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Abstract

Iron is a key micronutrient controlling phytoplankton growth in vast regions of the global ocean. Despite its importance,
uncertainties remain high regarding external iron source fluxes and internal cycling on a global scale. In this study, we used a
global dissolved iron dataset, including GEOTRACES measurements, to constrain source and scavenging fluxes in the marine
iron component of a global ocean biogeochemical model. Our model simulations tested three key uncertainties: source inputs
of atmospheric soluble iron deposition (varying from 1.4 - 3.4 Gmol/yr), reductive sedimentary iron release (14 - 117 Gmol/yr),
and compare a variable ligand parameterization to a constant distribution. In each simulation, scavenging rates were adjusted to
reproduce the observed global mean iron inventory for consistency. The apparent oxygen utilization term in the variable ligand
parameterization significantly improved the model-data misfit, suggesting that heterotrophic bacteria are an important source
of ligands to the ocean. Model simulations containing high source fluxes of atmospheric soluble iron deposition (3.4 Gmol/yr)
and reductive sedimentary iron release (114 Gmol/yr) further improved the model, which then required high scavenging rates
to maintain the observed iron inventory in these high source scenarios. Our model-data analysis suggests that the global marine
iron cycle operates with high source fluxes and high scavenging rates, resulting in relatively short surface and global ocean
mean residence times of 0.83 and 7.5 years, respectively, which are on the low-end of previous model estimates. Model biases

and uncertainties remain high and are discussed to help improve global marine iron cycle models.
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Key Points:

* Global marine iron model tests varying levels of atmospheric deposition, sedimentary release,

ligand distributions and scavenging rates

* Simulations that best reproduce observations include variable ligands and high rates of

atmospheric deposition and sedimentary release

* Simulations with high iron sources require high scavenging rates resulting in short residence

times
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Abstract

Iron is a key micronutrient controlling phytoplankton growth in vast regions of the global ocean.
Despite its importance, uncertainties remain high regarding external iron source fluxes and
internal cycling on a global scale. In this study, we used a global dissolved iron dataset,
including GEOTRACES measurements, to constrain source and scavenging fluxes in the marine
iron component of a global ocean biogeochemical model. Our model simulations tested three key
uncertainties: source inputs of atmospheric soluble iron deposition (varying from 1.4 - 3.4
Gmol/yr), reductive sedimentary iron release (14 - 117 Gmol/yr), and compare a variable ligand
parameterization to a constant distribution. In each simulation, scavenging rates were adjusted to
reproduce the observed global mean iron inventory for consistency. The apparent oxygen
utilization term in the variable ligand parameterization significantly improved the model-data
misfit, suggesting that heterotrophic bacteria are an important source of ligands to the ocean.
Model simulations containing high source fluxes of atmospheric soluble iron deposition (3.4
Gmol/yr) and reductive sedimentary iron release (114 Gmol/yr) further improved the model,
which then required high scavenging rates to maintain the observed iron inventory in these high
source scenarios. Our model-data analysis suggests that the global marine iron cycle operates
with high source fluxes and high scavenging rates, resulting in relatively short surface and global
ocean mean residence times of 0.83 and 7.5 years, respectively, which are on the low-end of
previous model estimates. Model biases and uncertainties remain high and are discussed to help

improve global marine iron cycle models.

1 Introduction

Iron is a critical micronutrient limiting primary productivity in vast ocean regions (Boyd
and Ellwood, 2010;Tagliabue et al., 2017). Iron limitation is responsible for the development of
so-called High Nitrate Low Chlorophyll (HNLC) regions of the Southern Ocean, Subarctic North
Pacific, Subarctic North Atlantic, and Eastern Equatorial Pacific (Moore et al., 2013). Since
dissolved iron (DFe) in the ocean exists in the picomolar (pM) to nanomolar (nM) concentration
range, historical measurements with higher detection limits and contamination issues have
hindered a robust global understanding of the marine iron cycle compared to macronutrients
(Bruland et al., 2014). However, over the past two decades, in large part due to the

GEOTRACES program, considerable progress has been made and reliable intercomparable iron
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measurements have become available that permit a more synoptic view of the marine iron cycle

(Schlitzer et al., 2018).

The increasing number of robust iron measurements has sparked recent modeling efforts.
However, few observational constraints are provided on a global scale, and the degree of
complexity and assumptions on the mechanistic processes implemented in global marine iron
models have varied dramatically (e.g., Tagliabue et al. (2016)). For example, there is no
consensus on the rates of key source fluxes to the ocean, particularly from atmospheric
deposition (Anderson et al., 2016) and sedimentary release (e.g., Elrod et al. (2004); Dale et al.
(2015)) that vary between 1.4 - 30 Gmol yr'!and 0 - 194 Gmol yr!, respectively, in state-of-the-
art marine iron models (Tagliabue et al., 2016) . Since uncertainties associated with scavenging
and removal of DFe are also high, global marine iron models can tune scavenging rates to

reproduce the global iron inventory with large ranges of sources fluxes (Frants et al., 2016).

Another key aspect of marine iron models is the representation of ligands which
organically bind DFe and thereby prevent it from being scavenged to sinking particulates. Some
models still prescribe a globally constant ligand concentration typically at 1 nM, while others
account for ligand distributions via a parameterization or directly simulating ligands as a
prognostic tracer. Ligands are thought to be produced by microbes as a by-product during the
production of organic matter (Gledhill and Buck, 2012), including by heterotrophic siderophores
that flourish when systems become iron stressed (Bundy et al., 2018). This has led modelers to
predict ligand concentrations by assuming they are produced during the production of organic
matter (e.g. Volker & Tagliabue (2015)) or by prescribing a relationship to other organic tracers
such as dissolved organic matter and apparent oxygen utilization (e.g., Tagliabue & Volker

(2011); Misumi et al. (2013); Pham and Ito (2018)).

The uncertainties associated with external source fluxes and scavenging represent key
gaps in understanding the marine iron cycle. This hampers accurate estimates of the DFe budget,
residence time and, consequently, its sensitivity to environmental perturbations and climate
change. While the rapidly increasing amount of DFe measurements is improving our knowledge
of the distribution and inventory of dissolved iron in the ocean, constraining external fluxes has
proved to be more difficult. As a result, the range of residence times estimated by the current

global marine iron cycle models ranges from less than a decade to multiple centuries (Tagliabue
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et al., 2016), which limits our ability to confidently predict the impact of changes to the marine
iron cycle on productivity in a future ocean. Observational estimates fall within a similar range
(Johnson et al., 1997), noting that more recent studies estimate much shorter residence times in
the upper ocean (~10 days - 4 years) (Croot et al., 2004;Sarthou et al., 2003) depending on the

dynamics, iron pools considered, and source inputs in different regions (Black et al., 2020).

In this study, we use a global marine DFe dataset to constrain the iron cycle fluxes in a
global marine biogeochemical model. We analyze model sensitivity simulations that focus on
three key uncertainties: varying source fluxes of (1) atmospheric soluble iron deposition and (2)
reductive sedimentary iron release, as well as the role of a (3) variable ligand distribution on DFe
distribution and scavenging rates. The resulting DFe concentrations in each model simulation are
evaluated against observations to determine the most realistic marine iron cycle fluxes among the

model scenarios.

2 Model Description

We used the UVic Earth System Climate Model (Weaver et al., 2001) version 2.9 (Eby et
al., 2009). In the following section, we provide a general overview of the model components
then focus on improvements made to the marine iron cycle in this study, whereas other

modifications applied to all model simulations are described in the supplementary information.

2.1 Physical Model

The physical ocean-atmosphere-sea ice model includes a three-dimensional (1.8x3.6°, 19
vertical levels) general circulation model of the ocean (Modular Ocean Model 2) with
parameterizations such as diffusive mixing along and across isopycnals and eddy-induced tracer
advection (Gent and McWilliams, 1990). The physical configuration is based on Somes et al.
(2017) and includes parameterizations such as computation of tidally-induced diapycnal mixing
over rough topography on the sub-grid scale (Schmittner and Egbert, 2014), anisotropic viscosity
(Large et al., 2001;Somes et al., 2010), and enhanced zonal isopycnal mixing schemes in the
tropics to better represent zonal equatorial undercurrents (Getzlaff and Dietze, 2013). A two-
dimensional, single level energy-moisture balance atmosphere and a dynamic-thermodynamic
sea ice model are used, forced with prescribed monthly climatological winds (Kalnay et al.,

1996) and constant ice sheets (Peltier, 2004).
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2.2 Marine Biogeochemical Model

The updated marine ecosystem-biogeochemical model coupled within the ocean
circulation model is based on the Model of Ocean Biogeochemistry and Isotopes (MOBI),
version 2.0. Briefly, MOBI includes three prognostic inorganic nutrient tracers (nitrate (NO3),
phosphate (POs), iron) and two organic (dissolved organic nitrogen (DON) and dissolved organic
phosphorus (DOP)) phases, three phytoplankton (ordinary, N>-fixing diazotrophs, calcifying
coccolithophores), one zooplankton, sinking detritus (i.e. dead particulate organic matter
(POM)), as well as dissolved oxygen (O), dissolved inorganic carbon, alkalinity, and A'*C
(Figure S1). It combines latest features from previous studies focusing on the nitrogen cycle
(Somes and Oschlies, 2015), iron cycle (Muglia et al., 2017), and carbon chemistry (Kvale et al.,
2015). Note that MOBI also includes isotope systems of '3C and N (Schmittner and Somes,
2016), but they are not shown in this study focusing on the iron cycle. Our model experiments
were simulated for over 5,000 years under pre-industrial boundary conditions as they approached

their quasi steady-state.

2.3 Marine Iron Cycle Model
2.3.1 Base Configuration

The marine iron model configuration is based on previous UVic Kiel Marine
Biogeochemistry Model (KMBM) (Nickelsen et al., 2015), including improvements
implemented in Muglia et al. (2017) (Figure 1). The marine iron model includes explicit tracers
for DFe and particulate iron (PFe). All phytoplankton grow with a constant elemental
stoichiometry ratio of iron relative to nitrogen. The sources of DFe to the ocean are atmospheric
soluble deposition (Luo et al., 2008), reductive dissolution and sedimentary release (Elrod et al.,
2004;Moore and Braucher, 2008), and hydrothermal fluxes (Tagliabue et al., 2010) (Table 2,
Figure 2). The ligand concentration determines the fraction of DFe that is organically complexed
and thus unavailable for scavenging, whereas the remaining free DFe (DFe’) pool can be
scavenged to PFe. In the base simulation #1, ligands are prescribed to be globally constant at 1
nM as in previous iterations of the model. This simulation is given the name
“SedFeLow LigConst” to reflect its differences (i.e., low reductive sedimentary iron release and
constant ligand distribution) from further changes made to the marine iron model in this study

(see subsections below and Tables 1 and 2).
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2.3.2 Scavenging

The general formulation for scavenging and partitioning of free and organically-
complexed DFe remains unchanged from previous versions. Scavenging of DFe’ to PFe occurs
via two mechanisms in the model: (1) absorption onto particulate organic matter following
(Honeyman et al., 1988;Parekh et al., 2004), which is a function of POM concentrations, DFe’,
and the particle scavenging rate; (2) inorganic scavenging, which depends only on DFe’ and the
inorganic scavenging rate following the scheme of Galbraith et al. (2010). This inorganic
scavenging term primarily represents colloidal aggregation into larger, sinking particles as well
as lithogenic scavenging not explicitly accounted for in our formulation. Here we use a non-
linear formulation for inorganic scavenging following Galbraith et al. (2010) which was
designed to account for high lithogenic scavenging rates to better reproduce DFe where
atmospheric deposition is high (e.g., tropical and subtropical North Atlantic) (Pham and Ito,
2019;Ye and Volker, 2017).

In each model simulation, the scavenging rate parameters were tuned so that each
simulation contains a nearly identical global iron inventory with an average global DFe
concentration of 0.7+0.03 nM (Table 2). The inorganic scavenging term was adjusted to
reproduce the iron inventory in the ocean interior since it is the dominant form of scavenging
there, whereas the POM scavenging parameter was adjusted to the upper ocean DFe. The
globally integrated rates of the different scavenging processes are shown in Table 2 and total

basin-scale averages in Figure 4.

2.3.3 Ligand Parameterization

In the base model configuration (simulation #1 SedFeLow LigConst), a constant ligand
concentration of 1 nM is applied globally (see Table 1). However, the distribution of ligands in
the ocean is variable (e.g. Volker and Tagliabue (2015)). Since iron-binding ligands are thought
to be produced during the production of organic matter (Gledhill and Buck, 2012), dissolved
organic matter (DOM) and apparent oxygen utilization (AOU) have been shown to qualitatively
reflect some observed ligand concentration patterns (Misumi et al., 2013;Pham and Ito,
2018;Tagliabue and Vdlker, 2011). However, a first global model-data comparison with ligands
simulated as prognostic tracers was less conclusive and is further complicated by large variations

in binding strength of different types of ligands (Vdlker and Tagliabue, 2015). Therefore, to

6
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maintain computational efficiency we pragmatically chose to implement a ligand concentration

function rather than include additional prognostic tracers.

We implemented a variable ligand parameterization to estimate ligand concentrations
based on a function of dissolved organic nitrogen (DON) and apparent oxygen utilization
(AOU): Ligandcon = o-AOU"3+B-DON’$, where a. (0.015 nmol ligand/(mmol AOU m™)%%) and
B (0.21 nmol ligand/(mmol DON m)%®) are generic parameters that determine ligand
concentration associated with the tracers AOU and DON, respectively. The parameters o and 3
were chosen so that the global ligand inventory remained at 1 nM consistent with LigConst
simulations but now reflects changes in their spatial distribution (Figure 3). Model simulations
with this variable ligand parameterization (simulations #2-5, see Table 1) have “LigVar” in their

respective model simulation name.

Although we follow previous studies for the variable ligand parameterization (Misumi et
al., 2013;Pham and Ito, 2018;Tagliabue and Volker, 2011), a few notable changes have been
made in our version. Since AOU can be negative in the surface ocean due to dissolved oxygen
supersaturation, we applied a minimum ligand concentration of 0.5 nM. Previous ligand
parameterizations have also applied minimum ligand concentrations to account for ligands
associated with more refractory forms of DOM not explicitly included in our model (Aumont et
al., 2015;Tagliabue and Vdlker, 2011). We also applied an exponential parameter (0.8) to the
AOU and DON terms, which reduces ligands associated to these tracers particularly when their
concentrations are high. This helped the model from overestimating DFe concentrations when

AOU and DON concentrations are at their highest concentrations in the model.

2.3.2 Reductive Sedimentary Iron Release Function

The base model version uses reductive sedimentary iron release based on the Moore and
Braucher (2008) implementation of Elrod et al. (2004), DFeseqd =Y Fesea*Cox , Where the DFe flux
from the sediments (DFeseq) is determined by the sedimentary iron release rate (yresea = 0.27
umol Fe mmol Cox! m d™!), and organic carbon oxidation (Cyy) in the sediments. Note that the
base model version uses the DFe flux rate from Nickelsen et al. (2015) that is lower than
suggested by Elrod et al. (2004) (0.72 umol Fe mmol Cox' m d!). Since this formulation yields

lower global rates in the model compared with other implemented sedimentary functions
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included in this study (described below), model simulations with this sedimentary iron function

(#1-2) contain the name “SedFeLow”.

We also implemented the sedimentary iron release function proposed by Dale et al.
(2015), who compiled a global dataset of sedimentary DFe fluxes to constrain their model
estimate. While it has a strong dependence on the flux of particulate organic matter to the
seafloor, similar to Elrod et al. (2004), the dataset in Dale et al. (2015) also revealed a strong
dependence on bottom water oxygen concentration. Dale et al. (2015) thus parameterized
sedimentary DFe release as DFeseqd = Ymax-tanh(Cox/bwQOz), Where Ymax is the maximum flux under
steady-state conditions, and bwQ: is dissolved oxygen concentration in bottom waters interacting

with the sediments.

We test two scenarios with the Dale et al. (2015) parameterization by altering the
maximum flux under steady-state conditions parameter. The “SedFeHigh simulations apply the
value suggested by Dale et al. (2015) (Ymaxr = 170 umol m2 d'!), whereas the “SedFeMid”
simulation reduces the maximum steady-state flux value to 100 wmol m= d-! to test more
intermediate levels of sedimentary DFe release (see Tables 1 and 2). This reduced value was
chosen to test a global sedimentary DFe flux approximately halfway in between SedFeHigh and
SedFeLow since their fluxes differ by a large amount. Note that the SedFeMid simulation does

not contain significant qualitative differences in its spatial distribution compared to SedFeHigh.

2.3.4 Atmospheric Soluble Iron Deposition

In the base configuration, we applied the atmospheric soluble iron deposition mask from
Luo et al. (2008). It deposits 1.4 Gmol yr'! of soluble iron to the global ocean, which is a low-
end scenario compared to other estimates applied in the marine iron model intercomparison
study (Tagliabue et al., 2016). This estimate from Luo et al. (2008) is one of the first deposition
models that explicitly accounts for the soluble iron deposition rather than assuming a constant

solubility percentage from total deposition.

Another scenario using the average flux from four recent atmospheric soluble iron
deposition models has also been applied (Myriokefalitakis et al., 2018). The intermodel average
global soluble deposition rate is 3.4 Gmol yr! with similar patterns as in Luo et al. (2008) but
higher rates most notably in the North Atlantic (Figure 2). This simulation with high soluble
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atmospheric iron deposition is only applied to the high sedimentary release scenario and is

therefore named “Atm+SedFeHigh LigVar”.

3 Model Results and Data Comparison
3.1 Global Dissolved Iron Dataset

The DFe database used in this study is a collection of observations from both
GEOTRACES Intermediate Data Product 2017 (7520 points; Schlitzer et al. (2018)) and prior
observations compiled by Tagliabue et al. (2012) (12371 points). Note that we excluded 37
measurements with high DFe concentrations (from 10 nM to 216 nM) mainly from locations
with high hydrothermal activities or near-shore settings, and thus the dataset contains
concentrations up to 10 nM. We then interpolated the database onto the UVic model grid for the
model-data comparison (Figures 3-6) and to calculate model-data statistical metrics (Figure 7),

which results in 5917 grid points covered with DFe observations.

Model-data misfit statistical metrics are sensitive to unresolved outlier concentrations and
spatial extent of the data interpolation onto the model grid. However, these aspects do not affect
which simulations best reproduce the global dataset according to statistical metrics. This is
illustrated by comparing metrics calculated from all observations (Figure 7 upper panels) to only
GEOTRACES (Figure 7 lower panels). The statistical metrics improve when using only
GEOTRACES observations (see differences in vertical axes ranges from upper and lower
panels), but the relative improvements in the model simulations are nearly identical. The
arbitrary threshold of 10 nM was chosen as a balance between including as many observations as

possible while still being able to calculate useful statistical metrics.

3.2 Variable Ligand Distribution

The simulation with constant ligands does not reproduce the major basin-scale features of
the observed DFe distribution despite that its globally averaged profile is (Figure 4b). Most
notably, simulations with constant ligands significantly overestimate the DFe in the interior
Southern Ocean (Figure 4k), a critical ocean basin for Fe-limited phytoplankton growth.
LigConst thus overestimates supply of DFe via upwelling, and underestimates Fe limitation of
phytoplankton growth, which is a key deficiency in the base configuration and previous model

versions (e.g. Muglia et al. (2017)).
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The simulations with variable ligand concentrations (#2-5; LigVar) better reproduce the
ocean interior distribution of DFe. This is due to the AOU dependence of the variable ligand
parameterization which mainly determines ligand concentrations in the deep ocean since semi-
refractory DOM concentrations are low there in the model. This is most obvious when
comparing intermediate depths of the Southern and Indian-Pacific Oceans, which contain
relatively low and high values of AOU and thus ligand concentrations, respectively, according to
our parameterization (Figures 3,4). Lower ligand concentrations in the Southern Ocean enhances
scavenging causing lower DFe concentrations, with the opposite effect occurring in the Indian-
Pacific Ocean, and better reproduces observations in both basins. Therefore, the interior DFe
distribution with the variable ligand parameterization is better partitioned with respect to

observations (Figure 3) and improves the global model-data misfit (Figure 7).

The concentration of semi-refractory DOM largely determines ligand concentrations in
the surface ocean (Figure 3a). DOM concentrations are higher around the high productivity
regimes in the low latitudes with generally decreasing values towards higher latitudes (Somes
and Oschlies, 2015) (Figure S2). This pattern is reflected in the surface DFe distribution that
shows the same latitudinal trend in the variable ligand model (Figures 5). While this meridional
DFe pattern better reproduces low DFe concentrations in the HNLC Southern Ocean, it creates
larger model-data biases on high latitude continental shelves in the Bering Sea, Weddell Sea, and
European shelf seas (Figures 5a-d, 6b-d). This shows that while the overall variable ligand effect
significantly improves the global DFe distribution (Figure 7), model-data biases in some regions

(e.g. high latitude continental shelf seas) still increase.

3.3 Sedimentary Iron Release

The SedFeLow simulations provide a relatively poor fit to observed DFe concentrations
(Figure 7). They fail to reproduce the high DFe concentrations near continental margins (Figures
5, 6), suggesting higher sedimentary release rates are necessary to explain these features. The
simulated DFe distribution also lacks the strong spatial gradient towards depleted concentrations
in many open ocean regions in the observations. These overly smooth gradients in SedFeLow are
the result of low sedimentary release rates and low scavenging rates required to reproduce the
global mean DFe inventory, resulting in a relatively long global mean residence time of 35 years

among our simulations (Table 2).

10
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The simulations with higher sedimentary release rates (Figure 2) produce higher DFe
concentrations in continental shelf seas (Figures 5Se-f, 6), particularly where bottom water oxygen
is low in the low latitudes. The simulations applying high-end sedimentary Fe release rates
(SedFeHigh) outperformed simulations assuming lower rates across all calculated statistical
metrics (e.g., correlation coefficient, standard deviation, root-mean-squared error; see Figure 7)),
with the intermediate release rate scenario SedFeMid performed between SedFelLow and
SedFeHigh. Therefore, our model-data analysis suggests that high-end estimates for global

reductive sedimentary iron release rates are the most realistic.

One region that was notably improved by high sedimentary release rates was the low
latitude Pacific (Figure Se-f, 6a). Observations there in both the eastern (near oxygen deficient
zones (ODZs)) and western (Indonesian Shelf Seas) sectors show high DFe concentrations that
are best reproduced in SedFeHigh scenarios. Since SedFeHigh simulations also contain high
scavenging rates, they better reproduce the lowest DFe concentrations in the central locations

between the continental margins as well.

The high DFe concentrations on high latitude continental shelf systems (Figures 5, 6b,d)
are not significantly improved in SedFeHigh scenario due to the interactions with ligands and
scavenging. Lower ligand concentrations in high latitude systems allow scavenging to
compensate the additional sediment-derived DFe more efficiently, in contrast to low latitude
systems (e.g. Tropical Pacific) that contain higher ligands and allow the DFe to be retained in the
water column. Therefore, the model improves but still underestimates DFe in these high latitude

continental shelf systems (e.g., Bering Sea and European Shelf Seas).

3.4 Atmospheric Soluble Deposition

The two soluble atmospheric deposition scenarios tested here predict similar spatial
depositional patterns (Figure 2), with the more recent GESAMP intermodel average
(Myriokefalitakis et al., 2018) providing a significantly higher global deposition rate (3.4 Gmol
yr!) relative to the estimate from Luo et al. (2008) (1.4 Gmol yr!). These enhanced rates cause
higher DFe concentrations mainly from the Saharan dust plume in subtropical North Atlantic, but
also to a lesser degree in the Arabian Sea and North Pacific (Figure 5g,h, Figure 6d). The impact
of including higher soluble deposition only slightly improves the global model-data statistical

11



314
315

316

317
318
319
320
321
322
323
324

325

326

327
328
329
330
331
332
333
334
335

336
337
338
339
340
341

manuscript submitted to Global Biogeochemical Cycles

metrics, making it difficult to judge the most realistic scenario based on our model-data DFe

comparison alone.

3.5 High Scavenging Effect

In model simulations with high source fluxes (e.g. #5 Atm+SedFeHigh LigVar), higher
scavenging rates are necessary to maintain a realistic global DFe inventory (Tables 1 and 2).
Scavenging is thus more effective at reducing DFe concentrations in the high source flux
simulations. In regions far away from the source fluxes, particularly in the deep ocean (Figure 2)
and open ocean (e.g. see Figure Se-h, Figure 6a,b), the model simulations with higher source
fluxes actually contain lower dFe because the enhanced scavenging outweighs the source fluxes
in these areas. Lower DFe concentrations in these deep and open ocean regions better reproduce

observations further improving the model-data misfit metrics (Figure 7).

4 Discussion
4.1 Model-Data Constraints and Uncertainties

The variable ligand parameterization significantly improved the model’s ability to
reproduce the distribution of DFe observations in the interior ocean mainly due to AOU
dependency of this parameterization. Since ligands are produced when dissolved oxygen is
consumed during the respiration of POM via heterotrophic microbes in the variable ligand
parameterization, their concentrations reach maximum values in old Pacific intermediate waters
(Figure 3), which prevents scavenging causing the model to better reproduce high observed DFe
concentrations there (Figure 4h). This model improvement suggests that ligand production by
heterotrophic bacteria is a key mechanism maintaining the global marine iron cycle (Misumi et

al., 2013;Pham and Ito, 2018).

Although not a focus of this study, the model was not able to reproduce the full spatial
extent of high DFe concentrations near hydrothermal vents at mid-ocean depths (Figure 4)
despite that this source is included (Table 2). Resing et al. (2015) was only able to reproduce this
DFe extent when assuming that the hydrothermal vents were also a significant source of ligands.
This emphasizes that future model versions should include ligands as prognostic tracers to more

mechanistically represent their importance in marine iron models, but that a more robust global

12
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database of ligand concentrations including their binding strength would be required (Volker and

Tagliabue, 2015).

The ligand and high sedimentary DFe release effects have similar spatial impacts on DFe
concentrations making it difficult to constrain their individual impacts with DFe concentrations
alone. This spatial overlap is most pronounced near ODZs in the eastern tropical Pacific, eastern
tropical Atlantic, and Northern Indian Ocean. This spatial covariance occurs because when AOU
is high, bottom water oxygen is typically low. Therefore, DFe concentrations are enhanced both
by reduced scavenging due to high ligands where AOU is high as well as high sedimentary DFe
release rates where bottom water oxygen is low. Future studies should examine the integrative
DFe cycling in these systems (e.g. sedimentary release rates and ligand concentrations) to give

additional insights on individual processes contributions to total DFe.

Despite high sedimentary release rates, the SedFeHigh model simulations still
underestimate DFe on most continental shelf systems. The poorly resolved coastal dynamics in
our coarse resolution circulation model is likely a key model deficiency preventing the model
from representing many coastal dynamics where sedimentary DFe fluxes are high. Coarse
resolution models underestimate coastal upwelling and the nutrient input on narrow shelf
systems that drive productivity. This bias causes underestimated particulate organic matter
production as well as overestimated dissolved bottom water oxygen concentrations, both of
which would contribute to underestimating reductive sedimentary DFe release rates and from

coastal shelf systems.

Further complicating matters are interactions between sedimentary DFe release fluxes,
ligands, and scavenging. For example, our SedFeHigh model simulation releases significantly
higher DFe on high latitude shelves (Figure 2e-f). However, only a small part of this DFe
remains in the dissolved pool since scavenging efficiently converts it to particulate iron that
eventually sinks back to the sediments. Therefore, our model underestimation of DFe
concentrations remains despite high DFe release rates. Underestimated organic matter due to
nutrient upwelling or the exclusion of riverine inputs which may include ligands could also
contribute to this model bias. If our ligand parameterization predicted higher concentrations on

these high latitude shelf systems, which has been indicated by ligand observations (Vdlker and
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Tagliabue, 2015), this would prevent rapid scavenging of DFe released from sediments and

better reproduce observations.

Sedimentary DFe release rates may still be underestimated even in our high release
scenario. Note that our highest tested global sedimentary release rate (117 Gmol yr'!') was not the
highest from the marine iron mode intercomparison (up to 194 Gmol yr'!) (Tagliabue et al.,
2016), and every model scenario tested here with increased source fluxes improved the model-
data misfit metrics (Figure 7). One potentially important process not included in the model is
non-reductive dissolution from young, tectonically active sediments (Conway and John,
2014;Homoky et al., 2013), which could further contribute to higher total sedimentary DFe

release rates that may improve the model.

An important limitation of applying these empirical functions of sedimentary DFe release
(e.g. (Dale et al., 2015;Elrod et al., 2004)) in global models is that total iron balance within the
sediments is not explicitly accounted for. Thus, these parameterizations can potentially represent
an infinite source of DFe to the ocean which is unrealistic. This simplification can be justified
because many important sources of particulate Fe to the sediment are not yet included in the
model, e.g. atmospheric and riverine input of lithogenic material and in situ production in active
margins (e.g. volcanic or subduction zones), which provide DFe for release. Also note that the
Dale et al. (2015) parameterization applied in the SedFeHigh simulations sets a maximum rate
determined under steady-state conditions which caps potentially unrealistic high release rates.
While this simplification is likely not a significant deficiency in steady-state model simulations
presented here, this should be considered in transient simulations with substantial enhancement

of sedimentary DFe fluxes.

Atmospheric deposition often occurs at high rates over continental shelves (e.g. North
Pacific, Patagonia) and ODZs (e.g. Arabian Sea), again making it difficult to constrain individual
processes driving DFe concentrations when multiple processes act together in close spatial
proximity. For example, our high atmospheric soluble deposition scenario helps reproduce high
DFe concentrations in the Arabian Sea (Figure 5g,h). However, our model underestimates the
extent of the Arabian ODZ which could be the real cause driving high DFe concentrations there
via high sedimentary DFe release, reduced scavenging, and/or enhanced redox cycling (Moffett

et al., 2007).
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The model simulations do not resolve the high variance of the observations which is
reflected in the underestimated standard deviation model-data misfit metric (i.e. normalized
standard deviation values fall below the value one; Figure 7). High variance in the global dataset
may not reflect mean climatological conditions simulated by the steady-state model results given
the highly dynamic nature of DFe cycling particularly in the surface ocean (Black et al., 2020),
and the limitations of spatial and temporal sparsity of the dataset. But note that the standard
deviation was significantly improved in our best model simulation with variable ligands and high
source/scavenging fluxes (#5 Atm+SedFeHigh LigVar; see Figure 7). Since most DFe
observations have been collected in recent decades, there could already be a significant
anthropogenic impact (e.g. enhanced deoxygenation, atmospheric pollutant deposition) on the
global marine iron cycle not included in these model simulations, especially if the marine DFe
residence time operates on decadal timescales or less. Future additions and expansion to the
global DFe dataset as well as comparison with transient model simulations at the same period of

data collection will improve uncertainties in future model-data analyses.

4.2 A global marine iron cycle with a mean residence time under a decade?

Our model simulations testing various external source fluxes in the global marine iron
cycle result in global average residence times ranging from 7.5 to 36 years. The simulation that
best reproduces the observations (#5 Atm+SedFeHigh LigVar) has the lowest residence time
(global: 7.5 years; surface ocean: 0.83 years) among our model experiments. This low-end
residence time is caused in large part due to the high source fluxes, with the reductive
sedimentary release being the most important with the highest rate in our simulations. These high
source fluxes need to be compensated by efficient scavenging and subsequent removal via burial

in the sediments to reproduce the distribution and global mean inventory in DFe observations.

This is in general agreement with observational studies focusing on the surface layer
(Black et al., 2020;Sarthou et al., 2003). For example, Black et al. (2020) estimated similar
residence times throughout the global surface ocean (0-250 meters) for DFe ranging from
approximately 1 month to 4 years depending on the region and specific iron pools considered,
although noting that the uncertainties remain large (i.e. equal or greater than the absolute value
of the estimate in each region). These generally low surface residence times are captured in our

model simulations that range from 0.83 to 3.12 years (Table 2). Whereas DFe in the ocean
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interior is more stable and controlled by the amount of ligands that prevent scavenging and
removal to the sediments via sinking particulates, contributing to the longer global mean

residence times.

4.3 Marine iron flux impacts on global ocean biogeochemistry

An interesting feature of the model simulations is that there is surprisingly little change to
large scale marine productivity, export production, and ODZ volume (Table 3). This occurs in
large part in the model because scavenging was also increased in high sedimentary iron release
scenarios, and thus much of the additional DFe fluxes from the sediments is efficiently
scavenged to particulate iron that sinks back to the sediments before it can be transported to the
surface ocean where it may stimulate additional productivity. This general impact was also found
in a model study using a previous iteration of the model version used here but comparing
different complexities of the marine iron configurations (Yao et al., 2019) rather than source and

scavenging fluxes tested here.

However, there was a notable increase in dissolved oxygen levels originating in the
Southern Ocean among our model simulations (Table 3). The variable ligand parameterization
predicts less ligands in the Southern Ocean (Figure 3), which allows higher scavenging to reduce
DFe that better reproduces observations. Furthermore, since external iron sources in the Southern
Ocean are small (Figure 2,4j), the enhanced scavenging in the high source flux simulations
removes more DFe than source fluxes add to the Southern Ocean. Therefore, DFe levels further
decrease in the Southern Ocean (Figure 4k, Se-h) in the high source flux scenarios. The high
scavenging in our best model simulation with variable ligands and high source fluxes (#5
Atm+SedFeHigh LigVar) reduces DFe, marine productivity and resulting oxygen consumption
during remineralization of particulate organic matter, thereby increasing dissolved oxygen
concentrations at depth. This effect is significant enough to increase average global dissolved
oxygen concentrations by 8% in the model because water masses formed in the Southern Ocean
contribute to much of the global deep ocean (Table 3). This emphasizes the importance of

simulating a robust global marine iron cycle most importantly in the Southern Ocean.

5 Conclusions
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In this study we tested various rates of atmospheric soluble deposition, reductive
sedimentary release, and variable ligand distributions within a marine iron component in a global
ocean biogeochemical model. The simulations that best reproduce the global DFe observations
include highest tested source fluxes and a variable ligand parameterization. The most striking
feature in the global DFe observations that supports this hypothesis is the strong gradients that
often occur with high concentrations near source fluxes and low concentrations in adjacent open
ocean regions. This high source flux/scavenging iron cycling regime causes a relatively short
mean residence times of less than a decade in the global oceans and less than a year in the
surface ocean. The short residence time implies that the global marine iron cycle is highly
sensitive to environmental perturbations in the Anthropocene and geological past. Although
uncertainties remain high due to model parameterizations of complex, poorly understood
processes and the sparsity of DFe measurements throughout the global ocean, our model-data
analysis suggests the marine iron cycle operates with relatively high source fluxes and high

scavenging rates.
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Table 1. Marine Iron Model Configurations

#  Simulation Name Atmospheric | Sedimentary | Ligands | Inorganic Particle
deposition release Scavenging | Scavenging

(kFepr") (kFeors”)

1 | SedFeLow LigConst Luo2008° Elrod2004¢ | Constant® 0.0069 1.2

2 | SedFeLow LigVar Luo2008 Elrod2004 | Variable' 0.0052 1.5

3 | SedFeMid LigVar Luo2008 Dale2015¢ | Variable 0.0069 2.2

4 | SedFeHigh LigVar Luo2008 Dale2015" | Variable 0.0081 2.9

5| Atm+SedFeHigh LigVar | Myrio2018' Dale2015 Variable 0.0098 2.9

a Inorganic scavenging parameter has units of d!

b Particle scavenging parameter has units of (gC/m?)0-8d-!

¢ (Luo et al., 2008)
d (Elrod et al., 2004)

e Constant concentration of 1 nM everywhere in the ocean

f Variable ligand parameterization (see section 2.3.3)

g Dale et al. (2015) function with reduced maximum flux rate 100 umol m d-!

h Dale et al. (2015) function with suggested maximum flux rate 170 pumol m d-!

1 (Myriokefalitakis et al., 2018)
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Table 2. Global Marine Iron Cycle Results

# | Simulation Name Atmospheric | Reductive Hydro- Inorganic | Particle Dissolved | Global Surface
soluble Sedimentary | thermal Scavenging | Scavenging | Iron (nM) | Residence | Residence
deposition release (Gmol yr'") | (Gmol yr') | (Gmol yr) time® (yr) | time® (yr)
(Gmol yr") | (Gmol yr)

1 | SedFeLow_LigConst 1.4 15.1 11.4 343 225 0.68 333 3.12

2 | SedFeLow_ LigVar 1.4 14.6 11.4 30.9 293 0.73 359 2.56

3 | SedFeMid_LigVar 1.4 68.6 11.4 99.3 55.9 0.73 12.2 1.35

4 | SedFeHigh LigVar 1.4 117 11.4 159 83.9 0.73 7.66 0.87

5| Atm+SedFeHigh LigVar | 3.4 114 11.4 162 81.5 0.71 7.49 0.83

aSince our iron model simulates active (re)cycling between particulates and dissolved forms and thus scavenging does not permanently

remove bioavailable iron from the system, we calculate residence time based on external fluxes of this global system, i.e. global Fe

inventory/) Source Inputs.

®For surface residence time, we follow Black et al. (2020) by including the upper 250 meters and account for sinking particulate iron

out of this layer as the sink flux. Since our particulate iron pool includes both biogenic (i.e. produced during primary production) and

authigenic (i.e. produced by scavenging) iron in the model, this model residence time is comparable to their mean dissolved,

biogenic+authigenic estimate, which ranges from 0.1 to 4 years depending on location.
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# | Simulation Name Net Primary | Export Global O; | Southern | Suboxic
Production | Production | (mmol m~) | Ocean O, | Volume
(GtCyr') |(GtCyr (mmol m3) | (x10' m%)

1 | SedFeLow LigConst 47.0 8.1 167.1 206.3 8.5

2| SedFeLow LigVar 47.4 7.9 174.6 216.3 7.7

3 | SedFeMid LigVar 47.7 7.9 177.5 220.7 7.7

4 | SedFeHigh LigVar 48.0 7.9 178.6 222.0 7.5

5 | Atm+SedFeHigh LigVar |47.9 7.8 180.5 224.2 6.6
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Figure 1. Schematic of the marine iron (Fe) model. See section 2.3 for a full description.

Figure 2. Vertically-integrated, annual fluxes of atmospheric soluble iron deposition (top row)
prescribed on the base (BASE) model simulations from Luo et al. (2008) (a), high scenario
(Atm+) from the GESAMP intermodel average (Myriokefalitakis et al., 2018) (b), and their
difference (c¢). Bottom row: Sedimentary iron release using functions based on Elrod et al.

(2004) (SedFeLow) (d) and Dale et al. (2015) (SedFeHigh) (e), and their difference (f).

Figure 3. Distribution of variable ligand concentrations in the surface (0-250 meters) ocean (a),
and basin-scale averages in the Atlantic (b), Indian (c), Pacific (d), and Southern (e). Note that

the Southern Ocean sector (>40°S) was excluded from the other basins.

Figure 4. Annually averaged depth profiles of marine iron source inputs (left column), dissolved
iron concentrations (center column), and scavenging rates (right column) in the Global, Atlantic,
Indian-Pacific, and Southern Ocean for model simulations (colored) and dissolved iron
observations (filled black circles). Source inputs (left column) are atmospheric soluble deposition
as large filled symbols in the base (green squares) and high (Atm+; red diamonds) scenarios,
sedimentary iron release in the low (SedFeLow; blue circles) and high scenarios (SedFeHigh;
purple triangles), and hydrothermal flux (open green boxes, applied to all simulations). For
dissolved iron concentrations (center column), lines show model averages in the entire selected
domain, while symbols include model results only where dissolved iron observations exist. Note

that the Southern Ocean sector (>40°S) is excluded from the Atlantic and Indian-Pacific basins.

Figure 5. Annually averaged dissolved iron concentrations in the upper 250 meters in
observations (a), SedFeLow LigConst (b), SedFeLow LigVar (c), SedFeHigh LigVar (e), and
Atm+SedFeHigh LigVar (g). Right column highlights individual effects on dissolved iron
concentrations by showing model differences from variable ligands (i.e.

SedFeLow LigVar—SedFelLow LigConst) (d), high sedimentary iron release (i.e.

SedFeHigh LigVar—SedFeLow LigVar) (f), and high atmospheric soluble deposition (i.e.
Atm+SedFeHigh LigVar—SedFeHigh LigVar) (h).
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Figure 6. Comparison of dissolved iron measurements (black circles) in the upper 250 meters
with model simulations SedFeLow LigConst (green squares), SedFeLow LigVar (blue circles),
SedFeHigh LigVar (purple triangles), Atm+SedFeHigh LigVar (red diamonds) across ocean
basin sections in the tropical Pacific (meridional average from 20°S-20°N) (a); central Pacific
(zonal averaged from 180°-150°W) (b); Indian (zonal averaged from 20°-100°E) (c); and eastern
Atlantic (zonal averaged from 20°W-15°E) (d). Lines show model averages in the entire selected
domain, while symbols include model results only at locations where observations exist. Since
the core of oxygen deficient zones in the model does not overlap with the real ocean where high
dissolved iron concentrations exist in the eastern Pacific (a) and northern Indian (c), we added
dissolved iron concentrations directly above the core of the oxygen deficient zones (O2 <5 mmol

m™) in the model as star symbols.

Figure 7. Model-data statistical metrics calculated using all observations (upper panels a-f) and
using only GEOTRACES observations (lower panels g-1). Correlation coefficient (left column),
standard deviation (center column), root-mean-squared error (right column) are calculated for the
global ocean (top rows) and upper 250 meters of the water column (bottom rows). Standard
deviation (b,e) and root-mean-squared error (c,f) are normalized by the standard deviation of
observations. Note that vertical axes have been adjusted to show the full range in each individual

panel.
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781  Figure 1. Schematic of the marine iron (Fe) model. See section 2.3 for a full description.
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Figure 2. Vertically-integrated, annual fluxes of atmospheric soluble iron deposition (top row)
prescribed on the base (BASE) model simulations from Luo et al. (2008) (a), high scenario
(Atm+) from the GESAMP intermodel average (Myriokefalitakis et al., 2018) (b), and their
difference (c). Bottom row: Sedimentary iron release using functions based on Elrod et al.
(2004) (SedFeLow) (d) and Dale et al. (2015) (SedFeHigh) (e), and their difference (f).
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790  Figure 3. Distribution of variable ligand concentrations in the surface (0-250 meters) ocean (a),

791  and basin-scale averages in the Atlantic (b), Indian (c), Pacific (d), and Southern (e). Note that
792  the Southern Ocean sector (>40°S) was excluded from the other basins.
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Figure 4. Annually averaged depth profiles of marine iron source inputs (left column), dissolved
iron concentrations (center column), and scavenging rates (right column) in the Global, Atlantic,
Indian-Pacific, and Southern Ocean for model simulations (colored) and dissolved iron
observations (filled black circles). Source inputs (left column) are atmospheric soluble deposition
as large filled symbols in the base (green squares) and high (Atm+; red diamonds) scenarios,
sedimentary iron release in the low (SedFeLow; blue circles) and high scenarios (SedFeHigh;
purple triangles), and hydrothermal flux (open green boxes, applied to all simulations). For
dissolved iron concentrations (center column), lines show model averages in the entire selected
domain, while symbols include model results only where dissolved iron observations exist. Note
that the Southern Ocean sector (>40°S) is excluded from the Atlantic and Indian-Pacific basins.
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Figure 5. Annually averaged dissolved iron concentrations in the upper 250 meters in
observations (a), SedFeLow LigConst (b), SedFeLow LigVar (c), SedFeHigh LigVar (¢), and
Atm+SedFeHigh LigVar (g). Right column highlights individual effects on dissolved iron
concentrations by showing model differences from variable ligands (i.e.

SedFelLow LigVar—SedFeLow LigConst) (d), high sedimentary iron release (i.e.

SedFeHigh LigVar—SedFeLow LigVar) (f), and high atmospheric soluble deposition (i.e.
Atm+SedFeHigh LigVar—SedFeHigh LigVar) (h).
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Figure 6. Comparison of dissolved iron measurements (black circles) in the upper 250 meters
with model simulations SedFeLow LigConst (green squares), SedFeLow LigVar (blue circles),
SedFeHigh LigVar (purple triangles), Atm+SedFeHigh LigVar (red diamonds) across ocean
basin sections in the tropical Pacific (meridional average from 20°S-20°N) (a); central Pacific
(zonal averaged from 180°-150°W) (b); Indian (zonal averaged from 20°-100°E) (c); and eastern
Atlantic (zonal averaged from 20°W-15°E) (d). Lines show model averages in the entire selected
domain, while symbols include model results only at locations where observations exist. Since
the core of oxygen deficient zones in the model does not overlap with the real ocean where high
dissolved iron concentrations exist in the eastern Pacific (a) and northern Indian (c), we added
dissolved iron concentrations directly above the core of the oxygen deficient zones (O2 <5 mmol
m™) in the model as star symbols.
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827

828  Figure 7. Model-data statistical metrics calculated using all observations (upper panels a-f) and
829  using only GEOTRACES observations (lower panels g-1). Correlation coefficient (left column),
830  standard deviation (center column), root-mean-squared error (right column) are calculated for the
831  global ocean (top rows) and upper 250 meters of the water column (bottom rows). Standard

832  deviation (b,e) and root-mean-squared error (c,f) are normalized by the standard deviation of

833  observations. Note that vertical axes have been adjusted to show the full range in each individual
834  panel.
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Introduction

This section documents minor changes made from previously published versions
(Somes et al., 2017;Muglia et al., 2017) that were applied to all model simulations in this
study. The core model code is based on the Model of Ocean Biogeochemistry and
Isotopes (MOBI), version 2.0 (https://github.com/OSU-CEOAS-Schmittner/UVic2.9),
which is based on the University of Victoria (UVic) Earth System Model of intermediate
complexity (Eby et al., 2013;Weaver et al., 2001).
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Text S1. Physical Model

We applied the background vertical mixing setup from Somes et al. (2017) to the
default MOBI 2.0 version. This setup applies background vertical mixing of 0.15 cm? s~
lin the ocean interior consistent with open ocean microstructure observations (Fischer et
al., 2013), which caused a reduction in the large-scale overturning and an
underestimation of A'*C values. In order to reinvigorate the large-scale circulation,
we increased the tidal mixing efficiency parameter to 0.28 (from 0.2), applied a
background horizontal diffusivity of 20 m? s”!, and increased the atmospheric moisture
diffusivity in the Southern Ocean by 20% (e.g. Muglia & Schmittner (2015)), all of

which contributed to an improved representation of A*C (Figure S1).

Text S2. Marine Biogeochemical Model

Since MOBI version 2.0 integrated the latest improvements to the nitrogen
(Somes and Oschlies, 2015), carbon chemistry (Kvale et al., 2015), and iron (Muglia et
al., 2017), minor parameter changes were made to achieve a best fit to nutrient

distribution (Figure S1, Table S1). Other structural changes are documented below.

The production of semi-refractory dissolved organic matter (DOM) has been
modified to now include an additional source term from the remineralization of
particulate organic matter (POM), along with phytoplankton mortality that previous
versions Somes & Oschlies (2015) used. This new term represents DOM production by
heterotrophic bacteria as they respire POM. The two DOM production factors have
similar spatial patterns, but with the bacterial term based on POM remineralization
extending to greater depths. The production fraction parameters (see Table S1) were
chosen so they represent roughly equivalent total DOM production rate when integrated
over the global ocean, and that they produce surface DON concentrations that are

consistent with observations (Figure S2).

We have modified the low oxygen threshold including the reduction of dissolved
iron (DFe) scavenging in the model. This parameterization was implemented to account
for elevated DFe concentrations that exist in low oxygen waters associated with redox

cycling including high nitrite concentrations, although it remains unclear exactly what
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processes contribute to these elevated low oxygen DFe concentrations (Moffett et al.,
2015). Previous model versions applied a sharp threshold gradient at the dissolved O
concentration 5 mmol m (Figure S3). However, elevated DFe only exists in lower
dissolved O, concentrations <~2 mmol m™, so in this study we apply a function that has a
sharper gradient at lower dissolved O> concentrations (red line in Figure S3) using the

equation tanh(x*O2) where k=0.25.

Sedimentary carbon oxidation (Cox) has been modified in all simulations
following the Niemeyer et al. (2017) implementation of Flogel et al. (2011). This scheme
estimates carbon oxidation from the difference between sinking particulate flux entering
the sediment and burial. It has been constructed using a global compilation of
sedimentary data that shows higher carbon burial efficiency, and thus lower carbon
oxidation in continental margins (Burial=0.14-RRpoc'-'") compared to the deep-sea
(Burial=0.014-RRpoc!%) sediments. Instead of applying an abrupt transition at 1000
meters depth as in Niemeyer et al. (2017) between these surface and deep sea systems,
we applied a linear transition to the numerator and exponent coefficients from 500 meters
to 1500 meters. Note that previous model marine iron versions (e.g. Nickelsen et al.
(2015); Muglia et al. (2017)) applied the temperature-dependent water column
remineralization rate to organic matter sinking into sediments to estimate carbon
oxidation in the sediments which does not capture the sedimentary carbon dynamics

shown in Flogel et al. (2011).
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Parameter Symbol Value Units
Phytoplankton
Initial slope of P-I curve a 0.1 (W m?2)!d!
Photosynthetically active radiation PAR 0.43 -
Light attenuation in water ki 0.04 m!
Light attenuation through phytoplankton ke 0.03 m!(mmol m3)!
Light attenuation through sea ice ki 5 m!
NOs uptake half-saturation knos 0.7 mmol m™
PO, uptake half-saturation kpos 0.044 mmol m™
DOP assimilation handicap hpop 0.5
minimum Fe uptake half-saturation kFemin 0.05 nmol m-3
maximum Fe uptake half-saturation kFemax 0.5 nmol m-3
Maximum growth rate (at 0°C) ao 0.6 d!
Phytoplankton fast-recycling rate (at 0°C) Kp 0 0.001 d!
Phytoplankton specific mortality rate Up, 0.03 d!
Calcifying Phytoplankton (Pc)
Maximum growth rate (at 0°C) ao 0.3 d!
CaCOs3:POC production ratio Rcacos-poc 0.065 0.065
NOs uptake half-saturation knos 0.35 mmol m™
PO4 uptake half-saturation kpos 0.022 mmol m™
minimum Fe uptake half-saturation kFemin 0.025 nmol m3
maximum Fe uptake half-saturation kFemax 0.25 nmol m-3

Diazotrophic Phytoplankton (Pp)




Parameter Symbol Value Units

Diazotroph growth handicap hp, 0.07 -
Fe uptake half-saturation kre 0.16 nmol m™
Diazotroph fast-recycling rate (at 0°C) Uppo 0.004 d!
Diazotroph specialist grazing rate Up, 0.7 d!
Diazotroph NOs uptake threshold Unos 5 mmol m™

Zooplankton (Z)

Assimilation efficiency y 0.7

Maximum grazing rate (at 0°C) 0.5 d!
8z

Growth efficiency @ 0.6

Mortality 0.02 d!
m;

Grazing preference Po ¥Yp, 0.26

Grazing preference Pp ¥p, 0.04

Grazing preference Pc ¥, 0.26

%

Grazing preference Z v, 0.18

Grazing preference D Yy 0.26

Grazing half-saturation kgraz 0.15 mmol N m-

Detritus (D)

Remineralization rate UDO 0.07 d!

Sinking speed at surface WDo 20 md!

Increase of sinking speed with depth My 0.05 d!
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Parameter Symbol Value Units
E-folding temperature of biological rates Ty 15.65 °C
Dissovled Organic Matter
phytoplankton DOM production factor OPDOM 0.08
bacterial DOM production factor ODDOM 0.02
DON remineralization rate (at 0°C) ADONO 9.4E-6 d!
DOP remineralization rate (at 0°C) ADOPO 1.9E-5 d!
Elemental Ratios
Molar Oxygen:Nitrogen Ro-n 11
Molar Carbon:Nitrogen Rcon 7
Molar Iron:Nitrogen Rre:n 38.5 umol Fe / mol N
Phytoplankton Nitrogen:Phosphorus Ry.p rg 16
Diazotroph Nitrogen:Phosphorus Ry.p - 28
Detritus Nitrogen:Phosphorus Ry.p, 16
Zooplankton Nitrogen:Phosphorus Ry.p, 16
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Figure S1. Model-data comparison of basin scale average of radiocarbon (A*C ) with
GLODAP observations (Key et al., 2004) (left column), and dissolved oxygen (Oz),
apparent oxygen utilization (AOU, center column), and phosphate (POs, right column)
with World Ocean Atlas observations (Garcia et al., 2010a;Garcia et al., 2010b) (black
circles) and the model simulation #5 Atm+SedFeHigh LigVar (red lines).
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Figure S2. Surface (0-50 meters) dissolved organic nitrogen (DON) concentrations in the
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model simulation #5 Atm+SedFeHigh LigVar and observations (Somes and Oschlies,
2015;Letscher et al., 2013). Note that the model only includes semi-refractory DON,

whereas the observations include total DON.
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91  Figure S3. Modified function that reduces scavenging in oxygen deficient zones.
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