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Abstract. The ocean’s nutrient cycles are important for the
carbon balance of the climate system and for shaping the
ocean’s distribution of dissolved elements. Dissolved iron
(dFe) is a key limiting micronutrient, but iron scavenging is
observationally poorly constrained, leading to large uncer-
tainties in the external sources of iron and hence in the state
of the marine iron cycle.

Here we build a steady-state model of the ocean’s cou-
pled phosphorus, silicon, and iron cycles embedded in a data-
assimilated steady-state global ocean circulation. The model
includes the redissolution of scavenged iron, parameteriza-
tion of subgrid topography, and small, large, and diatom
phytoplankton functional classes. Phytoplankton concentra-
tions are implicitly represented in the parameterization of bi-
ological nutrient utilization through an equilibrium logistic
model. Our formulation thus has only three coupled nutri-
ent tracers, the three-dimensional distributions of which are
found using a Newton solver. The very efficient numerics al-
low us to use the model in inverse mode to objectively con-
strain many biogeochemical parameters by minimizing the
mismatch between modeled and observed nutrient and phy-
toplankton concentrations. Iron source and sink parameters
cannot jointly be optimized because of local compensation
between regeneration, recycling, and scavenging. We there-
fore consider a family of possible state estimates correspond-
ing to a wide range of external iron source strengths. All state
estimates have a similar mismatch with the observed nutrient
concentrations and very similar large-scale dFe distributions.
However, the relative contributions of aeolian, sedimentary,
and hydrothermal iron to the total dFe concentration differ
widely depending on the sources.

Both the magnitude and pattern of the phosphorus and opal
exports are well constrained, with global values of 8.1 &
0.3TmolPyr~! (or, in carbon units, 10.3 £ 0.4PgCyr~')
and 171. & 3. Tmol Siyr~'. We diagnose the phosphorus and
opal exports supported by aeolian, sedimentary, and hy-
drothermal iron. The geographic patterns of the export sup-
ported by each iron type are well constrained across the fam-
ily of state estimates. Sedimentary-iron-supported export is
important in shelf and large-scale upwelling regions, while
hydrothermal iron contributes to export mostly in the South-
ern Ocean. The fraction of the global export supported by a
given iron type varies systematically with its fractional con-
tribution to the total iron source. Aeolian iron is most effi-
cient in supporting export in the sense that its fractional con-
tribution to export exceeds its fractional contribution to the
total source. Per source-injected molecule, aeolian iron sup-
ports 3.1 & 0.8 times more phosphorus export and 2.0 £ 0.5
times more opal export than the other iron types. Conversely,
per injected molecule, sedimentary and hydrothermal iron
support 2.3 £ 0.6 and 4. & 2. times less phosphorus export,
and 1.9£0.5 and 2. £ 1. times less opal export than the other
iron types.

1 Introduction

The ocean’s nutrient cycles control the primary productivity
of the global marine ecosystem and the ocean’s biological
carbon pump, which are crucial components of the global
carbon cycle that regulate atmospheric CO, concentrations.
The nutrient cycling of the ocean is governed by the interplay
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of the ocean’s advective—diffusive circulation, biological uti-
lization, biogenic particle transport, and the external sources
and sinks of nutrients. The cycles of macro- and micronutri-
ents are coupled through co-limitation on biological uptake
and through the scavenging of micronutrients such as iron by
sinking organic matter.

We focus on dissolved iron (dFe) as a key micronutrient
because of its well-documented fundamental role in primary
production (e.g., Boyd and Ellwood, 2010). Indeed, dFe was
suggested to limit oceanic phytoplankton growth as early as
the 1930s (e.g., Gran, 1931; Hart, 1934). Since then, numer-
ous studies have reported that iron deficiency limits produc-
tivity over vast areas, particularly over the high-nutrient low-
chlorophyll (HNLC) regions like the Southern Ocean (e.g.,
de Baar et al., 1995; Lundry et al., 1997; Martin and Fitzwa-
ter, 1988; Boyd et al., 2007; Boyd and Ellwood, 2010). Mar-
tin (1990) went as far as to suggest that perturbations in the
iron cycle played a crucial role in past climate fluctuations.
More recently, iron-enrichment field experiments (e.g., Boyd
et al., 2007) and model simulations (e.g., Nickelsen and Os-
chlies, 2015) have demonstrated the importance of iron for
the global biological pump.

We model phosphate (PO4) because it is essential to
the metabolism of all living organisms (e.g., Smith, 1984;
Howarth, 1988), which allows all biological production to
be keyed to phosphate utilization (e.g., Kwon and Primeau,
2008; Primeau et al., 2013; Holzer and Primeau, 2013). Sili-
cic acid (Si(OH)4) was considered because of the importance
of diatoms in marine ecosystems (e.g., Nelson et al., 1995;
Buesseler, 1998; Moore et al., 2004; Brzezinski et al., 2011b)
and because the pronounced silicon trapping of the Southern
Ocean (e.g., Holzer et al., 2014) might be sensitive to iron
availability.

With a changing climate, we expect not only changes in
the ocean circulation, but also changes in the winds, hydro-
logical cycle, and land use, and hence in the aeolian iron sup-
ply. To understand how such changes impact the ocean’s nu-
trient cycles, it is necessary to model the coupling between
the nutrients mechanistically. While global biogeochemistry
models have been used extensively for this purpose (e.g.,
Tagliabue et al., 2014; Nickelsen and Oschlies, 2015), none
of these models have been objectively constrained by the
available observations. Here, we formulate an inverse model
of the ocean’s coupled macronutrient and iron cycles em-
bedded in a data-assimilated global circulation. The biogeo-
chemical parameters of the model are determined by ob-
jectively minimizing the mismatch with observed nutrient
and phytoplankton concentrations. To ensure the optimiza-
tion problem remains tractable with a reasonable computa-
tional burden, we formulate a model of intermediate com-
plexity.

The intercomparison of iron models by Tagliabue et al.
(2016) showed that current models contain significant uncer-
tainties. Despite the fact that the models have iron source
strengths that range over nearly 2 orders of magnitude, all
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models can be tuned to roughly the same mean dFe concen-
tration with an intermodel variance of only 27 %. This is due
to essentially unconstrained scavenging rates so that models
are free to employ different scavenging strengths to balance
the sources at roughly comparable dFe concentrations. All
the models of the intercomparison are prognostic forward
models that are computationally too expensive for explor-
ing the biogeochemical parameter space systematically or for
computing the sensitivity with respect to multiple parameters
(e.g., Kwon and Primeau, 2006). Here we aim to close this
gap in our ability to constrain the iron cycle objectively by
formulating a numerically highly efficient model of the iron
cycle that is mechanistically coupled to key macronutrient
cycles and that is embedded in a data-assimilated global cir-
culation.

We build on the simple iron-only inverse model of Frants
et al. (2016), for which biogeochemical parameters were op-
timized and which allowed novel diagnostics to be computed
such as the mean iron age and rigorous source attribution of
dFe (Holzer et al., 2016). Consistent with the findings of the
iron-model intercomparison, Frants et al. (2016) showed that
current dFe observations cannot constrain the iron sources
because of local compensation between sources and sinks.
Frants et al. (2016) therefore explored a family of state esti-
mates corresponding to a range of aeolian source strengths,
all of which are consistent with the currently available dFe
observations.

However, in the study of Frants et al. (2016) the iron cy-
cle could not interact with a prescribed phosphate cycle, and
the silicon cycle was not considered at all. Moreover, for the
family of state estimates of Frants et al. (2016) only the ae-
olian source was varied and it is unclear if the wide range
of hydrothermal and sediment iron sources found in the lit-
erature is consistent with the dFe observations. The model
of Frants et al. (2016) is therefore unsuitable for investigat-
ing the effects of iron-source perturbations on biological pro-
duction or for exploring how much export is supported by
the different iron sources. Here, we overcome these short-
comings by explicitly coupling the iron, phosphorus, and sil-
icon cycles through their mutual co-limitations so that the
macronutrients can respond to changes in dFe. We further-
more refine the modeling of the sedimentary iron source, im-
prove the representation of iron scavenging to include redis-
solution, and model three phytoplankton functional classes
with concentrations that are derived from a steady-state lo-
gistic equation (e.g., Dunne et al., 2005). Through these ad-
vances we are able to produce, for the first time, a family
of data-constrained state estimates of the coupled Fe—P-Si
cycles for a wide range of not only aeolian, but also hy-
drothermal and sedimentary sources. We find that these state
estimates are roughly equally consistent with the observed
macronutrient and dFe concentrations regardless of the iron
source strengths. Analysis of our family of state estimates
shows that the uncertainty in the iron sources stems not only
from compensation between overlapping sources and sinks,
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but also from the ability of the different iron source types
(aeolian, hydrothermal, and sedimentary) to compensate for
each other despite their different spatial distributions.

We use our inverse-model estimates of the coupled Fe—P—
Si cycles to address an important open question about the
marine iron cycle: what are the relative contributions of the
different iron sources to supporting the world ocean’s export
production? While there have been perturbation experiments
with forward models (Tagliabue et al., 2009, 2010, 2014)
where one type of source (e.g., hydrothermal or sedimen-
tary) was shut down to assess the importance of dFe from the
missing source, such experiments cannot quantify the true
contribution of hydrothermal or sedimentary iron to biolog-
ical production because of the nonlinearity of the iron cycle
(Holzer et al., 2016). Moreover, these numerical experiments
were conducted with definite but highly uncertain choices of
the iron sources, and the models were not objectively con-
strained by the observations. Thus, in addition to presenting
the first inverse model of the coupled Fe—P-Si cycles, we ad-
dress the following key scientific questions:

1. How well can the modeled dFe, POy, and Si(OH)4 con-
centrations be fitted to observations for widely differ-
ing iron sources, and are there limits on the iron source
strengths that are consistent with the observed dFe con-
centrations?

2. What are the nutrient limitation patterns that emerge
from the data-constrained estimates of the coupled nu-
trient cycles, given that direct observational data on
these patterns are very sparse?

3. How well constrained are the phosphorus and opal ex-
ports of optimized state estimates with widely different
iron sources?

4. What fractions of the phosphorus and opal exports are
supported by aeolian, hydrothermal, and sedimentary
iron, and how do these fractions vary with the iron-
source strengths?

In the following, we detail the model formulation in Sect. 2
and the optimization strategy in Sect. 3. In Sect. 4, we quan-
tify the fidelity of the family of state estimates to the nutri-
ent observations. We examine nutrient limitation in Sect. 5,
export production in Sect. 6, and iron-attributed export in
Sect. 7. Caveats are discussed in Sect. 8 and we summarize
and conclude in Sect. 9.

2 Biogeochemical model

We distinguish three phytoplankton functional groups, non-
diatom small and large phytoplankton as well as diatoms,
with a nominal separation between small and large at a cell
diameter of 2pum. We denote the molar PO4 uptake rate
per unit volume of each class by U,, where the subscript
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¢ € {Irg, sml, dia} identifies functional class. The uptake rates
U, are only nonzero in the model’s upper 73.4 m (two layers),
the model’s euphotic zone.

We consider the three nutrients PO4, Si(OH)4, and dFe
and denote their concentrations by y;, with i € {P, Si, Fe}.
We write the steady-state tracer equations for these concen-
trations by keying all biological production to the uptake of
phosphate U, as follows:

Txp= D (SF— DU — v (xp — X8 (1)
c

T xsi = (S = DRY PUgia — v (xsi — XF) )

T xre = ) (S£° = DHR™ U, 3)

+ (S5POP — 1) Jpop + (S5 — 1) Josi — Jast
+5A +5s + SH.

In Egs. (1)-(3), 7 is the advection-eddy-diffusion operator,
the operators S model the biogenic transport and reminer-
alization of nutrient i taken up by functional class ¢, and
the operators S%FPOP and S%PS! model the particle trans-
port of scavenged iron and its partial redissolution at depth
as the scavenging particles remineralize or dissolve (details
in Sect. 2.2). The iron scavenging rates per unit volume
are Jpop for scavenging by particulate organic phosphorus
(POP), Jps;i for scavenging by opal particles, and Jgg for
scavenging by mineral dust (details in Sect. 2.4.2). The terms
SA, Ss, and sy are the aeolian, sediment, and hydrothermal
iron sources (details in Sect. 2.4.1). The factors RS"*P and
RFe:P are the stoichiometric uptake ratios that allow us to
key all production to phosphorus. These ratios are functions
of the nutrient concentrations as described in Sect. 2.3.3.

The terms proportional to yg in Egs. (1)-(2) fix the global
mean phosphate and silicic acid concentrations through weak
relaxation to their observed global means 73"5 and 7‘;?5. This
is necessary because the phosphorus and silicon cycles have
no external sources and sinks to set the global mean in steady
state. (For phosphate and silicic acid, external sources, e.g.,
riverine input, and loss to sediment burial are neglected.) We
choose the restoring timescale yg_l =10° years (“geologi-
cal” restoring); there is no sensitivity to the precise value of
Ve-
Equations (1)—(3) are coupled via the uptake of phosphate,
U., which depends on the concentrations of all three nutri-
ents, via the iron scavenging, which depends on the export
fluxes of organic matter and opal, and via the sedimentary
release of dFe, which is keyed to the flux of organic matter
onto the sediments (Elrod et al., 2004), as discussed in detail
below.

2.1 Circulation

We use the data-assimilated, steady (nonseasonal) circulation
of Primeau et al. (2013), which has a horizontal resolution
of 2° x 2° and 24 vertical levels with spacing that increases
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with depth. Temperature, salinity, radiocarbon, CFC-11, and
POy4 have been used as constraints in the data assimilation.
The circulation is also constrained dynamically, and the data
assimilation used the wind-stress climatology of Trenberth
et al. (1989) and specified horizontal and vertical viscosities
of 5 x 10* and 10~*m?s~!, respectively. The circulation’s
advective—diffusive transport operator has fixed horizontal
and vertical eddy diffusivities of 103 and 107> m?s~!, re-
spectively. We emphasize that the circulation effectively pro-
vides a ventilation-weighted transport because it has been op-
timized against PO4 and the ventilation tracers CFC-11 and
radiocarbon. The steady circulation thus does not bias esti-
mates of preformed nutrients in the way an annual-average
circulation would.

2.2 Biogenic transport

Organic matter sinks as POP, dissolves, and remineralizes
at depth. Inverse models of the phosphorus cycle (Primeau
et al., 2013; Holzer and Primeau, 2013; Pasquier and Holzer,
2016) suggest that dissolved organic phosphorus (DOP) rep-
resents a relatively small fraction of the total dissolved phos-
phorus that we neglect here (no DOP tracer) for simplic-
ity and numerical efficiency. We note that our estimates of
phosphorus export effectively capture the export due to DOP,
despite DOP not being explicitly represented as a separate
tracer. This is because the optimization of the biogeochem-
ical parameters minimizes the mismatch with the observed
POy distribution, which in the real ocean is determined by the
remineralization of all organic phosphorus, including DOP.
Because the particle transport is much faster than the fluid
transport across a grid box, we approximate particle trans-
port and remineralization, which acts as an interior source of
nutrients, as instantaneous. We model this process for each
phytoplankton functional class by the “source” operator, Sf,
which reassigns a “detrital” fraction f, of the uptake rate to
a remineralization rate throughout the water column, while
a fraction 1 — f, remineralizes in situ where the uptake oc-
curred. We therefore express Sf in terms of a biogenic redis-
tribution operator B such that

S'=1-f.+B"f., 4)

where it is understood that multiplication by the field f, pre-
cedes the action of BY. (The operator BY does not have a
functional class subscript ¢ because it redistributes a unit up-
take with the same profile regardless of functional class.) We
assume that the remineralization of organic matter releases
dFe and phosphate in the same ratio with which they were
taken up. Therefore, SF¢ = S¥.

The values of f,, which set the export efficiency of each
class, are not directly constrainable by the data used here.
The nutrient concentrations constrain only the total export
(i.e., summed over all classes), while the phytoplankton
concentrations constrain the uptake, but not the export, of
each class. We therefore use the optimized detrital fractions
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from the work of Dunne et al. (2005): the detrital f. frac-
tions are modeled as decreasing with temperature T so that
fo=f2e T, with ks =0.032°C~! independent of class,
fou =014, /0 = 0.74, and we assign faia = firg. The large
and diatom classes are thus ~ 5 times more efficient at ex-
porting organic matter than the small class. We acknowledge
that Richardson and Jackson (2007) suggested that small and
large phytoplankton have similar export efficiencies. How-
ever, their very sparse data do not provide strong evidence
that fsmi = firg, only that their values are uncertain. Indeed,
our state estimates using the f. values of Dunne et al. (2005)
are consistent with the data presented by Richardson and
Jackson (2007). Plots of the fractional uptake of each class
versus its fractional export (not shown here) are broadly con-
sistent with Fig. 1b of Richardson and Jackson (2007).

Following Najjar et al. (1992), we assume that the de-
trital production rate is fluxed as POP through the base of
the euphotic zone at ze = 73.4m with ¢pFOP(z.) = fzo feUe:
dz, and that the POP flux attenuates with depth accérding
to the Martin power law ¢EOP ()= ¢EOP (ze)(z/ ze)_b due to
remineralization in the aphotic zone. The operator B there-
fore injects PO, with the divergence of ¢FOF into the aphotic
water column. The flux into the ocean bottom is remineral-
ized in the lowest grid box as in the work of Primeau et al.
(2013). The exponent b was determined to be b = (.82 us-
ing a restoring-type phosphate-only model. (Most parame-
ters were optimized for the full coupled model — for details
of our optimization strategy see Sect. 3.3.)

The redistribution operator B similarly injects sili-
cic acid into the aphotic water column with the diver-
gence of the opal flux, ¢!, which attenuates because of
temperature-dependent opal dissolution following Gnanade-
sikan (1999) and Holzer et al. (2014). For each lati-
tude and longitude, ¢S is computed as the solution to
9:0"(2) = — (kg™ /wsi) exp(—Tg /T (2))¢*>'(2), with the
boundary condition ¢*Si(ze) = fz(zRSi:P faiaUdia dz. We use
Tg = 11,481 K as Gnanadesikan (1999) and the same detrital
fraction fyi, for the opal export and diatom POP export. The
parameter combination k" /ws; has nearly the same value
as determined by Holzer et al. (2014), but was re-optimized
here for a simple restoring-type model that takes subgrid to-
pography into account (see Appendix B).

The scavenging operators S*POP and S-S act on Jpop
and Jps; to redistribute a fraction of the iron scavenged at
every layer throughout the water column below. In terms of
the corresponding redistribution operators, we write

SS,POP — fPOPBS,POP and
SS,bSi — beiBS,bSi’ (5)

where the fractions fPOF and fS! were both fixed at 0.9 (see
Appendix D). The operators B5POP and B%°S! in effect “recy-
cle” scavenged iron. They are very similar to BY and B5' but
in addition to distributing scavenged iron from the euphotic
zone to the aphotic zone, they also redistribute the scaveng-
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ing rates of every aphotic layer to a source of redissolving
iron with the divergence of the scavenging particle fluxes.
The flux of scavenged iron into the bottom is assumed to be
lost forever so that there would be iron loss even for 100 %
efficient recycling of scavenged iron. (For details see Appen-
dices A and B.)

To compute accurate particle fluxes for constructing all S
operators, we take subgrid topography into account (as done
by Moore and Braucher, 2008), using the high-resolution
ETOPO2V2c data set (National Geophysical Data Center,
2006). This is done by calculating for each grid box the frac-
tional area occupied by the subgrid topography, which is also
the fraction of the particle flux intercepted by the subgrid to-
pography. For each grid box, the fraction of the flux inter-
cepted is instantly remineralized and redissolved for S£ or
buried in the sediments for S%FOP and S*"S! (details in Ap-
pendix B).

2.3 Uptake rates

The PO4 uptake rate at a given point is a function of the local
temperature 7', irradiance /, and nutrient concentrations. The
uptake rate for functional class ¢ is calculated as the prod-
uct of its phytoplankton concentration, p¢, and its specific
growth rate, p., as

pmax
Ue= e pe = £

T (Fre Fne)’s 6)

c

where 7, is the timescale for growth, p"®* is the phytoplank-

ton concentration under ideal conditions, and Fy . and FN,¢
are dimensionless factors in the interval [0, 1) that represent
light and nutrient limitation, respectively, as defined below.
We derive Eq. (6) similarly to Dunne et al. (2005) and Gal-
braith et al. (2010) as follows.

First, p. is calculated diagnostically by assuming steady
state between growth and mortality, which avoids the need
to carry explicit plankton concentration tracers. This is jus-
tified by the coarse resolution of our model, which implies
transport timescales across a grid box that are much larger
than the typical timescales for phytoplankton growth. Based
on Dunne et al. (2005)’s mortality formulation, p. can be
modeled by a logistic equation

14
0t Pec = e Pc — A (_i) Pcs @)
14

C
where the p./p} fraction scales the specific mortality rate A,
and p} has been referred to as the “pivotal” population den-
sity (e.g., Dunne et al., 2005; Galbraith et al., 2010). Equa-
tion (7) has a nontrivial steady state, given by
He
pe= (%) . ®
We assume that all phytoplankton classes share the same spe-
cific mortality rate A, which depends only on temperature.
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For simplicity, we follow Galbraith et al. (2010) and approx-
imate the 7 dependence of A to be identical to that of the
growth rate, which was determined by Eppley (1972) to be
of the form 7. Thus, A = Age*T, where Ag is a constant.

Our formulation differs from that of Dunne et al. (2005)
and Galbraith et al. (2010), who raise the ratio p¢/p} to a
power o = 1 or o = 1/3 to differentiate between small and
large phytoplankton classes. Here, we instead differentiate
between classes by assigning them different half-saturation
rates and maximum uptake-rate constants similarly to the
work of Matsumoto et al. (2008) (details in Sect. 2.3.1
and 2.3.3).

We model the specific growth rate . as multiplicatively
co-limited (Saito et al., 2008) by temperature, light, and nu-
trients:

He = leKT FI,L‘ FN,Cv 9
Tc
where 7, is the growth timescale at 0°C under ideal condi-
tions and the temperature dependence ¢“7 (Eppley, 1972) is
identical to that used for the mortality rate (e.g., Galbraith
et al., 2010). To group parameters for more efficient op-
max

timization, we define p™* = p¥/(Aot.), so that diagnostic

Eq. (8) for the phytoplankton concentration becomes
pc:Fl,cFN,cpénaX' (10)

Substituting Eq. (9) and Eq. (10) into U, = u. p. gives
Eq. (6), which is similar to the uptake formulations of Doney
et al. (2006) and Matsumoto et al. (2008).

We note that in the Sea of Japan the model’s circulation
produces unrealistic nutrient trapping, likely due to under-
resolved currents. We therefore set the specific growth rate
in the Sea of Japan to zero, effectively removing it from the
computational domain of the biogeochemical model.

2.3.1 Nutrient limitation

We model the limitation of functional class ¢ by nutrient i
by a Monod function (Monod, 1942) of the concentration,
xi/(xi +Kk\), where ki is the half-saturation constant that
determines the scale on which the concentration influences

uptake (because only diatoms take up silicon klsrfg =0 and

kssrinl = 0.) For the co-limitation of all three nutrients, we use
the type-I multiplicative form (Saito et al., 2008)

Xi
=TT (11)

l
We chose the Monod model over the arguably more realis-
tic quota model (e.g., Flynn, 2003) for simplicity. Moreover,
the shortcomings of the Monod formulation likely only come
into play for rapidly evolving transient blooms, which our
steady-state formulation does not attempt to capture.
Using a minimum over nutrient type i (Liebig’s rule, e.g.,
de Baar, 1994) rather than the product, Eq. (11) is thought
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to fit the observational data slightly better (e.g., Rhee, 1978;
Droop, 2009). However, here we prefer the smoothness of
the multiplicative formulation because differentiability is a
theoretical requirement for Newton’s method to converge
(e.g., Kelley, 2003a). A product of POy, dFe, and irradi-
ance Monod terms was also used by Parekh et al. (2005) and
Dutkiewicz et al. (2006) in their coupled phosphorus—iron
model.

2.3.2 Light limitation

We prescribe the irradiance / and model light limitation us-
ing a simple Monod factor

_ 1
- I-I—k],C,

Fre (12)
with half-saturation constant kj . for class ¢ (e.g., Doney
et al., 2006). We use an annual mean [/ derived from pho-
tosynthetically active radiation (PAR) measured over the pe-
riod 2002-2015 by the Modis Aqua satellite (NASA God-
dard Space Flight Center, 2014). The surface PAR at location
(x,y), denoted by Ip(x,y), was converted to Wm2 using
2.77 x 10'8 quantas’IW’1 (Morel and Smith, 1974). Irra-
diance is modeled as exponentially attenuated with depth z
so that

I(x,y,2) = Ip(x, y)e ™, (13)
with k;! =25m.
2.3.3 Elemental uptake ratios

Because we key all biological production to PO, utilization,
we must specify the Fe : P and Si : P elemental uptake ra-
tios for the iron and silicon cycles. The Fe : P uptake ratio,
RFe:P is known to increase and saturate with increasing dFe
concentration (e.g., Sunda and Huntsman, 1997). We follow
Galbraith et al. (2010) and model the dFe dependence as a
simple Monod term

Fe:P Fe:P XFe
K =R XFe + kre:p’ (19
where Rge ‘P is the maximal Fe : P uptake ratio. As noted by
Galbraith et al. (2010), this formulation ignores the effects of
light limitation suggested by several studies (e.g., Sunda and
Huntsman, 1997; Strzepek et al., 2012). In principle, R5®*P
and kre . p could be different for different functional classes.
However, constraining class-dependent Fe quotas is beyond
the scope of what is possible with our inverse model: differ-
ent values of R(l):e:P and kre.p for each class would directly
compensate for one another in the global Fe export.

Equation (14) effectively encodes a minimum iron require-
ment of zero. Thus, for very low dFe concentrations, RFe:P
would fall below a realistic cell quota. However, this has no
mechanistic consequence, because for such low dFe concen-
trations there is essentially no uptake in our formulation. This
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is because RF®*P is proportional to a dFe Monod term, while
P uptake is proportional to the square of a dFe Monod term.
Thus, as dFe becomes small, the uptake goes to zero faster
than RY®P itself. Simply put, this means that when the Fe : P
ratio is unrealistically small, it does not matter because there
is no P or Fe uptake. When we introduced a nonzero min-
imum for RFe*P it tended to be optimized to zero, which
means that a simple Monod factor suffices to capture the dFe
dependence of the Fe : P ratio.

The Monod formulation (14) does capture luxury iron up-
take (e.g., Marchetti et al., 2009a) when the half-saturation
constant of Eq. (14) exceeds the half-saturation constant of
the iron limitation in Eq. (11), as made explicit by Galbraith
et al. (2010). This is the case for our optimized value of kg, . p
so that phytoplankton has the luxury to increase its iron up-
take with increasing dFe concentration even when iron is not
limiting.

Our representation of the RSP uptake ratio takes into
consideration field studies and iron enrichment experiments,
which have indicated that in HNLC and upwelling regions
iron limitation leads to increased diatom silicification, i.e.,
increased cellular Si: N and Si: P ratios (e.g., Takeda,
1998; Hutchins and Bruland, 1998; Franck et al., 2000;
Brzezinski et al., 2003). However, there is no literature con-
sensus on a mechanistic formulation of the iron dependence
of silicic acid uptake. For example, Matsumoto et al. (2013)
assume that the Si : N uptake ratio is inversely proportional
to the dFe concentration (capped at a minimum), while Jin
et al. (2006) assume the Si : N ratio to depend only on the
Si(OH)4 concentration. Others suggest that the dFe concen-
tration only impacts the diatom growth rate and not the cellu-
lar Si : C ratio, while the Si(OH)4 concentration impacts the
cellular Si : C ratio and not growth rate (e.g., Marchetti et al.,
2009b; Brzezinski et al., 2011a). Here, we chose to retain the
effects of increased silicification due to iron limitation and
the impact of high Si(OH)4 concentration on silicification
(Brzezinski 2016, personal communication). We model these
effects with the formulation

. , : ~ kE? XSi
RSI:PZRSI—}—(RSI—RSI) Si:P i . (15)
" XFe+k§ie:P XSiJ’_kgil:P

The ratio involving xre produces increased silicification
when iron is deficient, while the Monod term for xs; pro-
duces increased silicification in silicon-replete environments:
if xpe — 0 and ysi > kgiizp, then RSI‘P Rgli, while if
XFe > kls:ie:P or xsi — 0, then RS':P — Rgi. The minimum
and maximum Si : P ratios R(S)i and Rrsni, as well as the con-
stants kgf p and kgii:P were tuned rather than fully optimized
to achieve the observation-based fractional uptake of each
functional class (see Sect. 3.3 on optimization for details).
(Plots of the experimental data that show increased silicifi-
cation under conditions of low dFe can be seen in Fig. 6 of
Franck et al., 2000 and in Fig. 7 of Brzezinski et al., 2003.)
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2.4 Iron model
2.4.1 Iron sources

The aeolian source, sp, is based on the spatial pattern
of the surface flux of atmospheric soluble iron of Luo
et al. (2008), obtained from an atmospheric model for cur-
rent climate conditions that includes size-partitioned min-
eral dust, biomass burning, and industrial emissions. Because
the global strength op = f sa(r) d3r of the aeolian source
is highly uncertain (e.g., Tagliabue et al., 2016), we scale
the global amplitude of this pattern to an initial guess for
oa that is then refined in our final optimization step (see
Sect. 3.3 and 3.4 below). We note that the model of Luo et al.
(2008) estimates a soluble aeolian iron flux into the ocean of
oA ~ 6Gmolyr~!. (The global source strength of iron type k
is defined as o = [ s (r) d°r.)

The sedimentary source, ss, has the pattern of the POP flux
reaching the sediments (Elrod et al., 2004; Frants et al., 2016)
and accounts for both resolved and subgrid topography. The
amplitude of this pattern is the global sediment iron source
strength og, which is an optimized parameter. The depen-
dence of the sediment redox reaction on dissolved oxygen
(e.g., Galbraith et al., 2010) is ignored here for simplicity
and to avoid carrying oxygen as another tracer. Unlike in the
model of Frants et al. (2016), the phosphorus cycle and POP
flux are not prescribed but coupled to the iron and silicon
cycles as described above.

To model the hydrothermal source, sy, we use the 3He
source pattern of the Ocean-Carbon Cycle Model Inter-
comparison Project (OCMIP) protocol (Dutay et al., 2004),
and jointly optimize the hydrothermal iron source strengths
OH,ATL, OH,PAC> OH,IND>» and OH,S0 of the Atlantic, Pacific,
Indian, and Southern Ocean ridge systems, as in the work of
Frants et al. (2016).

2.4.2 Iron sinks

Dissolved iron can be either chelated by ligands or “free”.
We assume that scavenging acts only on the concentration
Xpe Of free iron so that chelation by ligands protects dFe
from being scavenged. Scavenging is modeled as a first-order
process (e.g., Aumont et al., 2015) so that the scavenging rate
is proportional to the product of yg. and the concentration
of the scavenging particles xj , for j € {POP, bSi, dst}, the
three types of particles considered. For each particle type,
the scavenging rate per unit volume is thus modeled as

Jj :KSJCVXjXFe’v (16)

POP . bSi

dst
scv > Ksevo

and x>,

where the constants «
rameters.

To compute the concentration of the scavenging particles,
we use the fact that the flux divergences generated by the

biogenic transport operators must be balanced by local rem-

are optimizable pa-
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ineralization or dissolution rates; that is,
B*> feUe=rpx™® (17)
C
and
B fuia Udia = e~ TE/ T yPS1, (18)

Although we use the nominal values of kp and kg™ listed
in Table 1, note that these constants only enter the scaveng-
ing rates (Eq. 16) through the combinations x?OF /kp and
1231 /icsi, where kPP and «2S! are optimized. The concen-
tration of dust particles is modeled as vertically uniform
due to sinking mineral dust that does not dissolve or re-
suspend from sediments (e.g., Moore and Braucher, 2008).
We use the geographic pattern of the dust mass flux into
the ocean provided by Luo et al. (2008), which we convert
to a particle concentration using a nominal sinking speed of
Wyst = SOmday_l. The exact value of wqs does not matter
because the dust scavenging rate depends only on KSC% /Wast,
and «&! is optimized.

The key control on shaping the free-iron concentra-
tion, and hence the scavenging, is the ligand concentra-
tion L. Chemical equilibrium between ligands, total dFe,
and free iron determines xp. as a quadratic function of
the (total) dFe concentration (see, e.g., Frants et al., 2016).
We used the same ligand stability constant of K =8 x
10'%kg (molLig)~" as Frants et al. (2016). The ligand con-
centration itself is modeled to have a uniform background
value Ly that can be enhanced in old waters (Misumi et al.,
2013) and in hydrothermal plumes (e.g., Bennett et al., 2008;
Hawkes et al., 2013), similar to the formulation of Frants
et al. (2016). Specifically, we use

L =max (Ly + Lsw, Lp), (19)

where Ly and L are the elevated hydrothermal and aged

“seawater” ligand concentrations, which are modeled as fol-

lows. The hydrothermal ligand plumes are computed from

the source—sink balance

Tly=——Ly— = (Ly-Ly. 20)
Tb Ty

where Ay is a mask that is unity for grid boxes containing

vent sites (taken from the OCMIP 3He source from the study

of Dutay et al., 2004) and zero elsewhere. The timescale

7y = 1s clamps the ligand concentration to L, at the vents,

and the timescale 1, controls the plume spread by setting the

rate with which Ly decays away from the vents. The ligand

concentration L, is enhanced in old waters according to
I'(r)

Lyw(r) = = Lmax, 21
Fmax

where I'(r) is the ideal mean water age (easily computed for

our model). We choose I'jax = 1600 years following Frants
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et al. (2016), and L,x, T, Ly, and Ly are optimizable pa-
rameters.

As is the case for most iron models, there is no need to
explicitly represent the chemical precipitation of dFe. This is
because in most formulations the scavenging rates increase
rapidly when dFe exceeds a certain threshold. For our model
this threshold is set by the ligand concentration L: when dFe
concentrations exceed L, xg. and hence the scavenging rates
rise rapidly.

3 Numerical method, parameter optimization, and
family of state estimates

3.1 Steady-state solution

All three-dimensional fields (e.g., the concentrations x;) are
discretized on our model grid and organized into column vec-
tors (length n ~ 2 x 10 at our resolution). Linear operators
such as 7, S!, and S%/ are correspondingly organized into
n x n sparse matrices. The steady-state tracer Egs. (1)-(3)
then become a 3n x 3n system of equations that are nonlin-
ear because of the iron scavenging and the co-limitation of
the PO4 uptake.

The 3n x 3n system is solved efficiently using Newton’s
method (e.g., Kelley, 2003a, b). Convergence of the Newton
method depends on the initial guess for the solution and is
not guaranteed. For the initial guess of xp and xs;i we use
the annual mean fields of the World Ocean Atlas (WOA13,
Garcia et al., 2014) interpolated to our grid, and for the initial
guess of xg. we use the dFe fields estimated by Frants et al.
(2016). The Newton solver typically converges to numerical
precision in ~ 10 iterations.

3.2 Cost function

We optimize the model parameters by systematically mini-
mizing a quadratic cost function of the mismatch between
modeled and observed fields. For PO, and Si(OH)4, for
which gridded climatologies are available, we define the
weights based on the grid box volumes, organized into vector
v, as

v v

wp=———, and wsi=-———,
X2V T2V

(22)

where we have normalized the weights by the total ocean vol-
ume V and the squared global mean observed concentrations.
This nondimensionalizes the quadratic cost terms and scales
them to the same order of magnitude. For dFe, for which only
sparse observations are available, we also define weights wre
based on grid box volumes, but observations that are part of
a vertical profile receive additional weight as detailed in Ap-
pendix C.

With diagonal weight matrix W; = diag(w;) for nutrient
i, its cost for the mismatch with observations is then given
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by
Ei=8xI W;sx;, (23)

where §x; = x; — x?bs. For xfibs and Xé’ibs we use WOA13
fields interpolated to our grid, and for 2 we used the GEO-
TRACES intermediate data product (Mawji et al., 2015) and
the data set compiled by Tagliabue et al. (2012).

The cost terms for the nutrient mismatch do not provide
a strong constraint on the relative sizes of the phytoplank-
ton classes because the nutrients are determined by their
combined export. We therefore include additional terms in
our cost function that constrain the phytoplankton concentra-
tions p. to the recent satellite derived estimates of Kostadi-
nov et al. (2009). These estimates provide phytoplankton
concentrations for picophytoplankton (0.5-2um in diame-
ter), nanophytoplankton (2-20 pm), and microphytoplankton
(20-50 um), which we identify with our small, large, and di-
atom functional classes. We use the entire mission composite
data set as the satellite climatology (Kostadinov et al., 2016).

Because of the large dynamic range of the phytoplankton
concentrations, we consider mismatches in the log of the con-

centrations; that is, §7c = log[(pc + p2)/ pol — 1og[(p§bs +

peP%)/pol, where p® is introduced to limit the logarithm
where the phytoplankton concentration falls to zero, and
po = 1mgCm™3 nondimensionalizes the argument of the
logarithm. For each class, we construct normalized weight
vectors:

v

[log(p&™/ po)1* Veup

where Veyp is the global euphotic volume.

Organizing mismatches into vectors and weights into di-
agonal matrices, we calculate the cost for the phytoplankton
concentration mismatch as

Ep =Y dml Won., (25)
c

we (24)

and combine the costs for the nutrient and plankton mis-
matches into the total cost:

Eot = wp Ep + ws; Esi + wre Ere + wpik Epik, (26)

which we minimize to constrain our model parameters by the
available observations. In Eq. (26) the w weights were cho-
sen such that the four cost terms contribute roughly equally
to the total cost for a typical member of our family of state
estimates. This was achieved with (wp, wsi, wre, Wpix) =
(1,0.47,0.044,0.30), the smaller weight for dFe reflecting
its larger root mean square (rms) mismatch and hence much
larger cost.

3.3 Optimization strategy

Our model has ~ 50 biogeochemical parameters that can in
principle be determined through objective optimization given
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appropriate observational data. However, even with perfect
data, some parameters can compensate for others (e.g., two
parameters appearing as a ratio) so that not all parameters are
independent. Other parameters cannot be optimized because
the mismatch with available nutrient and phytoplankton data
is not sensitive to their value. In practice, it therefore is not
possible to optimize all parameters, and care is needed to op-
timize only those parameters that independently shape the
nutrient and phytoplankton concentrations.

The parameters associated with the remineralization of
phosphate and dissolution of opal are well constrained by the
high-quality climatologies of PO4 and Si(OH)4. However,
the iron cycle is relatively poorly constrained because the
dFe data are much more sparse in both time and space, and
estimates of the iron sources range over 2 orders of magni-
tude (e.g., Tagliabue et al., 2016). Moreover, the ligand field
that determines the scavengable free iron is highly uncertain.
Given these challenges, the recent inverse model of the iron
cycle by Frants et al. (2016) considered a family of state es-
timates for a range of external source strengths, an approach
we will follow here for our coupled model.

Another key consideration is computational cost. Even
with the numerically efficient Newton solver, optimization
typically requires hundreds of solutions of Egs. (1)—(3) per
optimized parameter. We therefore optimized no more than
13 parameters at a time. We acknowledge that the mini-
mum attained by sequentially optimizing groups of indepen-
dent parameters is generally different from jointly optimiz-
ing all independent parameters, but computational and prac-
tical considerations demanded a sequential approach. We jus-
tify this a posteriori by the fact that we are able to achieve
fits to the observed nutrient concentration fields with rms
mismatches similar to those of other recent data-constrained
models (e.g., Primeau et al., 2013; Holzer et al., 2014; Frants
et al., 2016). Given these considerations, we adopted the fol-
lowing strategy:

i. Parameters that are measurable and considered well-
known, as well as parameters that are unconstrainable
by our cost function or with values that are not criti-
cal, because they are strongly compensated for by other
parameters, were assigned values from the literature as
collected in Table 1. The considerations that entered
our choice of prescribed parameters are detailed in Ap-
pendix D.

ii. The parameters that set the phosphate remineralization
and opal dissolution profiles were optimized by mini-
mizing the mismatch with PO4 and Si(OH)4 concen-
tration data from the WOAI13 using separate single-
nutrient models. For the Si cycle, we used the model
of Holzer et al. (2014) and verified that the opal sinking
speed parameter ws; was not affected by the inclusion of
subgrid topography (Appendix B). For the P cycle, we
used a similar conditional restoring model without POP
but with subgrid topography, and optimized the Martin
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exponent b. The resulting values of wg; and b (Table 1)
were held fixed for all optimizations of the coupled nu-
trient cycling model.

iii. The remaining parameters were optimized using our
coupled model. We first assign initial values for all these
parameters and then sequentially update these initial
values by optimizing subsets of parameters as detailed
in Appendix D. Both initial and final optimized param-
eter values are collected in Table 2. (For the parameters
of the iron cycle, Table 2 gives the values of our typical
state estimate and the range across a family of state es-
timates, the different members of which have different
external iron sources.)

3.4 Family of state estimates

Figure 1 shows the quality of the fit to nutrient and phyto-
plankton data for all our optimized state estimates, which
span a wide range of source strengths. For ease of presen-
tation, state estimates are divided at oy = 1 GmolFeyr™!
into low and high hydrothermal cases, with oy ranging from
0.073 to 11.Gmolyr~!. For high oy, we focused on corre-
spondingly higher aeolian and sedimentary source regimes.
Source-parameter space was not explored uniformly because
(i) the final step of our optimization adjusted our initial
choice of sources, and because (ii) some source choices pro-
duced spurious numerical difficulties for the Newton solver.

All state estimates fit the macronutrient fields about
equally well, but the overall quality of fit as quantified by
the square root of the quadratic mismatch (“total cost”, top
panels of Fig. 1) gets systematically worse with increasing
aeolian source strength, oa, especially for high hydrother-
mal sources. This worsening fit for high o4 is reflected in
the mismatch of all three nutrients. The state estimates with
a total cost that exceeds the smallest misfit by ~ 5 % (cor-
responding to a total cost above 15.4) are discarded from
our family. This essentially eliminates state estimates with
oA >22Gmolyr~! and oy >5Gmolyr~! (black crosses in
Fig. 1). (If we include the “crossed-out” states in plots below
that show scatter across the family of state estimates, the vi-
sual impact is virtually imperceptible.) While it is clear from
Fig. 1 that high-oa states are less likely, we hasten to add
that the cost threshold for inclusion in the family is arbitrary
as we do not have a formal error covariance to convert the
cost into a likelihood.

For a small fraction of our state estimates, the optimization
pushed the maximum possible Fe : P ratio Rgezp to near-
zero values. These cases are unrealistic because zero Rgeip
means significant P uptake and export are maintained with-
out Fe uptake. We therefore also exclude cases for which the
optimized Rge P falls below 0.5 mmol Fe (mol P)~! from our
family of state estimates. Removing these unphysical out-
liers has negligible visual impact on plots that show the entire
family of state estimates.
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Table 1. Parameters that were prescribed from the literature or that were separately optimized in a submodel.

Parameter  Description Value  Unit Source

K Growth and mortality temperature coefficient 0.063 ("C)_1 Eppley (1972)

kw Irradiance attenuation coefficient 0.040 m™! Dutkiewicz et al. (2005)
KL Ligand stability constant 8x 1010  kg(molLig)~!  Galbraith et al. (2010)
ICmax Age coefficient for ligand parameterization 1600. yr Frants et al. (2016)

POP Recyclable fraction of POP-scavenged dFe 090 - Moore and Braucher (2008)
f bSi Recyclable fraction of opal-scavenged dFe 090 - Moore and Braucher (2008)
f(?i a Diatom class detrital fraction at 0°C 0.74 - Dunne et al. (2005)
fl(r)g Large class detrital fraction at 0°C 0.74 - Dunne et al. (2005)

-fS?nl Small class detrital fraction at 0°C 0.14 - Dunne et al. (2005)

Kp POP remineralization rate constant 0.03 d! Kriest and Oschlies (2008)
Ké‘ilax Opal dissolution rate coefficient 13x 1015 ¢! Gnanadesikan (1999)

Tg Temperature scale for opal dissolution 11481. K Gnanadesikan (1999)

kgiia Diatom class Si(OH)4 half-saturation constant 1.0 mmolSim™3 Matsumoto et al. (2013)
wsi Opal sinking speed 40. md~! Submodel optimization

b POP flux Martin exponent 0.82 - Submodel optimization

In terms of total cost, there is little sensitivity to the
strength of the sedimentary source — scavenging can be op-
timized for a sedimentary source ranging over 2 orders of
magnitude for an overall similar quality of fit. For low oy,
there are small opposing rms mismatches for PO4 and dFe,
with a slightly better POy fit for higher sedimentary source
and a slightly better dFe fit for lower sedimentary source, al-
though the variation in the mismatch is less that 1 % of the
global mean concentrations.

While the mismatch for dFe is substantial at ~ 45 % of
the global mean dFe concentration, the smallest dFe mis-
match occurs when all three sources are low. The dFe mis-
match rapidly increases with oa, consistent with the findings
of the much simpler model of Frants et al. (2016). The over-
all cost and the mismatch for each nutrient are insensitive to
the strength of the hydrothermal source.

While Fig. 1 shows some variations with the source
strengths in the overall quality of the fit, it is clear that the
iron sources and scavenging sinks are poorly constrained by
the available nutrient and phytoplankton observational data.
Given the uncertainties in the sources and the small cost dif-
ferential between family members, it is not appropriate to
single out the state with the lowest numerical cost as being
the most realistic. We therefore use the entire family of state
estimates below to assess the robustness of our results and
to elucidate the systematic variations of the carbon and opal
exports with the fractional source of each iron type. The un-
certainty in the value of any metric is assigned from its spread
across the family.

As a typical representative of our family of state estimates,
for which we plot results below, we selected the state with
(oa,05,0q) = (5.3,1.7,0.9) GmolFeyr‘l. This state is typ-
ical in that it lies at the mode of the distribution of overall
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rms misfit values and, for most quantities, tends to lie in the
middle of the range across the family.

We emphasize that the variations across the family of state
estimates explored here are variations of the fully optimized
biogeochemical states. These variations cannot be used to
infer the system’s response to dFe perturbations for which
the other biogeochemical parameters would not change. Such
perturbations, which are of great interest in themselves, are
beyond the scope of this paper and will be examined in a
separate publication.

4 Fidelity to observations

We now examine in more detail how well our estimates
match the observations against which they were optimized.
We focus here on the nutrient fields, which contribute the
bulk of the cost function. Each phytoplankton field con-
tributes only ~ 10 % to the cost function and serves primarily
to differentiate between the uptake of small and large phy-
toplankton — a comparison between estimated and observed
phytoplankton concentrations is provided in Appendix E.
Where there is little variation across the family, we focus
on our typical state estimate. For iron-related quantities that
have by construction significant spread across the family, we
will focus on the systematic variations of the optimized states
with the dFe sources.

4.1 Nutrient concentrations

The nutrient concentrations are well constrained for all mem-
bers of our family of state estimates. We quantify the over-
all fit of the modeled nutrient concentrations in terms of the
joint probability density function (pdf) of the modeled and
observed concentrations. This joint pdf may be thought of as
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Table 2. Optimized parameters and range across family of state estimates.

Parameter  Description Initial  Optimized Range  Unit
value value
k1 dia Diatom class irradiance half-saturation rate 20. 8.1 - Wm2
kpirg Large class irradiance half-saturation rate 20. 9.0 - Wm2
k1 smi Small class irradiance half-saturation rate 20. 8.8 - Wm?
RS Diatom maximum Si : P 160. 220. —  molSi(molP)~!
Rg’i Diatom minimum Si : P 8.0 13. —  molSi (mol P)71
kgii: P Silicon half-saturation constant in Si : P 30. 4.0 - mmolSim—3
kgie: P Iron hyperbolic constant in Si : P 1.0 0.077 - nMFe
kFe:P Iron half-saturation constant in Fe : P 0.74 0.74 - nMFe
k(li)ia Diatom class POy4 half-saturation constant 0.39 0.72 -  mmolPm~3
kll; . Large class PO4 half-saturation constant 0.39 0.72 - mmolPm~3
kfml Small class POy4 half-saturation constant 0.030 0.13 -  mmolPm™3
kgiea Diatom class dFe half-saturation constant 0.10 0.30 - nMFe
kE z Large class dFe half-saturation constant 0.10 0.29 — nMFe
kfr%l Small class dFe half-saturation constant 0.010 0.11 — nMFe
pE> Diatom class maximum concentration 23. 42. - mgCm™3
plr;‘gax Large class maximum concentration 23. 61. - mgC m—3
poax Small class maximum concentration 23. 21. - mgCm™3
Tdia Maximal diatom growth timescale 6.0 0.65 - d
Tirg Maximal large growth timescale 6.0 1.5 - d
Tsml Maximal small growth timescale 6.0 7.4 - d
Rge P Maximum Fe : P uptake ratio 5.0 2.0 0.52-3.0  mmol Fe (molP)~!
KSPCQP POP scavenging rate constant 0.13 1.0 0.015-7.9  (mmol POP m_3)_1 d-!
KECSVi Opal scavenging rate constant 3.1 1.3 0.85-13.  (molbSim=3)~1d~!
K:ics‘t, Dust scavenging rate constant 10000. 9.4 8.5-10. (gdustm™3)~1d~!
Ly Background ligand concentration 1.0 0.51 0.40-0.72 nMLig
Ly Maximal hydrothermal vent ligand concentration 3.0 1.2 0.68-1.4 nMLig
Th Hydrothermal vent plume restoring timescale 10. 5.7 3.0-75 yr
Lmax Maximal age-enhanced ligand conc. 23 0.97 0.82-1.3 nMLig
oA Aeolian source strength 1.9 53 0.63-22. GmolFe yr_1
g Sedimentary source strength 4.2 1.7 0.11-22. GmolFe yr_1
OH,ATL Hydrothermal source strength, Atlantic 0.098 0.19 0.00013-0.50 GmolFeyr™ 1
OH,PAC Hydrothermal source strength, Pacific 0.21 0.42 0.035-2.9 GmolFe yr71
OH,IND Hydrothermal source strength, Indian Ocean 0.066 0.13 0.011-0.80 GmolFe yr_1
OH,SO Hydrothermal source strength, Southern Ocean 0.066 0.13 0.011-1.2  GmolFe yrfl

the binned scatter plot of the modeled versus observed values
for all grid boxes. The binning for each nutrient was weighted
using the associated cost-function weights, w;. These joint
pdfs are shown in Fig. 2 for all three nutrients for our typi-
cal state estimate. Both the PO4 and Si(OH)4 pdfs fall close
to the 1: 1 line, showing high fidelity to observations. For

www.biogeosciences.net/14/4125/2017/

POy the cost-weighted rms error is ~ 5 % of its global mean
of 2.17uM. In comparison, Primeau et al. (2013) achieved
an rms mismatch of 3% by jointly optimizing the uptake
rate of each grid box with the circulation. Silicic acid has
a larger rms mismatch of ~ 12 % relative to its global mean
of 89.1uM. This is similar to the 13% rms error reported
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Figure 1. Total cost metric and rms mismatch of the nutrient concentrations as a function of the aeolian, hydrothermal, and sedimentary iron
source strengths (oa, 0g, oy) plotted for all our optimized state estimates. State estimates with a total nondimensional cost that exceeds 15.4

are indicated by black crosses and were excluded from our family. Plots on the left show state estimates for which og < 1 Gmol yr™

1 while

for plots on the right oy > 1 Gmol yr_l. (a) Square root of the total cost expressed as a nominal percentage representative of the mean rms
mismatch of the nutrient and phytoplankton concentrations. (b) Rms mismatch of the PO4 concentration as a percentage of the global mean
PO4 concentration. (c) As (b) but for Si(OH)4. (d) As (b) but for dFe. (e) The value of the hydrothermal source oy for each family member.

by Holzer et al. (2014), who used the same circulation but a
much simpler model of the silicon cycle.

The global mean dFe concentration is well constrained
within the narrow range of 0.56-0.68 nM across the family
of state estimates. For iron, the joint probability is by neces-
sity computed using only those grid boxes that contain dFe
observations. The scatter from the 1: 1 line is much larger
than for the macronutrients with a substantial rms mismatch
of 0.29nM or 44 % of the mean. This mismatch is compa-
rable to that of other models (e.g., Tagliabue et al., 2016).
Compared to the simpler model of Frants et al. (2016), the

Biogeosciences, 14, 4125-4159, 2017

joint pdf shows that our dFe field has a wider, more realistic
dynamic range. We note that, while Frants et al. (2016) re-
port an rms mismatch of only 0.19nM, they also employed
different weights for the model-observation mismatch. If we
recompute the rms mismatch of the optimized dFe field of
Frants et al. (2016) using the weights of this work, we also
obtain a 0.29 nM mismatch.

The relatively large mismatch for dFe not only quantifies
model deficiencies, but to a large degree also reflects the
fact that we are comparing snapshot observations against a
steady-state coarse-resolution model. The dFe observations
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Figure 2. Joint distribution of the cost-weighted observed and modeled concentrations of PO4, Si(OH)4, and dFe. The percentiles of the
cumulative distribution are defined such that x % of the distribution lies outside the x-percentile contour. Large percentiles thus correspond to
high densities. For PO4 and Si(OH)4, the WOA13 observations were interpolated to our model grid. The dFe observations were interpolated
to our model grid from the data compilation of Tagliabue et al. (2012) and from the GEOTRACES Intermediate Data Product 2014 (Mawji
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Figure 3. Basin-wide, cost-weighted average profiles of the (red)
observed and (grey) modeled dFe concentrations for the Atlantic
and Pacific oceans (both north of 40° S), and the Southern Ocean
(south of 40° S). The profiles of our typical state estimate are shown
in black. The error bars represent the combined standard error as-
sociated with the spatial standard deviation from the basin-mean
profile and the observational standard deviation for each grid box.
These were added in weighted quadrature using the weights for dFe
mismatch from our cost function.

have difficult-to-quantify temporal and spatial sampling bi-
ases, and dFe being a trace element is sensitive to episodic
events in the aeolian source (e.g., Croot et al., 2004), and
possibly to internal episodic events such as submarine vol-
canism (e.g., Massoth et al., 1995).

4.2 dFe profiles

To quantify the spatial structure of the dFe mismatch, we ex-
amine vertical profiles for each basin. For both model and
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observations, we only use the grid boxes that contain obser-
vations and average horizontally over the basins using the
cost weights wg.. The resulting profiles are shown in Fig. 3.
The family of model profiles generally overlaps with the ob-
servational uncertainties. The estimates are particularly close
to the observations near the surface. In the abyssal oceans,
the spread in the family of profiles is larger. This spread is
in part a reflection of the weights in our cost function. Most
dFe observations are available in the upper ocean, implying
a small variance of the mean concentration and hence large
weights, while deep observations tend to be sparser with
smaller weights (for details on the weights see Appendix C).

Figure 3 also shows systematic biases in the inferred dFe
concentrations. Biases are particularly strong in the Pacific,
where the observations tend to be underpredicted by as much
as ~ 0.3nM above ~ 1500 m and overpredicted by ~ 0.2 nM
below ~ 2000 m depth. The typical estimated Pacific profiles
are too linear in the upper 1500 m, with vertical gradients that
are too weak above ~ 300m and too strong below ~ 1000 m.
In the Atlantic, a smaller low bias of ~0.15nM can be seen
between ~ 500 and ~ 1300 m depth.

These biases could be due to deficiencies in our model
such as oversimplified ligand parameterization, but one must
also keep in mind that there are hard-to-quantify biases in
the observations. The observations are too sparse to form a
reliable climatology, and it is remarkable that we can fit the
available observations as well as we do. The larger biases in
the Pacific could well be due to the absence of Pacific tran-
sects in the GEOTRACES Intermediate Data Product 2014
(Mawji et al., 2015), which means that mismatches in the
Pacific incur a relatively smaller penalty in our cost function.

Figures 1d, 2, and 3 are appropriate quantitative compar-
isons between estimated and observed dFe, given that essen-
tially raw bottle data are compared with a coarse-resolution
steady-state model. For completeness, Appendix G also com-
pares the main transects included in the GEOTRACES Inter-
mediate Data Product 2014 with our typical state estimate.

Biogeosciences, 14, 4125-4159, 2017
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5 Limiting nutrients

For a given phytoplankton functional class, different nutri-
ents are known to limit biological production in different
parts of the ocean (e.g., Moore et al., 2001). These geo-
graphic limitation patterns are a fundamental fingerprint of
upper-ocean ecosystem dynamics. Knowledge of the limita-
tion patterns is important for understanding how the global
nutrient cycles operate in the current climate and for assess-
ing possible future changes of the global ocean ecosystem.
Limiting nutrients can be determined observationally (e.g.,
Moore et al., 2013), and from biogeochemical models (e.g.,
Moore et al., 2004). Here, we estimate the limitation patterns
from our optimized inverse-model state estimates. In our
model, the biological uptake of each functional class (Eq. 6)
is limited through Fy ., the product defined in Eq. (11) of
three Monod terms, one for each nutrient. We define the de-
ficiency D! of functional class ¢ in nutrient i as the com-
plement of the corresponding Monod factor, i.e., as Di. =

1— xﬁk"‘ We deem nutrient i to be “limiting” class c if
1 c

D(‘; > 0.5 or, equivalently, if x; < k(‘;; i.e., if the nutrient con-
centration falls below its half-saturation value for uptake.

To display the pattern of the nutrient limitations, we could
use the fact that we have three nutrients with which to define
an RGB color as (DY, D31, DF¢). However, because the re-
sulting colors vary continuously, it is hard to quantify the re-
sulting patterns. We therefore define the limiting RGB color
as (LY, LS, LF®), where L. = 1if D! > 0.5 and L. = 0 oth-
erwise. This partitions the RGB color cube into eight col-
ors that define the eight limitation regimes shown in Fig. 4.
Specifically, the color is black (0,0,0) if all nutrients are
available in sufficient quantities so that none are deemed
limiting, white (1,1, 1) if all three nutrients are limiting,
red (1,0,0) if only dFe is limiting, green (0, 1,0) if only
Si(OH)4 is limiting, and blue (0, 0, 1) if only POy is limiting.
The remaining three possibilities correspond to two nutrients
being co-limiting: magenta (1,0, 1) if dFe and POy are co-
limiting, cyan (1, 1,0) if PO4 and Si(OH)4 are co-limiting,
and yellow (0, 1, 1) if Si(OH)4 and dFe are co-limiting.

Figure 4 shows the limitation patterns of all three phy-
toplankton classes. The large and diatom classes have sim-
ilar patterns of iron limitation in the Southern Ocean, eastern
tropical Pacific, and North Pacific. For both classes, the In-
dian Ocean and North Atlantic are largely PO4 limited. The
subtropical gyres of the Indian Ocean and North Atlantic
are PO4 limited for the large class and PO4—Si(OH)4 co-
limited for diatoms. The differences between the large and
diatom classes stem from the Si(OH)4 requirement of di-
atoms. Because the large class requires no silicic acid, its
limitation map has no areas where all three nutrients are lim-
iting (white). The subtropical gyres of the Pacific and South
Atlantic are dFe and POy4 co-limited for the large class, while
for diatoms the center of these gyres are limited in all three
nutrients. For diatoms, the eastern margins of the Pacific sub-
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tropical gyres show Si—Fe co-limitation (yellow). Only a few
grid boxes in the Arctic are solely limited by silicic acid
(green). The completely nutrient replete regions of the Arc-
tic and Weddell Sea reflect low biological utilization driven
in our model by light limitation through the prescribed irra-
diance field, 1.

The small phytoplankton class shows a much simpler pat-
tern. Limitation occurs primarily in the subtropical oceans
with small patches of iron limitation also in the Southern
Ocean and tropical Pacific. Iron limitation dominates the sub-
tropical South Pacific, while PO4 limitation occurs primarily
in the subtropical gyres of the southern Indian Ocean and
North Atlantic. The rest of the ocean is largely nutrient re-
plete for the small class. The limitation patterns are robust
across our family of state estimates, with areas of each type
of limitation generally varying by 5 % or less.

The general features seen in Fig. 4 broadly agree with the
observational data (in situ and bottle nutrient addition exper-
iments) reported by Moore et al. (2013). Similar to our es-
timates, the observations show Fe limitation in the Southern
Ocean, subpolar North Pacific, and eastern tropical Pacific.
The observations also indicate Fe limitation in the North At-
lantic, which for our state estimates is also present in small
patches in the western subpolar North Atlantic and becomes
slightly more pronounced for the states with a higher total
iron source. Moore et al. (2013) report Si limitation in the
Pacific sector of the Southern Ocean at its northern bound-
ary, where silicic acid concentration sharply decreases. This
is consistent with our yellow region of joint Si and Fe limi-
tation along the eastern edge of the Pacific subtropical gyres.
Consistent with our estimates, the observations show POg4
limitation in the North Atlantic subtropical gyre and in the
equatorial Atlantic.

Our limitation patterns can also be compared to those cal-
culated for summer conditions in the BEC model of Moore
et al. (2004). However, it must be kept in mind that (i) the
BEC model has a different circulation and a different formu-
lation of biogeochemical cycles (e.g., explicitly representing
the nitrogen cycle and diazotrophs) and that (ii) Moore et al.
(2004) define limitation in terms of the minimum Monod fac-
tor, while we use a threshold of 1/2 for the Monod factors
and jointly consider three Monod terms to define the type of
limitation. For diatoms, the Fe limitation pattern reported by
Moore et al. (2004) is similar to ours, including bands of Si
limitation surrounding the tongue of Fe limitation in the trop-
ical eastern Pacific. For nondiatom phytoplankton, there are
also broad similarities, such as iron limitation in the eastern
tropical Pacific, subpolar North Pacific, and Southern Ocean.
In the BEC model, most of the Atlantic is phosphate or ni-
trate limited. While we do not model the nitrogen cycle, our
estimates potentially reflect nitrate limitation as phosphate
limitation, and our limitation patterns show that most of the
Atlantic is deficient in phosphate. The BEC model’s small
phytoplankton class shows nitrogen limitation surrounding
the tropical tongue of iron limitation in the Pacific, while
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Figure 4. The patterns of limiting nutrients for each phytoplankton functional class. The color cube at the bottom right shows the eight
possible limitation regimes of our inverse model: red corresponds to dFe limitation, blue to P limitation, and green to Si limitation. Cyan,
yellow, and magenta correspond to co-limitations of P and Si, dFe and Si, and P and dFe, respectively. White corresponds to co-limitation of
all three nutrients, while black indicates no limitation. (See text for the definitions of the deficiencies DY, D31, and DE® of the cube axes.)

with our definitions there is very little PO4 limitation in the
Pacific for the small class, which is iron limited or nutrient
replete in most of the Pacific. In addition, we note that the
annual-mean nature of our estimates is another possible rea-
son for the differences.

6 Export production

A key metric of the nutrient cycles is their export produc-
tion, which determines the strength of the biological pump
(e.g., Pasquier and Holzer, 2016). Export production is not
directly available from satellite measurements, but observa-
tionally constrained estimates are easily calculated from our
inverse model. The phosphorus export flux, ®F is simply the
flux of organic phosphorus into the aphotic zone that is rem-
ineralized there, which we compute using the operators Sf
(sinking and remineralization) as

oF =Z/dz8f Ue. 27)
¢ a

For plotting, we convert ®* to a carbon export flux using a
constant C : Pratio of 106 : 1. We acknowledge that this sim-
ple unit conversion underestimates the true carbon export,
because we do not explicitly represent DOC. Semi-labile
DOC has a longer typical lifetime than DOP, resulting in
an effectively larger C : P ratio for dissolved organic matter
(DOM) than for particulate organic matter. Using the data-
assimilated phosphorus cycle of Primeau et al. (2013), which
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explicitly carries both PO4 and DOP, and applyinga C : Pra-
tio of 225 : 1 for DOP (as determined by the DOM OPT sim-
ulation of Letscher et al. (2015) for semi-labile DOM), we
estimate that the simple unit conversion of the POP export
(Eq. 27) underestimates the carbon export by ~ 12 %.

We similarly calculate the opal export as

&S = / dz 8P RSP U, (28)
a

and the iron export associated with the remineralization of
organic matter as

ofe =" / dz SP RF Py, (29)
c
a

where the vertical integrals are over the model aphotic zone
(bottom to 73.4 m depth).

Figure 5a shows a map of the phosphorus export flux
(converted to carbon units), together with its zonal inte-
gral for each member of our family of state estimates. The
spatial pattern shows some differences with the estimate of
Primeau et al. (2013) (blue curve in Fig. 5a). Our estimate
of the carbon export has 1.5-2 times larger tropical and high-
latitude peaks, but is closer to the satellite-derived estimates
of Dunne et al. (2007). Our estimate also has sharper merid-
ional gradients, which can also be seen in satellite-derived es-
timates of production (e.g., Frants et al., 2016). Our globally
integrated phosphorus export of 7.5-8.6 TmolPyr~! (9.5-
11.PgCyr~") is also larger than the 7.4 + 2.5PgCyr~! es-
timate of Primeau et al. (2013).

Biogeosciences, 14, 4125-4159, 2017
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Figure 5. Local export production for each nutrient (maps on the
left) and its zonal integral (curves on the right). Maps are shown for
our typical state estimate, while we plot the zonal integral of each
family member (scaled for dFe) in grey and the typical state esti-
mate in black. (a) Phosphorus export, expressed in carbon units us-
ing C : P=106: 1. The blue zonal integral is the export production
estimate of Primeau et al. (2013). (b) Opal export, where the blue
zonal integral is the estimate of Holzer et al. (2014). (¢) Iron ex-
port, with its zonal integrals expressed as a percentage of the global
iron export. The globally integrated exports for the typical estimate
are indicated in the plot titles together with their ranges across the
family of estimates in parentheses.

The differences with the estimate of Primeau et al. (2013)
are likely due to very different uptake parameterizations:
Primeau et al. (2013) consider the phosphorus cycle in isola-
tion and optimize a single spatially varying uptake timescale
for each grid box, while we explicitly represent three phy-
toplankton functional classes with different, optimized glob-
ally uniform uptake timescales, 7.. We note that, if we use
the same growth timescale for each phytoplankton class, our
model’s phosphorus export remains close to that of Primeau
et al. (2013).

Our estimates of export production compare well with the
satellite-based estimates of 9.7-12.PgCyr~! by Gnanade-
sikan et al. (2004). Our estimates also lie within the wide
range of 928 PgCyr~! of the Ocean-Carbon Cycle Model
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Intercomparison Project 2 (OCMIP-2, Najjar et al., 2007),
and compare well the OCMIP-2 mean particle export of
13 + 3PgCyr~!. (Because our model does not carry DOM,
we compare our phosphorus export in carbon units to both
the export production and the particle export reported by
OCMIP-2.)

Our estimates of phosphorus export in the subtropical
gyres compare well to the POP exports of Letscher et al.
(2016) in spite of the fact that we do not explicitly repre-
sent DOP. Using the same masks to define the subtropical
gyres, we estimate a global mean subtropical phosphorus ex-
port of 10. £ 1.mmolPm~—2yr~! (mean and standard devi-
ation across our family of estimates), while the estimate of
Letscher et al. (2016) is 10. £ 2. mmolPm~2yr~!. This un-
derscores the fact that our inverse model implicitly captures
the effects of DOP lateral transport and utilization, which
Letscher et al. (2016) estimate to contribute (29 £ 9) % of
the subtropical phosphorus export.

Figure 5b shows a map of the opal export, together with
its zonal integral. As expected, opal export is most pro-
nounced at high latitudes, particularly in the Southern Ocean.
In spite of our relatively complex formulation of silicic acid
utilization in terms of co-limitations, the spatial pattern of
the opal export and its global total of 164.—177. Tmol Siyr~!
compare well with the estimates by Holzer et al. (2014)
(171 & 31 Tmol Siyr~!). Other estimates of the global opal
export range from 69 to 185Tmol Siyr~! (e.g., Moore et al.,
2004; Sarmiento et al., 2007; Heinze et al., 2003).

There is very little spread in the carbon and opal export
productions across our family of state estimates as can be
seen by the tightly clustered zonal integrals plotted in grey
in Fig. 5a,b. This shows that the carbon and opal exports are
well constrained despite the wide range of iron inputs.

Figure 5c shows a map of the iron export associated
with organic matter, but not including the iron export car-
ried by scavenging particles. The phosphorus and iron ex-
ports have broadly similar patterns, with differences that re-
flect variations in the local Fe : P uptake ratio. In the iron-
deficient Southern Ocean, the Fe : P ratio is smaller than
its global mean, which results in Southern Ocean iron ex-
port that is less efficient than for phosphorus (for iron, the
peak Southern Ocean export relative to the tropical peak is
lower than for phosphorus). As expected from the widely
varying iron source strengths across our family of estimates,
the globally integrated iron export spans a wide range of
0.87-5.6Gmol Feyr—!. However, the geographic pattern of
the iron export is robust across the family: the zonally inte-
grated iron exports normalized by their global integrals col-
lapse onto a well-defined cluster of curves. The spread in the
thus normalized iron export is similar to the spread in the
(unnormalized) phosphorus export, but slightly larger due to
variations in the Fe : P ratio.

All export fields of Fig. 5 show near-zero export in the
Weddell Sea, in contrast to what restoring-type models tend
to show. For example, the opal export estimated by Holzer
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et al. (2014) has a local maximum in the Weddell Sea. The
Weddell Sea minimum here is due to near-zero satellite mea-
surements of PAR in this region. This may well be an artifact
of the satellite data, for which the irradiance in the Weddell
Sea varies substantially depending on which years are aver-
aged.

7 Iron cycle

Here we document some of the key features of the iron cycle
as constrained by our inverse model. Certain features such
as the dFe concentration field are robustly constrained by
the observations regardless of iron source strengths, while
other features, such as the relative importance of hydrother-
mal iron, vary systematically with the source strengths.

7.1 TIron sources and sinks

The pattern of the aeolian source is identical for all family
members because we only vary its global source strength, oa .
The sediment source is keyed to export production, which is
well constrained across the family of state estimates. There-
fore, the sedimentary iron source patterns are very similar
across all state estimates, with only the global strength og
varying among state estimates. The initial hydrothermal pat-
tern is set by the OCMIP 3He source (Dutay et al., 2004), but
for total hydrothermal sources larger than ~ 0.5 Gmolyr~!,
the optimized contributions from each basin changed sub-
stantially. Across our family of estimates the mean and stan-
dard deviations of the percentage contributions from each
basin to the total hydrothermal source are (15 £ 9) % for the
Atlantic, (52 %+ 6) % for the Pacific, (16 £ 2) % for the In-
dian Ocean, and (17 £ 3) % for the Southern Ocean (south
of 40° S). For reference, the vertically integrated iron sources
of our typical state estimate are plotted in Appendix H.
Because of the small variations in the source patterns,
the patterns of the vertically integrated total sinks of dFe,
Jdz (1 —SP)Jpop, [dz (1 — S5 Jpsi, and [dz Jag, also vary
little across the family of state estimates (see Appendix H for
plots of these quantities for our typical state estimate). Note
that these sinks balance the total source exactly in steady
state. For our typical state, scavenging by POP and opal each
account for about half of the total iron sink. The patterns of
POP and opal scavenging are determined by the phosphorus
and opal exports and by the concentration of free iron. Con-
sequently, the POP scavenging sink is strongest in the trop-
ics, and the opal scavenging sink is strongest in the Southern
Ocean. The sink due to mineral dust scavenging reflects the
pattern of the aeolian dust input modulated by the free-iron
concentration. For our family of state estimates, the sink due
to dust scavenging is essentially negligible, being about 3 or-
ders of magnitude smaller than the POP and opal scavenging.
We note that the partition of scavenging among the dif-
ferent particle types cannot be inferred robustly from our in-
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verse model. This is because the nutrient and phytoplankton
data used do not provide separate constraints on the scav-
enging by each particle type, only on the total amount of
scavenging. Moreover, scavenging by one particle type can
be compensated for by another type because of overlap in
their spatial patterns. However, the partition among particle
types does vary systematically across our family of estimates.
Scavenging by dust is negligible for all state estimates, while
the fraction scavenged by POP ranges from ~ 10 % for the
lowest iron sources to saturation near 100 % for the high-
est iron sources. (The complementary fraction is due to opal
scavenging.)

7.2 dFe Concentration and source attribution

Figure 6 shows the typical state’s zonally averaged dFe con-
centration for each basin and for the global ocean. For each
zonal average, Fig. 6 also shows the corresponding profile
of horizontally averaged dFe for each member of our family.
The profiles are tightly clustered showing that the large-scale
features of the dFe field are well constrained despite the large
variations of the iron sources. The inverse model fits the ob-
served dFe field for widely different sources by adjusting the
corresponding scavenging. While these adjustments keep the
total dFe field close to the observations, the relative contribu-
tions from the aeolian, sediment, and hydrothermal sources
are unconstrained and can vary widely.

We calculate dFe concentrations due to each source fol-
lowing Holzer et al. (2016) by replacing the dFe concentra-
tion tracer Eq. (3) by an equivalent linear diagnostic system
that has the same solution. This linear system, corresponding
to a given solution of the full nonlinear system, is obtained
by replacing the iron uptake and scavenging by linear opera-
tors. Specifically, the dFe uptake RF¢*PU. is replaced with
Ly, xpe and the scavenging rate J; with L, ; xge, where
the linear operators, organized into matrix form, are sim-
ply specified from the uptake and scavenging rates of the
nonlinear solution as Ly » = diag(R¥®*PU, / xFe) and L=
diag(J;j/xre). The dFe concentration, X]]:(e’ due to source si
(with k € {A, S, H}) is then computed by replacing the total
source in the linear equivalent system with sy.

Figure 6 also shows the profiles of the individual source
components of dFe, color coded according to the fractional
strength of the aeolian source. In contrast to the profiles of the
total dFe, these individual source components vary widely
across the family of state estimates, but such that the to-
tal concentration xpe = Xlée + Xl§e + XEC is relatively tightly
constrained. For example, for low aeolian sources (yellow
profiles in Fig. 6), the low concentration of aeolian iron Xlée
is largely compensated for by a larger sediment contribution
XFSe‘ The concentrations of hydrothermal iron vary less sys-
tematically with the aeolian source, but all family members
have very similarly shaped hydrothermal dFe profiles. The
amplitudes of the hydrothermal dFe profiles can be seen to
vary by roughly an order of magnitude across the majority of
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Figure 6. Estimates of the dFe concentration in each basin (ATL, PAC, IND) and globally (GBL). The zonal averages in latitude-depth space
on the left show the total dFe field of our typical state estimate. The corresponding horizontally averaged profiles of total dFe are shown in
grey for each family member and in black for the typical state estimate. The three columns of plots on the right show the source-partitioned
dFe profiles of each family member. The individual source-partitioned profiles are color coded according to the percent contribution of the
aeolian source to the total iron source, with our typical state estimate shown in black.

states, effectively fine-tuning the total dFe concentration to
be as close to the observations as possible.

7.3 Iron-type attributed export
7.3.1 Phosphorus export

We quantify the contribution of each iron type to the ex-
port production as follows. In our formulation, nonzero dFe
is necessary for nonzero phosphate uptake U.. The uptake
U.(r) inferred at point r is supported by the dFe concen-
tration at r, which is a mixture of aeolian, sedimentary, and
hydrothermal dFe. Thus, the uptake supported by iron type
k is given by (lefe(r)/)(pe(r)) U.(r); that is, the local up-
take supported by dFe of type k must be in proportion to the
concentration fraction X}]:‘e / xFe. (Note that >, Xl];‘e /xpe = 1.)
For a given nonlinear solution, the phosphorus export pro-
duction supported by iron type k, denoted by ®F, is there-
fore calculated by replacing the uptake U, in Eq. (27) with
(Xie/ XFe) Ue(r).

While the total export production is well constrained re-
gardless of the iron source strengths, the production sup-
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ported by a given iron type varies substantially with the mag-
nitude of the corresponding source. (Summing over the three
iron types yields the well-constrained total.) However, re-
gardless of the source amplitudes, the geographic patterns of
the export supported by each iron type is similar across the
entire family of state estimates.

Figure 7 shows 55 = d),l:/ (<I>£), which is the export flux
supported by iron type k normalized by the global mean ex-
port (<I>£). The <I>£ patterns are plotted for our typical state
estimate, together with zonal averages of 65 for all family
members. The zonally averaged patterns can be seen to differ
little among family members. Even for the pattern of the ex-
port supported by hydrothermal dFe, which varies most, all
family members share the broadly similar features of peak
export in the Southern Ocean, with secondary peaks in the
tropics and in the Northern Hemisphere subpolar oceans.

Figure 7a shows that aeolian iron supports export primar-
ily in the tropics and in the subpolar oceans. The tropics
receive direct input of fresh aeolian iron, while the subpo-
lar oceans receive upwelling regenerated iron (Holzer et al.,
2016). The aeolian-iron-supported export pattern is very sim-
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Figure 7. Phosphorus export supported by each iron type [aeo-
lian (a), sedimentary (b), hydrothermal (¢)] normalized by its global
mean. The maps show our typical state estimate, while zonal aver-
ages of the normalized phosphorus export are shown for each family
member in grey, with the typical state estimate in black.

ilar to the pattern of the total export flux shown in Fig. 5a.
(Note that here we plot zonal averages, while Fig. 5 shows
zonal integrals.) For sedimentary dFe to support export, it
must be transported from the ocean bottom into the euphotic
zone. Consequently, the pattern of the export supported by
sedimentary dFe (Fig. 7b) is dominated by regions of up-
welling in the tropical and subpolar oceans and by regions
of shallow depth (both resolved and subgrid), where there
is high organic matter flux, such as the seas around Indone-
sia. The pattern of export supported by hydrothermal dFe
(Fig. 7¢) is dominated by the Southern Ocean, where most of
the density classes into which hydrothermal fluid is injected
outcrop. Secondary regions of hydrothermal-iron-supported
export are associated with upwelling in the tropics and in the
subpolar oceans of the Northern Hemisphere.

Underscoring the similar source distribution of hydrother-
mal dFe and mantle 3He, the pattern of hydrothermal-iron-
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Figure 8. Percent global phosphorus export (equivalently carbon
export) supported by each iron type (aeolian, sedimentary, hy-
drothermal) versus the corresponding fractional source of that iron
type. The superposed lines are least-squares fits to theoretical re-
lationships with fixed relative export-support efficiencies. (See text
for details.)

supported export production is similar to the pattern with
which mantle *He outgasses to the atmosphere (e.g., Holzer
et al., 2017). We do not expect an exact correspondence in
the patterns because hydrothermal dFe is subject to scaveng-
ing losses, while 3He is not, and our ratio of hydrothermal
dFe source to mantle 3He source is different for different
basins. (The ranges of the ratio of the optimized hydrother-
mal iron source to the mantle *He source across the fam-
ily were 0.00087-3.3, 0.098-8.1, 0.2-15., and 0.025-2.8 in
units of Mmol Fe (mol3He)’1, for the Atlantic, Pacific, In-
dian, and Southern Ocean basins, respectively.)

While the total phosphorus export is well constrained
and varies little across our family of state estimates, the
magnitude of a given iron-type-supported export produc-
tion varies systematically with the corresponding fractional
source strength. To quantify these systematic variations,
Fig. 8 plots the fraction ¢} = (®F)/(®F) of the globally av-
eraged iron-type-k-supported export to the total global ex-
port as a function of the corresponding fractional global iron
source strengths 0 = o /Oot, Where oyor = «Ok- Note that,
if a given source strength oy constitutes 100 % of the total,
then it must support 100 % of the export and that if oy =0
then it supports 0 % of the export; i.e., the relationship be-
tween a}j and oy must pass through the points (0,0) % and
(100, 100) %.

Figure 8 shows that, depending on the state, acolian dFe
supports ~ 20-100 % of the global export, with the low end
of the range corresponding to an aeolian source of only ~
5 % of the total source. (We did not explore lower fractional
aeolian sources.) Sedimentary iron supports ~ 0-80 % of the
global export, with the high end of the range corresponding
to a sediment source as high as ~ 90 % of the total source.
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Hydrothermal iron supports the least export, ranging from
~ 0-18 % for hydrothermal sources as large as ~ 45 % of
the total source.

The key point of Fig. 8 is that aeolian iron can be consid-
ered to be the most efficient type of iron for supporting export
production: for a given fraction of the total source, the frac-
tion of export supported by aeolian iron is larger (i.e., the ae-
olian points all lie above the 1 : 1 line by as much as 30 %). In
other words, per source-injected dFe molecule, aeolian iron
supports more export than the other iron types. Sedimentary
and hydrothermal dFe make fractional contributions to ex-
port that are less than their fractional sources (the sedimen-
tary and hydrothermal points lie below the 1: 1 line by as
much as ~ 20 %).

The fact that the scatter plots of (lﬁk versus oy in Fig. 8 are
reasonably compact suggests a simple underlying relation-
ship. If we define a given source Xpe s efficiency in support-
ing phosphorus export by ek = ¢, /ok, we see from Fig. 8
that ek varies with 6. However, one might expect the effi-
ciency of source type k relative to the efficiency of the other
sources to be more constant: this relative export-support effi-
ciency is controlled by dFe transport pathways and by scav-
enging, which is in turn controlled by the well-constrained
organic-matter export. To investigate this possibility, we note
that the export-support efficiency of the sources other than
Sk 1s given by E}: =(1- 5,5)/(1 —0y%) so that the export-
support efﬁciency of source sy relative to the other sources
is e,f =€ P e ek If ek is constant, then it follows algebraically
that ¢k = ekok/[l —t—(ek —1)o]; i.e., the relationship between
a,f and oy is determined by the single parameter e,f . Note that
e}: is the slope of this theoretical $k versus oy relationship at
the origin. Nonlinear least-squares fits of this functional form
to the (3)}: ,0%) pairs of our family of states approximate the
scatter plots well (lines in Fig. 8) and result in relative export-
support efficiencies of eg =3.1=40.8, eg =0.4 £+ 0.2, and
eg = 0.3 £ 0.1, where the uncertainty for each source type is
the standard deviation of the corresponding residuals. Thus,
per source-injected molecule, aeolian iron supports 3.1 4+0.8
times more phosphorus export than the other sources, while
sedimentary and hydrothermal iron support 1/ eg =23+£0.6
and 1/ eﬁ =4. + 2. times less export than the other sources.

The ability of aeolian iron to make disproportionately
large contributions to supporting organic-matter export,
quantified here by a relative export-support efficiency greater
than unity, is presumably due to fresh aeolian iron being di-
rectly injected into the euphotic zone. The less-than-unity
relative export-support efficiencies of sedimentary and hy-
drothermal iron reflect the fact that iron from benthic sources
is generally subject to scavenging before it even reaches the
euphotic zone. Because most large sedimentary sources are
relatively shallow, a typical sedimentary dFe molecule will
undergo less scavenging en route to the euphotic zone than a
typical hydrothermal dFe molecule, which is quantified here
by the higher relative export-support efficiency of sedimen-
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Figure 9. Opal export supported by each iron type [aeolian (a), sed-
imentary (b), hydrothermal (c)] normalized by its global mean. The
map is for our typical state estimate, while zonal averages of the
normalized opal export are shown for each family member in grey,
with the typical state estimate in black.

tary iron. These arguments are supported by the fact that,
if we calculate 3)1,: only for the Southern Ocean, where the
aeolian source is small and most aeolian iron is supplied
as upwelled regenerated iron (Holzer et al., 2016), then all
(alf, Oy) pairs lie closer to the 1 : 1 line. (In terms of relative
export-support efficiencies, ei is reduced to 2.0 & 0.5, while
els) and eg are increased to 0.5 & 0.1 and 0.6 &£ 0.2, respec-
tively.)

7.3.2 Opal export

The opal export supported by each iron type can be calcu-
lated analogously, and the corresponding geographic patterns
are shown in Fig. 9. Similar to the total opal export (Fig. 5b),
the patterns of the opal export supported by each iron type
emphasize regions with high diatom concentrations, namely
the Southern Ocean and subpolar North Pacific and North
Atlantic where there is upwelling and/or vertical mixing.
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Figure 10. Percent global opal export supported by each iron type
(aeolian, sedimentary, hydrothermal) versus the corresponding frac-
tional source of that iron type. Lines represent fits to theoretical
curves with fixed relative export-support efficiencies. (See text for
details.)

Aeolian-iron-supported opal export (Fig. 9a) is large in the
Southern Ocean, but most pronounced in the subpolar North
Pacific, where both diatom production is significant and ae-
olian input is high downwind from Asia’s deserts. While
tropical opal export is of secondary importance, the tropics
are most pronounced for aeolian-supported export, again be-
cause of the direct source there. The pattern of sedimentary-
iron-supported opal export (Fig. 9b) is broadly similar to that
for aeolian dFe, but weaker in the tropics. The pattern of
hydrothermal-iron-supported opal export (Fig. 9c) is dom-
inated by the Southern Ocean, where diatom production is
high and where most hydrothermal iron upwells. The pat-
terns of iron-type-supported opal export have tightly clus-
tered zonal means.

The amplitude of the opal-export patterns varies systemat-
ically with the iron source strength as summarized in Fig. 10,
which shows the fractional iron-type-supported opal export,
¢ki = (QJEi) / (CDSi), as a function of the corresponding frac-
tional dFe source, o). While aeolian dFe is also the most effi-
cient iron type for supporting opal export, aeolian dFe is less
efficient for opal export than for phosphorus export (the aeo-
lian points fall closer to the 1 : 1 line). Conversely, sedimen-
tary iron is slightly more efficient in supporting opal export
than in supporting phosphorus export, and hydrothermal dFe
is only slightly less efficient than sedimentary dFe.

Similar to our preceding analysis of phosphorus export,
we define the relative opal export- support efficiencies by
e,f‘:ek /Ek , Wheree q‘)k‘/ak and & € _(1—$,§i)/(1—
0%). Nonlinear least-squares fits give relative opal export-
support efficiencies of e} Si=23+0.5, esi 0.5+ 0.2, and
eH = 0.5 £ 0.2. Per source-injected molecule aeolian iron is
thus 2.3 + 0.5 times more efficient in supporting opal export
than the other sources, while sedimentary and hydrothermal
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iron are 1.9£0.5 and 2.+ 1. times less efficient, respectively,
than the other sources.

The lower efficiency of aeolian iron for supporting opal
export is consistent with the fact that opal export occurs pri-
marily in the Southern Ocean, where direct aeolian input is
small. Similarly, the greater efficiency of sedimentary and
hydrothermal iron is consistent with the bulk of the opal
export occurring in the upwelling regions of the Southern
Ocean where access to deep iron sources is greatest. This is
supported by the fact that plots of $,f and alfi for the Southern
Ocean only versus 0y (not shown) are both nearly identical to
the plot of fractional global opal export of Fig. 10. (The rel-
ative Southern-Ocean-only opal export-support efficiencies
areeA—19j:05 egl—OS:i:OZande =0.7£0.2)

8 Discussion and caveats

Our approach has a number of limitations that should be kept
in mind. Most importantly, inverse-model estimates are only
as good as the data used to constrain them. The dFe observa-
tions are too sparse in space and time to construct a gridded
annual mean climatology like those available for PO4 and
Si(OH)4. We averaged the available dFe data to minimize ob-
servational biases, but in many places observations are only
available for one time of year and likely contain seasonal bi-
ases. Other biases are likely introduced when dFe measure-
ments alias episodic source events such mineral dust down-
wind from the major deserts (e.g., Croot et al., 2004; Johnson
et al., 2010). In the near future, GEOTRACES will release an
expanded data product that will include Pacific transects that
were not available for the Intermediate Data Product 2014
used here. The additional dFe observations will help con-
strain the hydrothermal sources, particularly the strength of
the Pacific source relative to that of the other basins.

Important nonnutrient observational fields for our inverse
model are the satellite-measured photosynthetically active
radiation (PAR) and ocean-color-derived estimates of the
size-partitioned phytoplankton concentrations. Small-scale
features of the PAR field, e.g., in the Weddell Sea where
ice and cloud cover play a role, are uncertain with the
PAR for different time averages showing different features.
The satellite-based estimates of phytoplankton concentra-
tions also carry unquantified uncertainties due to a number of
assumptions (Kostadinov et al., 2016). In our inverse model,
these estimates provide constraints on how biological pro-
duction is partitioned among the different functional classes.
The unquantified uncertainties warrant re-evaluation as inde-
pendent satellite-derived estimates become available in the
future.

Most biogeochemical parameters are determined through
objective optimization against available observations, but the
construction of the cost function and the choice of which pa-
rameters are optimized and which are prescribed are neces-
sarily subjective. For example, choosing a different set of
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weights (wp, wre, wsi, wpik) to combine the four terms of
the cost function would result in different optimal parame-
ters. Similarly, assigning greater importance to dFe data mea-
sured as part of a vertical profile introduces another arbitrary
weight. As for any nonlinear least-squares problem, it is also
important to recognize that any minimum of the cost function
found numerically is not guaranteed to be the global mini-
mum and it is always possible that a better fit exists for a
different set of parameters. By the same token, depending
on the choice of initial state, the optimizer may find a local
minimum that has grossly unrealistic features and must be
rejected.

The uncertainty in key metrics (e.g., global phosphorus ex-
port) was quantified in terms of their spread across our family
of state estimates and in terms of systematic variations with
the iron source strengths. While our efficient numerics allow
us to easily determine the linear sensitivities of any metric
with respect to all parameters (from which one can also esti-
mate uncertainty), we did not do so here because the spread
in the metric across the family is more relevant. Given the
large set of parameters x; and several interesting metrics M;,
adetailed investigation of all the sensitivities d M; /9x ; evalu-
ated at the optimal states is beyond the scope of this study. In
principle, one can estimate the uncertainty of the optimal pa-
rameters themselves using a Bayesian framework (e.g., Teng
et al., 2014). However, this requires the construction of suit-
able covariances and is also beyond the scope of this study.

A key limitation of our approach is that seasonality is ig-
nored and we use a steady circulation. This circulation is con-
structed so that its transport reproduces the annual-mean ob-
served temperature, salinity, CFC-11, radiocarbon, and PO4
fields with minimal error. The circulation is hence not a
simple average, but an effective ventilation-weighted mean.
However, we acknowledge that effects due to the seasonal
covariance of biological production and circulation cannot
be captured.

Our model of the macronutrient cycles makes a number
of simplifying approximations. We ignore external inputs of
silicic acid and therefore also neglect permanent burial of
opal in sediments. While this approximation has been shown
to have a negligible impact on particle fluxes (Sarmiento
et al., 2007), we acknowledge that our estimates will miss
features such as silicic acid plumes due to crustal fluid vent-
ing (Johnson et al., 2006). The uncertainty of the silicon cy-
cle that is most difficult to quantify stems from our simple
parameterization of opal dissolution, which does not account
for partial frustule protection by decaying organic material
or the effect of digestion by zooplankton. Another key un-
certainty lies in our parameterization of the Si : P uptake
ratio, particularly its dependence on dFe. While our empir-
ical formulation captures known dependencies qualitatively,
a first-principle derivation based on cell biology is currently
lacking. These remarks apply equally to the Fe : P uptake
ratio.
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Although our model of the iron cycle includes an explicit
representation of the redissolution of scavenged iron, effects
of subgrid topography, and dynamic coupling to the phos-
phorus and silicon cycles, and is thus much more complex
and mechanistic than the iron model of Frants et al. (2016),
it was still necessary to make a number of simplifying ap-
proximations. Specifically, we do not model ligands dynami-
cally, we ignore colloidal iron (e.g., Fitzsimmons and Boyle,
2014), and do not represent some iron sources that may be lo-
cally important, such as input from icebergs (Klunder et al.,
2011, 2014). We also assume that PO4 and dFe are rem-
ineralized with the same Martin curve and in the same ra-
tio in which they were utilized. The recent work by Twining
et al. (2014) suggests that sinking diatoms release phospho-
rus higher in the water column than iron, but we do not have
sufficient information to model these effects. Given the large
uncertainties in the external iron sources, the neglected de-
tails are likely of second order for estimating the large-scale
dFe concentration.

Other uncertainties concern the phosphorus cycle to which
the uptake of the other elements is keyed. While the opti-
mized phosphate fields have the smallest misfit with observa-
tions, our model of the phosphorus cycle makes several sim-
plifying approximations. The Martin exponent is assumed to
be globally uniform although in reality it almost certainly
varies spatially (Weber et al., 2016), potentially leading to
underestimated gradients in our model. To avoid carrying an
additional tracer, we approximated DOP to have zero life-
time. In reality, DOP has a wide range of lifetimes, and the
lifetime of semi-labile DOP is typically assumed to be a frac-
tion of a year (e.g., Primeau et al., 2013). However, the ne-
glect of DOP is unlikely to seriously affect our estimates.
DOP represents only a tiny fraction (less that 1 %) of the to-
tal phosphorus pool (e.g., Pasquier and Holzer, 2016), and
by using a Martin exponent optimized for a restoring model
without DOP, we were able to match POy4 concentrations to
within 5 % of the observations.

We emphasize that the carbon export reported here was
simply our estimate of the phosphorus export converted to
carbon units. No effort was made to compute a more realis-
tic carbon export such as could be achieved with an explicit
representation of the carbon cycle (which would require ad-
ditional tracers and was numerically too expensive) and the
C : P export ratio was treated as globally uniform. While a
globally uniform export ratio is acceptable for a unit conver-
sion, the true C : P export ratio is now known to vary spa-
tially (e.g., Galbraith and Martiny, 2015; Teng et al., 2014).
Although using the regionally varying C : P ratios would be
more realistic, we find that variations in C : P have only
modest effects on the globally integrated carbon export: (i)
applying the variable P : C relation of Galbraith and Martiny
(2015) to the phosphorus export of our typical state gives a
carbon export of 8.5+ 0.4PgCyr~! or 9.4 + 0.9PgCyr~!
when we use their log-binned parameter values. (ii) Apply-
ing the regional C : P inverse-model estimates of Teng et al.
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(2014) gives a carbon export of 10. + 2.PgCyr~'. Both
this estimate and the one based on the log-binned regres-
sion agree within their uncertainties with our simple unit-

conversion value of 10.3 & 0.4PgCyr~!.

9 Summary and conclusions

We have formulated a steady-state model of the coupled
phosphorus, silicon, and iron cycles that is embedded in
a steady data-assimilated global circulation. The model is
of intermediate complexity and couples the nutrient cycles
through co-limitations on biological uptake and through the
scavenging of iron by organic particles. The concentrations
of the small, large, and diatom phytoplankton functional
classes are calculated diagnostically, which avoids the need
for plankton concentration tracers. We explicitly represent
iron scavenging by POP, opal, and mineral-dust particles, and
the redissolution of POP- and opal-scavenged iron. Subgrid
topography is parameterized for the sedimentary iron sources
and intercepts all vertical fluxes. The relative simplicity of
the biogeochemical model and the matrix formulation of the
steady-state advective—diffusive transport afford highly effi-
cient numerics. Steady-state solutions are readily found us-
ing a Newton solver, which permits the model to be used in
inverse mode to constrain many of the biogeochemical pa-
rameters through objective optimization. The optimization
minimizes the mismatch with the observed nutrient concen-
trations and with satellite-derived estimates of phytoplankton
concentrations.

Our estimates of the macronutrient concentrations closely
match the observational WOA13 climatology with volume-
weighted rms errors of 5 % for phosphate and 12 % for silicic
acid relative to the global mean. The modeled dFe concentra-
tion has a larger cost-weighted rms mismatch of ~ 45 % rel-
ative to the global mean. However, the cost-weighted basin-
averaged vertical dFe profiles for the Atlantic and Southern
Ocean generally lie within the observational uncertainties.
The Pacific dFe profiles show systematic biases, in part be-
cause there are relatively few dFe observations for the Pa-
cific, with no Pacific transect in the GEOTRACES Interme-
diate Data Product 2014. The fractional global biomass of
each phytoplankton functional class lies within 7 % of the
observation-based estimates by Kostadinov et al. (2009).

Given that even the order of magnitude of the iron sources
is uncertain, we produced a family of state estimates with a
wide range of iron source strengths. Because different iron
source strengths are compensated for by optimally adjusting
the scavenging parameters, each family member fits the ob-
servations with roughly the same fidelity. This means that the
available observed dFe and phytoplankton concentrations by
themselves are insufficient to constrain the sources. This con-
clusion can also be gleaned from the model intercomparison
of Tagliabue et al. (2016) and was reached using an inverse
model by Frants et al. (2016), who also considered a family
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of state estimates. However, while Frants et al. (2016) varied
only the aeolian source, our estimates here explore a range of
sedimentary and hydrothermal source strengths in addition to
a much wider range of aeolian source strengths.

We partitioned the dFe concentration field into its aeolian,
sedimentary, and hydrothermal components without perturb-
ing the system using the approach of Holzer et al. (2016).
While the individual source components vary widely depend-
ing on the source strengths, we find that the total dFe concen-
tration is well constrained. Variations in the aeolian compo-
nent are compensated for primarily by sedimentary dFe. Both
the compensations between different iron types and between
effective sources and sinks suggest that a more dense sam-
pling of the ocean’s dFe field by future measurement cam-
paigns may not provide the information necessary for con-
straining the iron sources. The required information may ul-
timately have to come from better direct quantification of the
source and/or scavenging processes themselves.

Nutrient limitation patterns were defined by jointly con-
sidering whether the PO, Si(OH)4, and dFe concentrations
fell below their half-saturation values for uptake. Iron limita-
tion was thus deemed to occur where only dFe fell below its
half-saturation value, phosphate—iron co-limitation occurred
where both PO4 and dFe fell below their half-saturation val-
ues, and so on. The resulting limitation patterns are robust
across our family of state estimates and broadly consistent
with direct observations (Moore et al., 2013) and with alter-
natively defined limitation patterns in the BEC model (Moore
et al., 2004). The large and diatom functional classes show
iron limitation in the Southern Ocean, eastern tropical Pa-
cific, and subpolar North Pacific, with POs—dFe and (for di-
atoms) PO4—Si(OH)4—dFe co-limitations in the Pacific and
South Atlantic subtropical gyres. The Indian Ocean, tropi-
cal Atlantic, and North Atlantic are largely iron replete (i.e.,
not limited in the sense defined) with PO, limitation and for
diatoms PO4-Si(OH)4 co-limitation.

The export productions of phosphorus and opal are well
constrained across our family of state estimates, in terms
of both pattern and magnitude. Because we model three
phytoplankton functional classes with distinct optimized up-
take timescales, our phosphorus export (expressed in carbon
units) of 9.5-11.PgCyr~! is ~40 % larger than that esti-
mated by Primeau et al. (2013) and closer in spatial pattern
to the satellite-based estimates of Dunne et al. (2007). The
opal export of 164.—177. Tmol Siyr~! overlaps with the es-
timate of Holzer et al. (2014), who used a simple restoring-
type model of the silicon cycle uncoupled from other nutri-
ents.

We quantified the role of the iron cycle in shaping the
phosphorus and opal export productions. We find that each
iron source type (aeolian, sedimentary, hydrothermal) sup-
ports phosphorus and opal exports with a distinct geographic
pattern that is robust across the family of state estimates.
The export pattern supported by a given iron type reflects
the nature of its source. Sedimentary and hydrothermal iron
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support phosphorus export that is dominantly shaped by the
large-scale patterns of upwelling, which brings these iron
types to the surface. Aeolian iron supports export that is
shaped by both the pattern of direct aeolian input and by
large-scale upwelling, which brings regenerated as well as
scavenged and redissolved aeolian dFe back into the euphotic
zone. For opal export, the signature of each iron type is quali-
tatively similar, but compared to phosphorus export, the opal
export patterns tend to be weaker in the tropics and stronger
at high latitudes, especially in the Southern Ocean where di-
atom concentrations and silicon trapping are strongest.

The fraction of the globally integrated export supported
by a given iron type varies systematically with its fractional
global source. These variations quantify the export-support
efficiency of each iron type per source-injected molecule.
Aeolian iron is most efficient and supports a fraction of the
global export that is larger than its fractional source, while
sedimentary and hydrothermal iron are less efficient, sup-
porting fractions of the global export that are less than their
fractional sources. This is because dFe from deeper sources
is more likely to be scavenged en route to the euphotic zone.
The relative export-support efficiency of each iron type is ro-
bust across our family of state estimates. Per source-injected
molecule, aeolian iron supports 3.1 &= 0.8 times more phos-
phorus export and 2.3 = 0.5 times more opal export than the
other iron types. Conversely, sedimentary and hydrothermal
iron are respectively 2.3 &£ 0.6 and 4. £ 2. times less efficient
in supporting phosphorus export and 1.9 £ 0.5 and 2. & 1.
times less efficient in supporting opal export than the other
iron types.

Our optimized model is ideally suited for investigating the
response of the global ocean ecosystem to a variety of bio-
geochemical perturbations. In the future, we will report on
the model’s response to perturbations in the iron supply and
on a more comprehensive analysis of the detailed workings
of the iron cycle.

Data availability. The temperature, phosphate, and silicic acid data
used in this study are available from the World Ocean Atlas v2
2013 (www.nodc.noaa.gov/OCS5/woal3/woal3data.html). The dis-
solved iron data used in this study, including the data set of
Tagliabue et al. (2012), are available from GEOTRACES (www.
bodc.ac.uk/geotraces/data). The satellite estimates of the concen-
trations of picophytoplankton, nanophytoplankton, and microphy-
toplankton are available from the PANGAEA data repository
(doi:10.1594/PANGAEA.859005). The yearly irradiance data from
NASA’s MODIS Aqua PAR are available from the OceanColor
website (https://oceancolor.gsfc.nasa.gov/).
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Appendix A: Recycling operators for scavenged iron

The recycling operator for POP-scavenged iron, B%FOP,
comprises two parts: for dFe scavenged in the euphotic layer,
i.e., above z, B>FOP acts identically to BY. For dFe scav-
enged below z., we solve the flux equation of scavenged iron
for continuous z. We assume that iron scavenged by POP be-
low the mixed layer continuously sinks and can be recycled
in the same grid cell in which it was scavenged. (We assume
that the mixed layer coincides with the euphotic zone.) As
shown by Kriest and Oschlies (2008), the Martin curve can
be simply modeled with a sinking speed linearly increasing
with depth, an approach we follow here. The equation for
the flux or iron, quPSP, that was scavenged by POP below the
mixed layer is thus

0pr” b POP _ _

L

e T3 1P Ipop, (A1)

where b is the Martin exponent of the POP flux, and with
the condition that ¢§SP = 0 for z > ze, because here we only

consider dFe scavenged below z.. The solution is given by

Ze

—b
P (2) = — / (5) FPOP Joop(2) dz. (A2)

Z

And the rate per unit volume at which POP-scavenged dFe is
recycled is thus given by

. b
Bs,POPfPOPJPOP — BPfPOPJPOP + Z(/J)II;SP’ (A3)

where the first term is for iron that was scavenged in the eu-
photic zone, and the second term is for iron that was scav-
enged in the interior.

Similarly, the recycling operator for opal-scavenged iron,
B*PSi has a euphotic part identical to B5!, and an aphotic
interior part. In the interior, we solve the continuous equation
for the flux of iron, ¢>}3§i, that was scavenged by opal below

the mixed layer. The flux obeys

3¢bSi e max . )
Fe + Si e*TE/T(Z)ngbSI — _beIJbSiv (A4)
0z wsi

with the condition that qbggi = 0 for z > z.. The solution is of
the form

pSi(z) = — / 0(z,7) P hpsi(2) d’, (A5)

so that the flux of opal-scavenged iron at z integrates all the
scavenging of dFe by opal that occurs above z (and below
Z¢) and that is not recycled before reaching z. This is accom-
plished by Q(z,z’), given by

/

Kn:lax "
0(z,2)) =exp _/S;efTE/nz ) dz” | (A6)
wsi
Z
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which removes all the recycling that occurs between the cur-
rent depth z and the depth of scavenging z’. The rate per unit
volume at which opal-scavenged dFe is recycled is thus given
by

Kérilax

Bs,bSibei Josi = B 251 Jogi + . e~ TE/T(@) ¢12§i’ (A7)

Si

where the first term is for iron that was scavenged in the eu-
photic zone, and the second term is for iron that was scav-
enged in the aphotic interior.

Appendix B: Biogenic transport operators with subgrid
topography

We follow Moore and Braucher (2008) to include the effects
of the more realistic, high-resolution topographic data from
the National Geophysical Data Center (2006). The subgrid
topography parameterization must be reflected in the redis-
tribution operators. Here we explain how this is done, based
on the biogenic redistribution operators B and BS!, which
link biological production in the euphotic zone to remineral-
ization or redissolution in the aphotic zone. The operators B°
and B! are related to the divergence of the aphotic particle
fluxes through

B £l = - [0~ 2)0f P ). (BD)
0z
and
Si 9 bSi
B faalan = 5 [0~ )0 @)]. (B2)

where z. and zp are the height coordinates at the base of
the euphotic zone and at the ocean bottom, respectively. The
Heaviside function, ®(z — zp), ensures that the fraction of
POP that reaches zp, is redissolved and remineralized there
(Primeau et al., 2013).

The subgrid topography parameterization is implemented
by applying Eqs. (B1)—(B2) to the high-resolution topogra-
phy. In practice, for each model grid cell, we calculate the
fraction of the flux that should remineralize where it hits the
topography. Note, to ensure that B° and BS' are conservative,
special care is required where subgrid topography is present
within euphotic grid cells. In this case, a corresponding frac-
tion of sinking particles must remineralize in that cell. We
similarly implemented the same subgrid topography param-
eterization to the scavenging redistribution operators, 3%FOP
and B%bS1,

Appendix C: Weights for dFe mismatch

We use the dFe observations of both the global data set com-
piled by Tagliabue et al. (2012) and the GEOTRACES Inter-
mediate Data Product v3 (Mawiji et al., 2015). We combine
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both data sets and remove dFe observations above 2.71 nM,
which probably correspond to transient states with short
timescales that cannot be captured by our steady-state model.
In order to compensate the fact that most dFe observations
are close to the surface, we give more weight to observations
that are part of a “profile”. (A dFe observation is deemed
to belong to a “profile” if there are 10 or more observations
at the same latitude and longitude, and if one of those was
recorded deeper than 2000 m.) Because the dFe observations
do not sample the seasonal cycle uniformly, we adopt an ap-
proach similar to Frants et al. (2016) to reduce potential sam-
pling bias when we interpolate the data to our model grid: if
multiple dFe observations lie in the same grid cell, we first
take the seasonal averages, which we then average again to
estimate the annual mean.

As in Eq. (22) for PO4 and Si(OH)4, we use volume
weights to evaluate the dFe concentration mismatch with the
observations. However, because not all model grid cells con-
tain dFe observations, we define a dFe-specific vector of grid
box volumes, v%]g, which has nonzero elements only for grid
boxes that contain at least one dFe observation. We also de-
fine a dFe “profile-specific” vector, v];reo, which is nonzero
only for grid boxes that contain “profile” observations. The
corresponding weights are defined by

all

v
will = T F; - and
=008 al
(X Fe ) VFe
vpro
pro Fe
Wp, = ————— (CDH
Fe 2 ’
—-obs pro
(X Fe ) VFe
where Vl;f‘él is the total volume of grid cells which contain a

dFe observation, and Vlfem the total volume of grid cells con-
taining “profile” observations. We define the total dFe weight
vector, Wre, for the mismatch with observations in Eq. (23),
by

Wre = 1ng; ‘—‘wﬁf, (C2)
5 5

where we give extra weight to the “profile” observations. The
1 : 4 ratio was manually adjusted until “profile” observations
were deemed to have sufficiently strong influence on the state
estimates. We also tried different approaches for weighting
the model-observation dFe mismatch, including the use of
inverse variances (Frants et al., 2016), but found no signifi-
cant difference in our results.

Appendix D: Optimization strategy details

D1 Prescribed parameters

The following considerations determined which parameters
were not optimized and how their values were chosen. The
recyclable fractions of POP and opal scavenging, fFOP
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and fS! compensate with the maximum Fe : P uptake
ratio, Rge:P, and thus were prescribed at 90 % (Moore
and Braucher, 2008). (This compensation results from the
biological iron pump having almost the same effect as the
combination of scavenging and recycling.) Similarly, the
detrital fractions, fCO, which set the particle export ratio,
are directly compensated by all the other parameters in the
uptake formulation. We therefore followed Dunne et al.
(2005) and assigned their “small” detrital fraction to fS?nl
and their “large” detrital fraction to both fl(r)g and f(?ia.

When trying to optimize the silicon half-saturation rate kgiia,
starting from a value of 1 mmol m~3 (e.g., Matsumoto et al.,
2013), we found that the optimal value always remained
within a few percent of this initial value. This is in part due
to the fact that in regions of high diatom concentration the
Monod term for silicic acid is near saturation so that there
is little sensitivity to the precise value of kgiia. Moreover,
there appears to be consistency across the literature that
k3l = Immolm=3. We therefore simply fixed k5. at this
value for numerical efficiency.

D2 Choice of initial parameter values

We first chose an initial set of values for the remaining pa-
rameters as collected in Table 2. The parameters of the iron
cycle were taken from of the typical state estimate of Frants
et al. (2016) except for the half-saturation constant of the
Fe : P ratio, which was taken from the work of Galbraith
et al. (2010), and the scavenging-rate parameters. The ini-
tial parameters for POP and opal scavenging, «?OF and « 25!,
were determined so that the globally integrated scavenging of
each process was initially ~ 5 Gmol Feyr~! (the typical total
source/sink strength reported by Frants et al., 2016). The ini-
tial value of the dust scavenging rate parameter, KCIIDS?P, was
chosen so that the sink due to dust scavenging was ~ 10 %
of the total sink of the initial state.

The initial irradiance half-saturation constants were taken
from the work of Doney et al. (2006). The initial uptake
half-saturation constants k. were taken from the work of
Matsumoto et al. (2013). The uptake timescales t. were
set to an initial value of 6 days and optimized subject to
the constraint Tym > Tirg > Tdia. The initial values of the
maximum phytoplankton concentrations were calculated as
pI¥ = p*/(hot.) using p* =0.018 mmol Pm~3 (Galbraith
et al., 2010) and )»61 = 5.26d (Dunne et al., 2005).

The initial values of the parameters of the Si : P ratio were
set so that kgf:l, and kgii:P were on the order of typical dFe
and Si(OH)4 concentrations, while Rgi and R,S”i were based
on corresponding Si : N uptake ratios found in the literature
and converted using N: P=16: 1. Thus, in terms of Si : N
units, Rgi was chosen to be of the order of the minimum Si :

N uptake ratio used by Matsumoto et al. (2013) and R,Sni was
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chosen to be of the order of the maximum Si : N uptake ratio
reported by Franck et al. (2000) and Brzezinski et al. (2002).

D3 Sequential optimization steps

a. We first optimized the hydrothermal iron source pa-
rameters, OH ATL, OH,PAC> OH,IND and OH,S0> forc-
ing on,IND = oH,s0- Although we adjusted the overall
source strength of the hydrothermal iron source when
generating our family of iron cycling estimates, we did
not re-optimize the relative strength of the four basin
amplitudes until the final step of our strategy.

b. We jointly optimized the three irradiance half-
saturations k! and then kept these fixed because of po-
tential compensation with the half-saturation constants
ki,

c. We jointly optimized the half-saturations ki. of the
nutrient-limitation Monod terms.

d. We were not able to optimize the Si : P uptake ratio pa-
rameters, because they are not well constrained due to
compensation with the parameters that set the uptake
by diatoms. We therefore separately tuned the param-
eters Rrs;li, Rg’i, kgii:],, and kIS:ie:P together with the three
growth timescales 7, to match the fractions of total up-
take by each phytoplankton class as estimated by Uitz
et al. (2010).

e. Because of compensation with the maximum Fe : P up-
take ratio, the associated half-saturation rate, kg. . p, was
optimized on its own.

P kFe

c’ e

f. We then jointly re-optimized the 13 parameters k&
kgiia, prX, and ..

g. Only the parameters of the iron cycle remain to be opti-
mized. Iron source and sink parameters cannot jointly
be optimized because of strong local compensation.
(Although the aeolian source injects dFe at the surface,
uptake and scavenging export iron to depth, thus creat-
ing an effective interior source.) To generate our family
of estimates, we therefore first assigned the aeolian, sed-
imentary, and hydrothermal source-strength parameters
(keeping the same ratio of basin hydrothermal source
strengths to global hydrothermal source strength), and
held these fixed while jointly optimizing the parameters
determining the iron scavenging, namely Rge;P Pop

- > Kgey s
O8I ke dst Ly, Lmax, Lp, and 1p.

KSCV ’ KSCV’

h. As a final step, we jointly optimized all source-strength
parameters oa, 0s, OH,ATL, OH,PAC> OH,IND, and oy so
primarily to give the hydrothermal source pattern (rel-
ative strength in each basin) a chance to adjust from
its initial state. We find that, if the total hydrother-
mal source strength, oy, is below 1 Gmol yr_l, the fi-
nal optimization step hardly changes oy, while larger
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hydrothermal source strengths tend to be reduced by
up to ~ 0.5Gmol yr~!. If oy < 0.5Gmolyr~!, the frac-
tional hydrothermal source strength of each basin tends
to remain unchanged during this last step, while if oy >
0.5Gmolyr~!, the fractional hydrothermal sources for
the Pacific and Southern Ocean tend to increase by or-
der 10 %, the fractional Indian Ocean source tends to de-
crease by order 5 %, and the Atlantic source is typically
reduced by order 10 % and for some state estimates to
near zero. The aeolian source strength, oa, tends to
be reduced by ~ 10 %, while the sedimentary source
strength, og, stays within 10% of its previous value
for most family members but can more than double for
cases with high hydrothermal and aeolian sources.

Appendix E: Inferred versus observed phytoplankton
distribution

Figure E1 shows a model-observation comparison of the
phytoplankton concentration (plotted in C units using a con-
stant Redfield ratio of C : P=106:1). Although the dis-
tinction between our phytoplankton classes is functional
and not determined by size, we compare our small, large,
and diatom concentrations with the picophytoplankton (0.5—
2 ym), nanophytoplankton (2-20 pm), and microphytoplank-
ton (20-50 um) of the satellite-based estimates of Kostadinov
etal. (2016), consistent with the construction of our Ep cost
function.

The inverse-model estimates capture the broad global pat-
terns of the phytoplankton concentrations reasonably well,
although some biases are also evident. The observation-
based diatom and large concentration has a minimum at
~ 60°S, a feature our estimates do not capture. This may be
related to the strong seasonality of the Southern Ocean, with
its large variability in sea-ice coverage, the effects of which
our approach cannot capture. Our estimates for the large and
small concentrations have higher concentrations in the sub-
tropical gyres and weaker meridional gradients with lower
high-latitude and tropical concentrations than observed. An-
other factor is that the phytoplankton mismatch carries less
penalty in our cost than the combined misfit terms of the
three nutrient fields.

The global mean phytoplankton concentration of each
functional class was stable across all members of our family
of state estimates with ranges of pgiz = (2.6-2.9)mgCm™3,
Pirg = (6.2-6.5)mgCm™~3, and Pgmi = (6.5-6.8) mgCm~>.
This indicates that the satellite data provide a good constraint
on the global-scale ecosystem composition.

Appendix F: Partition of export production by
phytoplankton class

Figure F1 shows the phosphorus export, expressed in C units,
partitioned according to each functional class. The fraction
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Figure E1. Comparison of modeled (a, ¢, e) and observed (b, d, f) phytoplankton concentrations averaged vertically over the model euphotic
zone. The diatom concentration is shown in the top row, the large phytoplankton concentration in the middle row, and the small phytoplankton
concentration in the bottom row. Note the logarithmic color scales with separate ranges for each functional class.

of the export due to each functional class ((6.5 +0.3) % for
small, (53.+£1.) % for large, and (41.=%1.) % for diatoms for
our state estimates), is poorly constrained because of uncer-
tainty and lack of consensus about the values of the detrital
fractions as discussed in Sect. 2.2 for phytoplankton, and un-
certainty on the Si : P ratio for diatoms. However, this parti-
tion between the three phytoplankton classes is the result of
the adjustments of the class-specific growth timescales, 7.,
and of the parameters of the Si : P ratio to bring the frac-
tional uptake by each class into alignment with the satellite-
based estimates of Uitz et al. (2010). For our typical state
estimate, these uptake fractions are 38, 42, and 30 % for the
diatom, large, and small classes, respectively. This compares
to 32, 44, and 24 % for micro-, nano-, and picophytoplank-
ton, respectively, in the satellite-based estimates. (We find
that, if we use only a single optimized timescale for all three
classes, the small phytoplankton class completely dominates
the phosphorus export, underlining the need for class-specific
growth timescales.)
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Appendix G: Comparison with select transects of the
GEOTRACES Intermediate Data Product 2014

Figure G1 compares the main GEOTRACES transects in-
cluded in the Intermediate Data Product with our typical state
estimate. The coarse-resolution model captures the large-
scale features, but localized high concentrations cannot be
captured at our resolution.

We emphasize that a direct comparison with the GEO-
TRACES sections is subject to a number of caveats. We
use a coarse-resolution, steady-state inverse model, while the
GEOTRACES sections provide snapshots in space and time.
Therefore, our model cannot capture any transient plumes
(e.g., from an African dust event) that are highly localized
and episodic. Our state estimates can only capture the long-
term average concentrations, coarse-grained to 2° x 2° reso-
lution. In terms of capturing hydrothermal plumes, we note
that the data-assimilated circulation used (Primeau et al.,
2013) only assimilated T, S, PO4, and 14C but not 3He.
Therefore, there are likely still some biases in the abyssal
circulation (Holzer et al., 2017), which may contribute to the
fact that we do not perfectly match the observed hydrother-
mal iron plumes.

However, what matters for our inverse model, the biologi-
cal production of which is mechanistically driven by dFe and
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Figure F1. Local export production (maps on left) and its zonal
integral (curves on the right) expressed in carbon units (using C :
P =106:1). Maps are shown for our typical state estimate, while
we plot the zonal integral of each family member in grey and the
typical state estimate in black. The export productions are plotted
for each phytoplankton functional class: small (top plots, a), large
(middle plots, b), and diatom (bottom plots, ¢). Note the different
color scale for the small class. The globally integrated exports for
the typical estimate are indicated in the plot titles together with their
ranges across the family of estimates in parentheses.

macronutrient availability, is the large-scale transport into the
euphotic zone, particularly the transport into iron-limited re-
gions such as the Southern Ocean. We have no reason to
think that this large-scale transport is suspect as evidenced
by realistic large-scale patterns of production that are robust
across our family of states with widely varying iron source
strengths.
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Appendix H: Iron source and sink patterns

Figure H1 shows the vertically integrated sources of dFe with
a logarithmic color scale. The aeolian soluble iron deposition
pattern is identical to that of the study of Luo et al. (2008),
albeit limited to the oceans. The tropical Atlantic close to
the Sahara, the Arabian Sea, and the Bay of Bengal are the
regions of largest aeolian iron deposition. The hydrothermal
iron sources follow the mid-ocean ridges with the pattern of
the OCMIP protocol, but are independently scaled for the At-
lantic, Pacific, Indian, and Southern Ocean basins. Sedimen-
tary iron is more intense where export production is large and
in areas where oceans are shallower, because in both cases, a
large flux of organic matter (POP in our model) reaches the
sediment. The subgrid topography plays a significant role in
the pattern of sedimentary iron, in particular for coastal re-
gions and large underwater plateaus, e.g., near the Kerguelen
Islands or the Falkland Islands. Because of unrealistic circu-
lation features in the Sea of Japan, we zero all sources there
consistently with zeroing out production in the Sea of Japan.

Figure H2 shows the vertically integrated sinks that bal-
ance the sources of Fig. H1. The scavenging due to sinking
mineral dust particles is about 3 orders of magnitude smaller
than the sink due to organic and opal particle scavenging and
could be neglected without changing our estimates apprecia-
bly. Although the pattern of the scavenging sinks has signifi-
cant local variations among our family of state estimates, the
zonally averaged pattern (vertically integrated sink normal-
ized by its global mean) is broadly similar across the family.
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Figure G1. Dissolved iron concentrations of the typical state estimate (contours) compared to the GEOTRACES Intermediate Data Product
2014 (dots). The abscissa runs south to north or west to east along the transects (map).
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Figure H1. Vertically integrated sources of aeolian (top, a), sedi-
mentary (middle, b), and hydrothermal (bottom, ¢) iron for our typ-
ical state estimate. Note the logarithmic color scales. The globally
integrated sources for the typical estimate are indicated in the plot
titles together with their ranges across the family of estimates in
parentheses.
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Figure H2. Maps of the vertically integrated iron sinks of our typ-
ical state estimate due to (a) POP, (b) mineral dust, and (c) sinking
opal particles. Plotted to the right are the zonal averages of the ver-
tically integrated sinks normalized by their global mean, with each
family member in grey and our typical state estimate in black. The
globally integrated sinks for the typical estimate are indicated in the
plot titles together with their ranges across the family of estimates
in parentheses.
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