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The Northwest Atlantic contains two subregions, the Gulf of Maine and the Mid-Atlantic Bight. This region is dynamically controlled by the Jet Stream, the Gulf Stream, (GS) and its eddies. Anticyclonic eddies (AEs) (warm core clockwise eddies) and cyclonic eddies (cold core counterclockwise eddies) influence oceanic properties as they are shed by the GS and dissipated in the Northwest Atlantic. Marine Heatwaves (MHWs) are extreme temperature events that cause ecological damage in the Northwest Atlantic where drivers for these events are abundant. This work focuses on four major MHW active years (2012, 2016, 2017, and 2020) and observes the characteristics of MHWs, AEs, and oceanic parameters, such as Ocean Heat Content, Mixed Layer Depth, temperature, and salinity anomalies. Depth profiles, lead-lag covariance and correlations, and comparisons of events reveal dynamics of MHW intensification in these four years. AE radius, amplitude, and eddy kinetic energy (EKE) were less variable in the MHW years of 2012, 2016, and 2017 but have a weak relationship with MHW intensity. The Gulf of Maine had the strongest (above 0.80) correlation between GS eddy heat flux convergence and MHW intensity. The 2012 MHWs were shown to be strongly influenced by the GS in addition to atmospheric forcings, as were the 2017 Gulf of Maine MHWs. The 2020 MHWs experienced a number of forcings from the Jet Stream, the GS, and AEs, with the highest intensity events occurring at depths below 100 m. We conclude that better understanding how regional dynamics and multiple drivers intensify MHWs to form MHW active years is key to modelling and forecasting future extreme events.
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1 Introduction

The Northwest (NW) Atlantic is a region of economic and ecological importance (Mills et al., 2013; Pershing et al., 2018) and is among one of the fastest warming regions in the global ocean (Gonçalves Neto et al., 2021). This region also experiences extreme temperature events known as Marine Heatwaves (MHWs), defined by Hobday et al. (2016) as Sea Surface Temperatures (SSTs) exceeding the 90th percentile of the climatological mean SSTs for a minimum of 5 continuous days. These events have occurred globally under a variety of dynamics and have been increasing in intensity, duration, and frequency (Holbrook et al., 2019). Notable global MHWs include the west coast of Australia in 2010-2011 (Pearce and Feng, 2013), the Gulf of Maine in 2012 (Chen et al., 2014), the Tasman Sea in 2015-2016 (Oliver et al., 2018), the northeast Pacific in 2015-2016 (Amaya et al., 2021), and the northwest Pacific in 2021 (Kuroda and Setou, 2021). The extreme heat of MHWs causes damage to vital ecosystems through mass die-off events and altered migration patterns (Smale et al., 2019). Within the NW Atlantic, key fisheries have been affected by MHWs (Pershing et al., 2018).

The NW Atlantic has experienced four years (2012, 2016, 2017, 2020) with extreme MHWs and are considered MHW active years (Sims et al., 2022). These four years have a variety of drivers such as Jet Stream (JS) position, air-sea coupling, North Atlantic Oscillation (NAO), ocean advection from the Gulf Stream (GS) and its eddies, and latent heat flux changes (Holbrook et al., 2019; Schlegel et al., 2021). The JS has strong influence over the NW Atlantic, affecting the heat flux (Archer and Caldeira, 2008; Chen et al., 2014). The 2012 MHW formation was diagnosed as persistent JS northward shifts through the winter prior to the MHW onset (Chen et al., 2014). MHWs throughout winter and spring of 2016 were also formed and intensified under a northward shifted JS (Perez et al., 2021).

The GS is a western boundary current in the NW Atlantic, and its variability is responsible for the rapid warming in this region (Gonçalves Neto et al., 2021). The GS brings uncharacteristically warm and salty waters on the Atlantic shelf, which increases the probability of MHW formation and causes higher MHW intensities. In addition to variability, the GS meanders and sheds anticyclonic (clockwise, AE) and cyclonic (counterclockwise, CE) eddies. AEs are also known as Warm Core Rings (WCRs) due to their average warm and salty physical characteristics. WCRs tend to travel north of the GS and towards the coastline in the NW Atlantic (Saunders, 1971; Kang and Curchitser, 2013). CEs oppose AEs by being cooler, fresher eddies and are known as Cold Core Rings (CCRs; Fuglister, 1972). CEs are often found south of the GS but do not have an overall travel direction (Fuglister, 1972; Kang and Curchitser, 2013). Since 2000, AE output has doubled (Gangopadhyay et al., 2019), and shelfbreak exchanges, where warm salty waters brought onto the NW Atlantic shelf, have also increased (Silver et al., 2023). Several 2016 MHW events and the 2017 MHW event occurring in the Mid Atlantic Bight have been the result of WCR shelfbreak exchange (Gawarkiewicz et al., 2019; Perez et al., 2021).

The main objective of this work is to better understand the dynamical relationship and development of MHWs and NW Atlantic eddies. Comparing properties of eddies and MHWs in addition to oceanic parameters such as Ocean Heat Content (OHC), Mixed Layer Depth (MLD), and GS velocity will provide a better understanding of what dynamics were aiding MHW intensification and the response of these events. The depth structures of MHWs have only been recently studied in the NW Atlantic (Gawarkiewicz et al., 2019; Perez et al., 2021; Großelindemann et al., 2022; Amaya et al., 2023). In this work, GLORYS12V1 is used to observe the depth structures and development of MHWs detected at the surface through salinity and temperature in these four active MHW years. As anthropogenic warming continues, the probability of MHWs is increasing (Oliver et al., 2021). In addition, Wu et al. (2012) detects poleward shifts in western boundary currents, and poleward shifts in proxies for jet positions, which creates MHW favorable conditions along with availability of warmer temperatures. With an increase in the number of MHW events and extreme temperatures, there is more potential damage in key ecosystems (Oliver et al., 2019). In addition to ecosystem damage, long duration MHWs provide warm waters that aid in the intensification of tropical cyclones (Dzwonkowski et al., 2020; Rathore et al., 2022). Understanding MHW events and their intensification dynamics provides valuable information needed for monitoring and predicting future extreme events. With accurate predictions and monitoring, preparation for economic and environmental damage can be taken to avoid further devastation. An overview of this work’s study region and parameters used in this work and the description of the methodology of our analysis follows in section 2. Results are presented in section 3 and concluded by discussion of results in section 4.




2 Data and methods



2.1 Study area

In this study, the continental shelf-slope region of the NW Atlantic between 36°N and 46°N was examined for MHW occurrences and eddy activity. The shelf break is located at the 200-meter isobath (Figure 1), and the slope region is defined as the area between the shelf and the average path of the Gulf Stream. The average path of the Gulf Stream was identified using the 25-centimeter sea surface height (SSH) contour of monthly SSH maps spanning 2000-2020 (19 years). This method of identifying the average path of the Gulf Stream with satellite altimetry is used in multiple previous works (Lillibridge and Mariano, 2013; Rossby et al., 2014; Andres, 2016). Two geographic subregions in the NW Atlantic defined by Richaud et al. (2016), the Gulf of Maine and the Middle Atlantic Bight, were used as literature describes significant MHW events occurring there (Mills et al., 2013; Chen et al., 2014; Pershing et al., 2018; Gawarkiewicz et al., 2019; Perez et al., 2021; Schlegel et al., 2021; Großelindemann et al., 2022).




Figure 1 | Map of the bathymetry of the Northwest Atlantic. Absorption positions, or dissipation, of WCRs for the four years considered here are indicated with colored dots. The dashed (black) line indicates the average path of the Gulf Stream (1993 – 2017). The solid (black) line indicates the shelf break (the 200 m isobath). Hatched boxes are sub-regions used for MHW analysis: the south shelf region, which encompasses the Mid-Atlantic Bight (MAB; red), and the center shelf region, which encompasses the Gulf of Maine (GOM; magenta).






2.2 Data



2.2.1 Satellite observations

Sea surface temperature (SST) observations were obtained from the National Oceanic and Atmospheric Administration’s (NOAA) Optimally Interpolated SST version 2.1 (OISSTv2.1), which is processed from daily blended Advanced Very High-Resolution Radiometer observations (AVHRR; Reynolds et al., 2007). OISST data has a spatial distribution of a 0.25° horizontal grid from 1981 to present at daily temporal resolution. OISST blends observations from satellites, ships, and Argo floats, allowing for high spatial and temporal resolution (Reynolds et al., 2007), and has been used to identify and characterize MHWs (Hobday et al., 2016; Schlegel et al., 2017; Oliver et al., 2018; Holbrook et al., 2019; Smale et al., 2019; Fumo et al., 2020; Perez et al., 2021; Schlegel et al., 2021).

Sea Surface Salinity (SSS) observations are provided by the European Space Agency’s Soil Moisture and Ocean Salinity (SMOS). We used debiased SMOS SSS Level 3 version 7 maps generated by LOCEAN/ACRI–ST Ocean Salinity Center of Expertise for CATDS from January 2010 to November 2021 to calculate the SSS anomalies (SSSAs) for this study. The debiased SSS are temporally averaged using a slipping Gaussian kernel with a full width at half maximum of 9 days for the 9–day product. The V7 maps are provided every 4 days, with a spatial resolution of 25 km with an applied mean over neighbor pixels at less than 30 km for the purpose of producing debiased SSS maps.

Altimetric sea level anomalies (SLAs), derived from merged multi-mission satellite observations, are currently distributed and maintained by the Copernicus Marine and Environment Monitoring Service (CMEMS; http://marine.copernicus.eu/) with a global resolution of 0.25°. SLA are referenced to a 20-year mean (1993-2012). This dataset has been previously used to track eddies associated with MHWs (Miyama et al., 2021; Yao and Wang, 2021).




2.2.2 Model simulations

GLORYS12V1 is a global implementation of the Nucleus for European Modelling of the Ocean (NEMO) platform, an eddy-resolving physical ocean reanalysis at 1/12° covering the 1993-present altimetry period. This product is distributed and maintained by CMEMS. This global ocean reanalysis, based on the real-time global high-resolution forecasting CMEMS system PSY4v3 (Lellouche et al., 2018), provides 1/12° horizontal resolution and 50 vertical levels while utilizing satellite SST measurements from NOAA and along-track satellite altimetry data from CMEMS (Pujol et al., 2016). Estimates of the three-dimensional ocean state, including sub-surface temperature, salinity, geostrophic velocity, sea surface height, and mixed layer depth were obtained from the GLORYS12v1 product. This model has been used to study surface and sub-surface characteristics of MHWs in other regions such as the Mozambique Channel (Ramanantsoa et al., 2018; Tedesco et al., 2019; Mawren et al., 2021), as well as in the Northwest Atlantic (Schlegel et al., 2021).




2.2.3 Bathymetry data

Bathymetry data was extracted from the General Bathymetric Chart of the Ocean (GEBCO), a digital bathymetry with 30 arc-second resolutions interpolated from ship depth soundings (The GEBCO_08 Grid, available at http://www.gebco.net). 95% of GEBCO bathymetry data from archival soundings is accurate to within 1.6% of depth (Marks and Smith, 2008).





2.3 Methods



2.3.1 Ocean heat content

Ocean heat content (OHC) was calculated at every grid point by integrating GLORYS12V1 temperature for the upper 300m or the upper 29 layers of the model:

	

where ρ0 is the density of seawater (1025 kg m-3), and cp is the specific heat of seawater (3994 J kg-1°C-1) (Borchert et al., 2018). OHC anomaly (OHCA) was calculated using the daily climatological mean from the calculated OHC.




2.3.2 Eddy identification and tracking algorithm

Individual eddies were identified in SLA maps using the automated algorithm created by Chaigneau et al. (2008); Chaigneau et al. (2009) and Trott et al. (2018). The algorithm identifies in each daily gridded SLA field eddies defined by a center and an edge, where the center is a local extreme and the edge is the largest closed contour around that extreme. Anticyclonic (cyclonic) eddy centers are identified using local maximum (minimum) SLAs. This method detects fewer false eddies than alternative methods (Chaigneau et al., 2008; Yi et al., 2014). For each eddy, mean properties, including SSTA, SSSA, and mixed layer depth anomaly (MLDA), were computed by first averaging each parameter within each eddy, then subtracting the corresponding properties averaged between one radius and three radii from the eddy center, with warm-core (cold-core) eddies being associated with positive (negative) SSTA.

Eddy trajectories were constructed from the identified eddies using the eddy tracking algorithm defined by Pegliasco et al. (2015). This algorithm uses a cost function analysis of changes in radius, amplitude, and eddy kinetic energy (EKE) between the eddy at the first time step and any eddy at the subsequent time step that intersects the first eddy at two discrete points. If there are more than two intersections, the algorithm considers them to be the same eddy when the cost function is at its minimum. If no intersection is found between the first eddy and any eddy at the second time point, the eddy is considered dissipated, and the trajectory ends. The grid point at which the eddy dissipates is considered its absorption position. This eddy tracking algorithm is threshold-free, in contrast to other algorithms that use arbitrarily thresholded criteria (e.g., Chaigneau et al., 2008; Chelton et al., 2011).




2.3.3 MHW identification

To be classified as a marine heat wave, SSTs must exceed a seasonally varying threshold, defined as the 90th percentile of temperature variations based on a 30-year daily climatological period and must last for five or more days (Hobday et al., 2016). A 30-year climatology period is recommended to define the climatological mean to consider ocean drivers that exhibit long time scales of variability, such as the North Atlantic Oscillation (Hobday et al., 2016). The standardized marine heat wave definition from Hobday et al. (2016) was applied to daily remotely sensed SST data spanning 1993 to 2021 to compute temperature anomalies and analyze events in 2012, 2016, 2017, and 2020 (Reynolds et al., 2007).

MHWs are characterized by various metrics. MHW intensity is defined as the positive temperature anomaly occurring during MHW events and often averaged temporally over the duration of the event or spatially through a defined region. This procedure is also applied to salinity anomalies during MHW events throughout this work. The number of MHW events per year is defined as the number of discrete events at each grid point per year, whereas the total number of MHW days is the sum of days experiencing MHWs at any grid point. The value of total grid points experiencing MHWs is also given for each year.




2.3.4 Root mean square error

To understand the effect that AEs have on MHWs, the MHW properties of SSTA intensity, SSSA intensity, OHCA, and MLD are observed as average timeseries before and after a MHW and AE interaction. Root mean square error (RMSE) is calculated between the mean timeseries and each interaction’s timeseries to account for variability between each event. RMSE was calculated by:

	

where X and Xmean represent the four time series and their means, while N is the number of interactions between MHWs and eddies.




2.3.5 Gulf Stream eddy heat flux convergence

To understand the influence of the GS on MHW intensity and AEs, the eddy heat flux convergence (EHFC) is calculated and averaged along the 25 cm SSH contour, which indicates the average path of the GS. Horizonal and vertical terms of EHFC were calculated using GLORYS12V1 velocity (V), temperature (T), and SSH (η) products. Horizontal EHFC is calculated by:

	

where V’ and T’ are known as the perturbation term and are the result of velocity and temperature subtracted by the time averaged mean (Zheng et al., 2022). Vertical EHFC is calculated by:

	

These equations were determined from the Reynolds average thermal energy equation used for upper-ocean heat content variability in Zheng et al. (2022).






3 Results



3.1 AE and MHW presence in the NW Atlantic

In the MHW active years (2012, 2016, 2017, and 2020), there are 475 distinct eddy absorption events within the NW Atlantic (Figure 1). The GOM had between 45-60 AE absorptions with an average of 566 detected AEs during these MHW active years. The MAB has on average 3 AE absorptions and a range of 8-22 detected eddies. The MAB had significantly less eddies than the GOM. Total number of absorption eddy events in the NW Atlantic was 128 for 2012, 114 for 2016, 103 for 2017, and 130 for 2020 (Figure 1). Perez et al. (2021) describes 2016 as a year with abnormally more WCR absorptions, yet 2012 and 2020 had more total absorptions within the NW Atlantic. 2020 had the most eddies in the NW Atlantic and both subregions, there is not a significant difference between these years. 2017 and 2016 have fewer eddies that tend to be longer lived than 2012 and 2020.

In the NW Atlantic, there were 43355 MHW events detected in the four MHW active years (Figure 2). 2017 had the least events, while the other years were closer together with 2016 having the most events. On average the GOM had 2080 MHWs and the MAB had 1140 (Figure 2). The GOM experiences more MHW events in these four years than the MAB. The 2012 MHWs overall had a high frequency near the coastline, especially in the GOM and the Scotian shelf (Figure 2A). The 2016 MHWs were widespread throughout the NW Atlantic (Figure 2B). Both 2017 and 2020 had a high frequency of events along the GS but 2020 also had events concentrated on the shelf near Cape Cod (Figures 2C, D).




Figure 2 | Map depicting the number of discrete MHW events for 2012 (A), 2016 (B), 2017 (C), and 2020 (D).



In 2012, the MAB experienced the maximum mean MHW SSTAs of 2.3°C in July, with the maximum SSTA peaking in April (Figure 3A). SSSAs at the maximum mean SSTA is low, while SSSAs during the maximum SSTA is high (Figure 3A). The 2012 GOM had low SSSA with little variability throughout the year (Figure 3B). The mean and maximum SSTAs in the GOM increased from January until May, reaching a peak at 1.7°C (Figure 3B). These GOM MHWs found in the early part of the year are atmospherically forced (Chen et al., 2014). The 2016 MAB maximum mean SSTA is 2.4°C in August, which aligns with a minimum in maximum SSTA and mean SSSA (Figure 3C). This month had low intensity events with widespread atmospherically forcings (Figure 3C; Perez et al., 2021). March through April experiences another peak SSTA with a high mean SSSA, aligning with AE driven events (Figure 3C; Perez et al., 2021). The maximum mean MHW SSTA in the GOM occurs in September (1.7°C) after increasing since May (Figure 3D). The maximum SSSA peaks are in August and February which coincide with maximum SSTA peaks (Figure 3D). The MAB and GOM both have high SSTA and SSSA in August; this is when Perez et al. (2021) observe that much of the NW Atlantic was experiencing widespread MHWs (Figures 3C, D). The 2017 MAB experiences a peak mean and maximum SSTA (0.9°C; 1.3°C) in March, which occurs simultaneously with a high mean SSSA (1 psu; Figure 3E). From January through April, a MHW driven by a WCR passed through the MAB, peaking in intensity during March (Figure 3E; Gawarkiewicz et al., 2019). The 2017 GOM has on average a high mean SSSA (Figure 3F). There is a peak in mean SSTA in June that occurs with high SSSA, but the maximum mean SSTA (2.2°C) occurs at a minimum SSSA in November 2017, following the pattern of 2012’s atmospherically driven MHW event (Figures 3B, F). The 2020 MAB peak mean SSTA (1.2°C) in February aligns with maximum SSSA peak but mean SSSA is low, indicating no widespread ocean-driven event (Figure 3G). The MAB has low SSSA and SSTA from June through September (Figure 3G). The GOM maximum mean SSTA (1.8°C) in August (Figure 3H). Low mean SSSAs are prevalent throughout the year but summer months experience high maximum SSSAs in June that align with maximum SSTA (Figure 3H).




Figure 3 | Time series depicting the monthly mean (black) and monthly maximum (red) intensity of MHWs in the MAB (left) and in the GOM (right). Barplots depict the monthly mean (black) and monthly maximum (blue) SSSA anomalies during MHWs of 2012 (A, B), 2016 (C, D), 2017 (E, F), and 2020 (G, H) in the two regions.






3.2 Eddy properties during MHW active years

The maximum mean SSTA intensities in the GOM occur in May 2012, September 2016, November 2017, and August 2020 (Figure 3). May 2012 had a high number of AEs around the GOM (Figure 4A). September 2016 had more AEs further off the shelf (Figure 4B). November 2017 follows a similar distribution to 2012, with more AEs also along the GS (Figure 4C). August 2020 has a similar spatial distribution of AEs to 2016 (Figure 4D). The similar distribution of AEs in 2012 and 2017 lead to peak intensities in the GOM by moving warmer waters into a region already in a MHW state, thereby extending the duration of the state. 2016 and 2020 GOM mean intensities quickly decrease after the peak (Figure 3), indicating processes encouraging MHW decay in the absence of AEs. Low AE radius and low amplitude was seen between these selected months (Figures 4E–L). Overall low SSTA and SSSA are also present in these months (Figures 4M–T). Between 40-42°N, higher AE radius and amplitude and more extreme SSTA and SSSA are observed. The higher selected AE radii exceeds 90 km and amplitude exceeds 3.3 cm, with 2020 having the highest radii and amplitude and 2017 having the lowest. The mean SSTA between 40-42°N was 0.2°C across these four months (Figures 4M–P). Below 40°N, 2012 experiences unusually strong negative AE SSTAs, indicating that these AEs have moved into an area with higher average SST than where they originated, such as the GS or Sargasso Sea, leading to the negative SSTAs (Figure 4M). Negative AE SSSA are present around the GOM in 2012, the Scotian shelf in 2016 and 2017, and above the MAB in 2020 (Figures 4Q–T).




Figure 4 | Mean spatial distribution of anticyclonic eddy characteristics during the months of highest MHW intensity within the GOM in 2012, 2016, 2017, and 2020 (left to right columns). Characteristics are number of eddies (A–D), radius (E–H); km, amplitude (I–L); cm), SSTA [(M–P °C], and SSSA (Q–T); psu.



From 2012 to 2021, there were 4.7-8 AEs and 6.8-10.4 CEs, with no overall trend (Figure 5A). During the 2012 MHW period (February-July) AEs decreased, while CEs are consistent (Figure 5A). 2016’s MHW period (April-September) has less variability than 2012 but follow a similar pattern (Figure 5A). In 2017’s MHW period (March-November) and 2020’s MHW period (January-September) had a consistent values of AEs and CEs (Figure 5A). The average amplitude (6.8 cm), radius (57.3 km), and EKE (204.3 cm2 s-2) of AEs and CEs in the MHW periods of 2012, 2016, and 2017 are noticeably lower and have less variability than the rest of the time series (Figures 5B–D). 2020 MHW period has a minimum of AE amplitude, radius, and EKE in late March, with maximum of AE and minimum of CE in amplitude, radius, and EKE in September (Figures 5B–D). Similar peaks are seen in September 2013, October 2014, November 2015, April 2018, and September 2021 (Figures 5B–D).




Figure 5 | Time series of average anticyclonic eddy (AE) and cyclonic eddy (CE) characteristics, number (A), amplitude (B), radius (C), and EKE (D), found in the shelf-slope region between 2012 and 2020. Gray shading indicates MHW periods.






3.3 The interplay of eddies, MHWs, and GS eddy heat flux convergence

Prior to the interaction between MHWs and AEs, temperature intensity increases to an average peak of 3.3°C before declining (Figure 6A). RMSE is inverse to the mean time series, indicating that the peak temperature intensity is better at representing MHW dynamics at the interaction peak (Figure 6A). SSSA and the RSME have little variability (Figure 6B). OHCA peaks one day prior to the MHW-AE interaction, and rapidly declines one day after (Figure 6C). Between five days prior and 3 days after the interaction, the RMSE decreases and remains constant to the end of the observed time series (Figure 6C). MLD and the RMSE reach a peak 3 days after the interaction (Figure 6D). The temperature and salinity anomalies composites with depth show the average changes that occur during these events from 1993 through 2020. The temperature anomaly maximum at 13.5 m persists through the event (6.4°C; Figure 6E). High temperature anomalies (above 3.9°C) were in the upper 100 m prior to day 0 of this interaction (Figure 6E). Maximum temperature intensities of the MHW events become slightly deeper after interacting with AEs. Salinity anomalies from the surface to 40.3 m change only slightly through these events, remaining below 2.0 psu (Figure 6F). Days prior to the event had consistent salinity anomalies between 2.1-2.3 psu below 50 m (Figure 6F). The maximum salinity anomaly was 2.3 psu 5 days prior to the event. After the event, salinity anomalies tended to decrease with depth but remained above 2.1 psu (Figure 6F). Overall, AEs interacting with MHWs increase OHC leading up to the event, deepen the range the MHW impacts, and affect the surface temperature variability (Figure 6).




Figure 6 | Average time series (black) of SSTA intensity (A), SSSA intensity (B), Ocean Heat Content anomalies (C), and Mixed Layer Depth (MLD, D) and the root mean square error (red) for MHW are shown 8 days before and after interacting with AEs. Composite temperature anomalies (°C) and salinity anomalies (psu) up to 300 m depth (E, F) of MHW events are also shown up to 8 days before and after interaction of these events.



The number of AEs for each MHW active year is relatively consistent, with a mean in the GOM at 6.7 eddies and in the MAB at 7.4 eddies (Figures 7A–D). AE numbers in the MAB and the GOM decreased throughout the active MHW years, except in the 2020 in the GOM, which did not have a decreasing trend (Figures 7A–D). While the decreasing trend in the subregions reflect the overall NW Atlantic trends for 2012, 2016, and 2017, this trend is not seen during the observed years in Figure 5. The GOM AE numbers do not relate to GOM MHW intensity (Figures 7A–D). The high MAB AE numbers, above 7.5 eddies, in spring of 2012, 2016, and 2017 have a concurrence of high MAB MHW intensity above 3.5°C (Figures 7A–C). The AE radius in the GOM for all four years averages to 62.8 km with low variability and are larger than MAB AEs (Figures 7E–H). 2020 experiences smaller AEs, an effect which is pronounced in the MAB (Figure 7H). 2016 and 2017 AE radii increased throughout their respective years (Figures 7F–G). There was no relationship between AE radius and MHW intensity (Figure 7E–H). EKE also had no relationship with MHW intensity (Figures 7I–L). EKE is more variable than other eddy characteristics. Unlike in Figure 5, simultaneous AE radius and EKE peaks are not evident in Figure 7E–L. 2012 and 2016 have higher average EKEs in the MAB than the GOM, while 2017 and 2020 show the opposite relationship (Figures 7I–L).




Figure 7 | Time series of monthly-averaged AE characteristics located within the GOM (black) and within the MAB (blue) for the selected four years (A–L), plotted against monthly-averaged MHW intensity in the GOM (black) and in the MAB (blue).



To further understand the relationship between MHWs and their possible drivers, they are compared in a Lead-Lag Cross-Correlation in both subregions for each MHW active year (Figure 8). The MAB consistently showed low correlation values, below 0.3, in the following pairs: MAB AE EKE and MHW events, AE EKE and MHW intensity, and GS EHFC and AE EKE (Figure 8). Values below 0.44 with less than 15 lag days in 2012, 2016, and 2020 were observed in the GoM for AE EKE and MHW intensity as well as GS EHFC and AE (Figures 8A, B, D). 2017 has correlations for these same parameters above 0.65 and has the largest lag for AE EKE and MHW intensity (Figure 8C). 2012 and 2016 share a pattern of GS EHFC lagging AE EKE, while in 2017 and 2020 GS EHFC leads (Figure 8). The shift between 2016 and 2017 is likely from the increased GS variability that started in late fall 2016, but this does not explain the 2020 pattern (Andres, 2021; Perez et al., 2021). In all MHW active years, GS EHFC and MHW intensity have correlations above 0.75 with lag days between -15 and 15 for both subregions (Figure 8). 2017 has the strongest correlation of this parameter pair and 2016 has correlations between each subregion closer than any other parameter pair (Figures 8B, C). GS EHFC is a metric of near-surface transport of heat by the GS, and MHWs are intensifying from the heat brought by the GS to these subregions in these four MHW active years (Zheng et al., 2022).




Figure 8 | Lag-Lead Cross-Correlation of AE EKE and MHW events (black), AE EKE and MHW Intensity (red), GS Eddy Heat Flux Convergence (EHFC) and MHW Intensity (blue), and GS EHFC and AE EKE (green) for 2012 (A), 2016 (B), 2017 (C), and 2020 (D). AE EKE, MHW events, and MHW Intensity are compared between subregions of the GOM (solid) and the MAB (dashed).






3.4 Depth comparison of MHW active years and their MHW events

High temperature anomalies above 2.2°C exceed 100 m in May through July 2012 during the duration of the atmospherically forced MHW (Chen et al., 2014) as shown in Figure 9A. Additional high temperature anomalies are found between 55-77m in September and December; this subsurface heating may indicate peaks in subsurface MHW intensities that go undetected from surface observations (Figure 9A). During high temperature anomalies in May through July 2012 (Figure 9A), a high salinity anomaly forms below 40 m, reaching a maximum of 0.5 psu (Figure 9B). 2016 high temperature anomalies above 1.6°C are present January through March throughout the upper 100 m and in June and October at 55.8 m (Figure 9C). GOM 2016 positive salinity anomalies are observed to exceed 100 m in January through March and August through September, aligning with high subsurface temperature anomalies (Figure 9D). January through March and fall 2016 were recorded as months when subregions in the NW Atlantic experienced MHWs that coincided with an increase in AE absorption and GS variability (Perez et al., 2021). 2017 GOM temperature anomalies above 1°C are present through the upper 100 m in February, June through August, and October through December (Figure 9E). Salinity anomalies in 2017 are low, averaging 0.1 psu from January through November (Figure 9F). The GOM in 2017 contained greater than average SSSAs in MHW grid points among the other MHW active years but the GOM as a whole did not have higher than average salinities (Figure 9F). 2020 temperature anomalies in the GOM are the lowest in these four years (Figure 9G). The notable high temperature anomalies in 2020 that exceed 1.0°C were in June through August above the mixed layer or below 80m, February below 80m, and December exceeding 100m (Figure 9G). Salinity anomalies outside of December in 2020 GOM average below 0 psu (Figure 9H).




Figure 9 | Monthly depth temperature anomaly left; (A, C, E, G) and salinity anomaly right; (B, D, F, H) composites of the upper 100 m of the water column over the GOM. Monthly mixed layer depths plotted with black dashed lines.



2012 MAB has high temperature anomalies above 2.2°C in January through July ranging between 80 m and 100 m (Figure 10A). Higher salinity anomalies are seen in January between the surface and 80 m, in April through May between 40 m and 100 m, in June within the MLD, and in July through mid-August below the MLD (Figure 10B). 2016 has high temperature anomalies above 1.4°C extending from the surface or the mixed layer depth through the upper 100 m for most of the year, with maximums in March through April (Figure 10C). The 2016 MAB has high salinity anomalies through most of the year coinciding with high temperature anomalies (Figure 10D). Negative surface salinity anomalies occur in July (Figure 10D). The MAB in spring 2016 experienced several WCR absorption events, leading to warmer and saltier waters (Perez et al., 2021). High temperature anomalies occur in January through April and October 2017, while June through September has negative temperature anomalies (Figure 10E). Salinity anomalies exceed 0.3 psu at the surface in January through April and in December (Figure 10F). These results are contextualized by Gawarkiewicz et al. (2019), who recorded the MAB MHW from January to April following a WCR intrusion of the MAB shelf with a distinct salinity anomaly remaining after the MHW’s decline. In 2020, high temperature anomalies above 1.0°C extended from the surface to 100 m in February and March, from the surface to 51 m in November through December, and below 40.3 m in June (Figure 10G). A subsurface low anomaly (-1.4°C) is present from 30-100 m in July through September (Figure 10G). The only overlap of high salinity and temperature anomalies is in November through December above the MLD (Figure 10H). Negative salinity anomalies occur at the surface in March, May, and July and below 50 m from July into October (Figure 10H). The 2020 MAB has the lowest temperature and salinity anomalies in these MHW active years (Figures 9, 10).




Figure 10 | Monthly depth temperature anomaly [left; (A, C, E, G)] and salinity anomaly [right; (B, D, F, H)] composites of the upper 100 m of the water column over the MAB. Monthly mixed layer depths plotted with black dashed lines.



The 2012 GOM MHWs remain above 2.0°C in the upper 60 m but quickly decrease and reach a minimum of 1°C at 186.1 m (Figure 11A). The 2012 GOM MHW salinity anomalies remain around 0.4 psu from the surface until 130.7 m (Figure 11B). The most extreme 2012 GOM MHW events occurred below the surface and the lack of abrupt changes in the oceanic profiles reflect the dynamics of widespread atmospheric forcings that are present in 2012 (Figures 11A, B) as also observed by Chen et al. (2014). The 2016 GOM MHWs remained near 2.0°C above 70 m before decreasing (Figure 11A). 2016 has strong surface GOM MHW salinity anomalies that decrease to 0.3 psu at 155.9 m (Figure 11B). 2017 has the highest GOM MHW temperature anomalies in the surface mixed layer and overall, reaching 3.5°C at 34.4 m (Figure 11A). 2017 MHW salinity anomalies decrease from 1.0 psu at the surface to 0.3 psu at 100 m (Figure 11B). The peak of the average MHW temperature anomaly aligns with the peak temperatures in October through December in Figure 9E, further indicating these months as the most extreme MHW events in 2017 GOM. These 2017 MHWs also experience more abrupt changes in temperature and salinity at shallow depths than other profiles (Figures 11A, B). 2020 MHW temperature anomalies have a subsurface peak of 2.4°C at 109.7 m (Figure 11A). 2020 salinity anomalies also have a subsurface maximum of 0.5 psu at 130.7 m, slightly below the temperature anomaly (Figure 11A, B). The lower temperature and salinity anomalies for 2020 MHWs in the upper 100 m are consistent with the low average temperature and salinity anomaly averages demonstrated in Figure 9G and 13H. The peak 2020 MHW temperature and salinity intensity occurs below 100 m, the depth considered to have the most intense MHWs (Großelindemann et al., 2022).




Figure 11 | Temperature (A, C) and salinity (B, D) profiles of averaged MHW properties in each subregion up to 300 m during the four years in GOM (A, B) and MAB (C, D). Average mixed layer depth for subregion between 2012 and 2020 is represented by the dashed magenta line (GOM MLD: 25.494 m; MAB MLD: 22.4 m).



The 2012 MAB MHW temperature anomalies increase from 2.0°C to 2.5°C, peaking at 55 m before steeply dropping (Figure 11C). 2012 MHW salinity anomalies reach a maximum at 0.5 psu at the same time as the peak in temperature anomalies (Figure 11D). The MHW temperature and salinity anomaly maxima reflect the depth where the major anomalies are in Figures 10A, B (Figures 11C, D). As previously noted, the 2012 MHWs were largely atmospherically forced (Chen et al., 2014), but AEs were also intensifying events in the MAB, specifically during January, May, and July (Figure 10B). The 2016 MAB MHW temperature anomalies have a maximum of 2.8°C at 66 m and stay above 2.0°C until 250 m (Figure 11C). MHW salinity anomalies decreased from 0.6 psu to below 0.4 psu throughout the water column (Figure 11D). 2016 MHW temperature and salinity profiles mirror the change in slope in each subregion, indicating the drivers of 2016 MHWs influencing both temperature and salinity but with different strengths across the subregions (Perez et al., 2021). For MAB MHWs, 2016 has the most intense MHWs across these four MHW active years (Figures 11C, D). The 2017 MHW temperature anomalies remain around 1.7°C but reach a subsurface maximum of 2.0°C at 78 m (Figure 11C). The salinity anomalies have very little variability but decrease from 0.4 psu at the surface to 0.2 psu below the surface layer (Figure 11D). Fewer 2017 MHW events occurred throughout the year, which those that did form tending to have low surface temperature and salinity intensity (Figures 2, 3). The MAB also experienced low temperature and salinity anomalies throughout the summer and early fall (Figures 10E, F), leading to MHWs not having a strong influence upon the vertical profiles. Surface MHWs anomalies are influenced by WCRs in January through April, which caused warm waters to cross the 100 m isobath. However, due to additional MHWs of lower temperature intensity, the average profile has little overall intensity (Gawarkiewicz et al., 2019). 2020 MHW events in the MAB had relatively uniform temperature anomalies with depth and salinity anomalies were similarly constant below the mixed layer (Figures 11C, D).





4 Discussion

The NW Atlantic experienced four MHW active years in 2012, 2016, 2017, and 2020. Each year had unique formations and developments of their MHW events. 2020 and 2012 experienced more AE absorptions that 2016 and 2017, despite Perez et al. (2021) showing that 2016 had an anomalously high absorption (Figure 1). 2016 and 2017 AEs had longer durations, likely due to increased GS variability occurring in these years (Andres, 2021; Perez et al., 2021). 2012 likely experienced AE related intensification along with 2020, even as 2012 is known as an atmospherically driven year (Chen et al., 2014). 2016 had the most MHWs spread across the NW Atlantic, while 2012 had the most MHWs along the Atlantic shelf (Figures 2A, B). 2017 and 2020 had MHW events contained along the GS, with some events in 2020 along the coastline (Figures 2C, D). MHWs in the GOM and the MAB also had different formations between the subregions and also throughout the duration of the year (Figure 3). The MAB experienced higher average MHW SSSA intensity than the GOM but both regions experienced low SSSA during the months with highest MHW SSTAs (Figure 3). Low and negative average SSSAs occurred throughout the year, except for 2017 and during peak MHW intensity in the GOM (Figures 3B, D, F, H).

The spatial properties of AEs during the most active GOM MHW months reveal a pattern of higher extreme AE properties between 40-42°N, likely due to AE shedding (Figure 4; Kang and Curchister, 2013). In this region, SSTA and SSSA of AEs were more extreme than surrounding AEs, radii exceeded 90 km, and amplitude exceeded 3.3 cm (Figure 4). 2017 and 2016 were the least extreme two years, in addition to lower numbers of AE absorptions and longer durations (Figures 1,4). This further connects 2016 and 2017 MHW and AE dynamics to the increase in GS variability (Andres, 2021; Perez et al., 2021). A comparison of AE and CE properties reveals high variability from 2012 to 2021, but 2012, 2016, and 2017 all experienced low variability and values in average amplitude (6.8 cm), radius (57.3 km), and EKE (204.3 cm2s-2) (Figures 5B, D). The NW Atlantic also experienced more daily CEs than AEs throughout the observed timeseries (Figure 5A), though they are not generally a driver of MHW intensification (Kang and Curchitser, 2013; Schlegel et al., 2021).

AEs interacted with MHW properties such as SSTA intensity, OHCA, and MLD (Figure 6). SSTA intensity and MLD increased during AE interactions, while OHCA decreased after the event (Figure 6). Depth composites show AEs tending to increase the depth of higher temperature anomalies with little effect on salinity (Figures 6E, F). AE radius and EKE did not have an obvious relationship with MHW intensity, but MAB AE number and MHW intensity reached concurrent peaks in the spring of 2012, 2016, and 2017 (Figure 7). At that time, the MAB experienced MHWs due to JS variability in 2012 and 2016, GS variability in 2016, and an AE absorption in 2017 (Chen et al., 2014; Gawarkiewicz et al., 2019; Perez et al., 2021). Lead-Lag Cross-Correlations show AE EKE and MHW events have the overall weakest correlation, indicating that AEs are not the primary driver of MHWs in both subregions (Figure 8). GS EHFC and MHW intensity had correlations above 0.75 for all years in both subregions, with 2017 having had the highest correlation in the GOM (Figure 8). 2016 had the second highest correlation of GS EHFC-MHW intensity with identical values in both subregions. Heat from the GS was being transported to these subregions and directly intensifying MHWs in these four years. 2012 and 2016 share the pattern of GS EHFC lagging AE EKE, while 2017 and 2020 share GS EHFC leading AE EKE. From late 2016 through 2017 the GS experienced higher variability (Andres, 2021; Perez et al., 2021), which may have played a role in the large shift in pattern and the two highest correlations in the GS EHFC and MHW intensity. 2012 was reported to be mainly atmospherically forced MHW events (Chen et al., 2014), but there was a clear influence of oceanic drivers. 2016 had multiple drivers that affected different subregions at select times (Perez et al., 2021) and likely 2012 and 2020 followed this pattern with stronger dependence on atmospheric forcings.

Monthly depth temperature and salinity anomalies during the MHW active years allow insight into surrounding conditions to the MHW events (Figures 9, 10). Chen et al. (2014) states the MAB and GOM experienced some of the warmest ever temperatures in early 2012; this is supported by the extreme temperature anomalies in Figures 9A and 10A. The GOM and the MAB salinity anomalies in 2012 had different responses throughout the year, as higher salinity in the GOM gradually filled the water column while the MAB higher salinity was only seen to coincide with extreme temperatures (Figures 9B, 10B). Both subregions in 2016 experienced high temperature and salinity anomalies during increases in AE absorptions and noticeable GS variability (Figures 9, 10; Perez et al., 2021). 2020 was the coolest and freshest MHW year in the GOM and MAB and 2017 had variable anomalies throughout the year, but both lacked the consistent extreme temperature and salinity anomalies of 2012 and 2016 (Figures 9, 10). The 2017 MAB did show high temperature and salinity anomalies from January through April that followed the AE intrusion studied by Gawarkiewicz et al. (2019) and high temperature anomalies in October that aligned with low MHW intensity as in Figure 3E (Figure 10E, F).

MHW depth profiles detail the average MHW structure in the subregions for each year (Figure 11). The 2012 GOM MHW events reached an average maximum intensity at 40.3 m; this shallower depth of MHW temperature and salinity for 2012 reflects the dynamics common in atmospherically forced MHWs (Figures 11A, B; Chen et al., 2014; Oliver et al., 2021). In contrast, the 2012 MAB profile peaked at 55 m and quickly decreased below (Figures 11C, D). While the JS variability forced MHW events across the NW Atlantic, there was likely an AE or GS influence on the MHWs in the MAB in 2012. The 2016 GOM MHWs had maximum temperature and salinity anomalies in the upper 150 m (Figures 11A, B). The MAB 2016 MHW events peaked at 66 m, but both salinity and temperature anomaly decreased rapidly below (Figures 11C, D). The deeper peaks and lower variability of the MHW profile exemplify the presence of JS variability, GS variability, and AE related drivers in 2016, in both the MAB and GOM (Perez et al., 2021). The 2017 GOM MHWs had peak temperatures that aligned in depth with the high temperature anomalies seen in Figure 9E before abruptly decreasing below 35 m (Figures 11A, B). The sudden change in temperature and salinity and the shallowness of these MHWs point to the main driver being atmospheric forcings, with some AE and GS influence (Figure 8C, 11A, B). In the MAB, there was low variability in the 2017 profiles due to lower intensity events throughout the year but the maximum above 100 m clearly demonstrates the impact of the WCR driven MHW event in January through April (Gawarkiewicz et al., 2019). The 2020 GOM had a peak in temperature and salinity anomalies below 100 m, with lower temperature and salinity outside of this subsurface peak (Figures 11A, B). This deep peak likely had AE influenced intensification that is separated from the surface drivers of these MHWs, Within the NW Atlantic, MHWs occurring below 100 m tend to have the highest intensity across different depths (Großelindemann et al., 2022). The 2020 MAB had very low variability in the profiles and any drivers or unique events are difficult to determine (Figures 11C, D).




5 Conclusions

These MHW active years were forced from numerous unique processes (Chen et al., 2014; Gawarkiewicz et al., 2019; Perez et al., 2021; Schlegel et al., 2021), but share similarities in how AE characteristics influenced their intensification. Influence of AE absorption and the GS was seen in individual MHW event formation in these four years and depth profiles give insight of dynamics affecting the MHWs. Depth composites show that direct AE-MHW interactions aided in deepening the range of temperature anomalies slightly. Months with the highest MHW surface intensity often aligned with low salinity anomalies while subsurface temperature and salinity anomaly peaks often corresponded.

GS EHFC had a strong influence on MHW intensity in all years in both the GOM and the MAB with correlations above 0.75. GS EHFC and AE EKE had a lagging correlation pattern in 2012 and 2016 that flipped to a leading pattern for 2017 and 2020, which may have been due to increased GS variability (Andres, 2021). 2016 and 2017 had a strong relationship with the GS and reported to have AE driven events, which is more notable in 2017 between AE EKE and MHW intensity (Gawarkiewicz et al., 2019; Perez et al., 2021). 2012 and 2020 MHWs also experienced influence from the GS but likely had more atmospheric forcings with a reduced influence of AEs. Depth profiles of MHW events for each year in the subregions also exhibit these drivers, as subsurface intensity peaks were seen in the GOM in 2016 and 2020 and in the MAB in 2012, 2016, and 2017. 2012 and 2017 GOM displayed intensity maximums just below the average MLD in the depth profiles, likely driven by atmospheric forcings (Chen et al., 2014).

Western boundary regions are key study areas for MHWs as the diverse relationships of oceanic and atmospheric features complicate the formation of events. Further research is needed to clearly understand the impact the GS and AEs have on MHW events in the NW Atlantic. In addition, improving models, observational data resolution, and methods for the detection of MHWs is essential to further understand surface and subsurface MHWs. MHW intensification and the relationship between both specific events and regional dynamics need to be understood in order to monitor for extreme events and prepare for economic and ecological damage as anthropogenic warming continues.
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