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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 (NL) 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 MHWs. We
concluded that, firstly, due to an unusually cold spring and abnormally fresh conditions advected from upstream,
the water column was highly stratified. Secondly, atmospheric conditions were calm and anomalously warm, 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 MHW s 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 MHWSs in near real-time
over large geographic areas and at multiple depths.

Copyright statement. © His Majesty the King in Right of
Canada, as represented by the Minister of Fisheries and Oceans
Canada, 2025.

1 Introduction

In the summer of 2023, the North Atlantic Ocean experi-
enced a series of significant marine heat waves (MHWs),
sparking media attention and public interest in the associ-
ated record-setting high ocean temperatures. These MHW s
were first detected in the Northeast Atlantic in June and,
later, in the Northwest Atlantic in July (Copernicus, 2023).

Published by Copernicus Publications.

Ocean warming and MHWs can have significant impacts on
the marine ecosystem (e.g. Le Grix et al., 2021; Geoffroy
et al., 2023, Smith et al., 2023), air—sea exchange (e.g. Ed-
wing et al., 2024), and weather (e.g. Frolicher and Laufkot-
ter, 2018). Globally, MHWSs are occurring more frequently
and with greater duration (Oliver et al, 2018; IPCC, 2019,
2023). As such, it is critical to develop a more complete un-
derstanding of their drivers (Oliver et al., 2021) which will
lead to improved real-time monitoring efforts and forecast-
ing capabilities (e.g. McAdam et al., 2023).

(64SO) Hoday 8jeis uesdQ sndjuiadod ayi Jo UOIIPd Yig — g'f Jeideyn



2 N. Soontiens et al.: Newfoundland and Labrador Shelf marine heat waves in 2023

Table 1. Overview of the data products used in this study.

Product  Product ID and type Data access Documentation
ref. no.
1 GLOBAL_MULTIYEAR_PHY_001_030 E.U. Copernicus Marine Service Product User Manual (PUM):
(GLORYS12V1), numerical models Information (CMEMS) (2024) Drévillon et al. (2023a)*
Quality Information Document (QUID):
Drévillon et al. (2023b)*
Journal article: Lellouche et al. (2021)
2 CASTS, observed temperature and Federated Research Data Repository,  Coyne et al. (2023)
salinity profiles https://doi.org/10.20383/102.0739
3 ERAS, atmospheric reanalyses Copernicus Climate Change Service  Product reference:
(2023) Hersbach et al. (2023)
Journal article: Hersbach et al. (2020)
4 ETOPO 2022, gridded bathymetry https://doi.org/10.25921/fd45-gt74 Product reference: NOAA National

Centers for Environmental
Information (2022)

* PUM and QUID were updated during publication (please see Disclaimer section).

Studies of MHWs in the Northwest Atlantic have docu-
mented the role of air—sea fluxes and oceanic processes such
as advection in the onset and decay of MHWSs. Schlegel et
al. (2021) applied statistical methods to a combination of re-
motely sensed sea surface temperature (SST) data and atmo-
spheric and oceanic reanalyses 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 la-
tent heat flux and shortwave radiation, but that the decay is
more often associated with oceanic processes such as advec-
tion and mixing. Other studies have correlated MHWs with
large-scale atmospheric conditions and spatial variability in
heat flux anomalies. For example, Perez et al. (2021) link
the 2015/16 MHW in the Northwest Atlantic to the posi-
tion 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 sur-
face salinity anomalies near the shelf break in a subregion
(40-48°N, 48-70°W,) with the North Atlantic Oscillation
(NAO). These studies indicate that a combination of oceanic
and atmospheric processes drove the 2015/16 MHW. Other
studies link abrupt sea ice melt and strong stratification with
intensified surface MHWS in the Arctic (see e.g. Barkhordar-
ian et al., 2024; Richaud et al., 2024), and recent work by Sun
et al. (2024) identifies a strong relationship between mixed-
layer depth shoaling, restratification, and MHW occurrence
globally.

In this study, we describe a series of MHW:s that occurred
on the Newfoundland and Labrador (NL) Shelf during the
summer and fall of 2023. The NL Shelf is a region of eco-
nomic, environmental, and cultural importance, as it supports
numerous commercial, recreational, and Indigenous fisheries
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(Templeman, 2010). The oceanographic conditions are char-
acteristic of Arctic and subarctic environments and are influ-
enced 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 tem-
perature, sea ice conditions, and climate indices such as the
NAO (Petrie, 2007; Urrego-Blanco and Sheng, 2012; Han et
al., 2019; 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) and the pro-
ductivity of higher trophic levels (Cyr et al., 2025). Variabil-
ity in the offshore transport of the Labrador Current (e.g. Ju-
tras et al., 2023) is also linked with ecosystem characteristics
such as marine bivalve growth, as suggested by Poitevin et
al. (2019). Seasonal ice cover in the region has important im-
plications for stratification and, in turn, primary productivity
(e.g. Wu et al., 2007).

We conduct our analysis over several geographic subre-
gions of the NL Shelf with distinct ecosystem characteris-
tics, as described in Sect. 2.2, and explore the influence of
several meteorological and oceanographic phenomena such
as winds, air—sea heat fluxes, stratification, and advection on
this series of MHWs. Studying the factors driving MHWs on
the NL Shelf will support understanding on how these events
may impact the local marine ecosystem.
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2 Methods

2.1 Datasets

A number of datasets were used in this study. MHWs were
characterized using the sea surface temperature (SST) from
product ref. no. 1 (Table 1), which is a 1/12° global ocean
reanalysis (herein GLORYS12V1) covering 31 December
1992 to 25 December 2023. Daily mean temperature and
salinity fields were also used to describe oceanographic con-
ditions such as stratification, depth-averaged temperature,
and freshwater density. Sea ice concentration was also an-
alyzed to characterize the monthly maximum sea ice ex-
tent, defined as regions where the concentration is greater
than 0.15. Sea ice volume, defined as the product between
the GLORYS12V1 sea ice concentration, sea ice thickness,
and grid cell area, summed over the NL Shelf was also cal-
culated and analyzed. Following recommendations by Mc-
Dougall et al. (2021), we interpreted the GLORYS12V1
prognostic temperature and salinity variables to be conser-
vative temperature and preformed salinity — a salinity vari-

able not affected by biogeochemistry — scaled by a factor of

35.16504 -1
ups = =35 — gkg.

The GLORYS12V1 dataset was complemented by temper-
ature 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 is lim-
ited here to the period 1993-2023. Many of the CASTS pro-
files 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 sampling station (Sta-
tion 27) were considered in this study (Fig. 1). To facili-
tate comparison with GLORYS12V1, 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 (ERAS; Ta-
ble 1). Daily mean wind speeds were smoothed using an 11d
rolling mean in order to isolate synoptic-scale events by re-
moving high-frequency variability. Additionally, the role of
air—sea interaction was examined using the following ERAS
variables: net surface shortwave radiation (Qgwr), net sur-
face longwave radiation (Q\y), surface latent heat flux (Q1y),
and surface sensible heat flux (Qgy). Following Denaxa et
al. (2024), the sum of these four components was used to de-
termine the net surface heat flux (Q), and Qg Was taken
as the surface value. All heat flux and radiation variables are
positive downwards and represent a daily average. The ERAS
daily averaged 2 m air temperature was also analyzed. Clima-
tologies for all ERAS5 variables were calculated in the same
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way as the MHW climatologies. Bathymetry data for plotting
are taken from product ref. no. 4 (ETOPO 2022; Table 1).

2.2 Marine heat wave definitions

Following Hobday et al. (2016), we defined an MHW as
a period of 5d or longer during which the daily averaged
SST exceeds the climatological 90th percentile (Tgq) for the
given time of year. The World Meteorological Organiza-
tion recommends, when possible, to use a 30-year time se-
ries (1991-2020) to calculate climatologies (World Meteo-
rological Organization, 2017). In this study, because GLO-
RYS12V1 starts in 1993, the climatology was calculated for
each day of the year from 1993 to 2022. See the Supplement
for the temperature and freshwater density trends over this
period (Fig. S1) and a discussion on the sensitivity of the re-
sults to the climatological period. The climatological mean
and 90th and 10th percentiles were determined using an 11d
window (see Hobday et al. (2016) for details), and the per-
centiles and climatological mean were smoothed usinga 31d
rolling average.

Spatially, the analysis was performed over (1) every grid
cell in GLORYSI12V1 from 41 to 62°N and 65 to 39°W
and (2) the spatially averaged SST in regions relevant to the
NL Shelf ecosystem. Shown in Fig. la, these regions are
the Labrador Shelf (LS), the Northeast Newfoundland Shelf
(NNS), the Grand Banks (GB), and the 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. 1c) was also included.

Finally, using A as the difference between Tog and the cli-
matological mean, we followed Hobday et al. (2018) to de-
fine four heat wave categories when temperature 7 exceeds
Ty as follows: moderate (Tog < T < Tgg+ A), strong (Tog +
A <T <Tyo+2A), severe (Tog+2A <T < Tog+3A), and
extreme (T > Tog+ 3A). Some additional MHW metrics,
suggested by Hobday et al. (2016), are reported in Table 2,
including the start and end dates (#; and 7.); the duration or
number of MHW days (D); and the mean, maximum, and
cumulative intensities (imean, imax, and icym, respectively).
The mean intensity is the mean of the temperature anomaly,
the maximum intensity is the maximum of the temperature
anomaly, and the cumulative intensity is the integrated daily
temperature anomaly over the MHW period.

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 tem-
perature, and freshwater density) were calculated. The metric
climatologies were determined using the same methodology
as applied to the SST climatologies. Firstly, the stratification
was assessed by calculating the squared-buoyancy frequency,
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Figure 1. (a) Bathymetry from ETOPO 2022 (product ref. no. 4) in the study region. 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).
Standard AZMP transects Seal Island and Flemish Cap are represented by the red lines. The dark-blue dot is the location of Station 27
(Stn27). Light-coloured arrows represent schematics of the Labrador Current and Gulf Stream. Black line segments with dots represent the
Outer and Inner Shelf transects. (b) Spatial map of highest heat wave categories in July through October 2023 calculated from GLORYS12V1
(product ref. no. 1). Subregion polygons are shown for reference in black. (¢) Total number of heat wave days in July through October 2023
(maximum 122 d), also calculated from the GLORYS12V1 product. The white line represents the polygon used to define the entire NL
Shelf. The region definitions are derived from Ecosystem Production Units (Pepin et al., 2014) and contain information licensed under the
Open Government Canada Licence — Canada. Maps were created with the Cartopy software package (Met Office, 2010-2015) and data from

Natural Earth.

N?(z), over the entire water column using the GSW Oceano-
graphic Toolbox (McDougall and Barker, 2011); then, its ver-
tical maximum, N2, , was used as a measure of stratification.
A large value indicates strong stratification, which can limit
the vertical exchange of heat and salt content. This quantity
was analyzed as a spatial average over each region and at the
grid cell closest to Station 27 where comparisons with ob-
served data were made. In order to compare modelled and
observed profiles of N 2(z) at Station 27, the observed tem-
perature and salinity fields were first interpolated to GLO-
RYS12V1 depth levels, then N 2(z) was calculated, and then
its vertical maximum was determined. Furthermore, we de-
fined the mixed-layer depth as the depth of the vertical max-
imum of N2(z).
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Secondly, the depth-averaged temperature and freshwater
density were used to examine the daily time evolution of tem-
perature and freshwater content in the uppermost 20 m spa-
tially averaged over the NL Shelf region (see Fig. S5 in the
Supplement for additional depth bins). The depth-averaged
temperature is defined as

22
o, Tdz
22 ’
Sy dz
where T is the temperature and z; and z; are the depth levels
over which the integral is calculated. The freshwater density
is

ey

Tm—zz =

22 p(T,S,p) Seef—S
21 p(T,0,p)  Srer

FWD;, o, = fzzdz ’
z

2
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Table 2. MHW metrics and stratification for each region and the entire NL Shelf calculated from GLORYS12V1 (product ref. no. 1). For
MHW metrics, s and z are the start and end dates of each heat wave; D is the duration or number of MHW days; and 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, Nr%lax, NI%laXclim’ and Nglaxgoth 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.

Region ts fe D imax imean icum (Nl%ax) (Nr%laxclim) <Nr%1ax90th>
Start date End date MHW 0 (°C)  (°Cdays) (107%s72)  (107%s72) (1074572
(yyyy-mm-dd)  (yyyy-mm-dd) days
Labrador 2023-07-16 2023-07-27 11 2.03 1.77 214.50 12.94 10.10 12.70
Shelf (LS) 2023-10-07 2023-10-23 16 1.01 0.88 224.47 5.50 430 6.00
Northeast 2023-07-16 2023-08-10 25 3.23 2.53 1579.88 14.48 8.95 10.70
Newfoundland ~ 2023-08-22 2023-09-01 10 2.32 2.1 209.94 13.54 9.56 11.52
Shelf (NNS) 2023-09-14 2023-09-19 5 1.60 1.51 37.68 10.25 7.34 9.06
2023-10-09 2023-10-30 21 1.63 1.26 553.66 5.61 421 5.84
Grand Banks  2023-07-15 2023-08-06 22 4.01 2.92 1411.51 12.97 7.46 9.07
(GB) 2023-09-07 2023-09-24 17 3.02 2.22 641.43 12.17 9.60 10.94
Flemish Cap  2023-07-08 2023-08-08 31 55 371 3566.89 9.83 4.88 6.46
(FO) 2023-08-27 2023-09-01 5 2.11 1.89 47.28 9.40 7.42 9.11
2023-09-05 2023-09-24 19 3.59 2.78 1002.69 10.51 7.80 9.35
Entire NL 2023-07-14 2023-08-08 25 2.74 2.05 1281.54 11.75 10.11 12.65
Shelf 2023-09-06 2023-09-23 17 1.76 1.37 396.52 7.78 6.43 8.93
2023-10-10 2023-10-24 14 1.24 1.01 198.37 5.35 422 5.87

where po(T, S, p) is the in situ density calculated with the
GSW Oceanographic Toolbox, S is the salinity, p is the pres-
sure, p(T, 0, p) is the density of seawater with zero salinity,
and Spe is a reference salinity of 35 gkg™!. Quantities that
were spatially averaged over a region or across a transect are
denoted by an overbar symbol. For example, the spatially av-
eraged sea surface temperature over a region is defined by

ST fareaSST dA 3)
/a:eadA
3 Results

From July through October, MHWSs were detected over most
of the Northwest Atlantic (Fig. 1). Over the NL Shelf, MHW
categories mainly ranged from moderate to severe, with spa-
tial variability in the intensity and duration. No MHWs were
present continuously throughout the entire July to October
period, but, rather, a series of MHWs 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 ex-
perienced 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 MHW s, while both LS and
NNS contained localized areas of higher-intensity MHWs
(e.g. up to severe) that were approximately collocated with
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areas of greater total MHW days in the July through October
period (Fig. 1).

When the MHW metrics were determined by spatially av-
eraging over the entire NL Shelf, the result was three MHW
periods (Table 2). These three periods approximately coin-
cide with the MHW periods identified in the regional analy-
sis. 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 con-
tributed to the evolution of this series of MHWs.

An intriguing feature of this series of MHWs is that it was
preconditioned by an unusually cold spring (Fig. 2a-b). In
mid-June, spatially averaged SST anomalies over the entire
shelf were as low as —0.56 °C. 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. 2b). In contrast, anomalies in July were posi-
tive over nearly the entire NL Shelf, and the highest anoma-
lies occurred in the FC region. High positive anomalies con-
tinued over most of the NL Shelf in August, but the highest
anomalies were found in the NNS region. In September, high
anomalies returned to the FC area and were concentrated in
areas with steep bathymetric gradients that are strongly influ-
enced by the Labrador Current, suggesting a possible advec-
tive 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 GLORYS12V1 (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. The thick black contours in panels (a)
and (b) indicate the monthly maximum sea ice extent from the GLORYS12V1 in 2023. GLORYS12V1 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. Maps were created with the Cartopy software package (Met Office, 2010-2015) and

data from Natural Earth.

In addition to unusually cold spring SSTs (Fig. 2a-b), sub-
surface temperatures from about 10-50 m in July were be-
low normal across the Seal Island and Flemish Cap transects
in both the GLORYS12V1 (product ref. no. 1) and AZMP
(product ref. no. 2) profiles (Fig. 3a-b). Both transects dis-
played a very warm surface layer reaching to approximately
10 m in depth. Additionally, the Seal Island transect showed
anomalously fresh conditions in the upper 20 m across most
of the transect in July (Fig. 3c), 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 anoma-
lies between —0.25 and —0.75 gkg~! were apparent near the
coast.

The anomaly structures of vertical profiles for both tem-
perature and salinity suggest high stratification during the
AZMP occupations in July. The squared-buoyancy frequency
and mixed-layer depth during those occupations, shown in
Fig. 3e and f, indicate stratified conditions in the upper
20m of the water column. Furthermore, high stratification
was apparent at Station 27 in both the GLORYS12V1 and
AZMP data throughout nearly the entire summer and early
fall (Fig. 4b). High stratification is partially explained by
the anomalously cold spring which resulted in a colder-than-
typical subsurface layer and, in turn, strong vertical tem-
perature gradients when surface warming commenced as a
result of solar heating (see Figs. S6, S7). Furthermore, the
0-20m freshwater density in Fig. 4d reveals fresher-than-
typical near-surface conditions from July through October.
This fresh anomaly was concentrated in the upper 20 m (see
Fig. S5), further explaining the higher-than-usual stratifica-
tion. The source of the fresh anomaly is not yet clear, but it
is present in both GLORYS12V1 and observations (Fig. 3c

State Planet, 6-0sr9, 12, 2025

and d). Freshwater input due to sea ice melt from both local
and remote areas is a possible explanation. Unfortunately, sea
ice in GLORYS12V1 may not be helpful to describe this, as
its sea ice cover does not appear to match observations very
well, with no sea ice present in July 2023 or even in the 90th
percentile of the 1993-2022 climatology (Fig. 4e).

Another factor that impacts stratification is the degree of
vertical mixing introduced by wind forcing at the ocean sur-
face. The 10 m wind speeds from ERAS (product ref. no. 3)
at Station 27 shown in Fig. 4f 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 identi-
fied in Fig. 4. Furthermore, a return to average wind speeds
preceded the end of each heat wave period, with the excep-
tion of a wind event in mid-July. This mid-July event corre-
sponded 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 re-
tention of heat near the surface persisted throughout most of
the summer and fall.

Additionally, heat transfer between the ocean and atmo-
sphere is an important element to consider (see Figs. 4g and
h, and S2). During the July MHW, the 2m air temperature
from ERAS was extremely high: at times, it was greater than
the annual maximum of the climatological 90th percentile

https://doi.org/10.5194/sp-6-0sr9-12-2025
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offshore of approximately 400 km, which were not sampled by AZMP in July 2023, are taken as the mean of 20 and 30 July. A reference
period of 1993-2022 is used to calculate climatologies for both GLORYS12V1 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 July

2023. Note the difference in vertical scale above and below 20 m (dashed black line).

(Fig. 4h). Furthermore, the net surface heat flux was anoma-
lously high during the first few days of the July MHW event
but approached anomalously low values as the event reached
its end. Similarly, the September and October MHWs ex-
hibited higher-than-average air temperature and surface heat
flux, although not every period in 2023 with these conditions
resulted in an MHW (e.g. mid- to late January, mid-May, De-
cember).

Finally, the role of advection is illustrated by examining
the evolution of surface temperature and freshwater den-
sity anomalies and the vertical maximum of the squared-
buoyancy frequency along the shelf (Fig. 5). Firstly, advec-
tion is evident where periods of positive freshwater density
anomaly and high stratification that are seen in May through

https://doi.org/10.5194/sp-6-0sr9-12-2025

June in the upstream parts of the transects (approximately O
to 200 km) gradually propagate downstream. These anoma-
lously fresh conditions arrived at Seal Island by the time of
the mid-July MHW, increasing the stratification to above typ-
ical conditions (see Fig. S4 for climatological stratification).
Throughout the shelf, there is typically a link between pe-
riods of increased freshwater density and increased strati-
fication (see Figs. S3 and S4), suggesting advected and/or
local freshwater input plays an important role in establish-
ing stratification in this region. Advection may also impact
sea surface temperatures through the transport of warm water
masses. However, during the July MHW, advection of warm
anomalies is not apparent in Fig. 5. Rather, this event was
nearly simultaneous and widespread across the entire shelf.
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Figure 4. Time series plots for 2023 in blue lines, the 1993-2022 climatology in black lines, and the 1993-2022 10th and 90th percentiles in
dashed grey lines. Variables from GLORYS12V1 (product ref. no. 1) are (a) sea surface temperature averaged over the NL Shelf, (b) max-
imum squared-buoyancy frequency at Station 27, (¢) depth-averaged temperature from 0-20 m averaged over the NL Shelf, (d) freshwater
density from 0-20 m averaged over the NL Shelf, and (e) sea ice volume over the NL Shelf. ERAS (product ref. no. 3) variables include
(f) 10 m wind speed at Station 27, (g) net daily averaged surface heat flux averaged over the NL Shelf (where positive indicates a downward
flux), and (h) 2 m air temperature averaged over the NL Shelf. Maximum squared-buoyancy frequency data at Station 27 from AZMP (prod-
uct ref. no. 2) are shown in panel (b) for 2023 with large dark-brown dots and for 1993-2022 with small light-brown dots. Heat wave periods

are indicated by the grey shading.

Advection of warm water may have been a contributor for
the MHW downstream of Seal Island in September through
October, although a more detailed analysis is warranted in
the future.

4 Discussion and conclusions

A combination of factors illustrated in Fig. 6 resulted in the
series of MHWs detected on the NL Shelf in 2023. As an
example, stratification increased as the surface layer warmed
in July, preconditioned by unusually cold water temperatures
in the spring. In addition, conditions were fresher than typ-
ical in the upper 20m (e.g. Figs. 3c, 4d, 5b and e, S5c—d).
Although the source of these fresh conditions was not ana-
lyzed in this work, other studies suggest that increased Arctic
sea ice melt and freshwater release from the Beaufort Gyre
are responsible for recent freshening trends in the North At-
lantic (Wang et al., 2024; Yashayaev, 2024). In other regions,
Barkhordarian et al. (2024) and Richaud et al. (2024) link
abrupt sea ice melt and strong stratification with intensified
surface MHWs in the Arctic. In 2023, sea ice conditions on
the Labrador Shelf were above normal in June, leading to
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late last occurrence on the southern Labrador Shelf, and de-
creased very rapidly to zero prior to mid-July (Cyr et al.,
2024b; Galbraith et al., 2024). Additionally, periods of low
winds during the summer maintained the high stratification
by limiting vertical mixing. As a result, heat was retained
near the surface resulting in a series of MHW s throughout the
summer and fall. This series was interrupted by occasional
wind events which excited vertical mixing and reduced SSTs.
Recent work by Sun et al. (2024) indicates a strong correla-
tion between changes in the oceanic mixed-layer depth and
the occurrence of MHWs globally, highlighting an important
connection between mixed-layer restratification and surface
MHWs.

The role of air—sea interactions and heat transfer between
the atmosphere and the ocean is also important. During the
July MHW, the 2 m air temperature was extremely high, ex-
ceeding the annual maximum of the 1993-2022 climatologi-
cal 90th percentile for nearly half of the duration of the event.
The 2m air temperature was also higher than normal dur-
ing the other MHWSs in 2023. Previous work by Schlegel et
al. (2021) indicates that latent heat flux is an important driver
during the onset of MHWs. Indeed, during the beginning of
each MHW on the NL Shelf in 2023, the net surface heat flux

https://doi.org/10.5194/sp-6-0sr9-12-2025
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Figure 5. Time series of GLORYSI12V1 (product ref. no. 1) sea surface temperature anomaly (a, d), surface freshwater density
anomaly (b, e), and vertical maximum of the squared-buoyancy frequency (c, f) along the Outer Shelf (a—c) and Inner Shelf (d—f) tran-
sects for the year 2023. See Fig. 1a for Outer Shelf and Inner Shelf transect definitions. Distance is measured along each transect starting
from the most upstream station. The red horizontal lines represent the along-shelf locations of the Seal Island (a—c) and Flemish Cap (d—f)
transects. A reference period of 1993-2022 is used to calculate the climatology used to determine the anomalies.

wind heat

—

warm and fresh

Figure 6. Schematic diagram describing the role of increased strat-
ification on surface MHWs. On the left, lower stratification leads to
more mixing. On the right, higher stratification leads to less mixing.
Both scenarios receive the same heat flux and wind forcing at the
surface. The case with higher stratification results in higher SSTs
because the heat is confined to the surface due to less mixing.

was higher than typical (Fig. 4g), driven by positive anoma-
lies in the surface latent heat flux and the surface longwave
radiation (Fig. S2). However, not all periods of anomalously
positive net surface heat flux resulted in an MHW, suggesting

https://doi.org/10.5194/sp-6-0sr9-12-2025

a combination of oceanic and atmospheric processes were at
play in these surface MHWs.

The role of advection should also be considered. The
Labrador Current is responsible for transporting water prop-
erties southward along the NL Shelf. For example, the
anomalously fresh conditions detected at Seal Island in July
(Fig. 3c) were transported south, carrying with them proper-
ties such as high stratification. Indeed, Figs. 2d—f and 5a-b
show 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, direct-
ing some of the conditions associated with warm anomalies
along the coast of GB in October. However, the October on-
set of MHWs in LS and NNS and the abrupt initiation of
the July MHW across the entire shelf cannot be explained
by transport. These events are more likely linked with local
meteorological and oceanographic conditions.

A more thorough investigation quantifying the magni-
tude of these factors and relationships with large-scale at-
mospheric conditions is considered for future work in the
NL Shelf region. For instance, a heat budget analysis in the
mixed layer (see Oliver et al., 2021, as an example) could
quantify the role of various elements, such as air-sea inter-
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action, transport, and vertical mixing, in establishing MHW
conditions. Furthermore, processes such as mesoscale eddies
(e.g. Sun et al., 2024) and changes in coastal and shelf-break
upwelling (e.g. Reyes-Mendoza et al., 2022) are likely to in-
fluence surface temperatures in the NL Shelf region. Higher-
resolution modelling experiments could also be used to ex-
plore and quantify controls on MHW conditions, particularly
when examining shelf-scale processes that are not resolved
or well constrained by global reanalysis products.

Finally, the impact of MHWs on the NL Shelf ecosystem
is an important area for future work. One area of interest is
the vertical distribution of MHW s (e.g. Fig. S5) 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 el-
ements 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 structures in remote areas that are difficult to study
directly with observations. These results suggest that ocean
model nowcast and reanalysis products can complement ob-
servational methods for studying MHWs in near real-time
over large geographic areas and at multiple depths.

Code and data availability. The data used in this study are avail-
able as described in Table 1. The code used in this study can be
accessed via a GitLab repository upon request via email to the cor-
responding author. This study has been conducted using EU Coper-
nicus Marine Service Information: https://doi.org/10.48670/moi-
00021 (E.U. Copernicus Marine Service Information (CMEMS),
2024). The data from Hersbach et al. (2023) were downloaded
from https://doi.org/10.24381/cds.adbb2d47 (Copernicus Climate
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