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Abstract

In this study, we investigated a series of moderate to severe surface marine heat waves (MHWs) impacting the Newfoundland
and Labrador Shelf during the summer and fall of 2023. Using a combination of ocean model reanalysis data, in situ data
collected under the Atlantic Zone Monitoring Program (AZMP), and atmospheric reanalysis data, we explored several factors
that contributed to the intensity of these MHWSs. We concluded that first, due to an unusually cold spring and abnormally fresh
conditions advected from upstream, the water column was highly stratified. Second, atmospheric conditions were calm, and
wind speeds were unusually low for prolonged periods in the summer. The combination of increased stratification and lower
wind speeds caused a reduction in vertical mixing, limiting the exchange of warm surface waters with colder waters below
and amplifying the retention of heat near the surface. However, by the late fall, the signature of the surface heat wave had
vanished when the cooler subsurface waters were mixed vertically due to increased winds, storms, and surface cooling. During
the most intense MHW in July 2023, we found that this event was confined to the surface as demonstrated by temperature
anomalies along several standard transects which showed a thin layer of warm anomalies in the upper 10 m and cold anomalies
below. Consequently, the vertical extent and distribution of MHWSs are important considerations when exploring ecosystem
impacts because not all elements of the ecosystem are equally sensitive to surface conditions. Finally, these results suggest
that ocean model nowcast and reanalysis products can complement observational methods for studying MHWs in near-real

time over large geographic areas and at multiple depths.
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1 Introduction

In the summer of 2023, the North Atlantic Ocean experienced a series of significant marine heat waves (MHWSs) sparking
media attention and public interest in the associated record-setting high ocean temperatures. These MHWSs were first detected
in the Northeast Atlantic in June and, later, in the Northwest Atlantic in July (Copernicus, 2023). Ocean warming and MHWs
can have significant impacts on the marine ecosystem (e.g., LeGrix et al., 2021; Geoffroy et al., 2023, Smith et al., 2023), air-
sea exchange (e.g. Edwing et al., 2024) and weather (e.g., Frolicher et al., 2018). Globally, MHWSs are occurring more
frequently and with greater duration (Oliver et al, 2018; IPCC, 2019; IPCC, 2023). As such, it is critical to develop a more
complete understanding of their drivers (Oliver et al., 2021) which will lead to improved real-time monitoring efforts and

forecasting capabilities (e.g., McAdam et al., 2023).

Studies of MHWs in the Northwest Atlantic have documented the role of air-sea fluxes and oceanic processes like advection
in the onset and decay of MHWSs. Schlegel et al. (2021) used statistical methods to link latent heat flux and mixed layer depth
as drivers of MHWs over the Northwest Atlantic continental shelf. They show that the onset of many surface MHWs in this
area is linked with a positive air-sea heat flux anomaly into the ocean, most often driven by latent heat flux and shortwave
radiation, but that the decay is more likely associated with oceanic processes like advection and mixing. Other studies have
correlated MHWs with large-scale atmospheric conditions and spatial variability in heat flux anomalies. For example, Perez
etal. (2021) link the 2015/16 MHW in the Northwest Atlantic to the position of the jet stream modifying the spatial distribution
of heat fluxes, a finding confirmed by Sims et al. (2022), who further correlate sea surface temperature (SST) and sea surface
salinity anomalies near the shelf break in a subregion (48—70° W, 40-48° N) with the North Atlantic Oscillation (NAO). These

studies indicate that a combination of oceanic and atmospheric processes drove the 2015/16 MHW.

In this study, we describe a series of MHWSs that occurred on the Newfoundland and Labrador (NL) Shelf during the summer
and fall of 2023. The NL Shelf is a region of economic, environmental, and cultural importance as it supports numerous
commercial, recreational, and Indigenous fisheries (Templeman, 2010). The oceanographic conditions are characteristic of
Arctic and subarctic environments, and are influenced by the Labrador Current, which transports relatively cold and fresh
water equatorward along the continental shelf (e.g., Lazier and Wright, 1993; Fratantoni and Pickart, 2007). The region

undergoes interannual variability cycling through warm and cold phases associated with changes in air temperature, sea ice
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conditions, and climate indices such as the NAO (Cyr and Galbraith, 2021). These warm and cold phases are linked to marine
ecosystem characteristics such as the timing of the spring phytoplankton bloom, and primary and secondary productivity (Cyr
et al., 2024a; Cyr et al., 2024b). We conduct our analysis over several geographic subregions of the NL Shelf with distinct
ecosystem characteristics, as described in Section 2.2 and explore the influence of several meteorological and oceanographic
phenomena such as winds, stratification, and advection on this series of MHWSs. Studying the factors driving MHWSs on the

NL Shelf will support understanding in how these events may impact the local marine ecosystem.

2 Methods
2.1 Datasets

A number of datasets were used in this study. MHWSs were characterised using the sea surface temperature (SST) from product
ref. no. 1 (Table 1) which is a 1/12 degree global ocean reanalysis covering December 31, 1992 to December 25, 2023. Daily
mean temperature and salinity fields were also used to describe oceanographic conditions such as stratification, depth-averaged
temperature, and freshwater density. Sea ice concentration was also analysed in 2023 to characterise the monthly maximum
sea ice extent defined as regions where the concentration is greater than 0.15. Following recommendations by McDougall et
al. (2021), we interpreted the reanalysis prognostic temperature and salinity variables to be conservative temperature and

preformed salinity — a salinity variable not affected by biogeochemistry — scaled by a factor of u,,; = 35.16504/35 g kg™.

The reanalysis dataset was complemented by temperature and salinity profiles from product ref. no. 2 (CASTS; Table 1) which
is composed of historical profiles in Atlantic Canada and the Eastern Arctic dating back to 1912, but here limited to the period
1993-2023. Many of the CASTS profiles used in this study were collected under the Atlantic Zone Monitoring Program
(AZMP; Therriault et al., 1998) which routinely monitors core stations and transects at annual and seasonal frequencies. Two
AZMP transects (Seal Island and Flemish Cap) and one high frequency station (Station 27) were considered in this study (Fig.
1). To facilitate comparison with the reanalysis, the CASTS potential temperature and practical salinity variables were
converted to conservative temperature and preformed salinity using the Python implementation of the Gibbs-Seawater (GSW)

Oceanographic Toolbox (McDougall and Barker, 2011).

Finally, 10 m wind speeds were taken from product ref. no. 3 which is a global atmospheric reanalysis (ERA5; Table 1). Daily
mean wind speeds from 2023 were smoothed using an 11-day rolling mean in order to isolate synoptic-scale events by
removing high-frequency variability. The 11-day window was chosen to align with the MHW calculations and is consistent

with synoptic timescales of days to weeks.
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Product Ref. No. Product ID & type Data Access Documentation
1 GLOBAL_MULTIYEAR_PHY_001 | EU  Copernicus Marine | Product  User Manual
030 (GLORYS12V1), numerical | Service Product (2023) (PUM): Drévillon et al.,
models 2023a
Quality Information
Document (QUID):

Drévillon et al., 2023b
Journal article: Lellouche et

al., 2021
2 CASTS, observed temperature and | Federated Research Data | Coyne et al., 2023
salinity profiles Repository,
https://doi.org/10.20383/102
.0739
3 ERADS, atmospheric reanalyses Copernicus Climate Change | Product reference:
Service (2023) Hersbach et al., 2023

Journal article:
Hersbach et al., 2020

Table 1: Product reference table
2.2 Marine heat wave definitions

Following Hobday et al. (2016), we defined a MHW as a period of 5 days or longer during which the daily averaged SST
exceeds the climatological 90th percentile (T, ) for the given time of year. The World Meteorological Organization
recommends, when possible, to use a 30-year time series (1991-2020) to calculate climatologies (World Meteorological
Organization, 2017). In this study, because product ref. no. 1 starts in 1993, the climatology was calculated for each day of the
year over 1993 to 2022. The climatological mean and 90th and 10th percentiles were determined using an 11-day window (see

Hobday et al. (2016) for details) and the percentiles were smoothed using a 31-day rolling mean.

Spatially, the analysis was performed over 1) every grid cell in the reanalysis from 65° W to 39° W and 41° N to 62° N and 2)
the spatially averaged SST in regions relevant to the NL Shelf ecosystem. Shown in Fig. 1 (a), these regions are the Labrador
Shelf (LS), the Northeast Newfoundland Shelf (NNS), the Grand Banks (GB), and Flemish Cap (FC). Each represents an area
of distinct primary productivity and a well-defined food web system (Open Government, 2014; Pepin et al., 2014). A fifth
region covering the entire NL Shelf (Fig. 1 (b)) was also included.

Finally, we followed Hobday et al. (2018) to define four heat wave categories as follows: moderate (Toy < T < Toy + 4),
strong (Tog + 4 < T < Tyy + 24), severe (Tog + 24 < T < Toy +34), and extreme (T = Tyq + 34) where T is the

temperature, and A is the difference between Ty, and the climatological mean. Some additional MHW metrics, including the
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start and end dates, duration, and mean, maximum, and cumulative intensities, suggested by Hobday et al. (2016) are reported
in Table 2.

2.3 Stratification, depth-averaged temperature, and freshwater density

The 2023 daily time series and climatologies (1993-2022) of three additional metrics (stratification, depth-averaged
temperature, and freshwater density) were calculated. The metric climatologies were determined using the same methodology
as applied to the SST climatologies. First, the stratification was assessed by the vertical maximum of the squared-buoyancy
frequency (N?) calculated over the entire water column using the GSW Oceanographic Toolbox (McDougall and Barker,
2011). A large value indicates strong stratification which can limit the vertical exchange of heat and salt content. This quantity
was analysed as a spatial average over each region and at the grid cell closest to Station 27. Second, the depth-averaged
temperature and freshwater density were used to examine the daily time evolution of temperature and freshwater content in
the uppermost 20 metres spatially averaged over the NL Shelf region. The depth-averaged temperature is defined as

Z2
T _ fZ} Tdz
Z1—2Z 2 '
le dz

where T is the temperature, z, and z, are the depth levels over which the integral is calculated. The freshwater density is
22p(T,S,p)Sref ~S dz
FWD, _,, = < p(T'E; ref
where p(T, S, p) is the in situ density calculated with the GSW Oceanographic Toolbox, S is the salinity, p is the pressure,
p(T,0,p) is the density of seawater with zero salinity, and S, is a reference salinity of 35 g kg™*. Quantities that were spatially
averaged over a region or across a transect are denoted by an overbar symbol. For example, the spatially averaged sea surface
temperature over a region is defined by
SSTdA

m — farea

farea da

3 Results

From July through October, MHWs were detected over most of the Northwest Atlantic (Fig. 1). Over the NL Shelf, MHW
categories mainly ranged from moderate to severe with spatial variability in the intensity and duration. No MHWSs were present
continuously throughout the entire July to October period, but rather a series of MHWSs transpired in each region (Table 2).
Each MHW period was associated with higher-than-typical stratification, in many cases exceeding the 90th percentile. The
most intense and longest duration MHW began in July in FC. Each of the other subregions experienced their strongest MHW
(in terms of maximum and mean intensity) around the same time, also commencing in July. A large portion of the southern

GB received relatively short duration and low intensity MHWSs while both LS and NNS contained localised areas of higher
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intensity MHWs (e.g., up to severe) that were approximately colocated with areas of greater total MHW days in the July
through October period (Fig. 1).

Highest heat wave category Number of heat wave days
July to October
I: Moderate 125
Iz Strong 105
Il |ll: Severe
85
(%]
65 =
a
45
; 25
2 il = 5

655W 60°W 55°W 50°W 45°W 40°W 60°W 55°W 50°W 45°W 40°W

Figure 1: (a) Spatial map of highest heat wave categories in July through October 2023 calculated from the ocean reanalysis (product
ref. no. 1). The thin black lines represent the regions over which MHW statistics are calculated: Labrador Shelf (LS), Northeast
Newfoundland Shelf (NNS), Grand Banks (GB), and Flemish Cap (FC). (b) Total number of heat wave days July through October
2023 (maximum 122 days). The white line represents the polygon used to define the entire NL Shelf. Standard AZMP transects Seal
Island and Flemish Cap are represented by the blue lines. The white dot is the location of Station 27 (Stn27). On both plots, grey
lines are the 200 m, 500 m, and 1500 m bathymetry contours. The polygons defining the subregions contain information licensed
under the Open Government Canada Licence - Canada.

When the MHW metrics were determined by spatially averaging over the entire NL Shelf, the result was three MHW periods
(Table 2). These three periods approximately coincide with the MHW periods identified in the regional analysis. However, the
late August MHW in FC and NNS is not captured in the larger spatial average. Nevertheless, we used MHW metrics over the
entire NL Shelf region to identify local oceanographic and meteorological conditions that contributed to the evolution of this
series of MHWs.
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Region ts te D imax imean icum < m > < chlim > | < N920th >
(days) [(C) [(C) [(Tdays)| (10*s?) | (10452 | (10%s?)
Labrador Shelf | 2023-07-16 | 2023-07-27 | 11 198 | 1.71 | 206.46 12.94 10.35 12.7
(LS) 2023-10-07 | 2023-10-23 | 16 1.05 | 0.91 | 233.36 55 4.23 6.0
Northeast 2023-07-16 | 2023-08-10 | 25 3.13 [ 2.42 | 151331 14.48 9.09 10.7
Newfoundland | 2023-08-22 | 2023-09-01 | 10 2.08 [1.86 | 186.08 13.54 9.85 11.52
Shelf (NNS) 2023-09-14 | 2023-09-19 | 5 163 [ 152 |38.12 10.25 7.17 9.06
2023-10-08 | 2023-10-30 | 22 168 | 1.28 | 564.96 5.61 4.17 5.84
Grand Banks 2023-07-15 | 2023-08-06 | 22 3.99 |[2.84 |[1373.86 12.97 7.5 9.07
(GB) 2023-09-07 | 2023-09-24 | 17 294 | 214 |618.02 12.17 9.67 10.94
Flemish Cap 2023-07-08 | 2023-08-08 | 31 552 |[3.69 | 35423 9.83 4.88 6.46
(FC) 2023-08-27 | 2023-09-01 | 5 198 | 1.75 |[43.72 94 7.47 9.11
2023-09-05 | 2023-09-24 | 19 348 [2.69 |971.81 10.51 7.91 9.35
Entire NL 2023-07-14 | 2023-08-08 | 25 272 [1.98 |[1235.43 11.75 10.27 12.65
Shelf 2023-09-06 | 2023-09-23 | 17 174 | 1.33 | 385.09 7.78 6.2 8.93
2023-10-10 | 2023-10-24 | 14 1.27 | 1.02 | 200.84 5.35 4.17 5.87

Table 2: MHW metrics and stratification for each region and the entire NL Shelf calculated from the ocean reanalysis (product ref.
no. 1). For MHW metrics, ts and te are the start and end dates of each heat wave, D is the duration, imax , imean, @and icum are the
maximum, mean, and cumulative intensities derived from the spatially averaged sea surface temperature anomaly during each heat

wave period. For stratification, F N, N3o., are the spatially averaged quantities from 2023, the 1993-2022 climatological mean,

and the 1993-2022 90th percentile, respectively. The angled brackets, < >, denote a time average over the MHW period.

An intriguing feature of this series of MHWSs was that it was pre-conditioned by an unusually cold spring (Fig. 2 (a)-(b)). In
mid-June, spatially averaged SST anomalies over the entire shelf were as low as -0.56C. In some areas, such as the
southwestern extent of GB and coastal regions of southern NNS, monthly averaged SST anomalies in June were below -1.50
C (Fig. 2 (b)). In contrast, anomalies in July were positive over nearly the entire NL Shelf and the highest anomalies occurred
in the FC region. High positive anomalies continued over most of the NL Shelf in August, but the highest anomalies shifted to
the NNS region. In September, high anomalies returned to the FC area and were concentrated in areas with steep bathymetric
gradients that are strongly influenced by the Labrador Current, suggesting a possible advective source of warm water from
upstream. Finally, October saw a reduction in the strength of the anomalies, but SSTs were still warmer than usual across the
entire NL Shelf.
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Figure 2: Sea surface temperature anomaly from the ocean reanalysis (product ref. no. 1) averaged over (a) May, (b) June, (c) July,
(d) August, (e) September, and (f) October 2023. A reference period of 1993-2022 is used to calculate climatology. Thin grey lines
are the 200 m, 500 m, and 1500 m bathymetry contours. The thick black contours in (a) and (b) indicate the monthly maximum sea
ice extent from the ocean reanalysis in 2023. The ocean reanalysis had no sea ice in this area from July through October. The grey
shading represents regions where the absolute value of the anomaly is less than 0.5 times the interannual standard deviation of the
monthly mean sea surface temperature.

In addition to unusually cold spring SSTs, subsurface temperatures from about 10-50 m in July were below normal across the
Seal Island and Flemish Cap transects in both reanalysis and AZMP profiles (Fig. 3 (a)-(b)). Both transects displayed a very
warm surface layer reaching to approximately 10 m in depth, in contrast to the signal at depth. Additionally, the Seal Island
transect showed anomalously fresh conditions in the upper 20 m across most of the transect in July (Fig. 3 (c)), particularly
over the shelf break. Along the Flemish Cap transect, fresh signals were not as strong as at Seal Island at this time, but salinity

anomalies between -0.25 g kg* and -0.75 g kg™ were apparent near the coast.
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Figure 3: Temperature (top) and salinity (bottom) anomalies along the Seal Island (left) and Flemish Cap (right) transects shown
for AZMP July 2023 occupation dates. For Seal Island, the AZMP occupation occurred on July 25. For Flemish Cap, the stations
inshore of 200 km were sampled on July 20 and the remaining were sampled on July 30. Ocean reanalysis anomalies (product ref.
no. 1) are shown in shaded contours, and AZMP anomalies (product ref. no. 2) are shown in the coloured circles which appear as
lines extending from top to bottom. A reference period of 1993-2022 is used to calculate climatologies for both the reanalysis and
AZMP. For AZMP, all July and August occupations in the reference period were used to construct the climatology. The black
triangles represent the positions of the AZMP stations sampled in 2023. Note the difference in vertical scale above and below 20 m
(black dashed line).

The anomaly structures of vertical profiles for both temperature and salinity suggest high stratification during the AZMP
occupations in July. Indeed, high stratification was apparent at Station 27 in both the reanalysis and AZMP data throughout
nearly the entire summer and early fall (Fig. 4 (b)). High stratification is partially explained by the anomalously cold spring
which resulted in a colder than typical subsurface layer and, in turn, strong vertical temperature gradients when surface
warming commenced as a result of solar heating. Furthermore, the 0-20 m freshwater density in Fig. 4 () reveals fresher than
typical near-surface conditions from July through October. This fresh anomaly was concentrated in the upper 20 m (see Fig.
A1), further explaining the higher than usual stratification. The source of the fresh anomaly is not yet clear but it is present in
both the reanalysis and observations (Fig. 3 (c) and (d)).
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Another factor that impacts stratification is the degree of vertical mixing introduced by wind forcing at the ocean surface. The
10 m wind speeds from ERAS at Station 27 shown in Fig. 4 (¢) demonstrate that periods of below average wind speeds in the
summer and fall (e.g., early July, mid August to early September, and late September to early October) preceded the three heat
wave periods identified in Fig. 4. Furthermore, a return to average wind speeds preceded the end of each heat wave period
with the exception of a wind event in mid-July. Granted, this mid-July event corresponded with a reduction in the Station 27
stratification and was followed by a slight dip in the spatially averaged SST as the cold subsurface layer was mixed with the
warm surface. Although the periods of average wind speeds were linked with a pause in heat wave conditions, it is likely that
these wind events were not strong enough to significantly erode the strongly stratified conditions introduced by a cold spring
and fresh early summer. In turn, cold subsurface conditions (from about 20-50 m; not shown), high stratification, and retention

of heat near the surface persisted throughout most of the summer and fall.

10
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209 Figure 4: (a) Time series of ocean reanalysis (product ref. no. 1) sea surface temperature averaged over the NL Shelf for 2023 (blue),
210 the 1993-2022 climatology (black), and the 1993-2022 10th and 90th percentile (grey dashed). Heat wave periods are indicated by
211 the grey shading. (b) As in (a) but for the maximum squared buoyancy frequency at Station 27. Large dark brown dots represent
212 observations from AZMP (product ref. no. 2) during 2023 while small light brown dots represent all observations (product ref. no.
213 2) in the 1993-2022 reference period. (¢c) As in (a) but for the ERA5 10 metre wind speed (product ref. no. 3) at Station 27. (d) As in
214 (a) but for the ocean reanalysis (product ref. no. 1) depth-averaged temperature from 0-20 m spatially averaged over the NL Shelf.
215 (e) As in (d) but for freshwater density from 0-20m.
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4 Discussion and conclusions
4.1 Factors contributing to the 2023 MHWs

A combination of factors illustrated Fig. 5 resulted in the series of MHWs detected on the NL Shelf in 2023. First, stratification
increased as the surface layer warmed in July. In addition, conditions were fresher than typical in the upper 20 m (e.g. Fig. 3
(c), Fig. 4 (e), Fig. Al (c)-(d)). Although the source of these fresh conditions was not analysed in this work, other studies link
abrupt sea ice melt and strong stratification with intensified surface MHWs in the Arctic (see e.g. Barkhordarian et al., 2024;
Richaud et al., 2024). In 2023, sea ice conditions on the Labrador Shelf were above normal in June leading to late last
occurrence on the southern Labrador Shelf (Galbraith et al., 2024). Finally, periods of low winds maintained that stratification
by limiting vertical mixing. As a result, heat was retained near the surface resulting in a series of MHWSs throughout the

summer and fall. This series was interrupted by occasional wind events which excited vertical mixing and reduced SSTs.

The role of advection should also be considered. The Labrador Current is responsible for transporting water properties
southward along the NL Shelf. For example, the anomalously fresh conditions detected at Seal Island in July (Fig. 3 (c)) were
transported south carrying with them properties such as high stratification. Indeed, Fig. 2 (d)-(f) shows signs that warm
anomalies were potentially associated with transport from NNS in August to the outer (inner) edges of GB (FC) in September.
A bifurcation of the Labrador Current exists near the northern boundary of GB, possibly directing some of the conditions
associated with warm anomalies along the coast of GB in October. However, the October onset of MWHSs in LS and NNS
cannot be explained by transport and is more likely linked with local meteorological and oceanographic conditions. A more

thorough investigation quantifying the magnitude of these factors is considered for future work.

12



236

237

238
239
240
241

242

243
244
245
246
247
248
249
250
251
252
253

254

255
256

https://doi.org/10.5194/sp-2024-5
Preprint. Discussion started: 25 September 2024 ¢ STATE OF THE

(© Author(s) 2024. CC BY 4.0 License. ({W P LAN E T
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less surface
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Figure 5: Schematic diagram describing the role of increased stratification on surface MHWSs. On the left, less surface fresh water
leads to lower stratification and more mixing. On the right, more surface fresh water leads to higher stratification and less mixing.
Both scenarios receive the same heat flux and wind forcing at the surface. The case with more surface fresh water results in higher
SSTs because the heat is confined to the surface due to high stratification.

4.2 Sensitivity to climatological period

We explored the sensitivity of the MHW metrics to the climatological period by considering climatologies over 1993-2019
and 1996-2022. These two periods were selected to control for the relatively warm conditions from 2020-2022 and cold
conditions from 1993-1995 (Galbraith et al., 2024). We found that, relative to the 1993-2022 climatology, the duration of a
regional MHW event could be modified by up to four days. More typically, the duration was modified by a day or two. In
addition, the maximum intensity was no more than 0.19 ‘C different when compared to the original 1993-2022 climatological
period. The largest impact occurred during the October MHW over the entire NL Shelf which was shortened by seven days
when using the 1996-2022 period and lengthened by six days when using the 1993-2019 period. Furthermore, when using the
1993-2019 climatology, the temperature increase in late August shown in Fig. 4 (a) achieved the MHW definition on the NL
Shelf and the FC and GB regions both achieved MHWs in October. Finally, the two 5-day long MHWSs in FC and NNS were
not long enough to meet the MHW definition when using the 1996-2022 climatology. Overall, our interpretations of the factors

contributing to MHWSs were not impacted by modifying the climatological period.

4.3 Connection to the ecosystem

The timing of the spring bloom on the NL Shelf is linked with oceanographic conditions such as stratification and temperature,

with earlier blooms occurring during warmer climate conditions and associated with earlier onset of stratification (Wu et al.,
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2007; Zhao et al., 2013; Cyr et al., 20244a). Despite the unusually cold SST during the spring (Fig. 2 (a) and (b)), the timing of
the spring bloom was near-normal in GB and NNS in 2023 (Galbraith et al., 2024). Interestingly, spring bloom intensity in
NNS was higher than normal and the fall bloom occurred earlier and was more intense than usual, potentially promoted by
warmer surface waters in August or high nutrient inventories. Furthermore, the strong stratification throughout the summer
and fall (Fig. 4 (b), Table 2) might also have contributed to the later timing of the fall bloom in GB and FC by limiting the
transport of nutrients to surface waters. Overall, the impact of the 2023 MHWSs on primary productivity in this region is not

yet clear and deserves further exploration.

Besides impacts on primary productivity, MHWSs can potentially influence higher trophic levels and marine habitats on the NL
Shelf. For example, Dempson et al. (2016) noted warm climate conditions are linked with earlier river return times for Atlantic
salmon migrating in this region. Yet, despite the warm SST in the summer and fall of 2023, the unusually cold spring could
also impact salmon migration pathways and return timing. Ocean climate can also influence the spawning timing of capelin, a
key pelagic species on the NL Shelf, with warmer than normal conditions associated with earlier spawning times (Murphy et
al., 2021). Overall, on the NL Shelf, SSTs have shown considerable warming trends in recent years, with the last 3 years
establishing new warm records during the ice-free period, respectively in 2021, 2023, and 2022 in increasing order (Galbraith
et al., 2024). Surface MHWSs were also detected on the NL Shelf in 2020-2022 indicating a need for more research into how
these events impact the ecosystem. One area of interest is the vertical distribution of MHWSs because not all elements of the
marine ecosystem are impacted by high sea surface temperatures. Furthermore, regional differences in MHW intensity,
frequency, and duration are important elements when considering ecosystem impacts. Tools such as ocean model reanalyses,
analyses, and forecasts can aid in near real-time monitoring by linking surface MHWs with vertical characteristics such as

stratification and by exploring spatial structure in remote areas that are difficult to study directly with observations.
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Figure Al: Depth-averaged temperature (top) and freshwater density (bottom) from the ocean reanalysis (product ref. no. 1)
averaged across the Seal Island (left) and Flemish Cap transects (right). Results are shown out to the 500 m isobath for the surface
(blue), 0-20m (orange), 20-100m (green), 100-500m (red), and 0-500m (purple). The solid line is the 2023 time series, the dashed line
is the 1993-2022 climatology, and the shaded areas represent the 10th and 90th percentiles from the 1993-2022 period. Grey shaded
rectangles represent heat wave periods based on SST along each transect.
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