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Abstract The North Atlantic Subtropical Gyre (NASTG) has experienced the fastest expansion of
oligotrophic waters worldwide in response to ocean warming. We study the trophic regime changes in the
NASTG by using 21 years (1998-2018) of satellite chlorophyll-a (CHL) data, complemented with other
variables such as Sea Surface Temperature, optical backscatter coefficients (bbp), Secchi disk (zgp), and
Mixed Layer Depth. To this aim, we describe the spatial/temporal variability of waters with the lowest CHL
concentrations (CHL < 0.04 mg m~3) with an inter-annual variability analysis of key environmental variables.
Main results demonstrate that these ultra-oligotrophic waters are spatially expanding and increasing in
frequency, shifting the NASTG to a dominant quasi-permanent ultra-oligotrophic condition, thus confirming
the ongoing ocean desertification.

Plain Language Summary Oceanic subtropical gyres have a fundamental role in the global carbon
budget due to their immense ecosystem size even if they are characterized by oligotrophic waters. In the last
decades, the North Atlantic Subtropical Gyre (NASTG) has experienced the fastest expansion of oligotrophic
waters worldwide with an enlargement in response to the ongoing ocean warming. Here, we study the trophic
regime changes in the NASTG by using 21 years (1998-2018) of satellite phytoplankton chlorophyll-a (CHL)
data, complemented with other environmental variables such as Sea Surface Temperature, suspended particle
concentration, water transparency, and Mixed Layer Depth. To this main goal, we describe the spatial and
temporal variability of waters characterized by CHL < 0.04 mg m~3 together with an inter-annual variability
analysis of the key oceanic variables introduced. The main findings demonstrate that these ultra-oligotrophic
waters are spatially expanding and increasing in frequency, shifting the NASTG to a dominant quasi-permanent
ultra-oligotrophic condition, confirming the ongoing impactful ocean desertification.

1. Introduction

The key contribution of the oceanic subtropical gyres in defining the global carbon budget is well recognized
(Dave et al., 2015). Globally, the subtropical gyres occupy approximately 40% of the surface of the Earth and
are characterized by oligotrophic conditions, that is having weak supply of new nutrients, low phytoplankton
biomass and primary production at the surface (Polovina et al., 2008). Despite this trophic condition and their
consequent relatively weak and inefficient export of carbon from the euphotic zone (Henson et al., 2012), they do
anyway significantly contribute to the global export production because of their immense ecosystem size (Dave
et al., 2015; Polovina et al., 2008).

The North Atlantic Subtropical Gyre (NASTG) is bounded on the northern side by the more productive waters of
the subpolar gyre, while, conversely, the southeastern and southwestern borders reflect the West African coastal
upwelling zone and the Amazon outflow region, respectively. Oligotrophic conditions, historically set with surface
chlorophyll-a concentration (CHL; mg m~3) values <0.1 mg/m~ (sometimes delimited by CHL < 0.07 mg m~3),
are mostly in the central and western portions of the gyre. A lobe of the oligotrophic waters extends also south
toward the tropics. Seasonally, the oligotrophic waters expand in summer, largely coinciding with the area of the
NASTG, while they contract considerably during the winter season (Figure 1). Such seasonal change is strongly
identified by the northward/southward shift of the boundary between the NASTG and the subpolar region, which
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is to be considered as defined by the separatrix of the geostrophic stream function (Dave et al., 2015; see their
Figure 1).

In the last decades, several studies based on satellite observations have suggested that oligotrophic waters are
experiencing a geographical increase in response to ocean warming (e.g., Irwin & Oliver, 2009). In this regard, the
concurrent increase of Sea Surface Temperature (SST) and decrease of phytoplankton biomass has been widely
documented (Gregg & Conkright, 2002; Gregg et al., 2005; Martinez et al., 2009). Polovina et al. (2008) reported
that, from 1998 until 2006, the oligotrophic waters (defined as those verifying the condition CHL < 0.07 mg m~3)
within the subtropical gyres of the major oceans (e.g., Atlantic and Pacific) had been expanding at average yearly
rates between 0.8% and 4.3%/yr, mainly during the winter season and in response to the increase of SST. In
particular, the fastest expansion of oligotrophic waters worldwide was observed within the area of the NASTG,
which experienced an enlargement of around 56% between 1998 and 2006, causing substantial impacts on the
entire North Atlantic Ocean ecosystem (i.e., decrease of primary production; Behrenfeld et al., 2006).

Long-term changes in ocean biology of the NASTG have been previously studied by means of satellite CHL
observations with limited time coverage (e.g., 1997-2008 in Behrenfeld et al., 2006; 1998-2006 in Polovina
et al., 2008; 1998-2010 in Siegel et al., 2013). However, it has been well demonstrated that satellite CHL alone
cannot always give a reliable estimation of phytoplankton concentration in the subtropical gyres, being strongly
influenced by physiological processes (i.e., photoacclimation) (Bellacicco et al., 2020; Siegel et al., 2013).
Photoacclimation is the phytoplankton response to fluctuations in light, nutrients, and temperature with phys-
iological strategies that enhance the efficiency of light capturing and photosynthetic capacity, growth, and
persistence by the regulation of the pigment amounts (e.g., CHL) and other components of the photosynthetic
machinery (e.g., electron transport chain). It can be detected from space by the use of the phytoplankton CHL to
carbon biomass (CHL:Cphym) ratio (Behrenfeld et al., 2015; Halsey & Jones, 2015). In addition to this, a robust
detection of long-term changes would require climatologies to be computed on a time series covering a period
of at least 30 years (WMO, 2017), allowing with such length of observations to have a robust identification of
typical values to refer to. It derives that most previous studies based on the use of satellite CHL time-series with
a reduced length had critical caveats for reliable climate change interpretations (Dutkiewicz et al., 2019).

This work revisits the ocean biology and trophic regime changes in the NASTG by using 21 years (1998-2018)
of satellite time series of CHL, which is analyzed together with other variables such as SST, particulate optical
backscatter coefficient (bbp, m~!), Secchi disk depth (zg,, m), and Mixed Layer Depth (MLD; m). bbp is an
inherent optical property related to the particle concentration in seawater and to the size distribution, refractive
index, shape, and structure (Stramski et al., 2004). Most of b, in open clear waters is due to particles with
equivalent diameters between 1 and 10 pm (Organelli et al., 2018), thus including the contribution of pico- and
nano-phytoplankton and non-algal particles (Organelli et al., 2020). Since by, is commonly used as a proxy of
Conyio (Behrenfeld et al., 2005), it enables the characterization of phytoplankton physiological strategies, coupled
with CHL, giving thus new insight on phytoplankton dynamics both in space and time. To complement the opti-
cal view of the NASTG, we also include zg,, which partly correlates to b, but is also influenced by light absorp-
tion by suspended particles and dissolved substances, thus being a measure of water transparency and directly
related to diffuse light attenuation (Lee et al., 2015). Finally, MLD provides information on vertical mixing and,
if deep enough to reach the nutricline, on potential nutrient supply from the deeper layers also.

We describe the temporal variability of waters with low CHL concentrations using satellite observations, explor-
ing different criteria for their definition. Then, we describe the spatial variability of the waters characterized by
the least CHL concentrations for the entire period and, lastly, we analyze the inter-annual variability of key envi-
ronmental variables in the area thus found to better characterize long-term ocean biology changes in the NASTG.

2. Data and Methods
2.1. OC Data Sets

We use the extensive time series of Ocean Color (OC) data (1998-2018) from the European Space Agency (ESA)
OC Climate Change Initiative (CCI) project (Sathyendranath et al., 2019) v4.2 Level 3 (gridded). The ESA
OC-CCI project aims at creating a long-term, consistent, uncertainty-characterized time series of OC products,
to be used in climate-change studies. OC-CCI products result from the merging of SeaWiFS, MERIS, MODIS,
and VIIRS data, and in version 4.2 here used the inter-sensor biases are removed respect to previous versions
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Figure 1. (a) Annual, (b) Winter (December, January, and February), and (c) Summer (June, July, and August) mean of
chlorophyll-a (CHL) for the period 1998-2018. Black contour lines indicate CHL isolines for 0.04, 0.07, and 0.1 mg m~3
thresholds. CHL minima is reported in yellow.

including the latest NASA reprocessing R2018.0 that mostly accounts for the aging of MODIS (https://docs.pml.
space/share/s/dPL4zFuaT_eFa-mTLU9nQA).

We downloaded daily CHL data at 4 km resolution from the ESA OC-CCI portal, and added the correspond-
ing bias for each value. Extensive explanations about the bias application can be found in Sathyendranath
et al. (2019). We downloaded daily Remote Sensing Reflectance (R,; in sr~') time-series at 4 km resolution
from the ESA OC-CCI portal over the area of study adding the corresponding bias. Daily R ; were then used to
compute monthly by at 443 nm after the application of the QAA algorithm with Raman correction included,
following the recommendations in Pitarch et al. (2020), which increased the accuracy of retrievals. zy, monthly
data for the period 1998-2018 were downloaded from PANGAEA (Pitarch et al., 2019, 2021), where the data
were estimated by applying Lee et al. (2015) algorithm on OC-CCI v4.2 R | data.

All OC variables (CHL, by, and zg,) are derived from the same ESA OC CCl daily R, but result from different
algorithms, which may affect space-time data coverage of individual variables (see Figure S1 and Table S1 in

Supporting Information S1).

s’

2.2. SST Data Set

We use the ESA-CCI SST data set v2.0, which provides global daily satellite-based SST data covering the period
from September 1981 to present, distributed in the Climate Data Record (CDR). The data set is designed to
provide a long-term, stable, low-bias CDR derived from different infrared sensors, that is, the AVHRR, (A)
ATSR, and SLSTR series of sensors (Merchant et al., 2014, 2019). We download the Level 4 product v2.0, which
consists of spatially complete (optimally interpolated) maps of global daily average SST at 20 cm nominal depth
at 0.05° x 0.05° regular grid (Donlon et al., 2012).

2.3. MLD Data Set

MLD data were extracted from the ARMOR3D Level 3 reprocessed data set, which is an observation-based 4D
reconstruction of the global ocean state obtained from the combination of in situ and satellite data (Guinehut
et al., 2012), and provides weekly fields of different variables at a nominal 0.25° latitude-longitude resolution,
over 50 vertical levels from the surface down to 5,500 m depth (see Supporting Information S1). It is dissemi-
nated by the Copernicus Marine Service (CMEMS) (see CMEMS-Product User Manual).

Here, all variables have been remapped to a common 1° X 1° spatial grid sufficient to resolve the broader ocean-
ographic scales of variability for the common period 1998-2018. The Multivariate Singular Spectral Analysis
method is used to fill the gaps of the L3 data sets used for the study: Chl, by, zg,, and MLD. All monthly data
sets interpolated present a low fraction of average gaps (Figures S1, S2 and Table S1 in Supporting Informa-
tion S1). For mathematical and more details see Supporting Information S1 and Ghil et al. (2002), Kondrashov
and Ghil (2006), and Kondrashov et al. (2010).
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Figure 2. Annual average area characterized by values chlorophyll-a < 0.04-0.1 mg m~3 (upper panel) and average annual
number of months when such oligotrophic conditions occur (lower panel) for the period 1998-2018 in the North Atlantic
Subtropical Gyre.

3. Results and Discussion

The changes of the temporal evolution in CHL data for the entire period 1998-2018 are inspected while defining
CHL thresholds in the range of values between 0.04 and 0.1 mg m~>. Our aim is to understand which threshold
better defines the waters which experience the most impactful changes in the last decades. The average annual
area characterized by CHL values less or equal than the different thresholds together with the average number of
months through the year when such oligotrophic conditions occur are shown in Figure 2. If all threshold choices
exhibit a general increase tendency in the area coverage (upper panel of Figure 2), it is worth noting how the
most ultra-oligotrophic waters (i.e., CHL < 0.04 mg m~3) are the ones which experience the highest percentage
difference when comparing the average value of the last and the first 4 years of observations. Indeed, if the area
with CHL values <0.1 mg m~ experiences a growth of 4.9% and observations of CHL < 0.07 mg m~> experi-
ence an increase of 11.5%, the ultra-oligotrophic waters being CHL < 0.04 mg m~3 show an increase of 96.3%.
This discrepancy is also confirmed in terms of rates of change per year having 21.6% for the 0.04 mg m=> limit
compared to 1.4% and 0.5% for the 0.07 and 0.1 mg m~3 limits, respectively. The fact that the ultra-oligotrophic
waters are the most sensitive to an increase in the 1998-2018 period is even more evident when observing
the average annual occurrences (lower panel of Figure 2). Indeed, if observations with values less or equal to
0.04 mg m~ would arise on average twice a year in the initial years, at the end of the period we see approxi-
mately a doubling of average occurrences per year. In other words, when considering the first and last 4 years,
the percentage increase of average ultra-oligotrophic occurrences is 53.8% compared to 7.6% for 0.07 mg m~3,
and to 2.6% for 0.1 mg m~3 (as before, these results are shown to be robust for rates of changes per year, Table S2
in Supporting Information S1 for details). This outcome is not affected by data availability before gap-filling is
performed, indeed the <0.04 mg m~ waters show no direct correlation with the monthly CHL valid observations
(Figure S3 in Supporting Information S1). Also, by excluding the 1998 values, which are very low if compared
with subsequent years, the difference between the thresholds' percentage changes of area and annual occurrences
remains sharp (Table S2 in Supporting Information S1). This leads us to choose the 0.04 mg m~3 limit for deepen-
ing our understanding of the ultra-oligotrophic regime evolution, differing from Polovina et al. (2008) and Dave
et al. (2015) where a similar analysis was conducted using the threshold of CHL of 0.07 mg m—. In this respect,
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Figure 3. Area characterized by chlorophyll-a < 0.04 mg m~3 for the period 1998-2018 in the North Atlantic Subtropical
Gyre. The average number of months per year when this condition is verified is depicted as pixel color. The largest box
having non-null occurrences during all years is in red.

for the 0.07 mg m~3 limit, occurrences are seen to be fairly stable around 6 months per year and exhibiting only
a slight increase in the period under study.

Spatially, the observations of waters characterized by the 0.04 mg m~3 limit from 1998 until 2018 are confined to
the NASTG from 1998 until 2018 (Figure 3), concentrated in the core of the gyre as expected for this area (Gregg
et al., 2005). From 1999 to 2009, the occurrence of such conditions became more frequent with an average of four
to five monthly observations per year, reaching in some areas peaks of 7-8 months per year. In other words, if the
ultra-oligotrophic regime initially appears as an infrequent condition, with a restricted spatial expansion and low
annual average pixel-wise occurrences, by the end of the time series it occurs for half of the year on average and
covers a wider area in the core of the NASTG.

Both figures also highlight the non-linearity of the changes that have affected the NASTG throughout the period
of study. In 2010 and 2011, there was an abrupt increase of CHL and a subsequent decrease of ultra-oligotrophic
waters within the NASTG. Indeed, in these years, CHL takes the highest values of the entire time series. Then,
from 2013 onwards, the ultra-oligotrophic waters returned to prevail in the core of the NASTG with a strong
and faster geographical expansion combined with a rise of annual pixel-wise frequency, equal or greater than
6 months in the last years of the series. Therefore, the variations in shape and size of the area delimiting the clear-
est waters, are accounting for a shift to a dominant quasi-permanent ultra-oligotrophic condition of the NASTG's
core. By using the other thresholds, such as the 0.07 or 0.1 mg m~3 (Gregg et al., 2005; McClain et al., 2004)
those spatial and temporal expansions could not be observed, not allowing for a real comprehension of the actual
ocean desertification of the NASTG.

With the objective of achieving a more effective picture of the ocean biology and regime changes in the area iden-
tified by values of CHL < 0.04 mg m~3, namely responding to the ultra-oligotrophic condition, here we describe
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the inter-annual variability of additional essential oceanic variables over the period of analysis (Figure 4; Figure
S4 in Supporting Information S1).

Annual averages of CHL (Figure 4; continuous lines) steadily range around 3.6-3.7-10~2 mg m~3 until 2010,
reaching the maximum values (~3.8 mg m~3) during the 2010-2012 years, in correspondence with SST lowest
values (~22.5°C), and then experiencing a sharp decrease until 2018, again concurrent to the rise of SST which
reaches its maximum value on average (~23.8°C). Indeed, SST and CHL for the ultra-oligotrophic waters are
highly anti-correlated (—0.65), while for the other limits this relation is not encountered as sharp (—0.33; Figure S4
in Supporting Information S1). This is consistent with previous works based on satellite observations (Behrenfeld
et al., 2006) and in-situ measurements in which a decrease of CHL and chlorophyll-b, as well as primary produc-
tion, are found in response to a rapid increase of SST for the period 1998-2018 (Bates & Johnson, 2020; D’Alelio
et al., 2020).

Because of the well-known photoacclimation processes's strong influence in the subtropical gyres (Barbieux
etal., 2018), the use of b, and of CHL:b,,, ratio could help to understand the reported temporal patterns. Indeed, it
is known that by, is a better proxy to describe phytoplankton carbon biomass, C ;. (¢.g., Behrenfeld et al., 2005;
Bellacicco et al., 2020; Westberry et al., 2008) respect to CHL alone, hence can help to distinguish between
phytoplankton standing stocks and physiological adjustment (see Figure 1 in Bellacicco et al., 2016). In Figure 4
(continuous lines), it can be observed how the b, time series shows a different temporal pattern in respect to
CHL, exhibiting its maximum values in initial years of ~1.1-107 m~!, followed by a strong decrease, and then
remaining fairly stable around 0.9-10~ m~' from 2003 onwards showing range of magnitude comparable with
previous works (Bellacicco et al., 2018; Dall’Olmo et al., 2012). Here, the CHL:b,, ratio experiences an increase
until 2004, followed by a slight descending but fairly stable phase until 2010, after which it decreases almost
linearly until the end of the series (Figure 4; Figures S5-S7 in Supporting Information S1). The CHL: b, increase
until 2004 can't be unraveled as distinctly. As a matter of fact, since in those years the ultra-oligotrophic waters are
very limited in space, this behavior may be related to different causes that cannot be disentangled, for example, a
non-conserved particle size distribution, or a strong contribution of non-algal backscattering particles (Bellacicco
et al., 2019) as well as a mix of variations of phytoplankton biomass and physiological adaptation. From 2010 to
2012, the CHL: b, reduction could be mostly driven by phytoplankton standing stock changes. This could be due
to the concurrent drop-off of SST to minimum values (which can be interpreted as a surrogate of nutrient stress;
Switzer et al., 2003) together with CHL highest values and corresponding b,,, increasing until 2012. The follow-
ing CHL:b,,, reduction, until 2014, could be interpreted mostly due to physiology adaptation of phytoplankton
to the rapid increase of SST that reach its maximum values (and consequent high nutrient stress) which impact
particularly the core of the area under study (Figures S5-S7 in Supporting Information S1) with concurrent slight
deepening of MLD coupled to a sharp enhancement of zg, (and indirectly light availability). Light-harvesting
components are rich in nitrogen, making CHL an expensive-nitrogen investment for a cell when nutrients are
limited. In this period, nutrients are limited due to the SST increase, while light availability is not, so phytoplank-
ton do not need more CHL to photosynthesize and CHL:b,, tends to decrease (Behrenfeld et al., 2005).

On the other hand, zg, shows a reversed regime if compared to b, with an overall increase during the whole
period, ranging from its minimum of 45 m in 1998 and reaching its maximum of 48 m in the latest years, account-
ing for a slight increment of transparency confirming what has been observed by Boyce et al. (2010, 2014) and
recently in Pitarch et al. (2021). Similarly, MLD encountered a deepening in the whole 1998-2018 period, rang-
ing from its lower values of 19-20 m in the early years to its higher values of 26-27 m at the end of the series,
being positively correlated with SST (0.59; Figure S4 in Supporting Information S1) and indicating that the role
played by warming waters as a driver of oligotrophic condition is not through a local stratification increase. Such
increase is completely in accordance with low phytoplankton CHL concentration since the light availability and
nutrient supply induced by vertical mixing for phytoplankton is necessarily limited (i.e., the nitracline is located
around 100 m; Organelli & Claustre, 2019), and values are in the range reported by Palter et al. (2005), Dave and
Lozier (2013), and Dave et al. (2015). It is to be noted that the slight deepening of the MLD of around 6-7 m, is
possibly modulated by weather conditions such as the increased wind stress in the North Atlantic area (Lozier
et al., 2011; Figure S4 in Supporting Information S1).

Even if in the entire region SST results to be fairly stable during the 21 years analyzed, when evaluating its aver-
age value in the restricted ultra-oligotrophic region the series does show a higher variability and a clear increase
(Figure 4f and Figure S5 in Supporting Information S1). It is also of importance, if thinking of ocean warming
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Figure 4. Time series of annual (a) chlorophyll-a (CHL), (b) bbp, () CHL:bbp ratio, (d) zgp,, (e) Mixed Layer Depth, and (f)
Sea Surface Temperature averaged where CHL < 0.04 mg m~? during the 1998-2018 period, and for the red fixed area of
Figure 3 (dashed lines). Average annual occurrences are shown in the last panel (g).
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as the main forcing in the area of the environmental inter-annual long-term variability (Boyce et al., 2014), in
particular of CHL variations, to consider the fact that the 21 years under analysis in our work, 1998-2018, are
actually part of a longer warming oscillation. This can be evidenced by already looking at the complete ESA CCI
SST data set, which covers nearly 40 years from 1982 to present. A linear trend of 0.02 + 0.002°C/yr in the North
Atlantic Ocean is shown in Figure S8 in Supporting Information S1. When analyzing a longer temporal SST
series given by the HadISST 1850-onwards data set, this long-varying warming oscillation is even more evident,
and clearly suggests this tendency condition in the North Atlantic will sharpen.

Consistent results are obtained for all time series also when evaluating variables over the largest fixed box which
shows non-null occurrences of CHL < 0.04 mg m~ during all years (Figure 4, dashed lines). All time series
depicted in Figure 4 include confidence intervals on the annual averages estimated through a bootstrapping proce-
dure based on a Monte Carlo approach implying 1,000 resamples with replacement (Efron & Tibshirani, 1993),
attaining at least two orders of magnitude lower than the annual average values.

4. Conclusions and Future Perspectives
The main conclusions of this work are:

e Previously published articles that investigated the areal increase of oligotrophic waters in the oceanic subtrop-
ical gyres used CHL thresholds of 0.07 or 0.1 mg m~ to define the oligotrophic regime. Since these limits
do characterize the NASTG in all months, they do not allow observing the expansion of the oligotrophic
condition in the area (Polovina et al., 2008), hence motivating our study to focus on the most oligotrophic
waters characterized by CHL < 0.04 mg m~3. Furthermore, since environmentally driven physiology plays an
important role in the CHL patterns, rather than changes in biomass, we suggest the coupled use of CHL and
by, as important to understand phytoplankton dynamics and trophic status changes.

e Inthe last 21 years, low CHL waters (CHL < 0.04 mg m~3) have displayed a non-linear change pattern, though
overall expanding in space and increasing in frequency, with respect to the beginning of the time series,
accounting for an area growth of around 96.3% and an increase of average monthly occurrences per year of
53.8% (Figures 2 and 3). This expansion and prevalence tendency is found to be concurrent with a marked
increase of SST (Figure 4), but also associated with a deepening of the MLD. These observations thus point
to a role of ocean warming in determining a sharpening of the oligotrophic conditions within the subtropical
gyre that is more complex than the local stratification increase and vertical nutrient flux reduction.

Future work in this pathway may include: (a) combination of long-term satellite data and multi-years autonomous
platforms observations (e.g., Biogeochemical-Argo floats) to better understand how ocean warming impacts the
ocean biology of the NASTG along the fourth-dimension of the ocean, coupling biogeochemical and physical
variables and (b) to quantify and characterize the impact of the ultra-oligotrophic waters expansion on the biolog-
ical carbon pump (carbon exports) in the NASTG over the last decades.

Data Availability Statement

Daily R, and CHL Level 3 can be found at: https:/catalogue.ceda.ac.uk/uuid/99348189bd33459cb-
d597a58¢30d8d10. Monthly Level 3 zgy, data set can be found at: https://doi.org/10.1594/PANGAEA.904266.
ESA CCISST Level 4 can be found at: http://dx.doi.org/10.5285/62c0f97bleac4e0197a674870afe1ee6. HadISST
data set can be found at: https://doi.org/10.5065/XMYE-AN84. ARMOR3d MLD is available at https://doi.
org/10.48670/moi-00052. Monthly CHL, by, zgp,, and MLD data at 25 km resolution optimally interpolated for
the North Atlantic Ocean can be found at the following link: https://doi.org/10.5281/zenodo0.6326109. Codes to
replicate Figures 2—4 are freely available at https://doi.org/10.5281/zenodo.6327488.
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