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Abstract. The study of extreme weather events and their im-
pact on ocean physics and biogeochemistry is challenging
due to the difficulty involved with collecting in situ data.
However, recent research has pointed out the major influ-
ence of such physical forcing events on microbiological or-
ganisms. Moreover, the occurrence of such intense events
may increase in the future in the context of global change.
In May 2019, an intense storm occurred in the Ligurian Sea
(north-western Mediterranean Sea) and was captured during
the FUMSECK (Facilities for Updating the Mediterranean
Submesoscale — Ecosystem Coupling Knowledge) cruise. In
situ multi-platform (vessel-mounted acoustic Doppler cur-
rent profiler, thermosalinometer, fluorometer, flow cytome-
ter, a moving vessel profiler equipped with a multi-sensor
towed vehicle, and a glider) measurements along with satel-
lite data and a 3D atmospheric model were used to char-
acterise the fine-scale dynamics occurring in the impacted
oceanic zone. The most affected area was marked by a lower
water temperature (1 °C colder), a factor of 2 increase in sur-
face chlorophyll a, and a factor of 7 increase in the nitrate
concentration, exhibiting strong gradients with respect to the
surrounding waters. Our results show that this storm led to
a deepening of the mixed-layer depth from 15 to 50 m and
a dilution of the deep chlorophyll maximum. As a result,
the surface biomass of most phytoplankton groups identi-
fied by automated flow cytometry increased by up to a fac-
tor of 2. Conversely, the carbon/chlorophyll ratio of most

phytoplankton groups decreased by a factor of 2, evidencing
significant changes in the phytoplankton cell composition.
These results suggest that the role of storms on the biogeo-
chemistry and ecology of the Mediterranean Sea may be un-
derestimated and highlight the need for high-resolution mea-
surements during these events coupling physics and biology.

1 Introduction

Marine environments are subject to short-term events whose
effects on biogeochemical processes can be substantial. This
is the case for desert dust deposition on oligotrophic areas
(Guieu et al., 2014), volcanic ash deposition (Hamme et al.,
2010), submarine sources of iron (Guieu et al., 2018), and
sudden mixing of the water column due to typhoons (Wang,
2020). Even the classic phytoplankton spring bloom can vary
in intensity and spatial extent depending on the number of
previous short-term storms (Ferreira et al., 2022). The ef-
fects of these processes on marine micro-organisms, such
as phytoplankton, include sudden changes in diversity and
abundance. Depending on the redistribution of nutrients, the
turbulence, the light conditions, and the mixing of different
water masses, the phytoplankton community can collapse or
grow, affecting carbon export by generating decoupling phe-
nomena between production and remineralisation (Henson
et al., 2019).
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Meteorological impulse wind events, such as storms, and
their effects on oceanic physics and biogeochemistry are
poorly explored with in situ data. Such events generate mix-
ing and stirring of the surface layer and can trigger tran-
sitional peaks in primary production, mainly explained by
nitracline shoaling and grazer dilution (Lomas et al., 2009;
Menkes et al., 2016). Under oligotrophic ocean conditions,
Babin et al. (2004) and Han et al. (2012) observed sudden
and large increases in chlorophyll a (Chl a) from satellite
ocean colour data that lasted for several weeks after sum-
mer hurricane storms. The resulting increase in Chl a in-
tegrated over the first few metres reached values close to
those of the spring bloom (Babin et al., 2004) with poten-
tial primary production comparable to that induced by some
mesoscale (~ 10-100 km horizontal range) eddies. Neverthe-
less, the authors were limited in their interpretation due to the
lack of in situ observations. Only a few studies have com-
bined high-resolution physical descriptions of wind events
with a phytoplankton resolution at the functional group level.
Some coastal studies, such as Fuchs et al. (2023), have evi-
denced pico- and nanophytoplankton abundance and biomass
responses (positive for most phytoplankton groups) within
2-4d following wind-induced events under stratified condi-
tions at a coastal station located in the north-western (NW)
Mediterranean Sea. The authors showed that extreme events
can generate daily biomass increases of the same order of
magnitude as those observed during the spring bloom. Sim-
ilarly, Angles et al. (2015) studied the response of nano-
and microphytoplankton (>10 to ~ 150 um) to tropical cy-
clones generating wind-related physical forcing and substan-
tial rains in the western Gulf of Mexico. They highlighted
strong increases in plankton abundance following the storms,
with delays consistent with Fuchs et al. (2023). These storms,
which were observed in either coastal Mediterranean systems
or tropical open ocean regions, may also exert a strong con-
trol on both primary production and community structure in
the Mediterranean open ocean, thereby playing a potentially
important biogeochemical role in the whole basin. However,
to our knowledge, no such event has been reported in the
Mediterranean open ocean in the past.

The classic spring bloom as observed in temperate oceans
is triggered by the shoaling of the mixed layer during
the transition from winter convection to spring stratifica-
tion (Behrenfeld, 2010). The bloom ends when no more nu-
trients are available in the euphotic layer or when grazers
surpass the phytoplankton growth capacity. This is particu-
larly the case in the NW Mediterranean Sea, which is char-
acterised by winter deep convection (Houpert et al., 2016;
Testor et al., 2018) and by spring blooms of different inten-
sities that can be detected from satellite images (d’Ortenzio
and Ribera d’Alcala, 2009; Mayot et al., 2016). This area
is affected by strong northerly winds, and the strength of
these winds in winter defines the bloom intensity (Conan
et al., 2018). Under summer stratified conditions, impulse
wind events could induce submesoscale (~ 1-10km hori-
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zontal range) vertical mixing and trigger patches of high
phytoplankton production. However, observing the effect of
these events on the phytoplankton dynamics and distribu-
tion is challenging, especially under stratified oligotrophic
conditions, and requires the deployment of dedicated auto-
mated and high-frequency sampling tools. Indeed, the mix-
ing of the water column may bring microorganisms from
the deep to surface layers, affect their physiological proper-
ties due to photoacclimation processes, and impact their car-
bon/ chlorophyll ratios, which are used to run primary pro-
duction models at large scales (Sathyendranath et al., 2020).
In addition, some scarce observations at the functional group
level evidence daily adaptation processes rather than com-
munity changes after water column mixing (Thompson et al.,
2018) or a taxonomical dependency on physiological strate-
gies (Graff and Behrenfeld, 2018). Being able to monitor the
phytoplankton distribution at a functional level, by integrat-
ing small- and rapid-scale dynamics into larger space and
time, would more precisely elucidate the role of phytoplank-
ton in biogeochemical processes.

The objective of this paper is to study the in situ
physical and biological effects of a particularly intense
wind episode that occurred in spring 2019 in the Lig-
urian Sea (NW Mediterranean Sea) during the FUM-
SECK (Facilities for Updating the Mediterranean Sub-
mesoscale — Ecosystem Coupling Knowledge) cruise
(https://doi.org/10.17600/18001155; Barrillon et al., 2020).
High-resolution physical properties of the water column and
the surface phytoplankton functional group distribution were
combined to show abrupt changes in water characteristics,
surface phytoplankton abundances, and physiological indi-
cators.

2 Material and methods

The FUMSECK cruise aimed at simultaneously sampling
physical and biogeochemical data for the study of mesoscale
and submesoscale dynamics, which imply structures such as
eddies, filaments, or fronts over a horizontal spatial range
of 1 to 100km, a vertical range of 0.1 to 1km, and a
temporal range of days to a few weeks (Giordani et al.,
2006; Ferrari and Wunsch, 2009; McWilliams, 2019). It took
place from 30 April 2019 to 7 May 2019 in the Ligurian
Sea (NW Mediterranean Sea) aboard the RV Téthys II. The
circulation in the Ligurian Sea is generally cyclonic and
characterised by a strong westward-flowing geostrophic cur-
rent along the coastline (Esposito and Manzella, 1982). The
Northern Current (Millot, 1999), hereafter called “NC”, cor-
responds to the northern branch of the current along the
coastline. During this cruise, we deployed towed instru-
ments (a moving vessel profiler, MVP) and an underwater
glider (Testor et al., 2019) to measure physical properties at
high resolution. These measurements have been paired with
shipboard measurements of phytoplankton functional groups
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Figure 1. Panel (a) presents the FUMSECK cruise (blue line), superimposed with bathymetry. The geographical domain is represented in
red, and the glider trajectory is shown in yellow. Panel (b) shows the MVP transects, numbered from 1 to 7 at the end of the transects.

Panel (c) outlines the in situ sampling of Chl a and nutrients.

from an automated pulse-shape recording flow cytometer,
based on cell sizes and pigment contents (Dugenne et al.,
2014; Thyssen et al., 2014; Bonato et al., 2015; Louchart
et al., 2020). Figure 1 shows the cruise and the glider tra-
jectories, the MVP transects, and the positions of the surface
discrete sampling locations for nutrients and Chl a. A storm
hit the region between 4 and 5 May. Right after the storm,
during which we had to take shelter, the ship returned to the
wind-exposed zone to collect data. The glider, in contrast,
remained in the storm-exposed zone throughout the storm
period and collected data. In addition to in situ data, we ex-
ploited satellite data, to guide the cruise and obtain a synoptic
view of the region, and a meteorological model to study the
storm.

2.1 Transect measurements

The vessel-mounted acoustic Doppler current profiler (VM-
ADCP; RDI Ocean Surveyor 75 kHz) continuously acquired
data during the cruise. The vertical range was set to [18 m,
562 m] with an 8 m resolution. Current data were averaged
and stored every 2 min, corresponding to a horizontal reso-
lution of 0.4km for a vessel speed of 6.3 kn. The resulting
horizontal currents have been processed with Cascade 7.2
software (Le Bot et al., 2011).

The surface-water flow-through system pumped seawa-
ter at a 2m depth with a flow rate of about 60 Lmin~".
A thermosalinograph (TSG, Sea-Bird SBE 21) acquired sea
surface temperature (conservative, ®_tsg) and salinity (ab-
solute, S_tsg) data every minute. A fluorometer (Turner
Designs, 10-AU-005-CE) simultaneously recorded sea sur-
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face red fluorescence > 680 nm after excitation in the blue
(Rfluo_tsg (a.u.), with a.u. standing for arbitrary units) as a
proxy for Chl-a content.

The MVP200 was deployed with the Multi-Sensor Free-
fall Fish (MSFF) set of instruments, including a micro con-
ductivity, temperature, depth probe (uCTD; AML S/n 7373
PDC-B0204). Temperature (conservative, ®_mvp) and salin-
ity (absolute, S_mvp) profiles were treated with the La-
TeXTools package (Doglioli and Rousselet, 2013). In to-
tal, 507 profiles were performed over 680.4 km (58 h 25 min
of effective measurements), separated into seven transects
(MVP 1 to 7) with a mean duration of 8 h20 min each and
a mean vessel speed of 6.3 kn.

During the cruise, 26 samples for surface phosphate
(POif), nitrate (NO;'), nitrite (NO, ), and silicate (Si(OH)4)
concentration were collected using the flow-through system.
The samples were collected in 20 mL high-density polyethy-
lene bottles poisoned with HgCl, to a final concentration of
20mgL~! and stored at 4 °C before being analysed in the
laboratory a few weeks later. Nutrient concentrations were
determined using a SEAL AA3 autoanalyser, following the
method of Aminot and Kérouel (2007), with an analytical
precision of 0.01 umol L~! and quantification limits of 0.02,
0.05, and 0.30 ;unolL’1 for POi_, NO3_ (and NO5), and
Si(OH)4 respectively.

Similarly, the surface Chl-a concentration (Chl_insitu,
ngmL~!) was extracted from a total of 20 samples filtered
from 500 £ 20 mL of seawater through 25 mm glass-fibre py-
rolysed filters (Whatman® GF/F) and immediately frozen at
—20°C. Filters were placed in glass tubes containing 5 mL
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of pure methanol and allowed to extract for 30 min as de-
scribed by Aminot and Kérouel (2007). The fluorescence of
the extract was determined using a Turner Fluorometer AU10
equipped with the Welschmeyer kit to avoid chlorophyll-b
interference (Welschmeyer, 1994). The fluorometer was ze-
roed with a methanol turbidity blank. The detection limit was
0.01 ngmL~!. Calibration was performed using a pure Chl-a
standard (Sigma Aldrich®, product no. C5753, pure spinach
chlorophyll).

Phytoplankton abundances and functional groups were re-
solved using automated pulse-shape recording flow cytome-
tery (AFCM) with a CytoSense (CytoBuoy b.v.; NL) instru-
ment connected to the flow-through system, which automat-
ically analysed samples for phytoplankton counts in the size
range of 0.6-800 um (with respect to width). The cells con-
tained in a volume of water were first surrounded by an
isotonic sheath fluid, aligned in a laminar flow, and went
through a 488 nm laser beam thanks to a weight-calibrated
sample peristaltic pump. In doing so, a set of optical curves,
called pulse shapes, was generated for each cell. The pulse
shapes of sideward scatter (SWS, 488 nm) and fluorescence
emissions were separated by a set of optical filters — or-
ange fluorescence (FLO, 552-652 nm) and red fluorescence
(FLR, > 652nm) — and collected on photomultiplier tubes.
The pulse shapes of forward scatter (FWS) were collected
on left- and right-angle photodiodes and used to validate the
laser alignment. A total of 400 samples were acquired with
a 20 min time resolution, corresponding to a mean resolution
of 3.9 km during the transects. The samples were stabilised in
a 300 mL subsampling chamber before the acquisition. The
instrument and the acquisition protocol are described in Mar-
rec et al. (2018).

For the identification of phytoplankton groups, two pro-
tocols were successively run: one triggering on FLR 6 mV
for 5 min targeting the Orgpicopro group, and a second one
triggering on FLR 25mV for 10min targeting the Red-
picoeuk, Rednano, Orgnano, and Redmicro phytoplankton
groups (Appendix A). Phytoplankton groups were manually
classified using the CytoClus® software by generating sev-
eral two-dimensional cytograms plotting descriptors of the
four pulse shapes, such as the area under the curve of the
pulse-shape signals (FWS_cyto, SWS_cyto, Ofluo_cyto, and
Rfluo_cyto). Group abundances and cell properties were pro-
cessed by the software.

The sizes of the different phytoplankton cells were
estimated based on the relationship between silica
beads’ real sizes (1.0, 2.01, 3.13, 5.02, and 7.27 um
non-functionalised silica microspheres, Bangs Labora-
tories, Inc.) and the FWS_cyto signal and were con-
verted to the equivalent spherical diameter (ESD, um)
and biovolume (BV, um?). A power-law relationship
(log(BV) =0.912 x log(FWS_cyto) —5.540;  r>=0.89,
n=7) allowed the conversion of the FWS signal to cell
size. The stability of the optical unit and the flow rates
were checked using Beckman Coulter Flow-Check™
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fluorospheres (2 um) before, during, and after installation.
The phytoplankton biomass per group was computed
(in pgCmL~") from the power law of the form aBV®, to get
a mean carbon cellular quota (C, pgC per cell), with a and b
conversion factors reported by Menden-Deuer and Lessard
(2000) and Verity et al. (1992).

2.2 Glider

An autonomous ALSEAMAR SEAEXPLORER glider was
deployed throughout the cruise in order to perform comple-
mentary measurements of the dynamics and biogeochemistry
around the area of the cruise. It performed sawtooth cycles
with a pitch angle of about 20-25° from the surface to 600 m
depth in about 2 h, resulting in a distance between consecu-
tive vertical profiles of about 1 km. The glider was equipped
with a pumped Sea-Bird CTD probe (Glider Payload CTD)
and a WET Labs ECO Puck with a Chl-a fluorescence chan-
nel sampling at 0.25 Hz, corresponding to a vertical resolu-
tion of 0.5-0.8 m.

The raw counts from the ECO Puck were converted to Chl-
a fluorescence using the manufacturer’s calibration coeffi-
cients and were then corrected near the surface during day-
time (daylight) using non-photochemical quenching follow-
ing Xing et al. (2012). To do so, the mixed-layer depth was
evaluated using a 0.1 °C criterion on the conservative temper-
ature profiles relative to a reference depth of 10 m (Houpert
et al., 2015). The relative differences in fluorescence were
used as a quantitative proxy for the evolution in the distribu-
tion of the Chl-a concentration. The glider fluorescence data
have not been calibrated against reference measurements, but
they agree well with the surface measurements of the ship’s
adjusted Chl-a concentrations (Appendix B).

2.3 Satellite data

The FUMSECK cruise benefited before, during, and af-
ter the cruise from the automatic SPASSO (Software Pack-
age for an Adaptive Satellite-based Sampling for Oceano-
graphic cruises) software (https://spasso.mio.osupytheas.fr,
last access: 9 June 2022), which performs real-time process-
ing of Copernicus Marine Environment Monitoring Service
(CMEMS) satellite products (Nencioli et al., 2011; d’Ovidio
et al., 2015; Petrenko et al., 2017). The onshore team in-
terpreted the results and sent their daily recommendations
on the routes to be taken and the choice of stations to tar-
get specific oceanic fine-scale processes like fronts or ed-
dies (Doglioli et al., 2013; Petrenko et al., 2017). Near-
real-time products of sea surface height (SSH) and associ-
ated geostrophic currents, sea surface temperature (SST), and
Chl-a concentration as well as Lagrangian calculations such
as FSLEs (finite-size Lyapunov exponents) were used daily
from 2 April to 3 July 2019, and all of the results are avail-
able online at https://spasso.mio.osupytheas.fr/FUMSECK/
(last access: 5 January 2023). A total of 11 daily bulletins
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(from 23 April to 7 May) have been released and are avail-
able online at https://spasso.mio.osupytheas.fr/FUMSECK/
Bulletin_web/ (last access: 5 January 2023). The satel-
lite products exploited for FUMSECK are detailed in Ap-
pendix C.

2.4 Meteorological model

The WRF (Weather Research and Forecasting) model, a non-
hydrostatic model developed by the National Center for At-
mospheric Research (Skamarock et al., 2019), was run with
the ARW (Advanced Research Weather) core. The horizon-
tal resolution was 2km, and the vertical grid was defined
with 34 vertical levels. The Arakawa C-grid was used one
way, with 350 points in the zonal direction and 280 points
in the meridional direction. ARW was forced every 6h by
the ECMWF (European Centre for Medium-Range Weather
Forecasts) coupling model (Bechtold et al., 2020; Boual-
legue, 2020).

The surface net heat flux and winds were extracted from
the model at hourly outputs to characterise the storm event.
The net heat flux from the atmosphere to the land/sea surface
was computed as follows: Qpet = Osw + Otw + Osens + Qlat-
Here, Qg and Q) are the respective short-wave and long-
wave radiations, Qgepng 1S the sensible heat flux, and Qiy is
the latent heat flux. All fluxes are positive in the downward
direction.

2.5 Fluorescence and chlorophyll a

Different techniques were used during the cruise to estimate
Chl-a concentration, and these methods were compared. The
absolute Chl-a concentration from Chl_insitu was used as
the reference to convert red fluorescence from AFCM and
the TSG fluorometer into the Chl-a concentration based on
the significant correlations between them (Fig. 2a).
Fluorescence from the TSG (RFluo_tsg) was converted
into units of Chl-a concentration (Chl_tsg, ngmL_l) us-
ing the significant correlation with Chl_insitu as follows:
Chl_insitu = 0.85 x Rfluo_tsg —0.19 (> =0.79, n=20).
The AFCM Chl-a concentration (Chl_cyto) was esti-
mated from the Rfluo_cyto. Values were normalised
with 2um polystyrene beads (Polysciences, Inc.) and
were multiplied by the abundance of each group to get
the total normalised Rfluo_cyto per unit volume (nR-
Fluo_cyto, a.umL™!). nRFluo_cyto was then compared to
the Chl_insitu (Fig. 2a, b). A set of samples from a mini-
cosm experiment (PIANO, unpublished data), acquired with
the same Chl-a extraction protocol and the same CytoSense
instrument, was added to the observations. These samples
presented higher Chl-a concentration values, strengthening
the relationship. The linear relation between nRfluo_cyto
and Chl_insitu was used to estimate the Chl-a concentration
for each AFCM phytoplankton group (Chl_cyto, ngmL~1!)
as follows: Chl_insitu=0.11 x nRFluo_Cyto (r2 =0.97,
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n =41; Fig. 2b). The origin of the linear regression was not
significantly different from zero.

The Chl-a concentration from three different satellite
ocean colour algorithms (Chl_ACRI, Chl_MEDOCL3, and
Chl_MEDOCL4) were compared to the other sets of Chl-
a concentration estimates for sea surface Chl-a valida-
tion (Fig. 2a). We performed the association between each
Chl_tsg data point and the corresponding Chl satellite data
on the same day and for the closest lat/long pixel and then
selected those where the Chl_tsg data were between 06:00
and 18:00 UTC (daytime) in order to minimise the effect of
night-time extrapolated points. The glider sampling did not
follow the ship’s route, but a comparison of the 0—5 m sig-
nal when the ship—glider distance was smaller than 15km
showed a negligible difference with the ship-adjusted surface
Chl-a concentrations (0.04 +0.13 ng mL~1).

All of the measurements described above are summarised
in Table 1.

3 Results
3.1 Overall circulation

The general oceanic circulation during the FUMSECK cruise
is schematised in Fig. 3. In Fig. 3a, the horizontal current ve-
locities averaged over 25—-150 m are shown for the seven sta-
tions at which the ship stopped, superimposed with the mean
Chl-a concentration measured by satellite (Chl_MEDOCLA4)
from 1 to 6 May 2019. Horizontal current velocities were
obtained with the vessel-mounted ADCP, averaged during
the 20 min preceding arrival at each station. The bound-
aries of the different hydrodynamic zones were drawn
based on Chl_MEDOCL4 concentration isolines. The re-
gion of the NC (purple hatching in Fig. 3a, < 0.12ngmL™")
corresponds to the lowest Chl_MEDOCL4 concentration.
The south-eastern part of the cyclonic recirculation (or-
ange hatching in Fig. 3a, > 0.15ngmL™") shows the highest
ChI_MEDOCL4 concentrations. These two zones are sep-
arated by a region, hereafter referred to as the intermedi-
ate zone (green hatching in Fig. 3a, 0.1-0.15ngmL™!). The
vessel-mounted ADCP horizontal currents at 26.5 m depth
along the cruise (Fig. 3b) show the high intensity of the NC
(0.43 ms~! mean velocity in the core of the NC) with respect
to the cyclonic recirculation zone (0.18 ms~! mean velocity).

3.2 Storm

During the cruise, an episode of particularly intense winds
hit the South of France and the Ligurian Sea. In partic-
ular, the Ligurian Sea was exposed to two main winds:
north-westerlies (mistral wind) with intensities ranging be-
tween 25.8 and 36.1 ms~! and northerlies (tramontana wind)
with intensities ranging between 20.6 and 25.8 ms~!. In this
zone, this episode began during the night between 4 and
5 May 2019, reached its maximum intensity on 5 May around
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Figure 2. Panel (a) shows a correlation plot between different sources of fluorescence and Chl-a concentration estimation per unit volume:
fluorescence from the flow-through fluorometer (Rfluo_tsg, a.u., n = 8385); the sum of all phytoplankton cells’ normalised red fluorescence
from the CytoSense (nRFluo_cyto, a.uranl, n =400); and Chl a from in situ discrete sampling (Chl_insitu, ng mLfl, n=20), from
the ACRI ocean colour product for 06:00-18:00 UTC during daytime (Chl_ACRI, ng mL~!, n=3522), from the MEDOCL3 product for
06:00-18:00 UTC during daytime (Chl_MEDOCLS3, ng mL~!, n =2094), and from the MEDOCL4 product for 06:00-18:00 UTC during
daytime (Chl_MEDOCLA, ngmLfl, n =4498). All of the presented correlations were significant at the 0.01 level using a Pearson test.
Panel (b) shows a linear regression between the Chl-a concentration from in situ discrete sampling (Chl_insitu, ngmL_l, n=41) and
the sum of all phytoplankton cells’ normalised red fluorescence from the CytoSense (nRFluo_cyto, a.umL™1). Two data sets are shown
using the same instrument (PIANO, “Réaction fonctionnelle, structurelle et journaliere des organismes du pico- au nanophytoplancton”, and
FUMSECK). The intercept coefficient of the regression was not significant at the 10 % level (¢ test).

Table 1. Summary of the variables measured during the cruise, including their sources, their sampling spatial and temporal resolution, and
the vertical range along which they were measured.

Observable Abbreviation/name Vertical range Sampling resolution Source

Horizontal currents ADCP currents 18-562m Entire cruise, 0.4 km resolution VM-ADCP
Geostrophic currents  First metres Daily, 2 April to 3 July 2019 Satellite

Conservative temperature ~ ©_tsg 2m Entire cruise, 0.2 km resolution TSG
®_mvp 0-308 m Seven transects, 1.3 km resolution MVP
®_glider 0-600 m Two transects, 1 km resolution Glider

Absolute salinity S_tsg 2m Entire cruise, 0.2 km resolution TSG
S_mvp 0-308 m Seven transects, 1.3 km resolution MVP
S_glider 0-600 m Two transects, 1 km resolution Glider

Fluorescence RFluo_tsg 2m Entire cruise, 0.2 km resolution TSG
RFluo_cyto 2m 400 samples, 3.9 km resolution AFCM
FLnpq 0-600 m Two transects, 1 km resolution Glider

Chlorophyll a Chl_tsg (converted) 2m Entire cruise, 0.2 km resolution TSG
Chl_insitu 2m 20 samples In situ
Chl_cyto (converted) 2m 400 samples, 3.9 km resolution AFCM
Chl_ACRI First metres Daily, 2 April to 3 July 2019 Satellite
Chl_MEDOCL3
Chl_MEDOCL4

Nutrients Phosphate (POi_) 2m 26 samples In situ
Nitrate (NO3)
Nitrite (NO,)
Silicate (Si(OH)4)

Phytoplankton Abundance, size, 2m 400 samples, 3.9 km resolution AFCM
biovolume, biomass

Wind intensity Upo 10 m above surface  Entire cruise, hourly, 2 km resolution ~ Model

Heat flux Ohnet Surface

Biogeosciences, 20, 141-161, 2023
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Figure 3. Panel (a) presents the satellite Chl-a averaged concentration (Chl_MEDOCLA4, ng mL~1) from 1 to 6 May 2019, used to set
the drawn hatched boundaries between the hydrodynamic zones, superimposed with horizontal velocities (VM-ADCP, red vectors) at the
stations, averaged over 25-150 m. Panel (b) shows the ADCP horizontal currents at 26.5 m depth superimposed on surface geostrophic

currents from satellite altimetry.

5:00 UTC, and finished on 5 May in the evening. Although
the conjunction of these two winds is a classic situation in
the Ligurian Sea, this event was particularly intense.

After sheltering during the storm, the ship returned to
the storm zone during the night between 5 and 6 May.
The model shows that, during the storm maximum (5 May
at around 5:00 UTC), the ship-sampled zone (marked with
squares in Fig. 4) was affected by a wind intensity peak of
26 ms~! associated with an intense negative net heat flux of
—400 Wm™2. This sampled zone was in the core of a cor-
ridor area (42.5-44.5° N, 8° E) with strong wind intensities
and high negative heat fluxes (Fig. 4).

3.3 Surface hydrodynamics and hydrology

The general properties of the surface waters include surface
conservative temperature, absolute salinity, the Chl-a con-
centration (Chl_tsg and Chl_insitu), and the in situ nitrate
(NO3) concentration (Figs. 5, 6). The conservative tempera-
ture was globally warmer near the coast and in the NC (mean
value of 15.7°C in the NC), whereas it was cooler in the
intermediate and recirculation zone (mean value of 15.4°C
in the recirculation zone). The absolute salinity was lower
near the coast and in the NC (mean value of 38.12gkg™! in
the NC), whereas it was higher in the intermediate and re-
circulation zone (mean value of 38.38 gkg™! in the recircu-
lation zone). The TSG Chl-a (Chl_tsg) concentration mean
value was 0.29 ng mL~! over the whole cruise, with a lower
mean value in the NC (0.21 ng mL~1) than in the recircula-
tion zone (0.33 ng mL™h).

When the ship returned to the offshore region less
than 24 h after the maximum storm intensity, we observed
a patch of low-temperature (< 14.8°C) and high-salinity
(> 38.28 gkg~!) water, with a sharp horizontal gradient sep-
arating it from surrounding waters (Fig. 5). This patch was

https://doi.org/10.5194/bg-20-141-2023

associated with an increase in mean Chl a: Chl_insitu rose to
0.65ng mL~!, whereas the mean value for the whole cruise
was 0.25ngmL~!. Similarly, the maximum Chl_tsg value
inside the patch was of 1.11ngmL~!. The nutrients also
showed an increase, in particular the NO3_ concentration
which was up to 1.25uM, in contrast to a mean value of
0.15 uM for the whole cruise (Fig. 6b). This particular zone
of interest is highlighted in cyan in Figs. 5 and 6 and cor-
responds to longitudes between 8° and 8°15’ E and latitudes
between 43°33' and 43°42' N.

A temperature—salinity (TS) diagram was used to de-
scribe the water masses (Fig. 7a). The water masses were
classified using the absolute salinity S and the conser-
vative temperature ®, from black for deeper and denser
waters (S >38.61 gkg™!) to lighter orange/yellow tones
for the shallower waters (S <38.61 gkg™!). Hence, sur-
face waters included mostly yellow waters (S < 38.46 gkg ™!
for ®<13.8°C and S <38.38 gkg_1 for ®>13.8°C)
and orange waters (38.38gkg !<S§<3862gkg™! and
® > 13.8°C). As can be seen in Fig. 7b, yellow waters were
present at the surface in the NC area and the intermediate
zone and will hereafter be referred to as “NC waters”. Con-
versely, orange waters were localised at the surface offshore
in the recirculation zone of the basin-scale cyclonic circula-
tion and will hereafter be called “recirculation waters”.

A cold-surface-water patch was encountered by the ship
after the storm in the geographical cyan area shown in
Fig. 5 as well as during the storm by the glider in its as-
cending route (Fig. 11a). The characteristics of this cold-
surface-water patch (38.31gkg™! <S5 <38.45gkg™! for
14°C<©®<14.5°C and 3828gkg ' <S§<3838gkg™!
for 14.5°C < ® < 14.78 °C) are superimposed in cyan on the
TS diagram. They correspond to either NC or recirculation
waters, with a density anomaly around 28.37-28.70 kgm ™3,

Biogeosciences, 20, 141-161, 2023
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Figure 4. Results of the wind situation on 5 May (WRF model WRF-ARW v4.2.1). The black and green squares identify the TSG region of
interest sampled 1 d after the storm. Panel (a) presents the wind intensity at 10 m on 5 May at 05:00 UTC. Panel (b) shows the heat flux on
5 May at 05:00 UTC (bottom subpanel) and the temporal distribution of wind intensity and heat flux on 5 May between 00:00 and 12:00 UTC

(top subpanel) in the area enclosed by the green square.

and are present around 30—40m depth before the storm, as
can be seen in Fig. 8a. Between 43°31’ and 43°39’ N, these
waters have been detected between 50m and the surface,
by both the MVP during transect 7 (after the storm) and
the glider at the end of its ascending route during the storm
(Fig. 8b). These waters, hereafter called “newly mixed wa-
ters”, were present up to the surface in a very localised spot
in space and time (Fig. 7c), and they are represented in cyan
through the paper. The vessel crossed these surface newly
mixed waters on 6 May between 02:32 and 02:53, 03:03 and
04:03, and 05:32 and 11:36 UTC, with the vessel moving in
and out of these waters. The glider encountered the surface
newly mixed waters on its way north at around 10:00 UTC
on 5 May. It was about 85km from the ship at this time
and stayed in these waters until its recovery on the morning
of 6 May.

3.4 Chlorophyll a and total biomass

Chl_insitu varied between 0.07 and 0.82ng mL~! with a
mean & SD of 0.2540.21 ngmL~!, with 20 samples col-
lected all along the cruise (Figs. 6a, 9a). The standard de-
viations are representative of the spatiotemporal variability,
not the measurement errors. Chl_cyto values followed a sim-
ilar trend with minimal and maximal values of 0.03 and 0.94
respectively and a mean4SD of 0.26+0.16ngmL~!
(Fig. 9a). Chl_tsg varied between undetectable values and
1.11ngmL~!, with a mean of 0.29+0.16ngmL~! and a
mean spatial resolution of 0.16 km with a total of 8385 points
(Figs. Se, 9b).

Biogeosciences, 20, 141-161, 2023

Ocean colour Chl-a match-ups with Chl_cyto (Fig. 9b)
were significantly higher for Chl_ACRI than for
Chl_MEDOCL4 (0.27+0.07 and 0.15+0.05ngmL~!
respectively; p < 0.001, block bootstrap test; Appendix D).
Maximal values of Chl_ACRI and Chl_MEDOCL4 (0.48
and 0.51 ngmL~! respectively) were below the maximal
values of Chl_cyto and Chl_tsg.

Total biomass of phytoplankton ranged between
1375 and 77.94ngCmL~! with a mean+SD of
33.05+11.23 nngL_1 and followed Chl_cyto trends,
with a correlation of 0.52 (n =400) when considering the
entire data set and a correlation of 0.72 (n=382) when
removing data from the newly mixed waters. For the newly
mixed waters, the correlation was 0.78 (n =21).

3.5 Phytoplankton groups and reaction

The most abundant group was the Orgpicopro, followed by
the Rednano, Redpicoeuk, Orgnano, and Redmicro (see Ta-
ble 2). Inversely, the Rednano biomass was the highest, fol-
lowed by the Orgpicopro biomass. Redpicoeuk biomass was
the lowest. Chlorophyll per group per unit volume regard-
ing the overall study area was also the highest for the Red-
nano followed by the Orgpicopro. The biomass/Chl_cyto ra-
tio was above 127 for all phytoplankton groups when consid-
ering the entire study area.

For all phytoplankton groups except for Orgpicopro, abun-
dances and biomass per unit volume were twice as high in
newly mixed waters (cyan in Fig. 7a) compared with NC
surrounding waters (yellow in Fig. 7a), as shown in Ta-
ble 2 and Fig. 10. All groups had higher Chl-a values in
the newly mixed waters (Table 2). Conversely, the Rednano

https://doi.org/10.5194/bg-20-141-2023
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Figure 5. Water surface characteristics from TSG along the cruise, superimposed with FSLEs calculated from altimetry showing the
(a,b) O_tsg, (c,d) S_tsg, and (e,f) Chl_tsg concentration. Panels (a), (¢), and (e) show the whole geographic region of the cruise, and
panels (b), (d), and (f) illustrate the respective zoom of the indicated region (shown in the black dotted square in the corresponding left
panel), identifying the particular TSG region of interest (cyan square) sampled 1 