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Abstract Tropical cyclones (hurricanes) generate intense surface ocean cooling and vertical mixing
resulting in nutrient upwelling into the photic zone and episodic phytoplankton blooms. However, their
influence on the deep ocean remains unknown. Here we present evidence that hurricanes also impact the
ocean's biological pump by enhancing export of labile organic material to the deep ocean. In October 2016,
Category 3 Hurricane Nicole passed over the Bermuda Time Series site in the oligotrophic NW Atlantic
Ocean. Following Nicole's passage, particulate fluxes of lipids diagnostic of fresh phytodetritus, zooplankton,
and microbial biomass increased by 30-300% at 1,500 m depth and 30-800% at 3,200 m depth. Mesopelagic
suspended particles following Nicole were also enriched in phytodetrital material and in zooplankton

and bacteria lipids, indicating particle disaggregation and a deepwater ecosystem response. Predicted
climate-induced increases in hurricane frequency and/or intensity may significantly alter ocean
biogeochemical cycles by increasing the strength of the biological pump.

Plain Language Summary Hurricanes (tropical cyclones and typhoons) generate intense
cooling and vertical mixing in the upper ocean, resulting in nutrient upwelling into the “sunlit” zone
which fuels short-lived phytoplankton blooms. However, hurricanes’ influence on the deep ocean remains
unknown. Here we present direct evidence that hurricanes impact the ocean's “biological pump” by
increasing export of labile (fresh and bioavailable) organic materials from the surface to the deep ocean. In
October 2016, Hurricane Nicole tracked through the NW Atlantic Ocean passing near Bermuda. At 1,500
and 3,200 m depths, sinking particle fluxes of lipid compounds diagnostic of fresh, surface-derived
phytoplankton detritus and zooplankton and microbial biomass increased by over an order of magnitude
relative to lipid fluxes prior to Nicole. We also observed that suspended particles were highly enriched in
these labile compounds, down to 1,700 m depth. Hurricane enhancement of the labile carbon flux is
important as this flux supports deep ocean ecosystems, affects ocean cycling of nutrients and other
bioreactive elements, and regulates deep ocean oxygen consumption. The sensitivity of the ocean carbon
cycle to extreme weather events furthermore suggests that climate-induced changes in hurricane frequency
and intensity will impact the ocean's biological pump and deep ocean ecosystems.

1. Introduction

Tropical cyclones (hurricanes) are the most extreme episodic weather event affecting the subtropical and
temperate ocean. Hurricanes generate strong near-inertial waves and mixing impact air-sea heat and carbon
dioxide fluxes (Bates et al., 1998; Black & Dickey, 2008; Brink, 1989; Price, 1981; Price et al., 2008; Zhang
et al., 2016). Surface mixed layer deepening and upwelling generated by Ekman pumping during hurricane
passage upwells nutrients into the euphotic zone which induces transient phytoplankton blooms, visible by
satellite (Babin et al., 2004; Foltz et al., 2015; Lin et al., 2003; Platt et al., 2005; Son et al., 2006). While
the influence of hurricanes on surface ocean physics and biogeochemistry is now relatively well understood,
the impact of hurricanes on the ocean's biological pump and deep ocean environment remains
essentially unknown.

Since 1850, over 100 hurricanes passing through the North Atlantic subtropical gyre have tracked within 300
km of Bermuda (Figure 1a). On 13 October 2016, Hurricane Nicole, a Category 3 hurricane with a 136 km
radius of hurricane-force winds, passed through the Bermuda Time Series site, the location of several
ongoing multidecadal ocean time series: Hydrostation S time series of hydrographic parameters (Michaels
& Knap, 1996; Phillips & Joyce, 2007; Steinberg et al., 2001), the Bermuda Atlantic Time series Study
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Figure 1. Hurricane activity near Bermuda. (a) Hurricanes passing within 300 km (black circle) of the Bermuda Time
Series Site (black star) from 1850 to 2016. The Hurricane Nicole track is color coded with Saffir-Simpson Wind Scale:

TS (tropical storm) and hurricane (H, Categories 1-4). Nicole's closest approach was 13 October 2016, with 56m s max-
imum sustained winds and a 136 km hurricane-force wind radius. (b, c) Weekly averaged sea surface temperature and
chlorophyll concentration, respectively, following Nicole's passage over Bermuda. (d) Current magnitude (m s and
direction (°) before, during, and after passage of Hurricane Nicole. (e) Temperature profiles before (blue lines) and after
(red and orange lines) passage of Hurricane Nicole at the BATS, HS, and OFP sites. BATS = Bermuda Atlantic Time series
Study; HS = Hydrostation S; OFP = Oceanic Flux Program.

(BATS) time series of upper ocean biogeochemistry (Lomas et al., 2013; Michaels & Knap, 1996; Steinberg
et al., 2001), and the Oceanic Flux Program (OFP) time series of deep ocean fluxes (Conte et al., 2001;
Conte & Weber, 2014).

The timing of Nicole's passage provided a unique opportunity to directly assess the impacts of the hurricane
on surface ocean biogeochemistry and the biological pump. In this study, we synthesize multidisciplinary
data from hydrographic and phytoplankton measurements and lipid compositional data of sinking and sus-
pended particles collected over the Nicole event to evaluate the impact of hurricanes on the ocean's biologi-
cal pump and carbon export to the deep ocean.

2. Material and Methods
2.1. Hydrographic and Remote Sensing data

The description and relative locations of the Bermuda time series are provided in Text S1 and Figure S1 in
the supporting information. Measurements of oceanographic conditions before and after Hurricane Nicole
were collected on Hydrostation S, BATS, and OFP cruises. Temperature profiles were measured on
Conductivity, Temperature, and Depth (CTD) casts.

Current profiles in the upper 280 m of the water column were continuously measured over the study period
by the upward looking 150-KHz Acoustic Doppler Current Profiler (RDI/Teledyne Quarter Master) that is
affixed to the top of the OFP mooring (300 m depth).

Sea surface temperature (SST) data (8-day SST composites) were obtained from Moderate Resolution
Imaging Spectrometer, in orbit on the Aqua platform, using 4-km resolution Level 3 binned data. Eight-
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Figure 2. Phytoplankton response to Hurricane Nicole. Box-whisker plots (gray) of primary production (PP) and pigment
and bacteria concentrations in the upper 250 m during October from 1990 to 2016 (n ranges from 13 to 24 due to
sampling variability). The box shows the 25th percentile and 75th percentile quartiles and the median, bars show the 5%
and 95% data distribution, and circles show the outliers. Profiles 5 days after Nicole are shown by red circles. Pigment
abbreviations and taxonomic significance (Aiken et al., 2009): Chlorophyll a, (Chl a, photosynthetic algal pigment),
Chlorophyll b (Chl b, Chlorophytes), 19-Hexanoyloxyfucoxanthin (Hex, Haptophytes), Zeaxanthin (Zea, Cyanobacteria),
19-Butanoyloxyfucoxanthin (But, Chrysophytes), Diadinoxanthin (Dia, diatoms, Haptophytes), and bacteria abundance
(Bact).

day mean SST data are processed and distributed by the National Aeronautics and Space Administration
Goddard Earth Sciences Data, Information Services Center, and Ocean Biology Processing Group. Seven-
day mean surface Chl concentration data were obtained from Pelagic Interaction Scheme for Carbon and
Ecosystem Studies (HAMOCCS5 v.5, Aumont et al., 2015).

Hurricane position and intensity information were obtained from the National Oceanic and Atmospheric
Administration National Hurricane Center (see Text S2).

2.2. Sample Collection

Water samples for bacteria cell counts and phytoplankton pigment concentrations were collected from
Niskin bottles on CTD casts conducted on 19 October 2016 (6 days after Hurricane Nicole's passage and 7
days before the suspended particle collection). Sinking particles were collected at 1,500 and 3,200 m depths
by Parflux sediment traps (McLane Labs, Falmouth, MA) on the OFP mooring. Trap cups were filled with
40-ppt deep seawater (concentrated by freezing) poisoned with ultratrace metal purity HgCl, (200 mg L™).
OFP methods are detailed in Conte et al. (2001, 2018). Sinking particles analyzed in this study were collected
between 25 October 2016 and 10 December 2016 with a biweekly sample resolution. Suspended particle col-
lection and analyses are detailed in Pedrosa-Pamies et al. (2018) and Text S2.
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Figure 3. Lipid fluxes at 1,500 and 3,200 m depths before, during, and after Nicole. (a) Particulate organic carbon (POC) flux and percentage of the total mass flux
(yellow). (b) Total lipid flux with contributions of fatty acids (FA), fatty alcohols (FAL), and sterols and nonspecific lipids (Other). (c) Fluxes of POC sourced from
phytoplankton-derived and labile material (Phytoplankton+PUFA), Zooplankton, Bacteria, and Other (see text). Fluxes of diagnostic lipid biomarkers for

(d) phytoplankton-derived POC (Phyto+PUFA): phytosterols (Table S1), long-chain alkenones (LCK) and C3q diols, and PUFA compounds (C;g PUFAs, 20:5w3,
and 22:6w3). (e) Zooplankton-derived POC (ZOO): cholesterol, 18:1w9, 20:1w9, 22:1w9, and 22:1w11 monounsaturated fatty acids (MUFA); and Cy¢ 2,
monounsaturated fatty alcohols (MUFAL). (f) Bacteria-derived POC (BACT): odd and branched fatty acids (odd/br FA), 18:1w7 MUFA, odd FAL, hydroxy acids,
and hopanoids (HOP).
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2.3. Analytical Methods

Analytical methods for phytoplankton production, pigments, and bacterial cell enumeration used methods
described in the BATS Methods Manual (Knap et al., 1997) and are detailed in Text S2.

Particulate organic carbon (POC) concentrations were measured on a Europa 20-20 CF-IRMS interfaced
with a Europa ANCA-SL elemental analyzer. Samples were acidified prior to analysis to remove carbonates
(Text S2). Analytical uncertainty was <0.07% (n > 3).

Lipids were preserved and analyzed using a modification of methods in Conte et al. (2003) (Pedrosa-Pamies
et al., 2018) and described in Text S2. Briefly, an internal standard mixture (n-C,; .o fatty alcohol, n-Cys.q fatty
acid, 5a(H)-cholestane, and n-Cs¢. alkane) was added to the samples prior to lipid extraction. Lipids were
ultrasonically extracted in 2:1 CHCl;-MeOH, transesterified with methanolic HCI and trimethylsilylated
using BSTFA with 1% TMCS. The transesterified, trimethylsilyl derivatives were analyzed on an Agilent
7890A GC coupled to a 5975C MS equipped with triple-axis MS and FID detectors. Compounds were iden-
tified by mass spectra and quantified from their FID response relative to the internal standard. Uncertainties
in quantification range between 4% and 11%, based upon repeated analyses of samples having similar
lipid composition.

Over a hundred extractable lipid compounds are present in oceanic POC. Current knowledge of taxonomic
distributions and diagenetic transformations allows inferences in sources and lability (i.e., “lability/fresh-
ness” or ease of degradability). We estimated the relative contributions of POC sources by summing the abso-
lute and POC-normalized concentrations of key lipid biomarkers into groups: Phytoplankton-derived POC
and labile polyunsaturated fatty acids (PHYTO+PUFA), zooplankton-derived POC (ZOO), and bacterial-
derived POC (BACT; see Figure 3 and Tables S1 and S2 for abbreviation details)

1. PHYTO+PUFA = C;g FA+ 20:5w3 FA + 22:6w3 FA+ phytosterols + alkenones+ Cs, diol
2. ZOO = 18:1w9 FA + 20:1w9 MUFA + 22:1w9 MUFA + 22:1w1l1l MUFA + cholesterol + MUFAL
3. BACT = Odd/br FA+ 18:1w7 FA + odd FAL + hopanoids+ hydroxy acids

2.4. Multivariate Analysis

Principal component analysis (PCA) was performed to assess compositional variation of sinking and sus-
pended particles. PCA used a total of 49 POC-normalized observations and included 16 key lipid biomarkers
as variables (section 2.3). The observations include five sinking particle samples for each 1,500 and 3,200 m
depths, collected before, during, and after Hurricane Nicole and 39 observations of suspended particles col-
lected in October 2016 two weeks following passage of Hurricane Nicole, in April 2015 (postspring bloom
conditions) and November 2015 (minimum production conditions; see Pedrosa-Pamies et al., 2018 for
further details).

3. Results and Discussion
3.1. Upper Ocean Physical and Biological Response to Hurricane Nicole

Nicole became a tropical storm on 4 October 2016 and circled the tropical Atlantic for 6 days before acceler-
ating and intensifying as it approached the Bermuda Time Series Site. Closest approach was on 13 October.
Remote sensing of SST and chlorophyll following Nicole's passage showed a typical pattern of surface ocean
cooling (Babin et al., 2004; Foltz et al., 2015; Lin et al., 2003) and evidence of induced phytoplankton blooms
(Figures 1b-1c and S2).

Current profiles (Figure 1d) showed that Nicole generated strong currents (up to 1 ms™ at 80 m depth) that
persisted for over 2 days and near-inertial waves that persisted for over 2 weeks. The mixed layer deepened
by 25 m and cooled by 2.9 °C in response to the hurricane physical forcing (Figure 1e). These observations
are similar to those previously observed for other hurricanes passing through the Bermuda region (Black &
Dickey, 2008; Dickey et al., 1998; Goni et al., 2017; Price, 1981).

Depth profiles of primary production rates, phytoplankton pigment, and bacteria cell concentrations were
measured 6 days after Nicole (Figure 2). These profiles showed enhancement and deepening of primary pro-
duction, phytoplankton pigments, and bacteria cell concentrations relative to that typically observed in
October. Primary production rates and pigment and bacteria concentrations below the euphotic zone (typi-
cally ~100 m depth; Siegel et al., 2001) were among the highest observed in October over the last 25 years of
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BATS sampling. These observations indicated that Nicole induced a transient phytoplankton bloom that was
subsequently downmixed into subeuphotic zone waters. Similar responses were observed at the BATS site
following Hurricanes Felix (Category 1, August 1995) and Fabian (Category 3, September 2003; Figure
S3). These observations are consistent with other evidence for nutrient stimulation of phytoplankton pro-
duction, particularly diatoms (Maiti et al., 2009;Malone et al., 1993; Marra et al., 1990), following extreme
wind events in the Sargasso Sea (Malone et al., 1993; Marra et al., 1990) and in the NE Atlantic Ocean
(Painter et al., 2016), NW Pacific Ocean China Sea (Chung et al., 2012), and coastal regions (Anglés et al.,
2015; Gauns et al., 2016).

3.2. Deep Ocean Particle Flux and Composition Following Hurricane Nicole

The deep particle flux was continuously sampled by the OFP traps as Nicole passed through the region
(Figure 3). At 1,500 m, while the total POC flux did not increase during Nicole's passage, the POC percentage
of the flux increased by 30% (29 October to 12 November). The total lipid flux increased by 34%, from 60 ug-m
~2.day ™" (4.1% of POC) to 94 ug-m~>-day " (5.8% of POC) in the period sampled during Nicole's passage (10~
25 October). Subsequently, the lipid flux declined by 50% and continued to decline over the rest of November
and December. Fluxes of phytoplankton-derived lipids (phytosterols, C;3 PUFAs, and the C;, diols)
increased by up to 100% during Nicole, indicating rapid delivery of phytodetritus to the deep ocean after
the overlying bloom (Figures 3c and 3d and Table S1). The doubling of fluxes of phytosterols prevalent in
diatoms (Volkman, 2003; norC,,A>?%, C,A”?%, and C,gA>?%) suggests that diatoms contributed a sizable
portion of the phytodetritus flux, even though pigment composition (Figure 2) indicated that diatoms were
relatively minor components of phytoplankton biomass. Fluxes of zooplankton-derived lipids (18:1w9 fatty
acid and C,4.,, monounsaturated fatty alcohols) also increased twofold and eightfold, respectively, concur-
rent with the increase in phytodetritus flux. Similarly, fluxes of bacteria-derived lipids (18:1w7 fatty acid,
odd- and branched-chained fatty acids, and hopanoids) increased by 40-80%. Fluxes of steroidal ketones,
early degradation products of sterols, increased by 20% and fluxes of 1-O-alkylglycerols, presumed to be
sourced from both animals and bacteria, increased by a remarkable 270% (Table S1).

Flux composition at 1,500 m depth evolved over the Nicole event (Figure 4). POC-normalized concentrations
of phytosterols and bacterial hopanoids were highest during the period of highest lipid flux, while concen-
trations of C,p.,, PUFA and most zooplankton- and other bacteria-derived biomarkers were highest after
the peak in lipid flux (Figures 3 and 4 and Table S1). These observations suggest continued reworking of
the labile carbon flux materials by animal and microbial activities.

A clear time lag was observed in the arrival of the phytodetrital flux at 3,200 m depth. Total lipid flux
increased threefold from 10-25 October to 29 October to 12 November, from 13 ug-m~2day~* (1.3% of
POC) to 37 ug-m~>-day ! (4.4% of POC; Figures 3a-3c). As observed at 1,500 m depth, the POC percentage
of the mass flux increased by 27%, coincident with the increase in lipid flux, after Nicole's passage. The lipid
flux peak was particularly enriched in phytosterols and steroidal ketones, which increased by an order of
magnitude (Table S1). Similarly, fluxes of zooplankton-derived cholesterol and 18:1w9 fatty acid increased
by 100% and 70%, respectively, and fluxes of bacteria-derived odd- and branched-chained fatty acids and
alcohols increased by 100%. POC-normalized concentrations of phytosterols were highest during the period
of the maximum lipid flux (Figure 4). Similar trends were observed for most zooplankton- and bacteria-
derived biomarkers and indicates a continuing close coupling of heterotrophic biomass and activity with
the labile phytodetritus flux, even at bathypelagic depths (Figures 3 and 4).

Large amorphous aggregates were observed in both the 1,500 and 3,200 m flux material during the period of
maximum fluxes (Figure S5). This formation of rapidly sinking particles by physical (coagulation) and/or
biological (animal ingestion) particle aggregation of phytoplankton and other materials accelerated the
transfer of bloom-derived materials to the deep ocean.

3.3. Surface Export and Deep Ocean Response to Hurricane Nicole's Passage

The increase in labile lipid export following Hurricane Nicole's passage is reflected in the elevated lipid con-
centrations observed in suspended particles within mesopelagic waters 2 weeks after Nicole's passage
(Figure S4; Pedrosa-Pamies et al., 2018). The enrichment in fresh, labile organic carbon in lower mesopelagic
waters is particularly noteworthy for phytoplankton-derived compounds (e.g., phytosterols, Csq diol, and
alkenones) and for rapidly degraded PUFA.

PEDROSA-PAMIES ET AL.
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Figure 4. POC-normalized lipid concentrations in the particle flux at 1,500 and 3,200 m depths before, during, and after Nicole's passage. (a) Total lipid flux.
(b) Concentrations sourced from phytoplankton-derived and labile material (Phytoplankton+PUFA), zooplankton-derived, bacteria-derived, and Other.
Concentrations of diagnostic lipid biomarkers of (c) phytoplankton-derived POC (Phyto+PUFA), (d) zooplankton-derived POC (ZOO), and (e) bacteria-derived

POC (BACT). (See Figure 3).

PCA was employed to quantitatively assess compositional changes. Results (Figures 5a and 5b) show high
loadings on PC1 for compounds associated with phytoplankton-derived POC, PC2 for compounds associated
with bacterial and zooplankton biomass, and PC3 for compounds associated with zooplankton biomass.
Following Nicole, PC1 and PC3 factor scores for sinking particles increased at both 1,500 and 3,200 m depths
(Figures 5c and 5d). Additionally, scores for suspended particles in mesopelagic waters after Nicole are sig-
nificantly higher than in suspended particles during low productivity (November 2015) and postspring
bloom (April 2015) conditions. These results highlight rapid export and disaggregation of surface bloom-
derived material and an increase in animal- and bacteria-derived biomass in mesopelagic
particles following Nicole. While part of the increase in zooplankton- and bacterial-derived lipids in the
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Figure 5. PCA results. (a, b) Factor loadings for biomarkers of phytoplankton/labile material (PHYTO+PUFA, green),
zooplankton-derived material (ZOO, orange), and bacteria-derived material (BACT, purple). (c, d) Biplots of main factor
scores for sinking and suspended particles, identified by depth zone. Sinking particles at 1,500 m (orange circles) and
3,200 m (pink circles) were collected during (1) 25 September to 10 October, (2) 10-25 October, (3) 29 October to 12
November, (4) 12-26 November, and (5) 26 November to 10 December. Suspended particle profiles were collected in April
2015 (green, post spring bloom conditions), November 2015 (gray, minimum production conditions), and in October 2016
two weeks after Nicole (purple). Black arrows indicate the increase in PC1 and PC3 scores following Nicole.

sinking and suspended particles was likely heterotrophic biomass directly associated with the sinking
phytodetritus, lipid compositional changes in sinking particles (e.g., higher concentrations of cholesterol
and hopanoids) and suspended particles (Pedrosa-Pamies et al., 2018) evidence intensified particle
recycling and deepwater secondary production in response to the arrival of labile carbon at depth.

4. Conclusions

This study shows, for the first time, that upper ocean physical perturbations associated with hurricane pas-
sage can enhance the export of labile carbon to the deep ocean and invoke a mesopelagic ecosystem
response. The magnitude of the increases in total lipid and phytoplankton-derived lipid fluxes following
Nicole is of the same magnitude as the increases in labile lipid fluxes that have been observed at 3,200 m
depth at the Bermuda Time Series Site following mesoscale physical forcing of a transient bloom (Conte
etal., 1998, 2003; Table S1). Previous studies have demonstrated that mesoscale ocean features can stimulate
production and carbon export to the deep ocean (Conte et al., 2003; Pedrosa-Pamies et al., 2016; Shih et al.,
2015; Stukel et al., 2017), but the only prior documented evidence of storm-induced export of POC to depth is
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the study of Chen et al. (2013) in the oligotrophic northwest Pacific Ocean, where an increase in flux of POC
at 125 m depth was observed following an extreme weather event.

Seven hurricanes of Category 3 or greater have passed within 300 km of Bermuda between 1980 and 2016:
Harvey 1981, Gert 1999, Erin 2001, Fabian 2003, Ophelia 2011, Gonzalo 2014, and Nicole 2016. Given the
average radius of hurricane-force winds of ~135 km (Bell et al., 2004) for major hurricanes (Text S2), these
hurricanes have affected an area of ~85,700 km? for the 36-year period, corresponding to an average surface
area of ~23,000 km?/year (Figure S6).

The extensive area affected by hurricanes in subtropical and temperate regions suggests that hurricane for-
cing may significantly influence the biological pump and the efficiency of labile organic carbon export from
the surface to the deep ocean. This in turn will impact the food supply for deep sea organisms (Gooday,
2002), microbial remineralization and oxygen consumption rates in the ocean interior (Baltar et al., 2016;
Bochdansky et al., 2010; Herndl & Reinthaler, 2013), and the cycling of nutrients and easily remineralized,
bioreactive elements (Conte et al., 2018; Weber et al., 2016).

The global impact of hurricane activity on the ocean carbon cycle remains to be evaluated. Although there
are uncertainties in historical trends of hurricane intensity (Klotzbach et al., 2015; Sobel et al., 2016; Walsh
etal., 2016; Yan et al., 2017), recent modeling studies suggest that hurricane intensity will increase as climate
warms (Bhatia et al., 2019; Bianucci et al., 2018; Kossin, 2017). Further studies, in particular at long time ser-
ies sites, are needed to elucidate the various effects of hurricanes on the oligotrophic ocean's biological
pump. However, results here clearly indicate that climate-induced changes in hurricane frequency, inten-
sity, and tracks may impact biogeochemical cycles, underscoring the sensitivity of the deep ocean and its
ecosystems to climate perturbations (Kwon et al., 2009; Lima et al., 2014; Smith et al., 2013).
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