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Abstract.  9 

Characteristics of marine heatwaves (MHWs) and cold spells (MCSs) in the Northwest Atlantic during 1993-2023 10 

are derived from a global ocean reanalysis product of the European Union Copernicus Marine Service. For surface 11 

parameters, the quantification using the reanalysis data is more advantageous than using the satellite remote sensing data in 12 

regions with the presence of seasonal sea ice and strong eddies. At the sea bottom, the reanalysis data well reproduces the 13 

observed rising trend and sharp increase of bottom temperature around 2012 on the Scotian Shelf and associated changes of 14 

MHW/MCS parameters. The 31 years of reanalysis data enables the quantification of spatial variations, interannual 15 

variations and long-term trends of MHW/MCS parameters in the water column in our study region. 16 

The corresponding parameters of surface MHWs and MCSs are overall similar due to the nearly symmetrical 17 

probability distribution of sea surface temperature (SST) anomalies around the mean. On the Scotian Shelf, the MHW 18 

parameters present layered structures in the water column, influenced by the heat flux in the upper layer and the different 19 

water mass compositions in the deeper layer. During 1993-2023, the surface MHW (MCS) total days show increasing 20 

(decreasing) trends corresponding to the gradually increasing SST, and the MHW total days reached a peak value of 215 21 

days in 2012 corresponding to the highest annual SST. The bottom temperature shows a stronger increasing trend than the 22 

SST, and a regime shift around 2012,  resulting in the increasing (decreasing) trend and regime shift of bottom MHW (MCS) 23 

total days. In 2012, the bottom MHW total days experienced a sharp increase and the entire water column was warmer than 24 

the climatology. The opposite condition presented in 1998 with the longest bottom MCS total days of ~300 near the coast.  25 

The quantification of the extreme conditions in 2012 and 1998 supports the results of previous studies on the impacts of 26 

these conditions on several marine life species.    27 

 28 
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1 Introduction 29 

Marine heatwaves (MHWs) and marine cold spells (MCSs) are extreme warm and cold events of the ocean water, 30 

respectively. MHWs have been observed in all ocean basins (Collins et al., 2019) and have been extensively studied. 31 

Globally, MHWs, defined relative to a fixed climatological period, have become more frequent, long-lasting, and intense 32 

since the 1980s under global warming (Frölicher et al., 2018; Oliver et al., 2018; Fox-Kemper et al., 2021). Regionally, local 33 

processes, large-scale climate modes, and teleconnections also play important roles in MHW occurrences (Holbrook et al., 34 

2019; Sen Gupta et al., 2020; Capotondi et al., 2024). For example, in the Northwest Pacific, interannual variations of 35 

surface MHWs are correlated with various large-scale atmosphere-ocean indices including the El Niño index (Wang et al., 36 

2024). On the shelf seas of the Northwest Atlantic, nearly half of the surface MHWs are initiated by the positive heat flux 37 

anomaly into the ocean, and advection and mixing are the primary drivers for the decay of most MHWs (Schlegel et al., 38 

2021b). On the Newfoundland and Labrador Shelf, the summer and fall MHWs in 2023 were impacted by stratification, 39 

winds, and advection (Soontiens et al., 2025).  Identifying the physical drivers that trigger and maintain the MHWs (MCSs) 40 

is important for understanding and predicting the variations of these events and their impacts on marine ecosystems. 41 

Previous studies have revealed the negative impacts of MHWs and MCSs on marine ecosystems. For example,  42 

MHWs can cause coral bleaching, destroy kelp forests, and alter the migration patterns of marine species (Santora et al., 43 

2020; Beaudin and Bracco, 2022). MHWs have also affected commercial fisheries in Canadian waters. In the Northeast 44 

Pacific, intense and long-lasting heat events, such as “the Blob”, led to fisheries collapses (Free et al., 2023). In Atlantic 45 

Canada, extreme heat events affect the physiological behaviour of aquaculture Atlantic Salmon, i.e., the increases of heart 46 

rates and decreases of motions  (Korus, 2024). The declining North Atlantic right whale population was related to the 47 

significant warming in the Gulf of Maine and the western Scotian Shelf over the recent decades (Meyer-Gutbrod et al., 48 

2021). The impacts of the extreme cold (warm) event in 1998 (2012) on fishery species have also been studied. In 1998, 49 

shortly after the cold Labrador Slope Water replaced the Warm Slope Water, the catches of porbeagle shark and silver hake 50 

in the Emerald Basin dramatically declined (Drinkwater et al., 2003). The widespread 2012 warm event in the Northwest 51 

Atlantic, with large anomalies throughout the water column and at the sea bottom, had opposite effects on different 52 

commercial fisheries. It adversely impacted the snow crab juvenile stages, resulting in a temporary decrease in snow crab 53 

abundance on the western Scotian Shelf (Zisserson and Cook, 2017). In the Gulf of Maine, this warm event caused earlier 54 

inshore movement of lobsters in the spring, leading to enhanced lobster growth, an extended fishing season, and record 55 

landings (Mills et al., 2013).  56 

Compared with MHWs, there have been fewer studies on MCSs. Globally and regionally, the frequency and 57 

intensity of surface MCSs show decreasing trends during 1982-2020 associated with the SST increase (Mohamed et al., 58 

2023; Peal et al., 2023; Schlegel et al., 2021b; Wang et al., 2022). Changes in atmospheric forcing, ocean circulation and 59 

coastal upwelling can drive local cold events at sea surface (Schlegel et al., 2017) and throughout the water column in 60 

shallow coastal bays (Casey et al., 2024).  61 
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Studies on surface extreme temperature events commonly use sea surface temperatures (SST) based on satellite 62 

remote sensing (e.g., Wang et al., 2022; Peal et al., 2023). Such studies are limited to the upper ocean and ice-free areas, and 63 

the analysis results are impacted by the observational noise, and cloud correction and interpolation schemes used to generate 64 

various levels of satellite SST products. Subsurface extreme events have been less well studied due to the scarcity of 65 

temperature observations below the surface, leading to limited knowledge about whether and how extreme events at depth 66 

have changed over the past decades (Collins et al., 2019). Results from high-resolution numerical ocean models, particularly 67 

those reanalysis products achieved through data assimilation, have been alternatively used to study the extreme temperature 68 

events, both at surface and at bottom (e.g., Amaya et al., 2023a; Wang et al., 2024).  The study of Amaya et al. (2023a) 69 

revealed stronger and longer MHWs at bottom than at surface in the shelf seas of North America, but it did not quantify the 70 

interannual and long-term variations of MHW characteristics.  71 

Motivated by the results of previous studies, in this study we quantify the space-time variations of MHWs and 72 

MCSs in the Northwest Atlantic, from surface to water column to bottom, with the ultimate goal to better support fisheries in 73 

this region. Our study region (Fig. 1a) can be sub-divided into: (1) Newfoundland and Labrador Shelf (NLS) to the north of 74 

Grand Banks; (2) Grand Banks; (3) Gulf of St. Lawrence (GSL), a semi-enclosed sea connecting to the NLS and Scotian 75 

Shelf (SS); (4) Scotian Shelf, an open and rugged shelf, adjoining the Gulf of Maine in the southwest and Scotian Slope off 76 

the shelf; (5) Gulf of Maine and Bay of Fundy, a tidally energetic semi-enclosed sea; and (6) Scotian Slope. The physical 77 

oceanography in the region is quite complex, due to the influences of the strong multi-scale variability of atmospheric 78 

forcing, river runoff, tides, sea-ice, the strong ocean circulation of the Gulf Stream, North Atlantic Current and Labrador 79 

Current, and the meso-scale eddies, etc. (e.g., Loder et al., 1998; Brickman et al., 2018; Ma et al., 2022). The water masses 80 

of NLS and Grand Banks are strongly affected by the southward Labrador Current that transports cold and fresher water and 81 

sea-ice. The Scotian Slope water is influenced by the mixture of warm eddies shed from the eastward Gulf Stream/North 82 

Atlantic Current and the occasional westward intrusion of the Labrador Current near the tail of Grand Banks. The GSL is 83 

influenced by the significant freshwater discharge of rivers including the St. Lawrence River, sea-ice formed locally and 84 

transported in from NLS, and inflows from NLS, Grand Banks and Scotian Slope. The SS is influenced by the outflow from 85 

the GSL and the intrusion of Scotian Slope water. The Gulf of Maine and Bay of Fundy are influenced by the SS and the 86 

Scotian Slope water.  Our analysis results will be mainly based on the daily data from an ocean reanalysis product, in 87 

comparison with analyses of satellite SST and mooring observations. Main results include 1) characteristics of the spatial 88 

distributions of MHW and MCS parameters;  2) the linkages between surface and water column extreme events; and 3) 89 

interannual variations and long-term trends, and their relationship with temperature variations and the forcing mechanisms.  90 
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2 Datasets and analysis methods 91 

2.1  Datasets 92 

Table 1 lists the datasets analyzed in this study. Product ref. no. 1 is the daily temperature during 1993-2023 from 93 

the global ocean eddy-resolving reanalysis with a 1/12° horizontal resolution, referred to as GLORYS12V1, The 94 

GLORYS12V1 temperature data remains continuous in ice-covered regions, which helps to compensate for the limitations of 95 

spatial and temporal coverage of satellite observations in those areas.  96 

Products ref. no. 2 during 1993-2016 and no. 3 during 2017-2023 are global ocean SST analyses produced daily on 97 

an operational basis at the Canadian Meteorological Centre (CMC). The analysis incorporates in situ observations and 98 

retrievals from one microwave and three infrared sensors (Brasnett, 2008), referred to as CMCSST. According to the 99 

assessment by Fiedler et al. (2019), the CMCSST data show low standard deviations and mean differences to the 100 

independent Argo observations, in comparison with other long-term SST analyses including the ESA SST CCI (European 101 

Space Agency Sea Surface Temperature Climate Change Initiative) and MyOcean OSTIA (Operational Sea Surface 102 

Temperature and Ice Analysis) available from the Copernicus marine catalogues. Product ref. no. 3 at 0.1º resolution during 103 

2017-2023 is linearly interpolated onto the 0.2º grids of product ref. no. 2, thus creating a dataset on unified grids covering 104 

1993-2023. CMCSST has no values at locations and time when sea ice is present.  105 

Product ref. no. 4 is the observed daily bottom temperature since 2008 from a bottom-mounted mooring at a 106 

location on the inner Scotian Shelf with a water depth of 160 m (Fig. 1, location 1), from the Atlantic Zone Monitoring 107 

Program (AZMP) of Fisheries and Oceans Canada. The mooring is situated on the path of the coastal Nova Scotia Current 108 

(Hebert et al., 2023). The mooring is redeployed annually in the fall AZMP survey, and the data is only available until 109 

September 2023 for this study. 110 

 111 

Product Ref. No. 

& Abbreviation  

Product ID & type Data access Documentation 

1: GLORYS12v1 GLOBAL_MULTIYEAR_PHY_00

1_030, numerical models 

EU Copernicus Marine 

Service Product (2023) 

 

https://doi.org/10.48670/moi-

00021 

Product User Manual (PUM): 

Drévillon et al., 2023a 

Quality Information Document 

(QUID): Drévillon et al., 2023b 

Journal article: Lellouche et al., 

2021 

2: CMCSST GHRSST Level 4 CMC 0.2 deg 

global sea surface temperature 

analysis, 1993-2016 

https://doi.org/10.5067/GHC

MC-4FM02 

 

Journal article: Brasnett, 2008; 

CMC 2012 

3: CMCSST GHRSST Level 4 CMC 0.1 deg 

global sea surface temperature 

analysis, 2017-2023 

https://doi.org/10.5067/GHC

MC-4FM03 

 

Journal article: Meissner et al., 

2016; CMC 2016 

4: mooring data Mooring bottom temperature at ~ 

160 m from the AZMP 

  

https://www.dfo-

mpo.gc.ca/science/data-

donnees/azmp-pmza/index-

eng.html   

Hebert et al., 2023 

https://doi.org/10.5067/GHCMC-4FM02
https://doi.org/10.5067/GHCMC-4FM02
https://doi.org/10.5067/GHCMC-4FM03
https://doi.org/10.5067/GHCMC-4FM03
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Table 1:  Product reference table. 112 

 113 

2.2 Definition and quantification of marine heatwaves and cold spells 114 

Following Hobday et al. (2016), the MHWs are defined as periods of extremely warm water that last continuously 115 

for five or more days. The MCS are defined similarly as anomalously cold water events following Schlegel et al. (2017).   116 

We use the SST data to compute the surface MHW and MCS parameters, and the temperature at ocean floor to compute the 117 

bottom MHW and MCS parameters.  A seasonally varying climatological percentile threshold method is used to detect 118 

MHWs (MCSs). No detrending is applied to the temperature data prior to the MHW/MCS analysis because we want to 119 

maintain the consistency and be able to compare with the results of other studies in the Northwest Atlantic (Galbraith et al., 120 

2024; Soontiens et al., 2025), and to emphasize the effects of ocean warming on the changing characteristics of 121 

MHWs/MCSs.  The climatological mean and thresholds (90th and 10th percentiles of data values) are calculated for each day 122 

of the year with all data from multiple years within an 11-day window centred on that day. The climatology and thresholds 123 

are defined over 30 years from 1993 to 2022 for GLORYS12V1 and CMCSST, and from 2010 to 2022 for the mooring data.  124 

A 30-day ‘moving window’ is applied to smooth the daily climatology. The MHWs and MCSs are defined for temperatures 125 

above the 90th and below the 10th percentile values, respectively. Events that occur less than 2 days apart are considered as 126 

one continuous event. The statistics for each MHW (MCS) event are calculated using a Matlab-based tool (Zhao and Marin, 127 

2019). This study will focus on the annual statistics of frequency, total days and mean intensity. Frequency refers to the total 128 

count of MHW (or MCS) events in each year, while total days are the total number of MHW (or MCS) days in each year.  129 

The duration of each MHW (MCS) event is defined as the period over which the temperature is greater (lower) than the 130 

seasonally varying threshold value. The intensity of each event is the mean SST anomaly during that event. The mean 131 

intensity is the average of the intensities of events during that year.  132 

3 Results  133 

3.1 Spatial distribution of annual surface MHW and MCS parameters 134 

For surface MHWs, GLORYS12V1 and CMCSST data (Figs. 1c-f) obtain overall similar magnitudes and spatial 135 

patterns of mean intensity, but different magnitudes of frequency in deep waters and total days in the seasonally ice-covered 136 

areas. For frequency (Figs. 1a and d), both data obtain values of 1-2 events per year on the shelf;  and in deep regions (near 137 

and beyond the 2000 m isobath) GLORYS12V1 and CMCSST obtain higher and lower than 2.5 events per year, 138 

respectively.  For the total days (Figs. 1b and e), GLORYS12V1 and CMCSST obtain similar values greater than 30 days per 139 

year beyond the shelf break on the Scotian Slope and to the east of the Labrador Shelf, and over the Grand Banks. Over the 140 

Newfoundland and Labrador Shelf and in the southern and western Gulf of St. Lawrence where the seasonal sea-ice 141 

coverage exists, GLORYS12V1 obtains 25-30 days, higher than about 20 days from CMCSST. In the Gulf of Maine, eastern 142 



6 

 

Scotian Shelf and eastern Gulf of St. Lawrence, GLORYS12V1 obtains 25-30 days while CMCSST obtains 20-25 days. For 143 

the mean intensity (Figs. 1c and f), both GLORYS12V1 and CMCSST obtain consistently higher values of 3-6°C in the deep 144 

water of the Scotian Slope and to the east of the southern Grand Banks, and lower values of less than 2.5°C on the shelf and 145 

in the deep water to the east of the Labrador Shelf. The MHW parameters derived from GLORYS12V1 are consistent with 146 

those based on the thermograph network daily mean temperatures in the Gulf of St. Lawrence using the 1991-2020 reference 147 

period (Galbraith et al., 2024).   148 

 149 

 150 

Figure 1: Mean of surface MHW (a-f) and MCS (g-i) characteristics during 1993-2022 derived from (a-c) CMCSST and (d-i) 151 
GLORYS12V1. (j-l) Mean of bottom MHW characteristics during 1993-2022 derived from GLORYS12V1. From left to right: 152 
frequency (number of events per year), total days (days per year), and mean intensity (°C). The 100, 200 and 2000 m isobaths are 153 
represented by black, magenta and grey lines respectively. Panel (a): Stations 1-7 indicated by the solid circles for examining the 154 
time series of MHW/MCS characteristics, located at latitudes/longitude of 44.25°N/63.16°W, 42.48°N/61.43°W, 47.91°/64.56°W, 155 
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49.64°N/59.06°W, 51.99°N/50.25°W, 52.00°W/47.00°W, and 43.48°N/62.45°W. The Halifax line is the line between stations 1 and 2. 156 
Abbreviations: GB, Grand Banks; GM, Gulf of Maine; GSL, Gulf of St Lawrence; NLS, Newfoundland and Labrador Shelf; SS, 157 
Scotian Shelf; SSlope, Scotian Slope; CB, Cabot Strait. 158 

  159 

 160 
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Figure 2: Left and middle columns: Time series of sea temperature and detection of MHW in selected years at the surface (a-b,  d-161 
e, g-h, j-k) and at the seabed (m-n) at 7 locations marked in Figure 1a. The numbers in the bracket indicate the year and location. 162 
Right column: Variance preserving spectra of (c, f, i, l) surface temperature during 1993-2022 and (o) bottom temperature during  163 
2010-2022.  164 

 165 

The causes of the differences in the MHW parameters derived from GLORYS12V1, CMCSST and mooring data, 166 

and the spatial distributions derived from GLORYS12V1, are explored through examining the time series of sea 167 

temperatures and the detection of MHWs at selected locations (denoted in Fig. 1a) in selected years, and the variance-168 

preserving spectra during 1993-2022 shown in Fig. 2.  The selection of years is based on annual time series of the MHW 169 

parameters at these locations (not shown), ensuring that the differences in the MHW parameters between the left and middle 170 

columns are consistent with the 1993-2022 averaged statistics shown in Fig. 1. First, on the Scotian Slope the higher surface 171 

MHW frequency from GLORYS12V1 than from CMCSST can be explained by their differences in the variance-preserving 172 

spectra of the SST time series during 1993-2022 at location 2 (Fig. 2c). Compared with CMCSST, GLORYS12V1 achieves 173 

higher spectral power at time scales shorter than 50 days. In the selected year 2023, GLORYS12V1 shows the more frequent 174 

and stronger SST variations, and detects three shorter MHW events whereas CMCSST detected one longer MHW event. 175 

Note that the high-frequency SST variations in CMCSST are impacted by the cloud correction and interpolation schemes 176 

applied to the original satellite data in generating the CMCSST product.   177 

In the southern and western Gulf of St Lawrence, the St. Lawrence Estuary, and on the Labrador and Newfoundland 178 

Shelf, CMCSST has shorter total days than GLORYS12V1 (Figs. 1b and e). In the selected year 2011, Fig. 3A presents the 179 

SST time series at a location (52.8°N, 55.2°W) on the Labrador Shelf.  The original CMCSST data has a significant number 180 

of missing values from January to April during the presence of seasonal sea-ice (Fig. A3a), leading to the 90th threshold 181 

above that derived from GLORYS12V1 (Figs. A3a and b). If the missing values of the original CMCSST are filled with a 182 

freezing temperature of -1.8 °C, the resulting 90th threshold (Fig. A3c) and the total days of the detected MHWs are closer to 183 

that derived from GLORYS12V1 (Figs. A3 b). Thus, the shorter MHW total days from CMCSST in regions with the 184 

presence of seasonal sea-ice are due the biased 90th threshold caused by the missing SST data values. 185 

The spatial patterns of surface MHW parameters from GLORYS12V1 (Figs. 1d-f) are explained next. The 186 

differences between the shelf and the Scotian Slope are demonstrated by comparing the SST time series in 2016 and spectra 187 

at locations 1 and 2 (Figs. 2d-f). At all the time scales, location 2 shows much stronger SST variability because it is located 188 

in the Scotian Slope where the water mass is affected by a succession of warm and cold oscillations and eddies. In the 189 

selected year 2016, GLORYS12V1 detects 6 strong MHW events at location 2 while only one weak event at location 1. In 190 

the Gulf of St. Lawrence, the average annual frequency (Fig. 1d) is lower in the northeastern (location 4) and higher in the 191 

southwestern (location 3) regions, while the total days (Fig. 1e) show the opposite pattern. This is consistent with the SST 192 

time series in the selected year 2012 (Figs. 2g-h), and the variance preserving spectra (Fig. 2i).  That is,  the spectral energy 193 

at location 3 is higher at time scales shorter than 100 days hence leading to higher MHW frequency, and at location 4 is 194 

higher at time scales longer than 100 days hence leading to longer durations. The higher total days at station 4 in 2012 are 195 
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due to the long durations of warming above climatology in fall and winter. Off the Labrador Shelf, over a narrow zone near 196 

the 2000 m isobath (location 5), the surface MHW frequency is higher while the total days are shorter, compared to shelf 197 

water to the west and the deep water to the east (location 6). This again can be explained by the stronger SST variability at 198 

time scales shorter than 100 days at location 5 and longer than 100 days at location 6, respectively (Figs. 2j-l). Location 5 is 199 

along the path of the offshore Labrador Current, where the SST anomalies and seasonal cycle are both strong, which can be 200 

attributed to the variations of the temperature front in this area (e.g., Lu et al., 2006).     201 

For the surface MCSs derived from GLORYS12V1, their frequency, total days and mean intensity (Figs. 1g-i) show 202 

similar magnitudes and spatial distribution with those of surface MHWs (Figs. 1d-f). The MCS parameters derived from 203 

CMCSST (not shown) is also similar to the surface MHW parameters derived from GLORYS12V1 (Figs. 1a-c).  Differences 204 

between the MCS and MHW parameters derived from GLORYS12V1 are evident in some areas, e.g., on the Scotian Slope 205 

(near location 2) the MHWs have higher mean intensity than the MCSs. These similarities and differences can be explained 206 

by the probability distribution of SST anomalies at representative sites shown in Fig. A1. The normalized histograms are 207 

nearly symmetrical around the mean, with equal median and mean values.  At location 2 the median value is less than the 208 

mean, suggesting a positive skewness of SST anomalies on the Scotian Slope due to the dominance of warm-core eddies at 209 

the poleward side of the Gulf Stream (e.g., Thompson and Demirov, 2006). Such asymmetric distribution of SST anomalies 210 

corresponds to stronger MHWs than MCSs (Schlegel et al., 2021a; Wang et al., 2022).  211 

 212 

3.2 Distribution of MHW parameters over the sea floor and in the water column 213 

The frequency, total days and mean intensity of bottom MHWs on the shelf derived from GLORYS12V1 (Figs. 1j-214 

l) show different magnitudes and spatial distributions compared to surface MHWs. Our findings are consistent with Amaya 215 

et al. (2023a) who showed that bottom MHW intensity and duration vary strongly with bottom depth. The bottom MHW 216 

frequency (Fig. 1j) shows fewer events (< 1 per year) in deep basins and channels, and more events (2-3 per year) along the 217 

coast and shelf break. The bottom MHW total days (Fig. 1k) exhibit weak spatial variations across the entire region with 218 

values of 30-35 days per year, and larger values in deeper basins and channels than in shallow waters. This implies that the 219 

bottom MHW durations (roughly total days divided by frequency) are longer in deep basins and channels than in shallow 220 

water. The bottom MHWs intensity (Fig. 1l) ranges from 1°C in deeper parts of the continental shelves to 6°C along the 221 

edges of the Scotian Shelf and southern Grand Banks where water intrusions from the shelf break occur.  222 

We selected two locations on the Scotian Shelf (locations 1 and 7) to illustrate the difference in MCS characteristics 223 

at the sea floor (Figs. 2m-o). Location 1 is the mooring site near the coast where the water depth is 160 m, and location 7 is 224 

on the Emerald Bank in the middle of the Scotian Shelf where the water depth is 66 m. At location 1, both GLORYS12V1 225 

and mooring data (Fig. 2m) show that bottom temperatures in 2016 were generally above the mean climatology and extreme 226 

heat events are detected throughout the year. However, mooring data shows some intense cold spikes that are not captured 227 

by GLORYS12V1 (Fig. 2m). Correspondingly, compared with the mooring data, the spectral energy of GLORYS12V1 is 228 
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lower at time scales shorter than 100 days and higher at longer than 100 days (Fig. 2o). At location 7, GLORYS12V1 detects 229 

two MHW events with longer durations in 2016 (Fig. 2n). The power spectra (Fig. 2o) show that location 1 has more energy 230 

at time scales shorter than 100 days, corresponding to higher MHW frequency and mean intensity, while location 7 shows 231 

stronger variability at time scales longer than 100 days, corresponding to longer MHW duration and lower intensity. The 232 

strong variations of bottom temperature at shorter than 100 days at location 1 are likely related to the strong fluctuations of 233 

the coastal Nova Scotia Current driven by local winds at synoptic scales (Dever et al., 2016).  234 

 235 

 236 

  237 

 238 

   239 
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 240 

 241 

Figure 3: Along the Halifax line (a line between stations 1 and 2 shown in Fig. 1a):  MHW (a) mean annual frequency (number of 242 
events per year), (b) mean of annual total days (days per year), and (c) mean intensity (°C); summer (July-September) 243 
temperature (d) climatology over 1993-2022, in (e) 1998 and (f) 2022. At a station along the Halifax line (marked as the solid black 244 
triangle in panels a-f): Seasonal evolution of temperature (g) climatology over 1993-2022, in (h) 1998  and (i) 2012. Contour lines 245 
denote the isotherms of 6 and 12 °C: (d-i) dashed black contours for averages over 1993-2022,  and solid magenta contours in (e, h) 246 
1998 and (f, i) 2012.  Abbreviations: EBasin, Emerald Basin; EBank, Emerald Bank.  247 

To examine the linkages between surface and water column extreme events, we show the distributions of MHW 248 

parameters in the water column along the section extending off the coast from Halifax between stations 1 and 2 (Figs. 3a-c). 249 

This cross-section, referred to as the Halifax Line, has been regularly occupied by the AZMP over multiple decades thus 250 
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providing extensive observed hydrographic data to assess the quality of model-based data such as GLORYS12V1.  The 251 

MHW mean intensity (Fig. 3c) shows a clear 3-layer structure, with values of about 2ºC in the upper layer from surface to a 252 

mid-depth interface (decreasing from about 70 m near the coast to about 30 m on the Emerald Bank), high values of 3-3.5ºC 253 

in the middle layer from the mid-depth interface to about 130 m, and low values of 1.5-2ºC below 130 m depth in the 254 

Emerald Basin.  The annual MHW frequency (Fig. 3a) is relatively uniform in the water column with values 1.5-2, except 255 

low values (<1) below 130 m depth in the Emerald Basin and below 30 m depth over the Emerald Bank where the annual 256 

MHW duration is high.    257 

The distribution of MHW parameters in the water column can be explained by the layered structure of temperature 258 

along this section in summer (Figs. 3d-f) and the seasonal evolution of the vertical profiles of temperature at a location in the 259 

middle of Emerald Basin (Figs. 3g-i), for the mean climatology over 1993-2022, and in the cold and warm years of 1998 and 260 

2012, respectively (Hebert et al., 2023). The upper layer (from the surface to 50 m) shows strong seasonal variations. This 261 

layer is well mixed in fall/winter, and has strong stratification developed from spring to summer. Seasonal and interannual 262 

variations in this upper layer are mainly due to variations of the surface heat flux, and near the coast are also influenced by  263 

the outflowing waters from the Gulf of St. Lawrence with strong seasonal and interannual variations in temperature and 264 

salinity (Umoh and Thompson, 1994; Dever et al., 2016). The overall major influence of surface heat flux results in a nearly 265 

uniform distribution of the MHW parameters in the upper layer. The middle layer (from 50 m to about 130 m depth) presents 266 

moderate seasonal variations which can be related to the downward penetration of the surface anomalies driven by surface 267 

winds and mixing. On the other hand, this layer is also influenced by the lateral advection of water masses carried by the 268 

horizontal currents, mainly from the Cabot Strait subsurface water (30-50 m) and the warm Scotian Slope water and with a 269 

smaller portion from the Cabot Strait cold-intermediate layer (50-120 m) and the inshore Labrador Current (Dever et al., 270 

2016).  The contributions of the lateral advection vary from the coast to offshore, resulting in the depth range of the mid-271 

depth layer getting smaller from near the coast to the Emerald Bank. The influences of surface forcing and horizontal 272 

advection cause high MHW intensity across the whole mid-depth layer, and the low MHW frequency over the Emerald 273 

Bank. The deep layer below 130 m depth in the Emerald Basin (Fig. 3g) presents weak seasonal variations with a near 274 

constant temperature of 10ºC. However, this layer became colder in 1998 and warmer in 2012 than the climatology (Figs. 275 

3h-i), suggesting strong interannual variations of temperatures in this layer. The temperature variations in this deep layer are 276 

mainly caused by the intrusion of the offshore water (Dever et al., 2016), leading to low MHW intensity and frequency, and 277 

long durations.  278 

 279 

3.3 Interannual variations of MHW/MCS parameters 280 

Interannual variations of the MHW/MCS parameters at location 1 in the inner Scotian Shelf are presented in Fig. 4, 281 

and some of their statistical quantifications are summarized in Table 2. For the surface parameters (Fig. 4 left column), 282 

variations of their values derived from GLORYS12V1 have high correlations with those derived from CMCSST except for 283 

the MCS mean intensity. The surface MHW (MCS) total days (Figs. 4a and e) show strong interannual variations which 284 
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have significantly positive (negative) correlations with the annual SST anomalies from GLORYS12V1 (Table 2). The 285 

MHW/MCS mean intensities show weaker interannual variations and have no significant correlations with the SST 286 

anomalies.  287 

For the bottom parameters (Fig. 4 right column), significant correlation values derived from GLORYS12V1 and 288 

available mooring data are found for the MHW frequency, total days and mean intensity, but not for the MCS parameters 289 

(Table 2). This can be attributed to GLORYS12V1 not being able to reproduce the intense cold spikes in the mooring data 290 

(Fig. 2m). For both the bottom MHWs and MCSs, interannual variations of their frequency, total days and mean intensity all 291 

have significant correlations with the annual bottom temperature anomalies from GLORYS12V1. The bottom MHW total 292 

days and mean intensity derived from the mooring data are significantly lower than those derived from GLORYS12V1. This 293 

is due to the differences in the bottom temperature climatology of the two datasets defined for the calculation of the 294 

MHW/MCS parameters. While the two datasets show similar values and increasing trends in the bottom temperatures, the 295 

climatology of mooring data during the 16 years of 2008-2023 has a higher averaged temperature than that of 296 

GLORYS12V1 during 30 years of 1993-2022 (Fig. 4j). As a result, the mooring data obtains shorter and weaker bottom 297 

MHW events than GLORYS12V1. If the same reference period of 2008-2023 is used, the difference in MHW parameters 298 

between mooring data and GLORYS12V1 is largely reduced. This suggests that the calculation of MHW/MCS parameters is 299 

strongly impacted by the duration chosen for computing the climatology, and whether detrending is applied, as discussed in 300 

Capotondi et al. (2024) and Smith et al. (2025). 301 

At location 1 during 1993-2023, both at surface and bottom, interannual variations of the MHW and MCS total days 302 

are negatively correlated; the intensity and total days of MHWs show positive trends, while those for MCSs show negative 303 

trends (Table 2). These correspond to warming trends in both the SST and bottom temperature (Figs. 4i-j).  The MHW and 304 

MCS mean intensities show no significant trends at surface, but positive trends at bottom (Table 2). For the bottom 305 

MHW/MCS total days, the trends are mostly due to their sharp increases (or regime shift) around 2012 (Figs. 4b and f).  Out 306 

of the 19 years before 2012, bottom MCS events are detected in 11 years while MHW events are detected only in 2 years. By 307 

comparison, out of the 12 years since 2012, bottom MHW events are detected in 10 years while MCS events are detected 308 

only in one year. These correspond to the sharp increase of bottom temperature that also occurred around 2012 (Fig. 4j). By 309 

comparison, the SST at location 1 shows a more gradual increasing trend (Fig. 4i). After 2012, the annual bottom 310 

temperature became higher than the annual SST. As a result, the bottom MHW total days frequently exceed 150, higher than 311 

50-100 for large values of the surface MHW total days (Figs. 4a and b). The long-term trends and regime shifts of bottom 312 

MHW/MCS total days are widespread on the Scotian Shelf, as evidenced by the similar time series as location 1 at a location 313 

in the Emerald Basin and location 7 on the Emerald Shelf (Fig. A2). This raises the question about how to define 314 

MHWs/MCSs in the presence of long-term trends or regime changes in ocean temperature, a point to be discussed in Section 315 

4. 316 

The time series plots identify years when severe MHW or MCS events occurred. At location 1,  the surface MHW 317 

total days show the highest values in 2012, reaching  215 days according to GLORYS (Fig. 4a). Both GLORYS12V1 and 318 
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CMCSST detect 7 MHW events with the duration ranging from 7 to 61 days. These prolonged surface MHW events 319 

correspond to the highest peak of annual SST (Fig. 4i) and the well-known warming condition across the Scotian Shelf 320 

(Hebert et al., 2013), in the Gulf of Maine and the east coast of the USA in 2012 (Chen et al., 2015). In December 2011, the 321 

SST in the region was close to the 90th percentile and likely played a role in preconditioning the MHW in January 2012. 322 

Chen et al. (2015) further attributed the widespread MHW events to persistent atmospheric high-pressure systems featured 323 

by anomalously weak wind speeds, increased insulation, and reduced ocean heat losses. At location 1, the termination of a 324 

long-lasting and strong surface MHW event in the summer of 2012 (Fig. 3i) can be attributed to wind-induced coastal 325 

upwelling, resulting in a sudden drop in SST at the end of August (Shan and Sheng, 2022).  326 

In 2012 at location 1, the bottom MHW total days experienced a sharp increase relative to previous years, reaching 327 

~100 days according to GLORYS12V1 (Fig.4b). In the summer of 2012, the entire water column along the Halifax Line was 328 

warmer than the climatology (Figs. 3d and f). In the Emerald Basin (Figs. 3g and i), the abnormally warm condition 329 

presented from the surface to about 100 m depth at the beginning of the year (winter), which can be attributed to the smaller 330 

heat loss to the atmosphere at the sea surface. Below the 100 m depth, warming started in spring. Below the upper layer 331 

directly influenced by surface forcing, the warming in 2012 can be attributed to advection over the Scotian Shelf between 332 

30-50 m, the advection of anomalously warm slope water combined with the reduced contribution of the cold water from the 333 

Gulf of St Lawrence or the inner Labrador Shelf between 50-100m, and the anomalously warm slope water being advected 334 

onto the shelf between 100-200 m. (Dever et al., 2016). The warm Scotian Slope water was influenced by the interaction 335 

between the Gulf Stream and the Labrador Current at the tail of the Grand Banks (Brickman et al., 2018; Gonçalves Neto et 336 

al., 2023).  337 

The condition in 1998 is opposite to that in 2012, i.e., 1) location 1 experienced the longest bottom MCS total days 338 

(nearly 300 days) associated with the lowest annual bottom temperature value (Figs. 4f and j); 2) in summer the entire water 339 

column along the Halifax Line was colder than the climatology (Figs. 3d and e); and 3) in the Emerald Basin (Figs. 3g and h) 340 

the entire water column was anomalously cold throughout the year except for close to normal condition in the upper layer in 341 

summer. Below 150 m depth in the Emerald Basin, the lowest temperature occurred during March-June. This can be related 342 

to the intrusion of the cold Labrador Slope water. According to Drinkwater et al. (2003), this cold water mass was advected 343 

along the shelf break in 1997-1998 and flooded the lower layers of the central and southwestern regions of the Scotian Shelf.  344 

In 2023 at location 1, according to GLORYS12V1, the surface MHW total days is 85 (Fig. 4a), which is well above 345 

the average value of 31 days. The mean intensity is 2°C (Fig. 4c), similar to the multi-year averaged intensity. The longest 346 

surface MHW event of that year began on December 19, 2022, and continued until February 8, 2023, coinciding with the 347 

warmest January on record in Halifax. The termination of this MHW event is likely related to an extremely cold Arctic air 348 

outbreak that set many local meteorological records in early February in Atlantic Canada and caused rapid drops of water 349 

temperature in some shallow coastal bays (Casey et al., 2024).  350 

 351 
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 352 

 353 

     Figure 4:  Time series of MHW and MCS characteristics at location 1 (marked in Fig. 1) for surface (a, c, e, g and i) and for 354 

bottom (b, d, f, h and j). (a, b) MHW total day; (c, d) MHW mean intensity; (e, f) MCS total days; (g, h) MCS intensity; (i, j) 355 

comparison of annual mean time series of GLORYS12V1 with CMCSST and mooring data.  356 

 357 

 358 

 359 

 360 
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 361 

  Trend 

Correlation between  

MHW/MCS from 

GLORYS12V1 and 

observations  

Correlation 

between 

MHW/MCS 

parameters and  T 

Surface  

MHW frequency 0.07 events/yr 0.83 0.85 

MHW total days 1.9 days/yr 0.96 0.81 

MHW intensity - 0.77 - 

MCS frequency -0.1 events/yr 0.69 -0.80 

MCS total days -1.8 days/yr 0.84 -0.81 

MCS intensity - - - 

Bottom 

MHW frequency 0.2 events/yr 0.70 0.72 

MHW total days 4.1 days/yr 0.69 0.70 

MHW intensity 0.03 °C/yr 0.64 0.59 

MCS frequency -0.1 events/yr - -0.75 

MCS total days -2.3 days/yr 0.78 -0.78 

MCS intensity 0.03 °C/yr - 0.59 

Table 2: Statistics of annual values of MHW/MCS parameters during 1993-2023 at location 1 on the inner Scotian 362 

Shelf. Column 2: linear trends of MHW/MCS frequency in events/year, total days in days/year, and mean intensity in 363 

°C/year derived from GLORYS12V1. Column 3: correlation coefficient of MHW/MCS parameters derived from 364 

GLORYS12V1 and from CMCSST at the surface and mooring temperature at the sea floor. Column 4: correlation 365 

coefficient between MHW/MCS parameters and annual GLORYS12V1 temperature. Significant trends and 366 

correlations with p-values less than 0.1 are shown. 367 

4 Conclusions and discussions 368 

First, in this study the annual mean MHW/MCS parameters derived from GLORYS12V1 and observational data are 369 

compared. At the surface, GLORYS12v1 and CMCSST obtain similar magnitudes, spatial distribution and interannual 370 

variations of MHW/MCS frequency, total days and mean intensity. Differences in the values of the parameters can be 371 

attributed to issues in the CMCSST data: 1) shorter MHW total days in the Gulf of St. Lawrence and Labrador and 372 

Newfoundland Shelf due to the higher threshold values caused by the missing SST data in the presence of ice, and 2) less 373 

frequent MHWs on the deep Scotian Slope associated with weaker SST variations caused by the interpolations and cloud 374 

correction applied to the satellite remote sensing data for generating the CMCSST. Thus, we suggest that high-resolution 375 

data assimilative ocean reanalysis products present more advantages in quantifying surface MHWs and MCSs than SST 376 

products based on satellite remote sensing. For the bottom MHWs and MCSs, the analysis results from GLORYS12V1 are 377 
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compared with those from 16 years of bottom mooring observations at location 1 near the coast of Nova Scotia. 378 

GLORYS12V1 captures all parameters of observed bottom MHWs and the total days of bottom MCSs at this location. 379 

However GLORYS12V1 does not reproduce the intense cold spikes of observed bottom temperature and hence detects fewer 380 

and less intense bottom MCSs at this location. This can be attributed to the spatial resolution GLORYS12V1 that is 381 

insufficient to resolve the sharp spatial gradients of the Nova Scotia Current. Therefore near the coast of Nova Scotia, 382 

GLORYS12V1 underestimates the frequency and intensity of the bottom MCSs, although provides estimates of the total 383 

days in agreement with the mooring data.   384 

Second, the horizontal/depth distributions of the annual MHW/MCS parameters are explained by the characteristics 385 

of temperature variations and the related ocean dynamics. The corresponding parameters of surface MHWs and MCSs are 386 

overall similar due to the nearly symmetrical probability distribution of SST anomalies around the mean, except on the 387 

Scotian Slope where the MHWs have lower frequency and higher mean intensity than the MCSs due to the dominance of 388 

warm-core eddies. The surface MHWs have the highest frequency (2-3 events per year) and mean intensity (3-6°C) on the 389 

Scotian Slope and to the east of southern Grand Banks, due to the strong SST variability associated with the eddy activities 390 

and variations of Gulf Stream and North Atlantic Current. The shelf waters show nearly uniform values of the surface MHW 391 

parameters: 1-2 events per year for frequency, 20-30 days per year for total days, and ~2.0°C for the mean intensity. The 392 

bottom MHW frequency, duration (approximately total days divided by frequency) and mean intensity vary strongly with 393 

bottom depth, which can be explained by the layered structure of MHW parameters and temperature along a cross-shelf 394 

section off Halifax (Fig. 3). In the upper layer from surface to a mid-depth interface, the nearly uniform MHW mean 395 

intensity of ~2ºC  can be mainly attributed to variations of the surface heat flux.  From the mid-depth interface to about 130 396 

m depth, the MHW mean intensity has high values of 3-3.5ºC which can be related to the combined effects of downward 397 

penetration of the upper layer (through wind forcing and mixing) and the lateral advection of water masses from the Cabot 398 

Strait subsurface and cold-intermediate layers, the Scotian Slope water and the inshore Labrador Current. In the deep 399 

Emerald Basin below 130 m depth, the MHW intensity has the lowest values of 1.5-2ºC due to intrusions of offshore water. 400 

The MHW frequency has relatively uniform values of 1.5-2 events per year in the water column, except low values of less 401 

than 1 event per year (corresponding to longer MHW durations) below 130 m depth in the Emerald Basin and below 30 m 402 

depth over the Emerald Bank. This can be attributed to the different characteristics of temperature variations caused by 403 

different forcings: stronger variations at shorter (longer) time scales by surfacing forcing (lateral intrusion). 404 

Thirdly, analysis of the GLORYS12V1 data reveals interannual variations, long-term trends and regime shifts of 405 

MHW/MCS parameters during 1993-2023. For the surface MHW (MCS) total days, 1) their annual values have significantly 406 

positive (negative) correlations with the annual SST anomalies; 2) their increasing (decreasing) trends correspond to the 407 

gradual increasing SST; and 3) the peak value (215 days) of MHW total days in 2012 corresponds to the highest annual SST 408 

representing the well-known warming condition across the Scotian Shelf, Gulf of Maine and the east coast of the USA. The 409 

bottom temperature shows a stronger increasing trend than the SST, and a sharp increase (regime shift) around 2012.  This 410 

causes the increasing (decreasing) trend and regime shift of MHW (MCS) total days. After 2012 at location 1, the annual 411 
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bottom temperature became higher than the annual SST; and the bottom MHW total days frequently exceeded 200, higher 412 

than 50-70 for large values of the surface MHW total days. At location 1 near the coast of Nova Scotia, GLORYS12V1 well 413 

reproduces the rising trend and sharp increase of bottom temperature around 2012 in the mooring data. In 2012, the bottom 414 

MHW total days at location 1 experienced a sharp increase to ~100 days. Consistent with the AZMP observations, 415 

GLORYS12V1 shows that in 2012 the entire water column along the Halifax Line was warmer than the climatology, which 416 

can be attributed to the smaller heat loss to the atmosphere at the sea surface, the advection of abnormally warm Scotian 417 

Slope water, and the reduced contribution of the cold water from the Gulf of St Lawrence or the inner Labrador Shelf.  418 

Opposite conditions occurred in 1998 with the longest bottom MCS total days of ~300 days at location 1, and the entire 419 

water column along the Halifax Line was colder than the climatology. Further studies are needed to link variations of ocean 420 

temperature and MHW/MCS parameters in the Northwest Atlantic, at interannual and longer time scales, to large-scale 421 

ocean-atmosphere processes. For example, using long time series of synthetic data, Gregory et al. (2024) recently examined 422 

connections between El Niño-Southern Oscillations and variations of MHWs globally, and identified a linkage between La 423 

Niña events in the equatorial Pacific and warm conditions in the Northwest Atlantic. Further studies along this line are 424 

important for developing predictions of MHWs and MCSs in the future.  425 

We note that the detection of MHWs and MCSs and the quantification of their parameters depend on the reference 426 

climatology of ocean temperature, particularly in our study region with evident warming trends over the past several 427 

decades. Defining the climatology over 30 years (1993-2022) with the GLORYS data obtains longer total days and stronger 428 

intensity for bottom MHWs, compared with using the recent 16 years (2008-2023) of bottom temperature from mooring 429 

observations.  There are ongoing debates in the literature about whether the long-term trends in ocean temperature should be 430 

included or excluded in MHW research (Oliver et al., 2021; Zhang et al., 2024). Recent studies (Amaya et al., 2023b; 431 

Capotondi et al., 2024; Smith et al., 2025) suggested that both approaches could be useful depending on the applications of 432 

interest. The long-term warming trends and short-duration extreme events likely cause different physiological and 433 

behavioural responses of marine species. In the present study, the long-term warming trend is retained in defining the water 434 

temperature climatology and the detection of MHWs and MCSs, while in the future we may explore other definitions when 435 

investigating the impacts of MHWs and MCSs on marine ecosystems and fisheries.   436 

 437 
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Appendix: 473 

 474 

 475 

Figure A1: Histogram of sea surface temperature anomalies from GLORYS12V1 at six locations marked in Fig. 1. The height of 476 

each bar is the number of data values in each bin divided by the total number of data values. 477 
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 478 

Figure A2. Time series of bottom MHW/MCS parameters and bottom temperature derived from GLORYS12V1 at 479 

(left column) a location in Emerald Basin (marked as a triangle in Fig. 3a)  and (right column) location 7 on Emerald 480 

Bank (marked in Figure 1a).  481 
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 482 

Figure A3. Evolution of surface MHWs in 2011 at a location (52.8°N, 55.2°W) on the Labrador Shelf derived from (a, 483 

c) CMCSST and (b) GLORYS12V1. In (c) the missing values of CMCSST are filled with the freezing temperature of 484 

-1.8 °C.    485 
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