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Abstract Highly productive summer phytoplankton blooms in the central North Pacific Subtropical Gyre
(NPSG) are an annual occurrence that leads to the export of considerable amounts of surface particulate carbon
to depth. The mechanisms that control the formation of these blooms remain unresolved, but iron (Fe)
availability may be an important factor. From July to October 2022, a large, persistent phytoplankton bloom was
detected near 23.3°N, 154.6°W in satellite imagery and in situ measurements. Elevated Fe concentrations and
nitrogen (N,) fixation activity measured within the bloom suggest that high Fe may have supported enhanced
diazotrophic activity. To evaluate whether aerosol deposition created favorable conditions for bloom formation,
we reconstructed the Fe deposition history of the bloom's source waters by integrating surface water back
trajectory analyses with aerosol Fe flux simulations. Our results show that waters that hosted the diatom-
diazotroph assemblage bloom received up to 20% more soluble Fe through aerosol deposition than its
surrounding waters, primarily from a strong wet deposition event that occurred approximately 1 month before
the bloom. The observed lag between deposition and bloom suggests a delayed biological response to
atmospheric Fe inputs. Although this moderate increase does not represent incontrovertible evidence that the
bloom was stimulated by aerosol Fe deposition, our findings establish the potential for episodic delivery of
atmospheric Fe to stimulate diazotrophic activity and phytoplankton growth over month-long timescales in the
NPSG.

Plain Language Summary In July 2022, a large phytoplankton bloom formed in the surface ocean
northeast of the Hawaiian Islands. Within the bloom, we measured high iron concentrations in waters where
high levels of biomass were present. The bloom was enriched in organisms that fix atmospheric nitrogen, an iron
intensive process. We observed that a large pulse of atmospheric iron was deposited 4 weeks prior to the
formation of the bloom and may have played a role in providing critical nutrients to the waters where nitrogen
fixing organisms can rapidly grow. We leveraged models to determine when and how much atmospheric iron
was deposited in the surface water where the bloom formed.

1. Introduction

Marine phytoplankton play a critical role in regulating the global carbon cycle, contributing approximately half of
the Earth's primary production through carbon fixation (Field et al., 1998). An estimated 20% of this net primary
production—equivalent to 5-10 GT C annually—is exported to the deep ocean through the biological pump
(Falkowski et al., 1998; Palmer & Totterdell, 2001). Although subtropical gyres in oceans are generally char-
acterized by low biomass and productivity, they contribute to nearly 20% of global ocean net primary productivity
and account for 23% of the total ocean carbon dioxide (CO,) export (Dai et al., 2023; Iida et al., 2021). The North
Pacific Subtropical Gyre (NPSG) is an oligotrophic region marked by strong surface stratification and persistently
low inorganic nutrient availability in the surface layer (Bathen, 1972; Dave & Lozier, 2010; Karl, 1999). In this
system, nitrogen (N,) fixing microbial organisms (diazotrophs) supply approximately half of the new nitrogen
produced on the surface and represent a major source of bioavailable ammonia (Bottjer et al., 2017; Dore
et al., 2008; Karl et al., 1997). Since the nitrogenase enzyme used to fix atmospheric N, within diazotrophs has a
high requirement for iron (Fe), diazotrophy, and by extension, primary productivity, may be suboptimal in Fe
limited waters (Falkowski, 1997; Hutchins & Safiudo-Wilhelmy, 2021; Whittaker et al., 2011). At Station A
Long-term Oligotrophic Habitat Assessment (ALOHA; 22°45’N, 158°W), N, fixation may be sensitive to Fe
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and/or phosphorus (P) availability, although the relative importance of these controls remains unresolved (Follett,
White, et al., 2018; Grabowski et al., 2008; Letelier et al., 2019).

1.1. The Relationship Between Fe and Nitrogen Fixation

Marine N, fixation is generally greater in regions with elevated dust input, likely as a result of the high Fe
requirement of diazotrophs. In the North Atlantic, dust input from North Africa supplies substantial Fe in dust
aerosols and supports high N, fixation rates relative to the South Atlantic (Jickells et al., 2005; Moore et al., 2009).
Under such Fe-replete conditions, N, fixation by Trichodesmium in the North Atlantic is considered P-limited
rather than Fe-limited (Webb et al., 2007). As a result, Trichodesmium populations in the North Atlantic are
one order of magnitude higher than those in the North Pacific and do not express the Fe stress gene isiB, which is
upregulated by Trichodesmium in the North Pacific (Chappell et al., 2012; Sohm, Webb, & Capone, 2011). Other
diazotrophs such as unicellular diazotrophic cyanobacteria (UCYN) including Crocosphaera are also sensitive to
Fe availability (Jacq et al., 2014).

Incubation experiments have been used to determine whether Fe additions can stimulate N, fixation activity, but
the outcomes have been inconsistent. Grabowski et al. conducted a 24-hr incubation study where seawater ob-
tained from Station ALOHA was amended with nutrient treatments including P and Fe, and found variable results.
While the addition of either P or Fe led to an increase in nitrogen fixation activity, the addition of both P and Fe
together resulted in a decline in nitrogen fixation activity. Tanita et al. (2021) conducted separate experiments
where Fe and P were added to surface waters collected across the Pacific Ocean including waters from the western
and central NPSG. After 48 hr, they observed an increase in nitrogen fixation only in waters from the western
NPSG. These contrasting results suggest that while Fe availability can influence diazotrophy, the biogeochemical
context of the surface waters, including background nutrient levels and microbial community structure, modulates
response to new Fe inputs.

1.2. Controls on Nitrogen Fixation and Productivity in the NPSG

In the NPSG where productivity is limited by low new nutrient inputs, rapid recycling of existing material results
in low export efficiencies compared to more productive ocean basins (Karl et al., 2021). Despite this nutrient
scarcity, summertime phytoplankton blooms in the NPSG occur annually (Villareal et al., 2011; C. Wilson, 2003).
These occurrences contribute to the NPSG summer export pulse and can sequester substantial amounts of ni-
trogen and atmospheric carbon to depth (Dore et al., 2008; Karl et al., 2012; Quay & Stutsman, 2003; Villareal
et al., 2011; C. Wilson & Coles, 2005). Within blooms, diazotrophs such as Trichodesmium or Richelia (sym-
biotically existing within Hemiaulus) are often abundant (Brzezinski et al., 1998; Karl et al., 1992; Mague
et al., 1974; Villareal et al., 2011). However, blooms of other N, fixers such as Crocosphaera have also been
observed in this region (S. T. Wilson et al., 2017). Consequently, the formation of summertime blooms in the
NPSG is often linked to an increase in N, fixation (Bottjer et al., 2017), even though the processes underlying the
accumulation of diazotrophs remain unresolved. N, fixation activity in the NPSG is thought to be controlled by Fe
and P availability among other factors; therefore, an increase in Fe deposition during the spring and summer may
lead to an increase in N, fixation during the summer (Follett, Dutkiewicz, et al., 2018; Letelier et al., 2019).

Aerosol deposition of Fe from three major sources (lithogenic, biogenic, and anthropogenic) serves as a major
input of Fe to the surface of the NPSG (Fitzsimmons et al., 2015). The solubility of these Fe sources (i.e., the
fraction of soluble Fe to total Fe) controls their bioavailability to phytoplankton (Baker & Jickells, 2006). While
Fe-containing mineral dust comprises a larger portion of the total Fe deposited on the ocean's surface, Fe from
anthropogenic combustion and biomass burning is more soluble and thus more bioavailable to the microorgan-
isms (Chuang et al., 2005; Guieu et al., 2005; Ito et al., 2019; Mahowald et al., 2005; Sedwick et al., 2007). With
the precipitous increase in fossil fuel combustion in East Asia, pyrogenic and anthropogenic Fe have been playing
an increasingly larger role in delivering soluble Fe to the North Pacific in recent decades (Hamilton et al., 2020;
Pinedo-Gonzélez et al., 2020). Models estimate that anthropogenic sources may supply half of atmospheric
soluble iron to the North Pacific waters (Rathod et al., 2020, 2024), consistent with recent observations (e.g.,
Hawco et al., 2025; Zhang et al., 2024). However, aerosol deposition of Fe is inherently episodic as it depends on
the emission, atmospheric transport, and deposition of particles; processes that are dependent upon environmental
and meteorological conditions that change across space and time (Hamilton et al., 2020; Smith et al., 2017). As a
result, while rates of N, fixation and the formation of high chlorophyll blooms may be expected in the NPSG from
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Figure 1. Satellite-derived map of chlorophyll a concentration on 7 August 2022 showing the 2022 bloom north of the
Hawaiian Islands. Samples from the bloom were collected during the PARAGON-2 expedition (gold star). Initial water
parcel locations for the back trajectory analysis within the bloom (red square) and from control locations outside the bloom
including Station ALOHA (yellow square), Control A (light gray square), and Control B (dark gray square).

the increase in soluble Fe deposition, the variable nature of aerosol deposition events may make prediction of such
phenomena difficult, especially at the weeks-to-months temporal scale of phytoplankton blooms.

Here, we investigate a single bloom event that started in July 2022 henceforth referred to as the 2022 bloom. The
2022 bloom spanned over 220,000 km? in aerial extent at its peak in August (Foreman et al., 2025). Seawater
analyses of this bloom revealed cell abundances of the diatom Hemiaulus hauckii to be an order of magnitude
higher compared to cell abundances found in typical non-bloom periods (Anderson et al., 2018; Foreman
et al., 2025). Hemiaulus represented approximately 40% of the total volume of particles imaged (~4-100 pm
diameter size) with the Imaging FlowCytoBot from seawater in the 2022 bloom, inclusive of non-fluorescent
detrital material (Foreman et al., 2025). Furthermore, gene copies of nifH from Richelia intercellularis, an
endosymbiotic diazotroph associated with Hemiaulus, were also significantly elevated within the 2022 bloom
(Foreman et al., 2025). The increased biomass in the 2022 bloom can be predominantly attributed to this diatom-
diazotroph assemblage (DDA). Comprehensive details on the hydrographic and biogeochemical characteristics of
the 2022 bloom are provided by Foreman et al. (2025).

To explore whether Fe played a pivotal role in stimulating the 2022 bloom, we collected and analyzed seawater
within the bloom for trace metal concentrations and the isotopic composition of Fe in the dissolved phase,
suspended particulate phase, and sinking particles. In addition, we developed a novel modeling framework that
combines surface ocean circulation with aerosol chemistry to reconstruct the deposition history of aerosol Fe onto
surface waters. Specifically, we used a model including geostrophic and wind-driven ocean circulation to
generate back-trajectories of surface water parcels from the 2022 bloom region as well as from nearby regions
where blooms did not occur. These back-trajectories were integrated with a model that quantifies daily aerosol
fluxes to determine the timing and magnitude of aerosol Fe delivery to the 2022 bloom. With this work, we aim to
better constrain the role of aerosol-derived Fe in driving phytoplankton bloom formation in the NPSG.

2. Materials and Methods
2.1. Sample Collection

Sample collection for this study was conducted aboard R/V Kilo Moana as a part of the PARticles And Growth in
the Oceanic Nutricline 2 (PARAGON-2) cruise from 4 to 12 August 2022. This expedition targeted an area near
the western edge of the 2022 bloom at 23.3°N 154.6°W (Figure 1). Seawater samples for dissolved and suspended
particulate trace metal analysis were collected between 25 and 500 m using 8-L external spring loaded Niskin
bottles (Ocean Test Equipment) mounted on a powder coated rosette system (Sea-bird Scientific). Seawater for
dissolved metals and the isotopic composition of Fe were filtered using acid-cleaned 0.8/0.2 pm Pall Acropak-
1000 Supor cartridges into acid-cleaned 1 L low-density polyethylene bottles. Samples were later acidified to
pH ~2 by adding 1 mL 12 M distilled hydrochloric acid at the University of Southern California (USC), which
were then stored for at least 2 months. Suspended particles from seawater were collected from the same bottles as
those collected for filtered seawater by passing water from the Niskin bottles through an in-line filter holder
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containing a 25 mm diameter 0.2 pm acid cleaned Supor membrane filter for a maximum of 2 hours (3.3-4.0 L).
The filters were then stored in acid-washed airtight vials.

Sinking particles were collected using a free-drifting particle interceptor trap (PIT) array (Knauer et al., 1979)
containing one to four trace-metal clean traps. The sediment traps were deployed at 130, 200, 225, 250, 350, 400,
500 m at the western edge of the bloom for 3 days. Before deployment, each trap was filled with approximately
2 L of brine containing 80 g 17" trace metal grade sodium chloride (Sigma Aldrich, CAS 7647-14-5) in the lower
portion of the trap and 1.5 L of 0.2 um filtered trace metal clean seawater in the upper portion of the trap. For traps
deployed at 130, 225, and 400 m, four total traps were deployed on the PIT cross: three were uncapped to collect
sinking particles at depth and one remained capped during the entire deployment to serve as a control trap. For all
other depths, only one uncapped trap was deployed for trace metal analysis. Upon recovery of the array, the PITs
were capped and taken to a shipboard trace-metal clean van. The overlying seawater was removed, and the brine
samples were passed through an acid-washed 335 pm polyethylene mesh screen to remove large zooplankton.
Each sample was then vacuum filtered through an acid washed 47 mm 0.2 pm Supor filter and stored in an acid-
washed airtight vial.

2.2. Trace Element Concentration and Flux Measurements

Samples for dissolved metal concentrations were analyzed at USC upon seawater preconcentration using an
offline seaFAST-pico (Elemental Scientific Inc.) metal extraction method modified from Lagerstrom
et al. (2013). For each sample, aliquots of 15 mL subsamples were mixed with 50 pL of an isotope spike con-
taining 57Fe, 62 Ni, 65 Cu, 67Zn, 207Pb, and ''°Cd. Metals were extracted with Nobias PA-1 resin and eluted into
1.4 M nitric acid containing 10 ppb In. Metal concentrations were then analyzed by inductively coupled mass
spectrometry (ICP-MS) on an 8900 Triple Quadrupole ICP-MS (Agilent Technologies).

Samples collected to measure metal concentrations in suspended particles and metal fluxes in sinking particles
were also analyzed at USC. Filters from both fractions were digested with 8 M HNOj for 12 hr in perfluoroalkoxy
(PFA) vials at 100°C (Noble et al., 2013; Planquette & Sherrell, 2012). This digest method does not solubilize
metals associated with crustal material or silica frustules (Ingalls et al., 2004; Planquette & Sherrell, 2012). The
filters were then removed from the PFA vials, and the sample was evaporated to dryness. The digest material was
then resuspended with 0.1 M HNO;, and a small aliquot was then further diluted with 1.4 M HNO; with 10 ppb In
for analysis on the 8900 Triple-Quadrupole ICP-MS. Concentrations of Fe from all samples were validated and
corrected using the Neptune Plus MC-ICPMS (Thermo Scientific) following purification of Fe from samples
outlined in Section 2.3.

Data for procedural blanks, filter blanks, limits of detection, and control sediment trap data are shown in Table S1
in Supporting Information S1. Average filter blanks were subtracted from all measured values, and average
control trap values were subtracted from each trap to account for elemental contributions from the brine used in
the trap. The same digest procedure was used to process small quantities of certified reference materials BCR-414
(Joint Research Center) and Arizona Test Dust community reference material to determine the efficacy of the
digest procedure (Table S2 in Supporting Information S1).

2.3. Isotopic Measurements of Fe (856Fe)

Seawater and seawater particle samples were extracted and purified for Fe isotopic analysis following methods
outlined by Conway et al. (2013). A double spike containing >’Fe and >*Fe was added to all samples to achieve a
spike-to-sample ratio of 2:1. Metals from the filtered seawater samples for dFe isotopic composition analysis were
then extracted using Nobias PA-1 chelating resin, where ~1 g of Nobias resin was added to the sample and shaken
for at least 2 hr on an orbital shaker table. The resin was then filtered from the solution using an acid-washed 5 pm
polycarbonate filter (Whatman) and rinsed with ~60 mL 18.2 MQ-cm ultrapure water. Metals in the resin were
eluted with 2 M HNOj;, where the eluent was then evaporated to dryness on a hot plate overnight, refluxed in 14 N
HNO; for at least 2 hr, and evaporated to dryness again. The digested material from suspended and sinking
particulate concentration analyses was spiked, homogenized, and evaporated to dryness. All dried samples
(dissolved, suspended particulate, and sinking particulate) were resuspended in 5 M HCI in preparation for Fe
purification.
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Figure 2. The daily location of back trajectory parcels from the bloom zone from 7 August 2022 to 1 June 2022. Water parcels
were initiated within 1° by 1° area (22.5°-23.5°N, 153.6°-154.6°W). Parcels show a westward movement in forward time.

Samples for dissolved and particulate Fe (dFe, pFe, respectively) isotopic analysis were purified using anion
exchange chromatography with the AG-MP1 resin (Bio-Rad) in micro-columns (Conway et al., 2013). Fe was
eluted using 1 M HCl, evaporated to dryness, and resuspended with 0.1 M HNO; with variable volume to achieve
100 ppb Fe of the sample in the solution. The isotopic composition of Fe was then measured on a Neptune Plus
MC-ICPMS at USC. Samples were introduced using a PFA nebulizer with a flow rate of 100-120 pL min~' and
the Apex 2Q desolvation system. The high-resolution mode was used to resolve possible polyatomic in-
terferences, such as “*Ar'°0, *°Ar'*N, and *°Ar'®0. Four Fe isotopes (**Fe, *°Fe, *"Fe, and **Fe) were analyzed
and **Cr and ®°Ni were monitored simultaneously to correct for any interferences of >*Cr on **Fe and **Ni on
8Fe, respectively.

The double spike technique was used to correct for instrumental mass bias and potential Fe isotope fractionation
during sample purification. The data reduction scheme followed the iterative method described by Siebert
etal. (2001). The Fe isotope ratios were expressed using the conventional delta notation relative to the IRMM-014
Fe isotope standard:

5Fe = | (“Fe/"Fe) e/ (Fe/ " Fe) guppins = 1| X 1,000

The external long-term analytical uncertainty of 8°°Fe is +0.07%o, based on repeated analysis of the secondary Fe
isotope standard SRM NIST 3126 (+0.35%0 = 0.07%o, 2SD, n = 150) over the last 4 years. The internal precision
of single sample measurement ranged from +0.02%0 to +0.15%0, which was obtained by combining the internal
precision of both sample and standard measurements (Conway et al., 2013). The analytical reproducibility for the
reported 8°°Fe of each sample is the long-term reproducibility, unless the internal uncertainty is larger, in which
case the latter is reported.

2.4. Modeled Soluble Fe Deposition Rates and Water Parcel Back Trajectories

Water parcel back trajectories were performed by advecting virtual Lagrangian water parcels from the bloom
location and three control locations starting from 7 August 2022 (the day of shipborne sample collection). The
back trajectory simulations used satellite derived ocean current from the Ocean Surface Current Analysis Real-
time that accounts for both geostrophic currents and wind-driven currents (Bonjean & Lagerloef, 2002). The
original data product was provided at a horizontal resolution of 0.25° in latitude and longitude. To improve the
algorithm performance near land, the currents were re-interpolated on a finer grid of 0.0625° using a spline al-
gorithm and 0 velocity was assigned to the grid points falling on land masses before interpolation. Water parcel
tracking was performed by modifying the MATLAB code provided in the LCS tool (Onu et al., 2015). The
maximum temporal resolution was forced not to exceed 0.1 days and currents were calculated using a linear
interpolator on the original grid. The trajectories that ended on land were flagged and not used in the statistics (less
than 1% for all simulations). Back trajectories of at least 900 virtual water parcels were conducted during each
simulation. The back trajectory analysis showed that most parcels in generally moved westward over time
(Figure 2, Figure S1 in Supporting Information S1).

Soluble and total Fe aerosol deposition rates were simulated using the Mechanism of Intermediate complexity for
Modeling Iron (MIMI) model within the Community Earth System Model (CESM), as described by Hamilton
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Figure 3. Map view of daily modeled aerosol soluble Fe deposition rates from the Mechanism of Intermediate complexity for
Modeling Iron (MIMI) model with the locations of the 900 parcels from each back trajectory group for a day during the pulse
of particularly high soluble Fe deposition approximately 4 weeks before the initiation of the bloom (a), and a day during the
height of the 2022 bloom on which back trajectory groups were initialized (b).

et al. (2019). MIMI estimates Fe emissions and their atmospheric processing from mineral dust, anthropogenic
activity, and biomass burning. The model includes parametrizations for Fe aerosol dissolution via acidic inter-
stitial reactions and in-cloud processing with oxalate. The model is constrained based on Fe solubility obser-
vations from different leaching media in aerosols (Bergas-Masso et al., 2025). Meteorology was nudged to
Modern-Era Retrospective analysis for Research and Applications (MERRAZ2). Daily wet and dry deposition
fluxes to the surface ocean were obtained at the model resolution of 1.25° X 0.9° (longitude by latitude), and
initially reported on kg m™2 s~ and then converted to nmol m~> d™' to determine daily deposition rates.

In all simulations, desert dust was represented using the Dust Entrainment and Deposition module (Zender
et al., 2003) with several key updates. These include incorporation of dust mineral composition (Scanza
et al., 2015), brittle fragmentation theory for mineral size distributions (Kok, 2011; Scanza et al., 2015), a
physically based parameterization for vertical dust flux (Kok et al., 2014), and the influence of particle asphericity
on dust mass extinction efficiency (Kok et al., 2017). The global annual mean dust aerosol optical depth was
adjusted to 0.03, consistent with observational constraints (Ridley et al., 2016). Fire emissions follow the Quick
Fire Emissions Data Set (QFED) (Darmenov & Silva, 2015). For CESM, these emissions are calculated as a
product of the QFED CO, emission fields and relevant aerosol or gas emission ratio for the Fire INventory from
NCAR (FINN) inventory (Wiedinmyer et al., 2011). The MIMI model was driven by the anthropogenic emissions
data set described by Rathod et al. (2020), which was updated by Hamilton et al. (2020) to incorporate a transient
trend based on anthropogenic black carbon emissions. This results in anthropogenic soluble Fe deposition fluxes
in August on parity with mineral dust in the North Pacific by 2015 (Hamilton et al., 2020).

We used MIMI to assess whether enhanced Fe deposition may have contributed to the seeding of the 2022 bloom
in the study region. The model provides high-resolution daily estimates of both soluble and total Fe deposition,
enabling quantification of the short-term response to primary productivity from a region that is thought to be
sensitive to intermittent inputs of aerosols over the summer. The daily locations of each parcel in the back tra-
jectory simulations were matched with the nearest soluble Fe deposition rate at that specific time to create the
history of soluble Fe deposition of surface waters that were transported to the bloom or control locations on 7
August 2022 (Python code available at https://github.com/philkongo/chl_mimi_backtraj_match, accessed 22
July 2022). For the four zones within the study area, 900 simulated water parcel back-trajectories were generated
to determine the Lagrangian history of soluble Fe deposition of parcels that ended up at the four zones in our study
area (Figure 3). The parcels within each zone were evenly spread within a 1° by 1° box. The locations of each
parcel were updated daily for 75 days dating back to 24 May 2022, and daily soluble Fe deposition fluxes were
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compiled for each parcel by pairing the daily location of each water parcel to the corresponding chlorophyll a
concentration data. The daily soluble Fe deposition flux time series was then calculated for each zone by
determining the average soluble Fe deposition rates of the 900 parcels for each day. The matching algorithm was
compiled using a high-performance computing system provided by The Center of Advanced Research Computing
(CARC) at USC.

Weekly estimates of soluble Fe deposition from the entire study area were also conducted to a broader spatio-
temporal analysis, where back trajectory analyses of 1,800 parcels were evenly distributed within 20°N to 30°N,
160°W to 140°W. Soluble Fe deposition was matched to the daily locations of each of the parcels in the back
trajectory analysis for 75 days. Maps of weekly cumulative soluble Fe deposition along water parcel back tra-
jectories were then created to determine the cumulative deposition of soluble Fe on water parcels within the entire
region on 7 August 2022.

2.5. Satellite Chlorophyll Observations

Chlorophyll a concentrations from the study area (20°-30°N, 140°-164°W) were evaluated using Copernicus
Globcolour Level 4 data from June 2003 to August 2022 (CMEMS, 2025). The level 4 data is spatially inter-
polated daily to obtain gap free measurements of chlorophyll a at a 4-km resolution. Concentrations of chloro-
phyll a from satellite observations were matched with locations from each back trajectory simulation. In the same
way that average soluble Fe deposition was determined along back trajectories initiated within the four zones of
interest (Section 2.4), we evaluated the Lagrangian histories of chlorophyll a by matching the interpolated sat-
ellite chlorophyll a measurements to the locations of the back trajectory model for each zone. The daily locations
of 900 parcels from the back trajectory analysis from each zone were matched with the nearest available chlo-
rophyll a concentrations over a 75-day period.

3. Results
3.1. Fe, Al Concentrations, and Fe Stable Isotopes in the 2022 Bloom
3.1.1. Dissolved and Suspended Particulate Fe Concentrations and Isotopes

The dFe concentration profile within the 2022 bloom was similar to previous observations of dFe in the NPSG
with the exception of elevated concentrations within the bloom core located between 0 and 80 m below the surface
(Figure 4a, Foreman et al., 2025). Within the 2022 bloom, dFe concentrations were 0.50 and 0.75 nM at 15 and
75 m, respectively, significantly higher than the mean summer dFe concentration (0.33 nM) within the same depth
range at Station ALOHA (Bates & Hawco, 2025; Boyle et al., 2005; Brown et al., 2005; Bruland et al., 1994;
Bundy et al., 2018; Fitzsimmons et al., 2015; Hawco et al., 2021, 2022). The dFe concentration at 75 m is the third
highest surface value reported during the summer months near Station ALOHA; the highest value of 0.874 nmol/
kg was reported in August 2013 (Fitzsimmons et al., 2015). Typically, dFe concentrations at the surface are
expected to be low during the summer months when aerosol Fe inputs are at their lowest (Hamilton et al., 2020),
but episodic dust deposition at Station ALOHA has been shown to increase surface dFe concentrations (Fitz-
simmons et al., 2015). Below the surface, dFe was depleted to its minimum concentrations of 0.14—0.24 nM in the
water column between 100 and 150 m (Figure 4a). The depth of the dFe local minimum is consistent with
previously reported observations at Station ALOHA that is typically coincident with the deep chlorophyll
maximum (DCM); the dFe concentration at this minimum in the 2022 bloom was approximately 2 times higher
than average dFe concentrations reported at Station ALOHA (Fitzsimmons et al., 2015; Hawco et al., 2022).
Within the 2022 bloom, excess biomass at the bloom core shaded solar light penetration within the bloom and the
chlorophyll ¢ maximum shoaled up to ~50 m while the dFe minimum remained near 100 m (Foreman
et al., 2025).

Suspended pFe concentrations within the bloom core ranged from 0.16 to 0.21 nM, similar to previously reported
suspended pFe concentrations at Station ALOHA (Figure 4b; Boyle et al., 2005; Hawco et al., 2022; Lam
et al., 2024; Bates et al., 2025). The highest reported surface suspended pFe concentration at Station ALOHA was
0.26 nM at 25 m collected in June 2019 (Hawco et al., 2022). Below the bloom core, suspended pFe concen-
trations within the 2022 bloom gradually increased to reach a maximum at 200 m to 0.49 nM, and decreased to
0.12 nM at 500 m (Figure 4b). The suspended pFe profile from the 2022 bloom follows a similar trend observed at

KONG ET AL.

7 of 22

85U017 SUOLIWOD aATER1D) 8 ealjdde ay) Ag peusenob afe sopie YO ‘8sn Jo san 10} AriqiT Ul U 8|1 UO (SUONIPUOD-PUR-SWBIALI0D A8 |IM"Alelq 1 jBulU0//SANy) SUONIPUOD pue swie 1 8y 88s *[9202/80/70] U0 Ariqiaullu A8|IM ‘66v800995202/620T OT/I0p/woo* As|im AseidijputjuosgndnBe;/sdny wouy pepeojumod ‘T ‘9202 ‘¥ZZ6vv6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2025GB008499

a Dissolved Fe (nM) b Suspended pFe (nM) (o4 Total Fe (nM)
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
O 1 1 1 L i L 1 1 L

100 - 1 1

200 1 1

Depth (m)

w
o
o

1

L

L

400 1 J

500 ~ 1 1

d Dissolved 6Fe (%o) @  Suspended 5%pFe (%)  f Total 5%6Fe (%o)
-0.5 0.0 0.5 205 0.0 0.5 -05 0.0 0.5

100 1 1

. 200 A ] ]

Depth (m

300 1 1

400 1 1 1

500 1 1

Figure 4. Profiles of dissolved Fe (a) suspended particulate Fe (pFe; b), total Fe concentrations (c), and their respective stable
isotope profiles (d—f) within the 2022 bloom.

Station ALOHA in October 2018, where the upper mesopelagic maxima of 0.20 nM was located at 146 m (Lam
et al., 2024).

The isotopic signature of Fe in the dissolved phase and suspended particulate phase in the surface waters of the
2022 bloom span a tight range from —0.2%o to 0.2%o, which coincides with the Fe isotopic composition of dust
from the atmosphere (Figures 3b, 3d, and 5b; Fitzsimmons & Conway, 2022). Dissolved Fe concentrations reach
a minimum below the bloom core at 100 m and dissolved §°°Fe reach a minimum at mid-depths (100-300 m,
Figures 4a and 4d). Lighter §°°Fe signatures were observed below the surface at Station ALOHA in the GP15
cruise, where the §°°Fe ratio ranged between —0.02%0 and —0.54%o from 130 to 450 m (Conway et al., 2022).
Where the 8°°Fe signatures for dFe were light, 8°°pFe had contrasting heavier signatures (Figures 4d and 4e).

The total Fe concentration (dissolved + particulate) signature strongly reflects the dissolved signature, as the
dissolved phase constitutes most of the measured total Fe signature in the 2022 bloom (Figures 4a—4c). With the
exception of the dissolved minima between 100 and 150 m (Figure 4a), the total Fe profile has a uniform con-
centration of ~0.75 nM in the observed water column (Figure 4c). Similarly, the combined contrasting patterns in
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Figure 5. Sediment trap flux of sinking particulate Fe (a), the isotopic composition Fe in sinking particles (b), and fluxes of
sinking particulate Al (c) within the June 2022 bloom. The yellow bar represents the range of previously reported elemental
flux values at Station ALOHA, from Lamborg et al. (2008), Hawco et al. (2022).

the dissolved and particulate phases (Figures 4d and 4e) result in a total °°Fe signature that is invariant with
depths between 0 and 200 m (Figure 4f). Below 200 m, we observed a subsurface excursion to lighter total 8°°Fe
values that coincides with light §°°Fe of dFe and pFe (Figures 4d, 4e, and 4f).

3.1.2. Suspended Particulate Aluminum Concentrations

Suspended particulate aluminum (pAl) concentrations ranged from 0.26 nM at the surface to 0.96 nM at 500 m,
which are similar to observations previously reported in the NPSG that range from 0.1 to 1.5 nM (Figure S2 in
Supporting Information S1; Lam et al., 2024; Orians & Bruland, 1986) The elemental ratio of suspended pFe to
suspended pAl (Fe:Al) at the surface is 0.59, comparable to the Fe: Al ratio of aerosols (0.47) collected at Hawai’l
Volcanoes National Park in July 2022 (Figure S2 in Supporting Information S1; Malm et al., 1994).

3.1.3. Sinking Particulate Metal Fluxes

Sinking pFe fluxes within the 2022 bloom remain relatively constant below 100 m (Figure 5a). Sinking Fe fluxes
averaged 4.07 # 0.86 mmol m~>d™", and were greater than median fluxes previously reported at Station ALOHA
by 35% (Hawco et al., 2022; Lamborg et al., 2008). Sinking fluxes of pAl were also relatively constant with depth,
with an average of 7.04 + 1.79 mmol m~2 d™', which was 41% higher compared to median fluxes observed at
Station ALOHA (Figure 5c). Elevated fluxes of Fe and Al below the 2022 bloom could be due to elevated input of
aerosol particles to the waters where the bloom formed. For all depths within the bloom, the average Fe:Al was
0.58 =+ 0.05 mol mol™', which was slightly enriched in Fe compared to values previously reported at Station
ALOHA (Hawco et al., 2022; Lamborg et al., 2008). We can estimate the rate of lithogenic aerosol deposition to
the 2022 bloom location to be 2.09 + 0.32 mg m~> d™! with the assumption that Al makes up 8% of the upper
continental crust. Such lithogenic aerosol deposition rates are higher than those calculated for June 2019 by
~60%, turther supporting an increased supply of aerosols delivered to the 2022 bloom (Hawco et al., 2022;
McLennan, 2001). The isotopic composition of sinking particles between 150 and 500 m ranged between
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—0.03%0 and 0.29%o (Figure 5b), and its pattern strongly resembled that of
the suspended pFe, which ranged from 0.13%o to 0.32%o between 150 and
500 m (Figure 4e).

3.2. Satellite Chlorophyll a

Following the redefined parameters for blooms in the central NPSG (where
blooms in the NPSG are defined as having chlorophyll a concentrations
exceeding 0.09 mg m™ and remaining contained within the same geographic
vicinity), the 2022 bloom started on 13 July near 22°N, 155°W and remained
active until 6 October (Foreman et al., 2025). At its peak, the bloom reached
an aerial extent greater than 220,000 km?, and the highest observed satellite

chlorophyll a concentration measurement during its peak was 0.25 mg m™>

o (Foreman et al., 2025).
© 501
‘TE Satellite chlorophyll a observations of surface waters along the parcel back
< 401 trajectory simulations also show a dramatic increase around 13 July. The
E average chlorophyll a concentration of the parcels that ended up in the 2022
g 301 bloom zone rapidly increased starting 13 July and exceeded 0.09 mg m™ in
% mid-July. Within the bloom, chlorophyll a concentrations gradually increased
Z ) to 0.18 mg m™ on 7 August (Figure 6a). Conversely, chlorophyll a con-
% 10 centrations of back trajectory parcels that originated from other zones in this
o study, including Station ALOHA (22.5°N, 158.0°W), Control A (23.3°N,
01 149.6°W), and Control B (23.3°N, 144.6°W), had surface chlorophyll a
2022-06-05 2022-06-24 2022-07-13 2022-08-01 concentrations between 0.04 and 0.06 mg m >, values consistent with the
Date (Y-M-D) typical chlorophyll a concentrations during the summertime at Station
ALOHA.

Figure 6. Mean surface chlorophyll a concentration of the daily locations of
900 parcels initialized from the bloom site and three control sites (a). Mean Chlorophyll a patterns were also assessed over interannual timescales by

surface deposition flux of soluble aerosol soluble Fe on the daily locations of
900 parcels within each back trajectory group (b). Shaded regions in the two
panels correspond to the week from the time the 2022 bloom formed.

determining the chlorophyll a concentrations along back trajectories that were
initialized from the 2022 bloom location over 20 summers starting in 2003.
While there were both daily and interannual variability for every year, the
highest chlorophyll a concentrations measured were in back trajectory parcels
that originated from the location of the 2022 bloom (Figure 7a).

3.3. Fe Deposition Fluxes During the Summer of 2022
3.3.1. General Patterns in Fe Deposition Flux Within the Study Area

Deposition fluxes of soluble Fe within our study area (20°-30°N, 140°-164°W) were quite dynamic with high
daily variability, as Fe deposition fluxes are impacted by dust mineralogy, atmospheric processing, and the
climactic conditions at the specific location. Within the study area, the mean daily total Fe deposition flux from
the MIMI model for the early summer months (June and July) in 2022 was 209.47 + 38.18 nmol m~2 d™*
(Figure 8). The soluble Fe deposition flux was much less than the total, with a mean value of
8.12 + 1.23 nmol m~>d ™" for the same period. This represents a 3.9% solubility of Fe deposited in our study area,
similar to observations of Fe solubility from previous studies conducted in the study area (Buck et al., 2006, 2013;
Measures et al., 2010).

Though localized daily deposition rates vary over orders of magnitude (Hamilton et al., 2019), the seasonality of
total dust deposition at the regional scale is generally similar year-to-year (Hamilton et al., 2020). For each of the
early summer months between 2019 and 2022, the daily average total and soluble Fe deposition rates from the
MIMI were 250.08 + 35.51 and 7.92 + 0.67 nmol m™2 d™! respectively (Figure 8). Much of the deposition
occurring in the study region is driven by events that deposit large amounts of total and soluble Fe on small
timescales; for example, the 2022 bloom pulse event deposited 6.3 times more soluble Fe than the average
deposition rates during our study period (Figure 6b). Over each of the early summer months from 2019 to 2022,
approximately 10% of the days had Fe deposition rates greater than 1 standard deviation above the mean each
year; yet these days accounted for 38%—48% of the sum total of soluble Fe deposition (Figure 8).
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a 0.1s] 3.3.2. Fe Deposition Along Back-Trajectories
0.16 1 We evaluated soluble Fe deposition along advected back trajectories of water
P parcels to determine the history of Fe deposition along surfaces that passed
r?E ' through the bloom's location and three other zones where the bloom did not
E\ 0.121 form. The typical background deposition flux values of back trajectories for
= ] all zones ranged between 5 an nmol m™~day™ " and reflect the typical dr
0.10 11 ged b 5 and 10 nmol m~> day ™" and reflect the typical dry
o O.
= deposition fluxes in this study area (Figure 6b). In addition to days of lower
O 0.08+ deposition fluxes, back trajectory histories of soluble Fe deposition along the
0.06 1 four back trajectory groups show irregular patterns of elevated fluxes typi-
0.04 1 cally lasting several days (Figure 6b).
b Year These events of higher deposition, henceforth referred to as deposition pulses,
80 1 2003-2014,2016-2018 contributed a significant portion of soluble Fe deposition along the back
2015 2019 2020 trajectories of the 75-day period. The largest deposition pulse occurred
2021 — 2022
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Figure 7. Mean surface chlorophyll a concentration of the daily locations of
900 water parcels initialized from the 2022 bloom site between 2003 and
2022 (a). Specific years where high levels of deposition were observed have
been highlighted with colored lines. Mean surface deposition flux of total
aerosol soluble Fe on the daily locations of 900 parcels initialized each year
from the bloom site between 2003 and 2022 (b).

4 weeks (f_4 weeks) Prior to the formation of the bloom from 17 June 2022 to 23
June 2022 (Figure 6b). Soluble Fe deposition fluxes along the bloom back
trajectory reached up to 50 nmol m~> d~', almost one order of magnitude
higher than the background levels for water parcels that ended up at the
bloom. During this event, soluble Fe fluxes spiked over a 5-day pulse,
delivering a total of 158 nmol m™? of soluble Fe on waters that were trans-
ported to the bloom's site after 74 .. While this pulse deposited higher
levels of soluble Fe on water parcels that did not end up at the bloom's site, the
bloom back trajectory parcels received the most soluble Fe among the back
trajectory groups evaluated in this study. The pulse event deposited 1.3 to 1.7
times more soluble Fe on bloom water than they did to the water parcels
where the bloom did not form (Table S5 in Supporting Information S1).

The high fluxes of Fe deposition 7 4 ks prior to the formation of the bloom
are attributable to wet deposition. In that week, wet deposition accounted for
78% of soluble Fe deposition along the bloom back trajectory, compared to
the average wet deposition contribution of 45% in the early summer months

between 2019 and 2022 (Figure S4 in Supporting Information S1). A map of precipitation rates from the NASA's
Integrated Multi-satellitE Retrievals for GPM (IMERG) product (Huffman et al., 2019) were compared with the
map of soluble Fe deposition of the study area on the same day. Precipitation events coincide well with the lo-
cations of elevated high soluble Fe deposition (Figure S3 in Supporting Information S1). Given that wet depo-
sition made up much of the soluble Fe deposition in our analysis, we conclude that precipitation events control

large pulses of Fe deposition in our study area.
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Figure 8. Modeled daily total Fe deposition fluxes (a) and daily soluble Fe deposition fluxes (b) within the study region
(20°-30°N 140°-164°W) between June and July of each year. The width of each band reflects the frequency of days with Fe

deposition of that magnitude.
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Figure 9. Weekly soluble Fe deposition from aerosols on the surface ocean during the 2022 bloom's onset and growth. The
position of each circle represents the location of a water parcel on 7 August 2022, while the color of these circles reflects the
weekly sum of Fe deposition which occurred along the back-trajectory of that parcel before it reached this location. Red
squares show the locations of the bloom and three control back trajectory zones outlined in Figure 1.
3.3.3. Spatiotemporal Analyses of Soluble Fe Deposition
We can consider the historical patterns in soluble Fe deposition from a broader spatiotemporal perspective by
looking at the weekly patterns in soluble Fe deposition across the region. This exercise of comparing cumulative
weekly deposition rates instead of daily rates in our study area reduces uncertainties in the MIMI model's
deposition flux estimates. Plots of weekly cumulative distributions of soluble Fe deposition confirm that very
little soluble Fe is delivered to the surface ocean in this region outside of specific periods where episodes of wet
deposition occur (Figure 9). In the fourth week prior to the formation of the 2022 bloom, higher levels of soluble
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Fe were deposited throughout the entire study area, not just on the surface waters that ended up at the bloom. It is
evident that the storm event did not only deposit soluble Fe on the ocean surface that ended up at the 2022 bloom's
location; rather, the rainfall event deposited and dispersed high levels of Fe around a large region of the study area
(Figure 9).

3.4. Relationship Between Fe Deposition and Chlorophyll From 2003 Through 2022

We also assessed the interannual variability in soluble Fe deposition fluxes at the bloom's location. Soluble Fe
deposition fluxes along back trajectory analyses were determined from the location of the 2022 bloom, starting
each year on 7 August from 2003 to 2022. Unlike the chlorophyll a history of the bloom location between 2003
and 2022, soluble Fe deposition fluxes along the back trajectory parcels from 2003 to 2022 were variable year to
year (Figure 7b). There were deposition fluxes in some years higher than those in 2022 that were driven by wet
deposition events. However, no other high deposition event led to the production of phytoplankton that was
observable by satellite. As evidenced by the spatiotemporal analyses conducted for the 2022 bloom, the growth of
diazotrophs may require more than just soluble Fe deposition on the water parcels; other factors such as phos-
phorus availability, climatological conditions, sea level pressure, and biological transport of nutrients likely play a
role in the growth of nitrogen fixing microbes (Letelier et al., 2019).

4. Discussion
4.1. The 2022 Bloom Was Enriched in Fe From Aerosols

Late summer blooms near Station ALOHA occur during periods when N, fixation rates contribute to a significant
portion of surface-ocean nitrogen, linking Fe to the formation of blooms in the NPSG (Bottjer et al., 2017;
Grabowski et al., 2008; Mills et al., 2004; Vitousek & Howarth, 1991). The 2022 bloom was enriched in cell
counts of the diatom Hemiaulus and its diazotrophic symbiont Richelia (Foreman et al., 2025); both taxa are prone
to Fe stress under typical NPSG conditions, each due to distinct physiological demands (Bundy et al., 2018).
Hemiaulus's relatively large cell size elevates its overall Fe requirement for growth and photosynthesis (Bundy
et al., 2018; Harke et al., 2019; Twining & Baines, 2013), whereas Richelia's reliance on its Fe rich nitrogenase
system drives its high Fe demand for N, fixation (Harke et al., 2019). The total concentrations of Fe, defined here
as the sum of dissolved and particulate Fe, measured in the 2022 bloom core (0-80 m) had the highest value
reported near Station ALOHA in the summer months (Figure 3, Table S4 in Supporting Information S1). The
relative surplus of Fe compared to other years may have provided the requisite Fe to facilitate the high levels of N,
fixation observed in the 2022 bloom (Karl, 2002; Letelier et al., 2019). Decades of research has established that
aerosol Fe can help stimulate the formation of late summertime phytoplankton blooms in the NPSG (Dore
et al., 2008; Duce & Tindale, 1991; Martin & Fitzwater, 1988). The same may be true for the 2022 bloom, as
evidence presented here suggests that aerosol deposition was the dominant source of Fe.

Sinking fluxes and elemental ratio particles suggest that the elevated concentrations of Fe delivered to the 2022
bloom core originated from atmospheric input. Fluxes of Fe and Al from particles collected on sediment traps
were significantly elevated than those under non-bloom conditions at Station ALOHA (Figures 5a and 5c).
Sinking fluxes of Fe and Al also exhibited a strong vertical correlation (Pearson's r = 0.93, p < 0.001), implying
that the sinking particle composition remained constant with depth. The Fe:Al ratio of suspended particles and
sinking particles collected on August 2022 in the bloom core were 0.59 and 0.56 mol:mol, respectively, virtually
identical to the average Fe:Al ratio of 0.54 from aerosol particles collected at the Hawaii Volcanoes National Park
(19.431°N, —155.258°W) from June to August 2022 (Malm et al., 1994). These ratios are consistent with Fe:Al
measurements of sinking particles from Station ALOHA during the summer despite using a different solution to
digest particles in this study (Hawco et al., 2022; Lamborg et al., 2008). Reported Fe:Al ratios of seawater
particles near the Hawaiian Islands are significantly enriched in Fe compared to the bulk upper continental crust
Fe:Al (Rudnick & Gao, 2014) and aerosols collected in October 2018 near Station ALOHA (Marsay et al., 2022).
We employed a particle digestion method that does not dissolve all recalcitrant lithogenic elements such as Al and
Ti; therefore, we cannot be certain that total particulate metals from within the 2022 bloom have the same
signature as those from Hawaii Volcanoes National Park (Table S2 in Supporting Information S1, Planquette &
Sherrell, 2012). However, the similarity of our Fe:Al ratios to those of analogous particles subjected to total
digestion suggests that our samples are relatively depleted in refractory Al and Ti compared with particles
collected closer to their source regions (Lam et al., 2018; Marsay et al., 2022). It is plausible that the similarities
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observed in the Fe: Al ratios of seawater and aerosol particles are not merely coincidental, and the composition of
seawater in the 2022 bloom closely resembles that of aerosols collected in nearby regions.

The isotopic composition of Fe measured in the 2022 bloom provides further evidence for an aerosol source of Fe.
The 5°°Fe compositions of total Fe in the bloom core range from —0.1%o to —0.05%. (Figure 4f). The typical
range of 8°°Fe for aerosols ranges between —2.2%o and 0.5%o (Fitzsimmons & Conway, 2022), with contribu-
tions from a mixture of lithogenic (5°°Fe ~ +0.1%o), pyrogenic (§°°Fe ~ —1.6%o to +0.8%0), and anthropogenic
(8°Fe ~ —4.3%o to —1.6%o) sources (Bunnell et al., 2025; Conway et al., 2019; Kurisu et al., 2019). Considering
wind patterns in the North Pacific, aerosols delivered to the 2022 bloom likely contained Fe that originated from
both Asia and North America (Kok et al., 2021; Marsay et al., 2022). In the 10 weeks leading up to the bloom,
over 50% of the soluble Fe deposited on surface waters that ended up at the 2022 bloom originated from pyrogenic
and anthropogenic sources (Figure S4 and Table S5 in Supporting Information S1). Using estimated contributions
from MIMI for each Fe source and constrained 5°°Fe end-member values for soluble and total Fe in acrosols from
the NPSG (Bunnell et al., 2025), we calculated an expected 8°°Fe composition of —0.12%o for the soluble fraction
and 0.06%o for the total fraction within the 2022 bloom. The expected values lie within the average measured total
8°°Fe value of —0.08%o in the bloom core (Figure 4f). Assuming a linear mixing relationship between the soluble
and total phases of Fe, we estimate that the dissolved and suspended Fe in the surface of the bloom comprised of
79% soluble Fe and 21% recalcitrant Fe. The majority of the recalcitrant aerosol Fe likely sank out of the water
column or were advected out of this region upon entering the water column. This is corroborated by a heavier Fe
isotope composition of sinking particles captured on sediment traps, where the °°Fe ranged between —0.03 and
0.29%o (Figure 5b). The 5°°Fe values of surface dissolved and particulate Fe within the 2022 bloom were lighter
than those from comparable aerosol samples collected in summer 2013 near the Hawaiian Islands, which were
interpreted to be predominantly lithogenic Fe (Kurisu et al., 2021). Independent models also confirm that the
composition of aerosols near the Hawaiian Islands is typically expected to have a lithogenic source with less than
20% contribution from pyrogenic/anthropogenic aerosols (Hamilton et al., 2019). In contrast, the lighter Fe
isotopic signature detected in the 2022 bloom is consistent with pulses of substantially enhanced input from
pyrogenic and anthropogenic aerosols, known to supply more bioavailable forms of Fe (Mead et al., 2013;
Schroth et al., 2009; Sholkovitz et al., 2009; Trapp et al., 2010). This augmented supply of bioavailable Fe likely
supported diazotroph and phytoplankton productivity, ultimately triggering the 2022 bloom.

The highly stratified summer conditions in the NPSG and direction of surface water advection indicate that
diapycnal mixing and lateral fluxes did not play an important role in supplying Fe to the surface ocean, further
suggesting that aerosol input was the primary source of Fe in this study area. The potential density measurements
of the 2022 bloom reported by Foreman et al. (2025) indicate marked stratification in the upper water column,
which implies limited vertical supply of Fe through mixing of surface water with deeper, Fe-rich waters.
Furthermore, surface waters within the 2022 bloom were advected from the east, where no known Fe sources such
as land masses, continental shelves, or hydrothermal plumes exist (Figure S1 in Supporting Information S1).

It has been established for many decades that dust fluxes in the NPSG are highest during the spring months
(March to May), when approximately 78% of annual dust is delivered to surface waters (Ohnemus et al., 2025).
Dust storm events during the spring have led to discernible increases in primary productivity (DiTullio &
Laws, 1991). While the highest spring aerosol deposition fluxes in two decades occurred in 2022, this dust event
did not result in an immediate increase in primary production in nearby surface waters (Ohnemus et al., 2025).
Although Fe in the upper euphotic zone has a residence time of approximately six months (Hawco et al., 2022), it
is unclear if the 2022 spring dust pulse contributed requisite nutrients to the 2022 bloom since surface water
transport is dynamic in this region. Studies of previous blooms in the NPSG have not been able to identify a clear
correlation between springtime dust and summertime blooms near Station ALOHA (Calil et al., 2011; C. Wil-
son, 2003, 2021). Furthermore, given the significant time gap between the episodic springtime dust deposition
events that annually peak in the third week of April (Ohnemus et al., 2025) and the likelihood that sinking
lithogenic pFe and ballasted particles were exported rapidly in dust-rich seasons, more recent deposition of Fe that
had not already been exported out likely contributed to the elevated Fe signature in the 2022 bloom core. Despite
similar summertime aerosol Fe deposition fluxes from 2019 to 2022 in our study area (Figure 8), a large bloom
only occurred in 2022, suggesting that drivers of Fe solubility—namely aerosol composition, transport pathway,
and deposition timing—control the formation of summertime DDA blooms in the NPSG. These factors are
modulated by regional climatology and must be strongly considered to better understand the inception of blooms
in the NPSG (Letelier et al., 2019).
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4.2. Pulses of Aerosol Fe Deposition Contribute to a High Summer 2022 Fe Inventory

Our Lagrangian analysis reveals that short but intense pulses of wet deposition were the primary mechanism for
the delivery of aerosol Fe to the surface waters of the 2022 bloom. Soluble Fe flux estimates from the MIMI model
show that wet deposition delivered 59% of soluble Fe to the water parcels that seeded the 2022 bloom during the
month preceding its onset (Figure S4 and Table S6 in Supporting Information S1). Relative to dry deposition, rain
events supply larger amounts of soluble Fe over shorter timescales (Chow et al., 2025; Karl et al., 2021; Ohnemus
et al., 2025). The deposited soluble Fe, which is present as both dissolved and particulate Fe, is readily accessible
to diazotrophs (Zehr & Capone, 2020). While dFe is more bioavailable than pFe, some diazotrophs such as
Trichodesmium can directly utilize pFe to sustain growth (Achilles et al., 2003; Rubin et al., 2011). Consequently,
episodic wet deposition pulses provide a mechanistic link between atmospheric Fe supply, enhanced N, fixation,
and the subsequent increase in primary productivity in the NPSG.

Moreover, the timing and location of wet deposition pulses were critical in initiating the 2022 bloom. A pair of
substantial rain events that occurred 74 ecxs prior to the bloom's onset delivered 49% of the total soluble Fe
deposited in the 30 days preceding the bloom (Figure 6b, Figure S3 in Supporting Information S1). Notably, this
5-day pulse alone contributed 28% of the total soluble Fe deposition over the entire 10-week study period (22 May
2022 to 7 August 2022; Figure 6b). Such concentrated inputs of soluble Fe may help overcome the typically
limiting conditions of low nutrient availability and sparse biomass, thereby promoting nitrogen fixation and
primary production in surface waters of the NPSG (Dore et al., 2008; Karl, 2002).

Emerging evidence indicates a temporal lag of several weeks between nutrient input and the resulting increase
in biomass in the NPSG. Incubation studies demonstrate that nitrogen fixation activity can remain slow for
3—4 weeks before accelerating after nutrient input (Chow et al., 2025; Seelen et al., 2025). Consistent with lab
incubations, both satellite observations and in situ measurements reveal a similar temporal offset between at-
mospheric deposition of variable aerosol material, biological assimilation, and the subsequent export of newly
fixed N by diazotrophs (Chow et al., 2025; Church et al., 2009). The 2022 bloom also exemplifies this pattern: a
major wet deposition event pulse of soluble Fe was followed by a sharp increase in primary productivity several
weeks later, suggesting that the timing of nutrient delivery may be a key factor in influencing the formation of
summer blooms in the NPSG (Figures 6a and 6b).

Several factors could account for the month-long lag between the deposition of soluble Fe and the corresponding
biological response from diazotrophs. Key diazotrophic controls such as P availability (Karl, 2002; Letelier
et al., 2019; Sohm, Subramaniam, et al., 2011), surface hydrographic conditions (Bottjer et al., 2017; Church
et al., 2009; Fong et al., 2008), and sea surface temperature (Figure S5 in Supporting Information S1; Jiang
et al., 2018; Yang et al., 2021) may have aligned with the wet deposition event to stimulate nitrogen fixation
activity. Particulate Fe can dissolve gradually through photoreduction of Fe minerals or be assimilated steadily by
microorganisms, leading to progressive increases in biomass over time (Basu et al., 2019; Kranzler et al., 2016;
Rubin et al., 2011; Waite & Morel, 1984). Given Fe surface residence times of approximately 6 months in the
upper euphotic zone (Hawco et al., 2022), extensive recycling of Fe observed in the surface waters of the NPSG
may give rise to forms of Fe which are more bioavailable to diazotrophs, for example, through the production of
siderophores or other biological ligands (Amin et al., 2009; Boyd et al., 2010). Finally, even if the delivery of Fe
led immediately to conditions favorable for diazotroph growth, it may have taken time for their abundance to
increase from a small initial seed population.

The 7.4 yeeks Pulse added a significant amount of soluble Fe to the surface of the 2022 bloom, depositing at least
28% more soluble Fe on the bloom back trajectory parcels than the storm did on other control zones in our study
(Table S3 in Supporting Information S1). While the bloom zone did receive more soluble Fe deposition than the
other discrete zones tested (ALOHA, Control A, and Control B), surface waters that received significant amounts
of soluble Fe also dispersed to other regions of the study area where large blooms did not occur (Figure 9).
Consequently, pulses of soluble Fe deposition, while substantial, were likely not the sole factor in forming the
2022 bloom. This pulse event may have played a considerable role in conjunction with other environmental
conditions to stimulate the bloom. Phosphorus availability, horizontal supply of nutrients from higher latitudes,
vertical mixing, grazing, and dilution rates likely acted in concert with the elevated Fe supply to create an
environment that was favorable for the growth of organisms to form the 2022 bloom. While our data show that the
2022 bloom waters were enriched in Fe and that the bloom waters had received an unusually large pulse of soluble

KONG ET AL.

15 of 22

85U017 SUOLIWOD aATER1D) 8 ealjdde ay) Ag peusenob afe sopie YO ‘8sn Jo san 10} AriqiT Ul U 8|1 UO (SUONIPUOD-PUR-SWBIALI0D A8 |IM"Alelq 1 jBulU0//SANy) SUONIPUOD pue swie 1 8y 88s *[9202/80/70] U0 Ariqiaullu A8|IM ‘66v800995202/620T OT/I0p/woo* As|im AseidijputjuosgndnBe;/sdny wouy pepeojumod ‘T ‘9202 ‘¥ZZ6vv6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2025GB008499

Fe deposition approximately one month before the bloom initiation, we cannot be certain that Fe deposition alone
was responsible for creating the bloom.

4.3. The 2022 Bloom's Impact to the Fe Distributions Below the Surface

Aside from elevated dFe concentrations in the euphotic zone (0—75 m), dFe concentrations observed during the
2022 bloom were broadly consistent with previous summertime observations at or near Station ALOHA (Boyle
et al., 2005; Bundy et al., 2025; Fitzsimmons et al., 2015; Hawco et al., 2021, 2022). The dFe minimum in the
2022 Bloom occurred near 125 m (Figure 4a), which typically coincides with the DCM and the 1% photosyn-
thetically active radiation (PAR) depth at Station ALOHA (Rii et al., 2016). However, during the 2022 bloom,
both the DCM and the 1% PAR depth shoaled to shallower depths (~60 and ~70 m, respectively) due to increased
light attenuation associated with the bloom itself (Foreman et al., 2025).

Despite shoaling of the DCM, Fe concentrations remained elevated throughout the upper 75 m, and diatoms and
DDA were abundant near the DCM. Prochlorococcus, which is typically dominant under Fe-limited conditions,
was not abundant within the 2022 bloom; aerosol-derived Fe inputs alleviated Fe limitation in this compressed
euphotic zone and was sufficient to support larger, less Fe-efficient taxa (Foreman et al., 2025; Hawco et al., 2020;
Sunda & Huntsman, 2015). Thus, while there was a shallower DCM and higher light attenuation in the bloom, the
depth of the Fe minima remained similar to what is expected in non-bloom conditions and confirmed the slow
vertical mixing in that layer.

Below the dFe minimum, siderophore-mediated activity significantly influences Fe concentrations in the
mesopelagic in the NPSG (Bundy et al., 2018). Suspended pFe concentrations increased between 100 and 250 m
and were isotopically heavier than dFe, which may indicate an increase in heterotrophic activity and reminer-
alization of light Fe to the dissolved pool near the dFe minimum (Figures 4b, 4d, and 4f). This peak in suspended
pFe concentration and §°°pFe results from multiple overlapping processes. These include remineralization of
labile, isotopically lighter Fe that leaves behind refractory, isotopically heavier pFe, scavenging of isotopically
heavier dFe onto particles, and siderophore-mediated cellular uptake of isotopically heavier, refractory Fe
(Ellwood et al., 2015; John et al., 2024; Manck et al., 2022, 2024). Enhanced Fe supply reaching the mesopelagic
during the 2022 bloom reduced Fe stress among organisms in this region (Figure 4c), which is corroborated by
siderophore uptake studies conducted with water samples from the 2022 bloom (Li et al., 2025). Elevated
bioavailable Fe in the 2022 bloom presumably benefitted bacteria in the mesopelagic region, demonstrating
microbial sensitivity to episodic aerosol-derived Fe inputs in the NPSG (Li et al., 2025).

The cycling of Fe in the NPSG involves extensive and dynamic processes that occur throughout the water column
(Hawco et al., 2022). Fractionation of dFe during organically mediated dust dissolution and recycling of Fe in the
oceans results in Fe exchanges between dissolved and particulate pools while maintaining overall mass balance
(Boyd et al., 2010, 2017; Conway & John, 2014; John & Adkins, 2012). Supply of Fe from aerosol deposition
events preceding the 2022 bloom alleviated Fe stress across both euphotic and mesopelagic zones, highlighting
the significant role aerosol inputs play in modulating Fe cycling in the NPSG's ecosystems.

5. Conclusions

Summer phytoplankton blooms in the central NPSG are nearly annual occurrences in a region that is typically
depleted in nutrients (Brzezinski et al., 2011; Dore et al., 2008; Follett, Dutkiewicz, et al., 2018; Karl et al., 1992,
2002; C. Wilson et al., 2008). Although these phenomena have been studied for decades, the drivers and
mechanisms for the formation and the continuation of these events are not well understood. Thus, it remains
difficult to predict their precise location and timing. The 2022 bloom was a large, long-lived phenomenon where
the DDA Hemiaulus hauckii and Richelia intercellularis thrived in the waters of the central NPSG (Foreman
et al., 2025). Input of limiting nutrients for diazotrophy, particularly Fe, may have contributed to the bloom's
initiation. Observations of dissolved, suspended particulate, and sinking particulate metals within the 2022 bloom
indicate higher than usual aerosol Fe deposition preceding the bloom. Our modeling of water parcel back-
trajectories combined with modeling of soluble Fe deposition indicate that a particularly large Fe deposition
event occurred between 17 and 23 June roughly one month (7, .cxs) before the formation of the bloom. This
1-month lag observed in our study suggests that physical factors preserved the Fe deposition feature long enough
in surface waters for diazotrophs to respond to the elevated Fe concentrations. Our analysis cannot definitively
determine whether the 7, .. S0luble Fe deposition event played a role in the subsequent 2022 bloom; however,
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