10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Response of phytoplankton functional types to Hurricane Fabian (2003) in the Sargasso
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ABSTRACT

Understanding how tropical cyclones affect phytoplankton communities is important for
studies on ecological variability. Most studies assessing the post-storm phytoplankton
response rely on satellite observations of chlorophyll a concentration, which inform on the
ocean surface conditions and the whole phytoplankton community. In this work, we assess
the potential of the Massachusetts Institute of Technology marine ecosystem model to
account for the response of individual phytoplankton functional types (PFTs,
coccolithophores, diatoms, diazotrophs, mixotrophic dinoflagellates, picoeukaryotes,
Prochlorococcus and Synechococcus) in the euphotic zone to the passage of Hurricane Fabian
(2003) across the tropical and subtropical Sargasso Sea. Fabian induced a significant mean
concentration increase (t-test, p < 0.05) of all PFTs in the tropical waters (except for
Prochlorococcus), which was driven by the mean nutrient concentration increase and by a
limited zooplankton grazing pressure. More specifically, the post-storm nutrient enrichment
increased the contribution of fast-growing PFTs (e.g. diatoms and coccolithophores) to the

total phytoplankton concentration and decreased the contribution of slow-growing dominant
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groups (e.g. picoeukaryotes, Prochlorococcus and Synechococcus), which lead to a significant
increase (t-test, p < 0.05) of the Shannon diversity index values. Overall, the model captured
the causal relationship between nutrient and PFT concentration increases in the tropical
waters, although it only reproduced the most pronounced PFT responses such as those in the
deep euphoticzone. In contrast, the model did not capture the oceanic perturbationsinduced
by Fabian as observed in satellite imagery in the subtropical waters, probably due to its limited
performance in this complex oceanographic area.

Keywords: diversity, major hurricane, modelling, phytoplankton community, remote sensing
1. INTRODUCTION

The open ocean accounts for nearly 70% of Earth’s surface and represents the largest habitat
in the biosphere. Phytoplankton, which are responsible for about half of the total primary
production at planetary scale (Field et al. 1998), directly or indirectly, support ocean life. The
productivity and diversity of phytoplankton determine the structure and functioning of
planktonic communities in general (Striebel et al. 2012, Otero et al. 2020). Besides,
phytoplankton modulate fishing yields and global biogeochemical cycles (Chassot et al. 2010,
Litchman et al. 2015, Marshak & Link 2021). Evidence for the impact of climate change on the
marine environment is becoming increasingly clear in, for example, the North Atlantic, a key
region for carbon sequestration (Gruber et al. 2002, Garcia-Soto et al. 2021). Therefore,
understanding the phytoplankton response to environmental variability is crucial (Estrada et
al. 2016), especially for understanding the functioning of marine ecosystems in short-term
physical processes (Stanichny et al. 2021).

Tropical cyclones (TCs), such as hurricanes, typhoons, tropical storms or tropical depressions,
are extreme storms that substantially perturb oceans (Price 1981, Babin et al. 2004, Naik et

al. 2008). These sudden environmental disturbances impact marine ecosystems and lead to
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patches of high primary and secondary production (Fiedler et al. 2013). TC forcing leads to
strong vertical mixing and upwelling leading to entrainment of nutrient-rich deep waters into
the upper ocean, which fuels phytoplankton production (Walker et al. 2005, Gierach &
Subrahmanyam 2008). For instance, TC-induced mixing can extend at least 80 m below the
base of the mixed layerin the subtropical North Atlantic (Zedler et al. 2002), while the induced
inertial waves can propagate up to 2000 m depth (Morozov & Velarde 2008). Thus, the
cyclone-induced mixing can reach the nitracline located between 90—150 m in summer in the
northern Sargasso Sea (Malone et al. 1993, Goericke & Welschmeyer 1998), leadingto a large
supply of nutrients into the surface ocean layer (Foltz et al. 2015).

Motivated by the increased TC activity over the past decades (Deo et al. 2011), considerable
efforts have been devoted to investigate the impact of TCs on marine phytoplankton (Angles
et al. 2015). This is particularly relevant in the North Atlantic Basin, one of the most active TC
regions around the world, where the largest positive trend in TC intensity has been reported
in the last decades (Kossin et al. 2020). Studies in this TC-prone region have used satellite
observations of chlorophyll (Chl) a concentration mainly as a proxy for phytoplankton biomass
in order to assess the phytoplankton post-storm variability (e.g. Babin et al. 2004, Foltz et al.
2015, Shropshire et al. 2016, Avila-Alonso et al. 2021). Satellite-based observations are
suitable to assess the oceanographic variability at high spatial and temporal resolution and
are valuable sources of information to further the understanding of the TC-induced
oceanographic variability (Son et al. 2007). However, satellite ocean colour data only provide
information on the ocean surface (first optical depth, which is 4.6 times shallower than the
euphotic depth) (Gordon & McCluney 1975, Kirk 2011). Even though a post-storm surface Chl
a concentration increase can typically be detected by satellite sensors, it may as well reflect

a vertical redistribution of the subsurface Chl a maximum (physical transport of biomass)
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instead of an increase of surface phytoplankton production as a consequence of nutrient
enrichment (intrinsic biological response) (Painter et al. 2016).

On the other hand, satellite Chl a concentration largely accounts for the whole phytoplankton
community since Chl aisan omnipresent pigmentin all phytoplankton species (Jeffrey & Vesk
1997). However, the response of the phytoplankton community to nutrient increase
ultimately depends on each taxon’s unique nutrient requirements, which are influenced by
their specific resource utilization strategies, growth rates, cell size, traits, etc. (e.g. Geider &
La Roche 2002, Litchman et al. 2007, Marafion et al. 2013, Bonachela et al. 2016). Thus, a
post-storm assessment of the phytoplankton response should consider, at least, the
individual responses of the major phytoplankton functional types (PFTs, aggregates of
organisms with common biogeochemical functions; Follows & Dutkiewicz 2011) in the upper
ocean layer to get a deeper understanding of the biological perturbations induced by these
phenomena. However, such studies have been limited because of data availability.

Overall, in situ, satellite and/or modelled data might be used to assess the post-storm
response of functional and/or taxonomic associations of phytoplankton. Although in situ data
provide accurate information on environmental changes, traditional sampling techniques are
time consuming, weather dependent and provide information on a limited geographic area
(Painter et al. 2016). Besides, many oceanic regions are so remote that they cannot be
monitored routinely and, therefore, data on oceanic phytoplankton communities after TC
passage are limited (Mangesh et al. 2016). More specifically, in situ observations on
appropriate space/time scales are lacking to study the effect of storms on the phytoplankton
communities in the western Sargasso Sea. On the other hand, although several methods to
assess phytoplankton diversity from ocean colour satellite observations have been developed

for over two decades, applications of these datasets have been limited (I0OCCG 2014, Bracher
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et al. 2017). This is mainly due to the mismatch between satellite, in situ and modelled data
on phytoplankton composition, the spectral limitation of current multi-spectral sensors, and
the very limited applicability of these algorithms at regional scale (IOCCG 2014). Additionally,
as was mentioned above, ocean colour data only provide information on the surface ocean,
hence most satellite-based PFT algorithms account for surface phytoplankton communities
as well (IOCCG 2014, Bracher et al. 2017).

Alternatively, coupled biogeochemical-ocean general circulation models produce three-
dimensional projections of PFTs, considering functions of light, nutrients, temperature,
salinity, etc., influencing their growth and abundance (for more details, see Fig. 2 in Bracher
et al. 2017). Despite the limitations of aquatic biogeochemical models to reproduce the
dynamics of PFTs across a wide range of temporal and spatial scales (Shimoda & Arhonditsis,
2016), such models are suited to assess the regulation pattern of marine microbe biodiversity,
and to simulate the response to changing environments (Follows & Dutkiewicz 2011). Data
derived from these models (i.e. the model outputs) are often publicly available (e.g. Jahn et
al. 2019), which allows to assess the potential of the underlying model to investigate specific
oceanic responses. This type of preliminary/exploratory study can stimulate and guide future
research to improve the model performance in specific oceanic areas.

In this paper, we assess the potential of the Massachusetts Institute of Technology (MIT)
coupled physical-biogeochemical ecosystem model (from now on called MIT marine
ecosystem model for ease of reference) to capture the post-storm response of PFTs in the
euphotic zone to the passage of Hurricane Fabian (2003) across the western Sargasso Sea in
the North Atlantic (Fig. 1A) using publicly available model outputs. Fabian was an
exceptionally long-lived and intense hurricane (Lawrence et al. 2005) (Fig. 1B). The Fabian-

induced physical and biological oceanographic variability has been widely studied (e.g. Son et
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al. 2007, Black & Dickey 2008, Price et al. 2008, Pedrosa-Pamies et al. 2019). This provides a
consistent background to support and evaluate our results. To our knowledge, this is the first
time that PFTs are incorporated in an analysis of the post-storm response of a phytoplankton
community in the western Sargasso Sea. We first present a brief description of the Fabian and
the methods used, including the datasets containing the relevant physical and biological
variables (Section 2). In Section 3, we present a model validation together with the modelled
phytoplankton community response to the passage of Fabian, followed by a discussion of the
storm-induced variability and the model performance in general (Section 4).

2. MATERIALS & METHODS

2.1. Synoptic history of Fabian and study area

Fabian evolved from a tropical wave that originated from western Africa on 25 August 2003
and moved westward becoming a tropical depression on 27 August at 676 km west of the
Cape Verde Islands (Pasch et al. 2003). With favourable atmospheric and oceanic conditions,
this TC strengthened and became a tropical storm on 28 August and a hurricane two days
later over the east-central tropical Atlantic (Pasch et al. 2003). Its highest intensity (64 m s,
category 4 (H4) on the Saffir Simpson Hurricane Scale) was reached on 1 September (Pasch et
al. 2003, Lawrence et al. 2005). Fabian struck Bermuda island on 5 September with winds of
51 m s and then accelerated northeastward while starting to weaken (Pasch et al. 2003,
Lawrence et al. 2005) (Fig. 1B). Overall, Fabian followed a nearly meridional trajectory across
the deep oceanic waters of the western Sargasso Sea crossing both tropical and subtropical
waters as a major hurricane (i.e. at least category 3 (H3) on the Saffir-Simpson Hurricane
Scale) from 31 August to 6 September (Fig. 1B). After the passage of Fabian two hurricanes
crossed its trajectory, i.e. Hurricanes Isabel and Juan (Fig. 1B). The former crossed Fabian’s

trajectory in tropical waters on 14 September (approximately 10 days after the passage of
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Fabian) (Beven & Cobb 2004) and the latter crossed Fabian’s trajectory in subtropical waters
on 27 September (approximately three weeks after the passage of Fabian) (Avila 2012).

In general, Fabian moved over oligotrophic waters with a low Chl a concentration as observed
by satellite sensors (Fig. 1A). More specifically, it crossed the North Atlantic Subtropical Gyral
(West) and the North Atlantic Tropical Gyral biogeochemical provinces as defined by
Longhurst (1995) (Fig. 1B). These provinces have different oceanographic conditions in terms
of their ocean currents, fronts, and topography, which can lead to slightly different surface
Chl a concentration and depth-integrated production values (Longhurst 1995, 2007). The
North Atlantic Subtropical Gyral (West) is characterized by the presence of cold-core eddies
originatingin the Gulf Stream meanders (Longhurst 2007). These eddies can import nutrients
into the euphotic zone fuelling phytoplankton production (Bibby et al. 2008). Moreover,
oceanic circulation in this province is influenced by the topography of the Mid-Atlantic Ridge
(Richardson 1985). Seamounts lead to enhanced surface Chl a concentration as they prompt
uplifting of isotherms and upwelling of nutrients (Longhurst 2007). In contrast, the North
Atlantic Tropical Gyral is characterized by a low surface current speed, a low eddy kinetic
energy (see Fig. 2c and d in Kuhn et al. 2019) and by low values of nutrient concentration and
phytoplankton biomass and productivity (Longhurst 2007). The regional pattern of
phytoplankton biomass appears to be dominated by the local effects of the deep nutricline
(Longhurst 2007). Fabian crossed the westernmost waters of the North Atlantic Tropical Gyral
province, which appear to be influenced by the oceanographic conditions of the adjacent
Caribbean province (Fig. 1B). This can explain the slightly higher Chl a concentration values
near the trajectory of Fabian in this area (Fig. 1A).

The ocean response to TC forcing varies between tropical and subtropical areas because of

different relationships between the TC transit speed and intensity with sea surface
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temperature (SST), for instance (Mei et al. 2012, Mei & Pasquero 2013). Thus, in order to
account for the different oceanographic conditions along Fabian’s trajectory, as well as to
account for potential different post-storm responses, we assessed the Fabian-induced
oceanic response in the tropical and subtropical waters separately, considering the boundary
between the North Atlantic Subtropical Gyral (West) and the North Atlantic Tropical Gyral
biogeochemical provinces, i.e. at 25° N latitude approximately (Fig. 1B). We analysed the post-
storm oceanic response along the part of Fabian’s trajectory where it was a major hurricane
(from 31 August to 6 September, Fig. 1B) to account for the strongest atmospheric forcing.
For what concerns the vertical extent in the water column, we analysed the mean
phytoplankton concentration in the euphotic zone (i.e. from the surface up to 200 m depth)
as the main biological response variable in order to account for the post-storm stimulated
growth of phytoplankton due to nutrient influx into the upper ocean. We assumed that
phytoplankton growth below this zone cannot be substantially sustained because of sunlight
limitation; hence, a post-storm phytoplankton concentration increase in the euphotic zone
would not originate from biomass redistribution but from new phytoplankton production.
2.2. Modelled data

We used three-day composite data derived from the global configuration of the MIT marine
ecosystem model (the ‘Darwin Project’ model) that are publicly available at the OPeNDAP
server http://engaging-opendap.mit.edu:8080/las/Ul.vm (last access: October 2021), dataset
Darwin v0.2 ¢s510. The specific version of the model used to generate this dataset is described
in Kuhn et al. (2019). In general, the biogeochemical and ecosystem components are
governed by the MIT general circulation model (MITgecm) (Marshall et al. 1997). The latter
uses the ECCO2 physical configuration with a horizontal resolution of 18 km and 50 depth

levels, ranging from 10 m in the surface to 500 m at depth (Menemenlis et al. 2008, Kuhn et
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al. 2019). At this horizontal resolution, the model captures mesoscale features such as eddies
and fronts (Kuhn et al. 2019), which influence phytoplankton response to the passage of a TC
(Chen & Tang 2012, Li et al. 2020). The ecosystem model is based on Dutkiewicz et al. (2015)
with parameterizations based on Ward et al. (2012) and includes a greater diversity as it
resolves a total of 51 plankton types (35 phytoplankton grouped in 6 PFTs and 16
zooplankton) (Kuhn et al. 2019). Overall, the MIT marine ecosystem model simulates
phytoplankton growth as a function of temperature, irradiance, and nutrients and includes
zooplankton grazing (consult Dutkiewicz et al. 2015 for more details). Thus, phytoplankton
abundance data account for both bottom-up and top-down controls on natural
phytoplankton communities.

We assessed the post-storm response of the following PFTs: coccolithophores, diatoms,
diazotrophs, mixotrophic  dinoflagellates, picoeukaryotes, Prochlorococcus and
Synechococcus. They differ in nutrient requirements, maximum growth rates, pigment
composition, and palatability to grazers (Dutkiewicz et al. 2015, Kuhn et al. 2019).
Prochlorococcus and Synechococcus are both picoprokaryotes but given their large ecotype
and clade diversity (Zwirglmaier et al. 2008) have been considered as individual PFTs (e.g.
Dutkiewicz et al. 2015). We investigated the Prochlorococcus and Synechococcus individual
response as they are the dominant genera in our study area and in the oligotrophic ocean in
general (Partensky et al. 1999a,b, Visintini et al. 2021).

Since TCs initiate a bottom-up forcing of the ecosystem (Fiedler et al. 2013), we mainly
focused our analysis on the hurricane-induced changes on the phytoplankton community by
bottom-up forcing, i.e. the phytoplankton response to nutrient increase. However, we briefly
analysed the potential top-down effects on the post-storm phytoplankton bloom to better

understand globally the biological response to the passage of Fabian. We considered the
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mean nutrient concentrationin the euphotic zone as the main abiotic driver of the post-storm
response of the PFTs. Thisis supported by the fact that the TC-induced phytoplankton blooms
are mainly attributed to the increased nutrient supply in the euphoticzoneinduced by vertical
mixing (or entrainment) and upwelling during a TC (reviewed by Zhang et al. 2021). More
specifically, it has been reported that nitrate availability tends to limit phytoplankton
productivity in low-latitude oceans, including the North Atlantic Basin (Moore et al. 2008,
2013). Besides, certain phytoplankton groups have specific nutrient requirements. For
instance, diatoms can be limited by silica (Boyd et al. 2010), while phosphate is relevant to
coccolithophores (Thierstein & Young 2004, Mikaelyan et al. 2015). Thus, we used data of
macronutrients: nitrate, phosphate and silica, as well as data of total zooplankton
concentration (sum of 16 size classes) to address the possible top-down effects on the post-
storm phytoplankton bloom.

Finally, we analysed data of the Shannon diversity index derived from this model to assess
whether it captures coherent diversity changes in the phytoplankton community after the
passage of Fabian. This index was computed as in Clayton et al. (2013), so by expressing the
concentration of each phytoplankton type versus the total phytoplankton concentration in
each grid cell, summed over the total number of phytoplankton types (i.e. 35 phytoplankton

types asin Kuhn et al. 2019). The Shannon diversity index (H) is formally defined as:

s
H = —Z piIn(p;), (1)

i=1
where sis the total number of phytoplankton types and p;is the relative concentration of type
i. Although this index is computed on the basis of the phytoplankton type classification
instead of the PFT classification, the latter accounts for all 35 phytoplankton types (i.e. 2

prokaryotes, 2 picoprokaryotes, 5 coccolithophores, 5 diazotrophs, 11 diatoms, 10

10
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mixotrophic dinoflagellates) (Kuhn et al. 2019). Thus, post-storm changes in concentration of
the analysed PFTs will be reflected in the values of the Shannon diversity index. In general,
the term ‘diversity’ in this study reflects functional diversity, which is determined by the
biogeochemical traits considered to define the PFTs (Dutkiewicz et al. 2015, 2020). The
Shannon diversity index satisfies most of the axioms characterizing a diversity index (for more
details, see Daly et al. 2018). Therefore, this index would allow to identify probable changes
in phytoplankton diversity after the passage of a TC in oceanic waters, as illustrated in other
studies for coastal waters (e.g. Mao et al. 2019, Baek et al. 2020).

2.3. Methodology and statistical analysis

The physical framework of a biogeochemical ocean general circulation model is fundamental
to accurately simulate biogeochemical cycles and phytoplankton ecology in general (Clayton
et al. 2017). Therefore, in order to confirm the suitability of the physical and ecosystem
models to account for the oceanic response induced by Fabian, we performed a validation
analysis. This allows to identify whether the post-storm oceanographic variability is reflecting
the actual effects induced by Fabian or whether it originates from the limited model
performance to account for such post-storm response. We compared the modelled SST and
surface Chl a concentration (at 5 m depth) with satellite observations of these variables.
Modelled Chl a concentration represents the total Chl a of 35 phytoplankton types; so, it
accounts for the Chl a concentration of the whole phytoplankton community modelled.
Natural phytoplankton communities are composed of a larger number of phytoplankton
species and groups, which contribute to the Chl a concentration retrieved by satellite
observations. Thus, when comparing modelled and satellite Chl a data, we focused on their

patterns of temporal and spatial variability rather than the magnitude of this variable.
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Daily SST data were derived from the Operational SST and Sea Ice Analysis (OSTIA)
Reprocessed level 4 product (Donlon et al. 2012), provided by the Copernicus Marine
Environment Monitoring Service at a spatial resolution of 0.05° x 0.05°. From this monitoring
service, we also used the GlobColour multisatellite merged data of Chl a concentration (level
4 cloud free product), which is based on a spatial and temporal interpolation of the level 3
product at a spatial resolution of 0.0417° x 0.0417° (Garnesson et al. 2019a,b). The Chl a
analyses involve multiple algorithms, i.e. the Cl algorithm for oligotrophic waters (Hu et al.
2012) and the OC5 algorithm for mesotrophic and coastal waters (Gohin et al. 2002, Gohin,
2011).

Furthermore, we analysed modelled data of the mixed layer depth (MLD) to assess whether
the physical model captures the storm-induced mixing in the study area. In general,
guantitative validation of the vertical structure of the model was hampered because of the
lack of suitable/extensive in situ datasets. Despite the availability of some observations (of
physical variables mainly) from drifting buoys and floats of the Coupled Boundary Layer Air-
Sea Transfer (CBLAST) Hurricane Program (Black et al. 2007) and the Bermuda Atlantic Time-
series Study (BATS) site, these constitute point-based observations that neither match the
horizontal (18 km) nor the vertical model resolution. Therefore, in order to qualitatively
confirm the potential of the model to capture the oceanic post-storm response in the western
Sargasso Sea, we compared our results with those previously reported in literature under
similar conditions. This approach circumvents the lack of suitable/extensive in situ datasets,
as well as the limitations of the satellite-based PFT algorithms to generate accurate estimates
to validate the model outputs.

We built times series of the three-day composite data derived from the MIT marine

ecosystem model. In view of the low temporal resolution of these modelled data and in order
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to increase the number of observations to better distinguish temporal dynamics, we analysed
data of August (before Fabian), September (during and after Fabian) and October (after
Fabian). As satellite observations of SST and Chl a concentration have a daily resolution, we
computed three-day composite satellite data matching the dates of the modelled ones in
order to compare these datasets at the same temporal resolution.

In previous studies assessing the post-storm oceanic response in the western North Atlantic
Basin, authors used 200 km radius disks centered at the consecutive TC positions (e.g.
Shropshire et al. 2016). This radius aligns with the average storm size in the North Atlantic
(Kimball & Mulekar 2004). On the other hand, Kuhn etal. (2019) reported that autocorrelation
up to 100 km occurs for PFT concentrationsin subtropical oligotrophic regions, indicating that
phytoplankton assemblages up to 100 km apart respond similarly to oceanographic
variability. For that reason, we assessed the response of the PFTs along the trajectory of
Fabian in both 200 and 100 km radius disks centered at consecutive hurricane positions (see
Fig. 1C for a representation of the 100 km radius disks centered at hurricane positions). In
both cases, we found a similar temporal evolution of the post-storm phytoplankton
concentration. Hence, we show the times series of all studied variables derived from 100 km
radius disks as they account for the highest values of these variables, allowing to clearly
observe specific temporal responses. Overall, the mean values of the consecutive disks were
averaged to retrieve the mean response along Fabian’s trajectory in the tropical and
subtropical waters separately, in agreement with the methodology outlined by Babin et al.
(2004).

We used a dependent sample t-test at 0.05 significance level (after confirming normality
according to Kolmogorov-Smirnov and Shapiro-Wilk tests) to compare the concentrations of

the PFTs and nutrients, as well as the values of the Shannon diversity index in August and
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September, in order to account for the Fabian-induced oceanographic variability over its
entire trajectory. This test is suitable to compare two groups of scores and their means when
assessing pre- and post-conditions to a given event (Gerald 2018). In general, the passage of
a TC disrupts the seasonal cycle of the analysed oceanographic variables. Hence, when
comparing their pre- and post-storm means we are mainly accounting for the variability
induced by this event in particular.

3. RESULTS

3.1. Validation of the physical and the ecosystem models

From Fig. 2A, we observe that both modelled and satellite SSTs followed a similar temporal
variability along Fabian’s trajectory in the tropical waters. Modelled data underestimate
satellite observations by 0.7, 0.3 and 0.6% in August, September and October, respectively.
In contrast, the largest differences between modelled and satellite SST values in the
subtropical waters occurred in August, prior to the passage of Fabian (Fig. 2B) when modelled
data underestimate satellite observations by 2.5%.

When analysing the spatially explicit SST response in Fig. 3, we can see that, indeed, the
physical model captures the regional patterns of SST as well as the post-storm cooling induced
by Fabian. The latter could imply that the physical model accounts for the storm-induced
vertical mixing, which mainly drives the post-storm surface cooling (Price 1981). Vertical
mixing and the associated deepening of the mixed layer is also the primary mechanism
through which nutrients are brought to the ocean surface in the oligotrophic North Atlantic
after the passage of TCs (Foltz et al. 2015). Figure 2C shows that Fabian led to a mean
deepening of the MLD of approximately 5 m along its tropical trajectory, while no response
was observed along its subtropical trajectory (Fig. 2D). The former result largely agrees with

the findings of Foltz et al. (2015) as they reported that the spatially averaged MLD derived
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from HYCOM simulations increases by 7 m after the passage of TCs in the western Sargasso
Sea in the period 2008-2013. In contrast, the lack of response along the subtropical trajectory
of Fabian disagrees with the findings of Son et al. (2007) and Black & Dickey (2008). They
reported a substantial deepening of the MLD after the passage of Fabian in the subtropical
Sargasso Sea, leading to a significant satellite surface Chl a concentration increase via upper
ocean nutrient enrichment. The physical model assimilates satellite data of SST (Menemenlis
et al. 2008), leading to consistent estimates of this variable in both study areas (Fig. 3).
However, the model seems unable to capture the deepening of the MLD induced by Fabian
in the subtropical waters.

For what concerns the surface Chl a concentration, we found that the modelled spatially
averaged data along the entire tropical and subtropical trajectory did not properly capture
the immediate response to the passage of Fabian as observed remotely (Fig. 4A and B). The
model simulated a Chl a concentration increase at three-day composite 15 (Fig. 4A), which
was associated with the long-lasting effects induced by Fabian, as well as the effects induced
by Isabel, which crossed the tropical trajectory of Fabian on 14 September (at the intersection
of three-day composites 15 and 16) (Fig. 1B). This increased Chl a concentration is largely
consistent with the deepening of the MLD observed in Fig. 2C. In order to analyse the
modelled and satellite Chl a concentration in a spatially explicit way, we computed anomalies.
They allow to better observe the post-storm response due to the highly uneven spatial
distribution of the Chl a concentration in the study area. Thus, we subtracted the mean value
of the three-day composites 9 and 10 (which largely account for the pre-storm week) from
the post-storm three-day composites 12, 13 and 16. The first two post-storm composites
account for the passage of Fabian over the entire tropical and subtropical areas, respectively,

while the latter accounts for the passage of Isabel across the tropical waters. When analysing
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local responses of Chl a concentration along the tropical trajectory of Fabian, we found that
the time series of modelled and satellite Chl a concentration followed a similar temporal
evolution in the area delineated by the disk in Fig. 5. In this area, modelled data accounted
for both the Chl a concentration increase induced by Fabian and the one induced by Isabel
(Figs. 4C and 5). The temporal variability of the modelled Chl a concentration time series was
also consistent with the one of the MLD (Fig. 4D). This local increase of Chl a concentration
was the highest one occurring in the tropical waters during our study period (Fig. 5).

From this validation analysis, we conclude that the ecosystem model captures the largest and
most spatially extended surface Chl a concentration responses in the tropical waters.
Although the strongest mixing induced by hurricanes (driving the upward transport of
nutrients) occurs at the ocean surface, the TC-induced nutrient increase is higher deep in the
euphotic zone than at the ocean surface as nutrient concentration increases with depth
(Boyer et al. 2006, Zhao et al. 2008). Thus, we might expect that the strongest PFT response
to nutrient enrichment simulated by the model occurs deep in the euphotic zone (assuming
an optimal intensity of sunlight). We verify this hypothesis in Section 3.2 by analysing profiles
of the PFTs and nutrient concentration.

On the other hand, the passage of Fabian across the subtropical waters appears to have led
to positive anomalies of the modelled Chl a concentration to the right side of its trajectory
(Fig. 5B and C). However, modelled Chl a concentration anomalies above 25° N latitude are
distributed heterogeneously as compared with satellite observations (Fig. 5). Consequently,
spatially averaged data within the disks along Fabian’s trajectory did not resolve a net Chl a
concentration increase, even using the smallest radius (100 km) reported in the literature to
account for spatial autocorrelation of PFTs (Kuhn et al. 2019). Our findings are consistent with

the ones reported by Kuhn et al. (2019). They found that, at climatological scale, the
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coefficient of variation of the modelled Chl a concentration in the subtropical western North
Atlantic is higher than that computed from satellite observations and also higher than that in
the tropical North Atlantic (see Fig. S2 in Kuhn et al. 2019). Despite the different responses
observed in the tropical and subtropical waters, in the following section, we present the
results for both areasin order to confirm the conclusions derived from our validation analysis.
3.2. Phytoplankton concentration and diversity

Fabian induced a significant concentration increase (t-test, p < 0.05) of all analysed PFTs in
tropical waters, except for Prochlorococcus (Fig. 6, left panel). The increased post-storm
phytoplankton concentration persisted the entire post-storm month of September, and
started to decrease in October. In general, the concentrations of coccolithophores, diatoms,
diazotrophs, mixotrophic  dinoflagellates, picoeukaryotes,  Prochlorococcus and
Synechococcus in tropical waters were 17, 20, 8, 21, 9, 1 and 2.6% higher in September as
compared to August. In contrast, we did not find such a clear pattern in the subtropical
waters, where phytoplankton concentration decreased gradually from August on (Fig. 6, right
panel). Only coccolitophores and diatoms showed a limited (t-test, p > 0.05) concentration
increase approximately six days after the passage of Fabian (Fig. 6B and D). Overall, in both
tropical and subtropical waters, the post-storm variability of phytoplankton concentration did
not change significantly (t-test, p > 0.05) the contribution of each PFT to the total
phytoplankton concentration (Fig. 7).

When analysing the nutrient concentrations, we found a significant increase (t-test, p < 0.05)
of nitrate, phosphate and silica after the passage of Fabian across the tropical waters (Fig. 8,
left panel). This post-storm response was largely consistent with the one shown by the PFTs
in September in this area (Fig. 6, left panel). Subsequently, in October, the concentrations of

nutrients remained high although those of phytoplankton decreased (Figs. 6 and 8, left
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panels). In contrast, the nutrient concentrations in the subtropical waters did not respond
considerably to the passage of Fabian (Fig. 8, right panel). Although the nutrient
concentrations along the tropical trajectory had a distinct temporal dynamics during the
passage of the hurricane, they overestimate in situ observations in both study areas. Near-
complete depletion of nitrate usually occursin the upper 100 m of the tropical and subtropical
Sargasso Sea (i.e. below its limit of detection 0.03 mmol m=3, Moore et al. 2008, 2013). More
specifically, observations at the BATS site before the passage of Fabian indicate that combined
nitrate and nitrite concentrations increased from undetectable levels at 100 m to 2.6 mmol
m-3 at 200 m (Black & Dickey 2008).

Considering the phosphate concentration values in Fig. 8C and D, and assuming a Redfield
NOs3:PO4 ratio of 16:1 (Redfield 1958), nitrate concentrations should be in the range of 0.29—
0.45 and 0.65—-0.88 mmol m3 in the tropical and subtropical waters, respectively, during the
entire study period. These adjusted nitrate concentrations are largely consistent with the
observations. For instance, the adjusted mean nitrate in the euphotic zone in September
along the tropical (subtropical) trajectory of Fabian is 0.43 (0.80) mmol m=3, while the
climatological mean value of this variable from the World Ocean Atlas (Boyer et al. 2018) is
0.49 (0.89) mmol m3 (results not shown). Even though nitrate concentrations of the Darwin
v0.2 cs510 overestimate field observations, we still analysed these data in order to confirm
that the model captures the spatiotemporal dynamics of nitrate to the passage of Fabian
properly.

Although we did not assess quantitatively the post-storm causal relationship between the PFT
and the nutrient concentrations, the consistent temporal variability of the time series of these
variables in the tropical waters can give insights into the effects of nutrients modulating the

immediate post-storm phytoplankton response. In order to qualitatively confirm whether the
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model captures this causal relationship, we analysed time series in two areas that were not
affected by hurricanes (disks 1 and 3 in Fig. 1C) and in an area affected by Hurricane Isabel in
the tropical waters (disk 2 in Fig. 1C). Since the time series derived from the former two disks
are similar, we only display the ones from disk 1. Figure 9A and B display the time series of
diatom and mixotrophic dinoflagellate concentrations as they showed the maximum
concentration increases to the passage of Fabian, indicating they are sensitive to nutrient
changes.

Overall, the patterns of temporal variability of the phytoplankton concentrations in disks 1, 2
and 3 largely match those of nutrients, suggesting that the model captures the effect of
nutrients on phytoplankton communities in this oligotrophic area. However, in October, we
found peculiar responses. For instance, in the areas that were not affected by hurricanes
(disks 1 and 3), phytoplankton concentration increases were not significant as compared with
the ones of the nutrient concentration at this time (Fig. 9, left panel). On the other hand, we
observe that, in the area affected by Isabel (disk 2), phytoplankton concentration started to
decrease from the beginning of October on when the nutrient concentrations were still high
(Fig. 9, right panel). The high nutrient concentrations in October could be associated with a
seasonal cycle of this variable in the tropical western Sargasso Sea. The fact that the high
nutrient concentrations at this time did not substantially influence the phytoplankton
concentration indicate that other environmental factors (probably including top-down
controls of phytoplankton blooms) are constraining the phytoplankton response. More
studies are needed to unravel the relationship between the nutrient and the PFT
concentrations in October.

In order to better assess the post-storm response of the PFTs captured by the model in the

tropical western Sargasso Sea, we computed profiles before and after the passage of Fabian.

19



454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

Pre-storm profiles account for the mean concentration of three-day composites 9 and 10,
which largely account for the pre-storm week conditions and post-storm profiles account for
the mean concentration of three-day composites 11, 12, 13, 14 and 15, which largely account
for the two post-storm week conditions. This is supported by the fact that the strongest TC-
induced phytoplankton response as inferred from Chl a satellite observations is observed
between two to three weeks after the passage of TCs (Babin et al. 2004, Menkes et al. 2016).
Figure 10 (upper panel) shows that the model does not capture any meaningful post-storm
perturbation of the PFT concentrationin the first 100 m of the water column along the tropical
trajectory of Fabian. The post-storm concentration increases are mainly observed between
100-175 m depth across all PFTs (Fig. 10, upper panel), which are associated with the high
nutrient concentration increases at these depths (Fig. 11, upper panel). This result confirms
that the model captures the causal relationship between nutrient and PFT concentration
increases in the tropical waters in general, and the largest phytoplankton responses to the
passage of Fabian in particular.

On the other hand, in Fig. 10 (upper panel), we observe that the maximum concentration of
each PFT was reached at variable depths in the tropical euphotic zone. We refer to this
maximum phytoplankton concentration as the deep biomass maximum (DBM). In most cases,
the post-storm concentration increases occurred in the waters above the depth of the pre-
storm DBM (Fig. 10, upper panel). Then, from the depth of maximum concentration on, there
was a concentration decrease as compared with the pre-storm values. In contrast, we did not
observe a considerable variability of the vertical profiles of the nutrient and PFT
concentrationsin the subtropical waters due to the passage of Fabian (Fig. 10, bottom panel).

The latter disagrees with observations as Fabian led to an increased primary production and
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phytoplankton pigment concentration in the first 100 m of the water column in the waters
surrounding Bermuda (see Fig. S3b in Pedrosa-Pamies et al. 2019).

Up to this point, we have assessed the effects of nutrients influencing the PFT responses.
However, the analysis of both bottom-up and top-down effects is necessary in order to better
understand the dynamics of the post-storm phytoplankton blooms. Figure 12 shows the time
series of total phytoplankton (sum of the 7 PFTs) and zooplankton concentrations. In general,
both communities showed coupled dynamics in August and October and a decoupled one in
September in the tropical waters probably because of the perturbations induced by Fabian
(Fig. 12A and C). In contrast, no post-storm responses were observed in the subtropical waters
(Fig. 12B and D). Fabian induced a slight increase of the zooplankton concentrations following
its passage at the beginning of September (grey-shaded area in Fig. 12C) as compared with
the phytoplankton increase at this time (grey-shaded area in Fig. 12A). Then, once Fabian left
the study area (from three-day composite 13 on) the phytoplankton concentrationsincreased
progressively until the end of September (Fig. 12A), whereas the zooplankton concentrations
remained quite stable during this period (Fig. 12C). The former indicates the existence of
suitable environmental conditions that stimulated the phytoplankton community growth
after the passage of Fabian, e.g. increased nutrient supply (Fig. 8A, C) as well as limited grazing
pressure because of the decoupled predator-prey interaction (Fig. 12A and C).

Finally, for what concerns the effects of Fabian on phytoplankton diversity, we found a
significant (t-test, p < 0.05) post-storm increase of the Shannon diversity index values in the
tropical waters (Fig. 13A). In those waters, its monthly mean value was 5% higher in
September than in August, while this was only 0.7% in the subtropical waters. Although the

Shannon diversity was high in September and October in the tropical waters compared with
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August, it showed a slightly decreasing trend after the passage of Fabian. This could indicate
a weakening of the Fabian-induced effects on diversity.

4. DISCUSSION

In this study, we assessed the potential of the MIT marine ecosystem model to capture the
post-storm response of PFTs to the passage of Fabian in the western Sargasso Sea by analysing
the Darwin v0.2 ¢s510 dataset. Taking into account the findings presented in Section 3
regarding the lack of oceanographic variability in the subtropical waters after the passage of
Fabian, we suggest that this is determined by model shortcomings rather than by the actual
lack of a post-storm response in this area. Therefore, we mainly focus our discussion on the
response observed in the tropical waters. In Section 4.3, we briefly address the general model
shortcomings, though a detailed discussion thereof is not feasible as we analysed publicly
available model outputs without executing the model. Overall, this exploratory study aims to
stimulate and guide future modelling efforts to improve model performance and generate
new knowledge on the post-storm phytoplankton community response.

4.1. Phytoplankton concentration

In general, the increased phytoplankton concentration after the passage of Fabian across the
tropical waters was associated with the increase of nutrients in this oligotrophic region (Figs.
6 and 8). Post-storm blooms of coccolithophores have been observed for more than a month
in the Black Sea due to the continuous entrainment of nitrate and phosphate into the
euphoticlayer (Stanichny et al. 2021). During the relaxation stage (i.e. when the TC leaves the
study area), upwelling of nutrient-rich waters can occur in the western Sargasso Sea (Avila-
Alonso et al. 2021), leading to a continuous supply of nutrients into the euphotic zone.
Therefore, the increased post-storm nutrient concentrations during September suggest that

the model accounts for the physical oceanographic variability induced by Fabian modulating
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the fluxes of nutrient in the deep euphotic zone mainly. On the other hand, the maximum
concentration increase of diatoms and mixotrophic dinoflagellates (i.e. 20 and 21%) found in
this study is consistent with the fact that the microplanktonic fraction (diatoms and
dinoflagellates) is typically the one showing the strongest response to storm-induced nutrient
enrichment (Platt et al. 2005, Son et al. 2007, Mangesh et al. 2016, Painter et al. 2016, Mao
et al. 2019).

The post-storm nutrient enrichment simulated by the model does not equally impact all PFTs,
since we found a weak concentration increase of Prochlorococcus after the passage of Fabian
across the tropical waters (Fig. 6K). Besides, the contribution of Prochlorococcus to the total
phytoplankton concentration decreased by at most 8% in the tropical waters in September.
These results agree with field observations. For instance, Painter et al. (2016) reported a
considerable decrease of the picoplankton (<2 um, cyanobacteria including Prochlorococcus)
contribution to the phytoplanktonic community after the passage of anintense autumn storm
through the temperate northeast Atlantic. Prochlorococcus numerically dominate
phytoplankton communities in oligotrophic oceans mainly because of its tiny cell size (0.5—
0.8 um, reviewed by Bertilsson et al. 2003), and the resulting high surface-to-volume ratio
that provides adaptative advantages for nutrient uptake (Chisholm 1992, Partensky et al.
1999b). It has been reported that deep mixing, which drives nutrient fluxes into the euphotic
zone near Bermuda, leads to a significantly lower abundance of Prochlorococcus than during
the stratified, nutrient-poor conditions (DuRand et al. 2001). Overall, our findings suggest that
the model is able to simulates the weak effect of nutrient enrichment on Prochlorococcus as
compared with other PFTs.

On the other hand, the profile analysis revealed that the model reproduces patterns of

vertical variability reported in literature. For instance, the increased (decreased) post-storm
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phytoplankton concentration in the waters above (below) the DBM (Fig. 10, upper panel)
agrees with the vertical variability of the Chl a concentration reported after the passage of
Hurricane Dorian (2019) across the western Sargasso Sea (Avila-Alonso et al. 2021). Although
the deep chlorophyll maximum (DCM) does not always coincide with biomass or productivity
maxima, it often corresponds to peaks in abundance of phytoplankton (reviewed by Moeller
et al., 2019). Thus, we might consider the Chl a concentration in the DCM as a proxy of
phytoplankton abundance. Overall, the post-storm nutrient enrichment induced by Fabian
fuelled phytoplankton growth above the DBM (Figs. 10 and 11, upper panel) as observed by
Avila-Alonso et al. (2021). Then, the increased phytoplankton concentration in the shallower
waters can moderately limit deep photosynthesis because of the sunlight attenuation.

Moreover, the relative depth where the PFTs reached their maximum concentration was
consistent with observations (e.g. Latasa et al. 2016, 2017, Kang et al. 2021). More specifically,
Latasa et al. (2017) reported that within the DCM layer Prochlorococcus and Synechococcus
preferred shallow waters, while diatoms and coccolithophores preferred deep layers.
Prochlorococcus and Synechococcus can reach maximum concentrations above the nutrient-
rich deep waters because they can cope with low nutrient conditions (Partensky et al.
1999a,b). More specifically, for the case of Synechococcus, it was suggested that they can
sacrifice nutrient needs (which are higher than the ones of Prochlorococcus) in order to
improve the light field and optimize growth (Latasa et al. 2016). In contrast, diatoms can
dominate deeper than optimal irradiance layers, probably to meet their high nutrient
requirements (Latasa et al. 2016, 2017). Kang et al. (2021) found that diatoms were the most
abundant PFT at the base of the euphotic zone (1% surface irradiance) during summer in the
oligotrophic Yellow Sea and East China Sea with nutrient concentration being the major factor

controlling this vertical distribution. Besides, although coccolithophores show a variable
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vertical distribution in the warm tropical and subtropical waters, they can be found in the
lower euphotic zone (10-1% surface irradiance) close to the nutricline (Poulton et al. 2017).
Despite the consistent variability of the relative depths of the DBM across all PFTs, the actual
depths where these maxima occur are deeper than observations. For instance, the mean
depth of the DCM in the oceanic basins at 20° and 30° N is approximately 84 and 92 m,
respectively (Cornec et al. 2021), while the DCM layer at the BATS site typically occurs
between 60 and 120 m (Steinberg et al., 2001). The enhanced post-storm phytoplankton
response deep in the euphotic zone appears to have been driven by the high nutrient
concentration increases in these waters (Figs. 10 and 11, upper panel). Still, it has been
reported that the appearance and depth of DCMs globally are primarily driven by sunlight
attenuation (Cornecet al. 2021). The model resolves the penetration of spectral irradiance as
it is absorbed and scattered within the water column by the water constituents including
phytoplankton (Dutkiewicz et al. 2015). The low phytoplankton concentrations simulated by
the model in the upper ocean (Fig. 10, upper panel) do not contribute considerably to sunlight
attenuation. Consequently, high irradiance doses can reach the deep and nutrient-rich waters
in the euphotic zone supporting photosynthesis. Thus, in order to simulate the DBMs at
shallower depths, the model should be able to capture the moderate phytoplankton response
in the upper ocean after the passage of TCs.

For what concerns the potential top-down effects on the post-storm phytoplankton bloom,
we found that Fabian seems to have induced a decoupled predator-prey interaction in the
tropical waters (Fig. 12A and C). The storm-induced mixing and turbulence can decrease
phytoplankton losses due to zooplankton grazing as mixing dilutes their abundance and
reduces their encounter rates (Morison et al. 2019). Deep mixing allows phytoplankton to

escape from grazers leading to phytoplankton biomass accumulation in the euphotic zone as
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the phytoplankton growth rate surpasses that of zooplankton grazing (Morison et al. 2019).
Then, once the physical disturbance ends (e.g. the storm-induced mixing and turbulence), the
increased phytoplankton concentration enhances the encounter rate between phytoplankton
and their predators, thereby reinforcing predator populations and intensifying density-
dependent losses (Behrenfeld 2014).

Zooplankton grazing is simulated using a Holling Ill scheme (Dutkiewicz et al. 2015). This
functional response is described by a sigmoidal curve indicating that at high levels of prey
density, a saturation of the number of prey consumed for predator occurs because of the time
required for predators to digest each captured prey (Holling 1959, Rohr et al. 2022). Thus,
the high phytoplankton concentration induced by Fabian via nutrient enrichment could
ultimately have enhanced the encounter rate between phytoplankton and zooplankton,
leading to a saturation of the zooplankton grazing rate and consequently to a limited biomass
increase during September (Fig. 12C). From this analysis, we conclude that although the post-
storm phytoplankton bloom appears to be supported by both the nutrient supply and the
limited grazing pressure, the former plays a major role in initiating and fuelling the post-storm
phytoplankton bloom.

4.2. Phytoplankton diversity

Given our analysis of the mean phytoplankton concentration in the euphotic zone, we
consider that the post-storm concentration increase can be associated with new
phytoplankton production and not with the supply of phytoplankton cells from below the
euphotic zone. A clear relationship between productivity and diversity in marine
phytoplankton communities has been established before (e.g. Irigoien et al. 2004, Vallina et

al. 2014). These authors found that, at global scale, diversity increases linearly with primary
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production at low production regimes, reflecting the resource supply into the ecosystem.
Moreover, it has been suggested that nutrient supply may be the key regulator of diversity in
the very oligotrophic waters surrounding the BATS area (Pinckney & Richardson 2016).

Thus, the post-storm increased nutrient concentration simulated by the model not only
caused an increased phytoplankton concentration but it also affected diversity. Apparently,
the limited increase of the share of fast-growing phytoplankton groups such as diatoms and
coccolithophores and decrease of the proportion of dominant groups that grow under strong
nutrient limitation conditions (i.e. picoeukaryotes, Prochlorococcus and Synechococcus)
impacted the diversity of the phytoplankton community in the tropical waters (Figs. 7 and
13A). Then, in October, the contribution of Prochlorococcus increased, while that of diatoms
decreased compared with their contributions in September (Fig. 7). These slight variations
appear to have affected the phytoplankton community diversity leading to the observed
decreasing trend at this time (Fig. 13A).

In contrast, a decrease of phytoplankton Shannon diversity after the passage of TCs across
coastal waters has been observed as a result of a post-storm dominance of diatoms due to
large nutrient supply (Baek et al. 2020). In general, a decrease of phytoplankton diversity
occurs at a high nutrient supply because a few fast-growing opportunistic (e.g. diatoms) can
grow almost uncontrolled in absence of predators, leading to high primary productivity
(Irigoien et al. 2004, Vallina et al. 2014). Thus, we suggest that a moderate post-storm nutrient
increase in oligotrophic tropical waters appears to positively impact phytoplankton diversity,
by limiting productivity of opportunistic groups and decreasing the share of dominant groups.
These slight changes lead to a post-storm phytoplankton community a little bit more evenly

distributed than the undisturbed community before the passage of Fabian. From this
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discussion, we conclude that the modelled post-storm phytoplankton diversity response was
consistent with the general knowledge on the topic.

4.3. Model limitations and future work

From this exploratory study, we demonstrated that the MIT marine ecosystem model
simulates the largest TC-induced changes in nutrient, Chl a and PFT concentrations as well as
changes in phytoplankton diversity in the tropical western Sargasso Sea. However, it fails to
capture the moderate responses in the upper ocean. Although the horizontal resolution of
the model captures mesoscale features such as eddies and fronts, TCs affect the physical
ocean dynamics and the phytoplankton productivity at submesoscale (Smith et al. 2019, Whitt
et al. 2019). The Darwin v0.2 cs510 dataset analysed here is derived from the global
configuration of the MIT marine ecosystem model. However, a high-resolution regional model
might be able to resolve moderate and/or more local phytoplankton post-storm responses in
the upper ocean layer. Besides, future research should consider a higher temporal resolution
to observe the immediate impacts of storms on the different PFTs that may respond over
different time scales (Painter et al. 2016).

Even though the results presented here give insights into the effects of nutrients modulating
the immediate post-storm phytoplankton response in the tropical western Sargasso Sea,
future modelling studies might assess the strength of the causal relationship between
individual PFTs and nutrient species through a controlled experiment (e.g. a model sensitivity
analysis). This type of study would allow to quantitatively assess the response of each PFT to
variable nutrient conditions after the passage of TCs. Besides, although it has been reported
that the model captures the global patterns in macronutrients seen in the compilation of in

situ observation from the World Ocean Atlas (Dutkiewicz et al. 2015), a model examination is
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needed in order to adjust the modelled nitrate estimates of the Darwin v0.2 ¢s510 dataset
with observations in the western North Atlantic.

On the other hand, given the coherent temporal evolution of the total phytoplankton and
zooplankton concentrations in the tropical waters (Fig. 12A and C), we consider that the
model properly captures the trophic interactions between these groups of organisms after
the passage of Fabian. Overall, the analysis of the possible top-down effects presented here
merely aims to serve as a motivation for a more extensive future analysis supported by field
observations and considering the zooplankton grazing preferences influencing individual PFT
responses.

For what concerns the lack of response along the subtropical trajectory after the passage of
Fabian, we consider that this is determined by model shortcomings (e.g. inability to simulate
the deepening of the MLD) rather than by the actual lack of a post-storm response in this
area, as we mentioned before. The subtropical western North Atlantic is affected by the
eastward extension of the Gulf Stream, which contributes to the formation and shedding of
eddiesin the region (Kang & Curchitser 2013), leading to a considerable spatial heterogeneity.
Thus, future research needs to be focused on the assessment and improvement of the model
performance in this oceanographically complex area. Besides, although ECCO2 considers wind
stress forcing from meteorological reanalysis data (Menemenlis et al. 2005), an improved
atmospheric forcing using TC winds from the Hurricane Database (HURDAT) of the National
Hurricane Center (http://www.aoml.noaa.gov/hrd/hurdat/hurdat2.html), for instance, might
allow to more accurately simulate post-storm responses in both study areas.

Finally, we acknowledge that a full assessment of the TC-induced PFT variability needs to be
supported by in situ data because of the numerous complex effects in the phytoplankton

community that cannot be resolved easily by alternative data sources (Painter et al. 2016).
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Besides, extensive in situ datasets are required for model validation. Thus, improved and
expanded ocean sensor capabilities including both traditional observation methods, such as
buoys and moorings, air-deployed drifters and floats, Argo floats, as well as more advanced
observation technology and methods such as gliders and wave gliders (reviewed by Zhang et
al. 2021) are necessary to support future modelling studies.

5. CONCLUSIONS

This is the first study assessing the potential of the MIT marine ecosystem model to describe
the response of PFTs to the passage of a hurricane in the western Sargasso Sea. The analysis
of modelled data showed that Hurricane Fabian induced a significant mean concentration
increase (t-test, p < 0.05) of the analysed PFTs in the tropical euphotic zone, except for
Prochlorococcus. Although this biological response was driven by both the mean
concentration increase of nitrate, phosphate and silica in the euphotic zone to the passage of
Fabian and by a limited zooplankton grazing pressure, the former plays a major role in
initiating and fuelling the post-storm phytoplankton bloom. Besides, a significant increase of
the Shannon diversity index values was observed. Changes in diversity in this area appear to
have been associated with the post-storm nutrient enrichment, which stimulated growth of
fast-growing PFTs (e.g. diatoms and coccolithophores) and decreased the contribution of
slow-growing dominant groups (e.g. picoeukaryotes, Prochlorococcus and Synechococcus) to
the phytoplanktonic community. In general, this model captured the causal relationship
between nutrient and PFT concentration increases in the tropical waters, which is a
prerequisite to assess the post-storm biological oceanic response. More specifically, the
model captured the largest PFT responses such as those in the deep euphotic zone, whereas
it was unable to mimic the moderated ones in the upper ocean. On the other hand, a clear

biological response to the passage of Fabian across the subtropical waters was not discerned.
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The model did not appropriately capture the oceanic perturbations induced by Fabian as
observed in satellite imagery in the subtropical waters. The subtropical western Sargasso Sea
isa very complex oceanographicarea influenced by the Gulf Stream eastward extension zone,
which appears to constrain the model performance to account for extreme environmental
conditionsinduced by a hurricane. The results presented in this work can stimulate and guide
both modelling studies aiming to improve model performance and field studies, which are
fundamental to collect data and generate accurate knowledge needed for model validation.
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Figure 1. (A) Composite satellite chlorophyll (Chl) a concentration (September 1998-2002) in
the western North Atlantic Basin with the study area in the Sargasso Sea delineated by the
red rectangle and the trajectory of Hurricane Fabian (2003) superimposed. (B) Trajectory of
Hurricanes Fabian, Isabel and Juan (2003). Colours indicate the tropical cyclone category (i.e.
TD: tropical depression, TS: tropical storm and H1-H5: Saffir-Simpson Hurricane Scale based
on the hurricane’s maximum sustained wind speed. H1: 119-153 km h%, H2: 154-177 km h},
H3: 178-208 km h, H4: 209-251 km h! and H5: 252 km h or higher according to the
National Hurricane Center (https://www.nhc.noaa.gov/aboutsshws.php, last access: October
2021)). Numbers along the trajectory of Fabian (bold numbers), Isabel, and Juan indicate the
day/month. The black star indicates the location of Bermuda island. The shaded pink, blue
and green areas indicate the North Atlantic Subtropical Gyral (West), the North Atlantic
Tropical Gyral and the Caribbean biogeochemical provinces of Longhurst (1995), respectively.
(C) 100 km radius disks centered at some hurricane positions along Fabian’s trajectory in the
tropical and subtropical waters separately. The dark blue disks 1, 2 and 3 indicate areas not
affected by hurricane forcing (disks 1 and 3) and affected by Hurricane Isabel (disk 2) where
the post-storm biological and chemical responses were also investigated. The black dashed

lines denote the 25° N latitude separating tropical and subtropical waters.
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Figure 3. Three-day composite (A—C) modelled and (D—F) satellite sea surface temperature
(SST) data. (A and D) three-day composite 11 (August 31-September 2) when Fabian started
to affect the tropical waters, (B and E) three-day composite 12 (September 3-5) when Fabian
started to affect the subtropical waters, and (C and F) three-day composite 13 (September 6—
8) when Fabian left the study area. The trajectory of Fabian and a hurricane symbol indicating
the position of Fabian during the last day of the corresponding three-day composite are
superimposed. The black dashed lines denote the 25° N latitude separating tropical and

subtropical waters.
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Figure 4. Temporal evolution of three-day composite modelled and satellite chlorophyll (Chl)
a concentration data in the (A) tropical and (B) subtropical waters along Fabian’s trajectory.
(C and D) depict the local Chl a concentration and mixed layer depth (MLD) responses,
respectively, in the area delineated by the disk in Fig. 5. The vertical red lines enclose the
months of August—October (2003), and the grey-shaded area marks the days Fabian affected

the area.
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Figure 6. Temporal evolution of three-day mean concentration in the euphotic zone (0—200
m) of the phytoplankton functional types (PFTs): coccolithophores, diatoms, diazotrophs,
mixotrophic dinoflagellates, picoeukaryotes, Prochlorococcus and Synechococcus in the
tropical and subtropical waters along the trajectory of Fabian. Different y-axis ranges allow to
better highlight the temporal variability of each PFT in each study area. The vertical red lines
enclose the months of August—October (2003), and the grey-shaded area marks the days

Fabian affected the area.
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Figure 8. Like Fig. 6 but for the nitrate, phosphate and silica concentrations.
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Figure 9. Temporal evolution of three-day mean concentration in the euphotic zone (0-200
m) of (A and B) diatoms and mixotrophic dinoflagellates, (C and D) nitrate, (E and F)
phosphate, and (G and H) silica concentrations in the disks 1 and 2 represented in Fig. 1C.
Different y-axis ranges allow to better highlight the temporal variability of each
phytoplankton functional type (PFT) in each study area. The vertical red lines enclose the
months of August—October (2003), and the grey-shaded area marks the days Isabel affected

the area as well as the immediate oceanic response induced.
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Figure 10. Profiles of phytoplankton functional type (PFT) concentrations: coccolithophores,
diatoms, diazotrophs, mixotrophic dinoflagellates, picoeukaryotes, Prochlorococcus and
Synechococcus in the tropical and subtropical waters along the trajectory of Fabian before

and after its passage. Different x-axis ranges allow to better highlight the spatial variability of
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to highlight the differences between pre-storm and post-storm concentrations.

Figure 11. Like Fig. 10 but for the nitrate, phosphate and silica concentrations. The small

graphics in (B) and (C) show the profiles in the upper ocean layer using a finer scale in order
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Figure 12. Like Fig. 6 but for the total phytoplankton and zooplankton concentrations.
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Figure 13. Like Fig. 6 but for the Shannon diversity index.
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