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Abstract

Southern Ocean phytoplankton growth is limited by iron. Episodes of nat-
ural iron fertilisation are pivotal to triggering phytoplankton blooms in this
region, the Kerguelen Plateau bloom being one prominent example. Numerous
physical mechanisms that may supply iron to the euphotic zone in the Ker-
guelen Plateau region, and hence triggering a phytoplankton bloom, have been
identified. However, the impact of sub-mesoscale flows in delivering iron have
been omitted. With a scale of order 10 km, sub-mesoscale filaments and fronts
can dramatically increase vertical velocities and iron transport.

An innovative technique is developed to investigate the role of vertical ad-
vection associated with sub-mesoscale features on the supply of iron to the
photic zone. First, Lagrangian trajectories are calculated using three dimen-
sional velocity fields from high resolution numerical simulations; iron concen-
tration is then computed along these Lagrangian trajectories. The contribution
of mesoscale- (1/20° resolution) and sub-mesoscale-resolving models (1/80° res-

olution) is compared, thereby revealing the sensitivity of iron supply to hori-
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zontal resolution. Iron fluxes are clearly enhanced by a factor of 2 with the
resolution, thus showing that the vertical motion induced by the sub-mesoscales
represents a previously neglected process to drive iron into the photic waters of

the Kerguelen Plateau.

1. Introduction

The Southern Ocean has a profound influence on the past, present (e.g.
Mayewski et al., 2009) and future (e.g Takahashi et al., 2012) climate system.
In this region, energetic mesoscale eddies and jets of the Antarctic Circumpolar
Current (ACC) act to redistribute heat and mix water properties between the
Atlantic, Pacific and Indian ocean basins. Furthermore, the Southern Ocean is
the nexus of the meridional overturning circulation, where dense waters origi-
nating from the North Atlantic upwell and split into two directions: northward,
where they become fresher and warmer and are subducted again forming the
Antarctic Intermediate Water, or southward where their increase in density
drives the formation and sinking of the world’s densest water, Antarctic Bot-
tom Water (e.g. Marshall and Speer, 2012; Talley, 2013). The Southern Ocean,
thereby, helps to drive the global ocean circulation, and stores and recirculates
heat, carbon and other gases, such as oxygen, exchanged with the atmosphere.

The Southern Ocean accounts for a substantial portion of the global seques-
tration of anthropogenic carbon dioxide (e.g. Khatiwala et al. (2009) estimated
that the Southern Ocean contributed for over 40% of the oceanic uptake of an-
thropogenic CO4 in 2008). The Southern Ocean is also important to the global
carbon cycle and it is implicated in the large glacial to interglacial changes in
atmospheric CO2 (Sigman et al., 2010). Several processes impact the carbon
cycle in the oceans, such as the biological and solubility pumps (e.g. Ducklow
et al., 2001), as well as physical mechanisms active at regional scales such as
upwelling and subduction (e.g. Marshall and Speer, 2012). In light of the South-
ern Ocean’s primary role in influencing the carbon cycle, precise quantification

of the individual processes that control carbon cycling in this region is critical
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for understanding and predicting our future climate.

Phytoplankton production is one process that has a direct impact over the
export of carbon. However, in much of the Southern Ocean the phytoplankton
activity is limited by the availability of iron (Boyd et al., 2000; Coale et al.,
2004; De Baar et al., 2005). Martin (1990) hypothesised that iron can stimulate
phytoplankton productivity and thereby contribute to a drawdown of atmo-
spheric COs. Understanding the potential iron sources and physical mecha-
nisms that can supply iron into the surface waters (and trigger a phytoplankton
response) is therefore a prerequisite to understanding Southern Ocean phyto-
plankton blooms.

One of the largest regular phytoplankton blooms occurs in the Kerguelen
Plateau (KP) region of the Southern Ocean. Recent studies have identified sev-
eral physical mechanisms controlling dissolved iron delivery during the growth
and evolution of the KP phytoplankton bloom. Iron input can come from aeo-
lian dust deposition (Bucciarelli et al., 2001; Chever et al., 2010) or sediments,
which can enter KP sunlit waters transported by the stirring action of eddies
(Abraham et al., 2000; d’Ovidio et al., 2013), turbulent mixing due to tides and
internal waves (Park et al., 2008), wind-induced upwelling (Gille et al., 2014)
or lateral advection (Van Beek et al., 2008; Mongin et al., 2009) and mixing
(Maraldi et al., 2009). However, calculations of the quantity of iron required to
sustain the Kerguelen Plateau bloom indicate that additional iron is required
(Bowie et al., 2014).

It was recently proposed that sub-mesoscale dynamics (defined by a length
scale less than 10 km and Rossby number greater than 1) could be an impor-
tant supply of iron to the KP region (Rosso et al., 2014). The rich mesoscale
eddy field (with length scales of O(100 km)) gives rise to strong sub-mesocales
velocities in the Kerguelen Plateau region (Rosso et al., 2015) and which can
dramatically increase vertical velocities and transport of particles (Rosso et al.,
2014). Lévy et al. (2001) showed that sub-mesoscales can increase the nutrient
vertical transport and consequently influence biological cycles in other parts of

the ocean. In this study we aim to contrast the effect of sub-mesoscales against
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mesoscale (and larger scales) on iron transport.

Our approach is a numerical study of the dissolved iron concentration (DFe)
and is based on the development of a mathematical model (FeERROgp), that
associates the computation of DF'e to Lagrangian particles, advected by a se-
ries of three dimensional high-resolution models of the Kerguelen Plateau re-
gion. We highlight that the Lagrangian framework could be employed with
the formulation of a parameterization for diffusive processes. However, in our
approach we do not include this diffusive part (which can be added in the La-
grangian framework in the form of a random component), but focus only on
advection. To correctly include diffusive processes from the Eulerian model,
it would have been appropriate to employ passive tracer experiments, on-line
with the physical Eulerian model. However, this would have required a reliable
coupled bio-geochemical component to be added to the physical model, and a
large computational cost. Complex biogeochemical models, which include iron
dynamics, have been applied at a coarser resolution (e.g. Archer and Johnson,
2000; Gregg et al., 2003), and therefore have not resolved sub-mesoscale pro-
cesses. Other modelling studies, run at higher resolution and therefore able to
resolve smaller structures, omitted the vertical dimension and only focused on
the role of horizontal transport (e.g. Mongin et al., 2008; d’Ovidio et al., 2015).
Our model includes sub-mesoscale processes with 3D circulation, which is a sig-
nificant improvement in representing the ocean dynamics, but uses a simple iron
model which only considers the advective processes.

The Lagrangian framework is reported in section 2, while FeRROgo is de-
scribed in section 3). We perform a sensitivity analysis on FeRROgo parameters
(subsection 3.2) and investigate iron fluxes in mesoscale- and sub-mesoscale-
resolving models (section 4). The implications of these calculations are discussed

in section 5.
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2. Sub-mesoscale impact on Lagrangian paths

Numerical simulations of the ocean circulation around the Kerguelen Plateau
have been run using the MITgem of Marshall et al. (1997), forced and relaxed by
temporally constant fields (wind, fresh water fluxes, temperature and horizontal
velocities from the Southern Ocean State Estimate of Mazloff et al. (2010)). The
model is implemented at two horizontal resolutions: first, at 1/20° resolution
in order to capture the circulation with scales down to the mesoscales, and
second, at 1/80° resolution to explicitly include sub-mesoscales. Both models
have 150 vertical layers, with a vertical resolution varying from 10 m in the
upper layers to 50 m near the bottom. The sub-mesoscale resolving model
(1/80°) is nested in the 1/20°, relaxed to the 1/20° horizontal velocity, salinity
and temperature at the northern and southern boundaries and at the surface.
The model outputs include velocity, temperature, salinity and density fields. A
more detailed description of the implementation, discussion and assessment of
these experiments have been outlined in two previous works and the reader is
referred to them (Rosso et al., 2014, 2015).

Rosso et al. (2014, 2015) showed an energetic sub-mesoscale field downstream
of the plateau, likely due to the destabilisation of the Antarctic Circumpolar
Current interacting with the topography. Sub-mesoscales increase the magni-
tude of the eddy kinetic energy (Rosso et al., 2014), when compared to the
mesoscale-resolving model and to a regional high-resolution altimetry product
from AVISO (not shown).

In the present work, we aim to show that the rich sub-mesoscale dynam-
ics can enhance the vertical supply of nutrients, compared with mesoscale and
larger scale dynamics. We here use a similar approach to Rosso et al. (2014), im-
plementing a set of Lagrangian particle-tracking experiments (reported below)
to contrast the mesoscale- to the sub-mesoscale-driven vertical transport. These

experiments are then used as foundation for the development of FeRROgp.
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2.1. Lagrangian trajectories

The Connectivity Modelling System (CMS) of Paris et al. (2013) is used off-
line, to integrate Lagrangian particle trajectories using daily-snapshot velocity
fields from the numerical simulations. The procedure followed is to seed regions
of interest with a constant density of Lagrangian particles. The CMS software
is then used to integrate the trajectory of these particles backwards in time.
Given a sufficiently large number of particles, this technique informs us of both
the sources of water and the path followed.

Particles are released in two different regions (boxes R; and Ry in Fig. 1)
chosen in order to isolate locations of diverse phytoplankton activity (Fig. 1b)
and with differing intensity of sub-mesocale flows (Fig. 1c). As reference for
the phytoplankton activity, we considered the satellite-derived chlorophyll map
taken during the 2011 KEOPS2 experiment (Fig. 6 of Park et al. (2014)). This
map shows three major peaks in the chlorophyll concentration, which are linked
to different circulations around and over the plateau (Fig. 15 of Park et al.
(2014)). Then, by comparing our modelled circulation with their observations,
we chose areas with moderate to high chlorophyll and weak (R;) or strong
(Rz2) sub-mesoscale vertical velocities. R; is located at 71°E-T2°E, 46.5°S-
49°S, designed to capture the bloom observed near the plateau, which occurs
in a region of relatively weak sub-mesoscale activity. Region Re, located at
T4°E-T6°E, 47°S-49°S, encompasses a region of an observed phytoplankton
bloom downstream of the plateau, where intense sub-mesoscales dominate the
circulation.

A total of 2142 and 3362 particles have been initialised in regions R; and
Ry respectively. Particles have been released in each box over 2 different depths
(75 m and 200 m) and equally spaced in the longitudinal and latitudinal di-
rections, with a step of 0.05° in both directions. The release depths have been
chosen in order to capture levels below and within the spatial mean mixed layer
depth of that area (we estimated maximum spatial means of mixed layer depths
of approximately 84 m and 113 m for the two regions in the 1/20° model and
131 m and 152 m in the 1/80° areas, at the time of release). It is at the deeper
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Figure 1: (a) Kerguelen Plateau bathymetry. In green the area ON the plateau (defined by
the 500 m isobath); in red is the transition zone, between the ON and OFF plateau area (grey
shading, delimited by the 1500 m isobaths). (b) November 2011 chlorophyll a concentration
(data are taken from Aqua MODIS 4 km and expressed as base 10 logarithm). (c¢) Two
hundred day temporal averages of the magnitude of sub-mesoscale vertical velocity at 400 m
(color scale is saturated). The black and blue boxes in each panel delineate the particle release
locations.

level, i.e. at 200 m, that the quantification of the vertical advective flux of

iron is significant for the investigation of the meso- and sub-mesoscale flows.
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In order to explore how meso- and sub-mesoscales influence the transport of
water particles, no turbulent scheme has been employed; Lagrangian particles
are purely advected by daily snapshots of zonal, meridional and vertical velocity
dataset. The robustness of the daily sampling has been tested in our previous
work (Rosso et al., 2014), using model output sampled between three hours and
two days. A timestep of 60 seconds is implemented over a maximum integration
time of 200 days, with outputs saved every 12 hours. The specific integration
time varies for each particle: it is less than 200 days in case the particle exit a
defined domain of analysis (which extends up to 68°E and between 52°5-42°S).

We define two water sources: ON and OFF the plateau. We base this
distinction on the observational study of Blain et al. (2007), in which their
stations ON the plateau were those in water depth of less than 500 m and OFF
the plateau included those with a depth exceeding 1500 m. The distinction is
based on the observation of different profiles of D F'e, highlighting that a spatial
dependence on DFe pools exists in the Kerguelen Plateau region. Thus, we
identify the 500 m isobath as the limit for our ON area (green region in Fig. 1a).
Beyond this, an OFF plateau region is defined, which includes a transition zone
between the ON area and the 1500 m contour (red shaded area in Fig. 1a).

At 1/20° resolution, we found that waters originating from the plateau (ON)
account for the 59% and 22% in case of R; and R, respectively. At 1/80°
resolution, the ON particles account for the 75% (R;) and 32% (Rz). This result
highlights, first, that water sources are sensitive to the horizontal resolution and,
second, that water sources differ between the two regions under analysis.

Figure 2 shows several selected example Lagrangian trajectories for the 1/80°
resolution experiment (plotted are daily particle positions color-coded depend-
ing on the daily particle depth). Release and source positions of the particles
are shown by circular and triangular markers, respectively (recalling that tra-
jectories are integrated backwards in time). We highlight a range of different
trajectories, including those crossing the plateau either north or south of the
Kerguelen Island, as reported by Rosso et al. (2014), and deep trajectories com-

ing from the south east region of the plateau (Fig. 2), likely captured by the
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deep western boundary current on the east flank of the plateau (McCartney and

Donohue, 2007).

Figure 2: Examples of Lagrangian trajectories, daily sampled, color-coded depending on the
daily depth, for the 1/80° resoluton experiment. Circular markers indicate the particle release
location, while triangular the source position. Topography is shaded in grey. Green contours
indicate the boundaries of the ON source, while red the OFF plateau source.

2.2. Depth distribution of tracked particles

The particle distribution in the water column, computed as a probability
density function (PDF) of the source particle as a function of depth, over each
region, is shown in Fig. 3. The PDFs are computed for the total particles re-
leased at both 75 m and 200 m and show the distribution for ON (dashed lines),
OFF (dotted) and all particles (solid) for each region. The double peaks in each
profile in Fig. 3 is due to the particles being released at the two initial depths.
The 1/20° resolution profiles are shown in red, while the 1/80° are in black.
For each region, the PDF profiles are normalised to vazl T;, where N refers
to either the total number of ON or OFF particles, or to the total number of

particles released in the region. T; indicates the lifespan of the particle i, which
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Figure 3: Probability density function of particle depth for the two regions of investigation, R
and Rg. The statistics has been computed considering the experiments with the two depths
of release (75 m and 200 m) together. Colors indicate the different resolution (red is for the
1/20° and black is for the 1/80°. Dashed lines are the profiles for the ON particles, dotted
for the OFF and solid for the total amount of particles (TOT). ON the plateau particles are
those found in water depth of less than 500 m, while OFF the plateau include those with a
depth exceeding 1500 m.

can be less than the total integration time of 200 days, as the particle can exit
the model domain or reach land in less than 200 days. The figure shows that the
impact of the horizontal resolution on the PDF profiles for the two regions of in-
terest depends on the location of analysis and on the range of depths considered.
For region Ry, the PDF profiles are not significantly influenced by resolution.
Furthermore, the mean depth of the total PDF profiles in R; (approximately
130 m at 1/20° resolution and 171 m at 1/80°) are shallower than the mean
depth in Ry (approximately 163 m at 1/20° and 191 m at 1/80°), suggesting
that R; is a region with a higher probability of surface-sourced particles. On

the contrary, there is a larger number of deep-sourced particles in Ry, which

10
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increases with the resolution. The larger number of particles found at depths
below 300 m in Ry is not surprising when considering that the deep reaching
sub-mesoscale activity present in this region cycles the water as deep as 1000 m
Rosso et al. (2014), and this is much stronger in the 1/80° simulation than in

the 1,/20°.

3. Methods

We here describe the off-line model that has been implemented in order to
compute the evolution of iron concentration on the trajectories of Lagrangian

particles.

3.1. FeERROgo

Iron concentration is computed by implementing a decay /replenishment model.
This methodology has the advantage of being simple and easy to modify and
discriminate the role of specific physical processes. Input of the model is a 3D
position as a function of time. At each instant, FeRROgo estimates the concen-

tration of iron for the i-th particle (DFe;) by solving the following equation:
DFe; = —MA(z)DFe; — f(z)(DFe; — (DFe);), (1)

where DFe; represents the time derivative of DFe;. Parameters of (1) represent
decay () and replenishment (f) of iron. Replenishment occurs via restoring to-
wards (DFe);, a 3D function describing the temporal mean concentration of
iron taken from climatology. Each of these terms are discussed in the following
subsections. Three layers are identified in the model, with differing behaviours,
whose boundaries are the surface, z; = —100 m, zo = —200 m and the bot-
tom depth. (Note that depths z are defined negative in all the calculations
throughout the paper).

3.1.1. Decay rate
In the upper region (z; > z1) DFe; is constrained to decay with rate A(z).

This decay rate A (given in day~!) depends exponentially on depth and is used

11
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to parameterise the loss of iron due to biological uptake in the euphotic layer,
by phytoplankton activity. The decay rate has an e folding length § of 35 m, a

maximum value \g at the surface and is constrained to decay to zero at z;:

Zi — 21

Az) = Ao et (2)

21

The vertical profile in (2), shown by the blue line in Fig. 4a, has been chosen in
order to take into account the depth-dependent consumption of iron, associated
with light irradiance (note that A = 0 for depths z; < z1). Mongin et al. (2009)
estimated an optimal annual averaged decay rate at the surface of 0.015 day~!.

We test the sensitivity of dissolved iron concentration to the decay rate, with

Ao = (0.004,0.015,0.03) day ! (the bold value indicates our reference case).
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Figure 4: (a) Vertical profiles of (blue) decay rate A(z;) from equation (2) and (green) structure
function f(z;) for the relaxation term (3). (b) Vertical profiles of (DFe); as computed by
solving (4), for the ON (green line) and OFF (black) the plateau areas, and in the transition
zone (red) (for clarity, only the first 500 m are shown).
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3.1.2. Replenishment rate

The second term in the RHS of equation (1) determines the relaxation of
DFe; to the particle background mean concentration (DFe);, whose value de-
pends on the location of the particle. The timescale of the replenishment is gov-
erned by a structure function, f(z;). The function f(z;) (green line in Fig. 4a)

depends on a timescale 7 (units are day~') and depth z;, as:

04 z; < 29
zZ; — &
fla) = {XEZ2) L (3)
Z9 — 21
0 Zi 2 21

We allow a replenishment only at depths z; < z1: replenishment is thus distinct
from the loss of iron to primary productivity in the euphotic zone. We vary the
replenishment timescale 7 = 1/ from a minimum of 0.1 days to 10 days (0.1,

0.2, 0.5, 1, 5, 10).

3.1.8. Mean concentration of DFe
Below zj, the i-th particle is relaxed to a mean ({-)) concentration that

depends on its relative position to the plateau and on its depth (Fig. 4b):

300 ;
(DFe); = A—Btanh(—%w), (4)
where A — maz((DFc))—;—min((DFe}) and B — m,am((DFe));min((DFe}). The

minimum value of (DFe) in parameters A and B is defined as 90 nmol m~3,
everywhere in the domain (based on the measured mixed layer value found by
Blain et al. (2007)). The maximum value depends on the horizontal location of
the particle. Based on observed mean concentrations of DFe at depth (Blain
et al., 2007), we define a value of 350 nmol m~2 as maxz((DFe)) in the ON
region and 180 nmol m~3 as max((DFe)) in the OFF region. In the transition
zone, we choose a maximum value given by the middle point between the two

maximum concentrations in the ON and OFF regions.
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The profile in (4) has been chosen to idealise the profile in Figure 2 of Blain
et al. (2007) and to consider a ferricline, or the depth where the vertical gradient
of DFe is maximum (Tagliabue et al., 2014), of 300 m. This value has been
chosen in order to follow the result reported in Tagliabue et al. (2014) for the
mean depth of the ferricline in the Southern Ocean, and in particular for the
Kerguelen Plateau region (their Fig. la). Furthermore, for depths above or
equal to z1 it is clear from (1) that the dissolved iron concentration reaches a
zero steady state solution. This approach has been chosen in order to focus

solely on advective processes as mechanisms of supply of DFe.

8.1.4. Initialisation of DFe;

The initial value of iron concentration depends on the depth of the particle:
if deeper than zj, it is initialised to (DFe); from equation (4), otherwise its
initial value is zero. This formulation has been chosen in order to isolate deep
sources of dissolved iron and how the different flows influence its transport from

depth.

3.2. Sensitivity to FeERROgso parameters

The FeRROgp model is a new technique designed to isolate different com-
ponents of advective transport of tracers in a complex three dimensional flow
field. Before using the model, we first explore the sensitivity of FeRROgo to a
range of values of the governing parameters: the decay and replenishment rates
(listed in sections 3.1.2 and 3.1.3 respectively). Note that a sensitivity analysis
on the mean concentration term is not necessary, as the results scale linearly
with (DFe);.

We focus on the total concentration of iron, as defined by equation (5) below,
and on upwelling iron fluxes, computed as mean of local fluxes w; - DFe;, where
w; is the upward vertical velocity of the i-th particle at the release time and
location). The average concentration of iron is estimated as

N
(DF¢] = 2= O[DVF el - dve (5)

14
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where [DFe;] is the concentration of the i-th particle, computed at the seeding
position occupied by the i-th Lagrangian particle. dV; is the volume of the par-
ticle ¢ at this location: we highlight that dV; is valid only at the very moment of
seeding, as this is the only instant in time where we can define a representative
volume for each particle. At this instant, dV; = dx; - dy; - dz;, where the incre-
ment in the longitude direction (dz;) is a function of latitude y; (as our ocean
circulation models use spherical coordinates) and varies between approximately
3580 m and 3830 m. Increments in latitude and depth are: dy; = 5560 m and
dz; = 125 m, for each particle. Finally, V represents the total volume occupied
by the particles: V. = Zi\’: o @V;. Note that for this calculation we evaluated
a mean of both particles initialised at 75 m and 200 m, excluding those whose
vertical displacement never exceeds z;.

The sensitivity is shown in Fig. 5: the left panel shows the sensitivity to the
decay rate A\, with the dependence on the replenishment timescale 7 on the right.
Results show the difference from the reference case expressed as a percentage
of [DFe] (panels a,b) and of w - DFe (c,d). Results from the two regions are
presented: black lines are for Ry, blue for Ry. FeRROgo is not significantly
sensitive to the chosen values of A, in both regions: we can estimate a maximum
change in [DFe] of less than £1% in both Ry and Ry. The sensitivity to the
timescale of relaxation 7 is also weak, giving approximately +3% (R;) and +4%
(Rz2). The change in vertical fluxes (Fig. 5¢) shows a larger sensitivity to the
change of A, of approximately +£2% in R; and £1.5% in Ry, while the sensitivity
to the timescale is weaker, with a maximum change of less than £1% (R;) and
+3% (Rs2) (Fig. 5d).

The results reported here are for the highest resolution case, however, we
found similar sensitivity for the 1/20° experiment. We conclude that the sen-
sitivity of FeERROgo to the choice of parameters is weak, which might indicate
that the transition of the particles in the water column due to the advective
contribution of mesoscale and sub-mesoscale flows act on timescales faster than

the decay and restoring rates.

15
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Figure 5: Sensitivity of dissolved iron concentration (a, b) and vertical iron fluxes (c, d) to
decay rate (a, c) and relaxing timescale (b, d) for the particles in region Ry (black lines) and
R2 (blue). Shown are results for the 1/80° resolution experiment. The ordinate axis indicates

the difference from the reference case, expressed as a percentage.

4. Results

Dissolved iron statistics are analysed with a focus on the sensitivity of total

concentration of iron [DFe] and vertical fluxes of iron to the horizontal resolu-

tion. The goal of this analysis it to delineate the contribution that sub-mesoscale

dynamics, resolved only by the 1/80° resolution model, have over the supply of
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iron. Emphasis is given also to the impact of the resolution upon the sources
of iron, for the two regions of study. To investigate the different iron sources,
we delineate between ON and OFF particles, where ON particles are those
that reach the ON plateau region during their lifetime. Conversely, the OFF
particles are defined as those that never touch the ON region; for this analysis
OFF particles include those found in the transition zone (the ON boundaries
are defined in subsection 3.1.3).

In addition, we have found that a fraction of particles remains in the first
100 m of the water column. We note that the number of these particles decreases
with the resolution: in the lowest resolution case we estimated that 18% of
particles in Ry and the 33% in Ry do not go deeper than 100 m, while only 13%
of particles (in both Ry and Rys) did not exceed 1000 m in the highest resolution
case. These numbers are consistent with our findings (Fig. 3) that in the high

resolution case there are more deep-reaching flows than at low resolution.

4.1. Iron Concentration

The average concentration of iron has been computed in the two regions

Land v = 1day!is shown in

and a representative case with A\g = 0.015 day~
Fig. 6a. In this figure, red bars are used for the 1/20° resolution case, while black
indicates the 1/80° resolution. [DFe] has been separated into the contribution
from particles that move over the plateau (ON) and particles that do not (OFF).
The magnitude of the dissolved iron concentration for the two sources is shown
in Table 1.

The sensitivity of [DFe] to the resolution is evident from Fig. 6a, in both
regions. In Ry, ON particles contribute 59% and 75% of the [DFe] in the low
and high resolution case, respectively. The highest resolution case has slightly
more [DFe] (approximately 20 nmol m~3) than the 1/20° resolution case and
at both resolutions the simulated [DFe| shows an enhancement respect to the
(90434) nmol m~3 of mean dissolved iron concentration observed by Blain et al.

(2007) (estimated in the surface mixed layer both ON and OFF the plateau;
dashed blue line in Fig. 6a).

17



[DFe] [nmol m—]

150 3000— ‘ ‘ ‘ 125 : :
mmm ON
120 2400 100
o 5
e 1800 PR
° Q
£ 35
£ 1200 £ 50
g E
2 o
3 w

R

348
349
350
351
352
353
354

355

356

357

358
359

360

R1,20 R1,80 R2,2o RQ,SO R1,20 RI,SO R2,20 R2,80

1,20 Ris0 Rago R2,80

(a) (b) (c)

Figure 6: (a) Average dissolved iron concentration (particles released at both 75 m and 200 m
are considered), (b) vertical fluxes of dissolved iron at 200 m and (c) export production
estimated from the fluxes at 75 m for the two regions of analysis (R; and R2). Red (black)
bars show the results for the 1/20° (1/80°) resolution model. The contribution due to the ON,
OFF, as a proportion of the total number of particles, are indicated by the different shading.
The blue dashed line in panel a indicates the [DFe] over the plateau as observed by Blain
et al. (2007). In panel b, the horizontal dashed lines identify estimates by Bowie et al. (2014):
vertical flux due to upwelling (blue), total vertical flux due to the sum of diffusion, upwelling
and entrainment (black) and lateral advective iron supply (magenta). Blue line in panel c is
the observed net primary production observed in region R; by Bowie et al. (2014).

In Ry ON particles account for 22% and 32% of the [DFe] in the 1/20° and
1/80° resolution case, respectively. The greater contribution of the OFF parti-
cles is consistent with the greater eddy activity in the vicinity of the region and
its greater distance from the plateau. Again, the highest resolution simulation
has more [DFe] than the lowest resolution case (about 49 nmol m~32), but for
this region the lowest resolution case has less DF'e than observed (about 20%)
than Blain et al. (2007) estimates, while more at the highest (approximately
33% more).

4.2. Vertical fluxes of DFe

Vand v = 1day !,

Vertical fluxes, computed for the case A\g = 0.015 day~
are shown in Fig. 6b. We focus our investigation on the flux into the base of

the mixed layer; hence, only the upward fluxes into the 200 m layer are here
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Resolution Riror Rion Riorr Roror Roon Roorr

Concentration of iron averaged between 75 m and 200 m [nmol m~3]:

1/20° 100 59 41 73 16 o7

1/80° 120 90 30 122 39 83
Vertical fluxes of iron estimated at 75 m [nmol m~2 d~!]:

1/20° 749 442 307 814 179 635

1/80° 711 533 178 1816 581 1235
Vertical fluxes of iron estimated at 200 m [nmol m~—2 d~1]:

1/20° 1106 653 453 1449 319 1130

1/80° 1299 974 325 2472 791 1681
Export productivity estimated at 75 m [mmol C m~2 d~!]:

1/20° 36 21 15 39 9 30

1/80° 34 25 9 87 28 59
Total productivity estimated at 75 m [mmol C m~2 d—1]:

1/20° 73 43 30 79 17 62

1/80° 69 51 18 177 57 120

Table 1: Dissolved iron concentration, vertical iron fluxes and estimated production for the two
regions of analysis, due to TOT, ON and OFF particles, and at the two resolutions. The ex-
port production estimates (EP) are computed from a DFe/C ratio of 0.021 mmol Fe mol~! C
(from Bowie et al., 2014), and then converted into total production using an fe ratio of 0.49
(from Sarthou et al., 2008).

presented. The sensitivity to the horizontal resolution of upwelling iron fluxes
is, as for the [DFe], more dramatic in Ry than in Ry. We note that the vertical
flux in the second region is larger by a factor of 2 in the 1/80° case, while the
flux at the highest resolution in Ry is just 15% larger. The values of upward
vertical fluxes due to the different sources in presented are Table 1.

To put these values into context, we compare them with estimates of up-
welling fluxes by Bowie et al. (2014). We are able to compare only region R;
with their “plume” stations. Here, the authors found a maximum vertical flux
of 330 nmol m~2 d~! (indicated by a blue horizontal line in Fig. 6b), that, com-
pared to our measurements, is smaller by a factor of 3.3 in the 1/20° resolution
case and of 4 in the 1/80°. Bowie et al. (2014) estimated also a maximum total

vertical supply of dissolved iron (due to upwelling, diffusion and entrainment)
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of 661 nmol m~2 d~!, 1.7 times smaller than our estimate of iron fluxes (due to
only upwelling) at the 1/20° resolution. In the high resolution case our physical
DFe supply is nearly double the estimate of Bowie et al. (2014), but it is still

significantly less than Bowie et al. (2014) estimate of atmospheric and sediment

supply.

4.8. Primary production estimates

To estimate the export production in the two regions we consider two calcu-
lations: vertical supply of iron to the euphotic zone (i.e. at 75 m; equation 6) and
a biological uptake computed using the decay rate (equation 9). Then, we use a
DFe/C ratio to convert the estimate into an estimate for carbon export (EP).
DFe/C is the mixed layer cellular uptake ratio, as observed in the “plume” re-
gion by Bowie et al. (2014) and estimated as (0.02140.002) mmol Fe mol~! C.

The export based on the vertical supply of iron is given by:

el (©

At 75 m, and in the release location, we estimate an export primary produc-
tion of (364+3) mmol C m~2 d~! in R; for the 1/20° resolution model and
of (3443) mmol C m~2 d=! at 1/80° resolution. Given an absence of ob-
served values in Ry, we use the same conversion ratio for this region and find
that at the lowest resolution its export primary production is approximately
(3948) mmol C m~2 d~!, whereas it is (8748) mmol C m~2 d~! in the highest
resolution case. Fig. 6¢ shows the estimates of EP, per region, resolution and
source of particles. The blue line represents an observed EP (localised in region
R1) of approximately (264-1) mmol C m~2 d=! computed from the downward
particulate iron export of (5414216) nmol m~2 d~! of Bowie et al. (2014).
Estimates of the simulated EP relative to each source are reported in Table 1.
In R; the EP is about a third above the observed value at each resolution.

In region Ry we note an increase of more than a factor of 2 in the EP due to

the resolution. Here, we cannot compare to any estimates, although we would
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expect EP in region Ry to be similar or less than R; because Ry is further away
from KP than R;.

The estimated export productivity can be converted into total primary
productivity by using the fe ratio, equal to the uptake of new iron/uptake
of new + regenerated iron, of 0.49 (Sarthou et al., 2008). In region R; we
find a total primary productivity of approximately 73 mmol C m~2 d~—! and
69 mmol C m~2 d~! at 1/20° and 1/80° resolution, respectively. In Ry the esti-
mated values are 78 mmol C m~2 d~! (1/20°) and 177 mmol C m~2 d~! (1/80°).
This last value compares to an observed PP estimates in Ry of 132 mmol C m~2 d
Total primary productivity estimates for the ON and OFF particles are shown
in the last row of Table 1. In R; our estimate of vertical DFe supply is 1.3
more than what is required to meet the estimated particulate iron export. In
R2 our estimate is 1.5 to 3.3 times the estimated particulate iron export.

While our simulated vertical iron supply is an upper bound particularly at
R4, the supply due to sub-mesoscale processes is substantial, approaching the
value estimate for iron supply from the sediments on the KP and is much greater
than the estimated export.

However, we highlight that the computation of export production based on
upward iron fluxes gives a maximum estimate, as physical flows can transport
iron downward as well. Hence, we can calculate the biological export of iron at
the base of the euphotic layer (z*) as the flux required to balance the loss of

iron by biological consumption (S(z)):

S(2) — 8@572(2) =0. (7)

o re(z) represents the vertical flux of iron and its value at z = z* can be obtained
by integrating (7) over the euphotic layer:
0
pre(2")=— [ S(z)dz. (8)

2*

The consumption S(z) is given by the first term in the right hand side of equation
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(1):
S(z) = =A\(z)DFe(z),

where A\(z) is given by (2). We can therefore obtain a general formulation for

the biological export of iron:

) .
dre(2) ~ A6 L (ez /5 _ 1) - 1} DFe(z"). 9)
In our model we use z* = —75 m and 6 = 35 m. The biological export of

iron in (9) can be then converted into export production using the Fe/C ratio
and total production using the fe ratio. We find that at 1/20° resolution the
total production accounts for approximately 7 mmol C m~2 d~! in R; and
3 mmol C m~2 d~! in Ry, while at 1/80° we estimate 9 mmol C m~2 d~! and
10 mmol C m~2 d~! in R; and Ry, respectively.

While these numbers are much smaller than the upwelled supply of iron
estimated above (from equation 6) they still account for the significant portion
of measured iron EP. In R, vertical physical supply accounts for about a third
of the estimate particulate iron export (2641) mmol C m~2 d~!. In this region
adjacent to the KP the horizontal supply of iron is more important consistent
with previous observations. In the 1/80° resolution Rg, the estimate iron export
is nearly a half the measured export. In this region resolving the sub-mesoscale
vertical supply of iron is important and could be the dominant mechanism of

iron supply.

5. Discussion and Conclusions

FeRROgo represents an innovative technique for the study of specific pro-
cesses affecting iron concentration in iron-limited waters, such as the Southern
Ocean. The model has been applied to a framework that does not incorpo-
rate the contribution of diffusive mechanisms as our motivation was to specif-
ically investigate the impact of sub-mesoscale advection on the supply of iron.

FeRROgp has just two parameters, decay and replenishment time-scales, chosen
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to represent bio-geochemical processes not explicitly resolved in FeERROgo. We
show these two parameters have a weak effect on the final estimates of iron con-
centration and fluxes. This insensitivity to parameters is due to the timescale
of the upward/downward advection of the particles in the upper 100 m of the
water column being shorter than the iron decay timescale. Also, in case of the
replenishment timescale 7, which we have varied over two orders of magnitudes,
we have not found a significant difference in the behaviour of FeRROgp. Thus
we conclude that FeERROgo is robust and that it does not depend on the choice
of parameters.

While the results presented above are not sensitive to the choice of the pa-
rameters, they do depend on the location of investigation and on the horizontal
resolution of the numerical model. This sensitivity reflects the different dynam-
ics resolved by the simulations, which are also strongly affected by the location
of analysis (Rosso et al., 2015). We have shown that iron concentration, fluxes
and primary productivity are comparable in region R;, where the sub-mesoscale
activity is weak (Rosso et al., 2014). Conversely, in region Ry, where the sub-
mesoscale dynamics are the most active (Rosso et al., 2014), we simulate an
increase in iron estimates with the horizontal resolution, demonstrating that
sub-mesoscale processes have an impact on the transport of dissolved iron. We
note that sub-mesoscale particles are more likely to reach depths (Fig. 3), where
[DFe] is enhanced. It follows that as sub-mesoscales reach greater depths and
rapidly transport waters to the surface (Rosso et al., 2014), they can transport
a higher concentration of dissolved iron.

At R; we estimate a vertical iron supply that is slightly greater than the
observed value reported in Bowie et al. (2014), but varies little with resolution.
Moreover, here the vertical supply is less than a third the estimate for horizontal
advection of iron from the KP. We confirm that in this region the dominant
contribution to the supply of iron is most likely due to lateral processes. R;
is closer to KP than Ry, which might explain the larger impact of the lateral
supply.

Our results suggest that in Ry the vertical supply is a first order mechanism
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for the supply of iron. Furthermore, as the vertical flux increases with the reso-
lution, we conclude that iron supply in this region is likely to be predominantly
due to sub-mesoscale upwelling of dissolved iron. However, we are not able to
compare our estimated iron supply of Ry with any observed estimates. Fol-
lowing Mongin et al. (2009) we can expect a smaller lateral advection into this
region (as they found that the lateral supply decays with the distance from the
plateau). We find that the vertical iron supply, approaches the estimated value
for the horizontal advection of DFe in R;. Furthermore, using the calculation
from the decay rate (equations 2 and 9) we find that the simulated EP accounts
for about a half the measured EP. This calculation requires an assumption that
EP from R; can be used for Re which may not strictly hold; the observed EP
most likely provides an upper estimate.

From the large difference in the 1/80° vertical fluxes between the two regions
(almost 2-fold), a similar difference in the concentration could be expected. Yet,
the difference in the concentration is just about 2%. The reason is likely due
to a combination of downward iron flux (which may be as large as the upward
component) and biological uptake.

The recent work of d’Ovidio et al. (2015) presents a similar technique in the
estimate of iron supply to the phytoplankton plume downstream of the plateau.
They apply a Lagrangian approach, based on surface altimetry velocities. Fur-
thermore, they use an iron decay model, representing scavenging. The model is
comparable to the decay term of our model (first term on the right hand side
of equation 1). In their estimate, the decay constant A\ = 0.051 4-0.006 day ! is
well comparable to our larger value of Ay = 0.03 day~!. Their estimates for the
supply flux in the plume (2400 + 600 nmol m~2 day~! in October-November
and 1700 4- 400 nmol m~2 day~! for January—February) are also comparable to
our estimates (Table 1 and Fig. 6). In their work, the supply is purely horizontal
and based on the horizontal distance from the plateau. Instead, our methodol-
ogy comprises also the estimate of a supply rate, that depends on location and
source depth. The advantage of our approach is that, by including the vertical

dynamics, we are able to estimate the impact of the small-scale circulation in the
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supply of iron. We conclude that a model like ours could serve to inform a study
such as that presented by d’Ovidio et al. (2015), when observations cannot pro-
vide information about vertical dynamics. Furthermore, the strong comparison
in the fluxes estimates strengthens the robustness of our methodology.

We highlight that in our numerical simulations no seasonal cycle has been
modelled and, therefore, FeERROgp estimates are purely indicative of a mean
state. It would be of great interest for the scientific community to investigate
how the seasonal variation can affect the iron supply, however this is beyond the
scope of the present work. Furthermore, a future development should include a
more realistic implementation of bio-geochemical processes.

We conclude that sub-mesoscale dynamics can affect the near-surface bud-
gets of dissolved iron concentration and export production, by enhancing the
vertical advective fluxes of dissolved iron concentration in Southern Ocean
conditions. We suggest that sub-mesoscale fluxes need to be parameterised
in coarser resolution models for the quantification of iron budgets; however,
these parameterisations need to take into account the complex spatial varia-

tions present in sub-mesoscale dynamics.
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