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Abstract

We identified 38 cyclonic eddies (CEs) using satellite altimetry that traversed Station ALOHA in the North Pacific Subtropical
Gyre from 1993 to 2018. We separated CE-induced particle export, measured using free floating sediment traps deployed at 150
m, at the center versus the edge and with time since eddy evolution. The fluxes of particulate carbon, nitrogen and biogenic
silica (PC, PN and BSi) varied significantly within and among individual eddies depending on season and age. On annual
time scales, there was little to no significant PC (1.1-1.3-fold) or PN (1.1-1.2-fold) CE enhancement relative to non-eddy and
non-bloom periods. In contrast, BSi fluxes were elevated by an average of 200 {plus minus} 80% (1.3-2.7-fold). Our results
confirm that CEs more efficiently export BSi relative to C, suggesting that these elements, central to marine food webs, differ

in their mechanisms of export to depth and may contribute to long term ecological change.
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Abstract

We identified 38 cyclonic eddies (CEs) using satellite altimetry that traversed Station
ALOHA in the North Pacific Subtropical Gyre from 1993 to 2018. We separated CE-
induced particle export, measured using free floating sediment traps deployed at 150 m,
at the center versus the edge and with time since eddy evolution. The fluxes of particulate
carbon, nitrogen and biogenic silica (PC, PN and BSi) varied significantly within and
among individual eddies depending on season and eddy age. On annual time scales, there
was little to no significant PC (1.1-1.3-fold) or PN (1.1-1.2-fold) CE enhancement
relative to non-eddy and non-bloom periods. In contrast, BSi fluxes were elevated by an
average of 200 + 80% (1.3-2.7-fold). Our results confirm that CEs more efficiently export
BSi relative to C, suggesting that these elements, central to marine food webs, differ in

their mechanisms of export to depth and may contribute to long term ecological change.



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

1. Introduction

Mesoscale eddies are ubiquitous features throughout the world’s oceans that redistribute
nutrients from depth to the euphotic zone, thus inducing a cascade of biochemical and
ecological responses that facilitate the downward export of sinking particles (Mahadevan,
2016; McGillicuddy, 2016; Resplandy et al., 2019). It has been estimated that as much as
50% of new production in the global ocean may be due to mesoscale eddy pumping
(McGillicuddy, 1998). Field observations, however, suggest that significant differences in
the magnitude and composition of eddy-induced particle export occur depending on the
mechanism of formation, sampling relative to eddy age, location of sampling within a
mesoscale feature, and appropriate non-eddy references (Bidigare et al., 2003; Benitez-
Nelson et al., 2007; Buesseler et al., 2008; McGillicuddy et al., 2007; McGillicuddy,
2016; Zhou et al., 2020). Therefore, a comprehensive understanding of mesoscale eddy
type, the eddy’s physical and biogeochemical evolution, and inherent spatial
heterogeneity is needed. The ephemeral nature of mesoscale features, however, makes
high-resolution field observations difficult. Given this limitation, temporal studies of

specific mesoscale eddy types may provide insight into their stochastic variability.

To provide an initial model construct of baroclinic mesoscale features on particulate
carbon (PC), particulate nitrogen (PN) and biogenic silica (BSi) export, the present study
focuses on Station ALOHA (A Long-term Oligotrophic Habitat Assessment, 22°45°N,
158°W), the site of the Hawaii Ocean Time-series (HOT) program located in the North
Pacific Subtropical Gyre (NPSG). This oligotrophic region is characterized by low

biological production throughout most of the year (Karl and Church 2014, 2017). During
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July-August, however, N,-fixation mediated diatom blooms create a seasonal summer
export pulse (SEP) of particulate material that is rapidly transported to depths of 4000 m
(Karl et al., 2012; Grabowski et al., 2019). Episodic nutrient inputs may also occur due to
mesoscale eddies that regularly pass through the region (Huang et al., 2018) and reflect
processes that influence the larger scale biogeochemical state of the NPSG ecosystem
(Barone et al., 2019). Studies of wind-induced cyclonic eddies (CEs) in the lee of the
Hawaiian Islands confirm that these features may contribute to particulate carbon (PC),
particulate nitrogen (PN), and biogenic silica (BSi) export depending on their age
(Benitez-Nelson et al., 2007; Bidigare et al., 2003; Maiti et al., 2008). Combined with
satellite data, the HOT measurement program provides a unique opportunity to explore a
range of CE developmental phases (Barone et al., 2019; Mourifio-Carballido, 2009;
Sweeney et al., 2003). Here, we synthesize all the available data associated with
mesoscale CEs that have passed in close proximity to Station ALOHA from 1993-2018
and systematically assess how their spatial and temporal variability influences the

magnitude and composition of suspended and sinking particle fluxes.

2. Material and Methods

2.1 Eddy detection

Both CEs and anticyclonic eddies that traversed Station ALOHA from 1993-2018 were
obtained by using the Mesoscale Eddy Trajectory Atlas Product from Archiving,
Validation and Interpretation of Satellite Oceanographic data (AVISO, note data are only
available from 1993). This product provides the type, location, rotational speed, radius (R)

and amplitude of global eddies detected each day from multi-mission delayed-time
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altimetry datasets (e.g., sea surface height (SSH) and sea level anomaly (SLA)) with
1/4°x1/4° spatial resolution (https://www.aviso.altimetry.fr/en/data/products/value-
added-products/global-mesoscale-eddy-trajectory-product.ntml).  Here, CEs  were
identified by where the outermost closed contour line of the SSH field coincided with the
maximum geostrophic flow (Huang et al., 2017). We further focused on CEs with

lifespan = 4 weeks and amplitude = 3 cm (to take into account altimetry uncertainty

data of 2-3 cm). The closest CE center to Station ALOHA and corresponding outermost
closed SLA contour were subsequently determined for the time period of each ~3-day
sediment trap deployment from 1993-2018 (see Figure S1-S4). We defined Station
ALOHA as being within the cyclonic eddy core (EC) if it was located inside the

outermost closed SLA contour.

Numerous studies have shown that mesoscale eddies are heterogeneous, with sheer zones
that induce additional hotspots of phytoplankton growth (Mahadevan, 2016). Thus,
regions outside of the EC, such as the eddy edge (EE) must also be evaluated to examine
mesoscale eddy effects on particle fluxes. The outer perimeter of an eddy-affected area,
however, is difficult to define; studies based on satellite data set the EE at twice the R of
the eddy feature (Chelton et al., 2011b; Gaube et al., 2014), while in situ observations of
chlorophyll a (Chl a) and zooplankton indicate a decorrelation length scale for mesoscale
features at Station ALOHA to be 2 - 40 km or <1.5R (Huntley et al., 2006). Here, we
identified water column- and sediment trap-derived PC, PN and BSi flux measurements
collected at Station ALOHA as “eddy-influenced” if the distance between Station

ALOHA and the closest eddy center (D) was less than 2R. Of the 230 flux measurements
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made at Station ALOHA, 95 were considered to be eddy-influenced and all were located
within the decorrelation length scale of 1.5R. Thirty-eight CEs were identified and are
discussed regarding their role in NPSG biogeochemistry and particle export (Table S1

and Figure S1-4).

To investigate the temporal variation of PC, PN and BSi fluxes within CEs as they aged,
each eddy was followed since formation by obtaining a time series of SLA at the EC. The
lifespan of a CE is generally comprised of an eddy intensification stage, where SLA
begins to decline, a mature stage, where SLA reaches a minimum, and a decay stage,
where SLA returns to typical ocean conditions. During an eddy’s lifespan, however,
some features may merge with other eddies, split, or experience multiple intensification
periods due to changes in physical conditions (Huang et al., 2017). For ease of analysis,
only CEs that maintained their form were included in our analysis of temporal evolution
(N = 22 out of 38). The trajectories of CEs at the time of Station ALOHA passage (D <
2R) are shown in Figure 1. More detailed information regarding specific CE SLA

evolution and the SLA at the time of in situ measurement are shown in Figure S5.

2.2 In situ measurements at Station ALOHA
Water column concentrations of suspended and sinking PC, PN and BSi were obtained

from the Hawaii Ocean Time-series Data Organization & Graphical System (HOT-

DOGS) (http://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html), and methods are

described in detail at http://hahana.soest.hawaii.edu/hot/methods/results.html. Details of

the elemental sampling and analysis are provided in the Supplemental Material (SM), S1.
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3. Results

3.1 Particulate C, N and BSi export mediated by cyclonic eddies

Physical CE properties, including lifespan, age, radius and trajectories, are presented in
Figure 1la and the SM, S2. In 6 instances, two in situ sampling records were available (see
Table S1). To facilitate discussion, we examined the variability of CE-mediated fluxes
and inventories at annual and monthly time scales, and separated features into two time-

periods: those during bloom (July-August) and non-bloom periods (September-June).

Particulate C and N eddy inventories (EC + EE) varied from 193 to 396 mmol C m™
(average + standard deviation= 290 + 46 mmol C m™) and from 31 to 71 mmol N m™
(average = 42 + 7 mmol N m?), with PC sinking fluxes at 150 m ranging from 1.4 to 4.1
mmol C m?d™ (average = 2.5 + 0.6 mmol C m?d™) and 0.15 to 0.54 mmol N m*d*
(average = 0.31 + 0.09 mmol N m™d™), a greater than 2-fold difference (Figure 1b-c, e-f).
Eddy BSi inventories and fluxes were even more variable (>15-fold), ranging from 0.5 to
8.6 mmol Si m? and 0.01 to 0.28 mmol Si m?d™, respectively (Figure 1d and 1g). The
range of PC, PN and BSi inventories and fluxes in the EC versus the EE were the same as
those for the combined EC+EE (Table S2). These results indicate that CEs triggered

higher variability in BSi fluxes relative to PC and PN.

The magnitude and range of CE PC, PN and BSi inventories and export fluxes also did
not significantly differ from those measured during non-eddy periods over an annual time

scale (t-tests, p > 0.05) (Table S2). Rather, the monthly variability of CE PC, PN, and BSi
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inventories and fluxes followed Station ALOHA climatology: high during summer
(especially in July and August) and low during spring and winter (Figure S6). To separate
CE-influenced signals from Station ALOHA seasonality, we determined all eddy flux and
inventory anomalies using the monthly climatological average (MA) (i.e., Eddy-MA)
(Table S2). The lowest flux anomalies were observed in August (bloom period), but the
timing of the highest flux anomalies differed depending on the element, PC and PN

occurred in April and June and BSi in March and April.

Given the observed seasonal and spatial variability and the inherent difficulty in defining
a non-eddy impacted export flux, all CE-mediated export fluxes and inventories were
thus normalized to baseline climatology at Station ALOHA: 1) < 2 months before an
eddy’s passage (EB), 2) <2 months after an eddy’s passage (EA), 3) the MA non-eddy
flux and inventory, excluding July and August, 4) the MA of July and August only, and
5) the long term non-eddy influenced average (LA) from 1993 to 2018, excluding July-
August. It is noteworthy that not every data CE flux and inventory data point
corresponded to an EA/EB reference and data collected in July and August were not used
for a baseline comparison. For example, for PC fluxes, there were only 22 EB and 18 EA

reference data points.

When CE mediated (EC + EE) particle fluxes were compared to all reference periods
(Figure 2, Table S3), average normalized PN eddy fluxes were not significantly different
from 1 (from 1.1 £ 0.3 for (EC + EE)/MA excluding July and August to 1.2+ 0.5 for (EC

+ EE)/EB). For PC CE fluxes, normalized averages were similarly close to 1 and ranged
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from 1.1-1.3. Normalized CE PC and PN inventories also did not differ significantly from
1 (Figure 2). In contrast, CE-mediated BSi fluxes were both significantly enhanced when
normalized to EB (2.65 £ 1.59, p = 0.002) and EA (2.7 + 3.11, p = 0.038). While CE
mediated BSi fluxes were elevated when normalized to MA, excluding July and August
(1.3 £ 0.8), and LA (1.3 = 0.8), they were not significantly different. The lack of
statistical significance was likely due to the large variability in BSi fluxes observed
within CEs relative to PC and PN. Normalized eddy BSi inventories varied from 1.02 +
0.37 (LA) to 1.42 + 1.83 (EA), but were not significantly different from 1 (p > 0.05)
(Figure 2). Interestingly, normalized eddy-mediated PC, PN and BSi fluxes during July
and August to MA were all significantly < 1, i.e., 0.83 = 0.22, (p = 0.02) for PC, 0.81

0.22 (p = 0.002) for PN, and 0.79 + 0.68 (p = 0.005) for BSi.

We more closely examined differences in EC and EE fluxes. In the EC only, normalized
CE BSi fluxes remained > 1, ranging from 1.8 to 4.3 relative to 1.1-1.4 for PC and 1.2-
1.5 for PN, and was significantly enhanced relative to the EA reference. In the EE region
only, normalized CE BSi fluxes (1.1-3.0) were still higher than those of PC (1.1-1.2) and

PN (1.1-1.2).

3.2 Si/C and Si/N ratios in sinking particles

Ratios of Si/C and Si/N in sinking particles were also calculated to examine the relative
enhancement of CE BSi fluxes. The range in Si/C ratios (mol:mol) was 0.006 - 0.14, and
for Si/N ratios, 0.04 - 1.38, across all CEs. The highest values of both ratios occurred in

August CEs under conditions of rapid diatom growth, while for non-eddy periods, Si/C
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and Si/N ratios ranged from 0.007 to 0.22 and 0.03 to 1.94, respectively. For CEs that
passed by Station ALOHA during non-boom periods, Si/C and Si/N ratios ranged from
0.006 - 0.089 and 0.04 - 0.72, respectively. Compared to EA and EB reference periods,
CE Si/C and Si/N ratios were significantly elevated by 1.1-2.8-fold and 1.1-3.0-fold,

respectively (Table S3 and Figure 2).

4. Discussion

4.1 Seasonal variability

Mesoscale CEs enhance biological production, influence food web structure, and hence
particle formation and export by facilitating the injection of nutrient rich deep water into
the well-lit surface waters (Benitez-Nelson &McGillicuddy, 2008; McGillicuddy, 2016;
Resplandy et al., 2019; Zhou et al., 2020). Understanding the magnitude of CE effects on
ocean biogeochemistry is confounded by the inherent spatio-temporal variability of the
open ocean and the difficulty in not only identifying mesoscale CE features, but also
comparing CE-mediated changes to other, presumably uninfluenced ocean waters.

Here, eddy-mediated BSi fluxes during non-bloom seasons were found to be elevated
relative to PC and PN fluxes and surrounding ocean waters when compared to all non-
eddy reference periods, 2 months before or after eddy passage, the monthly average or
the long-term annual average. These results agree with previous studies of wind-
generated mesoscale eddies that form in the lee of the Hawaiian Islands (e.g., Benitez-
Nelson et al., 2007; Maiti et al., 2008). Benitez-Nelson et al. (2007) hypothesized that PC
and PN were preferentially remineralized (PN was even more labile than PC) relative to

BSi during sinking due to enhanced grazing by microzooplankton. Multiple studies have
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also found preferential PC remineralization and lower transfer efficiencies relative to BSi
in response to the overlying phytoplankton composition, zooplankton grazing strategy
and microbial degradation (Karl et al., 1999; Kim, 2017; Reinfelder and Fisher, 1999;
Twining et al., 2014). For example, the cyanobacteria Prochlorococcus spp. are
numerically abundant photoautotrophs in the NPSG, and are more likely to be degraded
relative to other cyanobacterial groups due to their semi-permeable proteinaceous
membrane (Partensky et al., 1999). Furthermore, elements such as carbon and nitrogen
that are incorporated into the algal cytoplasm, are more likely to be assimilated by
zooplankton and recycled to the dissolved phase relative to structural elements, such as
silica (Reinfelder &Fisher, 1991; Twining et al., 2014). Our results highlight the
biogeochemical decoupling between PC, PN and BSi export in response to mesoscale

CE-mediated nutrient injection.

During the bloom season in July and August, CE-mediated PC, PN and BSi fluxes were
all reduced. We hypothesized that CEs negatively moderate the physical (e.g., lower
temperature and deeper mixed layer depth) and biogeochemical conditions (e.g., higher
nitrate intrusion) (Huang et al., 2018) that are favorable for NPSG diatom-diazotroph

associations (White et al., 2007), thus ultimately lowering particle fluxes.

4.2 Spatial variability
A fundamental characteristic of mesoscale CEs is that their dynamic physical variability
(Siegel et al., 2011) influences the biogeochemical response (Barone et al., 2019;

Mahadevan, 2008; Zhou et al., 2013). These spatial differences are further influenced by

11
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a CE’s temperal evolution (Benitez-Nelson & McGillicuddy, 2008; Huang et al., 2017,
Sweeney et al., 2003). To more closely examine spatial variability, CE flux and inventory
anomalies were assembled in an ideal CE by normalizing the distance between each CE
center and Station ALOHA to the CE radius (Figure 3). All anomaly values for fluxes
and inventories showed significant spatial variabilities in both the EC and EE, which
indicated complex biogeochemical cycling within these mesoscale features. Grouping
anomalies into different sub-regions (Table S3), PC and PN inventories in the EC were
characterized by high values in the 0.25R-0.5R region, while their fluxes were elevated in
the 0.5R-0.75R region. Such spatial mismatches between PC and PN fluxes and
inventories further suggested a combination of lateral transport and temporal delays
between elevated water column biomass and PC and PN fluxes (Zhou et al, 2013). For
BSi, both inventories and fluxes were spatially coherent with highest fluxes within the
0.5R-0.75R region, possibly due to more rapid sinking of BSi ballasted material relative

to PC and PN.

Outside the EC, complex physical dynamics processes often result in the coexistence of
upwelling and downwelling hotspots that differentially affect PC and PN and BSi export
and their inventories (Klein & Lapreye, 2009). No significant spatial trends were
observed at the EE as both low and high PC and PN inventories and fluxes were found
(Figure 3 and Table S3). In contrast, most of the BSi flux anomalies were positive at the
EE. This suggested that BSi fluxes may be preferentially enhanced at the shear zone of
the EE relative to PC and PN, possibly due to diatoms bloom induced by submesoscale

upwelling (e.g., Mahadevan et al., 2016). Regardless, these results suggest that there may

12
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be biases in studies of mesoscale CEs extrapolated from a single observation within the

EC (e.g., Bidigare et al., 2003; Sweeney et al., 2003).

4.3 Eddy evolution and particle flux

Given the variability associated with physical dynamics at the EE (Siegel et al., 2011),
the remaining discussion is focused on EC-defined PC, PN and BSi fluxes and CE
evolution age (Figure 4) for those CEs with typical life cycles. We hypothesize that water
within the core of the CE is relatively confined. Results indicate that the PC (and PN)
flux anomaly was negatively correlated with eddy age (coefficient of determination, R*=
0.30), with highest PC export occurring during early (3 - 8 wk) maturity (highlighted
period in Figure 4). In contrast, the PC inventory appeared to temporally increase, with
highest inventories occurring later and in the decay stage (>10 wk) (Figure S7). This
suggests that PC (and PN) export rapidly declined after the initial phytoplankton bloom
and that accumulation of suspended PC (and PN) continued, perhaps due to a transition in
the CE food web (Weeks et al., 1993). In contrast, BSi export was high and relatively
constant with eddy evolution (Figure 4c). Our results again highlight that PC, PN and BSi
are temporally and spatially decoupled within CEs. Such decoupling between PC and BSi
fluxes suggest other pathways of carbon export, e.g., subduction of dissolved organic

carbon (see SM S3 and Figure S8) (Omand et al., 2015).

5. Conclusions
Mesoscale features have been hypothesized to increase PC export to depth in oligotrophic

waters of the world’s oceans (e.g., Jenkins, 1988). Our results show that 1.1 to 1.3
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magnitude enhancement of PC export from CEs, mainly during early maturity as they
propagate past Station ALOHA in the NPSG. Rather, these mesoscale features resulted in
high, but variable BSi export that was typically associated with the EE, but independent
of eddy age. Given the low export efficiency of PC relative to that of BSi (see SM S4 and
Figure S9), CEs potentially release CO, to the atmosphere while also exporting and
sequestering silica into the deep ocean. If CEs account for ~15% of the NPSG (Xiu &
Chai, 2020), they may increase BSi export by as much as 30%, but only 15% of PC
export across the entire NPSG. This result is consistent with our estimates in South China
Sea (Zhou et al., 2020). Thus, CEs not only serve as carbon, nitrogen and silica pumps,
but also lead to decoupling of critical nutrients needed for the growth of siliceous

phytoplankton.
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Figure Caption:

Figure 1. Trajectories of the centers of cyclonic eddies (CEs) passing through Station
ALOHA from 1993-2018 (a). The red star shows the location of Station ALOHA (158°W,
22°45°N)]. Long-term variation of particulate carbon, PC (b), nitrogen, PN (c) and
biogenic silica, BSi, flux (d) at 150 m, and 0-150 m inventories of PC (e), PN (f) and BSi
(g) at Station ALOHA from 1993-2018. CE-influenced data are indicated by red (EC)
and green (EE < 2R) squares; those affected by anticyclonic eddies are excluded.
Average non-eddy PC, PN and BSi inventories and fluxes from 1993-2018 are indicated
by the solid green line. Average non-eddy PC and BSi inventories and fluxes with data
from July and August excluded, are indicated by the dashed green line.

Figure 2. Box plot of cyclonic eddy (CE)-mediated particulate carbon, PC (a, e),
particulate nitrogen, PN (b, f) and biogenic silica, BSi, (c, g) fluxes and inventories
normalized to five different reference periods: non-eddy fluxes at Station ALOHA 2
months before (EB) and after (EA) a CE passage, monthly average of non-eddy fluxes
(MA) with data from July and August excluded and during July and August, and the
long-term non-eddy July-August excluded average (LA) of particle fluxes from 1993-
2018. Both sinking particle Si/C (d) and Si/N (h) ratios are also compared with reference
periods. The 1:1 black dashed line is also shown.

Figure 3. Spatial variability of cyclonic eddy-mediated particulate carbon, PC, particulate
nitrogen, PN and biogenic silica, BSi, fluxes (Eddy - MA) (a, b, ¢) and inventory

anomalies (d, e, f) at Station ALOHA. The distance between each eddy center (based on
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514

sea level anomaly, SLA) and Station ALOHA is normalized to 2R, where R is the
average radius of all eddies included in the study. The two circles denote R, 0.25R, 0.75R
and 1.5R distances, respectively.

Figure 4. Relationship between particulate carbon, PC (a), particulate nitrogen, PN, (b)
and biogenic silica, BSi, (c) flux anomalies and cyclonic eddy age within the eddy core
(D <R, Figure 3). Red shading indicates the period when high PC, PN, and BSi flux
anomalies were observed; blue and red circles indicate the eddy flux anomalies during
July and August, and excluding July and August, respectively. The linear regression

equation fitted to all data points and the coefficient of determination, R?, are also shown.
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Figure 4
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