed from 1982 to 2020. We applied a 3-month Gaussian filter for PDO and SAM but not for ONI as it is already calculated as a 3-month average.



2.3 Reconstruction of the SST Field

Data INterpolating Empirical Orthogonal Functions (DINEOF) was used to reconstruct the missing data in the SST field from AMSR-2. It is a tool developed by Beckers and Rixen (2003) and Alvera-Azcárate et al. (2005). It is based on an empirical orthogonal functions (EOF) calculation enabling to fill the missing data in large sets of data, especially satellite ones (Alvera-Azcárate et al., 2005). To fill the missing data, first, DINEOF removes a spatial and a temporal mean to the original dataset, and the missing data are set to zero. Then, a first EOF decomposition is performed with the first EOF for this field and the missing values are replaced by the values obtained by this EOF decomposition. In parallel, DINEOF calculates a cross-validation error. Then, the EOF decomposition and error calculation are repeated with 2 EOFs, then 3 EOFs, etc. The final number of EOFs retained corresponds to the minimal error obtained by the cross-validation. DINEOF has been applied year by year to fill the gaps in the microwave SST data in order to avoid working with too large data files. Indeed, multiyear reconstructions, if done all at once in DINEOF, can lead to overly smoothed reconstructions (as too much weight is given by the EOFs to long-term variations). Although the division of a long time series in separate years can lead to artificial changes between the years, it was not the case in this application. See example of reconstruction with DINEOF for the South Pacific Ocean in Figure 2.




Figure 2 | (A) AMSR-2 sea surface temperature (SST; °C). White parts indicate the missing data due to rain, ice and satellite limitations (swaths). (B) Reconstructed SST (°C) with DINEOF. Missing data are still present alongshore and everywhere water was covered at least one day by sea ice.



We reconstructed the whole South Pacific Ocean but decided that every portion of water covered at least one day by sea ice will not be part of the reconstruction, as we are not interested in high latitudes. For each year (2012-2020), the percentage of missing data in the original SST dataset for the whole South Pacific was between 35% and 37%. For the reconstruction, 50 EOF were calculated by DINEOF for each year, explaining in average 99.89% of the initial variance. To estimate the accuracy of DINEOF reconstruction, we calculate the bias, correlation and root mean square error (RMS) between the reconstructed field and in situ data from drifting buoys (shown in Table 1). We used 10 surface drifting buoys with hourly temporal resolution (allowing to select the same hour at which the satellite measures of the SST were done), all scattered offshore Central and South Chile between the coast and about 2 500 km offshore, with a complete temporal coverage from 2014 to 2020. In total, 4219 points were used to estimate the accuracy of our reconstruction (buoys’ data are available at https://map.emodnet-physics.eu/). Results show a slight negative bias which indicates that the satellite and the reconstructed SST are lower than the in situ SST. The bias, the correlation and the RMS are very close for both sets of data, meaning that our reconstructed field is as accurate as the satellite data.


Table 1 | Bias (°C), correlation and root mean square error (RMS, °C) calculated between original satellite SST and SST from in situ buoys and between the reconstructed SST field with DINEOF and the SST from the buoys.





2.4 SST Trends

We calculated the seasonal mean SST over the studied area by doing the long-term average (1982 to 2020) over austral summer, autumn, winter and spring. To calculate the SST long-term trends, as a first step we removed SST seasonal variation to our SST values through a low-pass filter in order to have only the annual SST trends and removed seasonal variations. Then, SST linear trends were calculated from 1982 to 2020, by using the OISSTv2 dataset. We choose p-value inferior to 0.05 as a significant trend. Secondly, trend calculation was performed again over ten-year periods, from 1982 to 1991, 1992 to 2001, 2002 to 2011 and 2012 to 2020.



2.5 Marine Heatwaves

In this study, we used the MHW definition given by Hobday et al. (2016), which defines MHWs as continuous events of warm SST anomalies exceeding a threshold (90th percentile with respect to a 30-years climatology) during at least 5 days. Our marine heatwave detection is based on the HeatwaveR algorithms provided by Schlegel and Smit (2018) available at https://robwschlegel.github.io/heatwaveR/index.html. The SST is spatially averaged over a determined area (in our case Northern, Transition and Southern areas) and the algorithm determines when MHWs are occurring, calculating for each day a long-term climatology, a threshold according to this climatology (90th percentile), and find the periods during which SST exceed this threshold during at least 5 days with no more than 2 below-threshold consecutive days, based on a 11-days moving mean centred on each Julian day (in the case of time series SST data) or on each pixel (in the case of gridded data). In addition to the MHW calculation, the algorithm provides several metrics: number of events per year, duration of each event and maximal and mean intensity (the maximal intensity is the highest temperature anomaly value recorded during the MHW whereas the mean intensity is the mean temperature anomaly observed during the event).

To calculate the climatology, Hobday et al. (2016) recommend to have at least 30 years of SST data because multi-year cyclic events (e.g. ENSO) must be considered to calculate the MHWs. Here we used the same dataset as they did, that is to say the OISSTv2 dataset but over a longer period, from 1982 to 2020. The threshold we used to calculate MHWs is the 90th percentile. In addition, the algorithm also determines the long-term trends in MHW occurrence by first calculating the number of MHW in each pixel of the gridded data that has occurred, in our case between 1982 and 2020, and then applying a generalised linear model to each pixel. From the generalised linear model, slope and p-value (<0.05) are used to determine the long-term trends in MHW occurrence.

Hobday et al. (2018) have proposed a classification of the MHW events in order to have a better visualisation of the MHWs’ real impact on ecosystems. This classification has 4 categories which depend on the maximal intensity reached by the MHW event (which in turn depends on the climatology). Categories are based on multiples of the local difference between the climatology and the threshold. Between 0 and 1 times the differences between the climatology and the threshold, no MHW is detected; between 1 and twice the difference it is a Category I MHW, between 2 and 3 times the difference it is a Category II MHW, Category III corresponds to 3 to 4 times the difference and a Category IV corresponds to more than 4 times the difference. This categorization is also given by the heatwave detection algorithm.




3 Results


3.1 Marine Heatwaves in Central and South Chile: 39 Years of Data

To understand how MHWs have evolved within a 39-year period, we performed an analysis of the duration and intensity for each event and studied the number of MHWs occurring each year. MHWs were identified by doing the spatial average of the SST within the 3 studied areas and their metrics were identified using HeatwaveR code.

From 1982 to 2020, the Northern, Transition and Southern area experienced respectively a total of 75, 73 and 71 periods under MHW conditions from which 5, 6 and 9 MHW periods had a duration superior to one month. In the Northern and Transition areas, the highest number of MHWs was recorded during El Niño years, respectively 9 events in 1997 and 7 in 1998 (Figures 3A, B). For the Southern area, in both 1987 and 2020, 6 MHWs were recorded of which 3 had a duration superior to 1 month (Figure 3C). For the Transition area, alternance of years with and without MHWs was common until 2011 (Figure 3B). Nonetheless, from 2011 to 2020, MHWs were recorded every year totalling during that 10-year period 45% of all MHWs recorded for the area. The decade 2012-2020 was particularly active in terms of number of MHW events for the Transition area, totalling on average twice as many events than during the 1982-1991 decade and was 2.5 times superior to the number of events that have occurred during decades 1992-2001 and 2002-2011 (Figure 4E). It is notable that the early 21st century was MHWs-free for all 3 areas (this period was the longest in the Transition area).




Figure 3 | Number of marine heatwave events (MHW) that have occurred each year from 1982 to 2020 for Northern (A), Transition (B) and Southern (C) areas.



For all 3 areas, the mean duration of MHWs for the 1982-1991 decade was about 10 days and was the lowest of the four decades (Figure 4A), whereas mean duration during the 2012-2020 decade was the longest recorded, with 20 days, 19 days, 23 days for respectively Northern, Transition and Southern area (Figure 4B). The mean duration was multiplied by 2.14, 1.9 and 2.3 respectively between the two decades. Between 1982-1991 and 2012-2020, the duration of the longest event has been multiplied by 8, 5 and 3 for respectively Northern, Transition and Southern areas. The longest event in the Northern area began in January 2017 and lasted for 137 days (4.5 months); in the Transition area, the longest event began in May 2016 and lasted for 148 days (almost 5 months), and in the Southern area, the longest event began in June 2016 and lasted for 119 days (almost 4 months).




Figure 4 | Decadal trends (1982-1991, 1992-2001, 2002-2012, 2012-2020) for Northern (red), Transition (green) and Southern (blue) areas. Parameters analysed over the different decades are: (A) mean duration (days) of the events that have peaked during the decade, (B) duration (days) of the longest event of the decade, (C) mean intensity (°C) of all the events that have occurred during the decade, (D) maximal intensity (°C) reached by the strongest event of each decade, (E) number of MHW events that have occurred throughout the decades.



Regarding the intensity over the decades, the mean intensity of the MHWs is the highest in the Northern area and the lowest in the Southern area (Figure 4C). For the Northern area, the strongest event recorded was in 2017 with a maximal intensity of 2.3°C (Figure 4D), classified as a Category III event. This strong event corresponds to the longest one recorded in this area (137 days). For the Transition area, the highest intensity recorded was 2.2°C corresponding to a Category II MHW which started in October 2016 and lasted for 64 days. In the Southern area, the strongest event ever recorded was a Category II event in 1998. It occurred while a strong El Niño event was present and had a maximal intensity of 1.9°C with a duration of 99 days. It seems interesting to note that the strongest event recorded was during the last decade for both Northern and Transition areas. Indeed, 21%, 40% and 38% of the MHW events (respectively for Northern, Transition and Southern areas) that had a maximal intensity superior to 1°C occurred after 2011 whereas it represents only a fourth of the total period we studied. In the same way, 36%, 33% and 50% of the events (respectively for the Northern Transition and Southern areas) having a maximal intensity superior to 1.5°C occurred after 2011.



3.2 Development of the MHWs in 2016-2017

The years 2016 and 2017 were particularly hit by MHWs with, from May 2016 to May 2017, 219, 298 and 224 days under MHWs conditions for respectively Northern, Transition and Southern areas. More specifically, from May to December 2016 (that is to say a duration of 245 days), the Transition and Southern areas were under MHW conditions during respectively 212 and 216 days (and “only” 86 days for the Northern area). Those conditions were caused by a succession of unusually long and strong MHWs that started on May 2016 (see details in Figure 5).




Figure 5 | Temporal evolution of the marine heatwaves (MHWs) recorded between January 1st of 2016 and July 1st of 2017 (A–C). Those graphs are obtained by averaging the sea surface temperature (SST) over the corresponding area. (D–F) Represents a zoom over the strongest event recorded for each area over this period, highlighted by the black square in the left column. For both left and central columns, the lower line of the graph (black and bold) represents the long-term climatology. The irregular black line represents the daily SST temperature. The green bold line represents the threshold, the first green dashed line is 2 times the threshold, the second green dashed line represents 3 times the threshold and the final green dashed line represents 4 times the threshold. The MHWs categorization is represented by the colours with yellow, orange, red and dark purple corresponding respectively to Category I, II, III and IV. (G–I) Represents the SST anomaly on the day of the main peak of the strongest event. The areas are represented by the coloured squares. Upper line corresponds to the Northern area, middle one to the Transition area and bottom one to the Southern area.



On May 19th 2016 (austral fall) started MHW conditions in the Transition area and one month later, on June 17th, in the Southern area. The MHW peaked on June 29th (austral winter) in the Transition area with a maximal intensity of 1.4°C and on August 18th in the Southern area with a maximal intensity of 1.1°C. For both areas, the MHW was considered as a Category II event. On October 13th (austral spring), the MHW disappeared for both areas resulting in 148 days under MHW conditions for the Transition area and 119 days for the Southern area. However, only 7 days later, on October 20th, a new MHW started again in both areas. That time, the intensity of the MHW decreased quickly in early November, the MHW conditions almost disappeared for the Transition area and even disappeared in the Southern area on the 9th of November. Nevertheless, the MHW’s intensity increased back by mid-November, provoking a new MHW for the Southern area with a maximal intensity of 1.2°C and for the Transition area the strongest intensity reached over the last 39 years with a value of 2.2°C on November 29th. The MHW then progressively disappeared by the end of December. Finally, MHW conditions totalled 64 days of uninterrupted MHW conditions in the Transition area and 55 days for the Southern area interrupted by 9 days without MHW conditions in November. The MHWs were Category III events for the Transition area and Category II for the Southern area. Concerning the Northern area, 4 relatively short (inferior to one month) and weak MHWs were recorded in austral spring 2016, from September to December. All were Category I events except the third one which was a Category II event with a maximum intensity on November 24th of 1.5°C. Then, on January 19th of 2017 began a Category III MHW which lasted for 137 days with a maximal intensity of 2.3°C on February 28th, being the longest event recorded for the Northern area and the strongest one of all areas combined. At the same period, the Transition area experienced discontinuous short (inferior to 1 month) and weak (all Category I events) MHWs from January to March 2017.



3.3 Atmospheric Conditions in 2016-2017

In April 2016, a high-pressure system was present in the extreme South Pacific Ocean, reaching Chilean coasts up to 45° S (Figure 6A). In May and June, the high-pressure system moved northward, encompassing the whole Patagonia and reaching the highest pressure ever recorded over the 2012-2020 period for both Transition and Southern areas (Figures 6B, C). This resulted in very stable anticyclonic conditions over the Transition and Southern areas, leading to a low winds velocity, the lowest recorded over the 2012-2020 period for all 3 areas (Figures 7A–C). Furthermore, in the Transition area, the east-component of the wind speed is fully eastward over the 2012-2020 period except in mid-May 2016, having a very low wind speed with a westward direction. During austral winter, the high-pressure system moved toward eastern Patagonia and disappeared in August.




Figure 6 | Monthly average sea level atmospheric pressure anomalies (A–C), atmospheric temperature anomalies (D–F) and sea surface temperature (SST) anomalies (G–I), expressed respectively in hPa, °C and °C, for the months of April 2016 (left column), May 2016 (central column) and June 2016 (right column). Colour scale is indicated on the right side of each line. Areas concerned are all located between 20°S and 50°S, and between 50°W and 140°W for pressure anomaly, between 60°W and 120°W for air temperature anomalies and between 60°W and 120°W for SST anomalies.






Figure 7 | Wind speed (blue) and sea level atmospheric pressure (red) from 2012 to 2020 for Northern (A) Transition (B) and Southern (C) areas. A 3-month Gaussian filter was applied to the data. For a better visualisation of the variations, y-axis’ scales differ.



SST and air temperature were evolving in similar ways. In April 2016, at midlatitudes, a large patch of SST anomalies is present offshore Chile, affecting both Transition and Southern areas (Figure 6G). A core of negative SST anomalies was observable between the mid-latitude warm patches and warm anomalies at tropical latitudes. The same pattern is observable for atmospheric temperature anomalies (Figure 6D). In May, the SST patch moved eastward (Figure 6H), bringing warm anomalies nearshore. Those anomalies were the highest in the Transition area with local anomalies between 2°C and 2.5°C. Alongshore, the warm anomalies merged with lower latitude anomalies, forming a continuous band of positive anomalies along Chilean coasts. Again, a similar distribution of warm atmospheric temperature anomalies is observed (Figure 6E). In June, the air temperature anomalies were still high and the patch of warm SST anomalies was still getting closer to Patagonian coasts (Figures 6F, I). Although the SST anomalies persisted during austral winter, they were progressively diminishing until early spring. However, in October, a patch of warm air temperature anomalies formed in the tropical Pacific, moving progressively southeastward, reaching in November the Juan Fernández Archipelago. In early November, a very warm circular patch formed in the ocean, coinciding with the location of the warm air patch, centred approximately on 90° W and 35° S, West of Juan Fernández Archipelago. At this place, the temperature anomalies rose quickly, reaching on November 18th 4.5°C for the SST and 4°C for the air temperature (Figure 8); no remarkable positive or negative pressure system was observed where the patches were present. Then, both warm SST and warm air patch migrated southeastward, losing in intensity, and reached coasts of the Transition area in late November. The warm SST patch progressively disappeared in December but pulsed again South-West of Juan Fernandez Archipelago in early 2017. The warm air patch was still present in January and February affecting at that time only the Northern area.




Figure 8 | (A) Sea surface temperature anomaly and (B) air temperature anomaly (both in °C) on November 18th, 2016. A particularly warm patch is observable, centred on 90°W 35° S, with anomalies reaching locally 4.5°C for the SST and 4°C for the air temperature.



In addition to the atmospheric variables, we also analysed the mean heat transfer from the ocean to the atmosphere over the period 2012-2020 (Figure 9). Indeed, during late fall and winter 2016, offshore Chilean coasts, the heat transfer from the ocean to the atmosphere was lower than usual, being reduced up to 100 W/m² in June in both Transition and Southern areas compared to the 2012-2020 average (Figure 9C). This diminished heat transfer was caused by a lower latent and sensible heat transfer. Indeed, in the Transition area the latent heat was reduced by 1/4 in May and June, while in the Southern area it was reduced by ~1/3 from May to July. The sensible heat was reduced in the Transition area from May to September, being reduced up to 1/3 from June to August, whereas in the Southern area a reduction is observed from May to September being almost equal to zero in June and divided by 4 in July. By the end of austral spring, the heat transfer slightly recovers to normal values except in November when the warm SST and air patches were observed.




Figure 9 | Monthly anomaly of total heat transfer (in W/m²) from the ocean to the atmosphere for (A) April, (B) May, and (C) June of 2016. The anomaly has been calculated according to the 2012 to 2020 average.






4 Discussion

SST satellite products covering the period of 1982-2020 were used in this manuscript to understand the forcing mechanisms involved in the formation of MHWs offshore central and south Chile. The data analysis showed an increase in MHWs events during the last decade, particularly offshore Northern Patagonia. On another side, the years of 2016-2017 were significant in MHWs occurrence, in terms of duration and intensity. Detailed descriptions of the main results are included in the following discussions sections.


4.1 SST and Marine Heatwaves Trends

SST trends from 1982 to 2020 show that the Central South Pacific has been particularly hit by warming waters during the last 39 years (Figure 10A). A very large patch from the Tropics to mid-latitudes suffered from positive trends, about 0.03°C per year within the patch’s centre. The patch reaches South American coasts from 30°S to 47°S, except at 37°S where a cold trend is present. According to those trends, the Transition area is the only South American Pacific coast (South of 10°S) impacted by positive trends, ranging from 0.005 to 0.015°C per year. A closer look to the decadal trends confirms that Chilean coast did not suffer from warming trends during the three first decades (cooling trends are observed nearshore), although a tongue-shaped positive trend is observable in the open ocean centred approximately on 35°S (Figures 10B–D). Nevertheless, the last decade shows a totally different pattern, with positive anomalies everywhere (except a horseshoe pattern of negative trends), particularly high along Patagonian coasts with trends of +0.05°C to +0.1°C per year (Figure 10E). Note that the Central South Pacific has been badly hit during all 4 decades. The long-term trends are consistent with what was observed by Roemmich et al. (2016): a tongue-shaped warm patch, with a warm core between 30° S and 40° S getting closer to the coast between 38° S and 47° S. However, contrary to what we found, Roemmich et al. (2016) highlight cooling trends nearshore. The difference might be linked to the different time series used: their study has been realised from 1981 to 2015, whereas our study also encompassed the end of the last decade which was important in terms of warming. In addition, Gutiérrez et al. (2018) found that winter SST has been increasing from 2010 to 2016 in Northern Patagonian fjords, being maximal in 2016, the winter we observe the very long MHW in both Transition and Southern areas.




Figure 10 | Significant sea surface temperature (SST) trends (according to pvalue<0.05) in °C per year for (A) 1982-2020, (B) 1982-1991, (C) 1992-2001, (D) 2002-2011 and (E) 2012-2020. Areas where no significant trends were observed are shown in white.



HeatwaveR algorithms can also provide the MHWs trends (Figures 11A, B). Thus, we performed the analysis over a reduced portion of the Southeast Pacific Ocean from 1982 to 2020, focusing only on our 3 areas of interest. The results are the MHWs frequency trends within each pixel. An increase of the MHWs frequency is remarkable at mid-latitudes, especially at lower latitudes than 46° S. Along Transition area coasts, a positive trend is also present but not significant. Moreover, a negative trend is observable at 37° S, at the location of the Punta Lavapie upwelling system. The same distribution pattern of MHWs trends and SST trends can be explained by the fact that MHWs are highly related to increasing SST across the globe (Frölicher et al., 2018).




Figure 11 | Marine heatwaves (MHWs) trends (A) and significance of the trends according to the p-value (B). The trend is calculated according to the number of MHWs that have occurred in each pixel from 1982 to 2020. Consequently, a positive (negative) trend significate that the number of MHWs is increasing (decreasing) with time.





4.2 Formation and Processes of the 2016-2017 MHWs

In autumn 2016 started a series of MHWs in the Southeast Pacific Ocean, offshore South Chilean coasts (Figure 5). In April 2016, positive SST anomalies coming from the extratropical Pacific (~55°S, 130° W) started to be stronger in the Transition area, accompanied with diminishing winds (Figure 6G). This warm patch observed in the extratropical South bringing positive SST anomalies to Patagonia through the Pacific Gyre could be part of the South Pacific Ocean Dipole. This dipole is composed of an extratropical positive SST anomalies patch (which would corresponds to the one we highlighted) centred on about 58° S, 125° W and a subtropical negative SST anomalies patch centred on the eastern coast of New-Zealand (Saurral et al., 2020). The main variability of the dipole is explained by ENSO (Li et al., 2012; Chatterjee et al., 2017): the warm anomalies in the extratropical dipole are enhanced when positive phases of ENSO are occurring. Strong El Niño conditions were present in austral summer 2015-2016 (Figure 12A), probably strengthening the dipole’s warm anomalies. In addition, dipole’s SST anomalies are subject to eastward propagation (Li et al., 2012) explaining why they reached Patagonia. In May 2016, the wind speed reached its lowest value over the 2012-2020 period for both Northern and Southern areas (Figure 7), and the Transition area experienced unusual westward winds. The combination of unusually weak winds due to a persisting high-pressure system (the highest recorded for the Southern area over the period 2012-2020) reducing the heat loss from the ocean (sensible and latent heat; Figure 9) and the presence of anomalously warm waters triggered MHW conditions in the Transition area in mid-May. In June, the SST anomaly, still coming from the extratropical ocean (Figure 6I), got stronger in the Southern area, allowing to trigger MHW conditions in that area by the end of the month (Figure 5F). We did not perform a comparison between 2016 wind speed and long-term wind speed, but Garreaud, (2018a) did it off Chiloe Island (42.5°S, 74.3°W, located in the Transition area) and shown that winds were about twice inferior to the long term average from late-May to mid-June. In winter, the wind gets back to usual values, and the heat transfer from the ocean to the atmosphere progressively gets back to normal by early spring. In spring, SST anomalies were present but were getting lower than during previous months, barely maintaining MHW conditions. The MHWs conditions stopped by mid-October in both Transition and Southern areas, totalling 148 days under MHWs conditions in the first area and 119 in the second one (Figure 5). The Northern area has not been affected by this MHW, except in the form of short heat peaks during winter. However, advection of warm waters coming from extratropical South Pacific triggered new MHWs in all 3 areas in mid-October but were not high enough to maintain the MHW conditions resulting in early November in a break within the MHW period in Northern and Southern areas and to its almost disappearance in the Transition area. Meanwhile, a warm patch formed very quickly in both ocean and atmosphere West of Juan Fernández Islands in early November 2016 (Figure 8), with an SST anomaly increase of 2.5°C in only 12 days. Both atmospheric and oceanic warm patches moved southeastward and reached the coasts in late November, encompassing the three areas and coinciding with the new apparition of MHW conditions in Northern and Southern area and to the strengthening of the MHW in the Transition area. In the Transition area, this MHW corresponds to the most intense one recorded over the 1982-2020 period. In the Northern area, the MHW was not that strong because of the presence of a coastal negative anomaly signal at approximately 37°S, corresponding to Punta Lavapie, an area where upwelling favourable winds are predominant from September to February (Letelier et al., 2009), explaining the negative SST anomalies often observed in this area. However, the positive anomalies patches got cooler while moving northeastward in mid-December and the anomalies were decreasing. Nevertheless, in late January 2017, both SST and atmospheric temperature anomalies patch increased back, provoking the 137 days (4 and a half months) MHW in the Northern area (which was, by the way, the strongest event ever recorded along Chile) and to short pulses in Transition and Southern areas.




Figure 12 | Different remotes forcings expressed by their index. (A) Oceanic Niño Index for ENSO monitoring (ONI), (B) Pacific Decadal Oscillation (PDO) index, (C) Southern Annular Mode (SAM) index. Red indicates a positive period and blue a negative period. PDO and SAM index are expressed with a 3-month Gauss filter, represented by the black bold line. ONI calculation is already based on a 3-month average. The scale differs according to the index.



It is important to note that in the part of the world we are interested in, SST is generally higher than the air temperature. To understand how SST and air temperatures are related, we spatially averaged SST anomalies and air temperature anomalies (and applied a 3-months Gaussian filter on both) over the period 2012-2020 for the 3 areas and calculate their correlation to know how they are related. Over the period 2012-2020, the correlation between air temperature anomalies and SST anomalies was the highest with a 10, 1 and 3-days lag respectively for Northern, Transition and Southern areas. The correlation was therefore 0.9291, 0.8748 and 0.8711 respectively. However, having a more specific look to the year 2016 only, air temperature and SST anomalies were occurring with no lag for both Northern and Transition areas, whereas for the Southern area, SST anomalies were leading air temperature anomalies by 9 days; correlation between the two parameters for all 3 areas being higher than 0.94 for the year 2016. Consequently, as the SST is higher than the air temperature and as SST variations precede or occurred at the same time as air temperature variations, this would signify that the autumn-winter-spring MHWs in 2016 were not led by the air temperature. However, the global atmospheric conditions (lower winds associated with high-pressure system, thus reducing heat loss from the ocean) contribute to enhance the SST anomalies, preventing waters to cool during winter, in addition to the warm waters advected from the South-Central Pacific Ocean. That combination of oceanic and atmospheric factors, i.e. advected warm waters, high pressure system inducing reduced winds and in return a decrease in the sea-air fluxes, having led to MHW formation has already been observed in the past, for instance in the Pacific Ocean when a MHW lasted from 2013 to 2015 (Bond et al., 2015) or in 2011 in Western Australia (Pearce and Feng, 2013).

Besides the oceanic and atmospheric forcings, remote forcings could have played a role within the longevity and intensity of the MHWs events during 2016 and 2017. Indeed, in 2014, ENSO switched to a positive phase until mid-2016, being one of the three strongest El Niño events ever recorded with the 1982-1983 and 1997-1998 ones (Figure 12A). Because of its importance, it has been popularly named “Godzilla El Niño”. Garreaud, (2018b) has shown that the Godzilla El Niño event, was associated with strong positive sea level atmospheric pressure anomalies (>5 hPa) at extratropical latitudes during austral summer 2016. In our study, we found that during austral autumn (March-April-May), the atmospheric pressure anomalies were also high, with seasonal average up to 10 hPa. In addition, the warm patch we described West of Juan Fernández Archipelago that formed in November 2016 and strengthened in January 2017 was probably linked to a “coastal El Niño” (Garreaud, 2018b; Rodríguez-Morata et al., 2019; Smith et al., 2021), whose characteristics were a strong and rapid warming of the easternmost Equatorial Pacific in January 2017 followed by other warm pulses in February and March, associated with very weak Tradewinds from January to April 2017 (Garreaud, 2018b). In fact, the whole Central Pacific experienced a very strong El Niño in 2015-2016 and the easternmost Central Pacific experienced a coastal El Niño in summer 2016-2017 (Garreaud, 2018b). In its study, Garreaud, (2018b) highlights a tongue-shaped warm SST coming from Equatorial Pacific and extending southeastward to the coasts of our Northern area, in accordance with what we described. This warm patch resulted in the formation of the most intense MHW in the Northern area, which lasted from January 19th to June 4th 2017. In addition to the El Niño event, a positive phase of PDO also occurred from 2014 to 2017 (Figure 12B). PDO has already been correlated with positive sea surface temperature for the period 2014-2017 in previous study (Narváez et al., 2019). Indeed, when its positive phase occurs together with ENSO’s positive phase, their consequences can cumulate and cause lower winds and warmer conditions at mid-latitudes (Garreaud et al., 2009; Ancapichun and Garcés-Vargas, 2015; Yáñez et al., 2017). Besides the El Niño and PDO events, a strongly positive phase of SAM also occurred in 2016 (Figure 12C). Nevertheless, usually ENSO and SAM have negative correlation (Gong et al., 2010), thus the synchronisation of very strong positive events of both phenomena seems confusing. However, as the two phenomena have the same consequences over Chilean Patagonia, meaning high pressure systems South of Patagonia, reduced Westerly winds at mid-latitude and higher temperatures, their combined effects might exacerbate their consequences. And effectively, the drop in wind speed we observed in late autumn 2016 and the high pressure associated were the highest ever recorded at least over the period 2012-2020. Although SAM has been cited in a few studies as a factor maintaining or initiating environmental conditions for MHW formation (e.g. Perkins-Kirkpatrick et al., 2019; Salinger et al., 2019; Su et al., 2021), its implication within the formation of MHWs, particularly in the Southeast Pacific Ocean, needs to be in-depth investigated.



4.3 Marine Heatwaves Consequences on Fjords Ecosystems

Although Patagonian ecosystems are extremely vulnerable to global warming (Yáñez et al., 2017) and even if fjords are considered as aquatic critical zones (Bianchi et al., 2020), only few studies have been realised on MHWs’ consequences on fjords ecosystems and none on Patagonian fjords. Here, we suggest that numerous typical impacts of MHWs could be considered according to what has been observed in other parts of the world. For instance, a HAB occurred in North Patagonia inner seas from February to May 2016 (Garreaud, 2018a; León-Muñoz et al., 2018; Armijo et al., 2020) resulting in economic losses of several hundred million dollars (e.g. Díaz et al., 2019). HABs are often described as a consequence of MHWs (e.g. NOAA Climate, (National Oceanic and Atmospheric Administration Climate)2015; Roberts et al., 2019), but this one occurred shortly before the MHW we detected in the Transition area. That temporal mismatch could be due to the coarse spatial resolution of the SST data we used to perform our MHWs detection, preventing us to know if the inner seas experienced more numerous or longer MHWs than the open ocean did and if the HAB coincided with a MHW event. Another type of consequences of MHWs on Patagonian fjords could be the diminution of oxygen concentration. Indeed, Patagonian fjords are already experiencing hypoxic conditions due to fjord alimentation by low-oxygenated Equatorial Subsurface water mass filling the deep micro-basins (Silva and Vargas, 2014; Pérez-Santos et al., 2018), a strong stratification which prevents deep waters to be re-oxygenated by vertical mixing (Silva and Vargas, 2014) and anthropogenic activities (Silva and Vargas, 2014). The presence of a long-lasting and severe MHW as the one we observed during winter 2016 could worsen the hypoxic conditions by increasing thermal stratification and reducing oxygen dissolution (Breitburg et al., 2018), as it has already been observed in Norwegian deep-fjords where hypoxic conditions were exacerbated by deep waters warming, then affecting benthic communities (Aksnes et al., 2019). In addition, Patagonia is also a place for large aquaculture development, particularly salmon farming as the environmental conditions are optimal with average temperatures up to 15°C in summer for Northern Patagonia (Figure 13A). However, in February 2017, the strongest ever MHW event was recorded and SST nearshore was nearly 2°C higher than average, reaching 17°C (Figure 13B) in northernmost Patagonia, being close to the upper limit of optimal temperature growth for Atlantic salmons (Elliott and Elliott, 2010). Finally, decreases in microbial richness have already been observed in Patagonian fjords, associated with seasonal increase of sea temperatures, particularly in winter (Gutiérrez et al., 2018). This would probably be exacerbated as MHWs are projected to be more numerous, as we saw in section 4.2.




Figure 13 | (A) Sea surface temperature (°C) long-term monthly averaged over 1982 to 2020 period for February and (B) monthly average for February 2017.






5 Conclusion

This study presents, to the best of our knowledge, the first assessment of the marine heatwaves (MHWs) that have occurred along Central and South Chile (29° S-55° S) from 1982 to 2020. We found that, although MHWs were already present in the 1980s, their intensity and their duration has increased, particularly over the period 2012-2020 with record-breaking events. The central studied area (North Patagonia) located between 38° S-46° S is the only Chilean coastal area where a long-term positive trend of MHWs frequency is present, probably related to the SST long-term warming trends. Indeed, that area totals 45% of the MHW events and 40% of the events that had an intensity superior to 1°C during the 2012-2020 period, showing how badly the area has been hit during the last decade. More particularly, the period from austral fall 2016 to summer 2017 suffered a succession of unusually long and strong MHWs. From May 2016 to May 2017, North Patagonia suffered about 300 days under MHW conditions. We found that in fall and winter 2016, warm waters were advected from the extratropical Pacific Ocean to the Patagonian coasts, contributing to the MHWs triggered and that atmospheric conditions were optimal for MHW development. Indeed, in May and June 2016, winds were abnormally low contributing to the diminution of the heat lost by the ocean. The MHW conditions persisted until spring 2016 and progressively disappeared. However, in November, new MHW conditions started causing the strongest MHW we recorded which lasted until early June 2017 in Central Chile, probably linked to a coastal El Niño. In addition, in early 2016, very strong El Niño conditions were reported and were associated with positive phases of SAM, probably having influenced the environmental conditions that have led to very intense and long MHW events.

In this study we analysed the surface development of the MHWs. However, the evolution of the detected MHWs off the coast of Chile, with several MHWs happening sequentially with only a few days between them, indicates that the subsurface temperatures might stay high during longer periods of time, favouring the development of new MHWs in the surface more easily. Therefore, further works should be dedicated to the subsurface development of the MHWs which is also primordial as it will define the depth at which species will be affected by the warming. Additionally, further studies should assess how the inner seas of Patagonia are affected by MHWs. Indeed, MHWs consequences add to the already existing hypoxia and to global warming might severely damage fjords ecosystems and aquaculture production.
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