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Abstract Release of iron (Fe) from continental shelves is a major source of this limiting nutrient for
phytoplankton in the open ocean, including productive Eastern Boundary Upwelling Systems. The mechanisms
governing the transport and fate of Fe along continental margins remain poorly understood, reflecting
interaction of physical and biogeochemical processes that are crudely represented by global ocean
biogeochemical models. Here, we use a submesoscale-permitting physical-biogeochemical model to investigate
processes governing the delivery of shelf-derived Fe to the open ocean along the northern U.S. West Coast. We
find that a significant fraction (~20%) of the Fe released by sediments on the shelf is transported offshore,
fertilizing the broader Northeast Pacific Ocean. This transport is governed by two main pathways that reflect
interaction between the wind-driven ocean circulation and Fe release by low-oxygen sediments: the first in the
surface boundary layer during upwelling events; the second in the bottom boundary layer, associated with
pervasive interactions of the poleward California Undercurrent with bottom topography. In the water column
interior, transient and standing eddies strengthen offshore transport, counteracting the onshore pull of the mean
upwelling circulation. Several hot-spots of intense Fe delivery to the open ocean are maintained by standing
meanders in the mean current and enhanced by transient eddies and seasonal oxygen depletion. Our results
highlight the importance of fine-scale dynamics for the transport of Fe and shelf-derived elements from
continental margins to the open ocean, and the need to improve representation of these processes in
biogeochemical models used for climate studies.

Plain Language Summary Iron is an essential nutrient that supports the life of marine organisms. In
the ocean, large quantities of iron are released by sediments found along the continents. However, this iron is not
very soluble, and it tends to precipitate back to the sediments close to where it is released. In fact, we still
struggle to understand how enough of this iron makes its way to the open ocean, where it fertilizes
phytoplankton and sustains fisheries. In this study, we use a sophisticated computer simulation of the ocean
currents and chemistry of the northern U.S. West Coast to study the transport of iron released along the continent
to the open ocean. This computer simulation is able to reproduce the currents observed along the coast with high
realism, including small swirls, eddies, and meanders that constantly mix coastal waters with open ocean waters.
We found that about one-fifth of all the iron released by sediments along the coast is transported offshore, where
it can sustain the life of marine organisms. This transport from the coast to the open ocean mostly takes place
near the surface, reflecting upwelling caused by winds in the summer, and near the bottom, reflecting transport
caused by the friction of the poleward California Undercurrent with the seafloor. We also found that episodic
swirls, eddies, and meanders reinforce this delivery of iron to the open ocean, in particular along several “hot-
spots” of intense transport along the coast. Our results suggest that global computer simulations used to study
how marine ecosystems respond to climate change should improve how they represent small-scale currents and
their effects on the cycle of iron, in particular along the ocean's coastlines.

1. Introduction

The micronutrient iron (Fe) limits primary production in about half of the world's oceans, regulating past and
future changes in marine ecosystems and the global carbon cycle (Boyd & Ellwood, 2010; C. M. Moore
et al., 2013; Tagliabue et al., 2017). The mechanisms controlling the oceanic Fe cycle have been studied
extensively. However, because of complex interactions between external sources and internal cycling processes
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that are still poorly constrained, our ability to model the Fe cycle remains limited, hindering projections of future
oceanic productivity and ecosystem change (Tagliabue et al., 2016, 2017).

Major sources of Fe in the ocean include atmospheric deposition (Duce & Tindale, 1991; Jickells et al., 2005),
benthic release from continental shelves (Elrod et al., 2004; Johnson et al., 1999), hydrothermal vents (Fitz-
simmons et al., 2014; Resing et al., 2015; Tagliabue et al., 2010), sea-ice melting (Person et al., 2021), and river
runoffs (Krachler & Krachler, 2021; Vieira et al., 2020). Once in the ocean, Fe exists mostly as the poorly soluble
ferric Fe, which quickly precipitates or is rapidly scavenged onto marine particles (Honeyman et al., 1988; X. Liu
& Millero, 2002; Tagliabue et al., 2019). Fe can be protected from removal by forming complexes with organic
ligands produced by a myriad of biological processes (Buck et al., 2010; Moffett & Boiteau, 2024; van den
Berg, 1995). Fe sources, sinks, and protection mechanisms are not fully understood and constrained by in situ
measurements and ocean biogeochemical models (Tagliabue et al., 2016, 2017).

Among major sources of Fe to the ocean, the release from continental shelves and slope sediments has received
particular attention (Dinniman et al., 2020; Elrod et al., 2004; Johnson et al., 1999; St-Laurent et al., 2017, 2019),
especially in Eastern Boundary Upwelling System (EBUS), where Fe often limits primary production (Biller
et al., 2013; Hogle et al., 2018; Messié & Chavez, 2015; Till et al., 2019) despite significant benthic fluxes (Dale
etal., 2015; Elrod et al., 2004; Severmann et al., 2010). In EBUS, low concentrations of dissolved oxygen (O,) in
bottom waters and high rates of organic matter deposition enhance Fe release from the sediments (Conway &
John, 2014; Dale et al., 2015; Lam et al., 2020; Severmann et al., 2010). Benthic Fe sources can exceed Fe
delivery by atmospheric deposition and rivers (Deutsch et al., 2021; Robinson et al., 2022), supporting the high
primary production observed in EBUS (Elrod et al., 2004; Johnson et al., 1999; Messié¢ & Chavez, 2015). Benthic
Fe that escapes phytoplankton uptake and scavenging on the shelf can be transported to the open ocean by
subsurface currents (Siedlecki et al., 2012). In the presence of upwelling and vertical mixing, this Fe can fertilize
phytoplankton in remote ocean regions, linking the cycles of carbon, O,, and Fe (Johnson et al., 1999; Rapp
et al., 2020; Wallmann et al., 2022).

Despite intense release from EBUS margins, it is unclear how much Fe reaches the open ocean (Lam et al., 2020;
Scholz et al., 2016). Global modeling studies suggest that most benthic Fe is quickly removed by scavenging close
to where it is released, restricting its impact to coastal waters (J. K. Moore & Braucher, 2008; J. K. Moore
et al., 2004). In contrast, in situ measurements and satellite observations indicate that Fe originating from con-
tinental margins can influence primary production hundreds to thousands of kilometers offshore (Elrod
et al., 2004; Lam et al., 2006; J. K. Moore & Abbott, 2000).

The export of sediment-derived Fe to the open ocean, here referred to as the shelf-to-basin transport, occurs by a
variety of physical processes, including upwelling and vertical mixing, Ekman transport in the surface and bottom
boundary layers (SBL and BBL respectively), and eddies (Conway et al., 2018; Fiechter & Moore, 2012; Keith
Johnson et al., 2005; Lam et al., 2020; Tagliabue, Sallee, et al., 2014). These circulation patterns are not
adequately represented in global ocean Fe models (Tagliabue et al., 2016) because of their coarse resolution,
which limits their ability to capture fine scale currents in the regions where most benthic Fe release and transport
occur. These include shallow and narrow shelves, where submesoscale processes dominate (Dauhajre et al., 2017,
McWilliams, 2016), but also the transition between continental margins and the open-ocean. In this region,
transport reflects mesoscale processes such as meanders in the prevailing currents, eddies, and zonal jets (Conway
et al., 2018; Cravatte et al., 2017; Uchida et al., 2020), and finer-scale currents, such as submesoscale coherent
vortices(McWilliams, 1985). These subsurface coherent eddies are pervasive along EBUS (McCoy et al., 2020),
including the California Current System (Pelland et al., 2013), where they form by instability of the poleward
Undercurrent (Molemaker et al., 2015) and cause offshore transport of biogeochemical tracers (Frenger
etal., 2018). By trapping BBL waters, subsurface coherent eddies likely provide an efficient Fe delivery pathway
from continental margins to the ocean interior. Given the importance of mesoscale and submesoscale currents, the
role of the shelf-to-basin transport is likely underestimated in current global biogeochemical models.

The seminal study by Siedlecki et al. (2012) provided an expanded picture of the processes that ultimately deliver
Fe to the open ocean in EBUS. By using an idealized numerical model of the California Current, they showed that,
on average, Fe accumulating in the BBL during upwelling periods is transported to the ocean interior when wind
reverses to downwelling-favorable conditions. During wind reversals, thickening of BBL waters, favored by
intense vertical shear, generates a Fe-rich plume that detaches from the upper continental slope and delivers Fe to
the open ocean via isopycnal transport. The study indicated that, depending on the frequency of wind reversals,
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between 10% and 50% of sediment-derived Fe could be delivered offshore, with the remaining part primarily
consumed on the shelf by biological activity. A stronger and shallower poleward Undercurrent would further
increase the fraction of Fe exported off the shelf. However, the study was idealized in nature, and not designed to
reproduce realistic Fe concentrations and their long-term distribution under competing physical-biogeochemical
dynamics.

Here, we build on this work to examine the fate of benthic Fe in a realistic, submesoscale permitting simulation of
the U.S. West Coast circulation and biogeochemistry (Damien et al., 2023; Kessouri et al., 2020). We use the
model to elucidate the seasonal balances behind the shelf-to-basin Fe transport and its variability along the
Northeast Pacific continental margin, with particular focus on interactions between sedimentary Fe release and
bottom O, and the frictional dynamics of the California Undercurrent under realistic topography, wind, and fine-
scale circulation patterns. While we focus on the well-studied California Current system, our findings shed light
on dynamics that are likely to occur in other EBUS and, more broadly, along continental shelves and slopes, with
the potential to inform global models of Fe and other trace elements (Conway et al., 2018; Jersild et al., 2021; St-
Laurent et al., 2017).

The rest of the paper is organized as follows. In Section 2, we describe the model configuration, Fe budget
analysis, and framework to identify Fe transport processes and contribution of eddies. In Section 3, we evaluate
the model against observations and discuss the Fe balance and transport rates along the northern U.S. West Coast.
In Section 4, we discuss the implications of these results for the global Fe cycle and conclude the paper.

2. Methods
2.1. The Regional Oceanic Modeling System (ROMS)

We use a well-established physical-biogeochemical model of the California Current system (Damien et al., 2023;
Deutsch et al., 2021; Renault et al., 2021). The physical component consists of the Regional Ocean Modeling
System, ROMS (Shchepetkin, 2015; Shchepetkin & McWilliams, 2005), a primitive-equation, hydrostatic,
topography-following (i.e., ¢ coordinate) ocean model. We focus on a northern U.S. West Coast configuration
extending from 36.8°N to 49.8°N and 112.5°W to 144.7°W. The grid is composed of 630 X 1,340 cells with a
horizontal resolution of approximately 1 km and 60 terrain-following vertical levels (Damien et al., 2023). This
horizontal grid spacing resolves the narrow topography of the shelf in this region, which rarely exceeds a width of
20 km. The model grid is stretched in the vertical to provide higher resolution near the surface and the seafloor,
and better capture boundary layer dynamics. On the shelf (depth shallower than 200 m), the vertical grid includes
at least 13 grid points in the upper 25 m of the water column and 6 in the deeper 25 m. The high resolution is
essential to resolve mesoscale and submesoscale variability (Capet et al., 2008; Kessouri et al., 2020), the
intensified wind-driven overturning circulation on the continental shelf (Damien et al., 2023), and the resulting
cross-shore exchange of nutrients and Fe. The model is run for the 1997-2017 period, using a time step of 150 s,
and initial and boundary conditions from a “parent” configuration at 4 km resolution (Deutsch et al., 2021). The
numerical setup does not include tidal forcings. Model output is saved as daily averages for tracers and monthly
averages for physical and biogeochemical fluxes. A detailed discussion of the model configuration, setup,
forcings, and initialization is presented in previous publications (Damien et al., 2023; Deutsch et al., 2021;
Kessouri et al., 2020; Renault et al., 2021).

2.2. The Biogeochemical Elemental Cycling (BEC) Ecosystem Model

ROMS is coupled online to the Biogeochemical Elemental Cycling model, BEC (J. K. Moore & Braucher, 2008;
J. K. Moore et al., 2004). BEC represents the cycles of nutrients (including Fe), O,, carbon, alkalinity, and organic
matter as driven by three phytoplankton and one zooplankton functional groups (Deutsch et al., 2021; J. K. Moore
& Braucher, 2008; J. K. Moore et al., 2004). Remineralization of sinking organic matter is parameterized ac-
cording to the mineral ballast model of Armstrong et al. (2001). Air-sea fluxes of O, and carbon dioxide are based
on the gas-exchange model of Wanninkhof (1992).

The Fe cycle in BEC includes four separate pools: dissolved inorganic Fe (dFe), Fe scavenged onto sinking
particles, including lithogenic minerals from dust deposition, and Fe associated with organic matter pools. Only
the dFe and organically bound Fe pools are modeled as state variables (J. K. Moore & Braucher, 2008; J. K.
Moore et al., 2004). For the dFe pool, four processes are considered: atmospheric deposition, biological uptake
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and remineralization, scavenging by sinking particles, and release by sediments. Atmospheric Fe deposition is
based on the dust climatology of Mahowald et al. (2005). The model does not include river sources for Fe, except
through the Juan De Fuca Strait. While prior work suggests that benthic sources dominate Fe inputs coast-wide,
rivers are locally important sources of Fe in the northern California Current. Thus, the lack of river inputs of Fe in
the model could lead to biases in the spatial and temporal variability of modeled Fe distribution (Chase
et al., 2007; Severmann et al., 2010; Wetz et al., 2006).

Release of Fe from the sediment follows the O,-dependent parameterization by Deutsch et al. (2021), obtained by
a fit to a compilation of benthic flux chamber measurements in the California margin (Severmann et al., 2010):

log, ®(Fe) = 2.5 —0.0165 - O,, (1)

where O, is in mmol m™> and the benthic Fe flux ®(Fe) in pmol m~2 d~' (Deutsch et al., 2021). We find this
parameterization adequate to capture the observed range of benthic Fe fluxes and their seasonal and alongshore
variability (Severmann et al., 2010).

Additional details on the BEC configuration, forcings, coupling with ROMS, and validation of the model solution
are presented in Deutsch et al. (2021). A discussion of the wind-driven shelf circulation and biogeochemistry is
presented in Damien et al. (2023). In the following, we further evaluate the solution against available mea-
surements of dissolved Fe concentrations along the northern U.S. West Coast (Section 2.3).

2.3. Dissolved Fe Measurements Along the Northern U.S. West Coast

We compiled a data set of dFe measurements from Baja California to Vancouver Island from 23 published studies
between 1987 and 2022, resulting in approximately 4,068 individual dFe measurements (Bundy, Jiang,
etal., 2016; Hogle et al., 2018; Johnson et al., 2003; King & Barbeau, 2011). A list of the studies and references is
presented in Table S1 of the Supporting Information S1. These include a global compilation (Tagliabue
etal., 2016), cruises from regional observational programs (Bundy, Jiang, et al., 2016; Hogle et al., 2018; Johnson
etal., 2003; King & Barbeau, 2007), and independent studies (Biller & Bruland, 2013; Boiteau et al., 2019; Bundy
et al., 2014, 2015; Chappell et al., 2019; Chase et al., 2002, 2005; Firme et al., 2003; Hawco et al., 2021; John
et al., 2012; Till et al., 2019).

For this compilation, we define dFe as the sum of both the truly dissolved Fe and the dissolvable Fe, based on the
definitions used in the original references. Different studies used varying filter sizes to characterize the dissolved
and dissolvable Fe pools, with 0.2, 0.4, and 0.45 pm as the most common. Measurement methods also vary
between studies. In general, measurements were taken with bottles, pump system, and/or by surface tows. In some
cases, samples were acidified for short periods of time before analysis. Despite variability in sampling ap-
proaches, we find a good agreement between different sets of observations and consider the merged data set as
representative of the dFe distribution in the California Current. The final compilation includes observations from
1980 to 2021, with most of the data between 1997 and 2015 and in the upper 100 m of the water column.

2.4. Model Analysis and Diagnostics
2.4.1. Dissolved Fe Budget Analysis

To investigate the fate of the shelf-derived Fe, we analyze the balance between transport fluxes and biogeo-
chemical sources and sinks based on the model conservation equation for dFe, that is, the model dFe budget. We
use output from a 9-year period from 2008 to 2016, spanning the region from Cape Mendocino to Vancouver
Island. We focus on this region because it encompasses the Washington and Oregon continental shelves, where
strong bottom water hypoxia occurs, leading to high benthic Fe release fluxes from low-O, sediments. The dFe
budget includes external sources from atmospheric deposition and benthic inputs, biological cycling processes
consisting of uptake by phytoplankton and remineralization and recycling, scavenging and burial in the sediment,
and physical transport by currents and vertical mixing. We calculate biogeochemical rates and physical fluxes
online in the model at each time step and average them in time to construct monthly climatologies. The budget of
all tracers is closed to numerical precision and scaled up from individual grid cells to three-dimensional regions by
numerical integration.
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2.4.2. Eddy Decomposition of the Shelf-To-Basin Fe Transport

We define the shelf-to-basin transport as the advective flux of dissolved Fe across a vertical surface that intersects
the 200 m depth isobath, here taken as the boundary between the shelf and the open ocean (Laruelle et al., 2013),
using the approach by Damien et al. (2023), which naturally incorporates variations in the topography of the
western U.S. coastline. Accordingly, Fe transport is calculated as:

T=u-Fe, @)

where Fe is the dFe concentration, and u the cross-shelf horizontal current.

To elucidate the mechanisms responsible for the delivery of Fe from the shelf to the open ocean, we decompose
the cross-shelf Fe transport 7 into contributions from the large-scale mean cross-shelf current, standing eddies and
meanders, and transient eddies. The large-scale mean transport includes seasonal upwelling and Ekman transport
in the SBL and BBL that occur broadly along the coast. Standing eddies and meanders represent circulation
patterns that are relatively persistent in time but cause meridional variability along the coast and support localized
hot-spots of shelf-to-basin exchange. (Here, we use the terms “standing eddies” and “standing meanders”
interchangeably to refer to persistent circulation features embedded within the main alongshore currents that lead
to cross-shelf transport.) In contrast, transient eddies represent the contribution of time-varying flow driven by
high-frequency fluctuations in winds and instabilities in the mesoscale and submesoscale circulation.

We quantify these components by following the transport decomposition by Lee and Coward (2003). This
approach involves two low-pass filters, one in time and one in space. Accordingly, an arbitrary model variable X
can be decomposed into time mean and fluctuating components as:

X=X+X, 3)

where X = % jf;X dt, with 7 = 1 month. Here, X is the monthly climatological mean of the variable and

X' = X — X is the transient eddy fluctuations on time scales shorter than a month.

Similarly, X can be decomposed into an alongshore mean plus a spatial variation around this mean as:

X = [X] +X*, 4)

where [X] = % j(‘)LX dL, with L is the length of the shelf along the U.S. West Coast. Here, [X] is the alongshore
mean of the variable along the 200 m isobath and X* = X — [X] is the alongshore fluctuations.

By applying the spatial and temporal filters to the cross-shelf Fe flux, T = u - Fe, the mean Fe transport across the
shelf break can be expressed as:

[T] = [uFe] = [u] [Fe] + [@Fe"| + ||| Fe'| + [w*Fe™], )

where the full derivation is shown in Appendix A. We further set:

[P = a1 [7e], ©
7] = [ 7<) @)
7] = e ) = e Y

Here, [T""] is the cross-shelf Fe transport driven by the climatological mean circulation and Fe distribution,

[ﬁ] is the cross-shelf transport driven by standing eddies and meanders that cross the shelf break, and [ﬁ] is
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Figure 1. Observed and modeled dissolved iron (dFe, nM) in the upper 100 m depth. (a) Observations from a U.S. West Coast
Fe data compilation (see Section 2.3). (b) Annual mean average dFe concentrations from the model, sampled at the same
location as for observations. (c) Observed versus modeled dissolved Fe concentrations at the ocean surface as a function of
the distance from the coast line. Model output is sampled at the same locations and months as for observations. Error bars
around the blue-dot points show the standard deviation of the model results.

the cross-shelf transport driven by transient eddies. Note that all quantities in Equations 5-8 represent temporal
and alongshore averages. Furthermore, to facilitate the interpretation of transient terms, we combine the

contribution of time-dependent, coast-wide fluctuations ([u’ ][F e’ ]) with transient fluctuations that also vary in

the alongshore direction ([u’*F e’*]). As such, both [ﬁ] and [W] arise from correlations between u and Fe,

solely in space for the former and in time for the latter. To simplify the notation in the rest of the paper, we drop the
averaging operators (i.e., the square brackets and over-bars) and refer to the averaged transport terms in Equa-

tions 6-8 as 7™ (mean transport), T5E (standing eddies and meanders), and T7E (transient eddies), respectively,
unless specified otherwise. We estimate these quantities from model output, following the approach detailed in

Appendix A.

3. Results
3.1. Evaluation of the Model, With a Focus on Dissolved Fe

An extensive validation of the model against in situ and remote sensing data, based on the “parent” 4-km U.S.
West Coast simulation, is presented in Deutsch et al. (2021) and Renault et al. (2021), showing good agreement
for both hydrographic and dynamical properties. A further assessment of the characteristics and dynamics of the
California Undercurrent is presented in Chen et al. (2021). The 1-km resolution simulations discussed here are
broadly similar to the “parent” simulation; in Supporting Information S1 we provide an additional validation for
physical and biogeochemical properties that directly influence the shelf-to-basin Fe transport: dissolved O,
patterns (Figures S2 and S3 in Supporting Information S1) and the California Undercurrent (Figure S4 in Sup-
porting Information S1).

Overall, the model spatial patterns and seasonal variability for dissolved O, concentrations fall within the range of
the observations (Figures S2 and S3 in Supporting Information S1). The Undercurrent flows faster in the southern
part of the domain (in particular, south of the Heceta Bank, Figure S4 in Supporting Information S1) and flows
nearly continuously along the coast, as suggested by observations (Pierce et al., 2000). We also note a significant
seasonal variability, with shoaling and strengthening of the Undercurrent through the Fall and Winter (Thomson
& Krassovski, 2010) (Figure S5 in Supporting Information S1). In the following, we further provide an in-depth
evaluation of the model dFe against the new U.S. West Coast dFe compilation.

In general, the model captures the magnitude and spatial variability of observed Fe (Figure 1). Along the coast,
both model and observations show high dFe concentrations in the upper ocean, reflecting intense benthic release
from the shallow bathymetry. In the open ocean, dFe concentrations are low in both model and observations,
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reflecting limited external Fe inputs, sustained biological uptake, and scavenging. Away from the coast, model
dFe concentrations are low at the surface (~0.3 nM) because of biological uptake, and gradually increase in
subsurface waters following remineralization (>1 nM).

Compared to observations, the model underestimates the sharp gradient and variability in dFe between coastal and
open ocean waters (Figure 1c). Along the shelf, observed dFe values vary between 0.03 and 30 nM, while model
dFe values show a somewhat reduced range between 0.2 and 10 nM. In the open ocean, the model tends to
overestimate dFe concentrations, while it struggles to capture extremely low dFe in shallow layers, producing a
more uniform dFe distribution than observed. This bias is likely caused by our model exclusion of fluvial Fe
sources and the model Fe scavenging scheme, which represents Fe protection by organic ligands with a uniform
ligand concentration of around 0.6 nM, a common assumption for ocean biogeochemical models
(Tagliabue et al., 2016).

While low compared to typical values for macro-nutrients, the correlation coefficient between modeled and
observed dFe (R = 0.25) is in the upper range of global ocean biogeochemical models (Tagliabue et al., 2016),
which can show correlation coefficients as low as 0.10 or even negative, reflecting limited ability to capture the
complexity of Fe cycling. Comparing to global models, our high-resolution regional model produces more
realistic cross-shore gradient in dFe, despite somewhat underestimating the range of observations (Figure 1c).
Multiple reasons are likely behind this bias—including simplifications in the Fe protection and scavenging
schemes. We also note that comparison of climatological model values versus instantaneous measurements is
likely to underestimate the range captured by observations, which are taken at different times of the year, and are
affected by eddies and other sources of variability.

3.2. Fate of Sediment-Derived Fe

Analysis of the model Fe budget shows that benthic release is the dominant source of Fe along the northern U.S.
West Coast (Figure S1 in Supporting Information S1). On the shelf, 97% of external Fe inputs is from the
sediment. Benthic release is then the dominant source of dFe (4.80 vs. 0.01 mol s~* from atmospheric deposition),
the majority of which (3.79 mol s™") is retained on the shelf by a combination of biological uptake, scavenging,
and transport to the sediment by sinking particles. Scavenging onto particles removes the majority of Fe inputs
(3.55/4.81 = 74%), consistently with global model results. (J. K. Moore & Braucher, 2008) (Figure 2).

Our results update the picture presented in Siedlecki et al. (2012), which suggested a dominant role for biological
uptake in consuming benthic-derived dFe (~80%), and limited scavenging (~0.05%) on the shelf. These dif-
ferences reflect the increased realism and complexity of Fe biogeochemistry—in particular scavenging—in our
model (J. K. Moore et al., 2004).

Analysis of the dFe balance over the shelf and open ocean (up to a distance of 400 km from the coast) (Figure 2)
shows that the shelf-to-basin transport is one of the two major inputs of dFe to the open ocean (0.94 mol s™"),
second only to vertical supply (1.63 mol s™1), despite the narrow surface area of the shelf compared to the open-
ocean. The cross-shelf flux represents 36% (0.94/2.62) of the total dFe input to the surface open ocean, far
exceeding dust deposition (0.05 mol s™1). Tt is also larger than the net biological uptake offshore (0.11 mol s™'),
suggesting that the continental shelf is a source of Fe to the broader Northeast Pacific.

3.3. The Shelf-To-Basin Transport of Fe
3.3.1. Structure and Drivers of the Shelf-To-Basin Fe Transport

Two pathways dominate Fe transport from the shelf to the open ocean: the first in the SBL and the second in the
BBL (Figure 3a). These pathways are the result of the wind-driven overturning circulation that develops on the
continental shelf (Figure 3b) (Damien et al., 2023). The patterns and seasonal variability of this cross-shelf
overturning show a complex three-dimensional structure (Figure S5 in Supporting Information S1) that is
influenced both by variations in surface winds and by interactions between the poleward California Undercurrent
(Figure S4 in Supporting Information S1) and bottom topography.

In the SBL, the seasonal cross-shelf overturning consists of offshore transport during upwelling and inshore
transport during downwelling and relaxation events, balanced by currents with opposite directions in the
water column interior (Figure S5 in Supporting Information S1). In contrast, the mean circulation is directed
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Figure 2. Schematic of the balance between physical transport and
biogeochemical processes for dissolved Fe (dFe) along the northern U.S.
West Coast. The balance reflects an average over the 9-year period from
2008 to 2016. Biogeochemical sources and sinks and transport rates of
dissolved Fe are integrated over the shelf region (defined by the 200 m
isobath) and the open-ocean region (up to a distance of 400 km from the
coast, between the surface and 200 m depth). Green arrows show external
sources of dFe (atmospheric deposition and benthic release); blue arrows
show horizontal and vertical physical transport; and red circles show net
biogeochemical transformation rates, that is, the sum of uptake by
phytoplankton, and release by remineralization. Removal by scavenging,
which ultimately transports Fe to the sediment as sinking particles, is
indicated by a red arrow. Units are mol s™". The integrated cross-shore
transport of dFe is 0.94 mol s™".

offshore year-round in the BBL. This can be attributed to the frictional
dynamics of the California Undercurrent, which, despite a shoaling and
intensification in the fall (Chen et al., 2021), continuously moves waters
poleward through the year (Figures S4 and S5 in Supporting Informa-
tion S1). Transport in the BBL emerges as a downhill flow with both
offshore and downward components, which peaks in magnitude over the
outer shelf. Notably, the magnitude of the California Undercurrent and of
the downhill flow in the BBL are strongly correlated, especially at the
location of the 200 m isobath, reflecting their dynamical connection.

Despite the good correlation between the cross-shore Fe flux (Figure 3a) and
the cross-shelf currents (Figure 3b), notable differences between the water
volume and Fe transport are observed, mainly in the water column interior
outside the boundary layers. While the SBL Fe transport pathway is active
mostly during the upwelling season from spring to summer, reversing sign in
winter, the BBL pathway is active throughout the year, although it is inten-
sified in the wake of upwelling events (August—October, Figure 3a). Relative
to the two boundary layers, the mean Fe transport in the water column interior
remains small, and mostly directed offshore, in contrast with the mean vol-
ume transport (Figure 3b).

Our results also suggest that intense dFe export follows upwelling events, but
the BBL pathway is active year-round on the continental shelf and upper
slope, driven by the persistent downhill tilt of the bottom current (Chen
et al., 2021; Damien et al., 2023). As discussed further in Section 3.3.3, this
finding is also consistent with the results of Siedlecki et al. (2012), which
suggest that in addition to when the wind relaxes and reverses after upwelling
events, the Fe-laden BBL is mixed into the water column and transported
offshore along isopycnals most efficiently where the poleward undercurrent
intersects the upper slope near the shelf break, and with the intensity of
the undercurrent. Integrated along the shelf break, using an average thickness
for both boundary layers of 25 m, we find that 19% of the cross-shore
Fe flux takes place in the SBL (0.18 mol s7!) and 46% (0.43 mol s7!) in
the BBL.

Vigorous cross-shore Fe transport takes place during the entire upwelling season. However, the peak Fe transport

is observed in September (Figure 3c), a 2-month lag from the peak in the cross-shore volume transport (Figure 3d)

and 1-month lag from the peak in the benthic dFe release associated with a minimum in bottom O, concentrations

on the shelf (Figures 3e and 3f). More generally, the seasonal cycle of the shelf-to-basin Fe transport arises from
the interaction between the volume transport flux (Figure 3b), benthic dFe release (Figure 3e), and bottom O,
concentrations (Figure 3f). In particular, bottom O, concentrations on the continental shelf dictate the magnitude

of the benthic dFe release, which in combination with the magnitude and timing of the volume transport flux,

shape the seasonal cycle of the shelf-to-basin Fe transport.

3.3.2. Contribution of Transient and Standing Eddies to the Variability of the Shelf-To-Basin Fe

Transport

Additional differences between the mean Fe and volume transports, in particular in the water column interior, can

be attributed to the role of transient and standing eddies. A decomposition of the cross-shore Fe transport
(Figure 3a) into different components reflecting respectively the large-scale mean circulation (7**), standing
eddies and meanders (T°F), and transient eddies (77F) reveals a substantial influence of fine-scale circulation on

the exchange of Fe from the shelf to the open ocean (Figure 4a). As a whole, standing and transient eddies

intensify the mean offshore Fe transport at the surface, and oppose it near the bottom. Notably, eddies also oppose

the mean Fe transport in the water column interior, where their combined effect—always directed offshore—
overcomes the net inshore transport by the mean circulation, resulting in a net Fe export from the shelf to the

open ocean.
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Figure 3. Seasonal cycle of the processes governing the transport of dissolved Fe from the shelf to the open ocean. (a) Climatological cross-shore Fe transport

(107% mol m~s™") as a function of depth and time, averaged along the 200 m isobath. This transport flux is calculated as [T] = [m] , following the approach discussed

in Section 2.4.2. Positive values (red colors) show transport directed offshore; negative values (blue colors) show transport directed inshore. (b) Same as (a) but for the
cross-shore current velocity (m s—'). (c) Climatological cross-shore Fe transport (mol s~ ) integrated by depth and distance along the 200 m isobath. (d) Climatological
cross-shore volume transport (10° m*s7h). (e) Climatological benthic Fe flux (mol s7hH integrated over the continental shelf. (f) Bottom O, concentration (mmol m™)
averaged over the continental shelf. Positive values in (c) and (d) show transport directed offshore.
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Figure 4. Role of mean circulation and eddies for the shelf-to-basin Fe transport. (a) The total cross-shelf Fe flux (7, black) is
decomposed into mean (7", blue), standing eddy (7°F, red), and transient eddy (77%, green) components. All fluxes have
been averaged over time and along the 200 m isobath. Section 2.4.2, Equations 5-8 provide definitions for the different flux
terms, with further details in Appendix A. Positive values indicate transport directed offshore, and negative values transport
directed inshore. Units for all fluxes are 10~° mol m™2s™". The average value of the different components within the surface
boundary layer (SBL, top), interior (center), and bottom boundary layer (BBL, bottom) are annotated on the figure.

(b) Seasonal cycle of the different components of the cross-shore Fe flux averaged along the 200 m isobath

(107 mol m~2s7h): MM (upper panel), T5E (middle panel), and T'E (lower panel).
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Figure 5. Alongshore variability and hot-spots in the shelf-to-basin Fe transport. Vertically and time-averaged cross-shelf Fe
transport (a) over the surface boundary layer (SBL, 0-25 m depth), (b) the water column interior (25-175 m depth), and
(c) the bottom boundary layer (BBL, 175-200 m depth). The total cross-shelf Fe flux is decomposed into its monthly mean
(T™  blue), standing eddy (TS, red), and transient eddy (1'%, green) components. Note that, in this figure, to visualize the
alongshore variability of the eddy components, the alongshore averaging filter is not applied. More precisely, 7", T5E  and

TTE are shown. Units for all fluxes are 10~ mol m™2 s~". Positive values indicate offshore transport; negative values inshore
transport. The shaded red boxes highlight hot-spots of cross-shore Fe transport (here defined as total Fe flux larger than 30 -
10~ mol m™2 s™'). In all panels, the thin vertical black line shows zero fluxes.

In the SBL (0-25 m), the eddy terms T and T5F are positive, and, when combined, larger than ™M Each
contributes to about one-third of the total SBL Fe transport (Figure 4a). In contrast, 7" dominates the Fe
transport in the BBL (approximately 175-200 m depth), where 7°% and T'* are nearly one order of magnitude
smaller. However, the direction of eddy transport terms changes between the upper part of the BBL, where they
are directed offshore, and the lower part, where they are directed inshore, and thus oppose 7", In the upper BBL,
both 75F and T7* represent a substantial contribution to the total Fe flux from the shelf to the open ocean (~50%).
In contrast, in the lower BBL, they reduce the offshore Fe transport by ~30%. Away from the boundary layers,
75E and T"* oppose the T, resulting in a weakly positive offshore transport of Fe in the water column interior.

The mean and eddy components of the cross-shore Fe transport show significant temporal variability following
the seasonal cycle of upwelling. This seasonal variability is more pronounced in the boundary layers, in particular
for the mean component T (Figure 4b), which shows reversals in direction similar to the volume transport
(Figure 3b). In contrast, eddy components are generally weakly enhanced during upwelling (Figures 4c and 4d).
The nearly year-round activity of the T and 75% in the BBL can be attributed to the downslope tilt of the
California Undercurrent (Chen et al., 2021; Damien et al., 2023). In addition, the intensification of the offshore
BBL flow from August to October coincides with the seasonal intensification of the California Undercurrent
(Chen et al., 2021; Thomson & Krassovski, 2010).

A coast-wide analysis of the cross-shore Fe flux (Figure 5) reveals the presence of significant local hot-spots of
cross-shelf Fe exchange, in particular near the surface and the bottom. These hot-spots, shown by local maxima in
T5E, are mainly driven by locally intensified transport by standing eddies (red lines in Figure 5), reflecting the
presence of meanders or separations of the alongshore current that enhance exchange across the shelf break. To a
lesser extent, we also observe hot-spots driven by locally intensified transient eddies, although their magnitude
and spatial variability are smaller than for standing eddies.

In the SBL, we highlight the region south of Cape Blanco as the main pathway of surface Fe export, with two large
peaks near Cape Sebastian (42.35°N) and Cape Blanco (42.83°N). This standing-eddy export pathway, further
intensified by transient eddies, is likely fueled by strong, localized upwelling along the Northern California coast
(Damien et al., 2023). A secondary region of enhanced Fe export is located near the Columbia River estuary.
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In the BBL, multiple hot-spots of Fe transport are linked to the coastal bathymetry, which in turns dictates the
location of meanders in the mean bottom current. Three major hot-spots are located at the southern edge of the
Heceta Bank (43.95°N), the Nehalem Bank (45.95°N-46.40°), and the Northern Juan de Fuca Canyon (48.23—
48.50N). The cross-shore Fe flux by standing eddies there exceeds 30 - 10™° mol m™2 s™'. Two secondary hot-
spots with smaller offshore transport (~20 X 10~ mol m~2 s~ ") are located north of Cape Blanco (43°N) and
Grays Canyon (47.04°N).

We note that hot-spots of eddy transport could be related to regions of formation of subsurface coherent eddies,
which are commonly observed in this region (McCoy et al., 2020; Pelland et al., 2013). The model indeed shows a
rich population of subsurface eddies just offshore of the continental slope, particularly during the fall season
(Figure S5 in Supporting Information S1). Consistent with their formation by topographic interactions (Mole-
maker et al., 2015), these subsurface eddies trap Fe-rich BBL waters in their cores (Figure S6 in Supporting
Information S1), subsequently transporting Fe offshore, thus contributing to Fe export from the continental shelf.

3.3.3. Contribution of the California Undercurrent to the Shelf-To-Basin Fe Transport

The importance of standing eddies and meanders in driving hot-spots of Fe exchange across the shelf break
suggests a major role for the circulation dynamics of the California Undercurrent. Following upwelling, when
both the offshore Fe transport and the undercurrent are seasonally the strongest (Figure 3a), we observe a high
correlation (R = 0.93) between the alongshore Fe and volume transports along the shelf (Figure 6a). This indicates
that alongshore variability of the cross-shore Fe transport, on spatial scale of the order of 10-100 km, is primarily
driven by mean current patterns.

However, alongshore variability in dFe concentrations on the shelf is also important. The progressive increase of
the cross-shore Fe flux relative to the volume flux north of Cape Blanco (Figure 6a) reflects a concomitant in-
crease in dFe concentrations on the shelf. These in turn can be explained by larger benthic inputs (Figure 6b) to
low-O, bottom waters. North of Cape Blanco, the ratio between the Fe and volume flux is much larger for the
offshore transport than the inshore transport, confirming the Fe enrichment of shelf waters transported to the open
ocean. Thus, recurring low-O, conditions on the shelf support high benthic fluxes that increase dFe concentration
on the shelf and enhance offshore dFe transport. The influence of high benthic dFe release can be observed on
relatively large spatial scales, on the order of 100 km, in particular between 43.5°N and 47.5°N. In contrast,
downhill flow in the BBL shapes the shelf-to-basin dFe transport on spatial scales of tens of km.

These considerations apply to the three major hot-spots of Fe export located near the southern Heceta and
Nehalem Banks, and the Northern Juan de Fuca Canyon. Here, vigorous dFe export is mainly driven by enhanced
volume transport associated with standing eddies and meanders, but with a significant contribution from locally
intense release of Fe from low-O, sediment. In contrast, at two secondary hot-spots north of Cape Blanco and
north of Grays Canyon, benthic Fe inputs are not particularly enhanced relative to the surrounding waters.

On the outer shelf, enhanced volume fluxes correspond to local intensification of the California Undercurrent
(Figure 6¢). Episodes of detachment of the California Undercurrent from the continental shelf facilitate bottom Fe
export in the southern part of the Heceta Bank and the Northern Juan de Fuca Canyon. Topographic features with
enhanced curvature, such as headlands, submarine canyons, and banks, promote offshore Fe transport by facil-
itating separation of the poleward Undercurrent, often followed by instabilities and generation of subsurface
eddies that migrate offshore (Molemaker et al., 2015). In contrast, the hot-spot of Fe transport at the Nehalem
Bank does not correspond to a significant detachment of the California Undercurrent from the upper slope,
suggesting a possible important role for BBL dynamics.

A more direct assessment of the importance of Undercurrent-topographic interactions is provided by analysis of

the along-isobath component of the mean flow near the bottom, which we diagnose as Z - (ﬁb X VH)/ |€H [,

where Z is the vertical unit vector, ﬁ; the velocity at the bottom, and H the bottom topography. This quantity is
positive nearly everywhere, that is, the bottom current flows with the slope to its right (Figure 6d). Larger bottom
velocities occur around or just shallower of the 200 m isobath, where the core of the Undercurrent is found closer
to the seafloor. These local maxima are closely correlated with intensification of the Undercurrent (Figure 6c¢).
Frictional interactions and mixing generate an Ekman transport in the BBL. We diagnose the cross-isobath

component of this Ekman transport as —ﬁﬁ 7, X VH/ W)H | (Figure 6e), where p is the density, f the Coriolis
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Figure 6. Role of the California Undercurrent for cross-shelf Fe transport in the bottom boundary layer (BBL). (a) Time-averaged Fe transport (10~ mol m

red line) and cross-shelf velocity (m s~ solid blue line) in the BBL between August and October. This period coincides with an intensification of both the poleward

_zs_l, solid

California Undercurrent and the related BBL transport that support enhanced Fe fluxes (see also Figure 3). (b) Time averaged Fe release from the sediment

(107" mol m™2s™!, solid red line) and bottom O, concentrations (mmol m ™3, solid blue line) along the 200 m isobath between August and October. (c) Mean horizontal
currents averaged in the 100-300 m layer between August and October. Colors show the current velocity; arrows the current direction, for speed above 0.08 ms™". The
black solid line shows the 200 m isobath. (d) Along-isobath component of the mean flow (m s™1) near the bottom. Positive values (red colors) indicate a flow with the
slope to its right. (e) Ekman transport (m? s™!) in the BBL. Positive values (red colors) indicate downhill Ekman transport. In (d) and (e), the black solid lines show the
200 and 1,000 m isobaths.

term, and 7, the mean current stress at the bottom. Along the shelf, the mean Ekman transport in the BBL is
directed downhill, and peaks around or just above the 200 m isobath, reflecting a more intense drag from the
poleward Undercurrent. Averaged between isobaths 150 and 250 m, the alongshore bottom poleward current and
downhill Ekman transport are significantly correlated (R = 0.91). Furthermore, local maxima in the downbhill
Ekman transport are generally co-located with Fe transport hot-spots (Figure 6a). In addition, considering a BBL
thickness of 25 m, the average mean velocity within the BBL at the hot-spot locations ranges from 0.02 to
0.04 m s~ These relatively large velocities suggest that the downslope Ekman transport caused by the Un-
dercurrent plays a major role in transport of Fe away from the continental shelf.

4. Discussion and Conclusions

Our high-resolution simulations reveal that the continental shelf of the U.S. West Coast is a major source of Fe for
the North Pacific Ocean. The majority of this Fe is locally released by the sediment under low-O, conditions.
While most of this Fe (3.55/4.81 = 74%) is scavenged by sinking particles, or biologically taken up on the shelf, a
substantial fraction (0.94/4.81 ~ 20%) escapes removal and is transported offshore by a combination of mean and
eddy currents, ultimately enhancing primary production in the strongly Fe-limited open-ocean environment.

We highlight two main pathways for the shelf-to-basin Fe transport along the northern U.S. West Coast. The first,
in the SBL, is responsible for 19% of the total transport, and is mostly active during upwelling. The second, in the
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BBL, is responsible for 46% of the total transport and is active year-round. These findings are consistent with
results by Siedlecki et al. (2012), further emphasizing the dynamics of the California Undercurrent and its in-
teractions with the seafloor. Amplification of BBL Fe transport in the wake of upwelling reflects a combination of
more vigorous bottom currents, and more intense benthic Fe release under seasonal hypoxia (Severmann
et al., 2010).

Several hot-spots of cross-shelf Fe exchange can be observed along the coast, driven by meanders of the Cali-
fornia Undercurrent, and enhanced by local maxima in benthic Fe release in low-O, bottom waters. Standing and
transient eddies contribute each to about one-third of the total Fe transport in the SBL, and increase transport in
the BBL by nearly 50%. In the water column interior, eddies oppose the mean circulation, sustaining net offshore
Fe transport despite the mean upwelling circulation directed inshore.

While model biases remain, a realistic representation of the cross-shore dissolved Fe gradients and fine-scale
circulation along the shelf (Damien et al., 2023) suggests that our findings are robust to model assumptions
and can be qualitatively extended to other productive margins with similar circulation and low-O, conditions.
Release from the sediment is a dominant source of Fe not only in the California Current, but also in other EBUS
and low-O, continental margins (Elrod et al., 2004; Johnson et al., 1999; Lam et al., 2006; T. Liu et al., 2022;
Severmann et al., 2010). Because of the widespread distribution of coastal low-O, environments (Breitburg
et al., 2018; Fennel & Testa, 2019) benthic Fe fluxes from continental margins likely impacts primary production
in both nearshore and offshore waters over vast parts of the global ocean (Elrod et al., 2004; Johnson et al., 1999;
Lam et al., 2006; T. Liu et al., 2022; Severmann et al., 2010). Extrapolating our findings for the U.S. West Coast,
we argue that a better characterization of the fine-scale mechanisms controlling the shelf-to-basin Fe transport is
crucial for understanding variability in oceanic primary production and to improve ocean biogeochemical models
from regional to global scales (Boyd & Tagliabue, 2015; Tagliabue, Williams, et al., 2014; Tagliabue et al., 2016).

Recent studies based on observations (Wong et al., 2022) and models (Misumi et al., 2021) suggest the presence
of preferential export pathways for shelf-derived Fe in the North Pacific, facilitated by protection by organic
ligands and interaction with slowly sinking particles. A more sophisticated representation of Fe sources and
ligand dynamics in our model would likely improve its ability to capture the observed range of Fe variability. This
would lead to higher Fe concentrations and stronger gradients, and potentially greater transport than currently
found, in particular by eddies. Thus, the quantitative results presented here should be interpreted cautiously and
are likely to represent a lower bound for the magnitude of the shelf-to-basin Fe transport of the real ocean.

More importantly, our results expand previous findings on the importance of fine-scale circulation from other
basins, such as subarctic Pacific, subtropical Atlantic, and the Southern Ocean, which highlighted the role of
eddies in the delivery of dFe and macronutrients from continental margins to the open ocean (Conway et al., 2018;
Fiechter & Moore, 2012; Frenger et al., 2018; Jersild et al., 2021; Lovecchio et al., 2022; St-Laurent et al., 2019).
We emphasize the importance of mesoscale and submesoscale currents to enhance or counterbalance the mean
circulation, not just in the open ocean, but specifically on the continental shelf where Fe inputs are greatest. These
fine-scale circulation patterns not only include transient eddies and cross-shelf meanders in the prevailing currents
but also subsurface coherent eddies (Pelland et al., 2013) that trap Fe-laden BBL waters (Molemaker et al., 2015)
and transport them offshore, often hundreds to thousands km away from the margins where they originate from
McCoy et al. (2020). A clear separation of the transport by subsurface coherent eddies from that of other transient
eddies would require detecting and tracking them in model output (Frenger et al., 2018). We also note that our
model configuration does not include tidal motions, which would cause a tidal rectification of advective Fe
transport—that is, a net Fe flux averaged over a tidal cycle—and increased vertical mixing near the bottom,
potentially enhancing the shelf-to-basin transport. We leave a detailed analysis of these dynamics to future work.

The physical and biogeochemical processes that govern the shelf-to-basin Fe transport, such as benthic release
and biological uptake, are likely to undergo significant changes in a future climate, following widespread oceanic
warming, changes in circulation, and O, loss (Kwiatkowski et al., 2020; T. Liu et al., 2022; Wallmann
et al., 2022). In addition, the shelf-to-basin pathways described here are expected to affect the cross-shore
transport of non-dissolved Fe pools (in particular suspended Fe minerals), as well as other trace elements
(Richon et al., 2020; Weber et al., 2018), which can also modulate primary production in far-field regions. We
argue that future studies should combine an improved representation of Fe cycle processes—in particular ligand
and particulate dynamics—with a more accurate understanding of the small-scale physical circulation along
continental margins, as informed by high-resolution models and observational campaigns. In turn, a correct
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representation of the shelf-to-basin transport of Fe, trace metals, and other limiting nutrients is essential to
improve current models used for ocean biogeochemistry and climate change studies (Tagliabue et al., 2016,
2020).

Appendix A: Eddy Decomposition of the Fe Transport and Online Computation

Following the approach by Lee and Coward (2003), we diagnose the spatial and temporal variabilities of the shelf-
to-basin Fe transport flux by deposing it into a mean flux plus two eddy-induced fluxes. The approach involves
two low-pass filters, one in time and one in space, as described in the main text. First, the cross-shelf Fe flux, T'=u
Fe is decomposed into time mean and fluctuating components as:

u=u+u and Fe=TFe+Fe', (AD)

We then apply a spatial decomposition into alongshore mean and alongshore variations to the temporal mean
component Equation A2 or to both components Equation A3 as:

u=[u]l+u +u’ and Fe=[Fe]+ Fe* + Fe' (A2)
or

M:[M]+F+[u’]+u’* and F€=[F€]+W+[Fe’]+Fg’* (A3)

Here, by construction, u” = 0, Fe' =0, [u*] =0, and [Fe*] = 0, so that the transport 7 = u Fe has the following
property:

uFe=uFe+u' Fe' (A4)
[uFe] = [u] [Fe] + [u* Fe*] (AS)
Therefore, the alongshore and temporal mean Fe transport, [T] , is simply:
[T] = [uFe] = [a] [Fe] + [@* Fe'] +[u' Fe'| ~from A2 (A6)
or

[T] = [uFe| = [u] [Fe] + [ﬁ*F_e*] + [u’][Fe’] + [w*Fe’*]  from A3 (A7)

We further define the mean, standing eddy, and transient eddy transport terms as:

[TM_M] = [a] [Fe] (A8)
7] = [Fe] (A9)
77 = [/ = [ e+ 7] (a10

As discussed in the main text, [TMM ] is the cross-shelf Fe transport caused by the climatological mean circulation
and Fe distribution, [ﬁ] is the cross-shelf transport caused by meanders and standing eddies that intersect the

shelf break, and [W] is the cross-shelf transport caused by transient eddies.

A caveat of this approach is the need to save u and Fe at a frequency high enough to capture the variability allowed
by the temporal and spatial resolution of the model (i.e., submesoscale). Considering the long duration of the
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simulations needed to achieve statistically robust results, on the order of several years or longer, this implies high
output storage requirements that are currently unfeasible. To overcome this limitation, we compute and average 7,
u, and Fe online, as the model runs, and save them at daily frequency. This allows us to capture signals at fre-
quencies as high as captured by the model. Then, we compute the terms in the eddy decomposition offline by
difference, applying the flux formulation on filtered u and Fe as:

T=7" 475 4+ 77F
™™™ = [u] |Fe]

Data Availability Statement

The ROMS-BEC model code used to generate the simulations can be found on the Zenodo repository, under the
following DOI: Kessouri et al. (2022) (Version v2) [model code]: https://doi.org/10.5281/zenodo.6886319.
Model results reported in the paper are reproducible using the setup and forcing described. Since the model
outputs are too big (even with only iron-related variables, model outputs are )500 GB in size), we were unfor-
tunately not be able to directly deposit them into a public repository. Please contact the corresponding author
(anhlpham78 @ucla.edu) if you have any question or request. The compilation of Fe observations along the US
West Coast can be found on the Zenodo repository, under the following DOI: https://doi.org/10.5281/zenodo.
11068852.
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