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About the Copernicus Ocean State Report

As part of the Copernicus Marine Service, the annual Copernicus Ocean State Report (OSR) launched in 2015
is the key tool of its ocean reporting framework. The OSR reports on the state, variability, and ongoing chang-
es in the marine environment of the global ocean and the European regional seas over the past decades up
to close to real time. Using observation-based (remote sensing, in situ) and ocean reanalysis data, the OSR
provides a comprehensive 4-dimensional (latitude, longitude, depth, and time) analysis of the Blue, Green,
and White Ocean. The OSR is intended to act as a reference, providing a unique ocean monitoring dashboard
for the scientific community and for policy makers and others with decision making responsibilities.
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State of the Planet (SP) is a journal dedicated to the publication of scientific syn-
thesis reports and assessments on all subjects of the Earth and environmental
sciences. In a rapidly changing world, expert-based assessments of academic
findings curated for a wider audience to support decision making, science com-
munication, education, and funder mandates are becoming more and more
widespread. Such reports are extensive science community efforts offering
timely, state-of-the-art insight into a specific field of the Earth sciences. State of

the Planet is open to any reporting and assessment initiative by (inter-) govern-

mental agencies, environmental services, learned societies or associations of
researchers that aim to publish on a regular basis.
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Abstract. This ocean narrative is grounded in global ocean indicators and framed around climate, biodiversity,
and sustainable development. In 2024, global ocean heat content (OHC) reached record levels, with continued
heat uptake of 0.35 +0.1 Wm™2 and steady acceleration of 0.14 +0.1 W m~2 per decade since the 1960s. Sea
surface temperatures (SSTs) exceeded 21 °C globally in both 2023 and 2024, while global mean sea level rise
reached its highest recorded rate of 4.1 0.1 mm yr~! (2016-2024). No part of the ocean is untouched by the so-
called triple planetary crisis as proclaimed by the United Nations, where pollution, biodiversity loss, and climate
change are putting pressure on marine systems worldwide. Over 8 % (10 %) of marine biodiversity hotspots, 8 %
(11 %) of large marine ecosystems (LMEs), and 14 % (32 %) of Areas Beyond National Jurisdiction (ABNJ) are
exposed to warming (acidification) beyond global rates. The triple planetary crisis converges across all ocean
basins, with 16 % (30 %) of endangered (critically endangered) corals exposed to rapid ocean warming or acid-
ification (rapid pH loss), and 75 % of countries emitting > 10000 t plastic waste are near critically endangered
and endangered corals. These overlapping pressures threaten key species, ecosystems, and the ocean’s role in
climate stability. These findings underscore the need for enhanced and sustained ocean observing systems, im-
proved information on uncertainties in indicator design, and robust science-based information to guide policy,
planning, and action for protecting the ocean. The ocean is our sentinel, reflecting the health of the planet and the
trajectory of future environmental changes. Protecting the ocean through concerted global cooperation informed
by integrated evidence-based and strategic ocean knowledge is essential to ensure the ocean can continue to play
its crucial role in sustaining life and regulating Earth’s climate.

1 Introduction

The ocean, often viewed as a vast remote frontier, is increas-
ingly recognized as central in maintaining the planet’s envi-
ronmental balance (Bindoff et al., 2019). The ocean regulates
global temperatures (von Schuckmann et al., 2023), absorbs
anthropogenic carbon dioxide (Friedlingstein et al., 2025),
and sustains biodiversity in ways that are vital for life on
Earth (IPBES, 2019; Ward et al., 2022). The ocean’s ability
to act as a natural buffer against climate change — from ab-
sorbing heat to moderating weather patterns — makes it vital
for global environmental health. The protection of the ocean
is hence essential, not only for preserving the health of ma-
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rine life, but as an active integral force driving environmen-
tal resilience for the stability of the planet’s climate, ecosys-
tems, and long-term sustainability (Horton and Horton, 2019;
Roberts et al., 2024; Yadav and Gjerde, 2020). The essential
role of the ocean in sustaining life is receiving heightened
recognition — not just as a source of economic opportunity
(Jouftray et al., 2020), but as a fundamental pillar for achiev-
ing environmental and societal goals (Hoegh-Guldberg et al.,
2019).

Providing regular reporting on global and regional ocean
indicators offers the opportunity for a broader perspective of
ocean change, which allows us to monitor larger systemic
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shifts or changes in the ocean state and climate and allows in-
formed decision-making, international cooperation, and the
development of strategies to address both local and global
challenges. Some of the ocean changes are inherently global
in nature, such as the ocean carbon and heat sink, revealing
insight into overall trends that transcend regional boundaries
(Friedlingstein et al., 2025; von Schuckmann et al., 2023;
Xing et al., 2024). Also, a global perspective allows us to
identify changes in interconnected systems, such as the wa-
ter, carbon, or energy cycle of the Earth, and their ultimate in-
fluence worldwide (Barnard et al., 2021; Cheng et al., 2022;
Talukder et al., 2022).

Global-scale ocean indicators are effective in informing
multilateral and international policy developments and inter-
national cooperation, which is essential today, as the ocean is
faced with transboundary pressures, such as climate change,
pollution, overexploitation, and biodiversity loss (Evans et
al., 2025; Polejack, 2021; Ryabinin et al., 2019; von Schuck-
mann et al., 2020). They can highlight how environmental is-
sues are disproportionately affecting different regions, help-
ing to strengthen the voice of vulnerable communities not
overlooked in environmental policies. This can foster more
equitable solutions in areas where regional data might mask
global patterns of inequality in environmental impacts. Also,
global-scale indicators can serve as benchmarks to track
progress towards common goals, such as in the context of the
2030 Agenda for Sustainable Development or under the UN
Decade of Ocean Science for Sustainable Development. By
monitoring ocean and climate change globally, it is possible
to identify emerging risks and understand the global capac-
ity for resilience (Abraham et al., 2022; Bouwer et al., 2022;
Izaguirre et al., 2021; Rockstrom et al., 2021).

Here, we provide an ocean narrative to tell a compelling
story that communicates the ongoing change in the global
ocean in relation to people and the planet, while also draw-
ing on implications from the triple planetary crisis of bio-
diversity loss, climate change, and pollution (UNEP, 2021).
Besides global mean indicators, the concept of large ma-
rine ecosystems (LMEs) (Sherman, 2005) — which encom-
pass coastal areas, from river basins and estuaries to the sea-
ward boundaries of continental shelves, along with enclosed
and semi-enclosed seas and the outer margins of major cur-
rent systems — is also addressed. LMEs are of significant
socioeconomic importance, as they account for the major-
ity of global fisheries biomass (Guiet et al., 2025; Sherman
et al., 2009). Additionally, areas beyond national jurisdiction
are included, enabling a comparison between changes occur-
ring in the open ocean and those observed within large ma-
rine ecosystems. This narrative aims to further connect sci-
entific understanding with social, economic, and cultural di-
mensions, helping audiences grasp why there are changes in
ocean matter. It aims not only to raise awareness but also to
shape how we perceive risks, responsibilities, and opportuni-
ties — ultimately encouraging informed decision-making and
collective action for a sustainable and healthy ocean future.
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2 Method

This study employs a structured multi-indicator approach to
describe and assess the state of and change in the ocean.
The analysis is grounded in a core set of ocean indicators,
which include surface and subsurface ocean warming, sur-
face ocean acidification, sea level rise, and marine heatwaves.
These indicators are derived using scientifically validated
methods and form part of the Copernicus Ocean Indicator
Framework (see Product Table, Supplement).

Primary data sources include products from the Coperni-
cus Marine Service, which are supplemented, where avail-
able, by additional publicly accessible datasets to enhance
spatial and temporal coverage. A multi-product methodology
is applied wherever feasible, combining data from different
ocean products. This approach enables an assessment of in-
ternal consistency and uncertainty by comparing the spread
across product ensembles. Uncertainty ranges are obtained
using standard deviation at the 95 % confidence level. A re-
gional trend is considered amplified relative to the global
trend when its 95 % confidence interval lies entirely above
the global trend. All datasets utilized are documented and
referenced in the product table, including links to associated
metadata and scientific publications. Each ocean indicator
has been updated with the most recent data available at the
time of analysis, subject to product-specific update frequen-
cies and data availability constraints.

To integrate the physical changes in the marine environ-
ment with broader sustainable development perspectives, ad-
ditional datasets from the economic and social domains were
included. This integrative approach reflects the three pil-
lars of sustainability: environmental, economic, and social.
Only data that are publicly available and accompanied by
appropriate metadata were used. Metadata documentation
and source references are provided in the product table. The
three domains — environment, economy, and society — were
then brought together to develop an ocean narrative, aimed
at contextualizing observed and reported changes. This nar-
rative is not intended as a new quantitative scientific analy-
sis, but rather as a synthesis of available information to sup-
port decision-making and communication. Scientific rigour
is maintained by basing this synthesis on peer-reviewed lit-
erature and established datasets, ensuring an evidence-based
assessment framework underpins the development of the nar-
rative.

3 Tracking ocean change: ocean warming, ocean
acidification, sea level rise, and Earth’s energy
imbalance

The global ocean is undergoing widespread and accelerat-
ing change. Global ocean warming reached record levels in
2024, continuing a long-term trend in ocean heat uptake at
a rate of 0.35+0.1Wm~2 (0.61 £0.2Wm 2 with ocean
surface), with a steady acceleration of 0.14 £ 0.1 W m~2 per

https://doi.org/10.5194/sp-6-0sr9-2-2025
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decade since the 1960s (Fig. 1). The rate of ocean heat con-
tent (OHC) has increased since the 1960s, shifting from a
near-equilibrium state in Earth’s energy balance to a positive
Earth energy imbalance of approximately 0.71 0.1 W m™2
(rel. to the top of the atmosphere) over the 2015-2024 av-
erage (Fig. la, updated from Miniere et al., 2023). Ocean
warming undergoes large decadal variations over the pe-
riod 1960-2024, influenced by massive volcanic eruptions
(Fig. 1a) (Trenberth et al., 2014). The acceleration of ocean
warming remains consistent across different time periods,
with no significant increase observed over the past 2 decades
(Fig. 1b).

Global ocean surface temperatures in 2023 and 2024
reached exceptional highs, temporarily exceeding 21 °C on
average, reflecting the combined effect of long-term climate-
driven warming and natural variability. The global mean
sea surface temperature (SST) has increased from decade to
decade since satellite records began in 1982 (Fig. 1c). The
global mean sea surface temperature exceeded 21 °C during
the boreal spring of 2024 — an unprecedented high on record
— and, while slightly lower in 2025, remains well above the
long-term reference baseline (Fig. 1c). In both 2023 and
2024, intense, persistent, and widespread marine heatwaves
were reported in several areas of the global ocean, exceeding
previous ocean surface temperature records (e.g. 2015/2016)
by 0.25 °C (Terhaar et al., 2025). The record ocean surface
temperatures observed are the result of natural variability in-
tensified by long-term global warming — an event that would
have been highly unlikely in the absence of the ongoing cli-
mate trend (Guinaldo et al., 2025; Terhaar et al., 2025).

Global mean sea level is rising at an accelerating pace,
reaching record-high values in 2024. The highest decadal av-
erage rate of increase — 4.1 £0.1 mmyr~! — was observed
over the period 2016 to 2024. This value is slightly lower
than the estimated 4.5mmyr~! estimated over the period
2017-2024 by Hamlington et al. (2024). Rates of global
mean sea level rise increased from 31.4 & 1.1 mm per decade
in 1999-2006 to 39.3 0.8 mm per decade in 2007-2015
to 40.8 £ 1.1 mm per decade in 2016-2024 (Fig. 1d). This
amounts to a 25 % increase from the 1990s (1999-2006) to
the 2000s (2007-2015), then +4 % for 2007-2015 to the
2010s (2016-2024), resulting in 430 % from the late 1990s
to the 2010s (Fig. 1d). Over the period 1901-2024, global
mean sea level rise amounts to 228 mm (Forster et al., 2025).
Causes of sea level rise are attributed to increasing ice loss
from the Greenland and Antarctic ice sheets, ongoing glacier
mass loss, and thermal expansion due to ocean warming
(WMO, 2025; IPCC, 2021).

4 Ocean warming and acidification: marine
biodiversity, ocean protection, and the high seas

Regionally, the ocean is undergoing rapid change, with both
warming and acidification occurring at rates above the global

https://doi.org/10.5194/sp-6-0sr9-2-2025

average largely affecting the tropics, the northern subtropics,
and the southern subpolar ocean areas. Ocean warming from
the ocean surface to depth (0—2000 m) at rates exceeding the
global mean rates covers 15 % of the ocean area in the tropics
(15°S-15°N), 41 % of the northern subtropics (20-40°N),
and 16 % in the southern subpolar ocean areas (40-60°S)
(Fig. 1le). A total of 13 % of the ocean areas in the tropics,
55 % of the northern subtropics, and 60 % of the southern
subpolar ocean areas are exposed to rapid ocean acidification
above global mean rates (Fig. le). Ocean areas which are
concurrently experiencing both rapid ocean acidification and
ocean warming are centred around 42°S and 36°N (31 %
and 42 % of the ocean area, respectively). In contrast, ocean
areas not experiencing rapid ocean acidification or warming
are limited to 24 % in the northern subtropics and 34 % in the
southern subpolar oceans.

Marine biodiversity is exposed to changes in the physics
and biogeochemistry of the ocean. A total of 8 % of marine
biodiversity hotspots are experiencing rapid ocean warming
above global rates, and 10 % are experiencing surface acidi-
fication at rates exceeding the global average. Ocean warm-
ing and ocean acidification are known to induce a decline
in species richness and harm habitats (Alter et al., 2024;
Chaudhary et al., 2021; ter Hofstede et al., 2010; Wernberg
et al., 2011). The species richness of many groups in ma-
rine biodiversity has been shown to decline from the Equa-
tor to the poles, but exceptions such as baleen whales and
seafloor species near nutrient-rich margins reveal complex
patterns (IPBES, 2019, Chap. 2). Ocean biodiversity hotspots
are challenging to define due to widespread species dispersal,
but unique habitats, such as the warm-water shallow coral
reefs of the western Pacific, are characterized for their rich
marine life (IPBES, 2019, Chap. 2; Fig. 2) (Tittensor et al.,
2010).

Areas Beyond National Jurisdiction (ABNJ) have been
warming at an average rate of 0.58 +0.1 Wm™2 since the
1960s, and their pH has been decreasing at a rate of
—0.0173 £0.001 since the early 1980s, with 14 % of ABNJ
facing rapid ocean warming exceeding the global rate and
32 % facing rapid surface ocean acidification (Fig. 2). These
changes highlight the urgent need to accelerate progress to-
ward the 30 x 30 target, protecting 30 % of coastal and ma-
rine waters by 2030 (UNGA, 2023). Although ABNJ — en-
compassing the high seas (UNCLOS, art. 86) and seabed
(UNCLOS, art. 1) — cover 60 % of the global ocean and
support complex ecosystems vital to life and essential ser-
vices, they remain largely unprotected, and increasing pres-
sures from human activities threaten their health (Gjerde et
al., 2016). Fishing in high seas poses the greatest threat to
marine biodiversity in ABNIJ, disrupting entire ecosystems,
while shipping and deep-sea mining are also growing con-
cerns (Caldeira et al., 2023). The share of protected marine
territorial waters is unevenly spread across the globe (Fig. 2).
Advances are underway as global criteria for Marine Pro-
tected Areas are increasingly unified, recognizing their role

State Planet, 6-0sr9, 2, 2025
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Figure 1. Ocean change acceleration. (a) Earth’s energy imbalance for the period 1960-2024, with the 95 % uncertainty range shown by
shading, based on product ref. no. 1 (Miniére et al., 2023). Vertical dashed lines show massive volcanic eruptions from product ref. no. 1.
(b) Acceleration of the ocean warming for past periods of 64, 44, and 24 years, with the 95 % uncertainty range shown by solid whiskers,
based on product ref. no. 1 (Miniere et al., 2023). Dashed whiskers indicate the 95 % uncertainty range based on product ref. no. 1 (Miniere
et al., 2023). (c) Global mean surface temperature. Gradients of grey show decadal means (bold lines) and 95 % uncertainty ensemble ranges
(shadings) for the period 1982-2022, based on product ref. no. 2. Similarly, the years 2021 to 2025 are shown in colours, based on product
ref. no. 3, with the 95 % uncertainty range based on product ref. nos. 3—7 and 21. (d) Rate of global sea level rise for the periods 1999-2006,
2007-2015, and 2016-2024, with the 95 % uncertainty range shown by whiskers, based on product ref. no. 8. The horizontal dashed line
indicates the trend for the period 1999-2024. (e) Cumulative percentage of ocean latitudinal surface (%) experiencing rapid warming (pink),
rapid acidification (green), and both rapid changes (pink and green hatches) for the periods 1982-2024 for SST (based on product ref. nos. 2,
4-7, and 21), 1982-2024 for OHC (based on product ref. nos. 9—11), and 1985-2022 for pH (based on product ref. no. 12).

in climate mitigation and embracing broader goals such as 5 The ocean under the triple planetary crisis
sustainability, resilience, and ecosystem health (Maestro et

al., 2019).

At the regional level, a total of 8 % of LME areas show No part of the ocean is untouched by the triple planetary cri-
rapid ocean warming exceeding the global average rate, 9 % sis, as pollution, biodiversity loss, and climate change are
of tropical LME areas show rapid ocean warming, and 7%  putting pressure on the ocean worldwide (Fig. 3). In 2022,
show rapid ocean acidification (Fig. 2). For the subpolar the United Nations General Assembly endorsed the declara-
LME, the share of impacted areas amounts to 9 % for ocean tion “our ocean, our future, our responsibility”, recognizing
warming and 6 % for ocean acidification (Fig. 2). Estimates the ocean’s vital role in sustaining life and affirming the ur-
for polar LMEs are challenging due to data limitations result- gency of its conservation and sustainable use (UNGA, 2022).
ing from measurement gaps in these areas. However, the reality remains deeply concerning. Despite re-

gional differences, plastic waste from land is polluting all
ocean basins (Fig. 3). Rapid ocean warming, acidification,
and sea level rise exceeding global mean trends are impact-
ing all ocean basins (Fig. 3), threatening both marine ecosys-
State Planet, 6-0sr9, 2, 2025 https://doi.org/10.5194/sp-6-0sr9-2-2025
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Figure 2. Biodiversity of the ocean under rapid changes. Global patterns of marine biodiversity shown in the ocean (brown gradient, product
ref. no. 13), with hotspots surrounded by bold dark-brown polygons (product ref. no. 13). Share of marine territorial waters that are protected
in 2022 shown on land (green gradient, product ref. no. 14). Large marine ecosystems (LMEs; product ref. no. 15) are shown in colours
along the coasts. The boundaries of Areas Beyond National Jurisdiction (ABNJ) are materialized by black lines off the coasts (product ref.
no. 16). Stars represent where 95 % of the local sea surface temperature (SST) and ocean heat content (OHC) trend ranges surpass the global
average for the period 1982-2024, based on product ref. nos. 2, 4-6, 9—11, and 21. Horizontal hatching is the same but for the pH trend for
the period 1985-2022, based on product ref. no. 12. The Caspian Sea is shaded in grey, as data were not available, except for the share of

marine territorial waters of the surrounding countries.

tems and human communities (Bindoff et al., 2019; IPCC,
2022). Biodiversity loss and the degradation of marine habi-
tats are also threatening the foundation of ocean life across
all ocean basins (Fig. 3; IPBES, 2019). Although the global
data products suffer from limitations in the polar areas due to
measurement gaps (Fig. 3, grey mask), region-specific stud-
ies show high consensus that these ocean areas are also faced
with pollution, biodiversity loss, and climate change (Bind-
off et al., 2019; Cai et al., 2023; De-la-Torre et al., 2024;
Gutt et al., 2021; IPBES, 2019; Linse et al., 2021; Nissen et
al., 2024; Qi et al., 2022; Thomas et al., 2022; Townhill et
al., 2022).

The triple planetary crisis converges across all ocean
basins. About 16 % (30 %) of endangered (critically endan-
gered) corals are exposed to rapid ocean warming or acid-
ification, putting already at-risk species under even greater
pressure (Fig. 3). Nearly 75 % of countries with high plas-
tic waste emissions (> 10000 t) are adjacent to critically en-
dangered and endangered corals, and 83 % are adjacent to
vulnerable corals (Fig. 3). These pressures are deeply in-
terconnected: plastic pollution contributes to climate change

https://doi.org/10.5194/sp-6-0sr9-2-2025

and accelerates biodiversity loss (Ford et al., 2022; IPBES,
2019; Jeong et al., 2024), while climate change itself is a
major driver of species decline (Bindoff et al., 2019; IPBES,
2019; IPCC, 2022). These reinforcing interactions intensify
the overall crisis, making it more urgent to address them
together. Plastic pollution poses a well-documented threat
to coral reefs (Akhtar et al., 2022), with most large plas-
tic items accumulating along shorelines (Lebreton et al.,
2019). Tuna fisheries play a crucial role in global food sys-
tems — especially in Oceania — and carry important cul-
tural, social, and public health value (Bell et al., 2015, 2021;
Fache and Pauwels, 2016), and they are faced with key stres-
sors from ocean warming and acidification (Fig. 3) known
to threaten their survival (Monllor-Hurtado et al., 2017,
Erauskin-Extramiana et al., 2019; Nicol et al., 2022). Tuna
is classified as endangered or vulnerable in all ocean areas
south of 40° N, and large parts of these areas are affected by
rapid ocean warming and/or ocean acidification (Fig. 3).
Ocean warming can increase the degradation of plastics
into microplastics (Ford et al., 2022), and about 33 % of high-
emitting countries for plastics (> 10000t) are adjacent to

State Planet, 6-0sr9, 2, 2025
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Figure 3. Illustration of the triple planetary crisis. Plastic waste emitted into the ocean by each country is shown on land (red gradient,
product ref. no. 17). Vulnerable and endangered tuna is shown in oceans (sand—grey gradient, product ref. no. 18). Vulnerable, endangered,
and critically endangered coral is shown with a green gradient (product ref. no. 19). Stars represent where the local sea surface temperature
(SST) and ocean heat content (OHC) trends surpass the global average for the period 1982-2024, based on product ref. nos. 2, 4-6, 9—11, and
21. Horizontal hatching is the same, but for the pH trend, for the period 1985-2022, based on product ref. no. 12. Oblique hatching shows

where the local sea level rise (SLR) trend surpasses the global trend for the period 1999-2024, based on product ref. no. 20.

areas of rapid ocean warming (Fig. 3). Once in the ocean,
plastics break down into microplastics, which also origi-
nate directly from sources such as cosmetics, plastic pellets,
synthetic textiles, and the wear of tyres and road markings
(Woodall et al., 2014). Microplastics can harm marine life,
carry toxic chemicals through the food web, and alter wa-
ter and sediment properties, disrupting ecosystems and bio-
diversity (Jeong et al., 2024; Li et al., 2024; Lorenz et al.,
2019). At the land—ocean interface, sea level rise and plas-
tic pollution intersect, amplifying environmental risks. The
majority (92 %) of countries emitting more than 10000t of
plastic waste also face sea level rise in adjacent ocean ar-
eas that exceeds global rates (Fig. 3). Rising seas exacerbate
coastal erosion and flooding, increasing the transport of mi-
croplastics from land-based sources — such as landfills, waste
facilities, and sewage systems — into the ocean (Tang, 2023).

6 Conclusion

Together, these findings provide clear evidence that the ocean
is not only a key regulator of the Earth’s climate system but
also one of the most sensitive global climate indicators of
ongoing and accelerating global change. The simultaneous
rises in ocean heat content, acidification, and sea level are
not isolated; they are interconnected, compounding, and in-
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creasingly persistent. They affect the ocean physics and bio-
geochemistry, the functioning of marine ecosystems, and the
wellbeing of coastal societies that depend on them. As sci-
entific analysis and reporting continue to reach more and
more robust consensus, the message becomes more urgent:
sustained and coordinated measuring, modelling, and mon-
itoring of the ocean are essential to understanding the pace
of planetary change and informing decisions that affect cli-
mate resilience, biodiversity, and long-term sustainability.
The ocean is our sentinel for all our futures to come.

Changes from ocean warming, ocean acidification, and sea
level rise are further exacerbated by the adverse impacts of
plastic pollution and biodiversity loss. Notably, the changes
in ocean warming and sea level rise are not merely linear
trends but rather exhibit acceleration over time, indicating
that we are facing increasingly rapid change and underscor-
ing the critical need for a unified global response and inte-
grated evidence-based approaches. As ocean health is intri-
cately linked to climate stability, the urgency of addressing
these interconnected and rapid environmental pressures can-
not be overstated. Only through collective efforts can we en-
sure the resilience of marine ecosystems and secure the fu-
ture of our planet’s ocean-based resources.

The rapid and interconnected changes occurring in the
ocean also demand coordinated and global responses to sus-

https://doi.org/10.5194/sp-6-0sr9-2-2025



K. von Schuckmann et al.: Global ocean change in the era of the triple planetary crisis 7

tain and strengthen our capacities for monitoring and under-
standing these changes. Sustained and enhanced ocean ob-
servation systems are critical for filling data gaps, partic-
ularly in polar and under-monitored regions, and for pro-
viding more accurate, real-time information on, for exam-
ple, ocean warming, acidification, and sea level rise. Ex-
panding these systems, alongside advancements in improved
data integration, dissemination, and modelling, will empower
decision-makers with the evidence-based and digital knowl-
edge necessary to support sustainable ocean stewardship and
to safeguard and protect the ocean. With more comprehen-
sive, timely, and accessible ocean data, we can better address
the triple planetary crisis and strengthen the resilience of ma-
rine life, ensuring that the ocean can continue to fulfil its vital
role in sustaining life on Earth.

As we face increasing and compound impacts of ocean
change, the need for high-resolution, evidence-based infor-
mation becomes even more urgent. While global indicators
provide essential insights into overarching trends, uncertain-
ties highlight the importance of strengthening regional and
local monitoring systems, forecasts, early warning systems,
and downscaled projections. The scientific community must
take a more proactive role in ensuring that data products de-
rived from observations and models, along with the indica-
tors based on them, are accompanied by robust uncertainty
frameworks. These frameworks should be grounded in scien-
tific principles and methodologies to accurately quantify and
communicate the uncertainties inherent in these indicators.
This is crucial for enhancing the reliability of the data and in-
dicators, making them more actionable for decision-makers.
By incorporating well-informed uncertainty analyses into
data products, we can provide policymakers with clearer,
more reliable guidance, enabling more effective planning and
adaptive management strategies in response to ocean change.
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Abstract. An ocean narrative is a powerful tool for making complex ocean changes better accessible while
informing decision-making and inspiring collective action. This ocean narrative reports on ocean change in the
northeastern Atlantic and adjacent seas and discusses its broader implications for Europe’s environment, econ-
omy, and society. The region is experiencing warming and acidification at rates exceeding the global average,
with rising sea levels and record severe marine heatwaves (MHWs). These changes threaten marine ecosystems,
biodiversity, cultural heritage, and key economic sectors, such as aquaculture and coastal tourism, which rely
heavily on the balance and the health of the ocean. This ocean narrative emphasizes the importance of regional
ocean indicators for the northeastern Atlantic and adjacent seas and underscores the importance of localized
responses, as ocean changes affect regions differently, particularly in semi-enclosed seas such as the Baltic Sea,
the Black Sea, and the Mediterranean Sea. The findings stress the urgency of timely action and the need to
strengthen evidence-based and strategic ocean knowledge transfer at the science and policy interface for in-
formed decision-making that balances environmental sustainability, economic resilience, and social inclusivity
to address the growing challenges of ocean change in the northeastern Atlantic and its adjacent seas.

1 Introduction also for the wellbeing and resilience of communities across

the continent. The ocean in the northeastern Atlantic and its
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The ocean plays a central role in Europe’s climate, environ-
ment, and society. It acts as a climate regulator by absorbing
heat and carbon dioxide (IPCC, 2021), helps drive weather
and climate patterns, and supports diverse marine ecosys-
tems that are essential to biodiversity and food security (I0OC-
UNESCO, 2024; IPBES, 2019; IPCC, 2022). Coastal regions
and economies across Europe and abroad rely on the ocean
for e.g. fisheries, tourism, transport, and renewable energy
(Cramer et al., 2020; Martinez-Vazquez et al., 2021; Mejjad
et al., 2022). In addition to its ecological and economic im-
portance, the ocean is deeply connected to European culture
and heritage (Delaney and Frangoudes, 2024). As a dynamic
and interconnected system, the health and environmental bal-
ance of Europe’s seas is critical — not only for marine life but

Published by Copernicus Publications.

surrounding seas is undergoing rapid and profound change
(von Schuckmann et al., 2024). As outlined in the previous
Copernicus Ocean State Report, issue 8, temperatures are ris-
ing at more than twice the global average, especially in the
Baltic, Black, and Mediterranean seas, where warming has
become a persistent trend. Sea levels are steadily increas-
ing, ocean waters are growing more acidic, and marine heat-
waves (MHWs) are becoming more frequent, intense, and
widespread.

Focusing on regional ocean indicators, rather than solely
global ones, is essential because ocean conditions can vary
significantly across different areas due to factors such as cli-
mate variability patterns, currents, and other region-specific
ocean and atmospheric dynamics. Regional indicators pro-
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Figure 1. Illustration of the definition of the northeastern Atlantic and adjacent seas (inside the blue polygon, as in the OSR8), the WMO’s
delineation of Europe (inside the grey polygon), and large marine ecosystems (LMEs; Sherman, 2005; product ref. no. 1, in colours).

vide a more detailed picture of how the ocean is changing
in a specific area, which is crucial for e.g. efficient regional
to national management and adaptation strategies (Winther
et al., 2020). The regionalization approach can vary (Fig. 1),
ranging from multilateral frameworks, such as the World Me-
teorological Organization (WMO; WMO Regions, 2025) or
the Copernicus Ocean State Report (von Schuckmann et al.,
2024), to more specific models, such as large marine ecosys-
tems (LMESs) (Sherman, 2005). LMEs encompass coastal ar-
eas, from river basins and estuaries to the seaward boundaries
of continental shelves, and enclosed and semi-enclosed seas
and the outer margins of major current systems. They are
of significant socioeconomic importance, as they account for
the majority of global fisheries biomass (Guiet et al., 2025;
Sherman et al., 2009). However, these ecosystems also face
challenges, including ocean pollution, overexploitation, and
the alteration of coastal habitats, all of which occur within
their boundaries (Sherman, 2005).

Here, we provide an ocean narrative to tell a compelling
story that communicates the ongoing change in the north-
eastern Atlantic and adjacent seas in relation to people and
the planet. It connects scientific understanding with social,
economic, and cultural dimensions, helping audiences grasp
why changes in the ocean matter. By connecting these dimen-
sions, the ocean narrative helps make complex changes in the
marine environment more relatable and relevant. It aims not
only to raise awareness but also to shape how we perceive
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risks, responsibilities, and opportunities — ultimately encour-
aging informed decisions and collective action for a sustain-
able ocean future.

2 Method

This study employs a structured multi-indicator approach to
describe and assess the state of the ocean in the northeast-
ern Atlantic and adjacent seas. The analysis is grounded in
a core set of ocean indicators, which include surface and
subsurface ocean warming, surface ocean acidification, sea
level rise, and marine heatwaves. These indicators are de-
rived using scientifically validated methods and form part of
the Copernicus Ocean Indicator Framework (see Product Ta-
ble, Supplement).

Primary data sources include products from the Coperni-
cus Marine Service, which are supplemented, where avail-
able, by additional publicly accessible datasets to enhance
spatial and temporal coverage. A multi-product methodology
is applied wherever feasible, combining data from different
ocean products. This approach enables an assessment of in-
ternal consistency and uncertainty by comparing the spread
across product ensembles. Uncertainty ranges are obtained
using standard deviation at the 95 % confidence level. A re-
gional trend amplified compared to the global trend implies
that the 95 % range of the local trend exceeds the global
trend. All datasets utilized are documented and referenced

https://doi.org/10.5194/sp-6-0sr9-3-2025
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in the product table, including links to associated metadata
and scientific publications (see Supplement). Each ocean in-
dicator has been updated with the most recent data available
at the time of analysis, subject to product-specific update fre-
quencies and data availability constraints.

To integrate the physical changes in the marine envi-
ronment with broader sustainable development perspectives,
additional datasets from the economic and social domains
were included. This integrative approach reflects the three
pillars of sustainability: environmental, economic, and so-
cial. Only data that are publicly available and accompanied
by appropriate metadata were used. Metadata documenta-
tion and source references are provided in the product table.
The three domains — environment, economy, and society —
were then brought together to develop an ocean narrative,
supported by peer-reviewed scientific knowledge with anal-
ysis interlinking ocean and biodiversity change to socioe-
conomic evidence, aimed at contextualizing observed and
reported changes. This narrative is not intended as a new
quantitative scientific analysis, but rather as a synthesis of
available evidence-based and scientific information to sup-
port decision-making and communication. Scientific rigour
is maintained by basing this synthesis on peer-reviewed lit-
erature and established datasets, ensuring an evidence-based
narrative framework.

3 An ocean narrative for the northeastern Atlantic
and adjacent seas

Ocean change in the northeastern Atlantic and adjacent seas
is widespread from the surface to the ocean abyss. Regional
mean sea surface and subsurface ocean warming are higher
than the global trends, with rates of 40.27 £0.04 °C per
decade between 1982-2024 and +0.4140.03W m™2 per
decade between 1960-2024 (Fig. 2a, b). Ocean acidification
in the northeastern Atlantic and adjacent seas continues at
a rate comparable to the global trend, with a pH decline of
—0.017 £0.001 units per decade between 1985 and 2023
(Fig. 2c). The warming and acidification trends are consistent
across various large-scale regional definitions, whether based
on the WMO’s delineation of Europe or the aggregation of
Europe’s LMEs (Fig. 2c). Sea level is rising in this area
at an average trend of +3.74+0.8 mmyr—! between 1999-
2024 (EU Copernicus Marine Service Information, 2024), af-
fecting the entire area. Since 1982, marine heatwaves in the
northeastern Atlantic and adjacent seas have become more
frequent, intense, and widespread (von Schuckmann et al.,
2024). Marine heatwaves of categories extreme and severe
over that period (see Hobday et al., 2016, for definitions)
lasting at least 5d have barely increased in mean duration
(+11 %), from an average of 8d per event in the 1990s
(1993-2002) to 9d per event over the past decade (2015—
2024) (Fig. 2e).

https://doi.org/10.5194/sp-6-0sr9-3-2025

Ocean change is not uniform. Semi-enclosed basins, such
as the Baltic, Black, and Mediterranean seas, are experienc-
ing the most rapid warming due to limited exchange with the
open ocean (Fig. 2a). The Faroe Plateau, Iberian coast, and
Celtic-Biscay Shelf show lower warming rates compared to
other European seas, though they still exceed the global av-
erage (Fig. 2a). These regions lie close to the open Atlantic,
where long-term warming interacts with pronounced natural
variability (Arthun et al., 2021; Jackson et al., 2022). Also,
ocean acidification patterns vary locally, with the Mediter-
ranean Sea and the subtropical Atlantic showing a more rapid
decline in pH, indicating intensified acidification in these ar-
eas (Fig. 3).

Ocean warming and acidification are well-documented
stressors that exceed tolerance thresholds for many marine
species, driving habitat loss, population declines, and dis-
ruptions to ecosystem functioning and services (Bindoff et
al., 2019; Cooley et al., 2022). All United Nations Edu-
cational, Scientific and Cultural Organization (UNESCO)
World Heritage marine sites in the northeastern Atlantic and
adjacent seas are experiencing rapid ocean surface warm-
ing at rates exceeding the global average (Fig. 3), which
are recognized for their unique marine biodiversity, excep-
tional ecosystems, remarkable geological processes, or un-
paralleled beauty, with the aim of ensuring their conserva-
tion for future generations (UNESCO, 1972). They repre-
sent some of the most iconic and fragile marine environ-
ments on Earth, and their status provides the potential for
a comprehensive policy framework that allows their identi-
fication, management, governance, and protection (Abdulla
et al., 2014). Howeyver, their conservation status remains rel-
atively unknown (Kuempel et al., 2022), although ocean
changes from global warming are putting pressure in these
unique environments (Fig. 3).

The years 2023 and 2024 stand out in the historical
record (Guinaldo et al., 2025; Terhaar et al., 2025), mark-
ing the longest average duration of marine heatwaves ob-
served across the northeastern Atlantic and adjacent seas
(Fig. 4). In 2023 alone, around one-third of these waters
experienced severe to extreme marine heatwaves, with pro-
longed events lasting up to 4 months (von Schuckmann et
al., 2024). In 2024, the eastern Mediterranean and Black
seas, the Bay of Biscay, and the subtropical Atlantic were
hit by severe to extreme marine heatwave events (Fig. 4).
The northern Mediterranean Sea, Black Sea, and Baltic Sea
have experienced recurring (three times or more since 1982)
persistent (> 38d duration and mean sea surface tempera-
ture (SST) anomaly exceeding 2.3 °C; Mignot et al., 2022)
MHWs that can harm marine life by causing mass die-offs,
pushing species to new areas, and disrupting the balance of
ocean ecosystems when temperatures get too high (Garrabou
et al., 2022; Scannell et al., 2024).

About 17 % of the cold-water corals and 50 % of seagrass
in the northeastern Atlantic and adjacent seas experienced
extreme and long-lasting MHWs in 2024 (Fig. 4). Marine
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Figure 2. Current state of the northeastern Atlantic and adjacent seas based on a core set of ocean indicators. (a) Decadal trends in sea
surface temperature (SST; product ref. nos. 2 and 3) anomalies (relative to 1991-2020) for the northeastern Atlantic and adjacent seas (blue),
the WMO'’s delineation of Europe (grey), all large marine ecosystems (LMEs; product ref. no. 1) taken together (green), and each LME
taken alone (other colours) for the period 1982-2024. Whiskers indicate the 95 % uncertainty range obtained by considering product ref.
nos. 2-5, 28, and 29. The dashed purple line and shadow indicate the global average and its uncertainty envelope. (b) Same as panel (a) for
the trends in ocean heat content (OHC; product ref. nos. 6 and 7) anomalies (relative to 1991-2020) integrated over the upper 300 m depth
for the period 1960-2024. Whiskers indicate the 95 % obtained by considering product ref. nos. 6-10. The dashed purple line and shadow
indicate the global average and its uncertainty envelope. (¢) Same as panel (a) for the trends in pH for the period 1985-2022 for the global,
and 1985-2023 for all regions, based on product ref. nos. 11 and 12. The dashed purple line and shadow indicate the global average and its
uncertainty envelope. (d) Sea level rise (SLR; product ref. nos. 13 and 14) in the northeastern Atlantic and adjacent seas (blue) and at the
global scale (purple and its uncertainty envelope shaded) for the period 1999-2024. (e) Annual mean duration of marine heat waves (MHWSs)
of category 3 and above, lasting at least 5 d, in the northeastern Atlantic and adjacent seas (blue), the WMQ’s delineation of Europe (grey),
and all large marine ecosystems (LMEs) taken together (green) for the period 1993-2024 (climatology 1993-2022) based on product ref.
nos. 15 and 16.

heatwaves, particularly the most persistent ones, induce loss face ocean warming and acidification faster than the global
of seagrass canopy and severe coral bleaching (Chapron et average (Fig. 3). Countries bordering the Mediterranean,
al., 2021; Corinaldesi et al., 2022; Frolicher et al., 2018; southern Baltic, and southern North seas and the Bay of Bis-
Gomez et al., 2022; Marzonie et al., 2023; Orenes-Salazar et cay — where aquaculture production of fish, crustaceans, mol-

al., 2023; Serrano et al., 2021; Strydom et al., 2020). Cold- luscs, and other aquatic organisms is high — are experiencing
water corals — which live in many areas of the northeast- simultaneous rapid ocean warming and acidification, putting
ern Atlantic and adjacent seas — create habitat structure, host this economically important sector at increasing risk from
endemic species, sequester carbon, and provide many other climate change (Stewart-Sinclair et al., 2020). Altogether,
ecosystem services (Cordes et al., 2023). Seagrass is a natu- 17 % of shellfish farms along European coasts are located
ral attribute of World Heritage properties (UNESCO, 2008), in seas that experienced severe to extreme marine heatwaves
and seagrass habitats are one of the largest natural carbon in 2024 (Fig. 4). In particular, areas around shellfish farms
sinks on the planet (Losciale et al., 2024). Since the start of in the eastern Mediterranean Sea, in the Bay of Biscay, and
the century, approximately 19 % of global seagrass coverage along the coast of Norway experienced extreme conditions.
has been lost due to the cumulative impacts of direct anthro- Marine heatwaves induce stress in species, leading to weight
pogenic and climate stressors (Dunic et al., 2021; Dunic and loss, impaired nutrient absorption, and disrupted physiolog-
Coté, 2023). ical functions, which adversely affect shellfish welfare and

All ocean regions adjacent to countries producing over reduce the productivity of the affected aquaculture industry
5000t of aquaculture annually are undergoing rates of sur- (Kajtar et al., 2024; De Marco et al., 2023; Masanja et al.,
State Planet, 6-osr9, 3, 2025 https://doi.org/10.5194/sp-6-0sr9-3-2025
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Figure 3. Aquaculture production and UNESCO World Heritage marine sites in a warmed and acidified ocean. Total production of fish,
crustaceans, molluscs, and other aquatic organisms from aquaculture, excluding hatcheries and nurseries, in European countries (shown on
land) in 2023 (or latest available data; see product ref. no. 17 for more information) (grey gradient). Vertical hatching represents where 95 %
of the local sea surface temperature (SST) trend range surpasses the global average trend for the period 1982-2024 based on the product ref.
nos. 2-5, 28, and 29. Horizontal hatching is the same but for the pH trend for the period 1985-2022 based on product ref. no. 18. Brown dots

and polygons represent marine UNESCO sites (product ref. no. 19).

2023). Monitoring and forecasting marine heatwaves helps
aquaculture adapt by allowing early action to reduce losses
and protect vulnerable food systems and coastal communi-
ties (Masanja et al., 2024).

In the northeastern Atlantic and adjacent seas in 2024, ma-
jor marine heatwave events of extreme to severe category
were located adjacent to countries where 40 %—80 % of blue
economy employment relies on coastal tourism (Fig. 4). Ma-
rine industries, such as fisheries, aquaculture, and tourism,
face increasing risk from extreme climate events such as ma-
rine heatwaves, as they disrupt ecosystem functions and ser-
vices and human—ocean interactions and lead to economic
losses (Schaeffer et al., 2023; Smith et al., 2021). For ex-
ample, loss of marine habitats (Garrabou et al., 2022) or in-
vasive species as observed during marine heatwave events
is one of the most profound implications on coastal and ma-
rine tourism, as it reduces the destination’s attractiveness and
degradation of landscapes, particularly where the natural at-
tributes are of high value (Arabadzhyan et al., 2020; Cut-
tler et al., 2018; Marshall et al., 2013; Scott et al., 2012a,
b; Wong et al., 2024; Zeppel and Beaumont, 2012). This in
turn induces changes in tourism flows, leading to substantial
geospatial shifts in economic costs and benefits associated
with tourism revenue and coastal infrastructure protection,
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repair, and restoration (Arabadzhyan et al., 2020; Bayrak-
tarov et al., 2016; Weatherdon et al., 2016). Regular moni-
toring and seasonal forecasts of marine heatwaves provide a
powerful tool to reduce risks, enabling economy actors to act
early and build resilience (Hartog et al., 2023; McAdam et
al., 2023).

Fast-rising sea levels increase flood and erosion risks, and
hence the loss of property and livelihoods, in areas where
about 200 million people live on European coasts (Eurostat,
2025). All European countries with high near-coastal pop-
ulation densities (> 200 persons km~2) border ocean areas
where THE sea level is rising faster than the global average,
particularly affecting some of the continent’s most densely
populated and vulnerable regions, such as the Netherlands
(Fig. 5). Ocean change is also affecting cultural heritage. Nu-
merous cultural UNESCO World Heritage sites are in low-
lying coastal regions, and many of these sites will be par-
tially or totally flooded in the coming centuries/millennia
(Cazenave, 2014; Marzeion and Levermann, 2014). Several
UNESCO-listed ancient coastal heritage sites in the Mediter-
ranean Sea face sea level rise rates above the global av-
erage (Fig. 5) and are projected to be increasingly at risk
from coastal hazards (flooding, erosion) due to sea level rise
(Reimann et al., 2018).
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Figure 4. Biodiversity and coastal employment exposition to marine heat waves. Cumulative number of marine heatwave (MHW) days
(method following Hobday et al., 2016), considering categories 3 and above, lasting 5 d or more in 2024 based on the product ref. nos. 15
and 16 (red graduation). Purple shading represents satellite sea surface temperature (SST) grid points that have experienced at least three
persistent marine heat waves (PMHWs) from 1993 to 2024 based on product ref. nos. 15 and 16. Grey shading represents the area above
60° N and the Hudson Bay, where the surface is partially and temporally covered by ice, implying potentially less accurate MHW detection.
Percentage of employment in coastal tourism in European countries (shown on land) in 2017 based on product ref. no. 21. Black crosses show
shellfish aquaculture (product ref. no. 22). Green dots show seagrasses (product ref. no. 23). Yellow dots show cold-water corals (product ref.
no. 24). A cut-off criterion of 10 km (due to the data grid; product ref. nos. 15 and 16) has been used to obtain % estimates linking seagrass,

cold-water corals, and shellfish aquaculture to extreme and long-lasting MHW:s in 2024 (see text for more detail).

Lastly, this ocean narrative provides a valuable framework
for connecting different regional indicators. For example,
in the Aegean Sea, multiple facets of ocean change are in-
tensifying, with increasing sea surface temperatures (SST),
ocean acidification (pH), and sea level rise (SLR) and pro-
longed marine heatwave (MHW) durations. This region, rich
in culture (home to coastal and marine UNESCO sites), en-
vironment (seagrass meadows), and economy (aquaculture,
coastal tourism), faces an increasing imperative to adapt
to these local changes. Similarly, the Cantabrian Sea illus-
trates how regional indicators can collectively signal alarm-
ing trends, threatening coral reefs, coastal UNESCO sites,
and the livelihoods of the local population. The urgency to
address these changes is amplified in areas where the envi-
ronment, culture, and economy are intricately linked.

4 Conclusion

The northeastern Atlantic and adjacent seas are undergo-
ing rapid and widespread ocean changes driven by warm-
ing, acidification, sea level rise, and intensifying marine heat-
waves. These transformations present a critical barometer
for Europe’s ability to align environmental protection, eco-
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nomic resilience, and societal wellbeing within a forward-
looking ocean strategy. Regional disparities, particularly in
semi-enclosed basins such as the Baltic, Black, and Mediter-
ranean seas, show that local conditions can significantly am-
plify global and large-scale ocean trends, highlighting the
need for locally tailored responses within broader European
ocean and climate strategies.

The impacts extend across all dimensions of sustainable
development. Marine ecosystems are increasingly vulnera-
ble, with important habitats, such as cold-water corals and
seagrass beds, exposed to extreme and prolonged thermal
stress. This not only undermines biodiversity and ecosystem
services but also affects carbon sequestration and the ecolog-
ical integrity of protected areas, including UNESCO World
Heritage marine sites. Similarly, the risk to cultural heritage
is rising, especially in low-lying coastal zones of the Mediter-
ranean, where several UNESCO-listed sites face long-term
threats from coastal hazards driven by sea level rise.

The economic implications are equally significant. Aqua-
culture and tourism — both cornerstones of the coastal blue
economy — are already experiencing the consequences of
ocean extremes. Without strengthened early warning systems
and climate-smart adaptation, these sectors face growing un-
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certainty that could endanger jobs, food security, and coastal
livelihoods.

Taken together, these findings highlight the critical need
for coordinated, timely action. Climate resilience should be
a core component of conservation, economic planning, and
marine governance. Safeguarding biodiversity, supporting
vulnerable communities, and protecting cultural and natu-
ral heritage must serve as key priorities in Europe’s strategy
for addressing the growing challenges of ocean change. The
northeastern Atlantic stands not only as a prominent climate
hotspot but also as an essential region for shaping compre-
hensive ocean policies that balance environmental sustain-
ability, economic resilience, and social inclusivity.
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Abstract. The Ocean is essential to life on Earth, regulates the climate, supports rich biodiversity, sustains
livelihoods, and inspires cultures and societies. However, unregulated human impacts are putting the Ocean and
its ability to contribute to humanity at risk. The Starfish Barometer is a new initiative launched on World Ocean
Day (8 June 2025) to provide a concise, science-based annual overview of the multiple dimensions of the Ocean
through the lens of its interdependence with humanity. Each year, the Starfish Barometer will present a carefully
curated selection of Ocean-related developments, chosen for their global significance and grounded in the most
up-to-date scientific evidence, intended for a broad non-specialist audience. Rather than offering an exhaustive
review, it will spotlight key aspects, robust, evidence-based, and reflective of major developments of the year.
The Starfish Barometer emphasizes the two-way relationship between humanity and the Ocean: we impact its
future, and it shapes ours. Its distinctive format, a five-armed starfish with the current state of the Ocean on the
top arm, visually represents the balance conveyed by the four remaining arms: human-induced pressures that
are undermining Ocean health, the resulting harms to society, the Ocean protection efforts underway, and the
opportunities that the Ocean continues to offer to humanity. Key figures from the 2025 edition illustrate the
alarming state of the Ocean. Sea level has risen by 23 cm since 1901; in 2023 alone, the losses from tropical
storms and flooding totalled USD 102 billion. The 2024 Ocean temperatures broke the 64-year record, with sea-
surface temperature and marine heatwaves showing a marked increase globally. Marine animal food production
reached a record 115 x 10%t in 2022, yet 37.7 % of fish stocks remain overexploited, highlighting the urgent
need for sustainable practices. Declared protection policies currently cover 8.34 % of the Ocean’s surface, while
marine biodiversity is under threat, with now 1677 marine species recorded as being at risk of extinction.

Published by Copernicus Publications.
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1 Introduction

The Ocean! is essential to life on Earth — it regulates the
climate, supports rich biodiversity, sustains livelihoods, and
shapes cultures. Yet, information about its current state re-
mains fragmented across disciplines, reports, and institu-
tions, often inaccessible to the general public. The Starfish
Barometer responds to a pressing need: to bring together,
once a year and in one place, the most recent, reliable, and
evidence-based scientific knowledge about the Ocean for the
general public. Published each year on World Ocean Day
(8 June), the Starfish Barometer serves as a yearly civic ren-
dezvous by translating the year’s most significant Ocean-
related developments into accessible science-based insights.

What makes the Starfish Barometer unique is not the nov-
elty of the data it presents — on the contrary, all the in-
formation it includes has already been published and val-
idated in the scientific literature and institutional or inter-
national reports. Its strength lies in how it brings together
this dispersed knowledge, synthesizing it into a comprehen-
sive and integrated overview of the Ocean, aligned with the
United Nations Sustainable Development Goal related to the
Ocean, SDG 14 (UN, 2015). The Barometer is designed to
serve a broad non-specialist audience, including policy mak-
ers, educators, civil society actors, and the general public,
while remaining grounded in peer-reviewed science to en-
sure credibility and relevance for the scientific community
as well. The Starfish Barometer takes stock of the latest
available information on historical changes and current status
and trends, rather than focusing on projected futures. In this
sense, it acts as a snapshot of the year, drawing attention to
key developments and current trends or highlighting impor-
tant knowledge gaps. Each year, the Starfish Barometer se-
lects and curates Ocean-related developments — such as new
or updated scientific findings, international policy decisions,
or governance milestones — chosen for their global relevance
and based on the most recent knowledge available at the time
of publication. This selection is not exhaustive but reflects
key signals from the year, robust, factual, and representative
of major trends.

The Starfish Barometer adopts a distinctive perspective,
looking at the Ocean through the lens of its interdependence
with humanity. Humans do both good and harm to the Ocean
— and the Ocean, in turn, does both good and harm to hu-
mans. By presenting this dual relationship in a holistic and
balanced way, the Starfish Barometer highlights the complex
web of interactions that shapes the Ocean—humanity relation-
ship. It puts into perspective human pressures and protection
efforts, societal harms, and opportunities for humanity, offer-
ing a clear and accessible overview of these dynamics to em-

lThroughout the paper, we have used “Ocean” capitalized, just
as one does for Earth, to underscore the scientific recognition of
a single, interconnected global Ocean. This usage aligns with the
convention adopted by IPCC (2019).
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power informed decisions and commitments for Ocean pro-
tection. This approach emphasizes that the Ocean is a vital
environment from which we derive many benefits — provided
we take good care of it.

To visualize the balance in the relationships between hu-
manity and the Ocean, the Starfish Barometer takes the shape
of a five-armed starfish (Fig. 1). The top arm offers a global
view of the Ocean’s state. The two arms on the left side of
the starfish represent negative developments: human-induced
pressures and resulting harms to society. The two arms on
the right side reflect positive dynamics: efforts to protect the
Ocean and opportunities the Ocean provides to humanity.
The upper arms show humanity’s negative and positive im-
pacts, while the lower arms show how the Ocean harms and
creates opportunities for humanity. Thus the Starfish can be
read horizontally, from left to right (negative to positive), or
vertically, from top to bottom (human action to societal con-
sequence). Selected key information is featured as concise,
evidence-based news items, arranged along each branch of
the Starfish Barometer and highlighted through short, clear,
and accessible headlines. This format ensures scientific ob-
jectivity while making information accessible to a broad
audience. The present article establishes the peer-reviewed
scientific foundation of the Starfish Barometer (http://www.
starfishbarometer.org, last access: 8 June 2025).

2 Methodology

The content of the Starfish Barometer was curated by a mul-
tidisciplinary group of experts, who identified and selected
significant recent developments to be featured in the five the-
matic branches. The process began with each expert propos-
ing candidate news items, based on a set of common crite-
ria: global relevance, robustness of the underlying data, sig-
nificance of the development, and relevance to the Ocean—
human relationship. Sources included scientific assessments
(e.g. IPCC, FAO, OECD), new or updated datasets (e.g.
Global Carbon Budget), recent peer-reviewed scientific pub-
lications, international policy developments, data gaps, and
emerging alerts. The proposed items were then collectively
reviewed and discussed by the expert group to determine
their relevance and final selection. This process is qualitative
and adaptive by design, guided by transparent criteria and
expert judgement to ensure that each Barometer edition re-
mains accessible to the general public and focused on widely
relevant issues.

The allocation of news items to specific branches is guided
by thematic relevance but is not exclusive, as many Ocean-
related developments intersect multiple dimensions. For ex-
ample, certain topics, such as illegal, unreported, and unreg-
ulated (IUU) fishing, could be considered both a human pres-
sure and a threat to societal equity. In such cases, items were
assigned to the branch most closely aligned with the primary
focus of the issue, following a consistent editorial framework

https://doi.org/10.5194/sp-6-0sr9-1-2025



M. Lévy et al.: The 2025 Starfish Barometer

| OCEAN STATE

HUMAN
PRESSURES

" SOCIETAL
HARMS

%,

h  OPPORTUNITIES
& FOR HUMANITY

The sea is rising— its level has
increased by 23 em since 1901

Global losses from
tropical storms and floods
hit US$ 102 billion

We have set policies to
protect 8.34% of the ocean

PROTECTION
EFFORTS

1,677 marine species are
currently at risk of extinction

Marine animal food
production reached a record

of 115 million tonnes

37.7% of fish stocks
are overexploited

Figure 1. Schematic of the five branches of the Starfish Barometer and key figures for 2025. At the top, the blue branch represents the
current state of the Ocean. The four other branches can be read horizontally, from red tones on the left to green tones on the right (negative
to positive), or vertically, from darker tones at the top to lighter tones at the bottom (human actions to societal consequences). The figures

represent the most recent estimates available on 8 June 2025.

rather than rigid topic boundaries. Each branch was limited
to one page and to four key messages, anchored in recent
developments and supported, in most cases, by figures and
trend analyses.

We intentionally chose not to establish explicit logi-
cal connections between the news items within or across
branches. While the branches together form a coherent pic-
ture of the Ocean—human relationship, forcing a linear or
causal narrative might create an illusion of completeness or
determinism that does not reflect the complexity of Ocean
issues. Instead, each message stands on its own as a robust
signal from the past year, contributing to a broader mosaic of
understanding.

All figures presented in the Starfish Barometer are drawn
directly from authoritative sources and are reported as pub-
lished, in order to ensure transparency and traceability. Read-
ers interested in the methodological details or associated un-
certainties are encouraged to consult the original sources.

Each annual edition of the Starfish Barometer will fol-
low the same symbolic and structural framework, with its
five same thematic arms: Ocean state, human pressures, so-
cietal harms, protection efforts, and opportunities for hu-
manity. However, the content within each arm will evolve
yearly to reflect the most recent and relevant developments.
When new data become available — such as for carbon emis-
sions or sea level — they will be updated accordingly. Yet
not all information is refreshed annually, and the Barometer’s

https://doi.org/10.5194/sp-6-0sr9-1-2025

non-exhaustive approach provides the necessary flexibility to
highlight either new figures or important issues that may vary
from one year to the next. In this sense, the Barometer differs
from initiatives like the Global Carbon Project (Friedling-
stein et al., 2025) or the Ocean Health Index (Halpern et al.,
2012): rather than systematically updating a fixed dataset, it
offers a curated, narrative-based selection that captures the
most meaningful signals of the year.

3 2025 Starfish five arms

3.1 Ocean state

The sea is rising — its level has increased globally by
23 cm since 1901. This is a direct consequence of acceler-
ated Ocean warming and increasing ice loss from ice sheets
and glaciers. In 2024, global sea levels reached the high-
est level ever recorded since monitoring began, rising 23 cm
since 1901 (WMO, 2025; Forster et al., 2025). Over the past
decade (2015-2024), the rate of sea-level rise has been twice
as fast as in the early years of satellite records (1993-2002),
due to increasing ice loss from the Greenland and Antarctic
ice sheets, ongoing glacier mass loss, and thermal expansion
due to Ocean warming (WMO, 2025).

The Ocean reached its highest recorded temperatures,
with oxygen loss and rapid acidification threatening marine
life. The year 2024 marks a year of intense, persistent, and
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widespread heatwaves in the Ocean, and Ocean heat con-
tent reached its highest level in the 64 years for which we
have reliable recorded global observations (since 1960), sur-
passing the previous record high set in 2023 (WMO, 2025;
Cheng et al., 2025; Pan et al., 2025) and the 2015/16 record
by 0.25 °C at the Ocean surface (Terhaar et al., 2025). The
record Ocean surface temperature values reflect natural vari-
ability amplified by long-term global warming — an event un-
likely to occur without the underlying climate trend (Terhaar
et al., 2025; Guinaldo et al., 2025).

Ocean warming has doubled over the past 2 decades and
has been accelerating for the past 70 years (IPCC, 2019; von
Schuckmann et al., 2023; Miniere et al., 2023; Storto and
Yang, 2024; Forster et al., 2024). Ocean surface acidity (in
[ H ] concentration) has risen by 30 % over the past 39 years
(IPCC, 2021; von Schuckmann et al., 2024; WMO, 2025),
and open-Ocean waters have experienced an oxygen reduc-
tion of 0.8 % to 2.4 % over the past half-century to century
(Breitburg et al., 2018; Oschlies, 2021; IPCC, 2021).

1677 marine species are threatened with extinction,
with a third of sharks and over a quarter of cetaceans crit-
ically endangered, mainly due to overfishing and climate
change. As of the most recent update (May 2025), 1677 ma-
rine species are listed as being at risk of extinction on the
TUCN Red List, including 291 classified as critically endan-
gered, 647 as endangered, and 739 as vulnerable (IUCN,
2025). Among these, 1211 species are experiencing declin-
ing populations, 28 are increasing, and the remainder either
are stable or have unknown trends. This represents an in-
crease of 204 species at risk since the last reported estimate
(IOC-UNESCO, 2024). One-third of sharks, rays, and chi-
maeras are classified as threatened, with 67 % at risk of ex-
tinction due to fisheries (Jabado et al., 2024). A total of 26 %
of 92 cetacean species (whales, dolphins, and porpoises) are
threatened with extinction, and 11 % are near-threatened. The
percentage of threatened cetaceans has increased over time,
from 15 % in 1991 to 26 % in 2021 (Braulik et al., 2023).
The Ocean Census initiative has discovered 866 new marine
species in its first year, highlighting the unknown depths of
Ocean life. This pace of discovery highlights a critical risk:
countless marine species may go extinct before they are even
identified — threatened by multiple stressors such as climate
change, deep sea mining, and bottom trawling (IPOS, 2025),
making conservation efforts all the more urgent (Ocean Cen-
sus, 2025).

The fourth major coral bleaching event recorded hit
the Ocean, with almost half of all coral species threatened
with extinction and a worrying acceleration in reef degrada-
tion. Following extreme conditions in 2023 driven by histor-
ically high heat stress, the 2024 coral bleaching event is the
fourth global event on record since 1985 and the second in
the past decade (Hoegh-Guldberg et al., 2023; NOAA, 2024).
Live coral cover on reefs has nearly halved over the past
150 years, with the decline dramatically accelerating over the
past 2 or 3 decades (IPBES, 2019). A total of 44 % of reef
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coral species are threatened with extinction (IUCN, 2025).
The rapid decline in coral reefs — the Ocean’s most biodiverse
habitat — is weakening natural storm protection, threatening
biodiversity, and endangering livelihoods (IPBES, 2019).

3.2 Human pressures

Fossil fuel CO; emissions are rising, including a 2.7 %
increase from shipping. The 2024 Global Carbon Budget
projects global fossil carbon dioxide (CO;) emissions of
37.4Gt (10%¢), up 0.8 % from 2023 (Friedlingstein et al.,
2025). Emissions from international shipping are also on
the rise, with a projected 0.6 Gt of CO; in 2024 (represent-
ing 1.6 % of total global emissions), up 2.7 % from 2023
(Andrew et al., 2024); these figures rely on countries’ self-
reported data regarding fuel sales for international shipping.
Fossil fuel CO, emissions are the main contributor to recent
climate change (IPCC, 2021). They also lead to Ocean acid-
ification as approximately one-third of these emissions are
absorbed by the Ocean (Friedlingstein et al., 2025).

Unsustainable fishing hits 37.7 %, while 75 % of large
vessels go untracked. The percentage of marine stocks
fished at unsustainable levels (i.e. beyond maximum sustain-
able yield) has increased since the mid-1970s, from 10 % in
1974 to 37.7 % in 2021 (FAO, 2024). Marine fisheries’ activ-
ities involved approximately 4.9 million registered motorized
and non-motorized fishing vessels in 2022 (FAO, 2024). This
estimate represents only part of the sustainability challenge,
as it does not account for broader ecological and social im-
pacts of fisheries (Asche et al., 2025), nor for IUU fishing.
An estimated 75 % of large (> 15 m) fishing vessels operate
without proper tracking (2017-2021), challenging growing
efforts to combat IUU fishing and to regulate marine pro-
tected areas (MPAs) (Paolo et al., 2024).

Rising human and climate pressures threaten marine
habitats globally. A combination of growing pressures is
involved, including unsustainable fishing practices, pollu-
tion, Ocean warming, acidification, and oxygen loss push-
ing marine ecosystems and species beyond their tolerance
limits. Climate change is driving the loss of suitable habi-
tats globally, with the most pronounced shifts in species
richness occurring in tropical ecosystems (Chaudhary et al.,
2021). Coastal ecosystems are also showing increasing signs
of degradation. Since 1950, coastal hypoxia has increased
10-fold, reducing the extent and quality of coastal habitats
critical to marine biodiversity (Breitburg et al., 2018). Cli-
mate change and pollution-driven eutrophication have caused
arise in the reporting of nearshore macroalgal blooms (green
tides) worldwide over the past 2 decades (Ren et al., 2024),
although comprehensive global estimates are lacking. Also,
50 % of mangrove ecosystems are at risk of collapse (IUCN,
2024), and over half of World Heritage seagrass habitats have
high vulnerability to climate change (Losciale et al., 2024),
while 33 % of the world’s sandy coastline is currently hard-
ened by human-made structures (Nawarat et al., 2024). The
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multiple uses of coastal areas — like coastal infrastructures,
tourism, fish farming, and offshore structures — are putting
more pressure on Ocean habitats, through pollution; habitat
destruction; and increased risks of marine pathogens, par-
asites, and invasive species, especially as coastal popula-
tions grow: in 2018, about 2.2 billion people, or 30 % of the
world’s population, lived within 50 km of the coast (Cosby et
al., 2024).

Plastic pollution is rising but still no global system
to monitor and assess it. Global plastic production surged
from 2 Mt (10° t) in 1950 to 413.8 Mt in 2023, of which only
8.7 % is from recycled origin (Plastics Europe, 2024). Plas-
tic waste accounts for over 80 % of identified aquatic debris
(Harris et al., 2023). In 2021, plastic accumulation in rivers
and the Ocean was estimated at 75-199 Mt (UNEP, 2021).
Marine plastic pollution has been reported since the 1970s,
but the absence of a unified global monitoring system still
hampers effective assessment and response (Galgani et al.,
2024).

3.3 Societal harms

Global losses from tropical storms and floods hit
USD 102 billion. In 2023, the loss of economic assets caused
by tropical cyclones and floods was worth USD 102 bil-
lion (inflation-adjusted, Munich RE, 2025a, b). Since 1980,
losses have grown exponentially and now regularly exceed
USD 100 billion per year, costing 25 % more to human pop-
ulations every decade in inflation-adjusted terms (Nordhaus,
2006). Tropical storms often trigger heavy rainfall resulting
in floods, casualties, and destruction of assets worth billions
of dollars (Kron et al., 2019). Approximately 560 million
people are exposed yearly, and this number has increased
across all cyclone intensities over the past 2 decades (Jing
et al., 2024).

Insurance premium costs incurred by maritime activi-
ties grew by 5.9 % with the expansion of global trade and in-
creasing threats. Global marine insurance premiums totalled
USD 38.9 billion in 2023, a 5.9 % increase from 2022 (IUMI,
2024). Steady growth has occurred over the past 5 years.
Geopolitical tensions on global trade routes have signifi-
cantly impacted insurance premiums and increased voyage
costs by rerouting vessels, causing longer transit times. The
growth also reveals the rise in insurance costs against hur-
ricanes, war conflicts, and piracy. The main insurance pre-
miums reported by the International Union of Maritime In-
surance (IUMI) and P&I (Protection and Indemnity) clubs
insure around 95 % of all risks, but public insurance figures
only provide a partial view of total risk exposure (Knapp and
Heij, 2017). In particular, damage to marine ecosystems in
the case of oil spills varies widely, and some cannot be val-
ued in monetary terms (El Moussaoui and Idelhakkar, 2023).

9002 migrants lost their lives at sea — the highest casu-
alty loss recorded in the past decade. More than 73 000 mi-
grants have died or disappeared at sea during the past decade,
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with the highest toll in 2024 with 9002 fatalities or disap-
pearances (IOM, 2025). This represents a 3 % increase from
2023 but a 25 % increase from 2022. Poverty, unemploy-
ment, starvation, and insecurity are the main drivers of mi-
gration (Ndaliman and Abubakar, 2024). Changing environ-
mental conditions, e.g. from sea-level rise, depletion of ma-
rine resources due to overfishing, and climate variability, are
also important drivers of forced displacement (McLeman et
al., 2025). However, the link between oceanic changes and
migrant fatalities remains unclear and requires further inves-
tigation.

USD 250 billion health costs and 1200 species affected
by marine plastic pollution. In 2015, health costs related
to plastic exposure through seafood exceeded USD 250 bil-
lion globally (Landrigan et al., 2023). Chemicals carried by
microplastics have been found in human blood, fat, and urine
and are linked to cancer, infertility, obesity, heart disease, and
developmental issues in babies — even before birth (European
Environment Agency et al., 2021). Over 1200 marine species
were reported to be harmed by plastic pollution through en-
tanglement, ingestion, and chemical contamination (Santos
etal., 2021).

3.4 Protection efforts

Global protected areas hits 8.34 %, but efforts are still
needed to effectively reach the 30 % target. Over the past
decade, the global coverage of MPAs has increased signifi-
cantly, from 3.72 % of the global Ocean in 2015 (Lubchenco
and Grorud-Colvert, 2015) to 8.34 % in 2024 (corresponding
to 30.238 x 10° km?), but is still far from the 30 x 30 tar-
get (protecting 30 % of the coastal and marine waters by
2030) (Protected Planet, 2025; UNEP-WCMC and IUCN,
2024). While 19 % of national waters (39 % of the Ocean) are
protected, just 1.45 % of areas beyond national jurisdiction
(61 % of the global Ocean) have protection (Protected Planet,
2025). Between 2023 and 2024, the surface covered by MPAs
only increased by 0.007 % (Protected Planet, 2024). Glob-
ally, one in four MPAs exist only on paper (i.e. are not effec-
tively implemented), and an additional third fails to truly sup-
port conservation goals (Pike et al., 2024). Only a third of the
global coverage of MPAs is fully or highly protected (Pike et
al., 2024). Ensuring that the global network of MPAs delivers
its expected benefits for climate, biodiversity, and food secu-
rity requires not only achieving the 30 % coverage target, but
also increasing the level of protection within MPAs (Arneth
et al., 2023).

Multilateral Ocean governance advances, highlighted
by 21 ratifications of the High Seas Treaty. In 2024, the UN
High Seas Treaty entered a critical phase with national rat-
ifications and implementation planning. As of April 2025,
21 countries had ratified the treaty (High Seas Alliance,
2025). This treaty aims to promote the conservation and sus-
tainable use of marine Biodiversity Beyond National Juris-
diction (BBNJ) — covering nearly two-thirds of the Ocean
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(Blasiak and Claudet, 2024) — including via capacity build-
ing, transfer of marine technology and equitable sharing of
the benefits of marine genetic resources. In 2024, new global
guidelines were adopted to strengthen sustainable fisheries
management by improving transparency, combating IUU
fishing, restricting catch limits, and expanding Al-powered
satellite monitoring (FAO, 2024; European Commission,
2024; Global Fishing Watch, 2024). The year 2024 also
saw major advancements in blue carbon initiatives and ma-
rine renewable energy (Global Mangrove Alliance, 2024). In
March 2022, a resolution was adopted by the UN to end plas-
tic pollution through a legally binding agreement (UNEA-
5). In July 2023, the International Maritime Organization
adopted a new climate strategy targeting a 40 % cut in carbon
intensity from international shipping by 2030, alongside a
push for at least 5 % of the sector’s energy to come from zero
or near-zero emission fuels and technologies (IMO, 2023).
In 2024, the International Tribunal for the Law of the Sea is-
sued a landmark opinion (ITLOS, 2024), addressing states’
obligations to protect the Ocean from climate change impacts
within the framework of the United Nations Convention on
the Law of the Sea (UNCLOS).

Equity rises as a driving force in global Ocean con-
servation, climate and sustainable development. Equity is
increasingly recognized as an enabler of environmental
sustainability, economic development, and global stability
(Osterblom et al., 2023; Claudet et al., 2024). The Conven-
tion on Biological Diversity (CBD) explicitly introduces eq-
uity in the Aichi Target 11 (CBD, 2010) and in the Kunming-
Montreal Global Biodiversity Framework (CBD, 2022). Eqg-
uity is a core principle of the 2030 Sustainable Develop-
ment Agenda (UN, 2015). Since 2021, the UN Decade of
Ocean Science for Sustainable Development has supported
equitable access to Ocean knowledge and capacity building
(Claudet et al., 2020). Equity is now central in sustainable
planning efforts (Strand et al., 2024). Grassroots resistance
efforts led by coastal communities have successfully stopped
unfair exposure to environmental harms and preserved their
livelihoods (Blythe et al., 2023).

Ocean literacy is gaining global momentum, with un-
precedented growth in educational activities. Ocean Literacy
is becoming a key pillar of Ocean and coastal management
and policy (Shellock et al., 2024). Since 2021, 418 Ocean
literacy activities and 27 projects have been endorsed under
the UN Decade of Ocean Science. In 2024, the release of
the Venice declaration offers a global framework for Ocean
literacy IOC-UNESCO, 2024; Ocean Literacy World Con-
ference, 2024).

3.5 Opportunities for humanity

Marine animal food production reached a record 115 mil-
lion tonnes, meeting a global demand with environmental
costs. Marine aquaculture has almost quadrupled since the
1990s, reaching 35.3 Mt in 2022 (FAO, 2024), and now cor-
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responds to 31 % of the total production of marine animal
foods (FAO, 2024). In comparison, global marine capture
fisheries’ production has remained relatively stable since the
1990s, reaching 79.7 Mt in 2022. While sustainable aquacul-
ture production is possible, the sector’s diversity means some
systems still cause significant environmental harm (Garlock
et al., 2024). Overall, the global apparent consumption of
aquatic animal food increased by 3 % per year between 1961
and 2021 - outpacing both the growth of the world’s popula-
tion (1.6 % per year) and the consumption of terrestrial meats
(FAO, 2024). Over the same period, the internationally traded
value of aquatic animal products grew by an average of 4.0 %
annually, highlighting their increasing importance as one of
the most extensively traded food commodities worldwide
(FAO, 2024). These trends underscore that strengthening the
sustainability of aquatic food production is essential to re-
duce environmental impacts and harness emerging economic
opportunities.

The marine-derived health market is growing amid
high inequity, with +7.5 % for marine-derived pharmaceu-
tical sales. In 2024, a landmark global database contain-
ing 308.6 million gene clusters of marine origin was pub-
lished (Laiolo et al., 2024), marking the largest collection
of its kind to date and highlighting the acceleration in bio-
prospecting for new marine genetic resources (Krusberg et
al., 2024). Future potential is vast given that 70 %-90 % of
marine species are still undescribed (Sigwart et al., 2021).
The global market for marine-derived pharmaceuticals was
valued at USD 4.1 billion in 2023 (Fact.MR, 2023), while the
marine oligosaccharides market — including pharmaceuticals
but also cosmetics and other uses — reached USD 3.56 bil-
lion in 2024 (Precedence Research, 2025). Both markets
are growing rapidly, with marine-derived pharmaceuticals
sales increasing by 7.5 % between 2018 and 2022 (Fact.MR,
2023). However, access to marine genetic resources remains
highly inequitable, with nearly half of all patents owned by
a single company (Blasiak et al., 2018). Moreover, a criti-
cal point is the harvest of sufficient amounts of compounds
without harming the marine environment (Lindequist, 2016).

USD 2.6 trillion Ocean economy powers 134 million
jobs — but at an environmental cost. Between 1995 and 2020,
the Ocean economy contributed between 3 % and 4 % of to-
tal global gross value added, doubling from USD 1.3 trillion
to USD 2.6 trillion (OECD, 2025). Its share of global em-
ployment also rose, from 3.5 % to 4.7 %, with 134 million
full-time equivalent (FTE) jobs in 2019 before the COVID-
19 pandemic. In 2022, 43.9 million people were engaged
in marine fisheries, aquaculture, or unspecified subsectors
(FAO, 2024). The expansion has been largely driven by
two sectors with high environmental impacts: offshore oil
and gas (USD988 billion in 2020) and coastal and ma-
rine tourism (USD 789 billion in 2019), the latter employ-
ing 80 million FTEs. Offshore wind and marine renew-
able energies, however, experienced the fastest growth, with
gross value added rising from USD 38.2 million in 2000 to
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USD 4.6 billion in 2020 (OECD, 2025; Jouffray et al., 2020).
Reducing the environmental costs of Ocean-based industries
— through expanding alternative energy sources and improv-
ing sustainability — presents major opportunities for sustain-
able economic growth.

Small-scale fisheries support 88 % of marine harvest
jobs and USD 51.8 billion. Marine small-scale fisheries ac-
count for a significant fraction of the total annual marine
landings with an estimated 25.1 Mt (31.2 % of global land-
ings) (FAO et al., 2023; Gutierrez et al., 2023), representing
an average (2013-2017) USD 51.8 billion annual landed eco-
nomic value, higher than the revenues of cruise tourism, port
activities, or offshore wind (Virdin et al., 2023). Although
data remain incomplete and vary across regions, available
estimates suggest that small-scale fisheries generate around
40 % of global fisheries catches (Basurto et al., 2025). They
employ approximately 12.9 million people in the harvest-
ing segment, which represents 88.1 % of total employment
in marine fisheries value chains, and they contribute directly
to sustainable development by providing livelihoods, cultural
value, and critical nutrition — especially to vulnerable soci-
etal groups (Basurto et al., 2025). Strengthening the sustain-
ability and resilience of small-scale fisheries — including ad-
dressing pressures from other Ocean sectors — is key to safe-
guarding their vital role in eradicating poverty, hunger, and
malnutrition.

4 Conclusion

With the growing demand for evidence-based information,
there is an urgent need to improve regular access to coher-
ent, cross-disciplinary Ocean knowledge in order to foster
well-informed awareness. The Starfish Barometer addresses
this need by acting as a recurring synthesis and access point
for such knowledge, drawing on multilateral scientific as-
sessments — such as those from the IPCC, IPBES, and the
World Ocean Assessment — as well as recent international
reports and peer-reviewed academic research. Several global
initiatives already contribute to monitoring various aspects of
Ocean health, such as the Ocean Health Index (Halpern et al.,
2012, 2017) or the Ocean State Report (von Schuckmann et
al., 2024). The Starfish Barometer complements these efforts
by adopting a distinct narrative format and focusing each
year on a carefully selected set of developments. Its symbolic
structure and non-exhaustive nature allow it to highlight new
evidence, figures, or issues as they emerge, helping connect
scientific knowledge to a broader civic and policy-oriented
conversation.

Each year, the Starfish Barometer will spotlight a curated
set of Ocean-related developments that have stood out over
the past 12 months. For its first edition, the Starfish Barome-
ter has brought together a curated selection of Ocean-related
developments, chosen for their global relevance and sci-
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entific robustness, drawing on the most recent information
available — even when published prior to the past year.

The view of this first Starfish Barometer reveals that the
Ocean is undergoing rapid and alarming changes, marked
by record heat, rising seas, widespread species decline, and
threatened major ecosystems. Increasing pressures from ris-
ing greenhouse gas emissions and overexploitation are de-
grading the health of the Ocean, and pollution and habitat
loss, particularly in coastal areas, are intensifying these chal-
lenges, while gaps in the global monitoring system hamper
effective responses. The escalating costs of tropical storms
and floods, coupled with rising migration fatalities, under-
score the disproportionate burden for vulnerable populations
and ecosystems. Likewise, the persistent threat of marine
plastic pollution exposes the environmental injustice faced
by both marine life and at-risk human communities, exac-
erbating existing vulnerabilities. At the same time, global
Ocean protection is advancing, with marine protected areas
now covering 8.34 % of the Ocean, but urgent action is still
needed to reach common targets. Milestones such as the UN
High Seas Treaty, progress on plastic pollution agreements,
and a growing focus on equity and Ocean literacy are driving
significant momentum towards stronger and more sustain-
able Ocean governance. Also, the Ocean economy is expe-
riencing significant growth, driven by sectors such as marine
aquaculture, offshore wind, and tourism. However, this ex-
pansion also brings environmental challenges, with the con-
tinued pressure on marine ecosystems from high-demand in-
dustries. Small-scale fisheries continue to play a critical role
in both global food production and coastal livelihoods but are
increasingly vulnerable to climate change and pressures from
other Ocean activities.

With the third United Nations Ocean Conference taking
place in June, and the ratification of the High-Seas Treaty
on the horizon, 2025 stands as a critical juncture for Ocean
governance — where multilateral cooperation and concrete
actions are more urgent than ever. The 2025 Ocean Starfish
Barometer highlights several strategic leverage points to ac-
celerate progress on SDG 14 (UN, 2015), including reducing
marine pollution (14.1), protecting ecosystems (14.2), tack-
ling overfishing and destructive practices (14.4), conserv-
ing marine areas (14.5), strengthening Ocean science (14.A),
supporting small-scale fishers (14.B), and upholding interna-
tional law (14.C). It also highlights major gaps, such as the
lack of an operational global monitoring system for plastic
pollution in the Ocean.

These alignments demonstrate the Starfish Barometer’s
potential to serve not only as a communication tool but
also as a monitoring instrument that can contribute to track-
ing progress toward global Ocean commitments. Beyond its
global scope, the Starfish Barometer offers a flexible and
adaptable framework — one that can be tailored for use at
national or regional levels, integrated into educational pro-
grammes or used by institutions and NGOs to support re-
porting and awareness raising. Its accessible design allows
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it to serve multiple purposes, from fostering civic engage-
ment to informing policy dialogue. By connecting people to
the Ocean through clear, meaningful insights, the Starfish
Barometer seeks to spark reflection, responsibility, and ac-
tion. It is a reminder that while the Ocean sustains life on
Earth, its future — and ours — depends on the decisions we
make today.
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Abstract. Micronekton are mid-trophic marine organisms characterized by a size range of 2 to 20 cm, gathering
a wide diversity of taxa (crustaceans, fish, molluscs). They are responsible for an important active carbon export
to the deep ocean because of their diel vertical migrations and constitute the main prey for pelagic predators. A
new method has been proposed in the literature to define provinces that identify micronekton functioning pat-
terns based on environmental variables. Following this methodology, we define homogeneous provinces using
environmental variables computed from Copernicus Marine Service products. These provinces represent a rel-
evant way to define regions of interest, offering a regional scope of study for micronekton indicators and their
evolution in time. In this study, we observe the evolution of the provinces in time from 1998 to 2023 to account
for the decadal to climatic variability. We focus on the variations in surface area and average latitude of each
province. We observe a global shrinking of productive provinces and polar provinces in favour of equatorial and
tropical provinces’ expansion. Additionally, tracking the geographical changes in the provinces over time shows

that most are shifting toward the poles.

1 Introduction

The intermediate level of the oceanic food web is constituted
by a group of marine organisms called micronekton, under-
studied but garnering increasing attention. This key compo-
nent of marine ecosystems characterized by organisms in a
size range from 2 to 20 cm contains a wide diversity of taxa
such as crustaceans, fish, molluscs and gelatinous species
(Brodeur et al., 2004; Escobar-Flores et al., 2019). Micronek-
ton mostly feed on zooplankton and are the main prey of
large marine predators, some of which are of crucial eco-
nomic importance (e.g. tunas; Bell et al., 2015; Terawasi and
Reid, 2017; McCluney et al., 2019). In addition to their role
as prey for commercially exploited top predators (Young et

Published by Copernicus Publications.

al., 2015), mesopelagic micronekton itself could become a
valuable resource for fisheries due to the increasing demand
for fishmeal for aquaculture (St. John et al., 2016; Gatto
et al., 2023). Another aspect of micronekton worthy of in-
terest lies in its migratory behaviour, which impacts global
carbon export (Pinti et al., 2021; Buesseler et al., 2022) by
actively transporting and sequestrating carbon beneath the
mixed layer (Bianchi et al., 2013; Boyd et al., 2019; Gorgues
et al., 2019).

Therefore, estimating micronekton biomass is a major
concern for fisheries management and climate regulation. Di-
rect observations of micronekton primarily rely (i) on ship-
borne acoustic measurements, which does not yet provide a
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Table 1. Product table.

Product  Product ID and type Data access Documentation
ref. no.
01 GLOBAL_MULTIYEAR_BGC_001_033; EU Copernicus Marine ~ Quality information document (QUID):
numerical models Service Information Titaud et al. (2024a)
(2024a) Product user manual (PUM):
Titaud et al. (2024b)
02 GLOBAL_MULTIYEAR_BGC_001_029; EU Copernicus Marine  Quality information document (QUID):
numerical models Service Information Perruche et al. (2024)
(2024b) Product user manual (PUM):
Le Galloudec et al. (2024)
03 MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015_012; EU Copernicus Marine  Quality information document (QUID):

in situ observations, satellite observations

Greiner (2023)
Product user manual (PUM):
Verbrugge et al. (2023)

Service Information
(2024¢)

reliable representation of the micronekton biomass (McGe-
hee et al., 1998; Kloser et al., 2002), and (ii) on trawl sam-
pling, which is susceptible to biases due for example to
species avoidance (Kaartvedt et al., 2012) and has a coarse
sampling. Numerical models, such as the Spatial Ecosystem
and Population Dynamics Model — Lower and Mid-Trophic
Levels (SEAPODYM-LMTL; Lehodey et al., 2010, 2015;
Conchon, 2016) are complementary tools for studying mi-
cronekton biomass. Indeed, by simulating micronekton dy-
namics based on key biological and physical processes (such
as growth, recruitment, mortality and environmental influ-
ences), these models provide a continuous representation of
micronekton biomass across space and time. This helps fill
observational gaps, enabling the analysis of large-scale pat-
terns, the simulation of future scenarios and ultimately a bet-
ter understanding of the mesopelagic ecosystem.

One approach to quantify and characterize the mid-trophic
level populations is the definition of homogeneous provinces.
Longhurst (1995, 2007) was the pioneer and defined a
static vision of biogeographical provinces based on chloro-
phyll fields. Various combinations of features have been
used to create accurate definitions of provinces for each
field: environmental features such as the distribution of
species (Costello et al., 2017) and phytoplankton species as-
semblages (Elizondo et al., 2021), biogeographic insights
from multi-expertise discussions (Sutton et al., 2017), and
fisheries-related data such as catch per unit of effort of com-
mercial fisheries (Reygondeau et al., 2012). Acoustic-based
regionalization is also explored, using environmental drivers’
classifications to model backscattering characteristics (Proud
et al.,, 2017) or recently partitioned acoustic data accord-
ing to the vertical structure of sound-scattering mid-trophic
biomass (Ariza et al., 2022).

Complementing these approaches, Albernhe et al. (2024a)
proposed a new methodology for regionalizing the global
ocean into biophysical provinces based on environmental
variables. Since the present study builds upon Albernhe et
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al. (2024a), we detail the main and key findings of the prior
study in the following sentences. The ambition of the prior
study (Albernhe et al., 2024a) was to identify micronek-
ton homogeneous functioning patterns using a parsimonious
set of biophysical variables that are known to have an im-
pact on micronekton biomass (epipelagic layer temperature,
stratification of the mesopelagic ocean temperature and net
primary production (NPP)). Clustering these variables re-
sults in a global classification of six distinct biomes (tropi-
cal, subtropical, eastern boundary coastal upwelling systems,
oceanic mesotrophic systems, subpolar and polar biomes).
The authors also defined a monthly time series of biomes
for the 1998-2019 time period. From these large biomes,
provinces are derived as biomes’ subdivisions at the scale
of ocean basin and hemisphere. A characterization of these
provinces with simulated micronekton from SEAPODYM-
LMTL model outputs identifies biome-specific relations be-
tween micronekton biomasses and the environmental vari-
ables used in the clustering. Additionally, biome-specific
vertical structures are indicated by ratios of modelled mi-
cronekton functional groups (i.e. groups of micronekton
with specific migratory behaviour and specific depth habi-
tat). Boundaries between provinces have also been validated
using acoustic data. With demonstrated accuracy in homo-
geneous micronekton characteristics, these provinces enable
the gathering and extrapolation of the few available obser-
vation data of micronekton over large homogeneous areas.
This could benefit the exploration of the micronekton spatio-
temporal variability within global or regional datasets.

In the present study, we focus on provinces’ features,
such as surface area and positional changes, which serve
as valuable indicators providing insights into the evolution
of ecosystem structure over time, both globally and region-
ally. Following Albernhe et al.’s (2024a) methodology, we
define in the present study an annual time series of biophysi-
cal provinces from 1998 to 2023. We observe the evolution of

https://doi.org/10.5194/sp-6-0sr9-4-2025
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two geographical indicators: the surface area and the average
latitude of each province.

2 Material and methods

2.1 Environmental variables and biophysical clustering

We define a time series of biophysical provinces from 1998
to 2023 following Albernhe et al.’s (2024a) approach. The
publication offers a methodology for global ocean regional-
ization based on environmental variables, with no gaps and
no overlaps, displaying homogeneous biophysical character-
istics. While the overall methodology is detailed in Albernhe
et al. (2024a), we outline the different steps of the method be-
low to ensure this study is comprehensive and self-contained.

We consider three environmental variables that are known
to have an impact on micronekton: the mean tempera-
ture in the epipelagic layer, the temperature gradient be-
tween the epi- and the meso-pelagic layers as an in-
dex of the stratification (hereafter referred to as “strat-
ification”), and the integrated NPP. The pelagic layers
mentioned are defined as in SEAPODYM-LMTL. These
variables are computed from the biological and physical
Copernicus Marine Service datasets of the product Global
Ocean low and mid trophic levels biomass content hindcast,
GLOBAL_MULTIYEAR_BGC_001_033 (1/12° horizontal
resolution, product refO1, Table 1). In the product, the weekly
3D temperature fields come from the GLORYS12V1 simu-
lation. NPP and the associated euphotic depth are computed
using the Vertically Generalized Production Model (VGPM)
of Behrenfeld and Falkowski (1997) which is based on the
Satellite Observations reprocessed Global Ocean Chloro-
phyll product. The spatial domain of our study is restricted to
the area where the depth of the water column supports the ex-
istence of all three pelagic layers as defined in SEAPODYM-
LMTL (i.e. roughly 1000 m deep; see “Material and Method”
section of Albernhe et al., 2024a). Consequently, shallow
coastal areas are excluded from this analysis. Annual time
series of these three variables (i.e. epipelagic layer tempera-
ture, stratification and NPP), spatially averaged on a global
scale, are provided in the Supplement (Fig. S1). This illus-
trates how the global mean values of temperature, stratifica-
tion and NPP fluctuate over time, reflecting interannual vari-
ability and decadal trends at the global scale.

As described in Albernhe et al. (2024a), a principal
component analysis (PCA) (Hotelling, 1933) is performed
on the three environmental variables mentioned above
(i.e. epipelagic layer temperature, stratification and NPP),
producing empirical orthogonal functions that strongly mir-
ror those identified in Albernhe et al. (2024a). We selected
the two principal components that explain the most variance,
accounting for 98.1 % of the variance (68.2 % and 29.9 % for
the first and second PCA respectively).

Then, a clustering is performed on the two principal com-
ponents, hereafter referred to as “biophysical clustering”.

https://doi.org/10.5194/sp-6-0sr9-4-2025

Our goal is to define homogeneous biophysical biomes by
detecting intrinsic patterns or structures within the data, with-
out relying on any predefined clustering assumptions. Thus,
the biophysical clustering is performed using the unsuper-
vised k-means machine learning algorithm (Lloyd, 1982; Pe-
dregosa et al., 2011), which partitions the observations into
k homogeneous clusters (see “Material and Method” section
of Albernhe et al., 2024a). In Albernhe et al. (2024a), we
identified six clusters (k = 6) to classify global-scale environ-
mental data, effectively distinguishing biophysical biomes.
In this study, the different metrics used to determine the opti-
mal number of clusters do not exhibit a strongly pronounced
pattern. One suggests that k =5 could be a suitable choice,
albeit not with strong certainty. To ensure consistency with
Albernhe et al. (2024a), we maintain k =6, allowing us to
build upon our previous findings on micronekton biomass
and vertical structure. The clusters derived from the cluster-
ing define six homogeneous biomes on a global scale, here-
after referred to as “biophysical biomes”.

First, the training phase of the k-means algorithm is ap-
plied to time-averaged 1/12° datasets from 1998 to 2023.
This process defines static reference biophysical biomes, rep-
resenting the average state of the ocean over the entire period.
After the training phase, the clustering model parameters are
estimated, and we can use this model to make predictions
on other data. Then, the prediction phase of the k-means al-
gorithm is applied on monthly data over the same time pe-
riod (1998-2023) (see “Material and Method” section of Al-
bernhe et al., 2024a). This produces a monthly time series of
biophysical biomes.

The six biophysical biomes obtained from the clustering of
environmental data characterize homogeneous environmen-
tal regimes on a global scale. Since similar oceanographic
regimes occur in multiple locations, biophysical biomes ex-
tend across various ocean basins. In this study, we also de-
lineate “provinces” as subdivisions of biomes at the scale of
ocean basins and hemispheres that have been shown to be
characterized by stable biophysical drivers and potential tax-
onomic identity (Spalding et al., 2012; Sutton et al., 2017;
Albernhe et al., 2024a). This subdivision of each of the six
biophysical biomes results in the definition of 27 provinces,
establishing regional frameworks for studying micronekton.

2.2 Trends identification

The aim of this study is to analyse the evolution of the
provinces in time from 1998 to 2023. The biophysical data
described in the previous section are available at a monthly
resolution and monthly provinces are derived through clus-
tering, in order to follow Albernhe et al.’s (2024a) method-
ology. While provinces are resolved monthly, our analysis
focuses on decadal to climatic trends aiming to identify long-
term patterns in their evolution. To study the temporal vari-
ability and identify potential trends over the 26 years, we
consider the annual time series. We calculate indicators based
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on the monthly definition of provinces and then compute the
annual averages of these indicators. We document the evo-
lution of two geographical indicators for each province: the
surface area and the average latitude. The average latitude
diagnostic has been designed to assess a potential poleward
displacement of certain provinces (see Hastings et al., 2020;
Pinsky et al., 2020, and references therein).

To evaluate the evolution of surface area over time, our
approach is based on a simple linear regression model ap-
plied to the annual surface area (in km?) of each province
from 1998 to 2023. We analyse the slope of the regression (in
km? yr~!) to account for the direction and first-order magni-
tude of variability. Rather than directly comparing the years
1998 and 2023 to quantify the variation between these dates
(which would assume that surface areas for these 2 years per-
fectly align with a statistically significant linear trend), we
project the equivalent evolution over 26 years based on the
slope of the regression (i.e. 26 x slope). From this projected
variation, we compute the percentage change in surface area
over 26 years (in %) relative to the surface area at the start of
the time series (year 1998).

Similarly, to track the poleward drift of provinces over
time, our approach is based on a simple linear regression
model applied to the average latitude of each province from
1998 to 2023. We analyse the slope of the regression (in de-
grees poleward per year) to account for the direction and
first-order magnitude of variability. The “degree poleward”
unit that we use for this diagnostic is associated with degree
N for provinces in the Northern Hemisphere and degree S
for provinces in the Southern Hemisphere. Thus, provinces
belonging to the equatorial Biome 1 (provinces 101, 102 and
103) are not considered in this diagnostic because of their
equatorial position. Rather than directly comparing the years
1998 and 2023 to quantify the variation between these dates,
we project the equivalent evolution over 26 years based on
the slope of the regression (in degree poleward), following
the same approach as described for the surface area metric.

To track the poleward drift of provinces over time, we
analyse the slope (in degrees poleward per year) of a lin-
ear regression model based on the average latitude of each
province throughout the annual time series from 1998 to
2023. The “degree poleward” unit that we use for this diag-
nostic is associated with degree N for provinces in the North-
ern Hemisphere and degree S for provinces in the South-
ern Hemisphere. Thus, provinces belonging to the equatorial
Biome 1 (provinces 101, 102 and 103) are not considered
in this diagnostic because of their equatorial position. De-
rived from the linear regressions, we estimate the poleward
variation trend over the 26 years for each province (in de-
gree poleward), based on the difference between the first and
last point of the regression (respectively matching 1998 and
2023).

Recapitulative tables for each of these two metrics are
provided in the Supplement (Table S1 for surface area and
Table S2 for mean latitude). These tables present, for each
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province, the trend from the linear regression model, the to-
tal variation over the 26 years and the coefficient of determi-
nation (R?) for each regression. R? is a statistical measure
that evaluates the degree of fit between the observed values
and the linear regression model, allowing the statement of
statistically significant linear trends. A 26-year period is too
short to detect statistically significant trends in such biophys-
ical features. Due to interannual variability, R? values are not
expected to be close to 1, which would indicate statistical
significance of the linear trends. The purpose of the linear re-
gressions is to identify the direction and relative magnitude
of the trends rather than to confirm their statistical signifi-
cance. Caution must be taken while considering such trends.
Thus, scatter plots of the annual time series for surface area
(Fig. S2) and mean latitude (Fig. S4), with the corresponding
linear regression, are provided in the Supplement for each
province. These plots allow for the direct observation of the
time series.

3 Results

3.1 Biophysical provinces’ definition

To define the homogeneous biophysical biomes, we perform
a clustering on the two principal components generated by
the PCA performed on the three environmental variables
(i.e. epipelagic layer temperature, stratification and NPP).
From the learning phase of the clustering algorithm, six static
reference biophysical biomes (Fig. 1) are defined on a global
scale, representing the average state of the ocean over the en-
tire period.

The six reference biophysical biomes are characterized as
tropical, subtropical, eastern boundary coastal upwelling sys-
tems, oceanic mesotrophic systems, subpolar and polar (re-
spectively numbered from 1 to 6). The subdivision of these
biomes according to ocean basin and hemisphere leads to the
definition of 27 biophysical provinces (identified by different
shades of the biomes’ colours in Fig. 1).

The monthly time series of these provinces is available
as an animation in the “Video supplement” showing the
provinces’ geographical evolution in time from 1998 to 2023
(https://doi.org/10.5446/68853, Albernhe et al., 2024b). To-
gether with the variations in ocean environmental conditions,
the geographical extent of provinces evolves in time.

The different biomes and associated provinces are charac-
terized by specific environmental regimes (Fig. 2). Focusing
on the biophysical conditions for each province, we consider
the data distribution for averaged epipelagic layer tempera-
ture, stratification and NPP. Figure 2 shows monthly values
of these three variables from 1998 to 2023, spatially averaged
for each biome.

Biome 1 (the tropical biome) is characterized by the
warmest and most stratified waters, associated with relatively
low biological production. A similar but less pronounced
pattern is observed for Biome 2 (the subtropical biome).

https://doi.org/10.5194/sp-6-0sr9-4-2025
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Figure 1. Map of reference biophysical biomes obtained by PCA principal component clustering from averaged epipelagic layer temperature,
stratification and NPP over the 1998-2023 time period. Geographical separation between different areas of the same biome defines 27
associated provinces. Provinces are identified by different shades of biomes’ colours, defined in the legend. One label is attributed to each
province with the hundreds’ digits corresponding to the biome in which they belong. Grey areas delimitate the domain where the depth of
the water column is not sufficient to ensure the existence of the three pelagic layers of SEAPODYM-LMTL (product ref 01, Table 1).

Biome 3 (the eastern boundary coastal upwelling systems)
is by far the most productive biome. Biome 4 (the oceanic
mesotrophic systems) also exhibits high NPP values, though
weaker than Biome 3. Biome 5 (the subpolar biome) is
weakly stratified, is characterized by cold waters, and shares
a similar NPP range with Biomes 1 and 2. Biome 6 (the po-
lar biome) features the weakest stratification and the lowest
epipelagic layer temperatures among all biomes.

3.2 Provinces’ surface area evolution

We aim to observe the geographical evolution of the
provinces in time from 1998 to 2023. We provide in the Sup-
plement, for each province, a scatter plot for the annual sur-
face area for the period 1998-2023, with the associated linear
regression (Fig. S2). The slopes of the linear regression mod-
els computed from the annual time series of surface area for
each province are computed (see Supplement Table S1, third
column). These trends (in km? yr~!) are also expressed as the
equivalent percentage of evolution between 1998 and 2023
(in %; Table S1, fourth column). The latter is displayed in
Fig. 3 as a map of the reference biophysical provinces show-
ing their surface evolution in time from 1998 to 2023.

From 1998 to 2023, there was a decline in the surface
area of productive provinces (i.e. characterized by high NPP)
in eastern boundary coastal upwelling systems and oceanic
mesotrophic systems (provinces belonging to Biomes 3 and
4, i.e. labelled 300s and 400s), as indicated by the provinces

https://doi.org/10.5194/sp-6-0sr9-4-2025

coloured with shades of blue in Fig. 3. Most of the polar and
subpolar provinces such as the North Atlantic and North Pa-
cific subpolar areas (respectively provinces 501 and 502) and
the circumpolar province of the Southern Ocean (601) also
display decreasing trends in their extent. On the other hand,
provinces with increasing surface trends are mostly tropical
or subtropical areas (Indian Ocean, South Atlantic tropical
band or South Pacific tropical band, respectively provinces
103, 201 and 203).

On a global scale, productive provinces and polar
provinces seem to shrink in favour of tropical provinces’ ex-
pansion. However, some biomes exhibit significant discrep-
ancies among the provinces they encompass. For instance,
the surface of the Southern Ocean province 503 (belonging
to the subpolar Biome 5) shows an increasing trend, in oppo-
sition to provinces 501 and 502 belonging to the same biome,
showing decreasing trends in the Northern Hemisphere.

3.3 Provinces’ average latitude evolution

Together with the evolution of provinces’ surface area,
provinces’ average latitude is a valuable metric to track the
geographical evolution of the provinces in time from 1998
to 2023. We provide in the Supplement, for each province,
a scatter plot for the annual province’s average latitude for
the period 1998-2023, with the associated linear regression
(Fig. S4). The slopes of the linear regression models com-
puted from the annual time series of average latitude for each
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Figure 2. Characterization of biophysical biomes using monthly
environmental forcings: temperature of the epipelagic layer (7', °C),
stratification (Str, °C) and NPP (mg C m~2 d~!) from 1998 to 2023.
The analysis uses monthly values of 7', Str and NPP, spatially aver-
aged across each biome (i.e. one value per month for each environ-
mental variable per biome). The boxplots depict the data distribu-
tion, with the median shown at the centre of each rectangle, the first
and third quartiles represented by the top and bottom edges of the
rectangles, the whiskers extending to the 5th and 95th percentiles,
and orange dots indicating outliers.

province are computed (see Supplement Table S2). The pole-
ward displacement of each province between 1998 and 2023
is displayed in Fig. 4 (in degree poleward).

Most of the provinces experience poleward drifting
(provinces coloured with shades of red in Fig. 4). The
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tropical provinces displaying increasing surface trends (see
provinces 201, 202, 203; Fig. 3) experience equatorward
drifting, as indicated by provinces coloured with shades of
blue in Fig. 4. Provinces with average latitude evolution
trends between +0.5 and —0.5° poleward over the time
period are considered stable in time in terms of latitude
(provinces coloured in yellow in Fig. 4). This range encom-
passes 20 % of the provinces exhibiting the least latitudinal
drift over time, distinguished from the ones undergoing more
pronounced and meaningful drifts.

3.4 Sensitivity analysis

The robustness of the biophysical clustering obtained with
the reference dataset, i.e. GLORYS12V1 for the physical
variables and VGPM for the biological variable (see Sect. 2.1
and Table 1, product refO1), is tested by computing other
biophysical clusterings derived from alternative environmen-
tal datasets. These alternative datasets include physical data
from ARMOR3D (Guinehut et al., 2012; Mulet et al., 2012)
and biological data from the biogeochemical model PISCES
(Aumont et al., 2015).

The Multi Observation Global Ocean 3D Tem-
perature  Salinity Height Geostrophic Current and
MLD product of Copernicus Marine Service (MULTI-
OBS_GLO_PHY_TSUV_3D_MYNRT_015_012, product
ref03, Table 1) provides 3D temperature from the AR-
MOR3D dataset, derived from an optimal analysis of 3D
observations. This product is used to compute the epipelagic
layer temperature and the stratification instead of GLO-
RYS12V1 (used in reference biophysical clustering, product
refO1, Table 1). A first alternative clustering, employing the
same methodology as the reference biophysical clustering
(see Sect. 2.1, “Environmental variables and biophysical
clustering”), is performed using this product to compute the
physical variables (the epipelagic layer temperature and the
stratification) and still using VGPM (product refO1, Table 1)
to compute the NPP.

Then, the Biogeochemical hindcast for global
ocean  product of Copernicus Marine  Service
(GLOBAL_MULTIYEAR_BGC_001_029, product ref02,
Table 1) is used to compute the NPP variable for the cluster-
ing instead of VGPM (product refO1, Table 1). It provides 3D
biogeochemical fields using PISCES biogeochemical model
outputs. A second alternative clustering, employing the
same methodology as the reference biophysical clustering,
is performed using this product to compute the NPP and still
using GLORYS12V1 (product refO1, Table 1) to compute
the physical variables (as in the reference biophysical
clustering).

The two alternative products mentioned above are avail-
able at 1/4° from 1998 to 2022 at a monthly resolution.
Each of them is used to compute an alternative cluster-
ing (respectively using VGPM-ARMOR3D and PISCES-
GLORYS12V1). We compare our reference biophysical

https://doi.org/10.5194/sp-6-0sr9-4-2025



S. Albernhe et al.: Micronekton indicators evolution based on biophysically defined provinces 7

60°N |

30°N

0°

Latitude

30°5 R

605

Surface variation between 1998 and 2023 (%)

90°s
180 150°W 120°wW 0w 60°W 30°W 0= 30°E GOE 90°E 120°E 150°E 180°

Longitude

Figure 3. Map of the provinces’ surface area evolution in time from 1998 to 2023. Black lines delineate the definition of the 27 reference
biophysical provinces (see Fig. 1). Colours represent the trend in surface variation for each province (in % from 1998 to 2023): shades of red
indicate increasing surface area, while shades of blue indicate decreasing surface area.
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Figure 4. Map of the provinces’ average latitude evolution in time from 1998 to 2023. Black lines display the definition of the 27 reference
biophysical provinces (see Fig. 1). Colours represent the trend in average latitude variation for each province (in degree poleward from
1998 to 2023): darker shades of red indicate poleward drifting, while darker shades of blue indicate equatorward drifting. Provinces of the
equatorial biome coloured in grey (101, 102 and 103) are not considered in this diagnostic because of their equatorial position.
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Figure 5. Clustering sensitivity analysis. Map of reference biophysical biomes computed from GLORYS12V1 (product ref01, Table 1) and
VGPM (product ref01, Table 1) in black lines (see Fig. 1). The white areas indicate where both alternative clusterings assign the same cluster
as the reference biophysical clustering. The blue areas indicate where the clustering using ARMOR3D (product ref03, Table 1) instead of
GLORYS12V1 (product refO1, Table 1) assigns a different cluster from the reference biophysical clustering. The yellow areas indicate where
the clustering using PISCES (product ref02, Table 1) instead of VGPM (product refO1, Table 1) assigns a different cluster from the reference
biophysical clustering. The green areas indicate where both alternative clusterings assign a different cluster from the reference biophysical

clustering.

clustering (VGPM-GLORYS12V1; see Sect. 2.1), down-
scaled from 1/12° to 1/4° resolution, with two alternative
clusterings (Fig. 5), all averaged over the period 1998-2022.

Figure 5 shows that the clustering is very stable when
changing the physical variable source from GLORYS12V1
(product refO1, Table 1) to ARMOR3D (product ref03, Ta-
ble 1), as blue areas highlight minor boundary differences.
However, when changing the biogeochemical variable source
from VGPM (product ref01, Table 1) to PISCES (product
ref02, Table 1), the productive Biome 4 is highly impacted.
However, NPP estimations from PISCES (product ref02, Ta-
ble 1) and VGPM (product refO1, Table 1) differ significa-
tively. We notice that the clustering remains relatively stable
with respect to the source of forcings, although variations
can arise when forcing fields differ widely. The time series
and results presented in the study are thus valid using VGPM
and GLORYS12V1 (both product refO1, Table 1), but cau-
tion should be taken in extrapolating those results to clusters
issued from other biogeochemical sources (e.g. models’ out-

puts).

4 Discussion and conclusion
In this study, we defined 27 biophysical provinces linked

to micronekton based on a methodology introduced in Al-
bernhe et al. (2024a). Our definition of the reference bio-
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physical provinces (Fig. 1) has been compared to other stud-
ies (e.g. Proud et al., 2017; Sutton et al., 2017; Ariza et al.,
2022) employing comparable methodologies using environ-
mental variables to derive biogeographic regions. Sutton et
al. (2017) classified regions based on environmental drivers
and expert knowledge, Proud et al. (2017) used clustering
on environmental variables to model deep scattering layer
characteristics, and Ariza et al. (2022) derived provinces by
clustering acoustic data reconstructed from biophysical vari-
ables. Despite methodological differences among these three
studies, the resulting biogeographical regions closely align
with ours. Notably, beyond the evident latitudinal banding
(in the austral ocean for instance), more complex regional
structures emerge in the North Atlantic, midlatitude frontal
zones (except in the South Pacific) and upwelling regions
(see Fig. 4 in Sutton et al., 2017; Fig. 3A in Proud et al., 2017,
Fig. 2a in Ariza et al., 2022; and our Fig. 1). This similarity
likely arises because all approaches rely on biophysical vari-
ables that capture key information on temperature, biological
productivity and water column mixing.

The annual time series of biophysical provinces from 1998
to 2023 allows for tracking their temporal evolution captur-
ing decadal to climatic variability, focusing on the variations
in surface area and average latitude of each province. The re-
sulting changes observed include a shrinking of productive
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and polar provinces, an expansion of equatorial and tropical
provinces, and a poleward drift affecting most provinces.

Despite the complexity of the multifactorial causes behind
the spatial variation in the provinces, we can attempt to in-
fer the main environmental variables driving the provinces’
spatial evolution and how changes in these variables con-
tribute to their size variation and latitude drifting. Based on
Fig. 2, boxplots with median values particularly different
from the others (e.g. either the highest or lowest) and nar-
rower ranges (indicating low data variance) highlight the en-
vironmental variable most likely to characterize a province’s
specificity. Equatorial provinces (Biome 1) are characterized
by very high temperature and stratification values, with nar-
row boxplots indicating weak data variance. Thus, tempera-
ture and stratification seem to be the most explanatory vari-
ables for these provinces. A similar but less pronounced pat-
tern is observed in subtropical provinces (Biome 2). Produc-
tive provinces (Biomes 3 and 4) are highly distinguishable
by their significantly elevated NPP values compared to oth-
ers, suggesting that NPP is the most explanatory variable for
these regions. Subpolar and polar provinces (Biomes 5 and
6, respectively) are marked by low stratification and cold wa-
ters, with polar provinces showing the weakest values among
all biomes. Therefore, temperature and stratification appear
to be the key explanatory variables for subpolar and polar
provinces.

The spatial variation in provinces is a multifactorial out-
come of expected environmental change in time. This vari-
ation arises from complex interactions and feedback mech-
anisms among biophysical variables, driven by a range of
intricate physico-biogeochemical processes. Under global
warming, the ocean is warming (Abraham et al., 2013;
Kwiatkowski et al., 2020; Masson-Delmotte et al., 2023),
which is consistent with the increasing trend observed in
the time series of global mean epipelagic layer temperature
(Fig. S1). The ocean density structure and vertical dynam-
ics also change (Srokosz and Bryden, 2015), which aligns
with the increasing trend observed in the time series of
global mean stratification of the mesopelagic ocean (Fig. S1).
Both primary production and vertical displacements of phy-
toplankton are impacted by these physical changes (Denman
and Gargett, 1983; Laufkétter et al., 2013), including strati-
fication leading to nutrient limitation. Phytoplankton growth
is deeply influenced by temperature (Grimaud et al., 2017),
but many other features such as nutrient supply or light in-
duce variability in NPP patterns (Behrenfeld et al., 2006).
A global decrease in NPP has been observed in the early
21st century (Behrenfeld et al., 2006; Laufkotter et al., 2013;
Kwiatkowski et al., 2020), which is consistent with the de-
creasing trend observed in the time series of global mean
NPP (Fig. S1). However, an analysis of remotely sensed sur-
face chlorophyll a concentration (upon which NPP calcu-
lations are based) reveals highly contrasted trends between
available merged products (Pauthenet et al., 2024), question-
ing the accuracy of these results. Moreover, future climate

https://doi.org/10.5194/sp-6-0sr9-4-2025

model projections of global NPP over the 21st century dis-
play a poor level of confidence.

In the present study, we observe a global shrinking of pro-
ductive provinces and polar provinces in favour of an ex-
pansion of equatorial and tropical provinces (Fig. 3). A re-
gional decline in primary production could cause the reduc-
tion in the size of productive provinces, with NPP identi-
fied as the most probable explanatory variable for provinces
within Biomes 3 and 4. The previous reference to Pauthenet
et al.’s (2024) work advises caution in interpreting this. Con-
currently, the global increase in ocean temperature over the
past decades explains both the expansion of equatorial and
tropical provinces and the contraction of polar provinces,
with temperature identified as the key driving factor for these
provinces. Trends in ocean temperature, supported by con-
verging estimations, are much more robust and pronounced
than those of NPP (Bopp et al., 2013).

The latitudinal patterns of our provinces’ definition are
directly impacted by temperature changes. These latitudi-
nal patterns identify the equatorial, subtropical, subpolar and
polar biomes (Biomes 1, 2, 5 and 6) which were previ-
ously suggested to be primarily influenced by temperature
and stratification variables. The increase in ocean tempera-
tures drives the expansion of equatorial provinces, causing
their climatic boundaries to shift poleward while they remain
centred around the Equator. A similar poleward drift is ob-
served in subtropical provinces. Likewise, polar provinces
are affected by warming, as the reduction in cold water ar-
eas confines them to higher latitudes and pushes their cli-
matic boundaries poleward. Tracking the geographical evo-
lution of these provinces over time, as illustrated in Fig. 4,
demonstrates that most provinces exhibit this poleward drift,
apparently likely driven by temperature.

In addition to the provinces’ definition methodology, the
previous publication upon which the present study is based
(Albernhe et al., 2024a) demonstrates that each province
features a specific characterization in terms of micronek-
ton biomass and vertical structure. Following the hypothe-
sis that these characteristics are preserved over time, which
needs to be further investigated, the evolution of provinces’
surface area can account for global micronekton trends and
estimations. For instance, the shrinking of provinces fea-
turing the highest density of micronekton biomass would
lead to a global decrease in micronekton biomass. Productive
provinces and subpolar provinces are characterized by high
densities of micronekton biomass (Albernhe et al., 2024a),
whereas equatorial and tropical ones display lower densi-
ties of micronekton biomass. If provinces’ characteristics are
preserved over time, the shrinking of productive and polar
provinces together with the expansion of the equatorial and
tropical provinces would imply a global decline in micronek-
ton biomass. This reasoning is based on a basic deduction
from the consequences of ecological niche surface variation.
However, the underlying mechanisms that could explain a
global decline in micronekton biomass may be partly at-
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tributed to the previously mentioned decreasing trend in NPP
at the global scale. Since NPP is at the base of the trophic
chain, this decline has cascading effects up to micronekton,
limiting their energy sources and thus reducing population
development. Additionally, the potential global decline in
micronekton biomass may also be partly induced by the in-
creasing trend in global ocean temperature, which affects mi-
cronekton development times (Gillooly et al., 2002), includ-
ing growth and mortality.

This potential trend for micronekton biomass evolution on
the historical period would be in the same range as stud-
ies on micronekton biomass climate projections (Bryndum-
Buchholz et al., 2019; Kwiatkowski et al., 2019; Lotze et
al., 2019; Tittensor et al., 2021; Ariza et al., 2022). In Ariza
et al. (2022), the authors derive acoustic provinces from a
clustering using acoustic data as a proxy for micronektonic
biomasses, which they reconstructed from biophysical data
(satellite-derived chlorophyll concentration, sea surface tem-
perature and subsurface dissolved oxygen). In Albernhe et
al. (2024a), our biophysical provinces were compared to
these acoustic provinces, revealing a strong overall agree-
ment, particularly in terms of latitudinal patterns, dynamic
regions and upwelling areas. However, our clustering method
did not capture oxygen-driven patterns. Ariza et al. (2022)
also explored the spatio-temporal variability in provinces in
future projections extending to 2100. They predict a contrac-
tion of upwelling and subpolar provinces alongside an ex-
pansion of subtropical and temperate provinces, leading to
a global decline in pelagic fauna. Despite the differing time
frames of the two studies (1998-2023 in our case vs. projec-
tions for 2000-2020 and 2080-2100 in Ariza et al. (2022)
), their conclusions align with ours regarding the trends ob-
served in these biogeographical provinces and the conse-
quences for mid-trophic biomass. To end up regarding the
poleward drifting of provinces, this valuable observation in
the same range as the literature (Hastings et al., 2020; Pin-
sky et al., 2020) suggests a potential poleward migration of
micronektonic populations induced by temperature changes.

The authors would, however, like to draw the reader’s at-
tention to the caution required when interpreting the trends.
First, the trends presented in this study (whether regarding
the surface area of provinces or their mean latitude) are quan-
tified based on linear regressions. However, these regressions
exhibit low R? values, indicating that the linear relationships
are not statistically significant. A 26-year period is insuffi-
cient to establish statistically robust linear trends in the char-
acteristics of the provinces under investigation. Moreover,
observed trends can vary depending on the temporal scale of
the study: short-term trends under 26 years do not necessar-
ily reflect long-term, sustainable changes. Additionally, the
data employed in this analysis are subject to various biases
and uncertainties (e.g. discrepancies between products esti-
mating chlorophyll a concentration used to derive NPP, as
noted in Pauthenet et al., 2024). Finally, a detailed analysis of
the consistency of each province’s micronektonic character-
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istics over time (regarding biomass and the vertical structure
of micronekton) should be conducted. This would provide a
more solid basis for confirming the link between changes in
province surface areas and the evolution of total micronekton
biomass. Misinterpreting these findings could lead to prema-
ture conclusions or ineffective communication to the public,
thereby increasing the risk of misinformation about critical
issues such as climate change.

Despite these uncertainties, the indicators defined in this
study show sensitivity to changes in environmental param-
eters and are valuable metrics that should be monitored
over the long term. Examining these parameters over longer
timescales may allow us to identify climate trends, with the
significance of these trends increasing as the time series ex-
tends.
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Table 1, along with their corresponding documentation and online
availability.

Video supplement. This video presents a monthly time series of
biophysical provinces linked to micronekton, from 1998 to 2023:
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Abstract. Characteristics of marine heatwaves (MHWSs) and cold spells (MCSs) in the Northwest Atlantic
during 1993-2023 are derived from a global ocean reanalysis product of the European Union Copernicus Marine
Service. For surface parameters, the quantification using the reanalysis data is more advantageous than using the
satellite remote sensing data in regions with the presence of seasonal sea ice and strong eddies. At the sea
bottom, the reanalysis data reproduces well the observed rising trend and sharp increase in bottom temperature
around 2012 on the Scotian Shelf and associated changes in MHW/MCS parameters. The 31 years of reanalysis
data enable the quantification of spatial variations, interannual variations, and long-term trends in MHW/MCS
parameters in the water column in our study region.

The corresponding parameters of surface MHWs and MCSs are overall similar due to the nearly symmetrical
probability distribution of sea surface temperature (SST) anomalies around the mean. On the Scotian Shelf, the
MHW parameters present layered structures in the water column, influenced by the heat flux in the upper layer
and the different water mass compositions in the deeper layer. During 1993-2023, the surface MHW (MCS) total
days show increasing (decreasing) trends corresponding to the gradually increasing SST, and the MHW total days
reached a peak value of 215d in 2012 corresponding to the highest annual SST. The bottom temperature shows
a stronger increasing trend than the SST and a regime shift around 2012, resulting in the increasing (decreasing)
trend and regime shift in bottom MHW (MCS) total days. In 2012, the bottom MHW total days experienced
a sharp increase and the entire water column was warmer than the climatology. Opposite conditions presented
in 1998, with the longest bottom MCS total days of ~ 300 near the coast. The quantification of the extreme
conditions in 2012 and 1998 supports the results of previous studies on the impacts of these conditions on
several marine life species.

1 Introduction

Marine heatwaves (MHWs) and marine cold spells (MCSs)
are extreme warm and cold events of the ocean water, re-
spectively. MHWSs have been observed in all ocean basins
(Collins et al., 2019) and have been extensively studied.
Globally, MHWs, defined relative to a fixed climatological
period, have become more frequent, long-lasting, and intense

Published by Copernicus Publications.

since the 1980s under global warming (Frolicher et al., 2018;
Oliver et al., 2018; Fox-Kemper et al., 2021). Regionally,
local processes, large-scale climate modes, and teleconnec-
tions also play important roles in MHW occurrences (Hol-
brook et al., 2019; Sen Gupta et al., 2020; Capotondi et
al., 2024). For example, in the Northwest Pacific, interan-
nual variations in surface MHW:s are correlated with various
large-scale atmosphere—ocean indices, including the El Nifio
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Table 1. Product reference table.

Product ref. no.
and abbreviation

Product ID and type

Data access

Documentation

1: GLORYSI12v1
numerical models

GLOBAL_MULTIYEAR_PHY_001_030, EU Copernicus Marine Service Product
(2023)

Product User Manual (PUM):
Drévillon et al. (2023a)

Quality Information Document
(QUID): Drévillon et al. (2023b)

2: CMCSST GHRSST Level 4 CMC 0.2 deg global https://doi.org/10.5067/GHCMC-4FMO02  Journal article: Brasnett (2008)
sea surface temperature analysis, (Canada Meteorological Center, 2012)
1993-2016

3: CMCSST GHRSST Level 4 CMC 0.1 deg global https://doi.org/10.5067/GHCMC-4FM03  Journal article: Meissner et al.

sea surface temperature analysis,
2017-2023

(Canada Meteorological Center, 2016)

(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)

(last access: 25 January 2024)

index (Wang et al., 2024). On the shelf seas of the Northwest
Atlantic, nearly half of the surface MHWs are initiated by the
positive heat flux anomaly into the ocean, and advection and
mixing are the primary drivers for the decay of most MHWs
(Schlegel et al., 2021b). On the Newfoundland and Labrador
Shelf, the summer and fall MHW:s in 2023 were impacted by
stratification, winds, and advection (Soontiens et al., 2025,
this report). Identifying the physical drivers that trigger and
maintain the MHWs (MCSs) is important for understanding
and predicting the variations in these events and their impacts
on marine ecosystems.

Previous studies have revealed the negative impacts of
MHWs and MCSs on marine ecosystems. For example,
MHWs can cause coral bleaching, destroy kelp forests, and
alter the migration patterns of marine species (Santora et al.,
2020; Beaudin and Bracco, 2022). MHWSs have also affected
commercial fisheries in Canadian waters. In the Northeast
Pacific, intense and long-lasting heat events, such as “the
Blob”, led to the collapse of fisheries (Free et al., 2023). In
Atlantic Canada, extreme heat events affect the physiological
behaviour of aquaculture Atlantic salmon, i.e., the increases
in heart rate and decreases in motion (Korus et al., 2024). The
declining North Atlantic right whale population was related
to the significant warming in the Gulf of Maine and the west-
ern Scotian Shelf over the recent decades (Meyer-Gutbrod
et al., 2021). The impacts of the extreme cold (warm) event
in 1998 (2012) on fishery species have also been studied.
In 1998, shortly after the cold Labrador Slope Water re-
placed the Warm Slope Water, the catches of porbeagle shark
and silver hake in the Emerald Basin dramatically declined
(Drinkwater et al., 2003). The widespread 2012 warm event
in the Northwest Atlantic, with large anomalies throughout
the water column and at the sea bottom, had opposite effects
on different commercial fisheries. It adversely impacted the
snow crab juvenile stages, resulting in a temporary decrease
in snow crab abundance on the western Scotian Shelf (Zisser-
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son and Cook, 2017). In the Gulf of Maine, this warm event
caused earlier inshore movement of lobsters in the spring,
leading to enhanced lobster growth, an extended fishing sea-
son, and record landings (Mills et al., 2013).

Compared with MHWs, there have been fewer studies on
MCSs. Globally and regionally, the frequency and intensity
of surface MCSs show decreasing trends during 1982-2020
associated with the sea surface temperature (SST) increase
(Mohamed et al., 2023; Peal et al., 2023; Schlegel et al.,
2021b; Wang et al., 2022). Changes in atmospheric forcing,
ocean circulation, and coastal upwelling can drive local cold
events at the sea surface (Schlegel et al., 2017) and through-
out the water column in shallow coastal bays (Casey et al.,
2024).

Studies on surface extreme temperature events commonly
use sea surface temperatures (SSTs) based on satellite remote
sensing (e.g., Wang et al., 2022; Peal et al., 2023). Such stud-
ies are limited to the upper ocean and ice-free areas, and the
analysis results are impacted by the observational noise and
by cloud correction and interpolation schemes used to gen-
erate various levels of satellite SST products. Subsurface ex-
treme events have been less well studied due to the scarcity
of temperature observations below the surface, leading to
limited knowledge about whether and how extreme events
at depth have changed over the past decades (Collins et al.,
2019). Results from high-resolution numerical ocean mod-
els, particularly those reanalysis products achieved through
data assimilation, have been alternatively used to study the
extreme temperature events, both at surface and at bottom
(e.g., Amaya et al., 2023a; Wang et al., 2024). The study of
Amaya et al. (2023a) revealed stronger and longer MHW s at
bottom than at surface in the shelf seas of North America, but
it did not quantify the interannual and long-term variations in
MHW characteristics.

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

https://doi.org/10.5194/sp-6-0sr9-5-2025
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Figure 1. Mean of surface MHW (a—f) and MCS (g—-i) characteristics during 1993-2022 derived from (a—¢) CMCSST and (d-i) GLO-
RYS12V1. (j-1) Mean of bottom MHW characteristics during 1993-2022 derived from GLORYS12V1. From left to right: frequency (num-
ber of events per year), total days (days per year), and mean intensity (°C). The 100, 200, and 2000 m isobaths are represented by black,
magenta, and grey lines, respectively. (a) Stations 1-7 indicated by the solid circles for examining the time series of MHW/MCS character-
istics, located at latitudes/longitudes of 44.25° N/63.16° W, 42.48°N/61.43° W, 47.91 °N/64.56° W, 49.64° N/59.06° W, 51.99° N/50.25° W,
52.00° N/47.00° W, and 43.48° N/62.45° W. The Halifax line is the line between stations 1 and 2. Abbreviations: GB, Grand Banks; GM,
Gulf of Maine; GSL, Gulf of St. Lawrence; NLS, Newfoundland and Labrador Shelf; SS, Scotian Shelf; SSlope, Scotian Slope; CB, Cabot

Strait.

in the Northwest Atlantic, from surface to water column to
bottom, with the ultimate goal to better support fisheries in
this region. Our study region (Fig. 1a) can be sub-divided
into (1) the Newfoundland and Labrador Shelf (NLS) to the
north of Grand Banks; (2) Grand Banks; (3) the Gulf of
St. Lawrence (GSL), a semi-enclosed sea connecting to the
NLS and Scotian Shelf (SS); (4) the Scotian Shelf, an open
and rugged shelf, adjoining the Gulf of Maine in the south-
west and the Scotian Slope off the shelf; (5) the Gulf of
Maine and Bay of Fundy, a tidally energetic semi-enclosed
sea; and (6) the Scotian Slope. The physical oceanography

https://doi.org/10.5194/sp-6-0sr9-5-2025

in the region is quite complex, due to the influences of the
strong multi-scale variability in atmospheric forcing, river
runoff, tides, and sea ice; the strong ocean circulation of the
Gulf Stream, North Atlantic Current, and Labrador Current;
and the meso-scale eddies (e.g., Loder et al., 1998; Brick-
man et al., 2018; Ma et al., 2022). The water masses of
NLS and Grand Banks are strongly affected by the southward
Labrador Current that transports cold and fresher water and
sea ice. The Scotian Slope water is influenced by the mixture
of warm eddies shed from the eastward Gulf Stream/North
Atlantic Current and the occasional westward intrusion of the

State Planet, 6-0sr9, 5, 2025
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Labrador Current near the tail of Grand Banks. The GSL is
influenced by the significant freshwater discharge of rivers,
including the St. Lawrence River; sea ice formed locally
and transported in from NLS; and inflows from NLS, Grand
Banks, and the Scotian Slope. The SS is influenced by the
outflow from the GSL and the intrusion of Scotian Slope wa-
ter. The Gulf of Maine and Bay of Fundy are influenced by
the SS and the Scotian Slope water. Our analysis results will
mainly be based on the daily data from an ocean reanaly-
sis product, in comparison with analyses of satellite SST and
mooring observations. Main results include (1) characteris-
tics of the spatial distributions of MHW and MCS parame-
ters, (2) the linkages between surface and water column ex-
treme events, and (3) interannual variations and long-term
trends and their relationship with temperature variations and
the forcing mechanisms.

2 Datasets and analysis methods

2.1 Datasets

Table 1 lists the datasets analyzed in this study. Product ref.
no. 1 is the daily temperature during 1993-2023 from the
global ocean eddy-resolving reanalysis with a 1/12° horizon-
tal resolution, referred to as GLORYS12V1 (Lellouche et al.,
2021). The GLORYS12V1 temperature data remain contin-
uous in ice-covered regions, which helps to compensate for
the limitations of spatial and temporal coverage of satellite
observations in those areas.

Product ref. no. 2 during 1993-2016 and no. 3 during
2017-2023 are global ocean SST analyses produced daily
on an operational basis at the Canadian Meteorological Cen-
tre (CMC). The analysis incorporates in situ observations
and retrievals from one microwave and three infrared sen-
sors (Brasnett, 2008), referred to as CMCSST. According to
the assessment by Fiedler et al. (2019), the CMCSST data
show low standard deviations and mean differences to the in-
dependent Argo observations in comparison with other long-
term SST analyses, including the European Space Agency
Sea Surface Temperature Climate Change Initiative (ESA
SST CCI) and MyOcean Operational Sea Surface Tempera-
ture and Ice Analysis (OSTIA) available from the Copernicus
marine catalogues. Product ref. no. 3 at 0.1° resolution dur-
ing 2017-2023 is linearly interpolated onto the 0.2° grids of
product ref. no. 2, thus creating a dataset on unified grids cov-
ering 1993-2023. CMCSST has no values at locations and
time when sea ice is present.

Product ref. no. 4 is the observed daily bottom tempera-
ture since 2008 from a bottom-mounted mooring at a loca-
tion on the inner Scotian Shelf with a water depth of 160 m
(Fig. 1, location 1), from the Atlantic Zone Monitoring Pro-
gram (AZMP) of Fisheries and Oceans Canada. The moor-
ing is situated on the path of the coastal Nova Scotia Current
(Hebert et al., 2023). The mooring is redeployed annually in
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the fall AZMP survey, and the data are only available until
September 2023 for this study.

2.2 Definition and quantification of marine heatwaves
and cold spells

Following Hobday et al. (2016), the MHWs are defined as
periods of extremely warm water that last continuously for 5
or more days. The MCS are defined similarly as anomalously
cold water events following Schlegel et al. (2017). We use the
SST data to compute the surface MHW and MCS parameters
and the temperature at the ocean floor to compute the bottom
MHW and MCS parameters. A seasonally varying climato-
logical percentile threshold method is used to detect MHW s
(MCSs). No detrending is applied to the temperature data
prior to the MHW/MCS analysis because we want to main-
tain the consistency and be able to compare with the results
of other studies in the Northwest Atlantic (Galbraith et al.,
2024; Soontiens et al., 2025) and to emphasize the effects of
ocean warming on the changing characteristics of MHWs/M-
CSs. The climatological mean and thresholds (90th and 10th
percentiles of data values) are calculated for each day of the
year with all data from multiple years within an 11d win-
dow centred on that day. The climatology and thresholds are
defined over 30 years from 1993 to 2022 for GLORYS12V1
and CMCSST and from 2010 to 2022 for the mooring data. A
30d “moving window” is applied to smooth the daily clima-
tology. The MHWs and MCSs are defined for temperatures
above the 90th and below the 10th percentile values, respec-
tively. Events that occur less than 2d apart are regarded as
one continuous event. The statistics for each MHW (MCS)
event are calculated using a MATLAB-based tool (Zhao and
Marin, 2019). This study will focus on the annual statistics of
frequency, total days, and mean intensity. Frequency refers
to the total count of MHW (or MCS) events in each year,
while total days are the total number of MHW (or MCS)
days in each year. The duration of each MHW (MCS) event
is defined as the period over which the temperature is greater
(lower) than the seasonally varying threshold value. The in-
tensity of each event is the mean SST anomaly during that
event. The mean intensity is the average of the intensities of
events during that year.

3 Results

3.1 Spatial distribution of annual surface MHW and
MCS parameters

For surface MHWs, GLORYS12V1 and CMCSST data
(Fig. 1c—f) obtain overall similar magnitudes and spatial pat-
terns of mean intensity but different magnitudes of frequency
in deep waters and total days in the seasonally ice-covered ar-
eas. For frequency (Fig. 1a and d), both data obtain values of
1-2 events yr~! on the shelf, and, in deep regions (near and
beyond the 2000 m isobath), GLORYS12V1 and CMCSST
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obtain higher and lower than 2.5 events yr—!, respectively.
For the total days (Fig. 1b and e), GLORYS12V1 and CM-
CSST obtain similar values greater than 30dyr~!' beyond
the shelf break on the Scotian Slope and to the east of the
Labrador Shelf and over the Grand Banks. Over the New-
foundland and Labrador Shelf and in the southern and west-
ern Gulf of St. Lawrence where the seasonal sea ice coverage
exists, GLORYS12V1 obtains 25-30d, higher than about
20d from CMCSST. In the Gulf of Maine, eastern Scotian
Shelf, and eastern Gulf of St. Lawrence, GLORYS12V1 ob-
tains 25-30 d, while CMCSST obtains 20-25 d. For the mean
intensity (Fig. 1c and f), both GLORYS12V1 and CMCSST
obtain consistently higher values of 3-6 °C in the deep wa-
ter 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 in
the deep water to the east of the Labrador Shelf. The MHW
parameters derived from GLORYS12V1 are consistent with
those based on the thermograph network daily mean tem-
peratures in the Gulf of St. Lawrence using the 1991-2020
reference period (Galbraith et al., 2024).

The causes of the differences in the MHW parameters de-
rived from GLORYS12V1, CMCSST, and mooring data and
the spatial distributions derived from GLORYS12V1 are ex-
plored through examining the time series of sea temperatures
and the detection of MHWs at selected locations (denoted
in Fig. la) in selected years and the variance-preserving
spectra during 1993-2022 shown in Fig. 2. The selection
of years is based on annual time series of the MHW pa-
rameters at these locations (not shown), ensuring that the
differences in the MHW parameters between the left and
middle columns are consistent with the 1993-2022-averaged
statistics shown in Fig. 1. Firstly, on the Scotian Slope, the
higher surface MHW frequency from GLORYS12V1 than
from CMCSST can be explained by their differences in the
variance-preserving spectra of the SST time series during
1993-2022 at location 2 (Fig. 2c¢). Compared with CMCSST,
GLORYS12V1 achieves higher spectral power at timescales
shorter than 50d. In the selected year 2023, GLORYS12V1
shows the more frequent and stronger SST variations and de-
tects three shorter MHW events, whereas CMCSST detected
one longer MHW event. Note that the high-frequency SST
variations in CMCSST are impacted by the cloud correc-
tion and interpolation schemes applied to the original satellite
data in generating the CMCSST product.

In the southern and western Gulf of St. Lawrence, the
St. Lawrence Estuary, and on the Labrador and Newfound-
land Shelf, CMCSST has shorter total days than GLO-
RYS12V1 (Fig. 1b and e). In the selected year 2011, Fig. A3
presents the SST time series at a location (52.8°N, 55.2° W)
on the Labrador Shelf. The original CMCSST data have a
significant number of missing values from January to April
during the presence of seasonal sea ice (Fig. A3a), leading
to the 90th threshold above that derived from GLORYS12V1
(Fig. A3a and b). If the missing values of the original CMC-
SST are filled with a freezing temperature of —1.8 °C, the
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resulting 90th threshold (Fig. A3c) and the total days of
the detected MHW:s are closer to those derived from GLO-
RYS12V1 (Fig. A3b). Thus, the shorter MHW total days
from CMCSST in regions with the presence of seasonal sea
ice are due the biased 90th threshold caused by the missing
SST data values.

The spatial patterns of surface MHW parameters from
GLORYS12V1 (Fig. 1d-f) are explained next. The differ-
ences between the shelf and the Scotian Slope are demon-
strated by comparing the SST time series in 2016 and spectra
at locations 1 and 2 (Fig. 2d—f). At all the timescales, loca-
tion 2 shows much stronger SST variability because it is lo-
cated in the Scotian Slope where the water mass is affected
by a succession of warm and cold oscillations and eddies.
In the selected year 2016, GLORYS12V1 detects six strong
MHW events at location 2 but only one weak event at loca-
tion 1. In the Gulf of St. Lawrence, the average annual fre-
quency (Fig. 1d) is lower in the northeastern regions (loca-
tion 4) and higher in the southwestern (location 3) regions,
while the total days (Fig. le) show the opposite pattern.
This is consistent with the SST time series in the selected
year 2012 (Fig. 2g—h) and the variance-preserving spectra
(Fig. 21). That is, the spectral energy at location 3 is higher at
timescales shorter than 100 d, hence leading to higher MHW
frequency, and is higher at location 4 at timescales longer
than 100 d, hence leading to longer durations. The higher to-
tal days at station 4 in 2012 are due to the long durations
of warming above climatology in fall and winter. Off the
Labrador Shelf, over a narrow zone near the 2000 m isobath
(location 5), the surface MHW frequency is higher, while the
total days are shorter, compared to shelf water to the west
and the deep water to the east (location 6). This can again
be explained by the stronger SST variability at timescales
shorter than 100d at location 5 and longer than 100d at lo-
cation 6, respectively (Fig. 2j-1). Location 5 is along the path
of the offshore Labrador Current, where the SST anomalies
and seasonal cycle are both strong, which can be attributed
to the variations in the temperature front in this area (e.g., Lu
et al., 2006).

For the surface MCSs derived from GLORYS12V1, their
frequency, total days, and mean intensity (Fig. 1g—i) show
similar magnitudes and spatial distribution to those of sur-
face MHW s (Fig. 1d—f). The MCS parameters derived from
CMCSST (not shown) are also similar to the surface MHW
parameters derived from GLORYS12V1 (Fig. 1a—c). Differ-
ences between the MCS and MHW parameters derived from
GLORYS12V1 are evident in some areas; e.g., on the Scotian
Slope (near location 2), the MHWSs have higher mean inten-
sity than the MCSs. These similarities and differences can
be explained by the probability distribution of SST anoma-
lies at representative sites shown in Fig. Al. The normalized
histograms are nearly symmetrical around the mean, with
equal median and mean values. At location 2, the median
value is less than the mean, suggesting a positive skewness
of SST anomalies on the Scotian Slope due to the dominance
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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—e, g-h,
j-K) and at the seabed (m-n) at seven locations marked in Fig. 1a. The numbers in parentheses indicate the year and location. Right column:
variance-preserving spectra of (c, f, i, 1) surface temperature during 1993-2022 and (o) bottom temperature during 2010-2022.

of warm-core eddies at the poleward side of the Gulf Stream
(e.g., Thompson and Demirov, 2006). Such asymmetric dis-
tribution of SST anomalies corresponds to stronger MHWs
than MCSs (Schlegel et al., 2021a; Wang et al., 2022).

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

The frequency, total days, and mean intensity of bottom
MHWs on the shelf derived from GLORYS12V1 (Fig. 1j—
1) show different magnitudes and spatial distributions com-
pared to surface MHWs. Our findings are consistent with
those of Amaya et al. (2023a), who showed that bottom
MHW intensity and duration vary strongly with bottom
depth. The bottom MHW frequency (Fig. 1j) shows fewer
events (< 1yr~!) in deep basins and channels and more
events (2-3yr~!) along the coast and shelf break. The bot-
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tom MHW total days (Fig. 1k) exhibit weak spatial varia-
tions across the entire region, with values of 30-35 dyr’l,
and larger values in deeper basins and channels than in shal-
low waters. This implies that the bottom MHW durations
(roughly total days divided by frequency) are longer in deep
basins and channels than in shallow water. The bottom MHW
intensity (Fig. 11) ranges from 1 °C in deeper parts of the con-
tinental shelves to 6 °C along the edges of the Scotian Shelf
and southern Grand Banks, where water intrusions from the
shelf break occur.

We selected two locations on the Scotian Shelf (locations 1
and 7) to illustrate the difference in MCS characteristics at
the sea floor (Fig. 2m—o). Location 1 is the mooring site near
the coast where the water depth is 160 m, and location 7 is on
the Emerald Bank in the middle of the Scotian Shelf where
the water depth is 66 m. At location 1, both GLORYS12V1

https://doi.org/10.5194/sp-6-0sr9-5-2025



L. Zhai et al.: Variations in marine heatwaves and cold spells in the Northwest Atlantic during 1993—2023 7

and mooring data (Fig. 2m) show that bottom temperatures
in 2016 were generally above the mean climatology, and ex-
treme heat events are detected throughout the year. How-
ever, mooring data show some intense cold spikes that are
not captured by GLORYS12V1 (Fig. 2m). Correspondingly,
compared with the mooring data, the spectral energy of
GLORYS12V1 is lower at timescales shorter than 100 d and
higher at timescales longer than 100d (Fig. 20). At loca-
tion 7, GLORYS12V1 detects two MHW events with longer
durations in 2016 (Fig. 2n). The power spectra (Fig. 20)
show that location 1 has more energy at timescales shorter
than 100d, corresponding to higher MHW frequency and
mean intensity, while location 7 shows stronger variability at
timescales longer than 100d, corresponding to longer MHW
duration and lower intensity. The strong variations in bot-
tom temperature at shorter than 100 d at location 1 are likely
related to the strong fluctuations in the coastal Nova Scotia
Current driven by local winds at synoptic scales (Dever et al.,
2016).

To examine the linkages between surface and water col-
umn extreme events, we show the distributions of MHW pa-
rameters in the water column along the section extending off
the coast from Halifax between stations 1 and 2 (Fig. 3a—).
This cross-section, referred to as the Halifax line, has reg-
ularly been occupied by the AZMP over multiple decades,
thus providing extensive observed hydrographic data to as-
sess the quality of model-based data such as GLORYS12V1.
The MHW mean intensity (Fig. 3c) shows a clear three-layer
structure, with values of about 2 °C in the upper layer from
the surface to a mid-depth interface (decreasing from about
70m near the coast to about 30 m on the Emerald Bank),
high values of 3-3.5°C in the middle layer from the mid-
depth interface to about 130 m, and low values of 1.5-2°C
below 130 m depth in the Emerald Basin. The annual MHW
frequency (Fig. 3a) is relatively uniform in the water column
with values of 1.5-2yr~!, except low values (< 1yr~!) be-
low 130 m depth in the Emerald Basin and below 30 m depth
over the Emerald Bank, where the annual MHW duration is
high.

The distribution of MHW parameters in the water col-
umn can be explained by the layered structure of tempera-
ture along this section in summer (Fig. 3d—f) and the sea-
sonal evolution of the vertical profiles of temperature at a
location in the middle of Emerald Basin (Fig. 3g—i) for the
mean climatology over 1993-2022 and in the cold and warm
years of 1998 and 2012, respectively (Hebert et al., 2023).
The upper layer (from the surface to 50 m) shows strong sea-
sonal variations. This layer is well mixed in fall/winter and
has strong stratification developed from spring to summer.
Seasonal and interannual variations in this upper layer are
mainly due to variations in the surface heat flux and are also
influenced near the coast by the outflowing waters from the
Gulf of St. Lawrence with strong seasonal and interannual
variations in temperature and salinity (Umoh and Thomp-
son, 1994; Dever et al., 2016). The overall major influence
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of surface heat flux results in a nearly uniform distribution
of the MHW parameters in the upper layer. The middle layer
(from 50 m to about 130 m depth) presents moderate seasonal
variations which can be related to the downward penetra-
tion of the surface anomalies driven by surface winds and
mixing. On the other hand, this layer is also influenced by
the lateral advection of water masses carried by the hori-
zontal currents, mainly from the Cabot Strait subsurface wa-
ter (30-50m) and the warm Scotian Slope water and with
a smaller portion from the Cabot Strait cold-intermediate
layer (50-120m) and the inshore Labrador Current (Dever
et al., 2016). The contributions of the lateral advection vary
from the coast to offshore, resulting in the depth range of the
mid-depth layer getting smaller from near the coast to the
Emerald Bank. The influences of surface forcing and hori-
zontal advection cause high MHW intensity across the whole
mid-depth layer and low MHW frequency over the Emer-
ald Bank. The deep layer below 130 m depth in the Emer-
ald Basin (Fig. 3g) presents weak seasonal variations, with a
near-constant temperature of 10 °C. However, this layer be-
came colder in 1998 and warmer in 2012 than the climatol-
ogy (Fig. 3h-i), suggesting strong interannual variations in
temperatures in this layer. The temperature variations in this
deep layer are mainly caused by the intrusion of the offshore
water (Dever et al., 2016), leading to low MHW intensity and
frequency and long durations.

3.3 Interannual variations in MHW/MCS parameters

Interannual variations in the MHW/MCS parameters at lo-
cation 1 in the inner Scotian Shelf are presented in Fig. 4,
and some of their statistical quantifications are summarized
in Table 2. For the surface parameters (Fig. 4, left column),
variations in their values derived from GLORYS12V1 have
high correlations with those derived from CMCSST except
for the MCS mean intensity. The surface MHW (MCS) to-
tal days (Fig. 4a and e) show strong interannual variations
which have significantly positive (negative) correlations with
the annual SST anomalies from GLORYS12V1 (Table 2).
The MHW/MCS mean intensities show weaker interannual
variations and have no significant correlations with the SST
anomalies.

For the bottom parameters (Fig. 4, right column), sig-
nificant correlation values derived from GLORYS12V1 and
available mooring data are found for the MHW frequency, to-
tal days, and mean intensity but not for the MCS parameters
(Table 2). This can be attributed to GLORYS12V1 not be-
ing able to reproduce the intense cold spikes in the mooring
data (Fig. 2m). For both the bottom MHWSs and MCSs, in-
terannual variations in their frequency, total days, and mean
intensity all have significant correlations with the annual bot-
tom temperature anomalies from GLORYS12V1. The bot-
tom MHW total days and mean intensity derived from the
mooring data are significantly lower than those derived from
GLORYS12V1. This is due to the differences in the bottom
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Figure 3. Along the Halifax line (a line between stations 1 and 2 shown in Fig. 1a): MHW (a) mean annual frequency (number of events
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temperature climatology of the two datasets defined for the
calculation of the MHW/MCS parameters. While the two
datasets show similar values and increasing trends in the bot-
tom temperatures, the climatology of mooring data during
the 16 years of 2008-2023 has a higher averaged tempera-
ture than that of GLORYS12V1 during the 30 years of 1993—
2022 (Fig. 4j). As a result, the mooring data obtain shorter
and weaker bottom MHW events than GLORYS12V 1. If the
same reference period of 2008-2023 is used, the difference in
MHW parameters between mooring data and GLORYS12V1
is largely reduced. This suggests that the calculation of MH-
W/MCS parameters is strongly impacted by the duration cho-
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sen for computing the climatology and whether detrending is
applied, as discussed in Capotondi et al. (2024) and Smith et
al. (2025).

At location 1 during 1993-2023, both at surface and bot-
tom, interannual variations in the MHW and MCS total days
are negatively correlated; the intensity and total days of
MHWs show positive trends, while those for MCSs show
negative trends (Table 2). These correspond to warming
trends in both the SST and bottom temperature (Fig. 4i—
j)- The MHW and MCS mean intensities show no signifi-
cant trends at surface but positive trends at bottom (Table 2).
For the bottom MHW/MCS total days, the trends are mostly
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of GLORYS12V1 with CMCSST and mooring data.

due to their sharp increases (or regime shift) around 2012
(Fig. 4b and f). Out of the 19 years before 2012, bottom MCS
events are detected in 11 years, while MHW events are de-
tected only in 2 years. By comparison, out of the 12 years
since 2012, bottom MHW events are detected in 10 years,
while MCS events are detected only in 1 year. These corre-
spond to the sharp increase in bottom temperature that also
occurred around 2012 (Fig. 4j). By comparison, the SST at
location 1 shows a more gradual increasing trend (Fig. 41).
After 2012, the annual bottom temperature became higher
than the annual SST. As a result, the bottom MHW total days
frequently exceed 150, higher than 50-100 for large values of
the surface MHW total days (Fig. 4a and b). The long-term
trends and regime shifts of bottom MHW/MCS total days are
widespread on the Scotian Shelf, as evidenced by the similar
time series of location 1 at a location in the Emerald Basin
and location 7 on the Emerald Shelf (Fig. A2). This raises
the question of how to define MHWs/MCSs in the presence
of long-term trends or regime changes in ocean temperature,
a point to be discussed in Sect. 4.
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The time series plots identify years when severe MHW or
MCS events occurred. At location 1, the surface MHW total
days show the highest values in 2012, reaching 215 d accord-
ing to GLORYS (Fig. 4a). Both GLORYS12V1 and CMC-
SST detect seven MHW events with a duration ranging from
7 to 61 d. These prolonged surface MHW events correspond
to the highest peak of annual SST (Fig. 4i) and the well-
known warming conditions across the Scotian Shelf (Hebert
et al., 2013), in the Gulf of Maine, and on the east coast of
the USA in 2012 (Chen et al., 2015). In December 2011, the
SST in the region was close to the 90th percentile and likely
played a role in preconditioning the MHW in January 2012.
Chen et al. (2015) further attributed the widespread MHW
events to persistent atmospheric high-pressure systems fea-
tured by anomalously weak wind speeds, increased insula-
tion, and reduced ocean heat losses. At location 1, the termi-
nation of a long-lasting and strong surface MHW event in the
summer of 2012 (Fig. 3i) can be attributed to wind-induced
coastal upwelling, resulting in a sudden drop in SST at the
end of August (Shan and Sheng, 2022).
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Table 2. Statistics of annual values of MHW/MCS parameters during 1993-2023 at location 1 on the inner Scotian Shelf. Column 2: linear
trends of MHW/MCS frequency in events per year, total days in days per year, and mean intensity in °C per year derived from GLORYS12V1.
Column 3: correlation coefficient of MHW/MCS parameters derived from GLORYS12V1 and from CMCSST at the surface and mooring
temperature at the sea floor. Column 4: correlation coefficient between MHW/MCS parameters and annual GLORYS12V1 temperature.
Significant trends and correlations with p values less than 0.1 are shown.

Trend Correlation between MHW/MCS  Correlation between
from GLORYS12V1 MHW/MCS
and observations parameters and 7'
Surface
MHW frequency  0.07 events yr_1 0.83 0.85
MHW total days  1.9dyr~! 0.96 0.81
MHW intensity - 0.77 -
MCS frequency ~ —0.1 events yr—! 0.69 —0.80
MCS total days —1.8 dyr_1 0.84 —0.81
MCS intensity - - -
Bottom
MHW frequency 0.2 events yr71 0.70 0.72
MHW total days ~ 4.1dyr~! 0.69 0.70
MHW intensity 0.03°C yr_l 0.64 0.59
MCS frequency —0.1 events yr71 - —0.75
MCS total days ~ —23dyr~! 0.78 —0.78
MCS intensity 0.03°C yr_1 - 0.59

In 2012, at location 1, the bottom MHW total days expe-
rienced a sharp increase relative to previous years, reaching
~ 100d according to GLORYS12V1 (Fig.4b). In the summer
of 2012, the entire water column along the Halifax line was
warmer than the climatology (Fig. 3d and f). In the Emer-
ald Basin (Fig. 3g and i), the abnormally warm conditions
presented from the surface to about 100 m depth at the be-
ginning of the year (winter), which can be attributed to the
smaller heat loss to the atmosphere at the sea surface. Below
the 100 m depth, warming started in spring. Below the upper
layer directly influenced by surface forcing, the warming in
2012 can be attributed to advection over the Scotian Shelf
between 30-50 m, the advection of anomalously warm slope
water combined with the reduced contribution of the cold wa-
ter from the Gulf of St. Lawrence or the inner Labrador Shelf
between 50—-100 m, and the anomalously warm slope water
being advected onto the shelf between 100200 m (Dever et
al., 2016). The warm Scotian Slope water was influenced by
the interaction between the Gulf Stream and the Labrador
Current at the tail of the Grand Banks (Brickman et al., 2018;
Gongcalves Neto et al., 2023).

The conditions in 1998 are opposite to those in 2012; i.e.,
(1) location 1 experienced the longest bottom MCS total days
(nearly 300 d) associated with the lowest annual bottom tem-
perature value (Fig. 4f and j), (2) in summer the entire water
column along the Halifax line was colder than the climatol-
ogy (Fig. 3d and e), and (3) in the Emerald Basin (Fig. 3g and
h) the entire water column was anomalously cold throughout
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the year except for close-to-normal conditions in the upper
layer in summer. Below 150 m depth in the Emerald Basin,
the lowest temperature occurred during March—June. This
can be related to the intrusion of the cold Labrador Slope
water. According to Drinkwater et al. (2003), this cold wa-
ter mass was advected along the shelf break in 1997-1998
and flooded the lower layers of the central and southwestern
regions of the Scotian Shelf.

In 2023, at location 1, according to GLORYS12V1, the
surface MHW total days amount to 85 (Fig. 4a), which is
well above the average value of 31d. The mean intensity
is 2°C (Fig. 4c), similar to the multi-year-averaged inten-
sity. The longest surface MHW event of that year began on
19 December 2022 and continued until 8 February 2023, co-
inciding with the warmest January on record in Halifax. The
termination of this MHW event is likely related to an ex-
tremely cold Arctic air outbreak that set many local meteo-
rological records in early February in Atlantic Canada and
caused rapid drops in water temperature in some shallow
coastal bays (Casey et al., 2024).

4 Conclusions and discussion

Firstly, in this study, the annual mean MHW/MCS parame-
ters derived from GLORYS12V1 and observational data are
compared. At the surface, GLORYS12v1l and CMCSST ob-
tain similar magnitudes and spatial distribution, along with
interannual variations in MHW/MCS frequency, total days,
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and mean intensity. Differences in the values of the pa-
rameters can be attributed to issues in the CMCSST data:
(1) shorter MHW total days in the Gulf of St. Lawrence and
Labrador and Newfoundland Shelf due to the higher thresh-
old values caused by the missing SST data in the presence of
ice and (2) less frequent MHWs on the deep Scotian Slope
associated with weaker SST variations caused by the inter-
polations and cloud correction applied to the satellite remote
sensing data for generating the CMCSST. Thus, we suggest
that high-resolution data assimilative ocean reanalysis prod-
ucts present more advantages in quantifying surface MHWs
and MCSs than SST products based on satellite remote sens-
ing. For the bottom MHWs and MCSs, the analysis results
from GLORYS12V1 are compared with those from 16 years
of bottom mooring observations at location 1 near the coast
of Nova Scotia. GLORYS12V1 captures all parameters of
observed bottom MHWs and the total days of bottom MCSs
at this location. However, GLORYS12V1 does not repro-
duce the intense cold spikes of observed bottom temperature
and hence detects fewer and less intense bottom MCSs at
this location. This can be attributed to the spatial resolution
of GLORYS12V1 being insufficient to resolve the sharp spa-
tial gradients of the Nova Scotia Current. Therefore, near the
coast of Nova Scotia, GLORYS12V 1 underestimates the fre-
quency and intensity of the bottom MCSs, although it pro-
vides estimates of the total days in agreement with the moor-
ing data.

Secondly, the horizontal/depth distributions of the annual
MHW/MCS parameters are explained by the characteristics
of temperature variations and the related ocean dynamics.
The corresponding parameters of surface MHWs and MCSs
are overall similar due to the nearly symmetrical probability
distribution of SST anomalies around the mean, except on the
Scotian Slope, where the MHW s have lower frequency and
higher mean intensity than the MCSs due to the dominance of
warm-core eddies. The surface MHWSs have the highest fre-
quency (2-3 events yr—!) and mean intensity (3-6 °C) on the
Scotian Slope and to the east of southern Grand Banks, due to
the strong SST variability associated with the eddy activities
and variations in the Gulf Stream and North Atlantic Cur-
rent. The shelf waters show nearly uniform values of the sur-
face MHW parameters: 1-2 events yr~! for frequency, 20—
30dyr~! for total days, and ~2.0°C for the mean inten-
sity. The bottom MHW frequency, duration (approximately
total days divided by frequency), and mean intensity vary
strongly with bottom depth, which can be explained by the
layered structure of MHW parameters and temperature along
a cross-shelf section off Halifax (Fig. 3). In the upper layer
from the surface to a mid-depth interface, the nearly uniform
MHW mean intensity of ~2 °C can mainly be attributed to
variations in the surface heat flux. From the mid-depth in-
terface to about 130 m depth, the MHW mean intensity has
high values of 3-3.5°C, which can be related to the com-
bined effects of downward penetration of the upper layer
(through wind forcing and mixing) and the lateral advection
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of water masses from the Cabot Strait subsurface and cold-
intermediate layers, the Scotian Slope water, and the inshore
Labrador Current. In the deep Emerald Basin below 130 m
depth, the MHW intensity has the lowest values of 1.5-2°C
due to intrusions of offshore water. The MHW frequency has
relatively uniform values of 1.5-2 eventsyr~! in the water
column, except low values of less than 1 event yr~! (corre-
sponding to longer MHW durations) below 130 m depth in
the Emerald Basin and below 30 m depth over the Emerald
Bank. This can be attributed to the different characteristics of
temperature variations caused by different forcings: stronger
variations at shorter (longer) timescales by surfacing forcing
(lateral intrusion).

Thirdly, analysis of the GLORYS12V1 data reveals in-
terannual variations, long-term trends, and regime shifts in
MHW/MCS parameters during 1993-2023. For the surface
MHW (MCS) total days, (1) their annual values have sig-
nificantly positive (negative) correlations with the annual
SST anomalies; (2) their increasing (decreasing) trends cor-
respond to the gradual increasing SST; and (3) the peak value
(215d) of MHW total days in 2012 corresponds to the high-
est annual SST representing the well-known warming condi-
tions across the Scotian Shelf, the Gulf of Maine, and the east
coast of the USA. The bottom temperature shows a stronger
increasing trend than the SST and a sharp increase (regime
shift) around 2012. This causes the increasing (decreasing)
trend and regime shift in MHW (MCS) total days. After 2012
at location 1, the annual bottom temperature became higher
than the annual SST, and the bottom MHW total days fre-
quently exceeded 200, higher than 50-70 for large values of
the surface MHW total days. At location 1 near the coast
of Nova Scotia, GLORYS12V1 reproduces well the rising
trend and sharp increase in bottom temperature around 2012
in the mooring data. In 2012, the bottom MHW total days
at location 1 experienced a sharp increase to ~ 100d. Con-
sistent with the AZMP observations, GLORYS12V1 shows
that, in 2012, the entire water column along the Halifax line
was warmer than the climatology, which can be attributed to
the smaller heat loss to the atmosphere at the sea surface, the
advection of abnormally warm Scotian Slope water, and the
reduced contribution of the cold water from the Gulf of St.
Lawrence or the inner Labrador Shelf. Opposite conditions
occurred in 1998 with the longest bottom MCS total days of
~300d at location 1, and the entire water column along the
Halifax line was colder than the climatology. Further stud-
ies are needed to link variations in ocean temperature and
MHW/MCS parameters in the Northwest Atlantic, at interan-
nual and longer timescales, to large-scale ocean—atmosphere
processes. For example, using long time series of synthetic
data, Gregory et al. (2024) recently examined connections
between the El Nifio-Southern Oscillation and variations in
MHWs globally and identified a linkage between La Nifia
events in the equatorial Pacific and warm conditions in the
Northwest Atlantic. Further studies along this line are im-
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portant for developing predictions of MHWs and MCSs in
the future.

We note that the detection of MHWs and MCSs and
the quantification of their parameters depend on the refer-
ence climatology of ocean temperature, particularly in our
study region, with evident warming trends over the past sev-
eral decades. Defining the climatology over 30 years (1993—
2022) with the GLORYS data obtains longer total days and
stronger intensity for bottom MHWSs, compared with us-
ing the recent 16 years (2008-2023) of bottom temperature
from mooring observations. There are ongoing debates in
the literature about whether the long-term trends in ocean
temperature should be included or excluded in MHW re-
search (Oliver et al., 2021; Zhang et al., 2024). Recent stud-
ies (Amaya et al., 2023b; Capotondi et al., 2024; Smith et
al., 2025) suggest that both approaches could be useful de-
pending on the applications of interest. The long-term warm-
ing trends and short-duration extreme events likely cause
different physiological and behavioural responses of marine
species. In the present study, the long-term warming trend is
retained in defining the water temperature climatology and
the detection of MHWs and MCSs, while, in the future, we
may explore other definitions when investigating the impacts
of MHWs and MCSs on marine ecosystems and fisheries.

Appendix A
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Figure A1. Histogram of sea surface temperature anomalies from GLORYS12V1 at six locations marked in Fig. 1. The height of each bar
is the number of data values in each bin divided by the total number of data values.
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Figure A2. Time series of bottom MHW/MCS parameters and bottom temperature derived from GLORYS12V1 at (left column) a location
in the Emerald Basin (marked as a triangle in Fig. 3a) and (right column) location 7 on Emerald Bank (marked in Fig. 1a).
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Figure A3. Evolution of surface MHWs in 2011 at a location (52.8° N, 55.2° W) on the Labrador Shelf derived from (a, ¢) CMCSST and
(b) GLORYS12V1. In panel (c), the missing values of CMCSST are filled with the freezing temperature of —1.8 °C.
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Abstract. Climate change is placing growing pressure on all parts of the ocean, increasing the need for regular
information to support regional assessments and inform policy and decision-making. Understanding not only
what is changing and where but also why is essential for effective response and meaningful action. To answer
this need a new conceptual framework for the assessment of the physical state of the general natural water basin
was introduced and then tested for the Baltic Sea. The approach is based on major process characteristics of the
Baltic Sea and includes the analysis of mutual variability of well-established climate indicators such as ocean
heat content (OHC), freshwater content (FWC), subsurface temperature, and salinity, combined with atmospheric
forcing functions along with salt transport across the open boundaries as well as river runoff. A random forest
model is used as the main analysis tool to enable statistical dependencies between state variables and potential
forcing factors. Results reveal a clear 30-year warming trend in the Baltic Sea, closely linked on an interannual
scale to 2m air temperature, evaporation, and wind stress magnitude. The study highlights that interannual
variations in temperature and salinity within the vertically extended halocline are key drivers of changes in OHC
and FWC in the Baltic Sea. Interannual changes of FWC are explained by large-volume saline water inflows,
net precipitation, and zonal wind stress. This framework also offers a new perspective of the potential impact of
a shallowing mixed layer depth, resulting from sustained sensible heat flux changes at the air—sea interface, on
salt export and the overall reduction of FWC in the Baltic Sea. This new framework could be applied to other
geographical regions or future datasets, providing consistent information for a basin-wide monitoring tool that
tracks the state and variability of the sea. Such a tool could be integrated into regional climate and environmental
assessments.

1 Introduction fast warming at the surface (~ 0.06 K per decade) and bottom
(> 0.04 K per decade) and slow warming in the intermediate
layers (< 0.04 K per decade) (Dutheil et al., 2023). Surface
warming has progressively increased over time, primarily
due to the sensible heat flux and latent heat flux (Kniebusch
et al., 2019a). Trends in freshwater content (FWC) are not
as consistent globally as those of OHC (Boyer et al., 2007),

although the rise in global sea level is widely acknowledged

Human-induced greenhouse gas emissions are warming
Earth’s climate, causing ocean temperatures to rise and ice
to melt globally (IPCC, 2021). The increase in ocean water
temperatures has induced a rise in ocean heat content (OHC),
and ice melt on land has introduced significant amounts of
fresh water into the ocean, contributing to the rise in global
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sea levels. In 2023, global average sea surface temperature
reached a record high relative to the 1973-2024 baseline pe-
riod (McGrath et al., 2024), and global ocean heat content
climbed to record levels (Cheng et al., 2024). In the Baltic
Sea, the temperature trends for the period 1850-2008 show

Published by Copernicus Publications.

(Frederikse et al., 2020). Salinity patterns differ across var-
ious ocean regions of the world (Skliris et al., 2014), with
the North Atlantic—North Pacific salinity contrast increasing
by 5.9 % + 0.6 % since 1965 (Lu et al., 2024). At a regional
scale in the Baltic Sea, FWC has shown a significant down-
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Table 1. Product table.

Product Product ID and type Data access Documentation
ref. no.
1 BALTICSEA_MULTIYEAR_PHY_003_011; EU Copernicus Marine Quality Information Document (QUID):
numerical models Service Product (2023) Panteleit et al. (2023)
Product User Manual (PUM):
Ringgaard et al. (2024)
2 ERADS; numerical models Copernicus Climate Product reference: Hersbach et al. (2023)
Change Service (2023) Journal article: Hersbach et al. (2020)
3 E-HYPE; numerical models SMHI Donnelly et al. (2016)

ward trend over the last 30 years (Raudsepp et al., 2023).
Winsor et al. (2001) highlighted the cumulative impact of
riverine input on the Baltic’s freshwater budget, while Rodhe
and Winsor (2002) underscored the importance of episodic
saltwater inflows in renewing deep water. An increase in
freshwater supply to the Baltic Sea will intensify the regional
water cycling, resulting in lower salinity, and vice versa.

The analysis of the physical state of natural water basins
typically focuses on the evolution and spatial distribution of
temperature and salinity and corresponding uncertainty esti-
mations, which are essential ocean variables (EOVs; Global
Ocean Observing System, 2024; Lindstrom et al., 2012).
These variables are four-dimensional and therefore provide
a spatially and temporarily resolved description of the state
of the water body. Meanwhile, OHC and FWC are vital inte-
gral characteristics of the ocean, indicative of a water body’s
energy and mass, respectively. OHC offers a comprehensive
view of oceanic heat storage, which is crucial for evaluat-
ing climate change impacts, energy budgets, and long-term
trends (Forster et al., 2024). FWC represents the mass of the
fresh water relative to the total mass of a water parcel with
a given salinity (see Raudsepp et al., 2023). The increase in
net precipitation over land and sea areas, the decrease in the
ice cover, and the increase in river runoff are the main com-
ponents of the global hydrological cycle that increase FWC
in the ocean (Boyer et al., 2007; Cheng et al., 2020; Yu et al.,
2020). While OHC is a well-established indicator in ocean
and climate research, its counterpart, ocean FWC, has re-
ceived less attention.

We propose a new conceptual framework for assessing
the physical state of the Baltic Sea by integrating multiple
physical and statistical approaches (Fig. 1). OHC and FWC
serve as integrative indicators of the Baltic Sea’s physical
state, analogous to essential climate indicators (IPCC, 2021;
Forster et al., 2025). The OHC and FWC are well-established
measures (IPCC, 2021; Forster et al., 2025) which we in-
tegrate into a unified assessment framework with additional
analysis layers — vertical distribution and statistical inference
— to assess the Baltic Sea’s state, and they are central to un-
derstanding its energy and mass balance. OHC reflects the
vertically integrated heat stored in the water column and is

State Planet, 6-0sr9, 6, 2025

2.3

. FWC |

Integral OHC
characteristics 5 .
N ICE )/
| sie, shv )
timaseries l l
sub surf | sub surf
salt an. | tempan.
Vertical s
characteristics
How FWC and FWC is reflected in subST and subSS timeseries
vertical
MBI | river runoff |
K .
Spatially diff . P—
Forcing ( A
characteristics haalﬂux_
net precip.
windstress
iy

Figure 1. Conceptual scheme of the Baltic Sea state parameters il-
lustrating the interplay among key indicators: ocean heat content
(OHC), freshwater content (FWC), sea ice extent (SIE), sea ice
volume (SIV), subsurface temperature (subST), subsurface salin-
ity (subSS), and major Baltic inflows (MBIs). Changes in OHC and
FWC drive variations in sea ice cover and subsurface conditions,
while episodic MBI events inject saline water into deep layers, alter-
ing subsurface salinity and temperature. Together, these processes
shape the overall state of the Baltic Sea.

primarily influenced by surface heat fluxes, vertical mixing,
and subsurface temperature changes (Forster et al., 2025).
FWC quantifies the deviation of the water column’s salinity
from a reference value and serves as a measure of accumu-
lated fresh water (Durack, 2015; Raudsepp et al., 2023). It
is affected by net precipitation, river runoff, evaporation, and
saltwater intrusions from the North Sea. In this study, these
indicators are integrated into a unified assessment framework
that includes both their vertical structure and statistical infer-
ence layers. The study identifies the importance of these ma-
jor variables affecting the OHC and FWC, including subsur-
face temperature, salinity, atmospheric forcing factors, and
salt transport.
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The framework follows a three-stage process: time series
analysis, depth-based variability analysis, and statistical rela-
tionships using machine learning. The initial phase consists
of calculating the time series of OHC and FWC for the entire
Baltic Sea. This provides insights into long-term trends and
interannual variability. In basins covered partially by sea ice,
the annual mean ice extent (MIE) is considered an important
integral characteristic. The next step examines the horizon-
tally averaged vertical distribution of temperature (for OHC)
and salinity (for FWC) to determine which depth ranges con-
tribute the most to their variations. While this does not di-
rectly attribute causal links, the vertical profiles of temper-
ature and salinity provide strong indications of which forc-
ing factors might be responsible for changes in OHC and
FWC. The final stage integrates forcing functions and ocean
state characteristics to identify statistical dependencies be-
tween them, using a random forest (RF) model to probe po-
tential drivers of variability. A RF model is employed to high-
light statistical dependencies between oceanic state variables
and external forcing mechanisms. This machine-learning ap-
proach enables the identification of general patterns in the
temporal evolution of the Baltic Sea’s physical state. The
main reason we introduced the RF models is to determine,
in a data-driven way, the relative importance of different
depth layers and forcing factors on the variability of OHC
and FWC. The RF approach offers a flexible means to han-
dle nonlinear relationships and multiple predictors simulta-
neously.

Our proposed framework integrates the analysis of OHC
and FWC by considering both their bulk integral values
and their vertical distributions, allowing for the identifica-
tion of key depth ranges contributing to their variability —
which goes beyond other similar frameworks. Unlike the
GOOS EOV framework (https://goosocean.org/, last access:
22 August 2025), which focuses on structured global ocean
monitoring without machine-learning-based statistical anal-
ysis, our approach explicitly incorporates machine learn-
ing to identify potential drivers of variability. Compared to
the IPCC Climate and Ocean Monitoring Framework (IPCC
ARG, 2021, Ocean Observations Chapter, https://www.ipcc.
ch/report/ar6/wgl/, last access: 22 August 2025), which re-
lies on dynamical climate models for global-scale processes,
our framework is designed for regional-scale Baltic Sea anal-
ysis, offering a more localized and detailed assessment. Fi-
nally, while the NASA Salinity and Heat Budget Analysis
(NASA Salinity Budget Project, https://podaac.jpl.nasa.gov,
last access: 22 August 2025) is largely empirical and fo-
cused on global salinity and heat transport, our approach
provides a structured three-stage methodology, incorporat-
ing not only empirical analysis but also a cause-and-effect
exploration using machine learning. This makes our frame-
work uniquely suited for regional climate monitoring and ac-
tionable insights into the physical state of the Baltic Sea.

The Baltic Sea is recognized for its spatially pronounced
heterogeneous structure. Its various subregions may exhibit
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distinct temporal variations in key state variables and over-
all dynamics, making it a complex environment for test-
ing the conceptual framework. The Baltic Sea, a shal-
low marginal sea in northeastern Europe, is characterized
by its hydrographic fields and sea ice conditions (Lep-
paranta and Myrberg, 2009). Salinity levels are affected by
saline water inflows from the North Sea through the Dan-
ish straits, riverine freshwater inputs, and net precipitation
(Lehmann et al., 2022). Major Baltic inflows, which intro-
duce saline and oxygen-rich water, are sporadic and unpre-
dictable (Mohrholz, 2018). Temperature fields are influenced
by the heat exchange with the atmosphere. The residence
time of the Baltic Sea’s water is several decades long (Meier
et al., 2022). The vertical salinity stratification is defined by
the halocline’s depth, featuring a well-mixed surface layer
and a slightly stratified layer beneath. Water temperature
plays a crucial role in forming secondary stratification re-
lated to the temperature of the upper mixed layer. Seasonal
temperature cycles lead to partial freezing of the Baltic Sea in
winter. Changes in sea ice extent over time are a vital indica-
tor of climate change for the area. A reduction in maximum
ice extent impacts the sea’s vertical stratification and the sea-
sonal trends in ocean heat and freshwater content (Raudsepp
et al., 2022, 2023). Despite global warming, there has not
been a significant increase in the Baltic Sea’s relative sea
level (Ranasinghe et al., 2021), which instead shows a strong
seasonal cycle.

This conceptual framework is designed as an indicator-
based approach relevant to policymakers. OHC and FWC
distill complex, high-dimensional data (many temperature
and salinity profiles) into two easy-to-interpret indices of the
Baltic Sea’s thermal and haline state. This kind of simpli-
fication is valuable for decision-makers who require clear,
high-level indicators. However, interpretation is also neces-
sary — and this becomes particularly challenging at the re-
gional scale, where a variety of interacting processes, includ-
ing long-term changes, are at play. The framework not only
delivers time series and regular statistical assessments, but
also provides a structured path toward meaningful interpre-
tation by focusing directly on the main drivers of change.
Understanding not just what is changing and where, but also
why it is happening, is essential for taking informed action
and gaining a comprehensive view of the system. The frame-
work enables the monitoring of climate change impacts on
the Baltic Sea while maintaining a balance between scien-
tific rigor and practical accessibility. It is not meant to serve
as a comprehensive dynamical model but rather as a tool for
assessing the state of the Baltic Sea and guiding regional
management decisions. The framework is grounded in well-
established physical quantities and validated by statistical
analysis, which ensures that its findings are consistent and
credible.

The study aims to present a framework for assessing the
physical state of the Baltic Sea by integrating annual mean
values of OHC, FWC, subsurface temperature and salin-
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ity, atmospheric forcing functions, salt transport, and river
runoff. The objective is to use a data-driven RF approach as
the primary analysis tool to parse out nonlinear relationships
and feature importances from a broad dataset. This study
introduces an integrative, basin-wide approach, defining the
entire Baltic Sea as a single water body for analysis. It com-
putes a time series of total OHC and FWC for the whole
sea. Unlike previous approaches that focus mainly on lo-
cal variations, this methodology prioritizes integrated indices
that capture the sea’s overall state. This holistic perspective
represents a fundamental shift away from fragmented, lo-
calized analyses toward a comprehensive understanding of
ocean dynamics, making the framework uniquely suited to
inform large-scale assessments and decision-making.

2 Data and methods

2.1 Oceanographic and atmospheric data

The Baltic Sea physics reanalysis multi-year product (BAL-
MYP; Table 1, product ref. no. 1) is derived from the
ocean model NEMO v4.0 (Madec et al., 2019). It assimilates
satellite observations of sea surface temperature (SST) (EU
Copernicus Marine Service Product, 2022) and in situ tem-
perature and salinity profiles from the ICES database (ICES,
2022). The model data are provided on a grid with a horizon-
tal resolution of 1 nmi (nautical mile), including 56 vertical
layers, covering the entire Baltic Sea and the transition zone
to the North Sea. The dataset covers the period from 1993
to 2023, with the model setup detailed in the Product User
Manual (PUM; Ringgaard et al., 2024).

The BAL-MYP has been extensively validated, as docu-
mented in the Quality Information Document (QUID; Pan-
teleit et al., 2023), focusing on the period from 1 January
1993 to 31 December 2018. Additionally, the BAL-MYP
data were evaluated using a clustering method with the K-
means algorithm (Raudsepp and Maljutenko, 2022), which
provided insights into the reanalysis accuracy by categoriz-
ing errors (Lindenthal et al., 2024). Fifty-seven percent of
the data are clustered with a bias of dS = —0.40 gkg™! and
dT = —0.02 °C, encompassing 57 % of all data points with
RMSE S=0.92gkg™! and T =0.54°C. These points are
distributed throughout the Baltic Sea. Clusters with high pos-
itive and negative temperature biases account for 11 % and
8 % of total points, respectively, with marginal salinity bi-
ases and relatively even spatial distributions across the Baltic
Sea. Twenty-six percent of the points have low temperature
but high salinity errors, both negative and positive, predomi-
nantly located in the southwestern Baltic Sea, indicating oc-
casional underestimation or overestimation of the inflow/out-
flow salinity.

Given its spatial coverage and validated accuracy, the
BAL-MYP reanalysis (Table 1, product ref. no. 1) provides
a reliable basis for calculating integrated environmental indi-
cators such as OHC and FWC, which are essential for large-
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scale climate assessments. OHC directly reflects Earth’s en-
ergy imbalance, making it a key metric for tracking global
warming, unlike basin-averaged temperature, which lacks a
direct connection to energy budgets (von Schuckmann et al.,
2016, 2023). Consequently, OHC is prioritized in climate
models and international assessments (Bindoff et al., 2019)
due to its direct relationship with anthropogenic forcing and
its predictive value for future climate scenarios. The daily
OHC has been computed for each model grid cell from re-
analysis (product ref. no. 1), following the methodology of
Meyssignac et al. (2019):

OHC = p x ¢, x (T +273.15), (1)

where p is the density of seawater calculated following the
TEOS10 (IOC et al., 2010), ¢, is specific heat capacity cal-
culated as a third-order polynomial function of salinity and
temperature according to Millero et al. (1973), and T is daily
temperature.

Ocean FWC is deemed more significant than mean salin-
ity for understanding climate dynamics and ocean processes.
FWC provides a holistic measure of freshwater storage and
its effects on ocean circulation, climate, and sea-level rise
(Solomon et al., 2021; Fukumori et al., 2021). It directly
measures freshwater inputs (e.g., ice melt, river runoff, rain-
fall) or losses (e.g., evaporation), whereas mean salinity only
indicates the average salt concentration, ignoring volume
(Hoffman et al., 2023). A minor salinity change over a large
water volume could signify a substantial freshwater flux,
which mean salinity alone would not reveal (Schauer and
Losch, 2019). The FWC was calculated at each grid point
and day as in Boyer et al. (2007):

FWC = o(Sret, Tret, P)/ (0, Tret, p) X (Sret — S)/S. (@)

The three-dimensional temperature (Trer) and salinity (Sgef)
fields are temporal averages over the period of 1993-2023.
A detailed description of the calculation procedure is avail-
able in Raudsepp et al. (2023). The OHC and FWC were
calculated by spatially integrating the gridded OHC (1) and
FWC (2) over the Baltic Sea, and then the annual mean OHC
and FWC values were calculated from these daily values.

The mixed layer depth (MLD), also referred to as the upper
mixed layer (UML), was included in the analysis using data
from a multi-year reanalysis product (product ref. no. 1). The
MLD was calculated based on density stratification following
the method of de Boyer Montégut et al. (2004), which defines
MLD as the depth at which seawater density deviates from
the reference density at 10 m depth by a specified threshold.
For the Baltic Sea, this threshold was adjusted to 0.03 kg m—3
to better represent the characteristics of the regional upper
mixed layer (Panteleit et al., 2023).

Atmospheric data for the RF input (Atm8) were obtained
from the ERAS reanalysis (product ref. no. 2) for the pe-
riod 1993-2023. The parameters (eight in total) included 2 m
air temperature, total precipitation, evaporation, wind stress
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magnitude, and the x and y components of wind stress, along
with total cloud cover and surface net solar radiation. The
time series for the annual mean values of these atmospheric
parameters were computed as horizontal averages across the
Baltic Sea region (8-33°E and 52-68° N).

Additionally, total river runoff to the Baltic Sea (RNF)
(product ref. no. 3) and a proxy for saltwater inflows — rep-
resented by bottom salinity in the Bornholm Basin (SOB)
(product ref. no. 1) — were included as external forcing fac-
tors. These variables capture key hydrological and oceano-
graphic influences not fully accounted for by atmospheric
drivers alone and contribute to a more comprehensive assess-
ment of interannual variability in FWC.

Horizontally average temperature and salinity profiles cal-
culated from the BAL-MYP (product ref. no. 1) at 42 differ-
ent depth layers (shown on Fig. 3) and Baltic Sea domain
(13-31°E and 53-66°N; excluding the Skagerrak strait)
were used as predictors in two of the RF models. The ratio-
nale for using the full vertical profiles is to allow the model
to identify which depth layers most strongly influence the to-
tal OHC or FWC. Instead of assuming a priori which depths
matter, the RF can learn this from data: if variations at a par-
ticular depth are consistently associated with changes in to-
tal OHC/FWC, the model’s feature importance for that depth
will be high.

2.2 Random forest

Random forest (RF) is an ensemble learning method predom-
inantly used for classification and regression tasks (Breiman,
2001). It functions by building multiple decision trees dur-
ing the training phase and outputs the class that is the mode
of the classes (classification) or the mean prediction (regres-
sion) of the individual trees. This method enhances accuracy
and helps prevent overfitting, thus making it resilient to noise
in the dataset. RF proves to be highly effective in analyz-
ing complex interactions between variables, such as the re-
lationships between marine state variables and atmospheric
parameters. Its effectiveness is due to its capability to man-
age high-dimensional data and its resistance to outliers and
noise, which are prevalent in environmental datasets. Addi-
tionally, RF is adept at detecting nonlinear relationships be-
tween predictor variables (atmospheric parameters) and re-
sponse variables (marine state variables), which linear mod-
els often overlook.

In the context of a RF model, feature importance is a tech-
nique that identifies the most influential input features (vari-
ables) in predicting the output variable. The importance of
each feature is determined by the decrease in model accu-
racy when the data for that feature are permuted, while all
other features remain unchanged. If permuting a feature’s
values significantly increases the model’s error, that feature
is deemed crucial for the model’s predictions. This approach
aids in discerning the contribution of each feature to the
model’s decision-making process and in identifying key at-
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mospheric parameters that significantly impact marine state
variables. A positive value for a feature implies that per-
muting that predictor variable’s values raises the model’s
prediction error, indicating the variable’s importance for the
model’s predictive accuracy. A higher positive value suggests
greater reliance on that variable by the model.

In this study we have trained the four different RF mod-
els to fit the OHC and FWC annual average time series from
annual average predictor variables with the hyperparameter
configurations shown in Table 2. Two models are trained to
predict the OHC and FWC values from the set of the atmo-
spheric variables (VAR arguments). The OHC model uses
only atmospheric input variables, whereas the FWC model
includes, in addition to atmospheric variables, two external
predictors: total river runoff to the Baltic Sea and bottom
salinity in the Bornholm Basin. In addition, two more mod-
els are trained to predict OHC and FWC using horizontally
averaged temperature and salinity profiles (Z arguments). To
study variability independent of long-term trends, all input
variables and target time series used in the VAR models were
linearly detrended prior to training. This ensures the models
capture interannual to decadal fluctuations rather than long-
term changes.

To optimize the performance of the RF models while en-
suring robustness and generalizability, a set of hyperparame-
ters was selected based on best practices outlined by Probst et
al. (2019), along with and based on sensitivity analysis con-
ducted for the number of trees (Fig. A2). The minimum leaf
size (MinLS) was set to 1, allowing the trees to fully grow
and capture complex data patterns. The number of predic-
tors to sample at each split (Pred2Samp) was dynamically
determined as one-third of the total number of predictors,
tackling a balance between feature randomness and predic-
tive strength. This approach promotes diversity among trees
while preventing excessive correlation. The number of trees
(NumTrees) in each RF model was set to 100, providing suf-
ficient ensemble stability while maintaining computational
efficiency (Appendix A2). Since this study employs RF mod-
els to investigate nonlinear relationships between predictors
and state variables, we use the entire dataset (all available
data) as the training set to maximize the models’ ability to
learn patterns. We conducted 5-fold cross-validation, which
yielded similar conclusions regarding which predictors are
most influential, suggesting that the RF importance measures
are qualitatively robust. To further enhance predictive relia-
bility, assess uncertainty, and evaluate the stability of both
predictions and feature importances, an ensemble of 150 in-
dependently trained RF models was constructed.

We employed MATLAB’s TreeBagger function to assess
the feature importance of atmospheric predictors on ma-
rine state variables. The OOBPermutedPredictorDeltaError
method, a robust metric from MATLAB’s TreeBagger, quan-
tifies each predictor’s importance via the out-of-bag (OOB)
prediction error. This involves permuting each variable’s val-
ues across OOB observations for each tree. The resulting
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Table 2. Hyperparameter configurations and validation for different random forest models. All models use the same random forest config-
uration: number of trees set to 100 and forest ensemble size to 150. The variable number of predictors to sample at each split (Pred2Samp)
is set to 2/3 of the number of input parameters. The minimum leaf size is fixed at 1. Asterisks (*) indicate RF models applied to variability
using detrended variables. Models performance is shown by means of Pearson’s correlation coefficient (CC) and root mean square difference

(RMSD).
Model Predictors Pred2Samp CC RMSD
RF_OHC(Z) Tprof_42! 14 0986 0.0016
RF_FWC(Z) Sprof_42! 14 0973  0.004
RF_OHC(VAR)* ATM_82 309012 03432
RF_FWC(VAR)* ATM_82 + RNF? 4 SOB* 4 08994 03624

! Tprof_42, Sprof_42: horizontally averaged annual mean temperature and salinity profiles at 42 depth levels
(Fig. 3). 2 ATM_8: horizontally averaged annual mean values of eight atmospheric variables. 3 RNF: total
annual river runoff into the Baltic Sea. 4 SOB: annual mean bottom salinity in the Bornholm Basin.

change in prediction error from these permutations is cal-
culated for each tree. These measures are averaged across
all trees and normalized by the standard deviation of the
changes, providing a standardized score that highlights the
variables with the most significant impact on predictive accu-
racy. Averaging the feature importance scores across all mod-
els in ensembles minimizes the noise and variability from
any single model’s training, offering a more consistent and
dependable indication of each atmospheric parameter’s con-
tribution to predicting marine state variables. A larger impor-
tance value means that permuting (randomizing) that predic-
tor greatly degrades model accuracy, indicating the predictor
was influential. Conversely, near-zero or negative importance
means that randomizing the predictor had little effect or even
slightly improved the model’s error, suggesting the predictor
is not informative (or that its influence is redundant or noisy).

3 Results

Both OHC and FWC display a statistically significant linear
trend, as shown in Fig. 2. Using a z-score time series allows
for the comparison of trends per year (trend*) and data dis-
tributions without the influence of their units. OHC shows
an increasing trend* of 0.089 4 0.025, while FWC exhibits
a decreasing trend* of —0.092 %+ 0.023, both comparable in
magnitude (Table 3). The corresponding absolute values are
0.34+0.095Wm~2 for OHC and —36.99 £ 9.20 km? yr~!
for FWC (Table 3). Between 1993 and 2003, OHC and FWC
varied similarly, both rising and falling concurrently (blue
dots in Fig. 2). After this period, their patterns diverged (yel-
low and red dots in Fig. 2). Interannual variations of the an-
nual mean sea ice extent and OHC are strongly correlated
but in opposite phases (not shown). Among the forcing func-
tions, the 2 m air temperature shows a distinct positive trend
(Fig. 2), albeit weaker than the trends of OHC and FWC (Ta-
ble 3). The air temperature over the Baltic Sea area has risen
with a trend* of 0.074 +0.031 (Table 3). Surface net solar
radiation has a weaker but still significant positive trend* of
0.058 £ 0.035, and the evaporation time series shows a neg-
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ative trend* of —0.041 +0.039 (Fig. 2, Table 3). Other at-
mospheric variables did not exhibit statistically significant
trends (Fig. 2). Correlation coefficients among various at-
mospheric datasets were generally low (Table 4). The two
highest correlation coefficients, 0.76 and 0.73, are between
wind stress magnitude and its zonal component, indicating
a predominance of westerly airflow over the Baltic Sea and
between 2 m air temperature and surface net solar radiation,
respectively. The low correlations suggest a weak statistical
relationship between the annual mean atmospheric parame-
ters, supporting the inclusion of all forcing functions in the
RF model.

In analyzing OHC variations, we use a RF_OHC(Z)
model (Table 2). This model employs horizontally averaged
annual temperature values at each depth level, derived from
the depth levels of a multi-year product (product ref. no. 1),
as input features. The RF model finely replicates the annual
OHC time series (Fig. 3a), with a high correlation coeffi-
cient (0.986) and a RMSD of the standardized time series at
0.0016. However, it did not capture the extreme OHC event
in 2020 or the low OHC extreme in 1996 (Fig. 3). Feature
importance is significant within a depth range of 10-80m
(Fig. 3b), with two peaks at depths of 18 and 60 m, align-
ing with the average depths of the seasonal thermocline and
the permanent halocline, respectively. This suggests that in-
terannual OHC variations are mainly influenced by temper-
ature changes within these layers. Subsurface temperatures
from 1993 to 2023 indicate warming trends of approximately
0.06°Cyr~! across all depths (CMS, 2024a). From 1993 to
1997, deep water temperatures remained relatively low (be-
low 6 °C). Since 1998, deeper waters have warmed, with tem-
peratures above 7 °C occupying the layer below 100 m since
2019. The water temperature below the halocline has risen
by about 2 °C since 1993, and the cold intermediate layer’s
temperature also increased during the 1993-2023 period.

A similar method is employed to elucidate the inter-
annual fluctuations of FWC using RF_FWC(Z) (Table 2),
utilizing horizontally averaged salinity at each depth level.
The model’s precision is slightly lower (correlation: 0.973;
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2 m temperature; TP: total precipitation; EVAP: evaporation; Wstr: wind stress; WUstr and WVstr: wind stress # and v component; TCC:
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RMSD of standardized time series: 0.004) compared to that
for OHC. The model consistently underperforms in predict-
ing the FWC peaks, encompassing both the lows and highs
(Fig. 3c). The most notable features cover the depth range of
40-120 m (Fig. 3d), coinciding with a halocline layer and its
vertical extensions to both shallower and deeper depth. The
salinity levels at the bottom layer are of secondary impor-
tance to the inter-annual variations of FWC in the Baltic Sea.
The salinity in the top 25 m stratum exerts a minimal influ-
ence on FWC changes. The interannual variability of salinity
in the upper stratum is minor relative to the deeper stratum.
The salinity gradient ascends steadily from zero at a depth
of 25m to 0.04 gkg~! annually at 70 m (CMS, 2024b). The
most marked trend, 0.045 gkg~! yr~!, occurs within the ex-
panded halocline layer extending from 70 to 150 m. Notably,
there is a slight dip in the salinity trend to 0.04 gkg=! yr™!
between the depths of 150 and 220 m. While this reduction is
slight, it indicates that salt influx into the expanded halocline
layer is more significant than into the deeper strata. A salin-
ity trend of 0.05gkg™! annually is detected in the deepest
stratum of the Baltic Sea.

Building a RF model targeting OHC and FWC time series
with atmospheric forcing functions reveals the 2 m air tem-
perature as the most significant contributor (Appendix Al).
This correlation is physically plausible for OHC but less
so for FWC. The 2m air temperature affects the air-sea
heat exchange via the sensible heat flux component. To fur-
ther explore the declining FWC trend, we examined interan-
nual changes in the annual average upper mixed layer depth
(MLD). In the Baltic Sea, MLD varies widely across differ-
ent areas and seasons. A shallowing of MLD is observed in
the Baltic Proper and to some extent in the Bothnian Sea,
while a MLD deepening is noted in the Bothnian Bay, the
Gulf of Finland, and the Gulf of Riga. Typically, the Baltic
Sea’s stratification is influenced by salinity, although a sea-
sonal thermocline forms across the sea. In the northern and
eastern basins, the dispersal of river water during spring and
summer leads to the development of the seasonal pycnocline.
Conversely, in the southern Baltic Sea, the spread of river wa-
ter is mostly restricted to the coastal areas, so the mixed layer
is less affected by the seasonal halocline.

We performed test experiments with the RF model, incor-
porating the upper mixed layer (UML) as an additional fea-
ture. We determined the annual mean UML depth across the
Baltic Sea and specifically for the Eastern Gotland Basin.
The decline in the UML depth was more significant in the
Eastern Gotland Basin compared to the entire Baltic Sea. The
UML depth in the Eastern Gotland Basin decreased from
30m in 1993 to 22m in 2023. The MLD feature became
more significant than the 2 m temperature in explaining the
FWC when we considered the UML depth in the Eastern
Gotland Basin. However, the results were contentious when
we applied the average UML depth for the entire Baltic Sea.
An increase in the 2 m temperature may cause a shallower
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Table 4. Correlation coefficients (lower triangle) and standard errors (Gnambs, 2023) (upper triangle) of atmospheric parameters. Correlation
coefficients which pass a two-tailed 7 test at 95 % confidence are in bold. OHC: ocean heat content; FWC: freshwater content; T2: 2m
temperature; TP: total precipitation; EVAP: evaporation; Wstr: wind stress magnitude; WUstr: wind stress u component; WVstr: wind stress
v component; TCC: total cloud cover; SSR: surface net solar radiation.

T2 TP EVAP Wstr - WUstr  WVstr TCC SSR
T2 0.19 0.17 0.17 0.15 0.14 0.15 0.09
TP 0.12 0.18 0.17 0.18 0.18 0.13  0.17
EVAP —-0.28 —-0.18 0.19 0.18 0.16 0.19 0.15
Wstr 0.31 035 —0.10 0.08 0.15 0.18 0.19

WUstr 0.47 0.25 0.16
WVstr 0.48 0.16 0.37
TCC —-0.43 0.58 —0.04
SSR 073 —-031 —-0.43

—-0.20
0.07 0.18 0.11

0.76 0.15 0.16 0.18
0.43 0.43 0.19 0.19
—-042 —-0.13 0.09

—-0.73

mixed layer, potentially reducing the mixing between the sur-
face freshwater layer and the denser saline layer beneath.

By eliminating trends, we utilized RF models to iden-
tify the primary characteristics of the interannual fluctua-
tions of OHC and FWC. The ensemble mean forecast of
RF_OHC(VAR)* (Table 2) effectively captures these interan-
nual changes (Fig. 4a), evidenced by a correlation coefficient
of 0.9012 and a RMSD of 0.3432. Factors such as 2m tem-
perature, wind stress, and evaporation significantly influence
the interannual variability of OHC (Fig. 4c). Additionally,
total cloud cover and solar radiation have a minor impact on
the shape of OHC.

In the RF_FWC(VAR)* model, we incorporated bottom
salinity from the Bornholm Basin as a supplementary fea-
ture. The direct calculation of salt transport from model data
across a section at the Baltic Sea entrance is error-prone.
Utilizing daily average cross-section velocities and salini-
ties overlooks high-frequency fluctuations with considerable
residual salt flux. The model’s precision in predicting ac-
curate salinity levels at the Baltic Sea’s entrance is quite
low (Lindenthal et al., 2024). Time series of bottom salin-
ity changes in the Arkona and Bornholm basins facilitate
the tracking of the intermittent nature of water inflow and
outflow events. The Arkona Basin, being relatively shallow,
is known for its dynamic nature regarding volume and salt
transport. Here, bottom salinity reflects the salinity shifts
caused by inflow and outflow variations at the Baltic Sea
entrance. These variations mask the large volume inflows
chiefly responsible for the Baltic Sea’s salt influx, thus not
significantly affecting the Arkona Basin’s bottom salinity
over time. Conversely, the Bornholm Basin’s greater depth
means its bottom salinity is less affected by the upper layer’s
varying salinity water movements. Hence, the Bornholm
Basin’s bottom salinity serves as a more accurate indicator
of the Baltic Sea’s salt inflow. We also factored in the annual
average river runoff (product ref. no. 3) into the Baltic Sea in
our RF model.

The ensemble mean predictions of the RE_FWC(VAR)*
are marginally less precise, with a correlation coefficient of
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0.8994 and a root mean square difference of 0.3624. The bot-
tom salinity in the Bornholm Basin — used here as an in-
dicator of salt flux into the Baltic Sea — and total precipi-
tation and the zonal wind component emerge as the primary
drivers of interannual variations in freshwater content (FWC)
(Fig. 4d). In contrast, riverine freshwater discharge shows
no significant impact on FWC variability at the interannual
scale. Raudsepp et al. (2023) showed that there are multi-year
periods when river runoff is in phase or out of phase with the
FWC as calculated for the whole Baltic Sea.

Notable FWC peaks occurred in 1993, 2002, and 2013,
each followed by a rapid decline in subsequent years
(Fig. 4b). The elevated FWC in 1993 reflects the end of a pre-
ceding stagnation period characterized by low salinity, which
was interrupted by the major Baltic inflow (MBI) of 1993 oc-
curring at the end of that year. The gradual increases in FWC
observed from 1997 to 2002 and from 2004 to 2013 represent
periods during which the influence of earlier MBIs — specif-
ically those of 1993 and 2002 — on the basin’s total salinity
diminished over time.

Reductions in FWC are associated with increases in wa-
ter salinity, driven primarily by the advection of saline water
through the Danish straits. The highest bottom salinity val-
ues correspond to the MBIs that occurred at the end of 1993,
2002, and 2014. These inflows had a limited effect on an-
nual FWC during the years of the inflows themselves (1993
and 2002), with their primary impact becoming evident in the
following years — 1994 and 2003, respectively. Although the
2014 MBI took place at the end of that year, an increase in
deepwater salinity was already underway prior to the event,
leading to a decrease in FWC during 2014.

Finally, profiles of salinity, temperature, and dissolved
oxygen concentration in the Gotland Basin from 1993 to
2023 — sourced from the Copernicus Marine Service Baltic
Sea in situ multi-year and near-real-time observations (IN-
SITU_BAL_PHYBGCWAV_DISCRETE_MYNRT _013_032)
(CMS, 2024c¢) — complement our analyses of OHC and FWC
by providing additional context on the evolution of the Baltic
Sea’s physical and biogeochemical conditions.
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Figure 4. Time series of detrended OHC* (a) and FWC* (b) ensemble predictions (ensemble mean as blue dots) using RF ensembles.
Ensembles of corresponding models feature importances, with ensemble spread (“+” markers corresponding to 1 SD) shown on panels (c)
and (d) for OHC and FC, respectively. All variables are z-scored. OHC: ocean heat content; FWC: freshwater content; T2: 2 m temperature;
TP: total precipitation; EVAP: evaporation; WSTR: wind stress; WSTRU and WSTRV: wind stress # and v component; TCC: total cloud
cover; SSR: surface net solar radiation; RNF: river runoff; SOB: bottom salinity in the deepest location of the Bornholm Basin. Importance
values are scaled by the permutation effect’s standard deviation; positive values indicate reduced model performance when a predictor is
permuted, while negative values reflect spurious performance improvements from permutation.

4 Discussion and conclusions

The growing complexity of climate-driven changes in ma-
rine environments necessitates a comprehensive framework
that transcends traditional localized assessments. By inte-
grating key indicators into holistic indices representing the
overall state of the sea, this approach advances beyond frag-
mented analyses to provide a coherent basis for regional eval-
uation. Such an integrative methodology is essential for de-
livering actionable insights that can effectively inform policy
and support sustainable management of ocean resources.
OHC and FWC are established large-scale metrics widely
used to track global ocean changes. Here we adapt these
metrics to the regional Baltic Sea and integrate them with
additional analysis layers. This framework distinguishes it-
self by linking these integral metrics with depth-resolved in-
formation and machine-learning-based attribution, which to
our knowledge has not been previously applied in the Baltic
Sea context. OHC and FWC are proposed as key descrip-
tors of the Baltic Sea’s physical state because they encap-
sulate the overall thermal and haline content of the entire
basin. While temperature and salinity at specific locations
or layers provide detailed information, OHC and FWC offer
a high-level integration of those details. OHC and FWC re-
flect temperature and salinity changes across the entire basin.
OHC variations primarily follow surface layer temperature
changes. The negative trend and interannual variability in
FWC are mainly driven by subsurface salinity changes, as
surface salinity remains relatively stable (Fig. 3c, d). High
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feature importance values indicate the depths where temper-
ature and salinity changes most closely align with OHC and
FWC variations, respectively.

We employed the RF model (Breiman, 2001) to link the
atmospheric and hydrologic variables with the variability of
OHC and FWC. Given the limited sample size of 31 an-
nual observations, overfitting represents a potential concern
in our modeling approach. To mitigate this, we employed
an ensemble of 150 independently trained RF models, each
with controlled tree complexity (e.g., limited depth, mini-
mum leaf size). This ensemble strategy helps stabilize fea-
ture importance estimates and reduces prediction variance
arising from random sampling effects, thereby enhancing the
robustness of the results. Nonetheless, caution is warranted,
as some predictor importances may reflect spurious correla-
tions. Because our RF models were trained on the full time
series (1993-2023) with no independent test period, the re-
ported errors (based on OOB) could underestimate true pre-
dictive error. The results should thus be interpreted as pat-
terns learned from the given dataset rather than as fully gen-
eralizable predictions. Future analyses could leverage ex-
tended reanalysis or model datasets (e.g., BMIP; Groger et
al., 2022) to independently validate the machine-learning re-
sults, thereby strengthening confidence in the predictive skill
of the proposed framework.

OHC and FWC are particularly useful for monitoring
long-term trends and basin-wide changes, which is why we
argue that they effectively define the large-scale physical
state. Indeed, our framework’s indicators, total OHC and
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FWC of the Baltic Sea, are integrative and require com-
prehensive observation or modeling efforts to compute in
real time. In situ monitoring of the entire water column
at sufficient spatial coverage is needed to directly measure
OHC/FWC, which is more demanding than, say, monitoring
a few atmospheric indices. However, these integrated indices
provide a succinct summary of the state that individual pre-
dictors cannot fully capture. Advancements in remote sens-
ing can help estimate these indices indirectly (e.g., Kondeti
and Palanisamy, 2025).

Our results confirm a long-term warming and salinization
trend in the Baltic Sea, as evidenced by increasing OHC and
a slight decreasing trend in FWC (Table 3). At the same time,
by removing these trends for the RF analysis, we isolated the
interannual variability and identified its drivers.

Our analysis across the entire Baltic Sea reveals the direct
impact of atmospheric forcing on ocean warming. Moreover,
this framework provides new insights into the role of salt im-
port/export in FWC’s interannual variability and draws on
the basin-wide decline of FWC, elevating the potential role
of a flatting MLD from long-term sensible flux change at the
air-sea interface. Particularly, results reveal that the Baltic
Sea has undergone substantial change over the past decade
as evidenced by the increase in OHC over the last 30 years.

Simultaneously, there has been a reduction in FWC, sug-
gesting an increase in seawater salinity. The analysis of aver-
age subsurface temperature and salinity indicates that inter-
annual variations in OHC and FWC are mainly influenced by
temperature shifts in both the seasonal thermocline and per-
manent halocline and changes in salinity within the perma-
nent halocline. This highlights the critical need for a compre-
hensive framework while reporting on the state of the Baltic
Sea, allowing for the evaluation of basin-wide conditions, in-
cluding its trends, interannual variations, and extremes, as
well as the factors driving these changes. Using this approach
could prove to be a valuable asset for the science—policy in-
terface, aiding in regional evaluations of the sea state.

Previous studies have reported a positive trend in OHC and
anegative trend in FWC (Raudsepp et al., 2022, 2023), along
with an inverse relationship between OHC and the maxi-
mum ice extent in the Baltic Sea (Raudsepp et al., 2022).
The increase in OHC has been attributed to the rising air
temperature over the Baltic Sea, yet the decline in FWC
remains largely unexplained. Raudsepp et al. (2023) noted
that neither salt transport to the Baltic Sea, net precipita-
tion, nor total river runoff accounted for the FWC’s down-
ward trend. Despite this, deepwater salinity in the central
Baltic Sea has been increasing at a rate of 0.2-0.25 gkg™!
per decade (Lehmann et al., 2022). A basin-wide analysis
linking FWC changes to atmospheric forces revealed a re-
lation with air temperature, a connection that is physically
tenuous, prompting further investigation into other factors.
This led to the hypothesis that the decreasing trend in the
upper mixed layer thickness in the Baltic Sea might be in-
fluencing FWC changes. Over the last 3 decades, there has

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

been a noticeable reduction in the upper mixed layer depth.
While it is plausible to suggest a dynamic relationship be-
tween the shrinking mixed layer depth and the decrease in
FWC, verifying this hypothesis requires more research than
what is covered in the present study.

Interannual variations of OHC are influenced by air tem-
perature, evaporation, and wind stress magnitude over the
Baltic Sea (Fig. 4). When considering the lesser impact
of total cloud cover and surface net solar radiation, it be-
comes clear that air—sea heat exchange primarily drives OHC
changes in the Baltic Sea. Notably, the annual mean OHC
parallels the long-term trend of winter OHC in the Baltic
Sea’s upper S0m layer and yearly maximum sea ice extent
of the Baltic Sea (Raudsepp et al., 2022), highlighting the co-
herence of seasonal ice cover and OHC fluctuations. In seas
with seasonal ice cover, the characteristics of sea ice are cru-
cial for determining the sea’s physical state. Typically, the
maximum sea ice extent in the Baltic Sea indicates the sever-
ity of the winters (Uotila et al., 2015). Sea ice is vital for
temporarily storing ocean heat and fresh water and then re-
leasing it back into the sea (Raudsepp et al., 2022).

The interannual variations of FWC were associated with
major Baltic inflows, overall precipitation, and zonal wind
stress (Fig. 4 d). The signals of the MBIs are evident in
the bottom salinity of the Bornholm Basin. Figure 4d illus-
trates that interannual variations in FWC are linked to the
bottom salinity in the Bornholm Basin, which serves as a
proxy for MBIs, as well as zonal wind stress and net pre-
cipitation. Therefore, Fig. 4d highlights the drivers of FWC,
while Fig. 3d emphasizes the significance of halocline salin-
ity’s response to FWC. Consequently, we can infer that in-
flows from the North Sea and net precipitation are respon-
sible for changes in halocline salinity. Because MBIs are
short-lived, our use of annual mean wind is a coarse indi-
cator. A high annual mean westerly wind might reflect a gen-
erally stormy winter with possible inflows, but it will likely
miss isolated inflow events that occur even in otherwise av-
erage years. Therefore, we interpret the RF finding of zonal
wind importance (Fig. 4d) cautiously — it may be serving as a
proxy for the cumulative effect of many small inflows or sus-
tained minor exchange rather than any single MBI. Meier and
Kauker (2003) demonstrated that increasing westerly winds
could hinder the outflow of fresh water from the Baltic Sea,
leading to decreased salt transport into the sea. However, we
were unable to directly associate moderate and small inflows
from the North Sea with changes in halocline salinity. This
aspect requires further investigation and precise simulation
of salt transport between the North Sea and the Baltic Sea,
which is beyond the scope of the current study. While sev-
eral studies have underscored a correlation of the Baltic Sea’s
salinity with river runoff (Kniebusch et al., 2019b; Radtke et
al., 2020; Lehmann et al., 2022), our research did not find
this connection.

The OHC displays quasi-periodic fluctuations with a pe-
riod of approximately 5-7 years, with 2020 and 2011 stand-
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ing out as relative high and low points, respectively (Fig. 4).
The elevated wintertime OHC in 2020 coincided with an
unusually warm January—March period over the Northern
Hemisphere (Schubert et al., 2022) and was accompanied
by an exceptionally high marine heatwave index and a large
number of marine heatwave days in the Baltic Sea (Bashiri
et al., 2024; Lindenthal et al., 2024). In contrast, 2011 fea-
tured the most extensive sea ice cover and volume recorded
in the past 3 decades (Raudsepp et al., 2022). Similarly, cer-
tain peaks in FWC, such as those observed in 2002 and 2013,
align temporally with the years preceding major Baltic in-
flows, while declines in FWC, as seen in 1997 and 2019, oc-
curred following such events. While these specific years are
highlighted as examples, they are not the basis for broader
conclusions but serve to illustrate patterns consistent with
previous studies.

Global warming, with its increased frequency and inten-
sity of extreme events, has had widespread negative im-
pacts on nature and significant socioeconomic repercussions
(IPCC, 2021). Our methodology has highlighted the ex-
tremes of interannual variability in OHC and FWC. In our
study, we utilized the RF model to investigate the relation-
ships between changes in OHC and FWC and their potential
drivers. Although the model pinpointed the primary factors,
it failed to capture the extremes (Gnecco et al., 2024), as il-
lustrated in Fig. 4a and b. RF models tend to underperform
when extreme values are not well represented in the train-
ing data — a common issue in ecological modeling and other
practical applications (Fox et al., 2017). This can result in a
bias where the model does not recognize or accurately pre-
dict rare but impactful events, such as extreme weather con-
ditions, uncommon species occurrences, or anomalies in fi-
nancial markets (Fox et al., 2017). Acknowledging this, we
hypothesize that while primary forces set the stage for ex-
treme events, these events themselves fall outside the scope
of standard interannual variability and stem from a distinct
combination of forces. Consequently, it is advantageous to
analyze extreme events independently from typical interan-
nual variations (Nontapa et al., 2020; Chen et al., 2021). To
account for the variations in OHC and FWC, models other
than RF, such as deep machine-learning models, could be
employed, especially if the temporal resolution is monthly
(e.g., Barzandeh et al., 2024) or finer, ensuring a represen-
tative dataset is available. It should be noted that the ran-
dom forest analysis reveals statistical connections rather than
definitive physical causation. We interpret these connections
in light of known mechanisms to ensure they are plausible.
Advancing this methodology will further our comprehension
of the causes behind extreme events, thereby improving our
predictive abilities.

A sustained decline in the Baltic Sea’s FWC, indicating
increasing salinity, could alert policymakers to intensified
saltwater intrusion or reduced freshwater input, prompting
investigation into inflow events or drought conditions. Con-
versely, an ongoing rise in OHC is a clear signal of warm-
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ing that can inform climate adaptation strategies. The con-
cept of indicators — such as used in this study for OHC and
FC — plays an important role in facilitating knowledge trans-
fer at the science and policy interface (von Schuckmann et
al., 2020; Evans et al., 2025). Integrated indices, OHC and
FWC, could be incorporated into regional climate and en-
vironmental assessments (HELCOM, 2023) as part of UNEP
regional seas conventions (UNEP, 2024), aiding communica-
tion of changes to stakeholders. Our framework based on an
indicator-based approach yields quantitative indicators (an-
nual OHC, FWC, etc.) that can be tracked over time, much
like other environmental indicators, to gauge the Baltic Sea’s
response to climate variability and change.

This framework could be generalized or applied to other
regions or to future data. After defining the region of inter-
est and preprocessing relevant data, the three-stage approach
combining (i) analysis of OHC and FWC time series, (ii) ex-
amination of their vertical distribution, and (iii) RF analysis
of their drivers could be applied.
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Appendix A

A1

We also examined the fit of the trend-included time series and
their correspondence with meteorological variables for OHC
and FWC (Fig. Al). The correlation coefficient and RMSD
for the OHC model are 0.9537 and 0.4310, respectively; for
FWC model, they are 0.8897 and 0.5994.
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Figure A1. Same as in Fig. 4 but the RF models are fit for the original FWC and OHC including trends.
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Figure A2. Random forest models for ZAX (a) and VAR (b) sensi-
tivity to log; of the number of trees (NumTrees).
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Abstract. Global products of phytoplankton functional types (PFTs) derived from multi-sensor ocean color
(OC) data provide important long-term biogeochemical quantifications indexed by chlorophyll a concentration
(Chl a) of PFTs, including diatoms, haptophytes, prokaryotic phytoplankton, dinoflagellates, and green algae.
Due to the distinctive lifespans and radiometric characteristics of ocean color sensors, the consistency of the
PFT products derived from different sensors needs to be assured to establish a complete and systematic frame
for long-term monitoring of multiple PFTs on a global scale. This study introduces a machine-learning-based
(ML-based) correction scheme to eliminate the discrepancies between different sensors’ PFT products. The
correction scheme is applied to the Sentinel 3A/B Ocean and Land Colour Instrument (OLCI)-derived PFT data
to match them with the PFT data derived from GlobColour-merged ocean color products using the overlapped
period. This correction has generated consistent PFT data across the sensors, enabling the analyses of multi-
year PFT observations by describing their variability and 2-decade trends. Analysis of PFT time series has
revealed an increasing trend in diatoms and dinoflagellates and a decreasing trend in haptophytes and prokaryotic
phytoplankton on a global scale. The overall trend in green algae remains relatively stable, although with some
spatial variations. These PFT trends are more significant in high latitudes and coastal regions (and also in the
equatorial region for prokaryotic phytoplankton). The anomaly of PFTs in 2023 shows significant increases in
Chl a of diatoms and dinoflagellates (+24 % and +9.4 %, respectively) but only weak changes in Chl a for
prokaryotic phytoplankton (—2.1 %) and haptophytes (~ 1.6 %). These consistent time series data will act as an
important ocean indicator to infer possible changes in the marine environment.

1 Introduction

Climate-induced changes stress the ocean’s contemporary
biogeochemical cycles and ecosystems, impacting the base
of the marine food web: phytoplankton communities (Gru-
ber et al., 2021). In the past decades, various observations of
ocean color (OC) information, especially the chlorophyll a
concentration (Chl a) as a proxy of phytoplankton biomass,
have been able to revolutionize our understanding of the ma-
rine biogeochemical processes and provide insights on the
changes in phytoplankton (e.g., Antoine et al., 2005; Gregg

Published by Copernicus Publications.

and Rousseaux, 2014; Behrenfeld et al., 2016). However,
phytoplankton biomass cannot comprehensively describe the
complex nature of the phytoplankton community, concern-
ing their composition and function. Phytoplankton commu-
nity composition varies in ocean biomes, and phytoplankton
groups drive the marine ecosystem and biogeochemical pro-
cesses differently (Bracher et al., 2017). Therefore, continu-
ous long-term monitoring of phytoplankton functional types
(PFTs) with interannual variation and trend analysis will help
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Table 1. Products used.

Product Product ID and type Data access Documentation
ref. no
1 OCEANCOLOUR_GLO_BGC_L3_MY_009_103; EU Copernicus Marine ~ Quality Information Document
satellite observations Service Product (2024)  (QUID): Garnesson et al. (2024);
Product User Manual: Colella et
al. (2024)
2 Self-processed PFT data based on merged OC products ~ Our own archive Xi et al. (2021, 2023a)
for the period of May 2016—April 2017 overlapped
with the OLCI-based PFT data available on the
Copernicus Marine Service; satellite observations
3 In situ PFT data; in situ observations Our own archive PANGAEA (Xi et al., 2025)

us better understand the biogeochemical processes and ben-
efit the assessment of ocean health (Xi et al., 2023a).

Previously, we developed and further improved an ap-
proach, referred to as EOF-PFT, consisting of a set of
empirical-orthogonal-function-based algorithms for the re-
trieval of PFTs on a global scale (Xi et al., 2020, 2021). Two
algorithms within the EOF-PFT approach were built for two
sets of OC satellite products, namely the GlobColour-merged
products with sensors of SeaWiFS, MODIS-Aqua, MERIS,
and VIIRS-SNPP included and the products from the Ocean
and Land Color Instrument (OLCI) sensors on board Sen-
tinel 3A and 3B. Using multi-spectral remote sensing re-
flectance data (Rrs) from these OC products and sea sur-
face temperature (SST) data, the EOF-PFT approach enables
satellite retrievals of Chl a for five PFTs with pixel-by-pixel
uncertainty, which include diatoms, dinoflagellates, hapto-
phytes, green algae, and prokaryotic phytoplankton (prokary-
otes hereafter for brevity). These PFT Chl a products, cov-
ering the period from 2002 until today, are available on the
Copernicus Marine Service and updated regularly upon re-
processing with refined algorithms.

The PFT products enable the analysis of multi-year PFT
observations by describing their variability and trends. How-
ever, prior to the time series analysis, the consistency of the
PFT datasets derived from the GlobColour-merged OC prod-
ucts and from OLCI data needs to be assured. In the frame of
the Copernicus Marine Evolution Project GLOPHYTS, we
aim to merge the aforementioned two PFT datasets into one
long-term consistent satellite PFT product. A first attempt
was carried out by Xi et al. (2023a) with a correction scheme
based on linear regressions with PFT uncertainty considered,
which was applied to PFT data from Sentinel 3A/B OLCI
sensors to generate PFT time series in the Atlantic Ocean.
Though such a straightforward correction scheme provides
an overall consistent time series, the spatial variation cannot
be adequately corrected, and large biases between sensors
can still exist at regional scales. Therefore, we intend to en-
hance the correction procedure by incorporating spatial vari-
ability. In this study, we propose a new correction scheme
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based on a random forest machine learning method for deliv-
ering 2-decade quality-assured global PFT datasets, which
are cross-validated within model training and further vali-
dated with in situ data. The harmonized PFT time series with
high spatiotemporal consistency are analyzed on both global
and regional scales to investigate the trend and anomaly for
different PFTs. Considering that ocean color missions are
planned to be continued into the next decade and beyond,
such PFT time series will further act as an important ocean
indicator to help sustain the ocean health by providing in-
terannual variation and trend analyses of the surface phyto-
plankton community composition, especially for the key re-
gions that have been defined as vital marine environments by
the Copernicus Marine Service.

2 Data and methodology

2.1 PFT products from the Copernicus Marine Service

The PFT datasets with per-pixel uncertainty (product ref.
no. 1 in Table 1) are produced with a modified version of
the EOF-PFT approach proposed by Xi et al. (2021). The
modified algorithms within EOF-PFT were developed us-
ing the latest global in situ pigment matchup dataset and
trained separately for the merged OC products (including
SeaWiFS, MODIS, MERIS, and VIIRS) from 2002 with 8
bands and for Sentinel 3A/B OLCI data (from May 2016)
with 10 bands from the GlobColour archive. The official
PFT data (product ref. no. 1 in Table 1) are generated from
the merged OC products for the period of July 2002—-April
2016 and from OLCI products from May 2016 onwards
(hereafter referred to as merged-sensor-derived PFTs and
OLCI-derived PFTs, respectively). However, we extended
the merged-sensor-derived PFT products to April 2017 in this
study (product ref. no. 2 in Table 1), in order to have the
1-year overlapping period with the OLCI-derived PFT data
for consistency analysis. The merged-sensor-derived PFT
products were processed only until 2017 because VIIRS-
SNPP data from the NASA release R2018 reprocessed ver-
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sion were identified with significant trends (possibly due to
degradation) after 2017 that are not identified in other sensors
(NASA Ocean Color, 2025).

Updated EOF-PFT algorithms were also assessed with an
independent validation dataset with satisfactory performance
(details in the corresponding QUID). The corresponding pro-
totypes were prepared and implemented into the Coperni-
cus Marine Service to generate reprocessed PFT products
with per-pixel uncertainty through EiS (Enter into Service)
by November 2024. With these updates, we obtained PFT re-
trievals from the aforementioned two sensor sets; however,
consistency between the PFT data across the two sets must
be assured to generate long-term time series data and prepare
for the next-generation reprocessing.

2.2 Machine-learning-based ensemble (MLBE) for
inter-sensor correction of PFT data

The merged-sensor-derived PFT products have a longer time
span (~ 15 years) than the OLCI (Sentinel-3A/B)-derived
PFTs (~7 years) and are generated based on the algorithms
trained with a larger global matchup dataset (~ 1500 data
points compared to ~ 300 for OLCI due to its shorter run-
ning time and limited in situ data from 2016). The merged-
sensor-derived products also carry relatively lower uncer-
tainty compared to the OLCI-derived PFT data (Xi et al.,
2021, 2023a). Therefore, we set up the modification scheme
for the OLCI-derived PFTs to match the merged-sensor-
derived PFTs. A similar inter-sensor correction has been
done for the OC-CCI-merged OC data (Mélin and Franz,
2014; Sathyendranath et al., 2019). We tested a few machine
learning methods (random forest, 1D convolutional neural
network, self-organizing map) to upgrade the consistency
of OLCI-derived products with the merged-sensor-derived
products on a pixel basis. At last, we used the random-forest-
based ensemble “TreeBagger” with regression decision trees
embedded in MATLAB (R2023b), which selects a subset of
predictors for each decision split by the random forest al-
gorithm to establish the correction model (Breiman, 2001).
The ensemble is powerful in extracting spatial features from
the predictors and establishing connections with the response
variables through an optimal number of regression trees. Fig-
ure la shows a simplified flowchart of this machine learning
ensemble, which is referred to as the machine-learning-based
ensemble (MLBE) hereafter. A brief description of the en-
semble establishment is as follows:

1. Input data are the monthly PFT products with 25 km res-
olution derived from both merged-sensor and OLCI data
(May 2016 to April 2017, product ref. no. 2 in Table 1),
from which the latitude, longitude, and OLCI-derived
PFT products during the 12 months are the predictor
variables and the merged-sensor-derived PFTs are re-
sponse data. Only pixels with available data from both
products were taken into account. The input dataset was
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randomly divided into a training dataset (70 %, ~ 3 mil-
lion pixels) and a testing dataset (30 %, ~ 1.26 mil-
lion pixels). Before the training was performed, the PFT
datasets were log-transformed due to their nature of log-
normal distribution (Xi et al., 2021). The geographic in-
formation (latitude and longitude) was simply normal-
ized to the range [—1, 1] by scaling the original ranges
of [—89.875,89.875] and [—179.875,179.875] (with
0.25° pixel size).

2. The MLBE was trained separately for each PFT. Af-
ter testing different numbers of regression trees for the
training, we chose 30 regression trees to obtain the opti-
mal training performance with relatively low computa-
tion cost (Fig. 1b). Trained models applied to the test
datasets have shown equivalent performance with the
training sets, indicating that the ensembles are robust.

3. The ensembles trained for the five PFTs (diatoms, hap-
tophytes, dinoflagellates, prokaryotes, and green algae)
were applied to all monthly PFT products derived from
OLCI from May 2016 to December 2023 to generate the
corrected OLCI PFT data.

Following the same steps above, a similar MLBE model
based on the PFT products with 4 km spatial resolution was
also established to enable the validation with in situ data,
as described below in Sect. 2.3, as the corrected OLCI PFT
generated from the 25 km MLBE model is too coarse for a
valid comparison with the field measurements. PFT time se-
ries analysis is, however, still based on the monthly 25 km
product to alleviate the computation.

2.3 Validation data

We compiled two in situ PFT datasets to validate the MLBE-
corrected OLCI-derived PFT products (product ref. no. 3
in Table 1). The in situ data were derived from quality-
controlled in situ HPLC pigment concentrations using the
diagnostic pigment analysis (DPA) with updated pigment-
specific weighting coefficients following Xi et al. (2023a, b),
consistent with the calculation of the in situ PFT data used
for the updated EOF-PFT algorithms described in Sect. 2.1.
Dataset 1 is the test dataset (99 matchups) extracted from
the global in situ PFT matchup data, which takes up 30 %
of the whole matchup dataset, while the other 70 % was
used for the retuning of the PFT algorithm for OLCI sen-
sors. Dataset 1 spans 2016 to 2021 and spreads widely
in the global ocean. Dataset 2 containing 134 matchups
is a newly compiled dataset that composites in situ PFT
data collected from four recent mostly polar expeditions
with the research vessel Polarstern (Alfred-Wegener-Institut
Helmbholtz-Zentrum fiir Polar- und Meeresforschung, 2017):
PS126 (May—June 2021), PS131/1 (June—August 2022), and
PS136 (May-June 2023) in the North Atlantic Ocean to
the Arctic Ocean; PS133 (October—November 2022) in the
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Figure 1. (a) Flowchart of the MLBE. (b) Ensemble error with number of growing trees. Scatterplots of (¢) diatom Chl a from OLCI
non-corrected against that from merged-sensor products and (d) MLBE-corrected OLCI diatom Chl a against that from merged-sensor
products. (e) RD between OLCI-based and merged-sensor-derived diatom Chl a and (f) RD between MLBE-corrected OLCI-based and

merged-sensor-derived diatom Chl a.

Southern Ocean. Geographical distribution maps of the two
datasets are included in Fig. 3 together with the validation
plots. These matchup data are made available on PANGAEA:
https://doi.org/10.1594/PANGAEA.982433 (Xi et al., 2025).

2.4 Trend and anomaly analysis

We focus on explorations of the consistent PFT products to
reveal and understand the trends and variations in the global
PFTs in the last 2 decades. We prepared time series on a
global scale and on four regional scales, including the North
Atlantic Ocean, the Mediterranean Sea, the Arctic Ocean,
and the Southern Ocean. The other two regions of interest
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to the Copernicus Marine Service, the Baltic Sea and the
Black Sea, were not included, as the PFT algorithms were
developed for open-ocean waters (bathymetry > 200 m) and
the quality of the PFT data generated in these regions could
not be assured (Xi et al., 2021). PFT time series of different
spatial scales were calculated by applying the weighted aver-
age (taking cosine of the latitude as weights) to the monthly
PFT data over the defined regions, to take into account the
proportional contribution of each pixel to the global sur-
face ocean due to area distortion in the gridded dataset. The
latitude-weighted averaging was applied to the logarithmi-
cally transformed PFT Chl a to obtain the log-based mean,
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which was then converted to natural values. A deseasonaliza-
tion, referring to the process of removing the signal caused
by seasonality from the time series, was first applied to the
PFT time series. The deseasonalized time series were then
prepared by decomposing the monthly data of each vari-
able into a trend: seasonal and residual components with
Seasonal-Trend decomposition using LOESS (STL; Cleve-
land et al., 1990). A non-parametric Mann—Kendall test was
used to identify statistically significant trends over time with
a p value < 0.05 (Mann, 1945; Kendall, 1975; Gilbert, 1987),
and then the slope of the linear trend was estimated with the
non-parametric Sen’s slope (Sen, 1968). The standard devi-
ation of the trend slope has been also calculated by consid-
ering PFT uncertainty assessed by the EOF-PFT retrieval al-
gorithms. Time series analysis has been done both per pixel
and for the whole global ocean and selected regions. We de-
tected trends reflected by the satellite observations and de-
rived anomalies to observe the interannual changes. Anoma-
lies of 2023 (the last year of the considered period) were also
obtained following Xi et al. (2023a) by comparing the PFT
situation of 2023 to the mean of the last 2 decades.

2.5 Statistical metrics

To evaluate the correction ensemble performance, relative
difference (RD), median absolute difference (MAD), and
median absolute relative difference (MARD) were calculated
based on the Chl a data of each PFT, which are defined as be-
low.

RD; = (Chl a1 - Chl ¢"%) /il )",
where i is the ith PFT.
Chla —Chla
RDpyp = (Chl aprry, ¢ PFT nerged)  100% o

Chl AapFT

MADprr = median of |Chl appro;c; — Chl @pFT | (2)

merged

’Chl apFTo ¢ — Chl appr,
Chl aPFTmerged
% 100 % 3)

merged ‘

MARDpgT =median of

To validate the corrected PFT Chl a data with in situ data,
statistical metrics, including regression slope and intercept,
determination coefficient (R2), root-mean-square difference
(RMSD; mg m’3), and median percent difference (MDPD;
%), were used. For the definition equations of these terms,
please refer to Xi et al. (2020). Note that only the slope and
R? are calculated on the base 10 logarithmic scale.
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3 Results

3.1 Correction of the OLCI-derived PFT data using the
MLBE scheme

To reduce cross-sensor data shift and generate consistent
PFTs, we firstly applied a correction method while using the
type II regression relationships with uncertainties included
between the merged-sensor-derived PFTs and OLCI-derived
PFTs in the overlapped period, to correct the latter to the for-
mer. The methodology was described in Xi et al. (2023a).
However, even though the final PFT time series over the
global ocean shows good consistency, the difference between
the two PFT products is still prominent in different regions.
Taking the diatom product as a showcase, we calculated
the relative difference (RD in %) between the OLCI-derived
and merged-sensor-derived diatom Chl a using Eq. (1). The
median absolute relative difference (MARD in %) over the
globe, calculated using Eq. (3), was reduced significantly af-
ter the linear correction (from 45 % to 26 %); nevertheless,
the RD can still reach as high as 80 %—100 % in different re-
gions (figure not shown). High RD variations have also been
found for other PFTs with the previously proposed correction
scheme based on type II linear regression.

The scatterplot and statistics in Fig. 1d with the MLBE-
corrected OLCI diatom Chl a show significant improvement
in consistency with the merged-sensor-derived diatom re-
trievals compared to the non-corrected OLCI-derived diatom
data (Fig. 1c). Figure 1f highlights the reduced RD variation
over the global ocean compared to the RD between the non-
corrected OLCI- and merged-sensor-derived PFTs shown in
Fig. 1e. The slope of the regression when using the corrected
dataset is close to 1, the median absolute difference (MAD;
defined in Eq. 2) reduced from 0.13 to 0.02mgm~>, and
the MARD reduced from 45 % to 5.7 %. The trained ensem-
bles applied to the other four PFT products (haptophytes, di-
noflagellates, prokaryotes, and green algae; see Fig. 2 for the
global distribution of the RD for each) have also shown sig-
nificant improvements in MAD of 0.002, 0.002, 0.003, and
0.006 mg m~3 and improvements in MARD of 5.2 %, 4.2 %,
4.8 %, and 7.2 %, respectively. The median of RD over the
globe for all five PFTs is within +1.5 % and shows no signif-
icant over-/underestimation.

The low RD observed for the overlapping year sug-
gests that the MLBE correction scheme effectively aligns
the OLCI-derived PFT data with the merged-sensor-derived
PFTs, ensuring a strong spatial correspondence between the
two datasets.

3.2 Validation of the MLBE-corrected OLCI-derived PFT
data

Validation of the corrected OLCI-derived PFTs was carried
out by applying the 4 km MLBE to the OLCI-derived PFT
data that are collocated with the two independent in situ
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Figure 2. Global distribution of the RD between MLBE-corrected OLCI- and merged-sensor-derived PFT Chl a over the 1-year overlapped

period (May 2016-April 2017).

datasets, as described in Sect. 2.3. Scatterplots and statis-
tics of the validation using dataset 1 displayed in Fig. 3a
show good agreements between the corrected OLCI PFT data
and the in situ data, R? > 0.51 and MDPD < 56 %, with di-
atoms showing the best slope (0.78) and correlation coeffi-
cient (0.80) and with prokaryotes showing the lowest MDPD
(33.5 %). We also provided a similar validation analysis for
the OLCI data before the correction (Fig. S1 in the Sup-
plement) to have a direct comparison. The overall valida-
tion shows that the MLBE correction on the OLCI-derived
PFT data preserves the distribution features from the original
OLClI-derived PFT dataset; however, overall, slightly down-
graded statistics have been observed for nearly all PFTs,
except for the MLBE-corrected haptophytes and prokary-
otes, which showed slightly better MDPD against the in situ
data compared to the validation of the original OLCI-derived
data. The validation using dataset 1 indicates that the MLBE
correction does not significantly change the PFT variability,
showing its feasibility to generate consistent time series data.
On the other hand, validation using dataset 2, which contains
recently obtained in situ data at high latitudes only, exhibited
larger discrepancies than that from dataset 1 (Fig. 3b). All
PFTs showed low correlation between the MLBE-corrected
and in situ data, with the highest R? only 0.21 for diatoms
and the lowest R? for green algae. Though the MDPD values
are all below 60 %, the low R? indicates weak agreements
between the corrected and in situ data. Prokaryotes show un-
derestimations in the corrected OLCI data compared to the in
situ data, mostly for the Arctic data. A similar validation for
the original OLCI-derived PFTs using dataset 2 has also been
provided in Fig. S2 in the Supplement, showing overall al-
most equivalent statistics with the validation of the corrected
data, with a slightly higher R? of 0.24 for diatoms and the
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lowest R? for green algae (0.09). This confirms that PFT data
at high latitudes bear large uncertainties, which is in line with
the per-pixel uncertainty estimated by considering errors in-
duced by the input satellite data and the EOF-PFT algorithm
parameters (Xi et al., 2021). The satellite PFTs were not im-
proved even with the MLBE correction, suggesting that the
inherent high uncertainties in high latitudes are mostly at-
tributed to the retrieval models that are not efficient enough
in these regions. Therefore, PFT observations in the high lat-
itudes need more attention in terms of improved estimation
methods and higher data quality.

3.3 PFT time series analysis

We applied the MLBE correction scheme on a global scale
to the OLCI monthly products and generated time series for
the five PFTs from July 2002 to December 2023. With the
corrections applied to OLCI data, all five PFTs show very
consistent time series (Fig. 4a). The MLBE-corrected OLCI-
derived PFT data and the merged-sensor-derived PFT data
showed almost identical values during the overlapped period
(May 2016-April 2017). Only for green algae is the correc-
tion slightly less satisfactory than the others, which should
be due to the weaker correlation (R? < 0.7; figure not shown)
between the original OLCI- and merged-sensor-derived PFT
data, whereas the other four PFTs all show R? above 0.9.
This weaker correlation for green algae has subsequently
led to reduced performance in the MLBE correction. The
PFT time series have been analyzed at the global scale and
at four regional scales, including the North Atlantic Ocean,
the Mediterranean Sea, the Arctic Ocean, and the Southern
Ocean. Figure 4b shows the time series with slopes indicat-
ing the PFT trends per decade and the corresponding slope
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errors for all the PFTs at different scales. Figure 5 shows the
significant PFT trends (p value < 0.05) on a pixel basis over
the globe for a better understanding of the spatial distribution
of the trends.

Diatoms show a significant increasing trend for the global
ocean and selected regions, especially in the Atlantic sec-
tion of the polar regions (Fig. 5a). Furthermore, a distinct
increase was found in more recent years since autumn 2017
and is still prominent in 2023. The global trend in diatom
Chl a is increasing by 0.0011 4 0.0001 mgm™—3 per decade
and with a dramatic increase in the polar regions (0.03 and
0.034 mgm~3 per decade for the Southern Ocean and the
Arctic Ocean, respectively). This overall increasing trend is
mainly driven by the significant elevation in diatom biomass
observed since 2018, especially due to the higher minimum
diatom Chl a in spring and late autumn, which are the begin-
ning and ending times of the available OC satellite observa-
tions in the polar areas. This might suggest a longer growth
period for diatoms in latest years.

Haptophyte Chl a exhibits a very slight decrease in general
on the global scale (—0.0002 £ 0.0001 mgm~> per decade)
and in all other selected regional zones, but the decrease is
not significant in the North Atlantic Ocean. There is a slight
oscillation pattern in the global time series, which shows the
haptophyte biomass was the highest in late summer 2011 and
remained at a stably lower biomass in the following years un-
til 2018/2019, when it started to elevate again. This feature
is not clearly reflected in the four selected regions; therefore
it should be attributed to other regions that are not included
here. The global per-pixel trend (Fig. 5b) shows a more sig-
nificant decrease in coastal areas and in the sub-Arctic and
Arctic regions, along with high variability in the Southern
Ocean with an overall decrease.

Dinoflagellates show a similar pattern with diatoms, i.e.,
an increasing trend (0.0002 4 0.0000 mg m ™~ per decade) in
the last 2 decades mainly driven by the increase in dinoflag-
ellate Chl a since mid-2017, but their biomass is still low
compared to other PFTs, as they are usually undominant
in the phytoplankton community composition. No signifi-
cant trends have been found for dinoflagellate biomass in the
Mediterranean Sea and Arctic Ocean.

Green algae show no significant trend on the global scale.
The time series show a less obvious seasonal pattern than
the other PFTs, possibly due to the fact that they are barely
the dominant group in the global ocean and mostly co-exist
with the other PFTs which show clear dominance in certain
regions at specific times, depending on their ecological func-
tions. The biomass reached its peak in October 2011, fol-
lowed by a few years of decrease, but started to increase in
2018. On the regional scale, a decrease in the Mediterranean
Sea and Arctic Ocean and a slight increase in the Southern
Ocean have been observed, which are also clearly shown in
the per-pixel trend (Fig. 5d). The decreasing trend is seen in
coastal regions, such as the northern European coastlines, the
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west coasts of America and Africa, and the north coast of the
Arabian Sea.

Prokaryote Chl a displays an overall significant decreas-
ing trend on the global scale (—0.0012 4 0.0001 mg m~ per
decade) and in the selected regional zones, except for the
Southern Ocean. The global per-pixel trend (Fig. Se) shows
the Northern Hemisphere with significant decrease near the
Equator within 15°S-25°N (Indian Ocean, western Africa,
low latitudes in the Pacific Ocean), but a slight increase is
shown in the belt of 15-35°S. Very mild changes have been
found at high latitudes, where the prokaryotic phytoplankton
abundance is in general very low (<« 0.01 mgm™ on area
average).

3.4 PFT anomaly of 2023

Figure 6 shows the relative anomalies (%) of the five PFTs
in 2023 compared to the average PFT state over the 20 years.
The diatom anomaly presents higher Chl a for most of the
global ocean, with a dramatic increase in latitudes > 40°.
This can already be expected from the time series in Fig. 4a,
where diatoms show elevated Chl a from autumn 2017 and
keep a similarly high biomass in 2023. The global mean of
the diatom in 2023 is about 24 % higher than the 2-decade
average, and the anomaly varies from —30 % to 110 %, with
extremely high values in the Arctic Ocean and the coastal re-
gions in the southern part of South America. Dinoflagellates
show a similar anomaly, with diatoms in a much milder pat-
tern, which has a global mean of about 9.4 %. The haptophyte
anomaly presents changes without a clear pattern, showing
slight increases in Chl a in the Pacific gyres, the eastern In-
dian Ocean, and the Southern Ocean but slight decreases in
the temperate latitudes. The overall global mean anomaly of
haptophyte Chl a is only very slightly higher compared to
the 2-decade average (1.6 %). Green algae show a similar
distribution in biomass change to haptophytes but a slightly
more prominent increase in most of the global oceans (global
mean of 6.5 %). Prokaryotes generally show decreased Chl a
in 2023 (global mean of —2.1 %), with only slight increases
observed in the South Pacific Ocean and part of the Southern
Ocean.

4 Discussion, conclusions and outlook

4.1 The need for harmonization

Generating long-term consistent PFT data from a single sen-
sor/set of sensors is challenging due to discontinuous satel-
lite missions and different sensor specifications. PFT data de-
rived using models established based on different sensor sets
bear different levels of uncertainty. OLCI, being the newest
sensor, has more spectral bands, which should be benefi-
cial for PFT retrievals; however, due to limited in situ pig-
ment datasets available for the model training, it does not
show superior performance to the merged OC products. Har-
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monization is so far necessary for the current derived PFT bility of the implementation of such an approach for opera-
products of the Copernicus Marine Service, as it is not yet tional products has yet to be proven.
possible to produce consistent long-term PFT products us-
ing harmonized radiometric data from historic and current
sensors using the proposed approach, which requires more
bands. Attempts have been carried out for consistent PFT This study aims to demonstrate consistent PFT time series
products derived from large data-driven deep learning en- data on the global scale and for the polar regions and Euro-
sembles by incorporating Rrs at only 5-6 merged bands, to- pean seas, which were developed based on a robust machine
gether with other ocean color and physical/biogeochemical learning correction scheme. The proposed MLBE correction
variables (e.g., Zhang et al., 2024), and this shows potential scheme outperforms the previously proposed method that
for upgrading the operational datasets; however, the applica- was based on type II linear regression with considerations
of PFT uncertainties (Xi et al., 2023a). For the overlapping

4.2 MLBE correction scheme
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Figure 6. Relative anomaly of 2023 for Chl a of (a) diatoms, (b) haptophytes, (c) dinoflagellates, (d) green algae, and (e) prokaryotes.

period, the MLBE scheme demonstrates high consistency
between the corrected OLCI-derived PFTs and the merged-
sensor-derived PFTs, both in space and time, increasing our
confidence in employing the data for further time series stud-
ies.

However, the MLBE model training was based on 12-
month satellite data spanning only 1 year (the overlapping
period of the two sensor sets), in an attempt to identify the
spatial variation of the PFT data from the two sensor sets, so
that it could fit one pattern to the other on the whole global
scale. It has been reported that random splitting between
training and test sets may produce data leakages (Meyer et
al., 2018; Stock et al., 2023), potentially leading to overop-
timistic test performance that does not generalize well in ac-
tual application to other datasets. To avoid data leakage, tem-
poral partitioning was suggested to ensure that the training
and test datasets are independent. However, a random split
was applied in the study, as temporal partitioning was im-

https://doi.org/10.5194/sp-6-0sr9-7-2025

practical due to the limited duration of the dataset in our
case. The MLBE model is basically a correction scheme
trained based on all pixel data (over 50 million available data
points) from 12 monthly PFT products. The purpose was to
cover as completely as possible the global region to ensure
that the training learns the pattern globally. By applying the
suggested temporal partitioning, we would lose data, e.g., at
high latitudes, if we excluded a certain month in the train-
ing. This can cause biases in the learning process, ensuring
that the trained model would very likely not be applicable
to either the test set or the other datasets that contain the
missing periods. The straightforward random splitting in our
study ensured the homogeneous splitting between the train-
ing and test datasets over space and time, thanks to the large
number of data points, so that the trained model learned the
most knowledge from the available data within the limited
time period. Though such random partitioning has widely
been used (e.g., Li et al., 2023; Zoffoli et al., 2025), one
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should keep in mind that having data for only a single year
is challenging because the year may present conditions that
are specific to that year only, which may cause unrealistic
predictions for other years. It is therefore noteworthy that
target-oriented data splitting and cross-validation, such as
considering spatial and temporal blocks, should be applied
in machine-learning-based studies when the dataset allows it
(e.g., Zhang et al., 2024).

For the next cycle of the implementation to the Coperni-
cus Marine Service, updates will be necessary for the PFT re-
trievals and the MLBE scheme. It is expected that the VIIRS-
SNPP drifting after 2017 is better calibrated with the new re-
processing, so our data used for the training in the correction
scheme can be extended to more recent years to achieve an
even better consistency between the merged-sensor-derived
and OLClI-derived PFT products.

4.3 Consistent PFT time series and validation

The time series generated based on the consistent PFT data
on the global scale from 2002 to 2023 has shown a clear in-
creasing trend for diatoms and dinoflagellates and a slight
decreasing trend for haptophytes and prokaryotes, while the
green algae exhibit no significant trend but with higher inter-
annual variability. To date, the longest time series for ocean
color products still covers less than 3 decades (starting in
1997 with the launch of SeaWiFS). Though this may still not
be long enough for a robust trend analysis due to a decadal
variability that is too strong (Henson et al., 2010, 2016), these
time series can help to catch distinct changes on different
scales by comparing them to the climatological state. Indeed,
the findings, such as the significant increase in diatoms, par-
ticularly after 2017, are of interest to in-depth investigations
linking climate drivers to such prominent changes. For in-
stance, potential responses of phytoplankton biomass to in-
creasingly frequent marine heat waves in the past years can
be a suitable starting point.

Changes in phytoplankton biomass have been described
by the Chl a derived from ocean color satellites covering
the last decades. Trends in the Chl a at different scales can
be generated using current operational chlorophyll products,
such as OC-CCI and GlobColour. For instance, Chl a as an
Ocean Monitoring Indicator (OMI) has been included by the
Copernicus Marine Service where the climate trends in var-
ious OMIs are provided to indicate the state of the ocean
health. The current published time series of Chl a shows a
general increase during 1997-2022 on the global scale and
also for the North Atlantic and Arctic regions. The published
per-pixel Chl a trend map shows a more prominent increas-
ing trend at high latitudes but a slight decrease at mid- to low
latitudes (e.g., EU Copernicus Marine Service Information,
2022). These trends are in good agreement with our PFT time
series, which shows an overall increasing trend in the total
biomass mainly due to the increased diatom biomass. Simi-
lar findings on both global and regional scales were reported
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by van Oostende et al. (2023), where the OC-CCI dataset
was used but with careful consideration of the spatiotempo-
ral coverage of the different sensor datasets by applying a
temporal gap detection method. Other techniques, such as
gap filling and statistical temporal decomposition, are also
in demand for more robust PFT data analysis to increase the
accuracy in separating the long-term signal from the seasonal
component of the time series. Nevertheless, studies have
shown that the OC-satellite-derived surface Chl a presents
contrasted trends between available products that are gen-
erated based on different retrieval algorithms and merging
methods, e.g., the OC-CCI and GlobColour products (Yu
et al., 2023), suggesting the need for careful interpretation
of the trends for multi-OC-sensor-derived products. Incon-
sistencies between missions remain a significant challenge
to overcome in order to provide climate-quality time series,
which requires efforts from both spatial agencies and scien-
tific communities to correct the inconsistencies in radiomet-
ric data with long-term time series and apply proper harmo-
nization to the merged products (Pauthenet et al., 2024).

So far, there are limited studies investigating or report-
ing the PFT interannual variability covering recent years.
There are also quite limited long-term in situ PFT data avail-
able over large scales. However, our recent investigation at
a smaller scale in the Fram Strait (Xi et al., 2024) indicated
that the surface diatom from the in situ data collected in the
LTER Hausgarten area (75 to 80°N, 5°W to 10°E) from
2009 onwards has shown a unanimous pattern with the satel-
lite PFT time series; i.e., diatoms have shown an overall in-
crease in this region in more recent years (satellite from 2018
but in situ from 2019 due to lack of data in 2018). The other
PFTs show rather an oscillational feature but not as dramatic
as seen in diatoms. It should also be noted that the in situ
data were collected mostly in the spring to summer months
(which vary from May to September) and cannot fully repre-
sent the phytoplankton development during the whole season
or the interannual variabilities. However, these Fram Strait in
situ data support our satellite time series with the diatom in-
crease in the years 2018 to 2023 in the Arctic region. More
field observations on phytoplankton community composition
are constantly collected for further evaluations and hypothe-
sis verifications.

Validation has been performed at different levels, from the
model development stage (details not shown in this study)
to the corrected OLCI-derived PFT data, in order to under-
stand the reliability of the datasets well. Using validation data
covering different times and regions, we observed that the
satellite PFT data have larger discrepancies compared to the
in situ data at high latitudes, especially in the Arctic Ocean,
which was also reflected in the per-pixel uncertainty assess-
ment for the EOF-PFT algorithm (Xi et al., 2021). Compared
to the original OLCI-derived PFT data, the MLBE-corrected
data showed comparable but unimproved validation statis-
tics against the in situ datasets, and this can be explained
by the following aspects: (1) limited temporal coverage of

https://doi.org/10.5194/sp-6-0sr9-7-2025



H. Xi et al.: Consistent long-term observations of surface phytoplankton functional types from space 13

the training data used in the MLBE might transfer further
errors to the corrected data. (2) Dataset 1 served as the test
set randomly extracted from the global in situ dataset from
which the other 70 % was used to train EOF-PFT model for
the OLCI sensors; therefore dataset 1 possessed similar fea-
tures to the training set and exhibited the best agreements
with the OLCI-derived PFTs before correction, very possibly
due to the aforementioned data leakage effect. (3) The MLBE
scheme bears lower correction efficiency at high latitudes
due to larger inherent uncertainties in the satellite-derived
PFT products. However, our validation for diatoms and di-
noflagellates in the Arctic Ocean using dataset 2, collected
during 2021-2023, shows no overestimation of the satellite
retrievals compared to the in situ data despite the weak corre-
lation and higher discrepancies (Fig. 3b), indicating that our
satellite retrievals correctly presented the increased biomass
for the two PFTs. Since the ecosystem in the Arctic Ocean
undergoes fast changes as a consequence of the arctic warm-
ing and sea ice retreat, there are still a lot of unknowns on
how the phytoplankton community adapts and responds to
these changes (Oziel et al., 2020; Meredith et al., 2019). It
is potentially essential for the Copernicus Marine Service to
provide not only for the white ocean (sea ice) but also for the
green ocean (biogeochemical parameters), a wide range of
biological/biogeochemical variables to better understand the
state and possible tendencies of the ecosystems in the Arctic
Ocean.

4.4 Conclusion and outlook

The correction scheme proposed in this study is specifi-
cally designed to address inter-sensor data inconsistencies in
the current Copernicus Marine Service PFT products. The
present trained model can only be used to correct the OLCI-
derived PFT product to match the merged-sensor-derived
product. However, the underlying technical framework is
adaptable to other common ocean color products, such as
optical properties derived from multiple sensors, thereby en-
hancing the overall continuity and consistency of ocean color
data. As a rapidly emerging and powerful technique, ma-
chine learning can be further leveraged in ocean color data
services, supporting agencies and data platforms in deliver-
ing high-quality, consistent operational products. This work
is at the cutting edge of research attempting to demonstrate
the most up-to-date long-term phytoplankton community in
several functional groups derived from ocean color products.
Providing interannual variation and trend analyses of the sur-
face phytoplankton community structure, the PFT products
will complement the chlorophyll products of the Copernicus
Marine Service as an essential ocean variable and help in the
assessment of the ocean health in the biogeochemical aspect.

Data availability. Data and products used in this study and their
availabilities and supporting documentation are listed in Table 1,
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from which the in situ HPLC pigment concentrations and the corre-
sponding derived in situ PFT Chl a data used for validation are pub-
lished on PANGAEA (https://doi.org/10.1594/PANGAEA.982433;
Xi et al., 2025).
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Abstract. American lobsters (Homarus americanus) are an iconic species and are the socioeconomic and cul-
tural mainstay for many communities across Nova Scotia. Describing the changes in population biomass and
providing annual stock assessment advice for this species are required for sustainable fisheries. In many areas
the best information available for providing this advice comes from commercial fishery data. Often there is an
assumed relationship between fishery performance (catch per unit effort; CPUE) and available biomass; however
several studies indicate that this relationship can be affected by external factors such as sea bottom temperature.
Including bottom temperature when developing a standardized CPUE index will potentially address these con-
cerns; however it has proven difficult in the past due to the lack of readily available (near-real-time) and unbiased
bottom temperature data at the spatial and temporal scales required. Here we explore a global ocean reanalysis
product of the European Union Copernicus Marine Service with an application to the fishery catch data from
Lobster Fishing Area 33 during 2008-2023. A comparison with observational data shows that this reanalysis
product provides realistic variations in sea bottom temperatures in this region. Next, a hierarchical generalized
linear modelling approach is applied to evaluate the relationship between within-season changes in lobster CPUE
and sea bottom temperature. Positive relationships between the rates of change of two model parameters, during
the first 60d of the fishing season (from mid-November to mid-January), are found in the majority of the 10
subregions. A standardized CPUE index with the influence of bottom temperature included, compared to the
index without such influence, explains a high percentage of the deviance of CPUE data and hence is more con-
sistent with available stock biomass. The outcomes of the model evaluation and relationship analysis encourage
further applications of multi-decadal ocean reanalysis products to understand past changes, as well as the de-
velopment of ocean forecasts for predicting future changes in marine ecosystems and fisheries, a product with
wide-reaching socioeconomic value.

1 Introduction behaviour. For example, in the fishing areas of the snow

crab (Chionoecetes opilio) on the western SS, Zisserson and
The Scotian Shelf (SS) is one of the regions of Atlantic Cook (2017) identified the adverse impacts of a significant
Canada possessing highly valuable fishery resources. The positive anomaly of sea bottom temperature in 2011/2012 on

fish population and fishery yields vary in both space and Fhe lo'cal populati9n of some life stages of snow crabs,.with
time, owing to multiple factors including changes in ocean juvenile stages being the most affected as they are less likely

conditions, which are known to affect fish bioenergetics and to migrate out of suboptimal conditions. Similar studies have
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Table 1. Data product reference table.

Product ref. no. and Product ID and type Data access Documentation
abbreviation
1: Logbooks Estimates of daily catch per unit effort Commercial Data Division, Maritimes Cook et al. (2020)

(CPUE,; kilograms per trap haul) for 10 sub-
regions of the Lobster Fishing Area 33 of
the east coast of Canada, based on commer-
cial fishing logbooks

Region, DFO

2: GLORYS12vl GLOBAL_MULTIYEAR_PHY_001_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)

3: AZMP Bottom temperature from the AZMP July

Government of Canada (2024)

DFO (2023); Hebert et al. (2024).

survey https://www.dfo-mpo.gc.ca/science/
data-donnees/azmp-pmza/index-eng.

html

4: DFO Temp Database A database of geo- and date-referenced ob-
served bottom temperatures collected both
systematically on DFO surveys and oppor-
tunistically through collaborations with the

fishing industry

Population Ecology Division,
Maritimes Region, DFO

also been carried out for American lobster (Homarus amer-
icanus), another commercially important crustacean species
in the region. The American lobster is an iconic species and is
the socioeconomic and cultural mainstay for many commu-
nities across Nova Scotia. Describing the changes in Amer-
ican lobster population biomass and providing annual stock
assessment advice are required for sustainable fisheries. In
many areas the best information available for providing this
advice comes from commercial fishery data, in particular
fishery performance (catch per unit effort; CPUE; Cook et al.,
2020). When relying on CPUE to provide stock advice, there
is an assumed relationship with available biomass; however
several studies have shown that this relationship can be af-
fected by external factors such as the sea bottom temperature
(Wright and Liu, 2024; Crossin et al., 1998) and improve-
ments in vessel technology (bottom mapping, global posi-
tioning systems; Wiber and Barnett, 2023). Lobster fishery
CPUE is affected by bottom temperature through the interac-
tion of the passive trap-based fishery and lobster behaviour as
lobster activity and digestion rates are influenced by tempera-
ture (McLeese, 1956; McLeese and Wilder, 1958). In warmer
waters, lobsters are more active and digest faster thereby
making them more susceptible to baited traps, leading to po-
tentially higher CPUE independent of available biomass. In
order to develop informative stock assessment advice incor-
porating bottom temperature two criteria must be met: (1) the
bottom temperature information (from models or observa-
tions) should be available at appropriate spatial and temporal
scales, unbiased (or able to be bias-corrected), and available
in real time (or approximately real time) and (2) the rela-
tionship between bottom temperature and CPUE should be
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evaluated outside the stock assessment model and follow ex-
pected trends.

In previous studies on the relationship between the fish-
ery performance and ocean conditions, sea bottom temper-
atures from both observation and numerical ocean models
have been used. Ocean observations and models both pos-
sess strengths and weakness in depicting the complicated
space—time variations in oceanic conditions of the SS, which
are influenced by the strong multi-scale variability in atmo-
spheric forcing at the surface and laterally from the Gulf of
St. Lawrence, the Newfoundland Shelf, the Gulf Stream and
the Labrador Current (e.g., Loder et al., 1998; Brickman et
al., 2018). Observational data provide “ground-truthing” of
ocean variations and are very valuable for model evaluation
and bias correction but are often limited by sparseness in
space and time. For example, the Atlantic Zonal Monitoring
Program (AZMP) of Fisheries and Oceans Canada (DFO)
conducts SS-wide surveys, but these were mainly in July
with some complementary seasonal surveys along specific
sections (e.g., DFO, 2023; Hebert et al., 2024). The results of
high-resolution ocean models fill gaps in observational data
but usually contain biases that need to be quantified and cor-
rected. One systematic approach to reduce the model biases
is the assimilation of observational data. This led to the cre-
ation of data-assimilative ocean reanalysis products, such as
product reference number 2 (product ref. no. 2; Table 1). Due
to the open-ocean nature of most observational data used for
assimilation, the accuracy of the reanalysis products for shelf
and coastal seas needs to be evaluated using available shelf
and coastal observational data.

We explore a global ocean reanalysis product of the Eu-
ropean Union Copernicus Marine Service to (1) examine the

https://doi.org/10.5194/sp-6-0sr9-8-2025



A. M. Cook et al.: Variations in bottom temperature and lobster catches 3

relationship between lobster CPUE and sea bottom tempera-
ture on the SS and (2) develop a temperature-corrected stan-
dardized index of CPUE including seasonal and interannual
changes in bottom temperature. The analysis focuses on Lob-
ster Fishing Area 33 (LFA33; Fig. 1a) due to the availability
of lobster CPUE data from different subregions in this area
during 2008-2023. The sea bottom temperature is taken from
product ref. no. 2 because of its high resolution and contin-
uous coverage in space and time. This allows for examin-
ing the variations in the relationship among different subre-
gions not previously detailed in studies. As discussed above,
prior to delving into this analysis, the accuracy of product ref.
no. 2 needs to be first evaluated with available observational
data. Positive outcomes of the model evaluation and analysis
could encourage further applications of multi-decadal ocean
reanalysis products to reveal more linkages between varia-
tions in ocean conditions and marine ecosystems and fish-
eries. This could further encourage the development and im-
provement of ocean forecasts for predicting future changes
in marine ecosystems and fisheries, a product with wide-
reaching socioeconomic value.

2 Datasets

A number of datasets were used in this study. Commercial
fishing logbooks (hereafter “Logbooks”) provide the most
detailed accounting of the spatial and temporal extent of ef-
fort and landings for commercial lobster fishing currently
available. These logbooks are completed daily and submit-
ted monthly to dockside monitoring companies for data entry
and transmission to the Commercial Data Division of DFO.
Logbooks contain fishing information including date fished,
vessel registration number, fishing licence number and re-
porting grid number(s). For each day fished, grid number, ef-
fort (number of traps hauled) and estimated landings are pro-
vided. Based on the data in logbooks, we derive product ref.
no. 1 (Table 1), which is the estimates of daily CPUE (kilo-
grams per trap haul) for 10 different subregions of LFA33
(Fig. 1a).

Daily sea bottom temperature data on the Scotian Shelf
from 1 January 1993 to 31 December 2023 are obtained
from product ref. no. 2, which is a global ocean reanalysis
available on a horizontal grid of 1/12° in longitude and lat-
itude and with 50 vertical levels. Major ocean observational
datasets are being assimilated to generate this data product
(hereafter GLORYS12v1).

The observed bottom temperature is obtained from two
products. Product ref. no. 3 is the July AZMP survey. Product
ref. no. 4 is a geo- and date-referenced dataset of observed
bottom temperatures collected both systematically on DFO
surveys and opportunistically through collaborations with the
fishing industry (Fig. 1a; solid red circles; hereafter “DFO
Temp Database”).

https://doi.org/10.5194/sp-6-0sr9-8-2025

3 Analysis methods and results

3.1 Evaluation of modelled bottom temperature with
observational data

Figure 2 presents the spatial distribution of bottom tempera-
ture anomalies in July from the AZMP survey (product ref.
no. 3, with a certain level of horizontal interpolation be-
ing applied) and GLORYS12v1 reanalysis (product ref. no.
2), for the 5 selected years of 2008, 2012, 2015, 2022 and
2023. Focusing on the SS (east of 66° W), the spatial pat-
terns and the magnitudes of anomalies during these years
agree well. Among the 5 years, 2008 shows cold anomalies
from the central deep basin (Emerald Basin) to the offshore
bank (Western/Emerald Banks) and near the shelf break, with
near-normal conditions along the coast. In 2012, significant
warm anomalies occurred along the coast and the western
part of the SS (up to 3°C) and over the offshore bank, as
well as near-normal conditions in the central basin. In 2015
and 2022, strong warm anomalies occurred in the eastern and
western SS, respectively. In 2023, observations suggest mod-
erate warm anomalies (about 1 °C) over two large areas in the
eastern and western SS, while the reanalysis overestimated
the magnitudes of temperature anomalies in the eastern SS.
On the SS, similar patterns are found for other years during
1993-2023 (figures not shown).

The ocean model used to create the reanalysis does not in-
clude tides, so the agreement between the observational and
reanalysis data on SS is possibly due to the generally weak
tidal mixing in the region. In the Bay of Fundy (west of the
SS) tides and tidal mixing are strong and the reanalysis data
show larger discrepancy from observations, e.g., in 2022 and
2023. The differences in the impacts of tidal mixing on ocean
temperatures, between the SS and Bay of Fundy, have been
quantified using model sensitivity experiments by Wang et
al. (2020).

Figure 3 presents the monthly time series of bottom tem-
perature during 1993-2023 from the GLORYS12v1 reanal-
ysis and the July values from AZMP observations during
1993-2023 for the 10 subregions for LFA33. Note that in re-
gions 1-3 the observation are very limited and the observed
July values are heavily influenced by the spatial interpola-
tion. Based on reanalysis data, the seasonal variations are
strong in subregions 1, 2 and 3 — along the coast with a max-
imum water depth of about 50 m. In these three subregions,
depth—time sections of water temperature (figures not shown)
demonstrate that (1) for January—March the whole water col-
umn is well-mixed and the impacts of surface cooling reach
the bottom, resulting in a minimum bottom temperature near
0°C; (2) in April-August the impacts of surface warming
penetrate downward due to vertical diffusion, leading to a
steady increase in bottom temperature; and (3) in September—
October the ocean’s surface heat loss results in strong mix-
ing (convection) of the heat in upper layer through the whole
water column, resulting in a maximum bottom temperature

State Planet, 6-0sr9, 8, 2025

3.1



A. M. Cook et al.: Variations in bottom temperature and lobster catches

Qw' (b)
E L
9 8
;
@l$$¢AAA¢@$
710000
o 51
¢
A
QO .10
i 2 3 4 5 6 T 8 8 10
66°W 65°W 64°W 63°W 62°W Subregion
LFA33 subregion 5
.{c} . L 8 L] 2
8 - = .- s . e wi
= : , ’ E 5 t ’ : Y ) E
E®] AFRLATIL T A L LA Y rde
JUy Y - o 2. Y. & c 7
§4 L B R S '{.%?-i’EEPZE
T ERER" 3 ".?z',‘.!-’,iﬂ
2-:‘.&%%&&.1’2‘, 3, : ;:-1

Figure 1. (a) The division of 10 subregions of LFA33 off southwestern Nova Scotia; the locations of observed bottom temperatures during
the lobster fishing seasons of 2008-2023 (solid red circles); and the bathymetry contours of 50, 100 and 500 m. (b) Violin plots of observed
bottom temperature during the commercial lobster fishing season (product ref. no 4) minus that extracted from reanalysis (product ref. no.
2) at matching times and grid points nearest to the observations for subregions 1 to 10. (¢) Daily time series of bottom temperature from
product ref. no. 2 (black curve) and the lobster CPUE (product ref. no. 1, solid magenta circles) during the lobster seasons of 2008-2023 in

subregion 5.

of about 10 °C. The seasonal variations in bottom tempera-
ture are relatively weak in subregions 4—10 with water depths
reaching ~200m. In these regions, depth—time sections of
water temperature (figures not shown) show that in winter
the impacts of surface cooling do not reach the bottom, and
in summer and fall there exists a “cold intermediate layer”
at depths of 50-100 m. This results in a weak fluctuation in
monthly bottom temperature of around 5 °C throughout the
year.

For all the 10 subregions, the reanalysis data show in-
terannual variation in bottom temperature, accompanied by
stronger or weaker seasonal variations. The interannual vari-
ations in July bottom temperatures, from the GLORYS12v1
reanalysis and AZMP observations, show high correlations
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(0.68-0.92) in subregions 4-10 with weaker seasonal vari-
ations. In subregions 1-3 with stronger seasonal variations,
the correlation values (0.53-0.67) are relatively low but are
still statistically significant. It is also notable that the reanal-
ysis overestimates the observed July bottom temperature in
subregions 1-3, while it slightly underestimates or obtains
similar values as the observations in subregions 4—10.
Figure 1b compares the observed bottom temperature dur-
ing the lobster fishing season (product ref. no. 4) and the
corresponding values from the GLORYS12v1 reanalysis in
the form of “violin plots”. The observations are matched to
the GLORYS12v1 data values by date and nearest-neighbour
distances across each of the subregions within LFA33 during
the lobster fishing season (December—May). The matching

https://doi.org/10.5194/sp-6-0sr9-8-2025
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Figure 2. Spatial distributions of bottom temperature anomalies (°C) in July of 2008, 2012, 2015, 2022 and 2023 from (left) AZMP observa-
tions (product ref. no. 3) and (right) GLORYS12v1 reanalysis (product ref. no. 2) for regions with water depth less than 500 m. Bathymetry
contours of 131 and 500 m are overlaid. “BoF”, “EB” and “WB” in the top-left panel denote the locations of the Bay of Fundy, Emerald
Basin and the Western/Emerald Banks, respectively. The temperature anomalies are referenced to the July average during 1991-2020 and
1993-2020 for data shown in the left and right columns, respectively.
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Figure 3. Bottom temperatures averaged for each of the 10 subregions of LFA33: (red curves) monthly time from reanalysis (product ref. no.
2) and (solid red circle) July values from observations (product ref. no. 3). The correlation coefficients between the modelled and observed

July values are indicated by the r values in each panel.

requires the distance between an observation location and re-
analysis grid to be less than 5km. The overall median dif-
ference between observations (n = 28794) and the reanaly-
sis is 0.13 °C. Bottom temperatures in the westernmost, in-
shore and mid-shore subregions (1, 2, 5 and 6) are lower in
the observational data than the reanalysis (median difference
—0.26 °C), whereas in the offshore and eastern subregions
(3,4, 7, 8,9 and 10) the observational data are higher (me-
dian difference 0.18 °C). Although the median differences
are quite low, point differences ranged between £10 °C.

In summary, evaluations with available observational data
suggest that space—time variations in bottom temperatures
from GLORYS12v1 on the SS are quite realistic and are
hence used to analyze the relationship between variations in
bottom temperature and lobster CPUE in LFA33.
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3.2 Relationship between variations in bottom
temperature and lobster catch rate off southwestern
Nova Scotia

Separate analyses are performed to explore (1) the relation-
ship between the temperature changes within the fishing sea-
son and lobster CPUE and (2) the development of standard-
ized CPUE indices with and without annual and seasonal bot-
tom temperature corrections on the overall catch rate trends.

The first analysis focuses on the first 60d of the fishing
season (from mid-November to mid-January). As lobsters
moult and grow during summer months, the lobster fishery
in this area is considered a recruitment fishery (i.e., a large
component of the fishery catch are lobsters having reached
minimum legal size that year). As an example, Fig. 1c shows
the time series of the lobster CPUE and bottom temperature
in subregion 5 during 2008-2023. Prior to the fishing sea-
son the fishable biomass can be considered an unfished state
and sea bottom temperatures remain high (from seasonal in-
creases in spring and summer); hence the CPUE is maxi-

https://doi.org/10.5194/sp-6-0sr9-8-2025
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mized at the start of each fishing season. The CPUE rapidly
decreases over the course of the first half of the fishing sea-
son (till mid-January) due to depletion (cumulative removal
of individuals through harvesting) and the cooling of bottom
water.

The decreasing rates of both CPUE and bottom tempera-
ture have interannual variations. The rate of CPUE change
is assumed to be independent of the initial size of the har-
vestable lobster stock. Its relationship with the bottom tem-
perature, if identified, indicates the impacts the interannual
variations in bottom temperature on the fishery performance.
Here we adopt a hierarchical generalized linear modelling
(HGLM; Lee and Nelder, 1996) approach to explore such
a relationship. In our analysis, different quantifications of
the bottom temperature, e.g., the mean, median and rates of
changes, have been tried. The highest correlation is found be-
tween the rates of change in bottom temperature and CPUE,
and the HGLM analysis between them is formulated as fol-
lows.

Ci =PBo+aji+ (B1 +vju) STi + &
aj~N(©.0; )
yj ~N@©,0, )

For each subregion (j) and each year (i), the rates of changes
in CPUE and bottom temperature are denoted as C; and ST;,
respectively. The HGLM describes their relationship in each
subregion and takes account of the random spatial effects on
both the intercept By and the slope i, denoted as o [;; and
vjli1» Which are specified as a normal distribution (V) with
mean 0 and variance 02’0 and 012,’1 respectively.

The daily values of bottom temperature from GLO-
RYS12vl, averaged for each subregion, are obtained, and
then the rate of change (ST;) is estimated through linear re-
gression. For the CPUE, the logbook data can be variable in
both the number of observations and the scale of fishing with
time and in different subregions. Hence, in each subregion
the rate of change in CPUE (C;) over the first 60d of each
fishing season is estimated using weighted robust linear re-
gression, with the total trap hauls being used as the weighting
variable.

Positive relationships between C; and ST; are found in the
majority of the subregions of LFA33 (Fig. 4). The annual
values of C; and ST; are within confidence intervals of the
HGLM-derived relationship obtained in subregions 1, 2, 3
and 6. This positive relationship is less evident in subregions
4 and 8, where the fishery is likely occurring in smaller areas
of the subregions.

In the second analysis, two generalized additive models
(GAMs; Wood, 2017) for standardizing lobster CPUE are
developed, one as the “base-line” model without incorporat-
ing bottom temperature and the other as the “temperature-
corrected” model, denoted as CM and CMT respectively.
GAMs are chosen as they do not force a functional shape to
the relationships (i.e., linear, quadratic) between dependent

https://doi.org/10.5194/sp-6-0sr9-8-2025

and independent variables; they rather use penalized splines
(denoted as s) to allow flexible relationships. The CM model
is

CPUE; jx = Bo + s(Djjr) + B1Yij + &iji,
and the CMT model is
CPUE; jx = Bo + s(Diji) +s(Tiji) + B1Yij + &iji

where subscripts i and j represent the year and sub-region,
and k represents the day of fishing season. In the above equa-
tions, D;j; denotes the date corresponding to the day of the
fishing season which varies with i, j and k; Y;; represents
the year variable that varies with i and j only; & repre-
sents a random error term; and 7;j; is the bottom temper-
ature included in the CMT model. We focus on the condi-
tional predictions from both models for a fixed day 10 of the
fishing season (when CPUE is the highest). For CMT, T;jx
is replaced by the catch-adjusted mean temperature across
all years and all subregions on day 10 of the fishing season,
calculated as

> (Cijio x Tijkio)
> Cijio '

where C;j10 is the CPUE for day 10. The catch-adjusted
mean temperature is used to account for the uneven distribu-
tion of the fishing effort and catch and thus to ensure that the
predictions from CMT with the impacts of bottom tempera-
ture included can be meaningfully compared with the predic-
tions of CM.

Figure 5 compares the annual time series of the standard-
ized CPUE indices from CM and CMT on day 10 of the fish-
ing season averaged for all the 10 subregions of LFA33. The
deviance of CPUE data explained by CMT is 59.6 %, 5.8 %
higher than 53.8 % by CM. Evident differences between the
CM and CMT annual CPUE indices result from differences
in bottom temperature: CPUE estimates from CM are higher
than those from CMT in years when bottom temperatures are
higher. Essentially, the temperature standardization accounts
for the effects of warmer or cooler waters on the catch rates
and thus improves the relationship between CPUE and fish-
able biomass.

CAp =

4 Conclusions and discussions

The state-of-the-art ocean reanalysis (product ref. no. 2) is
seen to provide the information required to develop better
models describing changes in fishable biomass for American
lobster stocks which will reduce uncertainty in fishery ad-
vice and potentially lead to more sustainable fisheries. This
reanalysis product meets the criteria of being unbiased, being
available in near-real time, and having sufficient spatial and
temporal resolution. Due to complex regional oceanographic
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Figure 4. The slope of lobster CPUE (CPUE per day, y axis) versus slope of bottom temperature from GLORYS12v1 (°C d=1, x axis)
during the first 60d of the fishing season in subregions 1-10 of LFA33. Dots represent data from different years, and the red lines are the
relationship obtained by applying the HGLM approach, with the shading denoting the confidence intervals.

processes under the influence of various forcing factors, ob-
servational data are insufficient to fully quantify the space—
time variations in ocean conditions on the Scotian Shelf and
are even more sparse during the lobster fishing season from
late autumn to early spring. In this study, evaluation shows
that this data-assimilative reanalysis is able to reproduce the
features of variations derived from available observations
during 1993-2023 on the Scotian Shelf, where the influences
of tidal mixing are relatively weak. The agreement is less sat-
isfactory in the adjacent Bay of Fundy where tidal mixing is
strong, while the ocean model used to generate the reanalysis
does not include tidal mixing.

The evaluation results encourage the application of the re-
analysis product to explore the relationship between the vari-
ations in sea bottom temperature and lobster catch rate within
LFA33. Both lobster CPUE and bottom temperatures have
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strong seasonal variations, and the rapid decrease in CPUE
during the first half of the season (mid-November to mid-
January) can be partially described by the decreasing bottom
temperature. Focusing on the CPUE changes during the ini-
tial 60d of the fishing season (independent of stock size), a
hierarchical generalized linear modelling approach (account-
ing for random spatial effects) is applied to explore the re-
lationship between the rate changes in the CPUE and the
rate of changes in the bottom temperature in the 10 sub-
regions. Clear positive relationships between the two rates
are found in the majority of the subregions. This relationship
is consistent with the previous understanding that cold bot-
tom temperature anomalies reduce the movement of lobsters
and hence the catch rate. The relationship is strong in sub-
regions 1, 2, 3 and 6 but is less tight in subregions 4 and 8,
which can partially be attributed to the smaller spatial ex-

https://doi.org/10.5194/sp-6-0sr9-8-2025
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Figure 5. Modelled index of annual lobster CPUE for LFA33 with (blue) and without (red) bottom temperature as a predictor variable. The
solid line represents mean effect, whereas shaded polygons represent the 95 % confidence bounds.

tent of fishing within those subregions. This result is congru-
ent with previous reports which indicate that sea tempera-
tures can play a role in fishery performance (e.g., Wright and
Liu, 2024). Factors other than bottom temperatures (such as
increases in fishing efficiency through advances in technol-
ogy) also affect the relationship between CPUE and biomass.
Though estimated values of CPUE indices will decrease dur-
ing warm events and increase during cooling events, these
other factors are more difficult to quantify and are likely uni-
directional as the fishing industry strives to increase CPUE
whenever possible. That said, the incorporation of bottom
temperature effects on CPUE represents a valuable contri-
bution to the development of stock assessment advice and an
improved understanding of the dynamics of lobster popula-
tions.

Other quantitative measures of the lobster CPUE data (i.e.,
in different stages of the lobster fishing season) and their
relationship with variations in sea bottom temperature will
be further explored in ongoing studies. The outcomes of this
model evaluation and relationship analysis encourage further
applications of multi-decadal ocean reanalysis products to
study changes in the marine ecosystems and fisheries. Fur-
thermore, this also encourages the ongoing development and
improvement of ocean forecasts for potentially predicting fu-
ture changes in marine ecosystems and fisheries, a product
with wide-reaching socioeconomic value.
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Abstract. In 2023, the Mediterranean Sea experienced the longest recorded marine heatwave (MHW) in four
decades, affecting marine biodiversity, fisheries and coastal livelihoods. In this study, we assess the effects of
this extreme event on the spread of the invasive species Callinectes sapidus (Atlantic blue crab) and Hermodice
carunculata (bearded fireworm) along the Italian coasts. We focus on the coastal area of the Po River Delta
in the northern Adriatic and on the northern and southern coasts of Sicily and investigate to what extent the
increased seawater temperatures contribute to the increase in the monthly biomass of these species. Considering
that the spread of the Atlantic blue crab is responsible for significant economic losses in the shellfish fishery
and that the spread of the bearded fireworm poses a health risk to the artisanal fishing industry, we also assess
the socio-economic impact of this MHW by analysing fish market data and online surveys. Finally, we discuss
possible strategies to mitigate the spread and ecological impact of these invasive species. We take into account the
aggressive feeding behaviour of the fireworm and the thermophilic nature of the fireworm, whose toxic antennae
also pose a health risk to humans. Overall, the sustainability of marine ecosystems and coastal communities in
the Mediterranean requires robust interdisciplinary collaboration to address the challenges posed by biological
invasions and climate change in this region.

1 Introduction

The Mediterranean Sea, one of the most biodiverse marine
ecosystems in the world (Coll et al., 2010), is currently facing
unprecedented challenges due to extreme temperature events
caused by climate change, known as marine heatwaves
(MHWs) (Darmaraki et al., 2019). In recent decades, the
frequency, intensity and duration of these record-breaking
episodes have increased in the region, mainly due to the mean
sea surface temperature (SST) warming trend in the Mediter-
ranean Sea, which ranges between 0.035-0.041 °C yr~! (EU

Published by Copernicus Publications.

Copernicus Marine Service Information, 2022a), almost
twice as high as the corresponding global SST trend of
0.0154+0.001 °Cyr~! (EU Copernicus Marine Service In-
formation, 2022b). This has significant implications for the
region’s biodiversity and economy, as the warming trend and
MHWs may facilitate the proliferation of invasive species
(Joyce et al., 2024).

Species that pose a significant threat include the Atlantic
blue crab, Callinectes sapidus, and the bearded fireworm,
Hermodice carunculata, which have attracted attention due
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Table 1. Products used in the present work. Complete references for the articles in Prod. 1, Prod. 2, Prod. 3 and Prod. 6 are reported in the

References.

Ref. Product name & type
no.

Documentation

Copernicus products

1 Copernicus Marine

SST_MED_SST_L4_REP_OBSERVATIONS_010_021
Mediterranean Sea — High Resolution L4 Sea Surface

Temperature Reprocessed

Quality Information Document (QUID):
Pisano et al. (2016, 2024a);
Product User Manual (PUM): Pisano et al. (2024b)

2 Copernicus Marine
MEDSEA_MULTIYEAR_PHY_006_004
Mediterranean Sea Physics reanalysis

Quality Information Document (QUID):
Escudier al. (2022);
Product User Manual (PUM): Lecci et al. (2022)

Non-Copernicus products

3 Crab and clam fishery data

CONSORZIO COOPERATIVE PESCATORI DEL
POLESINE

Organizzazione di Produttori Soc. Coop. A r.l., Via
della Sacca, 11 45018 Scardovari (RO) — ITALIA.
P.IVA 00224140293

4 Worms Out questionnaire

Link: bit.ly/3L3TWUc
https://www.tacebook.com/Monitoraggio Vermocane
(last access: 7 February 2025)

5 Righi et al. (2020) questionnaire

https://doi.org/10.12681/mms.23117

6 iNaturalist

https://www.inaturalist.org/ (last access: 7 February
2025)

to their rapid spread and negative impact on Italian fisheries
(e.g. Heilskov et al., 2006; Riera et al., 2014; Simonini et al.,
2019; Righi et al., 2020; Bardelli et al., 2023; Tiralongo et
al., 2023). In particular, C. sapidus, which is native to the At-
lantic, has rapidly colonised the Italian coasts (Mancinelli et
al., 2021). C. sapidus is characterised by its voracious preda-
tory behaviour and opportunistic feeding habits (Mancinelli
et al., 2021) and has led to considerable economic losses in
shellfish fisheries and enormous challenges for native species
(Clavero et al., 2022). Similarly, H. carunculata, a ther-
mophilic polychaete, has spread in Italian waters, affecting
artisanal fisheries by both ruining the catch and posing health
risks to human health (Heilskov et al., 2006; Riera et al.,
2014; Simonini et al., 2019; Righi et al., 2020; Tiralongo et
al., 2023). In fact, H. carunculata with its toxic setae can
cause painful stings in humans, leading to burns and redness
upon physical contact and posing a health risk for tourists in
coastal areas and for the fishing community, especially when
cleaning nets (Tiralongo et al., 2023). In addition, H. carun-
culata is an ecological disruptor as well as a direct threat to
the well-being of coastal communities. The resilience of both
species to environmental stressors and the rapid spread of the
population emphasise the urgency of addressing the intensi-
fying risks of climate change and bioinvaders with compre-
hensive management strategies.
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The year 2023 marked a turning point when average global
air temperatures reached an unprecedented high (Coperni-
cus, 2024). The European continent experienced its second
warmest year on record, with the Mediterranean basin ex-
periencing a series of extreme temperature events (Marullo
et al., 2023). Of particular concern was the occurrence
of the longest recorded and one of the strongest surface
MHWs of the last four decades, which persisted in the north-
western Mediterranean from May 2022 to boreal spring 2023
(Marullo et al., 2023; Pirro et al., 2024). At its peak in July
2022, this MHW covered almost the entire western Mediter-
ranean basin, with maximum daily SST anomalies reaching
about 2.6 and 4.3 °C and anomalously warm conditions com-
parable to the 2003 summer MHW (Guinaldo et al., 2023).
The long duration of the event was attributed to a combina-
tion of anomalously low wind speeds, high solar radiation
and weak vertical mixing in the ocean (Marullo et al., 2023).
These warming-related events had far-reaching impacts on
marine life and coastal communities (He and Silliman, 2019).

The aim of this study is to investigate the spread and in-
crease in the abundance of C. sapidus and H. carunculata as-
sociated with moderate and extreme warming in two coastal
areas of Italy, particularly during the MHWSs of 2022/2023.
Relevant socio-economic impacts were also assessed by
analysing fish market data and responses to questionnaires
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handed out to the local fishing community and completed
online, which addressed issues related to the bioinvasion of
these species. In addition, we discuss possible solutions to
mitigate the invasion of these species.

2 Methods

2.1 Study areas

The study was conducted in two different regions within Ital-
ian waters: two adjacent lagoons in the northern Adriatic
Sea (Canarin and Scardovari) and two coastal areas of Sicily

(Fig. 1).

2.1.1 The Po River Delta

The two lagoons studied in the northern Adriatic are tran-
sitional and shallow-water environments located in the Po
River Delta and connected to the sea and various river
branches (Fig. 1b and c). As they are directly influenced by
the outflows of the Po River, these regions have highly dy-
namic hydro-morphological characteristics and are subject to
rapid changes due to biotic and abiotic forces (Maicu et al.,
2018; Franzoi et al., 2023). Although the lagoons are subject
to various forms of anthropogenic pressure that have progres-
sively altered their natural ecological characteristics (Franzoi
et al., 2023), the lagoons support several mussel and oyster
farms, which represent the main productive activities and vi-
tal economic resources at both local and regional level (Tur-
olla, 2008; Bordignon et al., 2020; Chiesa et al., 2025). The
Scardovari lagoon covers an area of 32 km?, has an average
depth of 1.5m (Mistri et al., 2018), and is connected to the
sea via two bays in the north-east and south-west of the basin.
The Canarin lagoon covers an area of about 6.4 km? in the
southern part of the study area and has an average depth of
0.9m. It is connected to the Adriatic Sea by a shallow, ap-
proximately 200 m wide estuary with a maximum depth of
2.5m.

2.1.2 Sicily

The island of Sicily (Fig. 1d) lies at the convergence of
the eastern and western basins of the Mediterranean, which
are influenced by both the relatively cooler Atlantic waters
and the warmer Levantine waters. In particular, the east-
ern coast of Sicily (Ionian Sea) is significantly affected by
quasidecadal reversals of the Northern Ionian Gyre driven by
the mechanisms of the bimodal oscillation system in the To-
nian Sea (Gaci¢ et al., 2021; Menna et al., 2022). The dis-
tribution of water masses is altered by the bringing-in of
warm and salty Levantine water during the cyclonic phase
(anti-clockwise) and transportation of cooler Atlantic water
during the anticyclonic phase (clockwise). This dynamic in-
fluences marine ecosystems and favours the occurrence of
Levantine species during the cyclonic phase and vice versa
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(Civitarese et al., 2023). In comparison, the northern coast
of Sicily (Tyrrhenian Sea) experiences less saline and rela-
tively cooler Atlantic water flowing in through the Sardinian
Channel (Vetrano et al., 2010), while the southern coast of
Sicily is characterised by cold water due to semi-permanent
upwelling (Raffa et al., 2017).

2.2 Biological characteristics of the two species

2.2.1 Callinectes sapidus

The Atlantic blue crab C. sapidus Rathbun, 1896 is a species
native to the western coasts of the Atlantic Ocean and is nat-
urally distributed from Nova Scotia to northern Argentina
(Millikin and Williams, 1984). It was first recorded in Eu-
rope in 1901 and in the Mediterranean in 1947 (Mancinelli
et al., 2021). The first record in Italian waters dates back to
1949 from the lagoon of Venice, and ballast water is consid-
ered the most likely cause (Nehring, 2011). In Mediterranean
waters, C. sapidus is considered one of the 100 most invasive
alien species (Zenetos et al., 2005; Katsanevakis et al., 2018;
Tsirintanis et al., 2022) and is present in at least seven of
the nine southern European marine ecoregions (Mancinelli et
al., 2017a, b). In the last 10 years, it has rapidly expanded its
range to new ecosystems throughout the Mediterranean, such
as the European Atlantic waters of Portugal, France, Bel-
gium and Germany but also in Italian waters (Tiralongo et al.,
2021; Bardelli et al., 2023). This eurythermal and euryhaline
species is a voracious predator characterised by aggressive
behaviour, high fecundity, excellent swimming abilities and
high fertility (Tsirintanis et al., 2022), and it inhabits lagoons,
estuaries and other coastal environments. C. sapidus has a
complex, biphasic life cycle consisting of marine planktonic
larvae (zoea) and benthic postlarvae (megalopa), with juve-
niles and adults living in estuaries, lagoons and other coastal
habitats (Lipcius et al., 2007). In marine waters, this species
lives mainly on soft substrates at depths between 1 and 90 m.
Their life cycle is very complex and includes different habi-
tats depending on sex and ontogenetic stage: adults can reach
a relatively large size, with a carapace up to 25 cm wide in
males and 18 cm in females (Millikin and Williams, 1984),
and reside in lagoons and estuaries where males settle and
moult. After mating, the egg-laying females migrate to the
sea where they lay their eggs. The young return to the transi-
tional areas and, after rapid growth, reach sexual maturity in
their second year of life (Millikin and Williams, 1984; Tay-
lor and Fehon, 2021). C. sapidus exhibits opportunistic feed-
ing behaviour and feeds mainly on fish and invertebrates,
especially bivalves and polychaetes, and may consume de-
tritus and macrophytes when other food sources are scarce
(Mancinelli et al., 2017a; Tiralongo et al., 2024b). Recent
studies in the Po River Delta have shown that C. sapidus sig-
nificantly affects the aquaculture of Ruditapes philippinarum
(Manila clam). Predation by C. sapidus resulted in mussel
losses of up to 100 % in certain areas, with up to 56 % of
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Figure 1. Map of Italy (a) with the two study areas highlighted in red boxes. The map shows the main water basins in the region, with
the blue line indicating 10 m rivers and lakes (retrieved from https://www.naturalearthdata.com, last access: 7 February 2025). The Po River
Delta (b) and a detailed enlargement of the Scardovari (Sc) and Canarin (Ca) are highlighted in panel (¢) (maps were downloaded from
the EMODnet Digital Bathymetry available at https://portal.emodnet-bathymetry.eu/, last access: 7 February 2025). The examined study
(coastal) areas around Sicily (d). For images of C. sapidus and H. carunculata, refer to Figs. S4 and S5.

mussel shells showing signs of predation and a complete ab-
sence of seeds in natural recruitment zones (Azzurro et al.,
2024; Chiesa et al., 2025). Although several studies have
been conducted on this species, the impacts and interactions
of C. sapidus on native species and Mediterranean aquatic
ecosystems are still poorly understood and require further in-
vestigation (Mancinelli et al., 2017b; Clavero et al., 2022).

2.2.2 Hermodice carunculata

The thermophilic amphinomid H. carunculata (Pallas,
1766), commonly known as the bearded fireworm, is a large
predator/scavenger polychaeta found in warm and temperate
areas of the Caribbean, Atlantic, Red Sea (Fishelson, 1971;
Abhrens et al., 2013; Ramos and Schizas, 2023) and Mediter-
ranean Sea (Simonini et al., 2018; Toso et al., 2022, 2024).
Although it is native to the Mediterranean region, it is also
considered a highly invasive species due to its increasing
spread. Previous studies indicate that its abundance across
the Mediterranean has increased in recent years, likely due to
warmer temperatures favouring its northward spread (Righi
et al., 2020; Toso et al., 2022). This may have a detrimen-
tal effect on the region’s ecosystems and associated species,
as well as human health, as it is resilient to natural and an-
thropogenic stressors (Schulze et al., 2017) and may also
become a carrier of new pathogens (Sussman et al., 2003;
Schulze et al., 2017). Similarly, coastal and anthropogenic
activities such as fishing (Fig. S5 in the Supplement) and
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bathing can also be affected (Celona and Comparetto, 2010;
Cosentino and Giacobbe, 2011; Schulze et al., 2017; Si-
monini et al., 2018; Righi et al., 2020; Toso et al., 2020;
Tiralongo et al., 2023). H. carunculata can grow to over
70 cm in length and reach a lifespan of 9 years (Simonini and
Ferri, 2022). Its metamers are equipped with dorsal calcare-
ous chaetae filled with a venom that is very effective against
predators (Kicklighter and Hay, 2006; Schulze et al., 2017;
Simonini et al., 2018, 2021; Righi et al., 2021, 2022). The
presence of these defence mechanisms makes the polychaete
highly resistant to predators, as none of the species identi-
fied in the Mediterranean region are able to effectively prey
on it (Ladd and Shantz, 2016; Righi et al., 2021; Simonini et
al., 2021). In contrast, H. carunculata is a voracious preda-
tor of sessile and benthic invertebrates (Wolf and Nugues,
2013; Wolf et al., 2014; Jumars et al., 2015; Barroso et al.,
2016; Schulze et al., 2017; Simonini et al., 2018; Righi et
al., 2020), and its ability to regenerate favours its dispersal
(Toso et al., 2024). In addition, this species is characterised
by a remarkable dispersal ability, which is attributed to the
production of planktotrophic and particularly long-lived lar-
vae (Ahrens et al., 2013; Schulze et al., 2017; Toso et al.,
2020). In Italian waters, H. carunculata is widespread on
rocky substrates between 1 and 20 m (Righi et al., 2020; Si-
monini et al., 2021), but in some areas of the Mediterranean it
reaches greater depths and has also been observed in associ-
ation with coralligenous and precoralligenous bioformations
(Fishelson, 1971; Righi et al., 2020).
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2.3 Temperature datasets

To identify surface MHWSs on the study areas we obtained
daily SST data from the Mediterranean Sea SST Analysis L4
product of the Copernicus Marine Service, covering the pe-
riod 19822023 (Table 1, product ref. 1). This dataset pro-
vides gap-free, optimally interpolated, satellite-based esti-
mates of SST with a resolution of 0.05° x 0.05°. For the
analysis of subsurface temperatures in the areas of interest,
daily vertical temperature profiles were obtained from the
Mediterranean Sea Physics Reanalysis dataset for the period
from 1993 to 2023 (Table 1, product ref. 2) with a spatial
resolution of 0.042° x 0.042°. MHWs are detected whenever
the SST exceeds a daily, 40-year (1982-2023) climatological
threshold for at least 5 consecutive days, based on the identi-
fication framework proposed by Hobday et al. (2016).

2.4 The crab and clam fishery data

To assess the impact of the spread of C. sapidus on the local
fishing industry, we use data on the production of mussels
(Ruditapes philippinarum) provided by the Scardovari and
Canarin Cooperative, which has been farming this species in
the Po River Delta for years. The dataset contains monthly
values for waste and sales of C. sapidus, representing the
sum of daily harvests by fishers before reaching the market
for fish sales (Table 1, ref. 3). Recent studies in the area have
shown that C. sapidus eats mussels, as evidenced by claw
marks on the mussels. Compared to previous years, mus-
sel production in 2023 has decreased by 75 % in the Scar-
dovari lagoon and 100 % in the Canarin lagoon (Azzurro et
al., 2024; Chiesa et al., 2025), which is why we use discard
data as an indicator of C. sapidus biomass and damage to
fisheries.

2.5 Questionnaire for Hermodice carunculata

In recent decades, citizen participation in the collection of
data useful for science has increased thanks to numerous
awareness-raising initiatives (Turrini et al., 2018) and has al-
ready been recognised as a valuable resource for research,
biodiversity monitoring and conservation (Lopez et al., 2019;
Toivonen et al., 2019). Although in some cases this informa-
tion lacks a solid scientific basis and needs to be validated
by experts in the field, it offers the advantage that it can be
collected over wide geographical areas at low cost (Ballard
et al., 2017; Tirelli et al., 2021; Sun et al., 2021). For this
reason, citizen science projects are currently on the rise in
various areas, particularly as a tool for solving environmen-
tal and conservation issues (Kullenberg and Kasperowski,
2016; Turrini et al., 2018). For example, citizen participation
is widely used in projects and initiatives for the sighting of
non-indigenous, invasive and rare species such as the Alien-
Fish project (https://www.facebook.com/alienfish, last ac-
cess: 10 February 2025), avvistAPP (https://www.avvistapp.
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it/, last access: 10 February 2025), Monitoraggio Vermo-
cane (https://www.facebook.com/MonitoraggioVermocane)
and iNaturalist (https://www.inaturalist.org/). To assess the
impact of H. carunculata on human activities such as fishing
and tourism, a questionnaire was developed and distributed
to the fishing community as an online survey. The question-
naire, which builds on the observations of Righi et al. (2020),
was distributed to a large number of people in 2023, who pro-
vided a total of 151 responses. It was primarily distributed
via websites such as “Monitoraggio del Vermocane” and
“Fauna Marina Mediterranea” (https://www.facebook.com/
groups/230601830399549, last access: 10 February 2025) as
well as via social media pages of various authors and also
Italian diving centres. The questionnaire included 19 ques-
tions, of which 4 single-choice questions focusing on the
frequency of sightings, the abundance of specimens and the
perception of the species as a potential problem were anal-
ysed in this study. Most respondents reported having ob-
served the fireworm while diving (74 %), spearfishing (10 %)
and snorkelling (15 %), while no questions were asked about
respondents’ age or employment status. Due to its distinc-
tive morphology and bright colouration, H. carunculata is
unlikely to be confused with other species, as there are no
comparable organisms in the Mediterranean. This study was
carried out as part of the “Worms Out” project funded by the
National Institute of Oceanography and Applied Geophysics
and the ECCSEL NatLab Italy project (Table 1, ref. 5). In
addition to the real-time data collected by marine users, the
use of this questionnaire is important to identify and assess
the occurrence of this species. This is to address the current
lack of scientific reports on this species, which is probably
due to the limited number of sampling efforts (e.g. Fraschetti
et al., 2002; Giangrande et al., 2003; Corriero et al., 2004;
Mastrototaro et al., 2010). To address the scarcity of scien-
tific reports, we integrated observations from various sources
such as the iNaturalist observations, the results of Righi et
al. (2020) and the most recent observations from the 2023
online survey. Integrating this information with the scientific
literature and observations is crucial for monitoring biolog-
ical invasions and studying native invasive species (Azzurro
et al., 2019; Giovos et al., 2019; Toivonen et al., 2019).

3 Results

3.1 Northern Adriatic

In the first half of 2023, mussel production in the area was
around 400 t per month and peaked in August (800t) before
drastically declining from September to December (Fig. 2a).
In contrast, the sale of crabs began in the summer months,
with the highest discard observed in August 2023 with a total
of 300t. Towards the end of 2023, crab discards were com-
parable to sales (Fig. 2b). Throughout 2023, the study area in
the northern Adriatic was also characterised by particularly
high SSTs with six MHWs observed (Fig. 2c and d). The
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first event occurred in March, lasted 5d and had a moder-
ate intensity, while the remaining events occurred during the
summer and autumn seasons. The most intense MHW was
observed at the end of August 2023 and was characterised
by temperatures that were more than 3 °C above normal and
lasted 11d (Table S1 in the Supplement). The longest event
was observed in October and lasted 36 d with a strong inten-
sity (> 2.6 °C). The high temperatures of 2023 also affected
the entire water column, with the strongest subsurface tem-
perature anomalies (> 4 °C) observed between 4 m and 15 m
depth during the summer season (Fig. 2d). This indicates a
significant increase in subsurface temperatures in this area, as
typical deviations from the 1993-2016 mean are between 0.8
and 1.2 °C (Fig. S1). Regarding the potential cumulative ef-
fects of temperature on the life cycle of C. sapidus, although
the SST in 2023 was not below the threshold for hibernation
(5 °C), it exceeded the temperatures for reproductive activity
(10.8 °C) and larval development (19 °C) by 300 and 170d,
respectively (dashed lines in Fig. 2c).

3.2 Sicily

In the two coastal regions of northern and eastern Sicily, the
SST remained above the climatological values throughout
2023 (Fig. 3b, c): eastern Sicily experienced three MHWs
that lasted about 60d in total (Table S1). The most intense
event occurred in July and lasted 21d, and the longest was
in October with a duration of 30d. On the north coast of
Sicily, there were slightly longer MHWs on average: the
first event occurred in March, lasted 5d and had an inten-
sity of 1.4°C. The most intense MHW (> 2.5 °C) was ob-
served between July and August with a duration of 25d,
while the longest event (49 d) occurred in autumn with an
intensity of 1.6 °C. Compared to the period 1993-2016, tem-
peratures in the entire water column in both regions were
around 1.2—4 °C warmer than normal and even warmer on
the north coast of Sicily. The upper 80 m of the water column
shows the highest temperature anomalies (> 2 °C) through-
out the year, especially in the autumn months (> 2.5 °C) in
both areas. However, during some days in summer, the sub-
surface layers between 10 and 50 m depth show negative tem-
perature anomalies (down to —2 °C) (Fig. 3d, e), with tem-
peratures dropping below 14° at greater depths. Typically,
subsurface temperatures deviate by about 0.8-2 °C from the
1993-2016 mean, with the highest values observed in the up-
per 20—-80 m depth between June—November (Fig. S1). The
progressive temperature increase of around 0.03 °C yr~! ob-
served on the north coast of Sicily seems to be consistent
with an increasing trend in the records of Hermodice carun-
culata over the last 20 years, especially in 2007-2008, 2014—
2015 and 2023, when the highest number of observations was
recorded (Fig. 3a). This increasing trend is also supported
by the results of our proposed questionnaire, which shows
a significant increase in the frequency of sightings in recent
years compared to 2018, particularly during recreational ac-
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tivities. In particular, the results of the questionnaire show
that the presence of this species is increasingly recognised
as a problem, particularly as H. carunculata is observed in
areas where it was not previously seen (Fig. 3h and j). The
data from the Hermodice questionnaire were compared with
those from the iNaturalist platform (Table 1, ref. 6), and the
two datasets showed similar observations, particularly in re-
lation to the observed trend (Fig. 2a).

4 Discussion

The two Mediterranean regions analysed in the present study
experienced multiple, prolonged and strong surface MHWs
throughout 2023, with temperature anomalies ranging be-
tween 1.6-2.6 °C on the eastern and northern coasts of Sicily
and between 2-3 °C on the northern Adriatic coast during the
events. These events were associated with a general warm-
ing trend that was evident in increased monthly tempera-
ture anomalies occurring throughout the year, especially dur-
ing summer in the northern Adriatic. Additionally, a trend
of 0.03 °C per year was particularly evident in the sea sur-
face temperature along the coast of northern Sicily during
the period 2000-2023. Compared to the study areas in Sicily,
the northern Adriatic showed a slightly stronger warming of
the entire water column, which is probably due to its shal-
lower depth. Also, lower-than-normal subsurface tempera-
tures were observed in the upper 40 m of the two study areas
in Sicily in summer and autumn. This is likely related to a
stronger stratification of the upper ocean during these periods
and a shift in the thermocline (see Figs. S2, S3), resulting in
cooler temperatures near the surface, similar to what Pirro et
al. (2024) observed. Overall, a significant warming was ob-
served in all study areas in 2023, which in turn may have led
to an increase in the abundance of the two invasive species in
both areas.

In the case of Callinectes sapidus, the higher tempera-
tures may have triggered a positive feedback loop in the phe-
nology of the larval and adult stages, ultimately leading to
higher survival and reproduction rates and driving the pop-
ulation increase (Costlow, 1967; Gencer, 2024). For marine
invertebrates with complex life cycles, the effects of climate
warming are particularly pronounced during critical stages
(Libralato et al., 2015; Alter et al., 2024) such as larval de-
velopment, reproductive activity or winter dormancy (dashed
line in Fig. 2¢). A similar mechanism has been proposed for
other invasive crayfish such as Hemigrapsus takanoi as well
as for other native brachyurans (Valdes et al., 1991; Anger,
2001; van den Brink et al., 2012; Oh and Lee, 2020). In this
context, rising temperatures may have increased the inva-
siveness of the species in regions where established popu-
lations remained at low levels, as has been observed in the
northern Adriatic Sea, where C. sapidus has been detected
episodically since 1949 (Manfrin et al., 2016). Considering
that in this species winter dormancy, adult reproduction and
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Figure 2. Northern Adriatic study area: (a) time series of daily, spatially averaged SST anomalies of 2023 relative to the period 1993—
2016 (red line) and monthly evolution of sold clams (black cross). (b) Monthly evolution of sold (green triangles) and discharged (purple
diamonds) C. sapidus during 2023. (¢) Time series of daily, spatially averaged SST during 2023 (black), smoothed SST climatology (blue)
and 90th percentile threshold of SST (green) based on the 1982-2023 period. MHW:s are indicated in red and identified using the Hobday et
al. (2016) definition. The three dashed lines represent the temperature thresholds for winter dormancy (5 °C), reproductive activity (10.8 °C)
and larval development (19 °C) of C. sapidus. (d) Vertical profile of temperature anomalies during 2023, relative to the period 1993-2016,
spatially averaged at each depth. Temperature data were obtained from Copernicus Marine Service (Table 1, product ref. 1, 2). Clams and
crab data were obtained from the Consorzio Cooperative Pescatori del Polesine (Table 1, product ref. 3).

early life stages (egg maturation, zoea and megalopa devel-
opment) are strongly regulated by temperature minima (Bry-
lawsky and Miller 2006; Rogers et al., 2022; Schneider et al.,
2024), an increase in water temperatures may have addition-
ally accelerated metamorphosis from zoea to megalopa, re-
ducing predation risk and promoting survival and ultimately
population abundance. On the other hand, a further increase
in temperature above 26 °C may have an opposite effect by
reducing the number of moults per larva and causing a reduc-
tion in blue crab growth (Gencer, 2024).

An increase in water temperatures also accelerates de-
velopment and growth rates in Hermodice carunculata (Li-
bralato et al., 2015; Alter et al., 2024), and several studies
identify water temperature as a decisive factor in the spread
of the species (Righi et al., 2020; Tiralongo et al., 2023; Toso
et al., 2024) by influencing the species range shifts and facil-
itating its establishment and spread (Stachowicz et al., 2002;
Samperio-Ramos et al., 2015). Our questionnaires and iNatu-
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ralist observations confirm this spread and show a significant
increase in sightings over the last 5 years. Our results are
thus consistent with the documented increase in the presence
of the species and its bathymetric extent over the last two
decades, which coincides with a general increase in water
temperatures along the coasts of Sicily (Pisano et al., 2020;
Righi et al., 2020; Tiralongo et al., 2023; Kubin et al., 2023),
which has been particularly evident since 2023 (Fig. 3a).
Given the ongoing warming trend in the Mediterranean, it is
likely that this thermophilic species will continue to spread
along the north-western Mediterranean coast, where it was
frequently observed in shallow-water conditions, especially
in the summer months (Schulze et al., 2017; Encarnac@o et
al., 2019; Righi et al., 2020). Noticeably, both the remark-
able increase in the monthly biomass of C. sapidus in the
coastal areas of the northern Adriatic and the annual records
of H. carunculata on the coasts of Sicily share a number of
common implications. In particular, we show that the prolif-
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| don't know

Figure 3. (a) Yearly-averaged time series and linear trend of SST (red), spatially averaged over the northern coast of Sicily, and yearly
records of H. carunculata (black cross) with their linear trend, based on Righi et al. (2020) and our questionnaire for the period 2000-2023
(Table 1, product ref. 4 and 5); the green crosses represent the biannual mean of H. carunculata from iNaturalist. Daily and spatially averaged
SST time series during 2023 (black), smoothed SST climatology (blue), and 90th percentile threshold of SST (green) based on the 1982—
2023 period for the northern (b) and eastern (c) coasts of Sicily. MHWs are indicated in red and identified using the Hobday et al. (2016)
definition. Vertical profile of spatially averaged temperature anomalies during 2023, relative to the climatological period of 1993-2016 for
the northern (d) and eastern (e) coasts of Sicily. The climatological depth of the 14 °C isotherm is displayed by the dashed blue line, whereas
the depth of the 14 °C isotherm during 2023 by the solid black line. (f=j) Main results of the Worms Out questionnaire (Table 1, product
ref. 4). Temperature data were obtained from Copernicus Marine Service (Table 1, product ref. 1, 2).
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eration of C. sapidus in the Po River Delta significantly dis-
rupted mussel production in 2023 (Fig. S4) and that, under
current conditions, no resurgence of mussel populations is
expected in 2024 (Chiesa et al., 2025). The dramatic impact
on the mussel fishery is exacerbated by the cost of removing
the crabs discarded by the fishery (Fig. S4). This expansion is
also expected to disrupt benthic habitats, altering community
composition and leading to remarkable changes at the level
of the entire food web, as observed in the Ebro River Delta
(Clavero et al., 2022) and recently in the Po River Delta in
the Goro lagoon (Gavioli et al., 2025).

Similarly, H. carunculata poses a threat to both marine
biodiversity and the economic stability of local fisheries, as
has been observed for other annelids (Berke et al., 2010;
Pires et al., 2015). Although comprehensive information on
the impact of the species has only recently been presented
(Tiralongo et al., 2023), the fireworm is known to cause both
direct and indirect damage to fisheries. Direct damage in-
cludes the severing of secondary lines attached to hooks, ei-
ther by the worm’s teeth or by hiding among the rocks after
consuming the bait (Tiralongo et al., 2023). To minimise this
impact on the target species, the soaking time of the fish-
ing gear has been reduced, which leads to a decrease in catch
rates (Simonini et al., 2021; Tiralongo et al., 2020). The scav-
enging activities of H. carunculata not only affect the effi-
ciency of fisheries, but also impact the fishing industry by
damaging fish catches and reducing the market value of fish.
The economic impact is estimated at around EUR 7.32kg ™!
of damaged fish, resulting in significant annual losses given
the total weight of commercially valuable catches (Tiralongo
et al., 2023). The continued temperature-induced spread of
H. carunculata, as observed in our results and documented
by Righi et al. (2020) and Tiralongo et al. (2023), emphasises
the urgent need for effective mitigation strategies to address
the impacts caused by climate change on fisheries, tourism
and the coastal economy.

Implication for human life and solutions for stakeholder

The ongoing invasion of C. sapidus provides an opportunity
to evaluate strategies and measures to contain this spread and
mitigate its ecological impact, even in freshwater ecosystems
(Scalici et al., 2022; Tiralongo et al., 2024b, a; Bedmar et al.,
2024). As the economic value of the species is already inter-
nationally recognised, this species can be used for both food
and other purposes. Several studies have shown that over-
harvesting plays an important role in the control of invasive
species (Mancinelli et al., 2017b; Giakoumi et al., 2019),
as exemplified by the commercial harvest of C. sapidus,
which supports a significant fishery on the coasts of the USA
(Hines, 2007; Kennedy et al., 2007; Bunnell et al., 2010);
accordingly, control measures should target similar commer-
cialisation strategies. Despite its introduction to the Italian
market, the consumption of C. sapidus is not yet widespread,
complicating efforts to eradicate it (Azzurro et al., 2024). Ef-
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fective management strategies should therefore include the
cultural integration of this species. For example, the Italian
government has promoted C. sapidus by showcasing it at the
2024 G7 summit and distributing online promotional con-
tent. Expanding outreach efforts through targeted events and
educational campaigns could further boost consumption of
this species, similar to what has been done successfully with
other species. Furthermore, the extraction of chitosan and as-
taxanthin from crab shells could support the ongoing shell-
fish market while providing valuable compounds with mul-
tiple applications in pharmaceutical, biomedical, cosmetic,
agricultural and biotechnological fields (Ambiati et al., 2014;
see also Demir et al., 2016, and Baron et al., 2017, for recent
examples on C. sapidus).

Similarly, the increasing frequency of H. carunculata
sightings emphasises the need for effective management
strategies to contain its spread. As an efficient scavenger,
predatory generalist and opportunistic consumer that can also
feed on carrion, H. carunculata has also been found in large
numbers under aquaculture net cages and in places with high
anthropogenic pressure and organic enrichment, such as ar-
tisanal fishing harbours (Heilskov et al., 2006; Riera et al.,
2014; Righi et al., 2020). Due to its ability to tolerate captiv-
ity, H. carunculata offers potential applications for the dis-
posal of waste from the production and processing of marine
products. Recent biorefinery research is investigating the use
of H. carunculata in the processing of molluscan waste, par-
ticularly expired mussels from retail outlets, to recover and
valorise the shells. Preliminary results show that H. carun-
culata consumes mussel meat at high rates and leaves the
shells almost completely clean (Simonini et al., 2024). Given
the ability to maintain them at high densities without sub-
strate, the species could prove useful for the valorisation of
waste shells, with clean shells serving as a source of “green”
calcium carbonate (Seesanong et al., 2023). In addition, ex-
periments could be conducted to determine the effectiveness
of this species when used in IMTA (integrated multitrophic
aquaculture) systems to determine its performance as a biore-
mediator organism (Giangrande et al., 2020). The develop-
ment of practical applications for this invasive species could
also support the elimination of areas where H. carunculata
becomes a pest (Simonini et al., 2024).

Thus, the costs of managing and controlling invaded habi-
tats may ultimately yield gains for the local population
while greatly reducing the impact of the invader and even
enhancing the ecosystem goods and services provided by
coastal habitats. Collaborative efforts are essential to formu-
late adaptation measures that protect both marine ecosystems
and the livelihoods of Mediterranean coastal communities.
Through interdisciplinary collaboration and proactive man-
agement strategies, it is possible to mitigate the negative im-
pacts of climate change and the spread of invasive species,
thus ensuring the long-term sustainability of the Mediter-
ranean marine environment and the well-being of coastal
communities.
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5 Conclusions

Overall, global warming and biological invasions in marine
ecosystems are so far recognised to be closely linked, al-
though the extent of their interactions and the role of climate
change as a driving force remain controversial, as they vary
along the invasion process and are influenced by species-
specific responses to warming (Blackburn et al., 2011; Kat-
sanevakis et al., 2014; Joyce et al., 2024). These responses
affect the distribution, demography and life histories of in-
vasive species. Currently, there is an urgent need for addi-
tional studies investigating the relationship between climate
warming and the phenology of bioinvasive species to eluci-
date the indirect effects that may occur on both the distribu-
tion and abundance of the latter. The present study, focus-
ing on Callinectes sapidus and Hermodice carunculata, is
one of the first attempts to address this important issue in the
Mediterranean. However, temperature alone may not be the
only determinant of increases in invasive species abundance:
for example, for H. carunculata, Simonini et al. (2021) sug-
gest that fishing practices may facilitate the spread, establish-
ment and survival of the species, with fish waste and other
organic debris resulting from the cleaning of nets potentially
providing increased trophic resource availability. In addition,
releasing pregnant C. sapidus females after capture can sig-
nificantly increase the number of larvae and increase popula-
tions (Hines et al., 2008). In the Po River Delta, this prac-
tise has become common among fishing companies given
the low value of egg-laying females in local fish markets
(Tiralongo, personal observation; see also Fig. S4). These ex-
amples illustrate how inadequate management practises can
inadvertently favour the spread of invasive species and ul-
timately highlight the need for integrated control and miti-
gation strategies that take into account the diverse range of
factors that can actually contribute to the success of a bioin-
vasion.
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Abstract. In the context of a warming Mediterranean Sea, marine heatwaves (MHWs) have progressively in-
tensified, leading to multiple environmental and socioeconomic damage. This study explores the origin of the
observed trends in surface MHWS in the basin using sea surface temperature (SST) observations for the period
1982-2023. Results show a basin-wide increase in SST and extreme SST occurrences over the study period,
emphasized in the eastern basin. The Adriatic, Aegean, and northern Levantine seas exhibit the highest trends in
both SST and extreme SST percentiles, suggesting that these are the most vulnerable areas in the basin in terms
of both accumulated warming and extreme SST occurrences. On top of the underlying mean warming, increased
variability in SST is observed in parts of the western and central Mediterranean Sea, while decreased variability
in SST is found in most of the eastern basin. Results reveal a basin-wide dominance of mean warming versus in-
terannual variability in causing higher maximum MHW intensities, more extreme MHWs, longer heat exposure,
and a greater accumulation of heat stress on an annual basis. Interannual variability becomes the dominant driver
of the mean MHW intensity trends in most of the basin and particularly in the western and central Mediterranean
areas. Mean MHW intensity is also differentiated from the other examined metrics due to the higher sensitivity of
our trend attribution results for this metric to different methodological choices for climatological baselines, thus
implying a more complex nature of this metric. To advance our understanding of forcing factors behind MHW
trends in the Mediterranean Sea, future work should incorporate climate models that can explicitly represent the
anthropogenic nature of trends against natural ocean variability.

conomic impacts and their notable intensification over recent
decades (Darmaraki et al., 2019; Juza et al., 2022; Dayan et

1 Introduction
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Over the past 4 decades, the Mediterranean Sea has under-
gone continuous warming of the sea surface temperature
(SST) at observed rates ranging from 0.37 to 0.41°C per
decade between 1982-2022 (e.g., Mohamed et al., 2019;
Pisano et al., 2020; Pastor et al., 2020; Juza and Tintoré,
2021; E.U. Copernicus Marine Service Information, 2024b;
Martinez et al., 2023). Additionally, extreme warm events,
named marine heatwaves (MHWSs), have garnered signifi-
cant attention due to their severe environmental and socioe-

Published by Copernicus Publications.

al., 2023; Hamdeno and Alvera-Azcarite, 2023; Pastor and
Khodayar, 2023; Denaxa et al., 2024).

Recent studies have addressed the origin of observed
MHW trends in the Mediterranean Sea by assessing the rel-
ative contributions of long-term changes in mean SST and
changes in SST variability. Simon et al. (2023) investigated
the role of the long-term SST warming (mean warming from
now on) and interannual variability in SST in altering sum-
mer MHW activity. They showed that the mean warming is
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Table 1. Copernicus Marine Service dataset used in the study.

Product Product ID and type Data access Documentation
ref. no
1 SST_MED_SST_L4_REP_OBSERVATIONS_010_021; EU Copernicus Product User Manual (PUM): Pisano et al. (2024a)

Satellite observations Marine Service https://catalogue.marine.copernicus.eu/documents/PUM/
Mediterranean Sea High Resolution L4 Sea Surface Product (CMEMS, CMEMS-SST-PUM-010-021-022-041-042.pdf
Temperature Reprocessed 2024a) QUuality Information Document (QUID): Pisano et al. (2024b)

https://catalogue.marine.copernicus.eu/documents/QUID/
CMEMS-SST-QUID-010-021-022-041-042.pdf

the main driver of the increase in MHW activity across the
basin. They also showed that the SST variability contributes
to long-term trends in MHW activity in the western and Adri-
atic regions, while it acts towards reducing these trends in
central and eastern Mediterranean regions. Ciappa (2022)
and Martinez et al. (2023) also showed that MHW intensi-
fication mainly results from the mean warming in the basin.
Moreover, Oliver (2019) used a statistical climate model to
simulate trends in surface MHWs originating from mean
warming or changes in variance of SST in the global ocean.
Their results for the Mediterranean Sea show that trends in
the annual number of MHW days and the maximum MHW
intensity are mainly driven by the mean warming. The lat-
ter has been also suggested as the primary driver behind ob-
served trends in properties of surface MHWs at coastal lo-
cations globally by Marin et al. (2021). In particular, they
quantified the mean warming contribution versus that of in-
terannual variability using a trend attributional ratio (TAR)
based on an ensemble approach. Their results reveal that
mean warming is mainly responsible for the observed trends
in all examined MHW metrics except for mean MHW inten-
sity, whose trends are largely attributed to internal variability.

As a biodiversity hotspot and one of the most sensitive ma-
rine regions to climate change, the Mediterranean Sea neces-
sitates a comprehensive, basin-wide investigation of MHWs,
accounting for areas that support key ecological processes
susceptible to disruptions by MHWs. For instance, pelagic
species may be affected by MHWSs, with potential reper-
cussions for the fishery industry. A climate risk assessment
by Hidalgo et al. (2022) identifies the southeastern basin as
the most impacted for both pelagic and demersal fisheries,
highlighting geographic differences in drivers and impacts
and recommending regionally tailored adaptation strategies.
In addition, MHWs pose significant risks to aquaculture, a
rapidly expanding industry in the Mediterranean Sea, by in-
creasing fish mortality and facilitating the proliferation of
pathogens and disease outbreaks, which can lead to substan-
tial financial losses (Cascarano et al., 2021; Mengual et al.,
2021). A comprehensive understanding of MHW:s across the
basin can further inform conservation measures in Marine
Protected Areas (MPAs), which host vulnerable species, such
as marine mammals and turtles (Chatzimentor et al., 2023).
In fact, a regional-scale approach can provide critical insights
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for identifying spatial refugia and establishing new MPAs,
strengthening the resilience of Mediterranean marine ecosys-
tems to climate change (e.g., Zentner et al., 2023; Bates et al.,
2019).

Given the broad ecological and socioeconomic challenges
associated with Mediterranean MHWs, this study investi-
gates extreme warming conditions and the effect of mean
SST warming versus that of interannual variability in SST
on MHW trends across the basin. We firstly provide insights
into changes in the Mediterranean SST over the 42-year pe-
riod using observational SST data. This part provides essen-
tial context on long-term changes in extremes and variabil-
ity throughout the basin, setting the stage for the subsequent
MHW analysis while also highlighting areas where extreme
warming is particularly pronounced and might be dispropor-
tionately impacted. Then, we quantify the relative contribu-
tions of mean SST warming and interannual variability in
SST to observed trends in the selected MHW properties, ap-
plying the methodological approach proposed by Marin et
al. (2021) to the entire Mediterranean basin.

2 Data and methods

2.1 SST observations

For the SST analysis and detection of MHWs in this study,
we use satellite SST observational data in the Mediterranean
Sea for the period Jan 1982-Dec 2023. Gridded SST data
at daily frequency and 0.05° x 0.05° horizontal resolution
are obtained from the Reprocessed satellite SST dataset of
the Copernicus Marine catalog for the study period (product
ref. no. 01, Table 1). This reprocessed product provides op-
timally interpolated estimates of the foundation SST based
on satellite observations across the Mediterranean Sea and
is extensively validated against drifter buoy measurements
as outlined in its Quality Information Document (Pisano et
al., 2024b), confirming its suitability for MHW studies. For
computational reasons, the SST values are re-gridded to a
0.25° x 0.25° spatial grid.

De-seasonalized daily SST anomaly time series are con-
structed by subtracting the daily climatological SST for the
period 1982-2023 at each grid point, thus removing the ef-
fect of seasonal fluctuations. To investigate changes in ex-
treme SST occurrences, the 99th percentile (P99) of the daily
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SST anomalies of each year and the corresponding trend over
the study period are also computed. In addition, the standard
deviation (SD) of the daily SST anomalies is calculated over
each year to obtain an annual measure of SST variability. The
linear trend in the annual SD time series is computed to gain
insights into changes in SST variability over the study pe-
riod. Trends are computed using linear regression, and their
statistical significance is assessed using the Mann—Kendall
test at the 95 % confidence level. Confidence intervals for the
trend estimates are calculated based on the standard error of
the regression coefficients, using the Student’s t distribution
(a =0.05).

To exclude long-term variations, we subsequently remove
the linear trend over the 42-year study period from the SST
anomaly time series, creating a detrended daily SST dataset.
This additional dataset is used to investigate MHW s indepen-
dently of the long-term warming in the basin. Notably, we
assume that the variability in SST in the detrended dataset
may arise from internal ocean variability and from potential
indirect effects of the climate change signal, given the ocean
inertia and the complex ocean dynamics at multiple temporal
and spatial scales. On these grounds, we use the term interan-
nual (rather than internal) variability to address the remain-
ing temperature variations after removing the long-term trend
component.

2.2 MHW analysis: detection and origin of trends

MHWs are defined upon the exceedance of a locally deter-
mined climatological threshold (90th percentile) of SST for a
5 d period at each grid point, following Hobday et al. (2016),
and are identified using the MATLAB toolbox by Zhao and
Marin (2019).

To investigate the effect of mean warming and interannual
variability on MHW trends, we follow Marin et al. (2021),
where the origins of observed trends in MHW metrics are
assessed using a trend attributional ratio (TAR). We firstly
identify MHWSs in the daily SST anomaly time series be-
tween 1982-2023, where long-term SST trends are included
(named the non-detrended dataset from now on). Subse-
quently, we detect MHWSs that emerge solely due to in-
terannual variability within the study period, by applying
the MHW detection algorithm on the detrended dataset. We
then use the two MHW detection outputs to compute se-
lected metrics, listed in Sect. 2.3. To isolate the effect of the
mean SST warming on a particular MHW metric, we remove
the interannual variability (iv) component from the observed
(obs) value of that metric as follows:

M = Myps — My, (1)

where Myps and M;, are the annual values of the metric
obtained from the non-detrended dataset and the detrended
dataset, respectively. Linear trends in M and M;, are then
computed for the entire Mediterranean Sea and for the west-
ern, central, and eastern sub-basins, which are separated by
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Figure 1. Linear trend in (a) SST, (b) the 99th percentile (P99)
of SST, and (c) the standard deviation (SD) of SST, for the period
1982-2023, using de-seasonalized SST anomalies. Black dots su-
perimposed on trend fields denote the locations with statistically in-
significant trends (Mann—Kendall test, 95 % confidence level). The
western, central, and eastern sub-basins are separated by the Strait
of Sicily and a fixed-longitude boundary at 22° E (dashed red lines
in panel (a)). Product used: Mediterranean Sea High Resolution L4
Sea Surface Temperature Reprocessed (Table 1, product ref. no. 1).

the Strait of Sicily and a fixed-longitude boundary at 22°E
(Fig. 1a). Following Marin et al. (2021), the TAR is obtained
at each grid point by computing the linear trend in the M
and M;, component for each MHW metric according to the
following equation:

(|Trend ml— ‘TrendMiV ’)

TAR = ’
max (| Trendy|, |Trendy, |)

2

where Trendy, and Trendyy,, are the trends in the M and My
components representing MHW properties due to long-term
SST changes and interannual variability, respectively. Scal-
ing this difference with the maximum absolute value of the
aforementioned trends forces TAR to range from —1 to 1.
Positive (negative) TAR values indicate a stronger role of the
mean warming (interannual variability) in forming the ob-
served trends in a given MHW property.

A daily SST climatology of the detrended SST dataset is
constructed following Hobday et al. (2016) based on the en-
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tire period (1982-2023). Similarly to Marin et al. (2021), this
climatology is used for the detection of MHWs in both the
non-detrended and detrended datasets. MHWs derived from
both datasets are therefore relative to the initial state of the
study period (1982), offering insights into what would have
occurred without the mean warming effect. This approach
for the climatological baseline aims to better represent the
impact of long-term changes in MHW metrics and facili-
tates a direct inter-comparison with the findings of Marin
et al. (2021) for Mediterranean coastal locations. Nonethe-
less, to examine the sensitivity of TAR values of the exam-
ined metrics to the approach followed for the climatological
baseline, two extra experiments are carried out (EXP2 and
EXP3) in addition to the initial approach (EXP1). In EXP2,
the aforementioned methodology for computing TAR is re-
peated after detecting MHWSs in the non-detrended dataset
based on its own climatology (1982-2023), instead of us-
ing the climatology obtained from the detrended dataset as in
EXP1. EXP3 follows the climatology computation approach
of EXP2 but reduces the reference period to its first half
(1982-2002) to explore the impact of using a shorter refer-
ence period on the attribution of trends.

2.3 Selected MHW metrics

To complement existing knowledge and provide impact-
related insights, we examine the yearly cumulative intensity
and the normalized maximum event intensity, in addition to
the mean MHW intensity (SST anomaly with respect to cli-
matology averaged over the event duration), the maximum
MHW intensity (maximum SST anomaly with respect to cli-
matology over the event duration), and the total number of
MHW days (total count of days with an MHW activated).

The yearly cumulative intensity (Clyeary) serves as a mea-
sure of the long-term thermal stress induced by MHWs, com-
bining the effect of mean intensity (/mean) and duration accu-
mulated on a yearly basis. Considering the total events (N)
of the year, it is computed as follows:

N

Clyearly = Z Iimean - duration. 3)
i=l1

The normalized maximum event intensity is indicative of
the degree to which SST exceeds the local climatology.
It is defined as the peak intensity over the event (i.e.,
SSTmax — SSTclim) divided by the deviation of the detection
threshold (SSTpgg) from the corresponding daily climatology
(SSTclim), as in Sen Gupta et al. (2020):

_ (SSTmax - SSTclim)

SI= .
(SSTpop — SST¢lim)

“

Values ranging from (1-2], (2-3], and (3—4] and above 4 cor-
respond to moderate, strong, severe, and extreme conditions,
respectively (Hobday et al., 2018). Here, we choose to focus
on the maximum value of this index (Slpax) each year. The
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Slhax represents MHW severity by means of capturing the
most extreme temperatures with respect to local SST vari-
ability, regardless of the event duration, thus informing on
the “local worst” extremely warm instances occurring on a
yearly basis.

As different marine organisms exhibit different (i) upper
thermal limits, (ii) adaptation capacities to local temperature
variations, and (iii) abilities to geographically shift in order to
avoid excess heat stress, the usefulness of Clyealy and Slyax
relies on the context of specific impact assessment studies
and application. For instance, the cumulative effect of multi-
ple MHWs (represented by Clyeay) may be relevant for sev-
eral species, such as gorgonian populations, which have been
severely impacted by recurrent events in the basin (Orenes-
Salazar et al., 2023), or fish species, such as the gilthead sea
bream, whose thermal tolerance can be affected by past ex-
posure to thermal stress (Kir, 2020). Such species may also
be vulnerable to extreme temperature peaks (represented by
SImax). For example, unlike wild marine species that can of-
ten escape unfavorable aquatic conditions, farmed species
confined to aquaculture environments are more vulnerable to
warm extremes (Beever et al., 2017). Such distinctions in be-
havioral adaptability are important for selecting appropriate
metrics to assess MHW impacts on different marine popula-
tions and environments.

3 Results

3.1 Mean and extreme SST trends

This section examines the trends and spatial distribution of
the observed mean (Fig. 1a) and extreme (Fig. 1b) warming
of SST in the Mediterranean Sea for the period 1982-2023.
Results reveal a continuous surface warming over the past
42 years in terms of both mean annual and extreme warming
conditions, in agreement with previous studies (e.g., Pisano
et al., 2020; Pastor et al., 2020). In our study, the aver-
age warming trend for the basin for the examined period is
0.41 °C per decade. The warming trend is statistically sig-
nificant across the basin, with higher values observed over
the eastern Mediterranean Sea, reaching up to 0.6 °C per
decade in the Aegean and northern Levantine seas. The low-
est warming trend is observed in the Alboran Sea (0.25 °C
per decade), followed by the Gulf of Lions and the south-
western Ionian Sea (0.3 °C per decade) (Fig. 1a).

Long-term changes in extreme SST occurrences are shown
through the trend in the 99th percentile of SST anomalies
(P99) depicted in Fig. 1b. The P99 shows statistically sig-
nificant positive trends across the entire basin, suggesting a
basin-wide intensification of extremely warm surface condi-
tions (Fig. 1b). The highest trend values of P99 are observed
in the Ligurian, Adriatic, northeastern Ionian, and Aegean
seas at about 0.6 °C per decade and locally exceeding 0.7 °C
per decade (e.g., to the southeast of Rhodes). Weaker warm-
ing trends in the P99 are observed in the western basin, the
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western Ionian, and certain areas in the southern Levantine
Sea, with minimum values in the Gulf of Lions (lower than
0.3 °C per decade).

While long-term trends in SST anomalies (Fig. 1a) provide
insights into the overall warming of the sea surface, they do
not capture how temperatures fluctuate around the observed
trend over the study period. In this respect, the linear trend
in the SD of the daily SST anomalies informs on changes in
their variability (Fig. 1c). Specifically, we observe a statis-
tically significant increase in the SD mainly in areas of the
western and central Mediterranean Sea. Maximum SD trend
values are observed in the northwestern basin (eastern part of
Gulf of Lions, Ligurian Sea) and the northern Adriatic Sea,
indicating heightened variability in SST. Conversely, the area
south of the Balearic Islands and a great portion of the eastern
Mediterranean basin exhibit a statistically significant nega-
tive SD trend, indicating a weaker variability in SST towards
the most recent years in these areas.

Notably, the SD trend is independent of the mean warm-
ing trend and reflects changes in the variability in SST around
mean annual values. Our findings therefore indicate that, on
top of the underlying mean warming, few distinct areas, pri-
marily in the western basin, experience increased variability,
while most of the eastern basin and the region south of the
Balearic Islands show reduced variability. These results are
in agreement with Martinez et al. (2023), who compared the
SD of SST anomalies between the periods 1982-2002 and
2002-2022 for different Mediterranean sub-basins, reporting
a decreased variability in the Ionian, Aegean, and Levantine
seas and increased variability in the western basin and the
Adriatic and Tyrrhenian seas during the most recent period.

3.2 Attribution of trends in MHW metrics

This section studies the relative role of the mean SST warm-
ing and the SST interannual variability in MHW trends.
The temporal evolution and long-term trends in the selected
MHW metrics (Sect. 2.3) derived from the non-detrended
and detrended datasets are presented in Fig. 2 for the entire
Mediterranean Sea and its sub-basins.

Results show an increase in all MHW metrics derived
from the non-detrended SST dataset over the study period
(Fig. 3a—e, Table 2). The mean intensity of MHWs increases
by 0.03° per decade, with higher values in the western com-
pared to the central and eastern sub-basins (Fig. 2a, Table 2).
The total number of MHW days shows significant positive
trends, increasing from the western to the eastern basin, with
approximately 16, 18, and 23d per decade for the west-
ern, central, and eastern sub-basins, respectively (Fig. 2c).
The basin-averaged yearly cumulative intensity increases by
~ 33 °Cd per decade, with its highest values and linear trends
seen in the eastern sub-basin (Fig. 2d, Table 2).

The maximum intensity (/max) shows a higher positive
trend in the western (0.38 °C per decade) than in the east-
ern (0.32 °C per decade) sub-basin (Fig. 2b). In contrast, the
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maximum severity index (SIpax) exhibits a stronger increas-
ing trend in the eastern (0.3 units per decade) than in the
western (0.23 units per decade) sub-basin (Table 2). This pat-
tern arises potentially due to Sl quantifying the extremity
of MHW intensity relative to a fixed climatological thresh-
old (Eq. 4). Since this threshold remains constant over time,
the larger increase in Sly,x in the eastern sub-basin suggests
that maximum intensities in this region are becoming propor-
tionally more extreme compared to historical conditions. The
observed differences in trends between Iy and Sliy,x across
sub-basins highlight that absolute MHW intensities are in-
creasing more rapidly in the western sub-basin, while their
relative extremity compared to the historical baseline is in-
creasing more in the eastern sub-basin.

MHW metrics originating from the detrended dataset rep-
resent MHW conditions that would have occurred solely
due to interannual variability. Most metrics from this dataset
show insignificant trends over the study period, with MHW
intensity being a noteworthy exception (Fig. 2f—j, Table 2). In
particular, both mean and maximum intensity exhibit higher
trends in the western basin, similarly to the non-detrended
dataset. The statistically significant basin-wide positive trend
in mean intensity ranges from 0.12 to 0.08 and 0.05°C
per decade for the western, central, and eastern sub-basins,
(Fig. 2f). Interestingly, these trends are higher than those
from the non-detrended dataset, suggesting that interannual
variability alone would still result in a statistically significant
increase in mean MHW intensity (Fig. 2a, f).

Imax in the detrended dataset also shows positive trends,
though they are not significant for the central and eastern sub-
basins (Fig. 2g). Despite this, SIjy,x in the detrended dataset
shows non-significant trends (Fig. 2j). In conjunction with
the positive SIj,x trends in the non-detrended dataset, this in-
dicates that the observed increase in SIyax is primarily driven
by the long-term warming trend, particularly in the eastern
sub-basin (Table 2).

Moreover, the annual number of MHW days derived from
the detrended dataset shows an insignificant trend of —1.4d
per decade for the entire basin, with a larger decrease for the
eastern sub-basin (Fig. 2h, Table 2). Similarly. the yearly cu-
mulative intensity derived from the detrended dataset shows
non-significant trends (Fig. 2i), with higher (absolute) values
again found in the eastern sub-basin (—2.28 °C d per decade).
This aligns with the trends in MHW days, which constitute
an annual measure of the total duration of MHW conditions
and are therefore closely linked to the yearly cumulative in-
tensity. These results potentially suggest that the decreas-
ing duration of MHW conditions in the detrended dataset
(Fig. 2h) counterbalance the rising mean intensity (Fig. 2f),
leading to a lower accumulation of heat stress as represented
by yearly cumulative intensity (see Eq. 3).

Overall, with the exception of MHW intensity, our results
suggest that interannual variability mainly tends to dampen
the climate-change-driven increase in MHW characteristics
in the Mediterranean Sea, particularly in the eastern sub-
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Figure 2. Temporal evolution of MHW characteristics over 1982-2023 using the non-detrended (a—e) and the detrended (f-j) SST anomaly
time series. From top to bottom: mean intensity (a, f), maximum intensity (g, b), number of MHW days (c, h), yearly cumulative inten-
sity (d, i), and maximum severity index (e, j). Blue, green, and red lines and the dashed black line correspond to spatial averages for the
western (WMED), central (CMED), and eastern (EMED) Mediterranean sub-basins and the entire Mediterranean basin (MED), respectively.
Product used: Mediterranean Sea High Resolution L4 Sea Surface Temperature Reprocessed (Table 1, product ref. no. 1).
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Figure 3. Trend attributional ratio (TAR) for MHW characteristics over 1982-2023: (a) mean MHW intensity, (b) maximum MHW intensity,
(¢) number of MHW days, (d) yearly cumulative MHW intensity, and (e) maximum MHW severity index. Positive (negative) TAR values
indicate that mean SST warming (interannual variability) is the dominant driver of the trend in an MHW metric. The range of TAR values in
colorbar axes varies for mean intensity and the rest of the variables to allow the visualization of spatial variations. Product used: Mediterranean
Sea High Resolution L4 Sea Surface Temperature Reprocessed (Table 1, product ref. no. 1).
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Table 2. Linear trends and confidence intervals for the spatially averaged MHW metrics of the non-detrended (N-DET) and the detrended
(DET) SST datasets over 1982—-2023. Metrics used: mean intensity (/mean), maximum intensity (/max), number of MHW days (MHW days),
yearly cumulative intensity (Clyeaﬂy), and maximum severity index (SImax). Sub-regions considered: western (WMED), central (CMED),
and eastern (EMED) Mediterranean and the entire Mediterranean basin (MED). Values in bold correspond to statistically significant trends
(Mann—Kendall test, 95 % confidence level). Product used: Mediterranean Sea High Resolution L4 Sea Surface Temperature Reprocessed
(Table 1, product ref. no. 1).

MED |  WMED | CMED \ EMED

Trend CI(%) | Trend CI(£) | Trend CI(£) | Trend CI (&)
Imean trend N-DET 003 004 | 006 006 | 001  005| 003 003
(°C per decade) DET 009 004 | 012 006 | 008 004 | 005 003
Imax trend N-DET 034 008 | 038 0.120] 032 011 | 032 007
(°C per decade) DET 011 007 | 017 011 | 011 011 | 004 007
MHW days trend N-DET 1841 462 | 1569 521 | 1822 502 | 2271 656
(days per decade) DET  —140 268 | —0.94 355 | —195 375 | =211 327
Clyearly trend N-DET 3320 931 | 3220 1207 | 3147 96 | 3675  11.25
(°C days per decade) ~ DET 013 494 | 190 712 | -123  6.60 | —228 501
SImax trend N-DET 026 005 | 023 006 | 026 006 | 030 006
(units per decade) DET 001 005 | 001 006 | 002 007 | —001 007

basin, in agreement with Simon et al. (2023). This obser-
vation is in line with results presented in Sect. 3.1 showing
an increase (decrease) in SST variability mainly in western
(eastern) Mediterranean areas throughout the study period.
Nevertheless, further investigations are needed to unravel the
cause of the differentiation of MHW intensity compared to
other MHW properties.

To attribute MHW trends over the study period to the mean
warming or the interannual variability in SST, TAR values
are computed for the examined MHW properties (Fig. 3). As
explained in Sect. 2.2, positive TAR values correspond to a
major role of the mean SST warming, while negative values
correspond to a major role of interannual variability in driv-
ing MHW trends.

Results reveal a basin-wide dominance of the mean warm-
ing in driving the observed trends in all MHW characteris-
tics, except for the mean MHW intensity, which is found to
be mainly forced by interannual variability over most of the
Mediterranean Sea (Fig. 3a). In particular, a great part of the
western basin and most of the central basin reaching up to
26° E exhibit large negative TAR values, often reaching —1,
indicating that the mean MHW intensity trend is primarily
driven by interannual variability. In contrast, the mean SST
warming appears to dominate interannual variability over the
eastern Levantine Sea and part of the Aegean Sea, as well
as in certain areas in the southwestern basin, as indicated
by high positive mean-intensity TAR values in these areas
(Fig. 3a). These positive TAR locations largely coincide with
the ones showing a decreasing SD of SST anomalies over the
study period (Figs. lc and 3a). The dominance of the mean
warming signal in explaining the MHW intensity trends in
these areas appears associated with the decreasing trend in

https://doi.org/10.5194/sp-6-0sr9-10-2025

the variability in SST in the same areas. We note that the pos-
itive mean-intensity TAR values in these areas result from
significant positive trends in the mean warming component
and insignificant trends in the interannual variability compo-
nent for this metric (not shown).

For the rest of the examined MHW properties’ trends, pos-
itive TAR values across the entire basin indicate a dominant
role of mean SST warming in driving their increase dur-
ing 1982-2023 (Fig. 3b—e). We note here that, the greater
the value of TAR, the stronger the impact of the mean SST
warming. Positive TAR values for the maximum MHW in-
tensity shown in Fig. 3b range from O to 1 across the basin,
revealing areas with a marginally stronger influence of the
mean SST warming signal compared to that of the interan-
nual SST variability (Alboran Sea, followed by the Ligurian
Sea). However, there seems to be a clear prevalence of the
mean SST warming especially over the eastern basin for this
metric (Fig. 3b). Spatial distribution of TAR for the maxi-
mum severity index exceeds 0.6 in most of the basin, indicat-
ing a basin-wide dependence of this metric on the mean SST
warming (Fig. 3e). Furthermore, high positive TAR values
are seen for the number of MHW days and the yearly cumu-
lative intensity, exceeding 0.8 throughout the basin (Fig. 3c,
d).

Overall, from a basin-wide perspective, our findings sug-
gest a dominant role of the mean SST warming in the devel-
opment of more severe and prolonged MHW conditions. By
contrast, interannual variability becomes the dominant driver
of the mean MHW intensity trend in most of the basin, play-
ing an important role, and of the maximum MHW intensity
trends in certain Mediterranean areas, though to a notably
lesser extent.
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To examine the sensitivity of TAR values of the examined
metrics to the approach followed for climatological baseline,
two additional tests are performed as described in Sect. 2.2.
These experiments reveal minimal TAR sensitivity for all
metrics except for mean intensity (Fig. 4). The bar graphs
of Fig. 4 summarize this finding, showing the number of lo-
cations (as a percentage of the total number of Mediterranean
grid points) exhibiting a positive TAR sign (i.e., a dominant
role of the mean warming in MHW trends). In all experi-
ments, the long-term trends in maximum intensity, yearly
cumulative intensity, maximum severity index, and annual
number of MHW days are mainly attributed to the mean
warming across more than 97 % of the Mediterranean Sea.
On the other hand, we observe a differentiated sensitivity
of the mean-intensity TAR to the examined approaches for
climatology. Based on the initial approach (EXP1), 34 % of
the Mediterranean Sea shows mean-warming-driven mean-
intensity trends, while, for the second and third approach,
this percentage is 46 % (EXP2) and 30 % (EXP3) (Fig. 4).
We note that the spatial distribution of mean-intensity TAR
values is similar in the three experiments (the same applies
for the rest of the metrics), with the easternmost and a part
of the southwestern basin showing a dominant role of mean
warming (not shown), as shown in Fig. 3a. Notably, mean
MHW intensity is the metric found to be largely associated
with interannual variability, as opposed to the rest of the ex-
amined MHW properties. The higher sensitivity of our re-
sults for mean intensity to different methodological choices
further suggests a less predictable future behavior for this
MHW property.

4 Summary and conclusions

This study investigates the role of long-term changes in SST
in observed trends in MHWs in the Mediterranean Sea, us-
ing SST observations for the period 1982-2023. Our results
show a basin-wide increase in SST and extreme SST occur-
rences over the study period, with stronger trends in the east-
ern basin. The Adriatic, Aegean, and northern Levantine Seas
show the highest trends in both SST and its 99th percentile,
highlighting these areas as particularly vulnerable in terms
of both accumulated warming and extreme SST occurrences.
Increased SST variability is observed in parts of the western
and central Mediterranean Sea, while decreased variability
is found in most of the eastern basin, alongside the under-
lying basin-wide mean warming. Results potentially suggest
a stronger climate change effect in the southern Aegean Sea
and most of the Levantine Sea, where the highest warming
rates are observed despite the reduced variability in SST over
the study period.

Applying the trend attributional ratio (TAR) proposed by
Marin et al. (2021) for the Mediterranean Sea, we find a
basin-wide dominance of the long-term SST change in caus-
ing more extreme events, longer heat exposure, and a greater
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Figure 4. Sensitivity of the trend attributional ratio (TAR) to dif-
ferent approaches for base climatology used in MHW detection
in the original (non-detrended) dataset. Vertical axis: percentage
of Mediterranean locations with positive TAR (i.e., mean warming
dominance in trends in MHW metrics). Horizontal axis: EXP1 — cli-
matology computed based on the detrended dataset with reference
period 1982-2023; EXP2 — climatology computed based on the
non-detrended dataset with reference period 1982-2023; EXP3 — as
EXP2 but with reference period 1982-2002. Metrics used: mean in-
tensity (Imean), maximum intensity (Imax), number of MHW days
(MHWD), yearly cumulative intensity (Clyearly), and maximum
severity index (SImax). Product used: Mediterranean Sea High Res-
olution L4 Sea Surface Temperature Reprocessed (Table 1, product
ref. no. 1).
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accumulation of heat stress on an annual basis. Interannual
variability mainly tends to mitigate the observed increase in
these MHW properties, particularly in the eastern sub-basin.
In contrast, interannual variability emerges as the primary
driver of mean MHW intensity trends in the western and cen-
tral Mediterranean areas.

These findings are in agreement with Marin et al. (2021),
who demonstrated that trends in mean MHW intensity are
predominantly forced by interannual variability at coastal
sites globally and in the western and central Mediterranean
Sea in particular, based on multiple SST datasets covering a
shorter period. In the eastern Mediterranean areas, where the
highest warming rates are observed, their findings for mean
intensity trends at coastal locations show that mean warm-
ing dominates interannual variability, in line with our results.
Moreover, they showed that trends in the yearly cumulative
intensity and the number of MHW days are primarily at-
tributed to the mean warming, in agreement with our findings
for these metrics across the basin. This inter-comparison en-
hances confidence in the current results derived from apply-
ing their methods to an observational SST dataset (Table 1)
spanning the satellite period and covering the entire Mediter-
ranean Sea.
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The current study is also in line with other recent stud-
ies that follow different approaches to investigate origins of
MHW trends in the Mediterranean Sea. Our findings for the
mean MHW intensity trends are consistent with Simon et
al. (2023), although they focus on summer MHW activity,
which is an index combining the occurrence, intensity, dura-
tion, and spatial extent of MHWs. In particular, they showed
that interannual variability explains one-third of the total
trend in summer activity in the western basin and in the Adri-
atic Sea, while our results suggest that interannual variabil-
ity predominates over the mean warming signal in most of
the western and central sub-basins for mean intensity trends
based on all events throughout the year.

In addition, Martinez et al. (2023) suggest that the inten-
sification of MHW conditions in the Mediterranean Sea is
primarily driven by the mean SST warming in the basin.
Their analysis focuses on MHW duration, cumulative inten-
sity, spatial extent, frequency, and maximum intensity, with
the latter being the only metric directly comparable to our
study. A difference with respect to our results appears in
the maximum intensity derived from detrended SST data:
while Martinez et al. (2023) report an insignificant posi-
tive trend (basin-averaged), we detect a significant positive
trend, which is more pronounced in the western basin. No-
tably, both studies agree on the dominant contribution of
mean warming to the long-term trends in maximum inten-
sity (and the rest of the metrics as well), though through dif-
ferent approaches. Martinez et al. (2023) base their conclu-
sion on the insignificant long-term trends in basin-averaged
metrics obtained from the detrended dataset, while our study
relies on weighting the mean SST warming and interan-
nual SST variability within the TAR framework. Specifically,
TAR for maximum intensity confirms the dominant role of
the mean SST warming, in line with Martinez et al. (2023),
but also highlights non-negligible contributions from interan-
nual SST variability, especially in the Alboran and Ligurian
seas.

Overall, this study reveals a dominant role of the mean
SST warming in increasing the severity, total heat exposure,
and maximum intensity of MHWs in the Mediterranean Sea
with a notably smaller effect on mean MHW intensity, which
is largely influenced by interannual variability. The sensitiv-
ity of the employed attribution metric to different method-
ological choices for climatological baselines is higher for
the mean MHW intensity compared to the rest of the ex-
amined metrics. This differentiation further suggests a more
complex and likely less predictable behavior of this property.
In this respect, Marin et al. (2021) show that mean inten-
sity trends exhibit significant sensitivity to different datasets,
in contrast to other metrics. Also consistent with our find-
ings, Oliver (2019) shows that trends in the annual num-
ber of MHW days and the maximum intensity are mainly
forced by mean warming in the basin, noting a less clear
origin of the trends for the latter. Nevertheless, their results
cannot be directly inter-compared to ours, as they use a sub-
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stantially different methodology based on a statistical climate
model. Moreover, Schlegel et al. (2019) show that, while lin-
ear trends significantly increase MHW duration, their effect
on the maximum intensity can be either positive or negative.
Their finding aligns with our results on the increased uncer-
tainty associated with mean intensity; however, since it is
based on the maximum intensity of averaged MHWs, it can-
not be directly comparable to ours. Therefore, further investi-
gation is needed to understand the reasons behind the distinct
behavior of mean intensity — whether in terms of trends, trend
attribution, or sensitivity to climatological baselines.

Finally, while the approach used to decompose SST sig-
nals in this study is commonly employed, there are limita-
tions in interpreting the origin of the different components.
To specifically assess the impact of anthropogenic influence,
a future study for the Mediterranean Sea could employ an
ensemble approach using climate models. This would offer
a clearer understanding of the effects of climate change on
extreme SST events relative to the role of natural variability
while also minimizing the impact of single-product charac-
teristics on MHW metrics.

Data availability. Information on the product used in this paper is
included in Table 1.

Author contributions. DD defined the research problem. DD
conducted the analysis and wrote the article, with contributions
from GK, SD, and MH. All authors contributed to the interpreta-
tion of results.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. The Copernicus Marine Service products are subject
to updates and revisions as part of the Service’s ongoing efforts to
meet user needs. As such, product identifiers and documentation
for the product Mediterranean Sea High Resolution L4 Sea Surface
Temperature Reprocessed used in this paper may change over
time. For the most current information or if assistance is needed
regarding this product, readers are encouraged to contact the
Copernicus Marine Service user support team.

Publisher’s note: Copernicus Publications remains neutral
with regard to jurisdictional claims made in the text, published
maps, institutional affiliations, or any other geographical represen-
tation in this paper. While Copernicus Publications makes every
effort to include appropriate place names, the final responsibility
lies with the authors.

Financial support. This research has been supported by the
Copernicus Med-MFC (LOT reference: 21002L5-COP-MFC
MED-5500, supporting Dimitra Denaxa) and the Hellenic Foun-

State Planet, 6-o0sr9, 10, 2025

3.3



10 D. Denaxa et al.: SST variability and the impact of long-term warming on Mediterranean MHWs

dation for Research and Innovation (HFRI, TexMed, project
no. 07077, supporting Sofia Darmaraki).

Review statement. This paper was edited by Marta Marcos and
reviewed by two anonymous referees.

References

Bates, A. E., Cooke, R. S. C., Duncan, M. 1., Edgar, G. J,,
Bruno, J. F.,, Benedetti-Cecchi, L., Co6té, I. M., Lefcheck, J.
S., Costello, M. J., Barrett, N., Bird, T. J., Fenberg, P. B., and
Stuart-Smith, R. D.: Climate resilience in marine protected ar-
eas and the “Protection Paradox”, Biol. Conserv., 236, 305-314,
https://doi.org/10.1016/j.biocon.2019.05.005, 2019.

Beever, E. A., Hall, L. E., Varner, J., Loosen, A. E., Dunham, J. B.,
Gahl, M. K., Smith, F. A., and Lawler, J. J.: Behavioral flexibil-
ity as a mechanism for coping with climate change, Front. Ecol.
Environ., 15, 299-308, https://doi.org/10.1002/fee.1502, 2017.

Cascarano, M. C., Stavrakidis-Zachou, O., Mladineo, 1., Thomp-
son, K. D., Papandroulakis, N., and Katharios, P.: Mediter-
ranean aquaculture in a changing climate: Temperature effects on
pathogens and diseases of three farmed fish species, Pathogens,
10, 1205, https://doi.org/10.3390/pathogens10091205, 2021.

Chatzimentor, A., Doxa, A., Katsanevakis, S., and Mazaris, A.
D.: Are Mediterranean marine threatened species at high
risk by climate change?, Glob. Chang. Biol., 29, 1809-1821,
https://doi.org/10.1111/gcb.16577, 2023.

Ciappa, A. C.: Effects of Marine Heatwaves (MHW) and Cold
Spells (MCS) on the surface warming of the Mediterranean
Sea from 1989 to 2018, Prog. Oceanogr., 205, 102828,
https://doi.org/10.1016/j.pocean.2022.102828, 2022.

Darmaraki, S., Somot, S., Sevault, F., and Nabat, P.: Past Variability
of Mediterranean Sea Marine Heatwaves, Geophys. Res. Lett.,
46, 9813-9823, https://doi.org/10.1029/2019GL082933, 2019.

Dayan, H., McAdam, R., Juza, M., Masina, S., and Speich, S.: Ma-
rine heat waves in the Mediterranean Sea: An assessment from
the surface to the subsurface to meet national needs, Front. Mar.
Sci., 10, 1-21, https://doi.org/10.3389/fmars.2023.1045138,
2023.

Denaxa, D., Korres, G., Bonino, G., Masina, S., and Hatzaki, M.:
The role of air—sea heat flux for marine heatwaves in the Mediter-
ranean Sea, in: 8th edition of the Copernicus Ocean State Re-
port (OSR®8), edited by: von Schuckmann, K., Moreira, L., Gré-
goire, M., Marcos, M., Staneva, J., Brasseur, P., Garric, G., Li-
onello, P., Karstensen, J., and Neukermans, G., Copernicus Pub-
lications, State Planet, 4-osr8, 11, https://doi.org/10.5194/sp-4-
osr8-11-2024, 2024.

E.U. Copernicus Marine Service Information (CMEMS): Mediter-
ranean Sea — High Resolution L4 Sea Surface Temper-
ature Reprocessed, Marine Data Store (MDS) [data set],
https://doi.org/10.48670/moi-00173, 2024a.

E.U. Copernicus Marine Service Information (CMEMS): Mediter-
ranean Sea Surface Temperature time series and trend from Ob-
servations Reprocessing, Marine Data Store (MDS) [data set],
https://doi.org/10.48670/moi-00268, 2024b.

Hamdeno, M. and Alvera-Azcarate, A.. Marine heatwaves
characteristics in the Mediterranean Sea: Case study

State Planet, 6-osr9, 10, 2025

3.3

the 2019 heatwave events, Front. Mar. Sci, 10, 1-19,
https://doi.org/10.3389/fmars.2023.1093760, 2023.

Hidalgo, M., El-Haweet, A. E., Tsikliras, A. C., Tirasin, E. M.,
Fortibuoni, T., Ronchi, F., Lauria, V., Ben Abdallah, O., Arneri,
E., Ceriola, L., Milone, N., Lelli, S., Hernandez, P., Bernal,
M., and Vasconcellos, M.: Risks and adaptation options for
the Mediterranean fisheries in the face of multiple climate
change drivers and impacts, ICES J. Mar. Sci., 79, 2473-2488,
https://doi.org/10.1093/icesjms/fsac185, 2022.

Hobday, A.J., Alexander, L. V., Perkins, S. E., Smale, D. A., Straub,
S. C., Oliver, E. C. J., Benthuysen, J. A., Burrows, M. T., Do-
nat, M. G., Feng, M., Holbrook, N. J., Moore, P. J., Scannell, H.
A., Sen Gupta, A., and Wernberg, T.: A hierarchical approach
to defining marine heatwaves, Prog. Oceanogr., 141, 227-238,
https://doi.org/10.1016/j.pocean.2015.12.014, 2016.

Hobday, A. J., Oliver, E. C. J., Sen Gupta, A, Benthuysen, J. A.,
Burrows, M. T., Donat, M. G., Holbrook, N. J., Moore, P. J.,
Thomsen, M. S., Wernberg, T., and Smale, D. A.: Categoriz-
ing and naming marine heatwaves, Oceanography, 31, 162-173,
2018.

Juza, M. and Tintoré, J.: Multivariate Sub-Regional Ocean In-
dicators in the Mediterranean Sea: From Event Detection to
Climate Change Estimations, Front. Mar. Sci., 8, 610589,
https://doi.org/10.3389/fmars.2021.610589, 2021.

Juza, M., Ferndndez-Mora, A., and Tintoré, J.: Sub-Regional
Marine Heat Waves in the Mediterranean Sea From Ob-
servations: Long-Term Surface Changes, Sub-Surface
and Coastal Responses, Front. Mar. Sci., 9, 785771,
https://doi.org/10.3389/fmars.2022.785771, 2022.

Kir, M.: Thermal tolerance and standard metabolic rate
of juvenile gilthead seabream (Sparus aurata) accli-
mated to four temperatures, J. Therm. Biol., 93, 102739,
https://doi.org/10.1016/j.jtherbio.2020.102739, 2020.

Marin, M., Feng, M., Phillips, H. E., and Bindoff, N. L.: A Global,
Multiproduct Analysis of Coastal Marine Heatwaves: Distri-
bution, Characteristics, and Long-Term Trends, J. Geophys.
Res.-Oceans, 126, 1-17, https://doi.org/10.1029/2020JC016708,
2021.

Martinez, J., Leonelli, F. E., Garcia-Ladona, E., Garrabou, J.,
Kersting, D. K., Bensoussan, N., and Pisano, A.: Evolu-
tion of marine heatwaves in warming seas: the Mediter-
ranean Sea case study, Front. Mar. Sci., 10, 1193164,
https://doi.org/10.3389/fmars.2023.1193164, 2023.

Mengual, I. L., Sanchez-Jerez, P., and Ballester-Berman, J.
D.: Offshore aquaculture as climate change adaptation in
coastal areas: sea surface temperature trends in the Western
Mediterranean Sea, Aquac. Environ. Interact., 13, 515-526,
https://doi.org/10.3354/AEI00420, 2021.

Mohamed, B., Abdallah, A. M., Alam EIl-Din, K., Nagy, H.,
and Shaltout, M.: Inter-Annual Variability and Trends of Sea
Level and Sea Surface Temperature in the Mediterranean Sea
over the Last 25 Years, Pure Appl. Geophys., 176, 3787-3810,
https://doi.org/10.1007/s00024-019-02156-w, 2019.

Oliver, E. C. J.: Mean warming not variability drives ma-
rine heatwave trends, Clim. Dynam., 53, 1653-1659,
https://doi.org/10.1007/s00382-019-04707-2, 2019.

Orenes-Salazar, V., Navarro-Martinez, P. C., Ruiz, J. M., and
Garcia-Charton, J. A.: Recurrent marine heatwaves threaten
the resilience and viability of a key Mediterranean octocoral

https://doi.org/10.5194/sp-6-0sr9-10-2025



D. Denaxa et al.: SST variability and the impact of long-term warming on Mediterranean MHW's 11

species, Aquat. Conserv. Mar. Freshw. Ecosyst., 33, 1161-1174,
https://doi.org/10.1002/aqc.3997, 2023.

Pastor, F. and Khodayar, S.: Marine heat waves: Characterizing a
major climate impact in the Mediterranean, Sci. Total Environ.,
861, 160621, https://doi.org/10.1016/j.scitotenv.2022.160621,
2023.

Pastor, F., Valiente, J. A., and Khodayar, S.: A Warming Mediter-
ranean: 38 Years of Increasing Sea Surface Temperature, Remote
Sens., 12, 2687, https://doi.org/10.3390/rs12172687, 2020.

Pisano, A., Marullo, S., Artale, V., Falcini, F., Yang, C., Leonelli,
F. E., Santoleri, R., and Buongiorno Nardelli, B.: New evi-
dence of Mediterranean climate change and variability from
Sea Surface Temperature observations, Remote Sens., 12, 1-18,
https://doi.org/10.3390/RS12010132, 2020.

Pisano, A., Fanelli, C., Cesarini, C., Tronconi, C., La Padula,
F., and Buongiorno Nardelli, B.: EU Copernicus Marine Ser-
vice Product User Manual for the Mediterranean Sea — High
Resolution L4 Sea Surface Temperature Reprocessed Prod-
uct, SST_MED_SST_L4 REP_OBSERVATIONS_010_021,
Issue 4.0, Mercator Ocean International, https:
//catalogue.marine.copernicus.eu/documents/PUM/
CMEMS-SST-PUM-010-021-022-041-042.pdf (last access:
14 May 2025), 2024a.

Pisano, A., Fanelli, C., Cesarini, C., Tronconi, C., La Padula, F,,
and Buongiorno Nardelli, B.: EU Copernicus Marine Service
Quality Information Document for the Mediterranean Sea —
High Resolution L4 Sea Surface Temperature Reprocessed Prod-
uct, SST_MED_SST_L4 REP_OBSERVATIONS_010_021,
Issue 4.0, Mercator Ocean International, https:
/Icatalogue.marine.copernicus.eu/documents/QUID/
CMEMS-SST-QUID-010-021-022-041-042.pdf (last access:
14 May 2025), 2024b.

https://doi.org/10.5194/sp-6-0sr9-10-2025

Schlegel, R. W., Oliver, E. C. J., Hobday, A. J., and Smit, A. J.: De-
tecting Marine Heatwaves With Sub-Optimal Data, Front. Mar.
Sci., 6, 1-14, https://doi.org/10.3389/fmars.2019.00737, 2019.

Sen Gupta, A., Thomsen, M., Benthuysen, J. A., Hobday, A. J.,
Oliver, E., Alexander, L. V, Burrows, M. T., Donat, M. G., Feng,
M., Holbrook, N. J., Perkins-Kirkpatrick, S., Moore, P. J., Ro-
drigues, R. R., Scannell, H. A., Taschetto, A. S., Ummenhofer,
C. C., Wernberg, T., and Smale, D. A.: Drivers and impacts of
the most extreme marine heatwave events, Sci. Rep., 10, 19359,
https://doi.org/10.1038/s41598-020-75445-3, 2020.

Simon, A., Pires, C., Frolicher, T. L., and Russo, A.: Long-term
warming and interannual variability contributions’ to marine
heatwaves in the Mediterranean, Weather Clim. Extrem., 42,
100619, https://doi.org/10.1016/j.wace.2023.100619, 2023.

Zhao, Z. and Marin, M.: A MATLAB toolbox to detect and
analyze marine heatwaves, J. Open Source Softw., 4, 1124,
https://doi.org/10.21105/joss.01124, 2019.

Zentner, Y., Rovira, G., Margarit, N., Ortega, J., Casals, D.,
Medrano, A., Pages-Escola, M., Aspillaga, E., Capdevila, P.,
Figuerola-Ferrando, L., Riera, J. L., Hereu, B., Garrabou, J.,
and Linares, C.: Marine protected areas in a changing ocean:
Adaptive management can mitigate the synergistic effects of lo-
cal and climate change impacts, Biol. Conserv., 282, 110048,
https://doi.org/10.1016/j.biocon.2023.110048, 2023.

State Planet, 6-0sr9, 10, 2025

3.3



State Planet, 6-o0sr9, 11, 2025
https://doi.org/10.5194/sp-6-0sr9-11-2025

© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

p STATE OF THE
Y& PLANET

The 2023 marine heatwave in the North Atlantic
tropical ocean

Amélie Loubet, Simon J. van Gennip, Romain Bourdallé-Badie, and Marie Drevillon

Mercator Océan International, 2 Av. de 1’ Aérodrome de Montaudran, 31400, Toulouse, France

Correspondence: Simon J. van Gennip (svangennip @ mercator-ocean.{r)

Received: 17 September 2024 — Discussion started: 2 October 2024
Revised: 1 July 2025 — Accepted: 11 July 2025 — Published: 30 September 2025

Abstract. In the context of climate change, marine heatwaves (MHWs) are becoming more intense and
frequent and/or lasting longer. During the year 2023 and based on the Copernicus Marine forecasting
system, the Mercator Ocean International MHW bulletin (https://www.mercator-ocean.eu/ocean-intelligence/
ocean-bulletins-and-insights/marine-heatwaves-archive/, last access: 14 May 2025) highlighted week after week
a MHW event occurring in the North Atlantic (NA) tropical ocean. In this paper, we propose a 4D characterisa-
tion of this event using the Copernicus Marine global reanalyses. We demonstrate how this 2023 MHW event in
the NA tropical ocean is extraordinary compared to previous years. All indices commonly used for characterising
MHWs (intensity, duration, total activity and area) reached values not observed before at the surface but also in
the subsurface. The timing of the event and its vertical structure differ across the basin, with the MHW develop-
ing first in the north-east, with peaks of intensity in May and progressively moving south-westward across the
basin. A characterisation of MHWs at all vertical levels reveals that the vertical structure differs across subre-
gions with different processes at play: in the eastern and subtropical centre of the gyre heat propagates from the
surface to the subsurface, spanning beyond the mixed layer depth, whereas in the Caribbean region, abnormally

warm waters at depth are transported from remote equatorial regions by eddies traversing the area.

1 Introduction

The year 2023 was the warmest year on record, with
annual average global atmospheric temperature reaching
1.43+£0.11°C above pre-industrial levels (Forster et al.,
2024). Air temperature records were broken for multiple
months and regions (WMO, 2024). Europe and the subtrop-
ical North Atlantic (NA) region were particularly affected,
with the highest recorded air temperature anomalies (ES-
OTC, 2024). Abnormally high temperature anomalies have
also been detected at the surface of the ocean consistently
across products (observation, forecasting system, reanalysis)
in the NA, where mean temperature estimates have exceeded
those of previous years (Copernicus, 2024). A direct result
of this warming ocean is the increase in the occurrence of
extreme warm events.

When abnormally high ocean temperatures occur for a sus-
tained period of time, it leads to an extreme event referred to
in the literature as marine heatwaves (MHWs). A MHW def-

Published by Copernicus Publications.

inition was proposed by Hobday at al. (2016, 2018), which
has enabled MHW characteristics such as MHW duration,
intensity and extent to be documented in a standardised man-
ner on a global scale. MHW frequency increased between
1925-2016 (Oliver et al., 2018) and will keep on increasing
due to anthropogenic forcing (Frolicher et al., 2018; Oliver et
al., 2019). MHW:s threaten marine ecosystems, causing harm
from a species to an ecosystem level, such as coral bleaching,
reduction of habitat-forming seaweed, harmful algal blooms,
species range shift and mass mortality events (Le Nohaic et
al., 2017; Wernberg et al., 2013, 2016; Smith et al., 2023;
Cavole et al., 2016).

The regular monitoring of MHW conditions glob-
ally (Mercator Ocean International weekly bulletin:
https://www.mercator-ocean.eu/ocean-intelligence/
ocean-bulletins-and-insights/marine-heatwaves-archive/)
revealed the prolonged presence across the year of an
MHW event within the North Atlantic basin (NA). Studies
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Table 1. Product reference table.

Product  Product ID & type Data access Documentation
ref. no.
1 GLOBAL_MULTIYEAR_PHY_001_030, EU Copernicus Marine Product User Manual (PUM):
numerical model Service Product (2023) Drévillon et al. (2023)
Quality Information Document (QUID):
Drévillon et al. (2024)
2 ERAS hourly data on single levels from Copernicus Climate Hersbach et al. (2023)

1940 to present, numerical models

Change Service, Climate

Data Store (2023)

documenting MHWSs in the NA have only been local to
regional, with no records of such widespread events occur-
ring (Frolicher and Laufkotter, 2018; Smith et al., 2021;
Zhang et al., 2023). Furthermore, MHWSs have been well
studied for the surface where long satellite records exist,
but their subsurface extent should be considered in more
details (Schaeffer et al., 2023). Their vertical structure has
been studied using in situ data (Elzahaby and Schaeffer,
2019, 2021; Zhang et al., 2023; Juza et al., 2022; Pirro
et al., 2024). Alternative approaches consist of the use of
numerical models (Darmaraki et al., 2019; Sun et al., 2023),
which provide a continuous complete 3-dimensional ocean
state. In this study, we decided to use an eddy-resolving
ocean reanalysis (ocean models that use data assimilation) at
daily resolution, covering a sufficiently long period to build
a 30-year-long reliable climatology, as advised by the World
Meteorological Organisation (WMO) (WMO, 2018; Hobday
et al., 2016, 2018). The regular update of such a product so
that it stays close to real time enables the study of recent
events and the assessment of their characteristics relative to
previous years.

We propose a 4-dimensional description (3D + time) of
the ocean temperature extreme event of 2023 in the NA trop-
ical ocean using the temperature field of the Copernicus Ma-
rine Service GLORYS12V1 reanalysis product (Lellouche et
al., 2021), to which Hobday’s MHW algorithm has been ap-
plied (Hobday at al., 2016, 2018). After the method descrip-
tion in Sect. 2, we propose, in Sect. 3, a characterisation of
the 2023 event in the NA tropical ocean, from the surface
to the subsurface. Conclusions and perspectives are given in
Sect. 4.

2 Methods

2.1 Datasets

The main product wused for this study is the
GLOBAL_MULTIYEAR_PHY_001_030 reanalysis dis-
tributed by Copernicus Marine Service (product ref. no. 01;
Table 1). This reanalysis is developed from the NEMO
global ocean model, with a horizontal resolution of 1/12°
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(9 km at the Equator and 2 km close to the poles) and with 50
vertical levels where observational products are assimilated
using a reduced-order Kalman filter. Along-track altimeter
data (sea level anomaly), satellite sea surface temperature,
sea ice concentration, and in situ temperature and salinity
vertical profiles are jointly assimilated. Moreover, a 3D-
VAR scheme provides a correction for the slowly evolving
large-scale biases in temperature and salinity. This reanalysis
covers the period 1993 onward. It was driven by the ERA
Interim atmospheric fluxes from 1993 to 2019 and ERAS
thereafter. A more detailed description and study is proposed
by Lellouche et al. (2021). The use of ocean reanalysis
makes it possible to both study surface MHWs and compare
the results with other satellite datasets but also to gain insight
in their vertical structure. This reanalysis is particularly well
suited to the study of near-surface phenomena due to its
refined vertical discretisation in the first 50 m of the ocean
(first 18 layers of the reanalysis). In this study we calculated
a 30-year 3D daily climatology of temperature using the
baseline period 1993-2022 and used the data from the year
2023 to characterise MHWs in the NA tropical ocean.

2.2 Characterisation of marine heatwaves

MHWSs are prolonged periods of abnormally high seawater
temperature. We identified an MHW event as a period of at
least 5 consecutive days where the temperature exceeds the
90th percentile of a 30-year climatology, following the rec-
ommendations by Hobday et al. (2016). The 90th percentile
and the mean temperature climatology were smoothed using
a 31 d moving window to reduce high-frequency noise while
detecting MHWs. First, we detected MHWS for the surface
layer in 2023 using this definition to characterise the stud-
ied event. Then, we detected surface MHWs from 1993 to
2022 in order to compare the MHW characteristics over the
climatology period. Additionally, we detected 2023 MHW s
from the surface to 2225 m depth (the first 41 depth layers of
the reanalysis) to investigate subsurface MHW signatures for
this particular year.

The detected MHWSs were characterised using common
metrics such as duration (number of consecutive days above
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the 90th percentile threshold), intensity and intensity-based
category (moderate, strong, severe and extreme) (Hobday et
al., 2016, 2018). Note that depending on the method, MHW
intensity is defined either by the temperature anomaly rela-
tive to the mean climatology (Hobday et al., 2016; Oliver et
al., 2018) or relative to the threshold (Darmaraki et al., 2019;
Juza et al., 2022). Here, to focus on the study of extremes,
we define MHW intensity as the temperature anomaly rela-
tive to the 90th percentile threshold. We also calculated the
annual surface MHW activity (from 1993 to 2023) following
the definition by Simon et al. (2022):

activity =) Aevent X d, xS 1
y event C year” event event C year event, (D

where “event” refers to a specific MHW event, “year” refers
to a specific year, Aevent (in °C) is the temperature anomaly
during the event averaged over its duration, devent c year (in
days) is the event duration within the specific year and Seyent
(in km?) is the spatial extent of the event. Here we calculated
activity for each grid cell, S0 Seyen: is the surface of the grid
cell. Then we averaged the activity over the studied area to
get the annual spatial mean activity (in °C d km?).

We defined the studied area to focus on regions with long-
lasting and intense MHW s, choosing the Atlantic from 10°S
to 50°N. We divided the study area into coherent subre-
gions following the definition of the Longhurst biogeochem-
ical provinces (Reygondeau et al., 2013; Longhurst, 2007;
shapefile from Flanders Marine Institute, 2009). Based on
the highest mean activity regions for 2023 (not shown), we
focused on the provinces denoted North Atlantic Subtropical
Gyral Province (east) (NASE), North Atlantic Tropical Gyral
Province (NATR) and Caribbean Province (CARB) (Fig. 2).

For time series, we spatially averaged the daily MHW in-
tensity and the mixed layer depth (MLD) over each chosen
Longhurst province. To generate the mean vertical MHW in-
tensity profiles for a given province, we first temporally av-
eraged the daily MHW intensity (using MHW days only)
for each grid cell in the province at each depth; then,
we spatially averaged the temporal mean values across all
grid cell within the province, at each depth. We thus ob-
tained one spatiotemporally averaged intensity vertical pro-
file in the given province. We computed the standard de-
viation of the spatial mean, which provides insight into
the degree of variability or spatial inhomogeneity across
the province at each depth. For each province we esti-
mated the MLD by averaging the MLD data distributed
by GLOBAL_MULTIYEAR_PHY_001_030 first tempo-
rally (over 2023) and then spatially (over each province).

For horizontal Hovmoller diagrams, daily intensities were
spatially selected using a mask with the three provinces of
focus and then averaged across latitudes. Thus, when regions
overlap in longitude (for instance NASE and NATR), data
from both regions are averaged together. This method was
used to generate Hovmoller diagrams for different depth. For
the depth—time Hovmoller diagram, MHW intensity was se-
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lected using a mask of the specific region and then averaged
over latitude and longitude.

2.3 Atmospheric variables

Using ERAS5 reanalysis air temperature (TAIR) and 10m
wind (U10) data, we computed 2023 anomalies based on
30-year climatologies (1993-2022) to match the sea tem-
perature climatology baseline (used to detect MHWSs) (prod-
uct ref. no. 02; Table 1). The air temperature anomaly
(TAIR — TAIRjim) was then smoothed over a 7d window.
For the wind at 10 m, we calculated the anomaly of the ab-
solute values (JU10| — |U10cjim|) to focus on anomalies of
intensity and not of direction. Then the anomaly was aver-
aged over 2023.

Daily air temperature anomaly was averaged over latitude
and used to generate a Hovmoller diagram (using the same
method than for MHW intensity Hovmoller diagrams; see
Sect. 2.2).

3 Results

3.1 An event of unprecedented characteristics at the
surface

During the year 2023 an MHW event of extraordinary char-
acteristics occurred in the NA tropical ocean, impacting the
entire ocean region between 10°S and 50° N (Fig. 1a). The
event developed in March, covering ~20% of the region
predominantly in moderate conditions, to progressively peak
from August to mid-October gaining in both extent and in-
tensity occupying over 60 % of the area, with strong and
higher categories progressively accounting for nearly 60 % of
the MHW surface by mid-October (43.5 % for strong, 14.8 %
for severe and 1.1 % for extreme on 15 October). A decrease
in extent occurred in October and in December, with a small
increase in November in between (Fig. 1b).

Overall, nearly the entire area (> 99 %) has been in MHW
conditions at some point across the year, with such condi-
tions going beyond moderate in terms of category (Fig. 2a).
Indeed, only 8.3 % of the region was exposed to moderate-
only events during the year, and this corresponds to regions
in the vicinity of the Gulf Stream and its extension. In to-
tal, 40.2 % of the region has been exposed to a maximum
level of the category strong, 40.7 % of the category severe,
and 10.8 % of the category extreme and beyond. The most
intense events span the Iberian Peninsula, the eastern side of
the basin and the Caribbean region. It is noteworthy that the
regions with most intense MHW events (Fig. 2a) coincide
with regions with the highest number of marine heatwave
days (long-lasting MHW areas of Fig. 1a); for instance, the
region between 15 and 35° N spanning the east of the African
coast until 40° W and the one close to Hispaniola island in the
Caribbean region.
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Figure 1. Characteristics of the marine heatwave hitting the North Atlantic across 2023 between 10° S and 50° N: total number of heatwave
days (a); evolution of the total area and area by category affected by MHW events (b); and representation of the MHW event for 2023
in terms of mean duration, intensity, maximum coverage (bubble size) and activity (coloured bubble) relative to previous years (c). White
contours in panel (a) refers to the annual mean of absolute wind anomaly (m s71h.
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Figure 2. Highest marine heatwave category reached in 2023 (a) and month during which the highest category first occurred (b). Zones
delimited in white in panel (a) and black in panel (b) refer to the Longhurst biogeochemical provinces.

In terms of duration, a large proportion (19.9 % of the
study region, mostly constrained within the triangle formed
by the Iberian Peninsula, western Africa and the Caribbean
region) was in MHW conditions for more than 250 d during
the year (Fig. 1a). Most notably, the region off the coast of
Morocco was exposed to more than 300 MHW days. The
Gulf Stream region was more moderately impacted, with
around 100 MHW days over the year 2023.

State Planet, 6-osr9, 11, 2025
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The year 2023 is characterised by an unprecedented MHW
event outstanding in all indices commonly used to describe
MHWs, with the highest mean daily intensity, mean dura-
tion, total surface exposed and mean activity (Fig. 1c). On
average over a year, 2023 exceeds all previous years of the re-
analysis product (1993-2022), with a mean duration of 54 d
over the area, mean daily intensity of 0.52 °C and mean ac-
tivity of 17204 °C dkm? (Simon et al., 2022). No other year
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presents similar high values for a single one of these met-
rics (nor all three combined), underlining the extraordinary
nature of the 2023 MHW event. Note that this extent corre-
sponds to a strong negative anomaly in surface wind intensity
(Fig. 1a).

The timing corresponding to the peak of the event in terms
of MHW category (Fig. 2b) varied geographically, with the
highest category first reached during springtime in the east-
ern part of the basin, then during July/August for the centre
of the basin and during autumn for the western part.

3.2 Regional vertical structure of MHW

Beyond the extraordinary surface signature of the 2023
MHW event, we further investigate this event by characteris-
ing its vertical structure and evolution over time. For this, we
divided the study area into physically coherent subregions as
defined by Longhurst (Reygondeau et al., 2013; Longhurst,
2007) (Fig. 2a).

We focused on three subregions where intense and long
MHW events occurred (Figs. 1a, 2a): the North Atlantic Sub-
tropical Gyral Province (NASE), to the east of the basin; the
North Atlantic Tropical Gyral Province (NATR), in the cen-
tre; and Caribbean Province (CARB) to the west. For each
subregion, we computed the mean intensity depth profile and
estimated the mean mixed layer depth (MLD) (see Methods).

The depth profile of MHW intensity is not identical across
the basin, with significant differences across the region, most
notably for the depth where the maximum intensity occurred
(Fig. 3a). Intensity peaks at much deeper depth in the CARB
region (max at 156 m, deeper than the mean MLD of 23.8 m
represented by red dotted horizontal line) than for NASE and
NATR regions. For NASE and NATR regions, maxima oc-
cur at 40 m and close to the surface, respectively, both within
the mixed layer (MLD represented by blue and green dot-
ted horizontal lines). The mean intensity profile of MHWs
for NASE shows homogeneous levels across the mixed layer
with slightly higher values at subsurface (40.3 m depth), at
the bottom of the mixed layer. The NATR region shows a
different MHW intensity profile than the NASE region, with
a maximum in the surface layer. In addition, we notice from
the standard deviation of the MHW intensity (shaded area)
that spatial inhomogeneity is largest for the CARB region
for depths between 150 and 400 m.

3.3 Evolution of MHW intensity and extent across depth

Further insight into MHW characteristics was obtained for
each region by evaluating the evolution of intensity and spa-
tial extent of the MHW at depths where maximum inten-
sity occurred in each region (at the surface, 40 m and 156 m)
(Fig. 3b, ¢ and d).

At the surface, as observed in the month of highest MHW
categories (Fig. 2b), later timing in the peak of MHW for
the more westward regions is evidenced in the area-averaged
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intensity. Maximum intensity is reached earlier in the most
eastern region, the NASE region (beginning of May), then in
the NATR region (late July) and in the CARB region (Oc-
tober) (Fig. 3b solid blue line, Fig. 3c solid green line and
Fig. 3d solid red lines). We also note a peak in March in
the CARB region (lasting 10d and reaching an intensity of
0.9 °C), which seems to be an isolated event and would re-
quire further investigation that is not done here.

For the NASE region, the intensity at the surface shows
large fluctuations across the year: in total, six maxima of
intensity higher than 0.8 °C are observed, followed by low
troughs (with differences of 0.3 to 0.8 °C relative to the
peaks) (Fig. 3b, solid blue line). The intensity at 40 m depth —
where the maximum occurs in the mean intensity depth pro-
file — increases progressively from 0.3 °C in early March to a
peak in mid-December at 1.0 °C (Fig. 3b, dashed blue line).
In between, some variations exist, with smaller peaks in mid-
May and mid-October (occurring shortly after the surface
peaks). The MHW signature at the surface develops earlier
than at the subsurface. It suggests that the signal propagates
from the surface, across the water column to the subsurface
and below the MLD (Fig. 3b, orange line). The increase in
area occupied by MHWSs in March, for both the surface and
40 m depth, coincides with the shoaling of the MLD (Fig. 3b,
solid and dashed grey lines, orange line). The horizontal ex-
tent is similar for both depths, with values fluctuating around
70 % of the area from April to mid-October. We note that the
intensity at the surface and at 40 m depth is equal during the
winter period. This is linked to the deepening of the MLD
to levels deeper than 40 m, which homogenise temperature
(Fig. 3b, orange line). Unlike shallower depths, the inten-
sity at 156 m remains stable around 0.4 °C across the year
(Fig. 3b, dotted blue line). Extent is lower at 156 m depth,
with values remaining between 20 % and 30 %. Note that,
in between 40 and 156 m, surface warming propagates pro-
gressively at depth across the year. For instance, at 100 m
depth, from February onwards, the intensity levels steadily
increase from values of 0.29 to 0.61 °C by mid-November
(see Fig. 4e).

The evolution of the mean intensity for NATR, at the sur-
face and at depth, describes a different kind of MHW than
for the NASE region (Fig. 3c, green lines). The MHW is
characterised by one long temporal event — rather than a se-
ries of shorter events — that peaks at the end of July. At the
surface, high intensity develops rapidly in early June and re-
mains high until the end of September, with values constantly
above 0.5 °C (Fig. 3c, solid green line). Horizontal extent of
the MHW increases in two steps: first reaching ~ 70 % at the
end of April-May and then above 90 % from mid-June to
November, to finally drop slightly below 80 % (Fig. 3c, solid
grey line).

At 40m depth, a rapid increase in intensity occurs later
relative to the surface, starting at the end of May at 0.4 °C
to reach a maximum of 0.77 °C by the end of July (Fig. 3c,
dashed green line). Spatial extent increases progressively
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mean layer depth in the corresponding region.

from ~ 40 % coverage in April to above 80 % by the end of
November (Fig. 3c, dashed grey line). These increases (in
intensity and at surface) occur when the MLD is shallow-
est (about 20 m), meaning that the MHW reaches below the
MLD (Fig. 3c, orange line). At 156 m depth, intensity levels
vary across the year around 0.4-0.6 °C, and the horizontal
extent of MHW remains low and stable (around 15 %-20 %)
(Fig. 3c, dotted green and grey lines). This signal is decorre-
lated with what is observed for surface layers.

Dynamics for the CARB region differ with the NASE and
NATR regions, with an MHW signal at both surface and
depth (Fig. 3d). At the surface, a late and long-lasting peak
of MHW intensity (larger than 0.6 °C for 30d) occurs in
October (peaks at 0.86 °C), after the observed peaks in the
other two regions (Fig. 3b, ¢ and d, coloured solid lines). At
40 m depth, intensity levels and fluctuations are similar to the
surface, with lower magnitude and reduced high-frequency
variations (Fig. 3d, red dashed line). Timing in the peaks
in March and October shows a lag relative to the surface.
MHW horizontal extent at the surface increases from mid-
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May (~ 30 %) to a peak in late September (up to 95 % of the
area) to then decrease by the end of the year (~ 40 %) (solid
grey line). A similar pattern can be seen at 40 m depth, with
an increase in surface occurring later (mid-June) and peak-
ing mid-October at ~ 60 % to drop to ~ 30 % by the end of
the year (dashed grey line). Again, these similar features be-
tween the surface and 40 m depth happen with a MLD of
about 20 m, suggesting that the MHW also propagates below
the MLD in this region (Fig. 3d, orange line).

At 156 m depth — corresponding to the maximum intensity
in the mean profile — unlike for the other two regions, inten-
sity levels are higher than levels reached for shallower depths
(dotted red line). The intensity remains stable throughout the
year, ranging between 0.6 and 0.8 °C. It is higher than the in-
tensity at shallower depth, except for May and October when
surface MHWs develop. High levels of intensity are however
not widespread across the subregion as the surface exposed
to MHWs remains around 20 % across the year (dotted grey
line). It is noteworthy that sub-monthly variations are present
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Figure 4. Horizontal MHW and atmospheric characteristics evolution in NASE, NATR and CARB regions. Hovméller diagrams of MHW
intensity at the surface (a), at 40 m (b) and at 156 m (c) (data averaged over latitude); Hovmoller diagram of daily air temperature anomaly at
2 m smoothed over a 7 d window (d); depth—time Hovmoller diagram of intensity in NASE region (date averaged over latitude and longitude),
where the blue line represents the average MLD over the region (e); and map of MHW intensity on 7 July 2023 at 156 m depth with SSH

anomaly contours in black (f).

in the MHW intensity time series, suggestive of advective
transient features like eddies crossing the domain.

3.4 MHW westward and vertical evolution

Analysis of MHW within the three subregions of the NA
suggests that MHW surface signature propagates westward
and at depth. To further investigate such dynamics and poten-
tial drivers, a 3-dimensional decomposition along longitude,
depth and time of the MHW intensity field and its possible
drivers is carried out. The evolution of MHW across the year
and the studied regions is highlighted using Hovmoller dia-
grams of latitudinal averaged intensity over the three subre-
gions at the three depths of maximum intensity (surface, 40
and 156 m) (see Methods, Fig. 4a, b and c).

For the surface, the strongest intensity (greater than 0.5 °C)
takes place primarily in the eastern half of the region (be-
tween 60 and 10° W) and during the months of May to De-
cember (Fig. 4a). This surface signature of the MHW can be
directly associated with atmospheric features as large posi-
tive air temperature anomalies are observed, which coincide
in time and space with the MHW intensity patterns (Fig. 4d).
This suggests a direct response of the surface ocean to the

https://doi.org/10.5194/sp-6-0sr9-11-2025

atmospheric anomaly. The eastern part is characterised by a
larger number of peaks from March to December (as seen
in the MHW intensity time series for the NASE subregion
Fig. 3b), whereas moving westwards to the central part of the
region, the period of high intensity is reduced to the July to
October period, forming a single large spatiotemporal peak.
Furthermore, we note that the pronounced intensity patterns
in the eastern part (anomalies larger than 0.75 °C) propagate
rapidly westward, most notably between 10 and 70°W at
an estimated velocity of ~ 11 ms~! (first-order estimations
based on the slope of the intensity pattern in Fig. 4a), start-
ing in July and occurring nearly every month. To the west (70
to 100° W), fast west propagation from signal in the central
part of the basin can be observed in October. Further west
than 80° W, a period of strong MHW intensity (July to Octo-
ber) coincides with a period of strong positive air temperature
anomalies.

The patterns of intensity at 40 m depth relate strongly with
patterns at the surface, namely large intensity in the east-
ern half of the region spanning April to December (Fig. 4b).
Peaks in intensity are smaller than for the surface, and pat-
terns contain less high-frequency signal. Similarly to the sur-
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face, multiple peaks in intensity characterise the eastern part
and a single long event the central part (30-50° W).

The similarity of the MHW signature at 40 m to the sur-
face suggests that the atmospheric-driven MHW at the sur-
face also reaches deeper layers. This correlation is confirmed
by a depth-time Hovmoller diagram of the NASE region
(Fig. 4e). Across the period from March to November, the
region is exposed to several high peaks in MHW intensity
at the surface (as seen in Fig. 3b). These propagate rapidly
across the mixed layer and vary from 100 to 20m in depth
between winter and summer seasons.

This vertical propagation also extends below the MLD
(Fig. 4e). MHW intensity larger than 0.5 °C can be observed
below the MLD from April onwards: at 70 m depth in April
and progressively reaching 100 m by November. The prop-
agation across the mixed layer is rapid, with an estimated
velocity of ~4md~!. Below the MLD, the propagation
is slower, ranging between 0.7-1.3md~!. A direct conse-
quence is that the MHW-driven heat accumulation is trapped
below the MLD to remain within the ocean interior and to be
advected far away from the formation area.

At 156 m depth, patterns in MHW intensity are very dif-
ferent to what is observed at the surface (Fig. 4c). On the
eastern side, there is no clear signature with only low MHW
intensity levels. To the west, MHW intensity also differs from
the surface, but unlike the east some small-spatial-scale pat-
terns emerge: west of 70° W and for the period of Septem-
ber to November, intensity displays diagonal patterns, show-
ing MHW intensity propagating westward with an estimated
velocity of ~0.1ms~!. Such westward velocity is charac-
teristic of eddies crossing the Caribbean Basin (Richardson,
2005; Cailleau et al., 2024), suggesting such features are re-
sponsible for the intense MHW conditions locally as they
trap and carry westward abnormally warm waters. A snap-
shot of the MHW intensity on 7 July 2023 at 156 m depth
overlaid with the sea surface height (SSH) anomaly confirms
the intensities are trapped in the anticyclonic eddies at depth
in this region (Fig. 4f). Note that blank areas represent areas
where no MHW s were detected or that are outside the studied
area (e.g. in the Pacific Ocean).

These very strong local intensities (larger than 2 °C above
the 90th percentile threshold) are limited in space and explain
the low and stable horizontal extent of MHWSs in the CARB
region at 156 m depth (Fig. 3d, dotted grey line). Some of
these anomalies come from the NATR region but predomi-
nantly from the Equatorial and North Brazil currents located
below the NATR region (e.g. the eddies located at 57° W—
10°N on Fig. 4f). A detailed study of this region is neces-
sary to understand the processes leading to eddy-trapped heat
crossing the region; this however falls beyond the range of
our study area and would also require a longer study period
spanning beyond 2023 as MHW signatures are still strongly
present in 2024 at the Equator.
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4 Discussion and conclusions

Various meteorological and oceanographic estimates showed
that the year 2023 was exceptional in terms of heat records
and in particular the NA region. We studied the region using
the Copernicus Marine global reanalysis product and charac-
terised the MHW signature both at the surface and at depth.
Compared to previous years, we show the exceptional na-
ture of the 2023 MHW in the NA tropical ocean, which sur-
passes the last 30 years in terms of duration, intensity and
coverage. A strong link with surface atmospheric conditions
is shown (air temperature, negative trade wind anomaly). We
also note an evolution of the timing of MHW maxima dur-
ing the year, with maxima in the east of the basin during the
months of May and June, the central part in mid-summer,
and the Caribbean Sea in September. A decomposition into
different regions of interest for marine biology (Longhurst
provinces) and an in-depth study on these regions highlighted
the vertical structure and evolution of MHWSs in each re-
gion. We note a progressive penetration of the MHW below
the MLD in the eastern part, together with a progressive in-
tensification of the MHW intensity across the year. This is
a remarkable phenomenon, which could potentially be im-
portant because it induces transport into the ocean interior
of heat anomalies following surface extreme events. In the
west, the Caribbean Sea region shows a very strong yet very
localised MHW signal in the subsurface, with a maximum
around 156 m. These anomalies characteristic of heat trap-
ping eddies originate partly from the NA tropical ocean but
mainly from the North Brazil Current. A dedicated study on
eddy-trapped heat pathways to the ocean interior should be
considered in the future but will have to extend beyond the
year 2023 because in the tropical zone (2° S-2°N) MHWs
are still ubiquitous in 2024.

Also, a more comprehensive and detailed quantification
of the different contributions of ocean and atmospheric pro-
cesses is needed to thoroughly understand this unprecedented
event. In this sense, Guinaldo et al. (2025) describe the
ocean preconditioning and mechanism that lead to the oc-
currence of this unprecedent event. Also, an approach based
on the reconstruction of the heat equation could be taken
for which the use of the reanalysis would be instrumental
to quantify dominant processes (as it would provide grid-
ded 3D fields at a 1d frequency that reduce errors due to
the non-linearity of the equation and the approximation of
the estimation of the depth of the mixed layer). In view
of the exceptional general characteristics of the MHW of
2023 in the NA, further studies are needed, for example
to quantify the impact on marine biogeochemistry (BGC),
a study for which a BGC reanalysis of Copernicus Marine
can be used (GLOBAL_MULTIYEAR_BGC_001_029), but
also on the distribution of Sargassum algae — which have a
strong societal harmful impact — that develop largely in the
Gulf of Guinea and are advected as far as the Caribbean re-
gion (Jouanno et al., 2021). In addition, the definition of ex-
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tremes could be regionalised and tailored to be representative
of harm towards key local species (Capotondi et al., 2024;
Oliver et al., 2021).

In this study, the potential of ocean reanalyses to charac-
terise a specific event was shown. Further work on the detec-
tion and analysis of extremes would be of interest to assess
the MHW impact and importance on the more general cli-
mate context. Heat from this NA MHW propagates under the
mixed layer to reach different depths depending on the re-
gion. Such strong anomalies once away from the surface and
trapped within subsurface water masses can potentially be
advected over long distances, such as the heat anomalies ob-
served in this study at the Equator, which were consequently
advected to the Caribbean region, the Gulf of Mexico and
potentially back into the NA through the Gulf Stream. De-
tection and monitoring of extremes over the 30 years of the
reanalysis will enable an initial scheme and an initial quan-
tification of the importance of such extremes for the over-
all ocean interior heat content to be proposed. This estimate
will then have to be compared to datasets with a longer time
period in order to validate the hypotheses deduced from the
study of the GLORYS12 reanalysis fields.
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Abstract. In this study, we investigated a series of moderate to severe surface marine heat waves (MHW5s)
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).

4.2
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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 MHW s 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.

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

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

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-
RYSI12V1 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 <Tyoo+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) Sref—S
21 p(T,0,p)  Srer

FWD;, o, = fzzdz ’
4

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, N%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 te D imax imean icum (Nr%ax) (Nr%laxc]im) <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 5.5 371 3566.89 9.83 4.88 6.46
(FC) 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 See 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

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

SST — fareaSST dA 3) MHW metrics over the entire NL Shelf region to identify
f areadA local oceanographic and meteorological conditions that con-

tributed to the evolution of this series of MHWs.
3 Results An intriguing feature of this series of MHWs is that it was

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

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

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
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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 ERAS5 was extremely high: at times, it was greater than
the annual maximum of the climatological 90th percentile
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Figure 3. Vertical cross-section of temperature anomalies (a, b), salinity anomalies (c, d), and squared-buoyancy frequency (e, f) along the
Seal Island (a, ¢, e) and Flemish Cap (b, d, f) transects shown for AZMP July 2023 occupation dates. For Seal Island, the AZMP occupation
occurred on 25 July. For Flemish Cap, the stations inshore of 200 km were sampled on 20 July and the others were sampled on 30 July.
GLORYS12V1 data (product ref. no. 1) matched to the AZMP sampling dates are shown in shaded contours, and AZMP data (product ref.
no. 2) are shown in the coloured circles which appear as lines extending from top to bottom. In panels (e) and (f), the solid grey line represents
the mixed-layer depth defined as the depth of the maximum squared-buoyancy frequency. For Flemish Cap, GLORSY12V1 data at locations
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
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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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