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Abstract

Four underwater glider missions were carried out to sample the physical and bio-optical properties inside a Loop Current
Eddy (LCE) in the Gulf of Mexico (GoM), to investigate whether the winter deepening of the mixed-layer and erosion of the
nitracline stimulates phytoplankton growth. Recent coupled physical-biogeochemical numerical models support this mechanism,
but observations using Lagrangian floats suggest that there is no seasonal cycle on integrated phytoplankton biomass. Here,
data collected by underwater gliders during a full seasonal cycle and inside the LCE Poseidon support the occurrence of a
seasonal cycle, which is consistent with nutrient entrainment into the euphotic zone. The changes in fluorescence emission per
chlorophyll-a unit and its implications for interpreting bio-optical variability were also assessed. Linear regressions between
in vivo chlorophyll-a fluorescence and satellite chlorophyll-a concentration show the largest (smallest) slopes during winter
(summer), suggesting a shift in the phytoplankton community along the year. Although the glider dataset is convolved by
temporal and spatial variability, and chlorophyll-a fluorescence is affected by several factors, the concomitant enhancement
of particle backscattering coefficient and chlorophyll-a observed during winter supports the occurrence of a seasonal cycle in
phytoplankton biomass. Deep winter convection inside the core of the LCE, can promote fertilization through vertical diffusion
of nutrients. Poseidon was an extraordinary, large, and strong, LCE that prompted phytoplankton blooms in winter highlighting

their relevance for primary production and in general for biogeochemical processes.
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Key Points:

« Optical data suggest changes in the phytoplankton taxonomic composition along
a seasonal cycle.

» The seasonal cycle explains most of the variability of bio-optical properties near
the eddy core.

e The entrainment of nutrients into the euphotic zone during winter supports the
seasonal signal of phytoplankton biomass.
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Abstract

Four underwater glider missions were carried out to sample the physical and bio-optical
properties inside a Loop Current Eddy (LCE) in the Gulf of Mexico (GoM), to inves-
tigate whether the winter deepening of the mixed-layer and erosion of the nitracline stim-
ulates phytoplankton growth. Recent coupled physical-biogeochemical numerical mod-
els support this mechanism, but observations using Lagrangian floats suggest that there
is no seasonal cycle on integrated phytoplankton biomass. Here, data collected by un-
derwater gliders during a full seasonal cycle and inside the LCE Poseidon support the
occurrence of a seasonal cycle, which is consistent with nutrient entrainment into the eu-
photic zone. The changes in fluorescence emission per chlorophyll-a unit and its impli-
cations for interpreting bio-optical variability were also assessed. Linear regressions be-
tween in vivo chlorophyll-a fluorescence and satellite chlorophyll-a concentration show
the largest (smallest) slopes during winter (summer), suggesting a shift in the phytoplank-
ton community along the year. Although the glider dataset is convolved by temporal and
spatial variability, and chlorophyll-a fluorescence is affected by several factors, the con-
comitant enhancement of particle backscattering coefficient and chlorophyll-a observed
during winter supports the occurrence of a seasonal cycle in phytoplankton biomass. Deep
winter convection inside the core of the LCE, can promote fertilization through verti-

cal diffusion of nutrients. Poseidon was an extraordinary, large, and strong, LCE that
prompted phytoplankton blooms in winter highlighting their relevance for primary pro-
duction and in general for biogeochemical processes.

Plain Language Summary

Recent technological advancements have revolutionized our ability to monitor changes
in the primary producers of the sea. Specialized robots are nowadays capable of mea-
suring bio-optical properties, such as chlorophyll-a fluorescence and the particle backscat-
tering coefficient even during severe climate conditions. However, interpreting chlorophyll-
a fluorescence measurements can be challenging, as they are influenced by multiple fac-
tors, including phytoplankton community shifts, and nutritional status. Here, we used
data acquired by remotely controlled platforms to track a large coherent rotating oceanic
eddy as it propagated westward through the Gulf of Mexico. Near the center of the eddy,
the upper 170 meters of the water column were mixed thoroughly by strong winds dur-
ing winter, redistributing particles from deeper layers towards the upper ones including
nutrients required for phytoplankton growth. The dataset revealed a correlation between
the strong winter mixing and an increase in both, the chlorophyll-a concentration and
particle backscattering. Therefore, nutrient injection stimulated phytoplankton growth
during winter. We also found that fluorescence per chlorophyll-a concentration changes
dramatically during the year, presumably because the types of phytoplankton shift along
the seasons. Observed high-frequency phytoplankton response to winds in this dataset
is still to be analyzed and will be the basis for future work.

1 Introduction

Seasonal variability of wind speed and turbulent heat fluxes at the sea surface mod-
ulate the Mixed Layer Depth (MLD), which ultimately plays a key role in regulating the
light and nutrient availability for the phytoplankton (Mann & Lazier, 2006). According
to Sverdrup’s hypothesis, the critical depth is a horizon defining the maximum depth that
the MLD can reach before causing a light limitation for a net phytoplankton population
growth. For example, in the North Atlantic and some regions of the Mediterranean Sea,
winter convection deepens the mixed layer down to the depth of the nitracline, promot-
ing nutrient injection into the euphotic zone. Eventually, the MLD becomes deeper than
critical depth, reducing the light availability, and delaying the onset of the phytoplank-
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ton bloom until the spring, when the MLD restratifies (Sverdrup, 1953; Lavigne et al.,
2013; Mignot et al., 2018).

The phenology of phytoplankton blooms can differ from the classical North Atlantic
bloom. Maximum phytoplankton biomass also occurs in phase with the MLD during win-
ter, in the so-called entrainment blooms (Cullen et al., 2002). In this scenario, the MLD
is shallower than the critical depth, the light does not become a limiting factor, and phy-
toplankton growth is supported by the injection of new nutrients during the winter deep-
ening of the mixed layer. Entrainment blooms are thought to explain the seasonal cy-
cle of phytoplankton in the Gulf of Mexico (GoM) based on satellite-derived sea surface
chlorophyll-a. Maximum values are observed during winter and minimum values are ob-
served during summer (Muller-Karger et al., 1991, 2015).

In recent years, the annual seasonal cycle of phytoplankton biomass in the GoM
has been questioned. Pasqueron et al. (2017), using Lagrangian floats show constant depth-
averaged chlorophyll-a concentration along the year in the GoM, suggesting that win-
ter convection only redistributes the phytoplankton cells from the deep chlorophyll-a max-
imum (DCM) towards the surface. Certainly, this process can increase the pigment con-
centration at the surface but, in an average sense, the phytoplankton biomass remains
constant. Therefore, enhancement of surface chlorophyll-a is not necessarily related to
a net phytoplankton growth within the euphotic layer. In this respect, results from cou-
pled physical and biogeochemical numerical models have shed light reconciling both views
(i.e. redistribution versus enhancement of phytoplankton biomass).

Damien et al. (2018) suggest that the distance between the MLD and the nitra-
cline varies regionally in the GoM, and it is a key variable in determining if either a re-
distribution of chlorophyll-a or an increase on the integrated phytoplankton biomass drives
the Gulf’s seasonal cycle. The authors found that in regions where the MLD and the ni-
tracline are close or overlap, nutrients are injected into the euphotic zone, causing an in-
crease in the phytoplankton biomass. Conversely, when the MLD is shallower than the
nitracline, the DCM is redistributed within the mixing layer. Moreover, Damien et al.
(2021) shows that the MLD frequently reaches the nitracline inside Loop Current Ed-
dies (LCEs) because stratification is weaker, producing deeper mixed layers. That is, it
is required less momentum input inside the LCE to mix the water column to the depth
of the nitracline (~ 180 m in average inside LCEs; 140m outside; Portela et al. (2018)).

LCEs are important because not only drive the GoM’s mesoscale circulation but,
also shape the distribution of physical, chemical, and biological properties (Meunier, Pallds-
Sanz, et al., 2018; Portela et al., 2018; Lee-Sanchez et al., 2022; Linacre et al., 2015, 2019;
Damien et al., 2021). Inside these mesoscale eddies, vertical pumping of nutrients into
the euphotic layer (Falkowski et al., 1991; McGillicuddy & Robinson-F, 1997; McGillicuddy
et al., 1998; McGillicuddy, 2016; Siegel et al., 2011) and changes in the Photosynthet-
ically Active Radiation (Vaillancourt et al., 2003) are important factors controlling the
heterogeneity of chlorophyll-a concentration. The nature of oceanic pumping is diverse
(Klein & Lapeyre, 2009), including frictional decay (P. J. S. Franks et al., 1986; Flierl
& Mied, 1985), linear and non-linear Ekman pumping (Ekman, 1905; Stern, 1965; Wene-
grat & Thomas, 2017; Chen et al., 2020), eddy-wind interaction (McGillicuddy et al.,
2007; Gaube et al., 2013; Martin & Richards, 2001), and horizontal strain deformation
(Hoskins et al., 1978; Pallas-Sanz & Alvaro Viudez, 2005; Barcelo-Llull et al., 2017; Estrada-
Allis et al., 2019). Moreover, different processes can be at work simultaneously. For in-
stance, He et al. (2017) found that coupled eddy-induced Ekman pumping and winter
mixing is a robust physical mechanism to explain phytoplankton blooms inside the mixed
layer of anticyclonic eddies.

In the GoM, the role of light on the seasonal cycle of the phytoplankton has been
formally assessed only in the work of Yang et al. (2022) who implemented a diagnostic
model to compute the net primary production based on in situ estimations of phytoplank-
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Table 1. General information of the glider missions designed to sample the Poseidon LCE in
the GoM. It includes the mission number, number of dive cycles done during the whole mission,
start date and end date of each mission, the Eco WETlabs triplet (BBFL2IRB) serial numbers,

and their corresponding scale factor (SF) reported by the manufacturer in the calibration sheet.

Mission Dive cycles Start date ~ End date BBFL2 SN SF [mgcount™!]

0003 625 05-08-2016 15-11-2016 1374 0.0121
0004 639 07-12-2016  29-03-2017 1374 0.0121
0005 711 10-02-2017  25-05-2017 1375 0.0121
0006 507  25-05-2017  22-08-2017 1376 0.0121

ton carbon. They found that the net primary production integrated in the upper 100

m is higher during the summer and lower during winter, because of the seasonal cycle

of irradiance in the GoM. This highlights the lack of consensus on the factors control-

ling phytoplankton growth and primary productivity in the GoM. Especially inside deep
water LCEs (> 1000 m depth), where different mechanisms can affect the phytoplank-

ton communities dominated by Prochlorococcus cells (Linacre et al., 2015, 2019), adapted
to proliferate in oligotrophic regions (Partensky et al., 1999; Partensky & Garczarek, 2010;
Biller et al., 2014).

Although previous studies have contributed to the understanding of the seasonal
cycle of phytoplankton in the GoM, including LCEs dynamics, they are also limited in
several aspects. Satellite data are constrained to surface waters, while data collected by
Lagrangian floats profiling the water column every 14 days can filter out high-frequency
processes important for phytoplankton dynamics (Platt et al., 1989; Lewis et al., 1984;
P. J. Franks, 2015; Taylor & Ferrari, 2011). On the other hand, the results of numer-
ical modeling require validation with in situ measurements, especially during winter and
inside the eddy core, where the lack of observations reduces the skill of the model in sim-
ulating realistic vertical profiles of chlorophyll-a (Damien et al., 2018, 2021). Here a full
seasonal cycle of bio-optical properties inside a westward propagating LCE is investigated,
by using a combination of high-resolution and quality-controlled, measurements of hy-
drography, in vivo chlorophyll-a fluorescence, and particle backscattering.

2 Data and Methods

Four underwater glider missions (Table 1) were designed to sample a LCE called
Poseidon, that propagated through the GoM between 2016 and 2017 (Figure 1). Glid-
ers sampled the water column from the surface up to 1000 m depth in a saw-tooth pat-
tern, with a suite of sensors to simultaneously measure physical and biogeochemical prop-
erties. The sensors used were: unpumped CT-Sail (temperature and conductivity), an
optode Aanderaa 4831 (dissolved oxygen), and the ECO-Wetlabs triplet (BBFL2IRB;
Table 1) which measures light backscattering (at 700 nm and with a centroid angle of
124°), in vivo fluorescence of chlorophyll-a (ex: 470 nm, em: 695 nm), and fluorescence
emitted from colored dissolved organic matter (ex: 370 nm, em: 460 nm). During mis-
sion 3, the ECO-Wetlabs triplet was turned off below 200 m to reduce the glider’s bat-
tery consumption. For calibration purposes, two dive cycles were performed down to dark
and deep waters of 1000 m depth.

A glider dive cycle includes measurements collected during the downcast and up-
cast, with horizontal and time resolution at the surface of 4 km and 6 hours, respectively.
The averaged vertical resolution was 0.6 m for the physical variables and 1 m for the bio-
geochemical sensors. TEOS-10 equation of seawater was used to compute density anomaly



95°W 90°W 85°W 80°W 95°W 90°W 85°W 80°W

30°N 30°N
25°N L 250N
20°N 20°N
30°N 30°N
25°N L 250N
20°N 20°N

» P cays since April 15, 2016

95°W 90°W 85°W 80°W 95°W 90°W 85°W 80°W

Figure 1. The trajectory of the LCE Poseidon and the paths followed by underwater gliders
during the four missions. Glider’s trajectories for each mission (see Table 1) are represented by
the blue line, while the Poseidon track is color-coded based on the days since its detachment from
the Loop Current (April 15, 2016; Meunier, Pallds-Sanz, et al. (2018)). Background colors (blue
to white) represent the bathymetry of the GoM, and the contours of the 200, 500, 1000, 2000,
and 3000 m are shown. Note the sampling pattern of the glider during mission 4, which was pro-

duced by the glider drifting with the Poseidon depth-averaged currents.
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referred to the surface. Squared Brunt-Viisila frequency and the MLD were derived from
potential density anomaly. The MLD was determined as the depth at which density ex-
ceeds a threshold of 0.125 kg m ™3 relative to the value recorded near the surface (i.e. 10
m depth).

The particle backscattering coefficient at 700 nm (b,,700) was obtained following
Schmechtig, Poteau, et al. (2018), after removing the contribution of seawater. It was
quality controlled following Argo data processing (Schmechtig et al., 2019). The chlorophyll-
a concentration from fluorescence was obtained by subtracting the dark counts (i.e., the
blank or the signal of the fluorometer in the absence of chlorophyll-a) and by using a scale
factor (SF), that is, ([Chl,] = (Flyqu — dark counts) - SF). Even though the manufac-
turer provides the calibration coefficients, it is important to note that they might exhibit
deviations from one sensor to another, and during the field mission. Here, the in situ dark
count coefficient was obtained by averaging the deepest observations of fluorescence (be-
low the euphotic layer), a procedure used by the Argo-BGC program (Schmechtig, Claus-
tre, et al., 2018).

In this study, two scale factors were used to convert fluorescence into chlorophyll-
a concentration: (i) from the calibration sheet provided by the manufacturer (Table 1),
and (ii) an adjusted scale factor inferred from the linear fit between the satellite-derived
chlorophyll-a concentration and the glider’s fluorescence. On one hand, the adjusted scale
factor is used to assess the relation between fluorescence and chlorophyll-a concentra-
tion, and on the other hand, it attempts to reduce bias in the chlorophyll-a estimation
along the seasonal cycle.

The non-photochemical quenching correction on chlorophyll-a fluorescence was done
according to the methodology described in Thomalla et al. (2018), which takes advan-
tage of the high spatio-temporal resolution of gliders, and the relation between chlorophyll-
a and by, 700. This procedure interpolates vertically and removes anomalous spikes from
chlorophyll-a and b,700 data. High-frequency variability in chlorophyll-a was removed
by applying a 7-point running mean with a Hann window. All points exceeding three
times the standard deviation were considered spikes. The by, 700 de-spiked signal is in
agreement with the baseline described in Briggs et al. (2011).

2.1 Relation between glider in situ fluorescence and satellite chlorophyll-
a concentration

Changes in the relation between fluorescence and extracted chlorophyll-a are a func-
tion of phytoplankton taxonomic composition, nutritional status, and growth phase (Proctor
& Roesler, 2010; C. Roesler et al., 2017). Since water samples were not available dur-
ing the four glider missions, satellite data was used to obtain adjusted scale factors for
the region (C. Roesler et al., 2017). The method of Boss et al. (2008), which compares
the chlorophyll-a fluorescence with a satellite data product, assumed to be the ground
truth, was followed. Night-time fluorescence measurements were only considered to avoid
introducing variability related to the correction of non-photochemical quenching.

Here it was used the daily ESA OC-CCI v5 dataset (ESAOC-CCI;https://climate
.esa.int/en/projects/ocean-colour/data/), with a spatial resolution of 4 kmx4 km.
In this product, ocean color measurements are obtained from multiple satellite radiomet-
ric sensors and merged, reducing artifacts introduced by differences in sensor design (i.e.,
differences in sampled wavelengths). Also, the algorithm used to retrieve chlorophyll-a
concentration from remote sensing reflectance is selected by taking into consideration
the optical classification of a water body (Sathyendranath et al., 2019). Moreover, by
merging data from multiple sensors, the ESA OC-CCI improves spatial coverage, which
is an important advantage in regions frequently covered by clouds like the GoM.
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A critical step to establish and interpret relationships between satellite data and
in situ measurements, is to identify observations that can be properly compared, given
the differences in the spatial and temporal resolutions captured by both platforms (Gordon
et al., 1983; Bailey & Werdell, 2006; Concha et al., 2021). The procedure to find such
observations is called match-up analysis, and there are different approaches. They are
not interpolations of the satellite data into the position of field measurements, which can
fail due to the presence of clouds, and do not take into account differences in the reso-
lution of different platforms. More details about the match-up analysis can be found else-
where in the literature (Gordon et al. (1983); Bailey and Werdell (2006); Concha et al.
(2021)).

The match-up analysis used here was consistent with the protocols to validate the
ESA-OC-CCI product (Sathyendranath et al., 2019; Valente et al., 2019). Briefly, the
glider observations of chlorophyll-a fluorescence (in digital counts) within the upper 10
m depth were averaged. The 10 m depth criterion was selected because it is the max-
imum valid depth to relate in situ and satellite data in the ESA OC-CCI products, and
it is a compromise between the optical depth in oligotrophic and eutrophic waters (Sathyendranath
et al., 2019; Valente et al., 2019). Matched-up satellite observations are obtained as the
median of a 3x3 pixel window centered at each glider position. The median value was
considered valid only if the central pixel was not affected by clouds. If several glider ob-
servations fall inside the 3x3 box, only the nearest to the center was used.

The relationship between the matched pairs was analyzed using a type I linear re-
gression. To account for the auto-correlation of the glider’s measurements and the het-
eroskedasticity, the confidence intervals of the coefficients and best-fit line were adjusted,
as recommended by Fox (2016). The slope of this regression was used to estimate the
adjusted scale factor for estimating the chlorophyll-a concentration. Outliers were de-
tected by visual inspection of scatter plots and removed accordingly.

2.2 Eddy detection

The center and periphery of the LCE Poseidon were identified by using an algo-
rithm applied over Sea Level Anomalies (SLAs). In this work, the daily SLAs were ob-
tained from the Delayed-Time merged all satellites Global Ocean Gridded SSALTO/DUACS
Sea Surface Height, an L4 product available in the Copernicus Marine Service (https://
marine.copernicus.eu/access-data). Before the use of the eddy detection algorithm,
0.25°x0.25° gridded data were filtered with a two-dimensional LOESS smoother to at-
tenuate processes with wavelengths greater than 20° in longitude and 10° in latitude (Chelton,
Schlax, & Samelson, 2011), that can remove the large scale effects on the sea level like
steric effect.

The LCE Poseidon was identified as a closed contour of SLA that meets the fol-
lowing criteria: (i) the SLA closed contour should contain a minimum of 8 pixels, but
not more than 1000, (ii) there is at least one local maximum of SLA, (iii) the amplitude
of the eddy is greater than 1 cm, and (iv) all pairs of pixels within the contour have dis-
tances smaller than a threshold that depends on latitude (for details see Appendix B in
Chelton, Schlax, and Samelson (2011)). The outermost closed contour of SLA full-filling
the four criteria defines the so-called effective contour of the eddy. A successive search
within the effective contour is conducted to find the closed SLA contour with the largest
swirl geostrophic speed.

The contour inside the eddy is called the maximum speed contour, and it is a nat-
ural border separating the interior of the eddy dominated by vorticity, from external re-
gions dominated by straining. Tracers cannot escape from within the vortical region when
diffusion is neglected (Chelton, Schlax, & Samelson, 2011; Meunier, Pallds-Sanz, et al.,
2018). This is an important characteristic of nonlinear eddies (Flierl, 1981), that can trap
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fluid in their interior for long distances without exchanging fluid with the surrounding
waters.

The trajectory of Poseidon was computed by searching for the nearest eddy cen-

ter (i.e. the centroid of the effective contour) between consecutive days according to Chelton,

Schlax, and Samelson (2011). On the other hand, the distance between the glider and
the eddy centroid (d) was computed and normalized by the eddy length scale (L). This
normalized distance (R = d/L) was used to select the vertical profiles inside the core
of the eddy (R < 0.55), which allows constraining the variability to vertical (1D) pro-
cesses by neglecting horizontal advection.

The trajectory of the eddy was smoothed using a 1-D LOESS with a half-span of
42 days (Chelton, Schlax, & Samelson, 2011). The time derivative of the smoothed tra-
jectory provides the eddy’s translation speed, and the rotational speed of the eddy was
computed as the averaged swirl speed along the maximum speed contour. The degree
of nonlinearity of the eddy is given by the ratio between rotational and translation speed
(Flierl, 1981; Chelton, Schlax, & Samelson, 2011). Rotational and translation speed and
the nonlinearity parameter were averaged in 0.5° bins, and were used to describe the kine-
matical properties of LCE Poseidon along its westward propagation across the GoM.

2.3 Ancillary variables

Two main factors stimulating phytoplankton growth are the nutrient concentra-
tion and the amount of Photosynthetically Active Radiation (PAR). Since the gliders
do not measure these variables, estimating them from proxies is required. Changes in
nutrient availability can be assessed from the distance between the MLD and the nitr-
acline depth (Damien et al., 2018) because entrainment of nutrients can occur when they
are close or overlap. Following Pasqueron et al. (2017), the top of the nitracline is equal
to the depth of the 25.5kg m~2 isopycnal, which was determined to be the nitrate de-
pletion density (Omand & Mahadevan, 2015).

The 25.5 kgm~3 isopycnal can overestimate the depth of the nitracline (see table
4 in Lee-Sanchez et al. (2022)), and other methods can be used as an alternative. For
example, it is possible to obtain the depth of the nitracline from reconstructed nitrates
plus nitrites ([N+N]) profiles based on hydrographic variables Veldsquez-Aristizdbal et
al. (2022). From these profiles, the nitracline (nitracline-VA22 hereinafter) can be con-
sidered the depth where the [N+N] exceed 0.5 ymol kg 1.

A combination of satellite data products is used to estimate the underwater dis-
tribution of PAR (400-700 nm). The datasets used for this purpose were: (i) the previ-
ously described ESA OC-CCI to compute the diffuse attenuation coefficient for the PAR
(Kd(PAR)), and (ii) the EPICS/DISCOVR dataset with a satellite measurement of the
daily averaged PAR just above the sea surface (Ed(0", PAR), R. J. Frouin et al. (2018);
R. Frouin et al. (2022)). Both products are daily available but differ in their spatial res-
olution. ESA-OC-CCI is a 4km product, while EPICS/DISCOVR is in a regular grid
of 18 km x 18km (https://asdc.larc.nasa.gov/).

The procedure is based on the Lambert-Beer law, which describes the exponential
decay of irradiance with depth, given the irradiance reaching the sea surface and the dif-
fuse attenuation coefficient (K4). Both quantities depend on the wavelength. The inter-
est was to find the depth of an isolume with physiological significance (for a discussion
about the depth of the euphotic zone see Letelier et al. (2004) and Banse (2004)), defin-
ing the base of the euphotic zone. The attenuation coefficient of the PAR (Kd(PAR))
was estimated from the value obtained at the single wavelength of 490 nm (K d(490)),
which is only available in the ESA-OC-CCI product. At each pixel the Kd(PAR) was
obtained following the relation provided by Morel et al. (2007):



Kd(PAR) = 0.0665 + 0.874 - Kd(490) — 0.00121 - K'd(490)". (1)

300 Given the presence of clouds in the ESA-OC-CCI dataset, a representative value

301 of Kd(PAR) was used. Similar to the match-up analysis, this value was the median of

302 a 3x3 pixel box centered at each glider position. PAR from the EPICS/DISCVR dataset
303 was interpolated at each glider surface position, taking advantage that does not present

304 data gaps by clouds and because it was not used for comparisons with in situ data. The

305 depth of the 0.08 molQ m~2 day " isolume was computed by solving the Lambert-Beer

306 law, following to Mignot et al. (2018). This isolume value was selected because is the com-
307 pensation irradiance for low-light adapted ecotypes of Prochlorococcus (Moore et al., 1995),

308 which have been found at the base of the euphotic zone in the GoM (Linacre et al., 2015,
309 2019). Daily averaged isolume depth was used to study the vertical displacements of the
310 DCM in relation to the seasonal changes in underwater light, similarly as in other stud-
31 ies (Letelier et al., 2004; Mignot et al., 2014).

312 Phytoplankton light limitation inside LCE Poseidon was assessed through a com-
313 parison of the MLD and the Sverdrup’s critical depth (Z..) (Sverdrup, 1953; Siegel et
314 al., 2002; Lavigne et al., 2013), which can be obtained from the relationship given by:

1 Ed
1 — o~ Kd(PAR)-Zo, | _ c 9
Kd(PAR) - Zo, ( ¢ ) Ed(0T, PAR) @)
316 where Kd(PAR) = 0.075m™" is the attenuation coefficient of PAR averaged along

a7 the winter mission 0004. Ed(0", PAR) is the PAR just above the sea surface, and Fd,

218 is the community compensation irradiance. Ed(0", PAR) was obtained from the EPICS/DISCOVR
310 dataset, and Fd. was set to 1.1 molQ m~2 day " (Regaudie-De-Gioux & Duarte, 2010;

320 Siegel et al., 2002). Z,., was averaged daily.

321 3 Results

322 3.1 Relation between fluorescence and satellite chlorophyll-a concen-

323 tration

24 In the four missions, there were linear associations between fluorescence and chlorophyll-
325 a (Table 2) as shown in Figure 2. However, the coefficients of the linear model were dif-

326 ferent from one mission to another (Table 2), as well as their uncertainties, and the amount
307 of explained variance by the linear model (i.e., squared Pearson correlation coefficient,

308 r?). Winter missions show the highest slopes, but also the highest uncertainties in the

320 model coefficients (Table 2). Mission 0004 shows the largest scattering of values around

330 the predicted line, and consequently, the linear model explains less of the total variance

331 (7’2:0.46; Table 2) .

332 A more complex relation was observed during winter missions (0004 and 0005), which
333 showed the highest uncertainties in the model coeflicients and the largest scattering around
334 the best-fit line. This can be associated with the variability of the fluorescence yield, driven
335 by the multiple factors that can affect it such as nutritional status, phytoplankton com-

336 munity composition, and growth phase. All these factors can have a higher spatiotem-

337 poral variability during winter, contributing to the total variance and leading to a more

338 scattered distribution of observations (C. S. Roesler & Barnard, 2013).

339 The relation between chlorophyll-a and fluorescence is thus more convoluted dur-

340 ing mission 0004 because the glider sampled the LCE alongstream following a circular

341 pattern, sometimes getting close to the contour of maximum speed (Figure 1b). This sug-
342 gests that eddy spatial structure may have a role in modulating phytoplankton popu-

343 lations, at least in terms of their fluorescence emission. Some aspects of the spatial dis-
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Figure 2. Linear regressions between fluorescence and satellite-derived chlorophyll-a concen-
tration for each glider mission: 0003 (a), 0004 (b), 0005 (c), and 0006 (d). In each panel, the

least-squares fitted line and the 95% confidence intervals are shown.

Table 2. Statistics of the linear regressions between glider fluorescence and satellite
chlorophyll-a concentration in each mission. N is the number of observations (valid matchups)
for the least squares fitting. The slope and intercept of the linear regression are indicated to-

gether with coefficient uncertainties. r? is the squared Pearson’s correlation coefficient.

Mission N Slope Intercept Pearson’s r r?
0003 62 41.48 + 2.57 48.91 + 0.21 0.88 0.77
0004 50 179.19 + 30.49 36.38 £ 6.45 0.68 0.46
0005 49 14451 £16.87 39.17 £ 1.71 0.87 0.76
0006 57 24.88 £ 3.66 50.82 £ 0.37 0.80 0.64

tribution and transformation of physical and biological properties across mesoscale ed-

dies have been studied in previous works in the GoM and other locations (Sosa-Gutiérrez
et al., 2020; Lee-Sanchez et al., 2022; Damien et al., 2021; Liu et al., 2020; Chelton, Gaube,
et al., 2011; Sanchez-Velasco et al., 2013; Peterson et al., 2011; Veldsquez-Aristizabal et

al., 2022).

Linear regressions indicate changes in the adjusted scale factor (the inverse of the
slope reported in Table 2), which varied between 0.006 mgm ™3 counts™! (mission 0004)
to 0.040 mgm 3 counts~! (mission 0006). The variation in the scale factor contrasted
with the constant value provided by the manufacturer for all missions (0.0121 mgm~—3
Table 1), which can lead to changes in the estimated chlorophyll-a.

Hence, the estimated chlorophyll-a concentration obtained with the manufacturer
and adjusted scale factors were compared with satellite chlorophyll-a concentration (Fig-
ure 3). Typically, regardless of the scale factor used, the chlorophyll-a concentration at
the surface is large (small) during winter (summer) (Figure 3). However, there are dis-
crepancies relative to the satellite data depending on the scale factor used to obtain the
chlorophyll-a from fluorescence.

—10—
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Figure 3. Comparisons of chlorophyll-a concentration estimated from satellite sensors and
from glider’s fluorescence calibrated using manufacturer’s scale factor (a) and adjusted scale fac-
tors (b).

Satellite chlorophyll-a concentration is underestimated most of the year and over-
estimated in early winter from December 2016 to January 2017 with the manufacturer
scale factor. By contrast, adjusted scale factors reduce the underestimation of chlorophyll-
a concentration. It means that during some periods, the adjusted scale factor can im-
prove the estimation of chlorophyll-a relative to the values obtained with the manufac-
turer’s scale factor (Figure 3a). The bias can be computed (in the logarithm scale) fol-
lowing Seegers et al. (2018):

bias — 102 109(CHLg1a—=CHLsat) , 3)

where CH Lgq is the chlorophyll-a estimated from glider fluorescence by using ei-
ther the manufacturer or adjusted scale factors, and C'H Ly, is the satellite chlorophyll-
a concentration. Table 3 shows a large bias using both, the manufacturer’s and adjusted
scale factor. The manufacturer scale factor provides less biased chlorophyll-a concentra-
tion related to the adjusted scale factor in missions 0004 and 0005, whereas the adjusted
scale factor reduces the bias during missions 0003 and 0006 (Table 3). However, none
of the scale factors is consistently less biased than the other in all situations. In this work,
the manufacturer scale factor is used to compute chlorophyll-a concentration from glider
observations.

3.2 Physical and bio-optical variability inside the LCE Poseidon

Young Poseidon swirl speed was about U = 7T0cms™! in average, but then it de-

cayed rapidly west of —92W to 30cms~! (Figure 4a). LCE Poseidon moved hundreds
of kilometers westwards at an averaged translation speed of ¢ ~ 4cms™! (Figure 4b),

—11—
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Table 3. The bias (see equation 3.1) of the chlorophyll-a concentration obtained with the
manufacturer’s and adjusted scale factors relative to the satellite-derived chlorophyll-a. Underes-

timation (overestimation) occurs for biases smaller (larger) than unity.

Mission Bias (Manufacturer’s SF) Bias (Adjusted SF)
0003 0.35 (65 %) 0.70 (30 %)
0004 0.92 (8 %) 0.43 (57 %)
0005 0.52 (48 %) 0.30 (70 %)
0006 0.42 (58 %) 1.41 (41 %)

leading to a non-linearity parameter U/c always larger than unity (Figure 4c), suggest-
ing that fluid is trapped during Poseidon’s entire life (Flierl, 1981).

The potential density anomaly (0¢) and squared Brunt—Viisild frequency (N? =
(—g/00)-00g/02) are used to describe the seasonal cycle of the thermohaline vertical
structure of LCE Poseidon (Figure 5a-b). The oy and MLD have marked seasonal cy-
cles with lighter upper waters and a shallower mixed layer in the summer, and heavier
waters and deeper mixed layers during winter. In addition, summer seasonal pycnocline
(at ~ 30—50 m) separates the mixed-layer from the pycnostad of the eddy located be-
tween 50 and 200 m depth (Figure 5b; mission 0003). The MLD increases during Octo-
ber 2016 (end of mission 0003) and by December reaches up to 150 m depth in agree-
ment with the MLD climatology of Portela et al. (2018). The upper layer re-stratifies
again in June 2017, forming a shallow 30 m mixed layer, and completing a full seasonal
cycle.

The N2 is large at the seasonal and main pycnocline (> 1x10~2s~2; Figure 5b).
The main pycnocline of Poseidon holds the entire year at approximately 200 m depth,
progressively weakening during eddy’s translation westwards (Figure 5b). Contrary, win-
ter convection due to the passage of cold fronts (Pérez et al., 2022; Zavala-Hidalgo et al.,
2014) erodes completely the seasonal pycnocline, by mixing pycnostad and upper wa-
ters. Note that MLD and the depth of the 25.5kgm ™3 isopycnal (a proxy of the top of
the nitracline) are only a few tens of meters apart during winter, and the alternative proxy
of the nitracline (nitracline-VA22) overlap (Figure 5b), indicating that entrainment of
nutrients could be possible.

The depth of the isopycnal of 25.5 kg m™3 is related to the spatial structure and
dynamical stage of the eddy. In mission 0003, the glider sampled a young Poseidon lo-
cated east —92 W (Figure la) with the isopycnal of 25.5kgm~2 reaching up to 250 m depth
in the center and ranging between 150—160m depth at the eddy edge (Figure 5c). Since
December 2016 (beginning of mission 0004), the depth of the isopycnal of 25.5 kg m~—3
continuously decreases (Figure 5¢) due to Poseidon’s lost of heat and salt (Meunier et
al., 2020).

Poseidon’s decay, west of —92 W (Figure 4a) leads to upwelling of isopycnals. This
process is through the eddy pumping, that is, dop/0t > 0 (Klein & Lapeyre, 2009). Dur-
ing December 2016 and January 2017 (mission 0004), the 25.5kgm~2 isopycnal was at
~ 170 m depth and the normalized radius ranged between R € [0.25—0.75] (Figure 5c¢)
suggesting that the glider drifted anticyclonically with the depth-averaged currents around
the central region of Poseidon. Notice that near the peripheries of the eddy (R > 1),
horizontal advection and sub-mesoscale ageostrophic processes dominate the variabil-
ity of biogeochemical variables (Mahadevan et al., 2008; Chelton, Gaube, et al., 2011).
However, these processes are out of the scope of this work because the analyses focused
on the bio-optical properties near the eddy core (R < 0.55).

—12—
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Figure 4. LCE Poseidon dynamical properties along its trajectory across the GoM: (a) swirl

speed (U), (b) translation speed (c), and (c) non-linearity parameter (Flierl (1981); U/c).
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Figure 6. Vertical distribution of bio-optical properties collected inside the LCE Poseidon
along a seasonal cycle as a function of depth. (a) Chlorophyll-a concentration by using the manu-
facturer scale factor and (b) the particle backscattering coefficient at 700 nm (by,700). The lines
in b and c are the smoothed time series of the MLD (black), and the 0.08 isolume (orange). The
red line corresponds to the top of the nutricline based on the Veldsquez-Aristizdbal et al. (2022)
method (nitracline-VA22). The smoothed time series were obtained after using a 1D-LOESS to

attenuate variability with periods below 3 days.

Contrasting conditions between summer and winter in terms of stratification af-
fected the bio-optical variability across LCE Poseidon (Figure 6). During summer and
early fall, the chlorophyll-a was extremely low within the MLD, with a DCM located at
130 m depth; 100 m shallower than the nitracline (Figure 6a). Between December 2016
and March 2017, the chlorophyll-a was mostly distributed through the whole mixed layer,
with episodic sub-surface enhancements (Figure 6a). Since April 2017, the DCM becomes
a stable structure when the upper ocean stratifies and the MLD shoals. The location of
the DCM during the whole period approximately follows the ~ 0.08 isolume (Figure 6a),
indicating that photoacclimation is an important process in regulating the vertical dis-
tribution of chlorophyll-a (Letelier et al., 2004; Mignot et al., 2014).

The by, 700 vertical distribution (Figure 6b) is similar to chlorophyll-a concentra-
tion except during summer and spring. In summer of 2016, maximum values of b,700
were found in the mixed-layer (< 50 m) while the maximum chlorophyll-a was located
in the DCM (Figure 6a and b). On December 25, 2016, by, 700 intensified abruptly in-
side the core of Poseidon (Figure 6b) and remained elevated until January 17, 2017, with
similar subsurface enhancements than chlorophyll-a concentration (Figure 6a and b). by,700
progressively decreases inside Poseidon towards summer of 2017. The enhancement of
by, 700 observed during winter is unlikely to be driven by horizontal or vertical advec-
tion, because the by, 700 signal below the MLD was low, and the glider was near the cen-
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ter between December and January. Thus, data suggest that appropriate environmen-
tal conditions stimulated phytoplankton production within the winter MLD of the LCE
Poseidon.

3.3 Seasonal cycle of integrated chlorophyll-a and by,700 in the upper
200 m

Figure 7 shows the time evolution of chlorophyll-a concentration and b;,700 inte-
grated from surface to 200 m depth. The vertical integration of bio-optical properties has
a double purpose: (i) removing the vertical variability and (ii) assessing the occurrence
and reliability of a seasonal cycle of phytoplankton biomass not only at the sea surface
but also within the euphotic layer. To analyze the seasonal cycle, the trend in bio-optical
signals was removed first. Then, ordinary least-squares were used to fit the seasonal cy-
cle, defined by the contribution of the mean and the annual and semi-annual harmon-
ics:

Fieas(t) = Fo + Ay - cos(wt — @) + A - cos(2wt — o) (4)

where Fj represents the mean. A, and A, are the amplitude of the annual and semi-
annual harmonics. ¢, and ¢, are the phase of the annual and semi-annual harmonics,
and w is Earth’s angular frequency (27 f; f = 1/365.25 days ).

The analysis of the integrated variables showed that the seasonal cycle of chlorophyll-
a observed at the surface (Figure 3) even holds when in situ chlorophyll-a concentration
is vertically integrated (see for instance Pasqueron et al. (2017)). In addition, the sea-
sonal cycles of both integrated chlorophyll-a concentration and b, 700 (thick blue lines
in Figure 7) were in phase, with maxima values (minima) in winter (summer). The sea-
sonal cycle accounts for a significant fraction of the total variance in both bio-optical vari-
ables (Figure 7a and b).

The remaining fraction of the variance seems to be associated with high-frequency
processes mostly noticed on the chlorophyll-a during winter, from December 2016 to Jan-
uary 2017 (Figure 6a and 7a). They are noticeable in the integrated variables as con-
siderable departures from the seasonal cycle (see grey dots in Figure 7a). Thus, processes
at short temporal scales could be important for modulating the distribution of bio-optical
properties inside the eddy. By contrast, during spring and summer, the variability of chlorophyll-
a is notably reduced in agreement with quiescent environmental conditions.

4 Discussion

The dataset used here has already contributed to improving understanding of the
vertical distribution of physical properties (Meunier, Pallds-Sanz, et al., 2018; Portela
et al., 2018), water mass transformation (Sosa-Gutiérrez et al., 2020), and physical sub-
mesoscale processes inside the LCE Poseidon (Meunier, Tenreiro, et al., 2018; Meunier
et al., 2019). This is possible because underwater gliders can measure the properties of
slow-moving mesoscale structures with high temporal and spatial resolution. Here, four
glider missions were used to shed some light on the dynamics of phytoplankton in large
LCEs.

During autumn and winter, the passage of several cold fronts increased the turbu-
lent heat fluxes (latent and sensible) in the upper MLD of Poseidon, promoting grav-
itational instabilities inside the eddy core (Pérez et al., 2022). Thermal convection as-
sociated with (cold) northerly winds rapidly deepens the MLD (Pérez et al., 2022; Zavala-
Hidalgo et al., 2014), which in the LCE Poseidon reaches up to 170 m depth, very close
to the nitracline (Figure 5). A deeper MLD, closer to the nitracline, can increase the in-
jection of nutrients into the euphotic zone through vertical diffusion, as it occurs with
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salt (Sosa-Gutiérrez et al., 2020). The strong mixing during the passage of cold fronts
separates the physical response of the GoM between stratified and mixed conditions with
consequences for the local phytoplankton populations.

A stratified water column led to the development of a well-defined DCM, which is
maintained until winter mixing tends to homogenize the bio-optical properties in the up-
per 200m (Figure 6). The presence of DCM and the lack of sub-surface maximum in the
by, 700 signal during summer and spring (Figure 6a and b), suggests that the DCM arises
from photoacclimation in response to the low-light levels at the bottom of the produc-
tive layer. A result that agrees with Linacre et al. (2019), which found a higher biomass
of autotrophic organisms at the surface during summer.

A photoaclimation-driven DCM in the GoM has been reported since the work of
Steele (1964). Steele’s ideas were indeed included in the framework developed by Cullen
(2015) to explain the mechanisms generating DCMs under different trophic regimes, point-
ing out that DCMs produced by photoacclimation are characteristic of oligotrophic en-
vironments, as has already been observed in several studies (Letelier et al., 2004; Bar-
bieux et al., 2018; Mignot et al., 2014) and more recently supported in the case of the
GoM deep waters (Linacre et al., 2019).

Changes observed in the relation between chlorophyll-a concentration and fluores-
cence are remarkable (Figure 2 and Table 2). The highest uncertainties in the model co-
efficients occur during winter (Table 2). Also, during the winter mission 0004, the high-
est dispersion from the fitted line was possibly associated with the sampling pattern. Af-
ter reaching the eddy center, the compass failed. Then, the glider started to drift with
the depth-averaged velocity, eventually close to the contour of maximum velocity. The
sampling pattern of the glider during mission 0004 convolves the spatial and temporal
variability as the glider moves anticyclonically within the LCE.

Variations in the physical and chemical conditions across the eddy can impact the
taxonomic composition or nutritional status of phytoplankton cells. As a consequence,
fluorescence emission can vary spatially inside the LCE. Hence, when analyzed together,
the measurements near the center and towards the peripheries, the combination of fac-
tors increase the bio-optical variability, complicating the use of a single linear relation
to derive the adjusted scale factor. In other words, the different factors affecting fluo-
rescence emission act as confounding factors in the regression analysis, reducing the ex-
plained variance by the linear model (72 = 0.46 in Table 2).

On the other hand, the highest slopes were obtained during missions 0004 and 0005
(winter), whereas missions 0003 and 0006 (summer) showed the lowest slopes(Table 1).
The variability in the magnitude of the slopes was not related to specific sensors. Glid-
ers in missions 0004 and 0005 used different fluorometers (SNs: 1374 and 1375), yet the
slopes were comparable (Table 1). Moreover, the same sensor (SN: 1374) was used dur-
ing missions 0003 and 0006, but slopes differed by one order of magnitude between them
(Table 1). Thus, the observed changes might be associated with seasonally dependent
biogeochemical processes.

A shift in the taxonomic composition of the phytoplankton populations can cause
changes in the slopes of the linear regressions because it is a factor of primary impor-
tance in the relationship between fluorescence and chlorophyll-a (Proctor & Roesler, 2010;
C. S. Roesler & Barnard, 2013; C. Roesler et al., 2017). The seasonal succession of phy-

toplankton groups between summer and winter can occur inside the LCEs and likely through

the GoM, and it will depend on at least two factors: (i) the winter mixing that redis-
tributes phytoplankton populations and (ii) the seasonal changes of the environmental
conditions (i.e. temperature, salinity, nutrient concentration, and irradiance). The re-
distribution of phytoplankton populations during winter was already considered in pre-
vious studies (Pasqueron et al., 2017; Linacre et al., 2015), while numerical models sug-
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gest changes in phytoplankton community composition (Damien et al., 2021; Gomez et
al., 2018). However, to our knowledge, it is the first time that observations support a shift
in the taxonomic composition of phytoplankton in the GoM based on in situ optical data.

During summer, bio-optical data indicate the presence of two types of populations:
(i) phytoplankton associated with the DCM with high chlorophyll-a and low b;,700, adapted
to environments with low light availability and temperature at the base of the produc-
tive layer; and (ii) phytoplankton living near the surface under higher irradiance and tem-
perature, characterized by low chlorophyll-a and high b;,700 (Figure 6a and b).

The occurrence of different groups along a stratified water column agrees with the
results of the cytometric and genetic analysis presented by Linacre et al. (2019). They
found high-light adapted ecotypes of Prochlorococcus at the surface and low-light adapted
cells at the base of the euphotic layer. During winter, these populations are mixed, but
lower irradiance and lower temperatures, driven by the upper ocean seasonal cycle can
favor the phytoplankton of the lower euphotic zone already adapted to low light and lower
temperatures. Here, it is important to note that fluorescence emission per unit of chlorophyll-
a increases as irradiance decreases in Prochlorococcus, and both chlorophyll-a concen-
tration and fluorescence emission, tend to be higher in low-light adapted ecotypes (Moore
et al., 1995). A succession of phytoplankton populations is thus possible at the ecotype
level of differentiation of the picoplanktonic Prochlorococcus.

Succession between different size groups (pico to nanophytoplankton) is also pos-
sible, and actually, it is a result of numerical simulations of the GoM’s ecosystem (Damien
et al., 2018; Gomez et al., 2018; Damien et al., 2021). It is an accepted paradigm in phy-
toplankton ecology, associated with changes in turbulence and nutrient availability (Cullen
et al., 2002; Margalef, 1978). Some opportunistic species of nanoplankton like Emilia-
nia huxleyi, could be favored during the winter conditions if the amounts of new nutri-
ents entrained in the euphotic layer are significant.

A winter increase of the nutrient concentration inside LCEs can be driven primar-
ily by vertical diffusion when the MLD reaches or extends below the nitracline (Damien
et al., 2021). Although the MLD does not reach the 25.5kgm~3 isopyncal (proxy of the
top of the nitracline; Figure 6), the entrainment of nutrients cannot be ruled out. Di-
rect observations of [N+N] profiles, including stations inside Poseidon during its early
stages, show that nitracline is shallower than the 25.5kgm~2 isopyncal (Lee-Sanchez et
al., 2022). Thus, it is concluded that the [N+N] depletion depth was shallower than the
MLD during winter inside the LCE Poseidon as indicated by the alternative proxy of the
nitracline (Figure 5a and b).

Hence, Pasqueron’s criteria, used here to define the [N+N] depletion depth, flaws
inside the large LCE Poseidon. However, alternative methods are also error-prone when
large LCEs are analyzed. Indeed, (Veldsquez-Aristizébal et al., 2022) showed that was
difficult to predict the vertical distribution of nutrients within the LCE Poseidon based
on hydrographic proxies, given its anomalously low concentration of nutrients in upper
layers. It means that nitracline-VA22 used here can be an underestimation.

Another result that supports the increase in nutrient concentration in the euphotic
zone, is indeed based on the seasonal cycle of the chlorophyll-a and b,700 integrated in
the upper 200 m. Whereas the chlorophyll-a seasonal cycle can be questioned due to the
changes in the relation between chlorophyll-a and fluorescence (Figure 2), the b;,700 is
a proxy of phytoplankton carbon (Graff et al., 2015) that increases during winter, in phase
with the chlorophyll-a concentration (Figure 7). This concomitant change of bio-optical
variables supports the idea of a winter enhancement of the phytoplankton biomass, which
is difficult to explain without invoking nutrient injection. Especially inside the core of
LCEs which remained isolated from surrounding waters.
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Figure 8. Winter bio-optical variability and its relation to the changes of the MLD and Sver-
drup’s critical depth. Only winter data was used because is the season when MLD reaches its
maximum depth, whereas irradiance decreases by the solar cycle and the shorter day length. In
the upper panel, green bars represent the integrated chlorophyll-a in the upper 200 m, while the
integrated by, 700 (proxy of phytoplankton carbon) are to the brown bars. Data were daily aver-
aged, and the the MLD (gray bars) and Sverdrup’s critical depth (black-dotted line) are depicted.
According to Sverdrup (1953), low irradiance can inhibit a net phytoplankton growth when MLD
exceeds the critical depth.

Alternative explanations for the increase in the by, 700 during winter can be related
to changes in phytoplankton composition, as in the case of the chlorophyll-a fluorescence.
However, what process could promote changes in phytoplankton composition? Again,
the answer can be associated with the increase in the nutrient concentration by verti-
cal diffusion, which arises as a plausible and parsimonious process to explain the observed
patterns in the bio-optical variables. Nonetheless, the increase in phytoplankton biomass
during winter can be modified by changes in the loss-term (i.e. grazing, viral infection,
sinking) of phytoplankton cells, as suggested in other studies (Behrenfeld, 2010; Behren-
feld & Boss, 2014).

A comparison between the MLD and Sverdrup’s critical depth is used to assess the
light effects on phytoplankton growth. The analyses showed that inhibition due to low-
light conditions during winter does not occur for extended periods. MLD only exceeds
the critical depth for short time lapses of 1-3 days (Figure 8). As the computation of the
critical depth relied on constant Kd(PAR) and Ed., the variability is produced by changes
in the irradiance at the sea surface, probably by the cloud coverage associated with the
passage of cold atmospheric fronts. In addition, the DCM followed approximately the
depth of the 0.08 isolume, indicating that phytoplankton is photoacclimated, and pre-
sumably cannot fix carbon through photosynthesis below this threshold on irradiance,
in agreement with experimental works (Moore et al., 1995).

Finally, high-frequency variability in the bio-optical properties is noticeable, espe-
cially on chlorophyll-a estimated from in vivo fluorescence, which is a variable that re-
sponds rapidly to the changes in irradiance (Lewis et al., 1984). Patches of enhanced sub-
surface chlorophyll-a concentration occur inside the mixed layer at 5-day periods (Fig-
ure 6b). This variability is related to the passage of cold fronts, characterized by bursts
of high speed lasting a few days and influencing the upper layer in the GoM, by turbu-
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lent heat exchange and mechanical input of energy during autumn and winter seasons
(Pérez et al., 2022; Zavala-Hidalgo et al., 2014). These processes occurring at 5-day pe-
riods can not be resolved by profiling the water column every 10-14 days with Argo floats,
highlighting the capabilities of gliders to capture the ocean’s short-term variability, which
can impact phytoplankton dynamics (Platt et al., 1989). Thus, glider data can comple-
ment observations made with other valuable platforms monitoring the ocean at other scales
such as the Argo floats and research vessels.

High-frequency variability of bio-optical properties is out of the scope of this pa-
per. Future work will focus on assessing the effect of atmospheric forcing (wind and air
temperature) on the occurrence and shutdown of strong convective turbulence, which
can modulate phytoplankton dynamics (Lewis et al., 1984; Taylor & Ferrari, 2011). In
addition, the role of Ekman pumping could be important especially when the MLD re-
mains close to the top of the nitracline as occurred in the LCE Poseidon.

5 Conclusions

Analyses of physical and bio-optical measurements collected by underwater glid-
ers showed concomitant seasonal variability between vertically integrated chlorophyll-
a, and particle backscattering coefficient with maxima during winter. The relation be-
tween chlorophyll-a concentration and fluorescence was complex during winter, and es-
pecially during mission 0004. Seasonal varying slopes obtained from the linear regres-
sions between chlorophyll-a and fluorescence could be related to changes in phytoplank-
ton composition, as a response to the changes in temperature, nutrient concentration,
and irradiance. Indeed, an enhancement in the nutrient concentration in the euphotic
zone by vertical diffusion increased the phytoplankton biomass inside Poseidon LCE, which
is supported by the increase in by,700. Comparison between the MLD and the Svedrup’s
critical depth suggests that low light during winter conditions is not a limiting factor for
most of the year but, it can occur during short lapses of time of 1-3 days given the cloudy
atmospheric surges. The present work is in good agreement with previous findings based
on numerical simulations, but new questions arise. The importance of top-down processes
in the regulation of phytoplankton standing stocks was not solved, and its assessment
continues to be a question mark in the ecosystem dynamics of the GoM during winter.

6 Open Research

The data used in this work can be downloaded on the group website (https://gliders
.cicese.mx/), for the review process, and access can be granted by request to the cor-
responding author and lead of the project EPS.
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