10

15

20

Exceptional 2023 marine heat wave heatwave reshapes North
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Abstract. The North Atlantic Ocean-is undergoing rapid transfermation—driven—by-ecological evolution under the influence
of both long-term warming and the increasing frequency of extreme marine heatwaves. In 2023, surface-temperatures-across

ingthe North Atlantic experienced record-breaking
sea surface temperature anomalies, exceeding +5°C regionally and lasting several months. Using 25 years of satellite-derived
GW&%MWMM2023W—W&%§W&W%@W
e), we assess the response of coccolithophores

blooms across two biogeographical boundaries: the Celtic Sea and the Barents Sea. We show that the 2023 MHW led to reduced
bloom intensity and e*tent—deelmeekfgmm the Celtic Sea, eenditions-while leading to record-high intensity and

extent in the Barents Seabeears

rapidly-changing-elimate—SST trends, upper-ocean stratification, and polar front shifts. Our findings suggest a spatial shift of
coccolithophore blooms with potential implications for the carbon cycle under long-term warming and stratification.

Copyright statement. TEXT

1 Introduction

Under-specific-oceanic-andradiative-conditionsDuring boreal spring and summer, large parts of the North Atlantic Ocean are
transformed into shades of color, signaling-indicating the occurrence of phytoplankton blooms. Among these, the-coceelithephore
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eyeles(Shutleret-al5204H0)coccolithophores, particularly Gephyrocapsa huxleyi (Bendif et al., 2023) the most abundant species
forms extensive summer blooms, which may weaken the ocean sink for atmospheric carbon dioxide (Shutler et al., 2010; Kondrik et al., 201

. During the decline phase of these blooms, the overproduction and detachment of its—calcite plates (coccoliths) color the sur-

face waters a distinctive milky-turquoise, detectable by

to_global ocean
rimary production (Poulton et al., 2007) and about 50% to the deep ocean flux of particulate inorganic carbon (PIC);-and-a
key-playerin-the-oceanie-carbon-—eyeleinflaencing(PIC; Neukermans et al., 2023). Coccolithophores thus contribute to both

the organic carbon pump and the carbonate counter pump mechanisms (Neukermans et al., 2023). Finally, coccolithophores

are a major producer of dimethylsulfide (Malin et al., 1993), that can promote the formation of marine clouds with important

implications for climate regulation (Fiddes et al., 2018; Mahmood et al., 2019).

Optical satellite observations, available since the late 1970’s, reveal a poleward expansion of G. huxleyi blooms (Winter et al., 2014)

at a particularly rapid rate in the Barents Sea (Neukermans et al., 2018). This shift -assectated-with-an-inereased-oceurrence-in

al.. 20 g g

—While-bio-adveetion-and-atlantifieation-of G.huxleyi blooms may be driven by increased advection of water masses eontribute

under-changing 0 al-eondition

{Sehtiiteret-al52044)in which G.huxleyi is already established (Oziel et al., 2020), and/or by improved blooming conditions
toward higher latitudes, including increasing water temperatures (Winter et al., 2014; Beaugrand et al., 2013; Rivero-Calle et al., 2015; Ne:
or increasing water column stratification giving competitive advantages for G.huxleyi (Neukermans et al., 2018).

Over the past 40 years, oceans have absorbed approximately 91% of exeess—anthropogenie-anthropogenic excess heat
(Von Schuckmann et al., 2020), leading to significant increases in ocean heat content and raising concerns about an accel-

erated warming (Li et al., 2023; Miniere et al., 2023). Globally, SSTs have risen by an average of 0:971.0°C (confidence
interval:-0-77°C—109°Cybetween 1850-1900 and 2014-2023(Fersteret-al;2024)2015-2024 (Forster et al., 2025). This long-

term warming trend, combined with internal variability, results in anomalously high SSTs known as marine heatwaves (MHW,
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Hobday et al., 2016; Oliver et al., 2021). These events have become more frequent and intense, with the North Atlantic

ity-that has led to unprecedented
a23)

Severalstudieshaveassessethe causef MHW andtheir impactson phytoplanktoncommunitieshasedon chlorophyll-a

remotelysensecPIC observations\We focuson two biogeographicalimits, the Celtic Seaandthe BarentsSea respectively

2 Results

2.1 Environmental conditions



Figure 1. Maps of SST anomalies for May-June 2023 in the North Atlantic and SSTs trends over the study site@) May-June
averaged SSTs anomalies compared to the corresponding 1991-2020 period. Observed SST linear trend expressed in Celsius degrees |
decade, computed from OSTIA over the period 1958-2023 for (b) the Celtic Sea and (c) the Barents Sea. Black boxes indicated the study

sites chosen.




105 ocearheatanomaliegTerhaar et al., 2025)ith aparticularwarmingsignaturepvertheNorth Atlantic ocear(England et al., 2025; Guin

. Theseeventswere boostecby the long-termwarmingtrend, particularlyin.the BS,

ewith

110 valuessurpassing2Einstein.m 2.day ! (upper-rangef theoptimalconditionsfor G.huxleyiwith thresholdgstablishedrom

115 {o the summerglimatology allowing,suf cient sunlight to reachthe surfacegceantor photosynthesighroughoytsummer

(Fig.2d). Theseresultsare in uenced by the cloud cover over BS wherea large portion of the seagxperiencecsigni cant
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,seeSect.Al.4& Fig.2a).However,from JuneonwardsSSTsfrequentlyexceededl6°C,
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2023. Spatially averagedeasurfacetemperaturdSST ~(black solid line) andwixed-tayerdeptitMLD ;-(blue solid line) anomalies for

2023 in (a) the Celtic Sea and (b) the Barents Sea. The black dashed line represents the climatological SST averaged over each basin fc
the period 1991-2020, while the green dashed line mark@@ﬁggOth percentile threshold fomarineheatwavegMHWS), as de ned

by Hebday-et-al{261§Hobday et al., 2016). Red shading indicates periods of MHWSs, while grey shading highlights corgitieisive

150 Satellite-derivedPIC time seriesrevealedcontrastingbloom variationsre ecting .the SST.and MLD _conditionsin_both




155 anomaliesandreached.38 mmol.m-=3+ 3, abovethe climatological Q75-6-23(0.24mmol.m-2 3, Fig.3a). Whilesimilar
2®leemwaswell-abovetheclimatologicalnorm.
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role (Fig.A11). In_both regions,2023 experienced positive strati cation anomalyevenbeinga recordyearin CS ensuring

favorable conditions fo y e ~0zi 5 e
i fi 5. huxleyi(seeSect.Al.4).
FheTogetherthese contrasting phenological responsese CSandBShighlighttheunderscorghe in uence of regional

3 Conclusions

The year 2023 was marked by extreme surface ocean temperatures extending across the North Atlantic over a prolonged pe
riod. The establishmen bHhesetemperaturesyastoca Moa S e e eadingto the onsetof histori

marineheatwavegGuinalde-etal;-2025)n particular, the Northeast Atlantic experienced oceanic extremes that were both

In the Celtic Sea,the primary bloomwassubduedvhenboth SSTsandPAR exceededhe optimal thermallimit_of G.huxleyi
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305 andbloom surfaceextent(Table.Al) suggestthat while Atlanti cation supportsexpansion MHWs
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315 launchedPlankton,Aerosols CloudsandEcosystemg¢PACE) mission(Werdell et al., 2019).
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theevolutionof watercolumnstrati cation playsakeyrolein promotingbloomswith aclearsignalin theNorth Atlantic which
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icat-Thereis a need to disentangle
the contributions of internal climate system variability, such as decadal variability, from the impacts of anthropogenic climate

changeset. This will increaseour capacity to assess extreme but plausible events such as the record SSTs in 2023-2024
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to anticipate future changeand inform adaptive strategies for marine ecosystesashaperspectivavill-alsoneedoaddress
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Data availability. OSTIA SST data are publicly available for download from the UK Met Of ce dedicated website: https://ghrsst-pp.
metof ce.gov.uk/ostia-website/index.html. Ocean color data are publicly available for download from the ACRI-ST website : https://hermes.
380 acri.fr. Mixed layer depth data are publicly available on the CMEMS website : https://data.marine.copernicus.eu/product/GLOBAL_MULTIYEA

PHY_001_030/description.
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Appendix A: Appendix
Al Data and Methods

Al.1 Study sites

The 2023 MHW in the North Atlantic, unprecedented in its extent and intensity, provides a unique opportunity to study the

The Celtic Sea [14°E - 9°E / 49.7°N - 56°N}A—regionatthetrailing-edge;is aregion where blooms occur annually and
historical marinereatwavedeat
2024).

TheBarents Sea [18°W - 60°W / 68°N - 80°NA-regienattheleadingedge;is aregionexperiencing rapid warming and

waveshave resulted in temperature anomalies of up to +5°C in June 2023 (Berthou et al.,

plied to limit turbid waters caused by resuspended bottom sediments and input from rivers, which create false-positive PIC
signals. The bathymetric limits are respectively -150 m and -100 m for the Celtic Sea and the Barents Sea and derived from the
ETOP02022 global relief model at 60 arc-second resolution (MacFerrin et al., 2024).

Al.2 Satellite data

esooss senoreslaronsralies

olution for 1997-2024 from the GlobColour project (https://hermes.acri.fr/). NASASs standard PIC algorithm (Balch et al.,
2005; Gordon and Du, 2001) was used, based on remote sensing re ectance in either two or three bands in the visible and
the near-infrared domain (Balch and Mitchell, 2023). Ocean caservationdbservationsare limited by the presence of

clouds (predominant at high latitudes) which motivate the choice of using weekly-merged rather than daily products for the
climatological comparison. To construct a reliable climatology, we employed a 20-year archive (1998-2018), fallewving
approackef-Cael et al. (2023) who demonstrated that climate change indicators can be derived from ocean color data within
a shorter time period than the 30-year WMO recommendation. Dailyp(weekly) anomalies were calculated by compar-

17
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For SST$SST, we used, as a reference climatology, the ESA-CCI level 4 Climate Data Record version 3 (CDR, Embury
et al., 2024), which offers a daily and globally consistent record at 0.05° spatial resolution. The daily climatology over the
1991-2020 period is computed with a 5-day moving average. To derive the daily anomalies we compared the daily CDR data
to the Operational Sea surface Temperature and sea Ice Analysis (OSTIA) L4 analysis data (Donlon et al., 2012). The SST
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N2= N2+ Ng, withNg= g @s andNt2=g — ; (A2)

Al.4 Bloom detection and phenology

To assessoceolithophords. huxleyibloom phenology, we applied the methods of Hopkins et al. (2015) on the L3 daily multi-

knowing the limitations of such data at high latitudes. This method is based on the analysis of the temporal evolution of the
PIC concentration over the study site and the identi cation of lzdthcal minimum before and after the detected peak of the

bloom.
Thea

MLD < 40 50m andSST2[6 16°C[

Fhesurface extent computation relies on the number of relevant pixel areas detected with a PIC concentration greater than a

on the 1998-2018 climatology and determined as the PIC concentration on the climatological bloom start date, serving as a

baseline for identifying signi cant anomalies. The respective values for CS and BS are 0.06 mfahd0.1 mmol.m3. The
study sites are located in mid- and high-latitudes, the surface extent must take into account the surface spherical deformation

de ned as follows:

X
S= s; with 5 =110:574 latitude 111:320 longitude cos(atitude (A3)
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Figure A6. Summer maximum PIC concentration in the Barents SeaAnnual evolution of the remotely-sensed summeximan

maximumPIC concentration and the corresponding polar front in red. The polar front is based on an analysis of the ice-free March-April

SSTs. White areas de ned coastal zones where the bathymetry is higher than -100m.
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