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Abstract

Hurricane Lorenzo was the easternmost Category 5 Atlantic hurricane on
record. The impact of this exceptional storm on North Atlantic sea surface
temperature, mixed layer depth and chlorophyll-a concentrations is
investigated in this study using high-resolution daily interpolated satellite,
historical in-situ vertical profiles, and model-derived datasets. Results show
that Lorenzo induced strong sea surface cooling up to -2.5 °C, modest
increases in the MLD (5 to 30 m on average), and a significant increase in
chlorophyll-a from 100 up to 250% relative to pre-storm conditions. Impacts
were observed over a ~200 km-wide band along the right-hand side of the track
and persisted for more than 10 days. Chlorophyll-a from different
phytoplankton functional types were also examined. All major groups showed
increased chlorophyll-a levels. Prokaryotes and Haptophytes dominated across
the region both before and after the storm, though their relative dominance
shifted at higher latitudes (35-40°N), where Haptophytes surpassed
Prokaryotes as the leading community. Results highlight the distinctive
imprint of this anomalous hurricane on the upper ocean, provide insights into
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alterations in phytoplankton communities and enable future comparisons for
extreme atmospheric events in subtropical to midlatitude ocean.

Keywords: hurricane; tropical cyclones, chlorophyll-a; sea surface temperature;
phytoplankton

1. Introduction

Tropical cyclone (TC) is the generic term for a rapidly rotating low-
pressure weather system over tropical or subtropical waters. In the
Atlantic, when a TC reaches maximum sustained winds of at least 119
km/h it is defined as a hurricane [1]. In general, TC and hurricane
activity in the Atlantic occur from July to November, and major
hurricanes form in the Main Development Region, defined as the
tropical North Atlantic south of 21°N and the Caribbean Sea [2]. The
Saffir-Simpson scale classifies hurricanes in terms of the intensity of
their sustained winds, starting in Category 1 (119-153 km/h) and ending
in Category 5 (>252 km/h). Hagen and Landsea (2012) [3] reported 10
Category 5 hurricanes over the period 1992-2007; thus, approximately
one every 1 to 2 years.

The extreme winds of TCs induce strong vertical mixing within the
water column and have the capability to significantly alter the vertical
thermal structure of the upper water column. Along their track, mixing
leads to a cooling of the sea surface from 1 up to 4°C with most changes
occurring along the right-hand side [4,5,6]. Price (2009) [7] refers 100 m
as a typical depth of vertical mixing by a Category 3 hurricane. Mixing
induces changes in the depth of the mixed layer, which is the upper layer
with homogenized properties. From an initial MLD of 30 m, models
have shown mixed layer depths (MLDs) reaching 60 m, and in some
areas up to 95 m [1]. Cooling in the upper layer is generally considered
to result mainly from wind-driven mechanical mixing, which entrains
subsurface colder water from below into upper layers and accounts for
85% of surface cooling, with the rest of cooling associated with heat
losses to hurricane passage [1]. Through intense mixing, TCs also impact
biogeochemical processes through changes in the vertical distribution of
phytoplankton and nutrients in the upper part of the water column.

Biological impacts of Atlantic TCs and hurricanes have been
assessed with ocean color and infrared satellite imagery. Davis and Yan
(2004) [8] and Babin et al. (2004) [9] demonstrated that TCs passage
induced decreases in sea surface temperature (SST), mixed layer
deepening, and increases in surface chlorophyll-a concentration (CHL)
in two different ocean environments as the northeast coast of the United
States (eutrophic) and the Sargasso Sea (oligotrophic regime). Babin et
al. (2004) [9] observed CHL enhancements of 5%-91%, persisting for 2—
3 weeks after TCs, with stronger storms evidencing larger responses.
The persistence and the lagged CHL response (few days) was consistent
with  nutrient-induced phytoplankton blooms, with additional
contributions likely arising from mixing of the deep chlorophyll
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maximum (DCM). Walker et al. (2005) [10] also documented SST
decreases and CHL increases along the TC track consistent with mixing
of the DCM and enhanced growth from vertical inputs of nutrient-rich
subsurface waters. Shropshire et al. (2016) [11] highlighted distinct
responses to TCs in the Gulf of Mexico and the Sargasso Sea likely from
contrasting depths of the DCM and the nutricline. Other regions beside
the Atlantic are also affected by TCs. For instance, in the South China
Sea, Zhao and Wang (2018) [12] investigated the impact of 74 TCs on
CHL on a seasonal basis, while Li and Tang (2022) [13] found stronger
CHL responses in the continental shelf (115%) compared to the open sea
areas (57%).

Phytoplankton species exhibit distinct distribution patterns across
the global ocean, driven by regional differences in nutrient availability,
temperature, and light conditions [14,15,16]. They can be grouped into
different Phytoplankton Functional Types (PFTs), such as diatoms,
coccolithophores, cyanobacteria, and dinoflagellates, which differ in
their ecological roles and biogeochemical functions, contributing
differently to productivity, carbon export, and nutrient cycling [17].
Although the effects of TCs on CHL are well documented, few studies
examined their impact on specific PFTs [18,19]. Avila-Alonso et al.
(2023) [19] studied the impact of Hurricane Fabian (2003) based on a
marine ecosystem model showing increases in all PFTs in the tropics
(except for Prochlorococcus) associated with enhanced nutrient
availability and limited zooplankton grazing. However, the model did
not capture significant PFT perturbations in subtropical latitudes (north
of 25°N). Mao et al. (2019) [18] also reported changes in phytoplankton
assemblages following TC passages in the south China Sea based on
water samples from cruise data, with dinoflagellates thriving while
Bacillariophyta (diatoms) and Cyanophyta (prokaryotes) declined.

This study investigates the physical and biological latitudinal
impacts of Hurricane Lorenzo, the easternmost Category 5 Atlantic
hurricane on record [20]. This uncommon storm formed from a tropical
wave that moved off West Africa, developed into a Category 1 hurricane
by 25 of September of 2019 (Figure 1).
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Figure 1. “Best track” positions of Hurricane Lorenzo from 00:00 UTC on 25 September
to 12:00 UTC on 2 October 2019. The term “Best Track”, as defined by NOAA, refers to
the most reliable post analysis estimates of TC track and intensity, derived from a

comprehensive assessment of all available data.

Subsequently, it rapidly intensified, reaching Category 5 hurricane
strength on 29 September around 24°N, when the peak intensity was
reported, with maximum 1-min sustained winds of 259 km/h and lowest
pressure of 925 hPa [20]. Strong shear, dry air, and ocean cooling then
weakened it to Category 2. Later on 2 of October moved west of Azores
Archipelago (~38°N) as Category 1, where it resulted in the strongest
local winds in 20 years [21]. Over its almost longitudinal course it
affected the subtropical (~15°-35°N) and midlatitude (~ 35—45°N) North
Atlantic. The affected subtropical area is generally characterized by low
surface biomass relative to higher latitudes with persistently low surface
CHL and a DCM below the euphotic zone [22, 23]. The northern
midlatitude area presents higher mean surface CHL values and more
pronounced spring blooms that play an important role in the Atlantic
carbon pump [24]. The objective of this study is to evaluate the influence
of the anomalous track of Hurricane Lorenzo on SST, MLD, CHL and
PFTs, thereby providing insights into the role of this extreme storm in
shaping regional physical and biogeochemical processes.

2. Materials and Methods

This study relies on daily gap-free, high-resolution satellite-derived
datasets, historical in-situ observations, and model outputs, to investigate
upper-ocean responses to Hurricane Lorenzo. Specifically, we used these data
to assess sea surface temperature (SST), mixed layer depth (MLD), chlorophyll-
a (CHL), and phytoplankton functional types (PFTs) to explore both the
physical and biological dynamics associated with the storm. These datasets
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provide consistent spatial and temporal coverage to overcome the challenge of
cloud cover in extreme weather conditions and help for a more robust
characterization along and around the hurricane track.

Satellite data was used to investigate the impacts on SST and CHL.
Evaluation of SST changes relied on the daily gap-free L4 foundation SST data
(i.e. free of diurnal variability; [25, 26]) from the Operational Sea Surface
Temperature and Ice Analysis (OSTIA) system and distributed by the
Copernicus Marine Service (https://doi.org/10.48670/moi-00168). This data
product combines observations from different satellite sources and techniques,
including from infrared and microwave radiometry (ESA SST CCI, C3S,
EUMETSAT OSI-SAF, and REMSS), as well as in situ SSTs from HadlOD
providing gap-free SST maps at 0.05° x 0.05° horizontal grid resolution ([27],
for details about the product).

For assessing CHL the daily L4 CHL data from the global multi-sensor
GlobColour processor available from the Copernicus Marine Service were used
(DOL. 10.48670/moi-00281). The Copernicus-GlobColour processor is a daily
composite, with a 4 km x 4 km resolution, obtained by merging multiple ocean
satellite sensor acquisitions (SeaWiFS, MODIS, MERIS, VIIRS-SNPP, JPSS1,
OLCI-S3A, S3B) and by applying temporal averaging and interpolation
methods to fill the missing data values ([28], for details about the product).

To assess the impact of Hurricane Lorenzo on SST and CHL daily
anomalies were used. Daily SST and CHL anomalies were computed relative to
the pre-hurricane SST and CHL conditions. Similar to other studies (e.g., Ruan
et al., 2025 [29]), the mean SST and CHL concentration before the hurricane
was defined as the average from the 5 days before the Lorenzo's passage (17-21
September). This approach allows the isolation of storm-induced signals and
has been adopted in previous studies (e.g., Hanshaw et al. 2008 [30]). The use
of anomalies also enables comparison across different regions, reducing bias
due to latitudinal differences. Therefore, SST and CHL responses were
calculated as the difference (for SST) and the ratio (for CHL) between the daily
data and the 5-day average field before the storm.

To assess the meridional evolution of the mixed layer depth (MLD)
associated with Hurricane Lorenzo, we analyzed vertical temperature profiles
obtained from the Profiling Floats (PFL) dataset available in the World Ocean
Database (WOD). The main source of PFL data in WOD is the international
Argo program, which provides high-quality subsurface ocean observations. To
ensure data reliability, we excluded profiles with
Temperature_WODprofileflag equal to 9 (i.e., those failing annual, seasonal, or
monthly standard deviation checks) and profiles with Temperature_ WODflag
greater than 0, which indicate potential data concerns. Additional quality
control steps involved removing profiles lacking temperature measurements
within the upper 20 m and those containing fewer than three valid
observations in the top 150 m of the water column. The spatial domain was
restricted to profiles located within a corridor extending 4° east and 6° west of
Lorenzo’s track. The asymmetry in this selection was designed to compensate
for the stronger vertical mixing typically observed on the right-hand side of a
hurricane’s trajectory in the Northern Hemisphere.

For the temporal framework, we selected all profiles acquired within 20
days prior to the hurricane’s arrival in the study area (up to 25 September 2019)
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and within 20 days after the storm had passed (from 3 October 2019 onward),
resulting in 52 and 53 profiles, respectively. The mixed layer depth (MLD) for
each profile was computed as the depth at which temperature decreased by 0.5
°C relative to the near-surface value (defined as the second observation level in
the profile). Sensitivity tests using more conservative thresholds (0.2 °C and 0.3
°C) yielded consistent patterns in MLD differences before and after the storm,
though with expected shifts in absolute MLD magnitude. We opted for a
temperature-based criterion rather than a density-based one, given that
density-defined MLDs can be affected by vertical compensations between
temperature and salinity [31]. While this choice may introduce biases in
regions where salinity-driven barrier layers are significant, visual inspection of
the available temperature and salinity profiles suggested that such layers were
uncommon in this case. Once the MLD was computed for each profile, mean
values and standard deviations were derived over 5° latitude bins between
13°N and 43°N, allowing for an assessment of meridional MLD variability
before and after Lorenzo’s passage.

For the PFTs, the Artificial Intelligence Global Daily (AIGD)-PFT dataset
was used. The AIGD-PFT is a global, daily and gap-free dataset, with a spatial
resolution of 4 km, providing estimates of the major phytoplankton functional
types. The product was developed by combining artificial intelligence
techniques through a Spatial-Temporal-Ecological Ensemble Deep Learning
framework (STEE-DL) that integrates gap-filled ocean colour observations,
physical and biogeochemical variables, and a global dataset of in situ HPLC
pigment measurements to estimate chlorophyll-a concentrations for the major
PFTs ([32], for more details). The IGD-PFT has been shown to produce accurate
and temporally consistent PFT predictions and globally outperform other
global daily PFT products (SynSenPFT, NOBM-daily) [32]. The dataset of this
product was acquired from The National Tibetan Plateau/Third Pole
Environment Data Center (https://doi.org/10.11888/RemoteSen.tpdc.301164).

To explore the responses of different phytoplankton communities to
Hurricane Lorenzo passage, we analyzed PFTs separately by region instead of
a spatial anomaly as with SST and CHL. Based on CHL and CHLA values, we
defined three latitudinal bands of interest (15-25°N, 25-35°N, and 35-40°N)
and the average values within each band (along Lorenzo's trajectory) were
calculated as a function of time. The TC track was based on the data provided
by the National Oceanic and Atmospheric Administration (NOAA) National
Hurricane Center (data and details can be found at [20]).

3. Results

The storm Lorenzo was classified as a hurricane over an 8-day period (25
of September to 2 of October of 2009) across a broad region of the North
Atlantic (13-43°N; Figure 1). To assess Lorenzo’s impact on the upper ocean,
we first computed the SST anomalies (SSTA) relative to the 5-day mean SST
prior to the hurricane passage. Figure 2 shows the SSTA overlaid with
Lorenzo's track and location at different hurricane stages and locations.
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Figure 2. Daily SST anomalies (SSTA) on (a) 27 September, (b) 1 October and (c) 5
October. Anomalies calculated from the Global Ocean OSTIA Sea Surface Temperature
and Sea Ice Reprocessed product relative to the 5-day mean prior to Hurricane Lorenzo

(17-21 September). The track and position of Hurricane Lorenzo is overlaid.

These representative dates show the SSTA field after 2-, 7- and 11-days
Lorenzo first entered the study area. In the last date, Lorenzo had moved north
of the area of interest. The SSTAs reveal that Lorenzo produced basin-scale
changes in thermal structure, with striking negative SSTA values along its
path. Stronger negative anomalies up to - 2.5°C were found between 25°N and
37°N (Figures 2b and 2c), with relatively weaker response to the south and
north of this latitudinal range, with anomalies of -1°C (Figure 2a). Additionally,
the negative anomalies extend transversely over an approximately 2-3°
longitude wide band along the cyclone’s trajectory (~200-300 km, depending on
latitude), with stronger negative values observed on the right-hand side of its
track (Figures 2a, 2b and 2c). Overall, the colder signatures along the track
remained for (at least) 10 days, as illustrated in Figure 2c for the region south of
25°N.

The analysis of temperature profile data revealed notable upper ocean
cooling, in support of the previous SST analysis, and clear latitudinal changes
in mixed layer depth (MLD) associated with Hurricane Lorenzo (Figure 3).
Prior to the storm, MLD averaged over 5° latitude bins across the 13-43°N
range varied between approximately 20 and 45 m, with the shallowest values
occurring in the southernmost bin centered at 15°N. After the storm, the overall
latitudinal pattern remained largely unchanged, but MLD increased
throughout the study area. In general, the deepening ranged from 5 to 30 m,
with larger increases observed at higher latitudes and smaller changes near
15°N.
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Figure 3. In-situ vertical temperature profiles within 20 days before the arrival of the
hurricane in the study area (top panel) and within 20 days after the storm had passed
(middle panel) together with the MLD before (black circles) and after the storm (grey
squares) are plot overlaid. The locations of the vertical profiles are presented in the
lower-left panel, along with Hurricane Lorenzo’s best track, while the averaged

meridional MLD changes are shown in the lower-right pane
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(a) 2019-09-24 (b) 2019-09-30
P = - 7 i

Figure 4. Daily chlorophyll-a concentrations on (a) 24 September, (b) 30 September, (c) 6
October and (d) 12 October. Data from the global multi-sensor Copernicus-GlobColour

processor. Lorenzo track and locations are overlaid.

The large-scale CHL distributions before, during, and after, the hurricane
passage (Figure 4) illustrates the CHL distributions overlaid with Lorenzo’s
track for four representative days: one pre-hurricane stage (i.e. storm south the
area), one during the hurricane, and two post-storm stages (storm north the
area). Figure 4 shows that prior to the storm, CHL concentrations along
Lorenzo’s track were relatively low as expected for this area. Values ranged
from a minimum of ~0.05 mg m= between 20°-30°N in the center of the
subtropical gyre, to maximums of 0.1-0.15 mg m= in both the southern and
northern fringes. Following the passage of the hurricane, CHL levels increased
across the entire track, up to about 0.15 mg m= in the subtropical gyre center.
By 12 of October (last date in Figure 4), corresponding to 10-15 days after
hurricane activity (depending on location), CHL along the track exhibited a
decline but remained elevated relative to pre-storm conditions.

The analysis of CHL anomalies (CHLA) was extended up to 12 of October
(18 days after the storm first entered the area at 14°N). Figure 5a and 5b
displays the distribution and temporal evolution of the daily CHLA relative to
the mean CHL concentration averaged over 5 days before hurricane passage,
overlaid with Lorenzo’s track.
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The storm induced a positive CHLA along its track, extending over a ~2°
band around its trajectory with stronger increases on the right-hand side of
Lorenzo's track. The magnitude of the response varied markedly, with several
localized peak increases reaching up to 250% north of 20° and broad
enhancements of 100-150% across the whole track. The imagery also indicates
that maximum CHL values occur approximately one day after the passage of
the hurricane (e.g., Figure 5a, 27-28 September and 1-2 October), after which
they decay, although anomalies exceeding 100% persist for up to 10 days or
more.

The CHL and CHLA reveal different biological responses to the storm,
with patterns varying across ocean regions. To explore the role of different
phytoplankton communities, we analyzed PFTs separately by three latitudinal
bands (15-25°N, 25-35°N, and 35-40°N). Figure 6 illustrates the distribution
over time for the different regions of four major phytoplankton groups:
diatoms, haptophytes, dinoflagellates and prokaryotes.
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Figure 6. Time series of the major phytoplankton group concentrations, derived from
the AIGD-PFT dataset for three regions along Lorenzo’s track: (a) 15-25°N, (b) 25-35°N,

and (c) 35-40°N. Each series represents regional mean values along the storm track.

Results indicate that all phytoplankton groups increased their
concentrations with the passage of Hurricane Lorenzo, though the response
varied across regions. While all groups exhibited increases in chlorophyll-a
concentration, prokaryotes and haptophytes remained the most dominant
groups, consistent with their pre-storm conditions. The strongest response was
observed in the 25-35°N region (Figure 6b), where concentrations increased by
up to ~50% (e.g., haptophytes from ~0.013 to ~0.02 mg m=2). In the northern 35—
40°N region (Figure 6¢), however, haptophytes surpassed prokaryotes as the
dominant group. Across all regions, concentrations remained elevated for up
to at least 10 days relative to pre-storm conditions.

4., Discussion

This study provides insights into the physical and biological responses of
the upper ocean to Hurricane Lorenzo, the easternmost Category 5 Atlantic
hurricane on record. Using high-resolution daily gap-filled datasets, impacts
across different regions of the central North Atlantic were resolved on daily-
scales. Results show that Lorenzo induced pronounced SST cooling up to —
2.5°C along its track, with the strongest anomalies occurring between 25-37°N
(Figure 2). The observed surface cooling is in agreement with previous studies
(e.g., Price, 1981 [4]) that link cooling with the TC-induced vertical mixing and
the deepening of the mixed layer. The observed asymmetry, with stronger
cooling on the right side of the TC track, is a documented phenomenon [4, 5,
30] due to the interaction of storm motion and wind stress curl.

The changes in mixed layer depth (MLD) observed in our study ranged
from approximately 5 to 30 m on average. While there is general agreement
that hurricanes increase the MLD, direct comparisons with previous studies are
challenging due to a general lack of quantitative analyses of pre- and post-
hurricane MLD. One notable exception is the dedicated study in the western
Gulf of Mexico by Jacob et al. (2000) [33], which reported a pre-storm MLD of
nearly 30—40 m that increased by about 5-30 m during Hurricane Gilbert. These
values align closely with our findings. Also, in the Northwest Pacific, from a
comprehensive analysis of a 16-year ARGO dataset, depths of cooling between
15 and 45 m were reported [34]. Nevertheless, qualitative increases in MLD
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have been reported in other studies through visual analysis. Increases in the
MLD of approximately 30 m were reported in Bermuda following Hurricane
Felix [35], 35 m in Georges Bank after Hurricane Edouard [36], and 40 m in the
East China Sea after Typhoon Herb [37]. Increases in the MLD up to 100 m
have also been described ([6, 38]); nevertheless, these deeper MLDs may be
short-lived, as visual inspection of the sections presented in these previous
studies, suggests that the well-mixed layers were closer to about 50-60 m. The
modest increases in MLD reported in this study, as well as in literature, may
appear too small. However, as highlighted by previous authors, it is important
to note that mixing often extends below the formal base of the mixed layer, as
evidenced by subsurface temperature changes [6, 39]

The biological response, measured by CHL (Figure 4) and CHLA (Figure
5), revealed significant chlorophyll enhancement along Lorenzo's path and
surrounding areas of ~200 km in diameter. In general, increases of 100-150%
were found and positive anomalies persisted for more than 10 days after the
storm. These magnitudes are higher when compared to a previous study that
examined the impact of 13 hurricanes in the Sargasso Sea, where CHL
increases up to a maximum of 91% were documented (Babin et al., 2004 [9]).
Importantly, the persistence of elevated CHL levels beyond the immediate
post-storm period suggests that TCs can have a lasting influence, at weekly
timescales. Furthermore, although localized, we observed CHL increases of up
to 250% (Figure 4), which are in line with the fine-scale increases observed by
Walker et al., (2005) [10] in Gulf of Mexico. These exacerbated values lasted, on
average, 3-4 days at these high levels, as is the case in the area centered at
30°N, 42°W on September 30 (Figure 4a) or at 35°N, 35°W on October 6 (Figure
4b). Interestingly, in both locations Lorenzo was already a Category 2
hurricane, and thus, stronger CHL anomalies did not coincide with the
strongest (Category 4-5) stages of the storm. This supports the notion that
wind speed is only one of the factors contributing to changes in CHL. Other
factors and pre-storm ocean conditions as likely to play important roles
including the depths of the DCM and nitracline, and storm translation speed
processes [11].

By incorporating PFT data, we aimed to understand how different
phytoplankton groups respond to TC induced perturbations. Examination of
the PFT dataset showed that following Hurricane Lorenzo passage all groups
increased their concentrations, and Prokaryotes and Haptophytes remained
dominant. Only at higher latitudes (35-40°N) there was a change in dominant
communities, with Haptophytes surpassing Prokaryotes. The strongest
increases (of up to 50%), affecting all phytoplankton groups, occurred in the
25-35°N region (Figure 6b) and are consistent with CHL observations (Figures
4 and 5). These results are in contrast with Avila-Alonso et al. (2023) [19], who
highlighted the difficulty of capturing TC-driven biological responses across
the subtropical Sargasso Sea using an ecosystem model. This can be explained
by differences in methodological approaches and/or the study areas
themselves.

The AIGD-PFT dataset allowed to capture daily group specific dynamics,
but it remains constrained by model-based assumptions and potential biases in
satellite data relationships [32]. The uncertainty global maps presented in the
AIGD-PFT study [5] show lower values in the Atlantic area for the classes used
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in this study, providing confidence on results here presented. Nevertheless,
without pixel-based uncertainties available in the dataset, data reliability
remains an open question. It is however important to note that the general
dominance of Prokaryotes and Haptophytes (usually dominated by
coccolithophores) is consistent with picoplankton (prochlorophytes and
cyanobacteria) and prymnesiophytes being the important biomass components
in subtropical waters, as shown with decadal timeseries at the Bermuda BATS
station [40]. This agreement provides confidence in AIGD-PFT results. In
addition, the Haptophytes dominance shift at midlatitudes is also consistent
with a higher nutrient input in these latitudes following Hurricane Lorenzo, as
a result of the northward shallower nutricline, combined with also deeper
MLDs towards the north. In factthis community shift could be seen as
analogue to the seasonal increases in prymnesiophytes biomass following
winter mixing and associated nutrient inputs [40]. Hence, overall results are
consistent with expected patterns, and also highlight that PFTs responded
differently to environmental drivers depending on location, and hence that
different regional biogeochemistry responses occurred in response to
Hurricane Lorenzo.

The results presented here highlight the effect of Hurricane Lorenzo in
stimulating chlorophyll. One may speculate on the relation between
chlorophyll increases and its links with nutrient supply, DCM depth, or
vertical mixing. Firstly, enhanced surface CHL values, with pronounced peaks
1-2 days after Lorenzo, could be interpreted as the effect of vertical mixing in
uplifting of the DCM and/or enhanced growth from the vertical nutrient
supply. However, the lagged-response and persistence of high CHL
concentrations (>100%) for up to two weeks supports the occurrence of new
production, which, in oligotrophic nutrient-limited waters, can only be
sustained if nutrients are simultaneously injected into upper levels of the water
column and is in line with other studies [9, 11]. The meridional sections from
the Atlantic Meridional Transet (AMT29; during October and November 2019,
provide some context for this analysis [41]. The nutricline (defined as the depth
where nitrates reach TuMol) increases from 150 m at about 25 °N to 80 m at 13
and 43 °N, and the DCM follows this latitudinal pattern close or above the
nutricline. Even if the MLDs are generally above this depth range, if mixing
can reach below the MLD as previously noted, then some subsurface
chlorophyll and nutrient-rich water can be entrained from below into the ML,
supporting that both growth and chlorophyll vertical entrainment contribute to
the increases in chlorophyll.

It is also worth noting that the magnitude of the CHL response in this
study might be of considerable importance when compared with other studies
in subtropical North Atlantic, which reported increases only between 5-91%
[9]. Despite the present data revealing an ecologically significant, the long-term
and annual impact of such events remains uncertain, as TCs are estimated to
contribute negligibly to global annual phytoplankton production (~1%, [42]),
even though localized increases of 20-30% have been observed [43]. In
addition, it is not clear the relative contribution of the increase in chlorophyll in
terms of enhanced phytoplankton growth and/or vertical mixing of chlorophyll
from the DCM.

Finally, the unusual trajectory of Hurricane Lorenzo demonstrates that
latitudes east of 45°W in the Atlantic are also susceptible to grade-5 hurricanes.
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Although several studies have projected an increase in the severity of these
high-impact storms under global warming scenarios [44, 45, 46], it is still
unclear how these storms will alter in the future. In this context, understanding
the biological response to such extreme events is critical, especially in
oligotrophic environments, where a central role in the global carbon cycle is
played, contributing more than 30% of global marine carbon fixation [47].
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