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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. Introduction1

The Southern Ocean has a profound influence on the past, present (e.g.2

Mayewski et al., 2009) and future (e.g Takahashi et al., 2012) climate system.3

In this region, energetic mesoscale eddies and jets of the Antarctic Circumpolar4

Current (ACC) act to redistribute heat and mix water properties between the5

Atlantic, Pacific and Indian ocean basins. Furthermore, the Southern Ocean is6

the nexus of the meridional overturning circulation, where dense waters origi-7

nating from the North Atlantic upwell and split into two directions: northward,8

where they become fresher and warmer and are subducted again forming the9

Antarctic Intermediate Water, or southward where their increase in density10

drives the formation and sinking of the world’s densest water, Antarctic Bot-11

tom Water (e.g. Marshall and Speer, 2012; Talley, 2013). The Southern Ocean,12

thereby, helps to drive the global ocean circulation, and stores and recirculates13

heat, carbon and other gases, such as oxygen, exchanged with the atmosphere.14

The Southern Ocean accounts for a substantial portion of the global seques-15

tration of anthropogenic carbon dioxide (e.g. Khatiwala et al. (2009) estimated16

that the Southern Ocean contributed for over 40% of the oceanic uptake of an-17

thropogenic CO2 in 2008). The Southern Ocean is also important to the global18

carbon cycle and it is implicated in the large glacial to interglacial changes in19

atmospheric CO2 (Sigman et al., 2010). Several processes impact the carbon20

cycle in the oceans, such as the biological and solubility pumps (e.g. Ducklow21

et al., 2001), as well as physical mechanisms active at regional scales such as22

upwelling and subduction (e.g. Marshall and Speer, 2012). In light of the South-23

ern Ocean’s primary role in influencing the carbon cycle, precise quantification24

of the individual processes that control carbon cycling in this region is critical25
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for understanding and predicting our future climate.26

Phytoplankton production is one process that has a direct impact over the27

export of carbon. However, in much of the Southern Ocean the phytoplankton28

activity is limited by the availability of iron (Boyd et al., 2000; Coale et al.,29

2004; De Baar et al., 2005). Martin (1990) hypothesised that iron can stimulate30

phytoplankton productivity and thereby contribute to a drawdown of atmo-31

spheric CO2. Understanding the potential iron sources and physical mecha-32

nisms that can supply iron into the surface waters (and trigger a phytoplankton33

response) is therefore a prerequisite to understanding Southern Ocean phyto-34

plankton blooms.35

One of the largest regular phytoplankton blooms occurs in the Kerguelen36

Plateau (KP) region of the Southern Ocean. Recent studies have identified sev-37

eral physical mechanisms controlling dissolved iron delivery during the growth38

and evolution of the KP phytoplankton bloom. Iron input can come from aeo-39

lian dust deposition (Bucciarelli et al., 2001; Chever et al., 2010) or sediments,40

which can enter KP sunlit waters transported by the stirring action of eddies41

(Abraham et al., 2000; d’Ovidio et al., 2013), turbulent mixing due to tides and42

internal waves (Park et al., 2008), wind-induced upwelling (Gille et al., 2014)43

or lateral advection (Van Beek et al., 2008; Mongin et al., 2009) and mixing44

(Maraldi et al., 2009). However, calculations of the quantity of iron required to45

sustain the Kerguelen Plateau bloom indicate that additional iron is required46

(Bowie et al., 2014).47

It was recently proposed that sub-mesoscale dynamics (defined by a length48

scale less than 10 km and Rossby number greater than 1) could be an impor-49

tant supply of iron to the KP region (Rosso et al., 2014). The rich mesoscale50

eddy field (with length scales of O(100 km)) gives rise to strong sub-mesocales51

velocities in the Kerguelen Plateau region (Rosso et al., 2015) and which can52

dramatically increase vertical velocities and transport of particles (Rosso et al.,53

2014). Lévy et al. (2001) showed that sub-mesoscales can increase the nutrient54

vertical transport and consequently influence biological cycles in other parts of55

the ocean. In this study we aim to contrast the effect of sub-mesoscales against56
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mesoscale (and larger scales) on iron transport.57

Our approach is a numerical study of the dissolved iron concentration (DFe)58

and is based on the development of a mathematical model (FeRROSO), that59

associates the computation of DFe to Lagrangian particles, advected by a se-60

ries of three dimensional high-resolution models of the Kerguelen Plateau re-61

gion. We highlight that the Lagrangian framework could be employed with62

the formulation of a parameterization for diffusive processes. However, in our63

approach we do not include this diffusive part (which can be added in the La-64

grangian framework in the form of a random component), but focus only on65

advection. To correctly include diffusive processes from the Eulerian model,66

it would have been appropriate to employ passive tracer experiments, on-line67

with the physical Eulerian model. However, this would have required a reliable68

coupled bio-geochemical component to be added to the physical model, and a69

large computational cost. Complex biogeochemical models, which include iron70

dynamics, have been applied at a coarser resolution (e.g. Archer and Johnson,71

2000; Gregg et al., 2003), and therefore have not resolved sub-mesoscale pro-72

cesses. Other modelling studies, run at higher resolution and therefore able to73

resolve smaller structures, omitted the vertical dimension and only focused on74

the role of horizontal transport (e.g. Mongin et al., 2008; d’Ovidio et al., 2015).75

Our model includes sub-mesoscale processes with 3D circulation, which is a sig-76

nificant improvement in representing the ocean dynamics, but uses a simple iron77

model which only considers the advective processes.78

The Lagrangian framework is reported in section 2, while FeRROSO is de-79

scribed in section 3). We perform a sensitivity analysis on FeRROSO parameters80

(subsection 3.2) and investigate iron fluxes in mesoscale- and sub-mesoscale-81

resolving models (section 4). The implications of these calculations are discussed82

in section 5.83
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2. Sub-mesoscale impact on Lagrangian paths84

Numerical simulations of the ocean circulation around the Kerguelen Plateau85

have been run using the MITgcm of Marshall et al. (1997), forced and relaxed by86

temporally constant fields (wind, fresh water fluxes, temperature and horizontal87

velocities from the Southern Ocean State Estimate of Mazloff et al. (2010)). The88

model is implemented at two horizontal resolutions: first, at 1/20◦ resolution89

in order to capture the circulation with scales down to the mesoscales, and90

second, at 1/80◦ resolution to explicitly include sub-mesoscales. Both models91

have 150 vertical layers, with a vertical resolution varying from 10 m in the92

upper layers to 50 m near the bottom. The sub-mesoscale resolving model93

(1/80◦) is nested in the 1/20◦, relaxed to the 1/20◦ horizontal velocity, salinity94

and temperature at the northern and southern boundaries and at the surface.95

The model outputs include velocity, temperature, salinity and density fields. A96

more detailed description of the implementation, discussion and assessment of97

these experiments have been outlined in two previous works and the reader is98

referred to them (Rosso et al., 2014, 2015).99

Rosso et al. (2014, 2015) showed an energetic sub-mesoscale field downstream100

of the plateau, likely due to the destabilisation of the Antarctic Circumpolar101

Current interacting with the topography. Sub-mesoscales increase the magni-102

tude of the eddy kinetic energy (Rosso et al., 2014), when compared to the103

mesoscale-resolving model and to a regional high-resolution altimetry product104

from AVISO (not shown).105

In the present work, we aim to show that the rich sub-mesoscale dynam-106

ics can enhance the vertical supply of nutrients, compared with mesoscale and107

larger scale dynamics. We here use a similar approach to Rosso et al. (2014), im-108

plementing a set of Lagrangian particle-tracking experiments (reported below)109

to contrast the mesoscale- to the sub-mesoscale-driven vertical transport. These110

experiments are then used as foundation for the development of FeRROSO.111
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2.1. Lagrangian trajectories112

The Connectivity Modelling System (CMS) of Paris et al. (2013) is used off-113

line, to integrate Lagrangian particle trajectories using daily-snapshot velocity114

fields from the numerical simulations. The procedure followed is to seed regions115

of interest with a constant density of Lagrangian particles. The CMS software116

is then used to integrate the trajectory of these particles backwards in time.117

Given a sufficiently large number of particles, this technique informs us of both118

the sources of water and the path followed.119

Particles are released in two different regions (boxes R1 and R2 in Fig. 1)120

chosen in order to isolate locations of diverse phytoplankton activity (Fig. 1b)121

and with differing intensity of sub-mesocale flows (Fig. 1c). As reference for122

the phytoplankton activity, we considered the satellite-derived chlorophyll map123

taken during the 2011 KEOPS2 experiment (Fig. 6 of Park et al. (2014)). This124

map shows three major peaks in the chlorophyll concentration, which are linked125

to different circulations around and over the plateau (Fig. 15 of Park et al.126

(2014)). Then, by comparing our modelled circulation with their observations,127

we chose areas with moderate to high chlorophyll and weak (R1) or strong128

(R2) sub-mesoscale vertical velocities. R1 is located at 71◦E–72◦E, 46.5◦S–129

49◦S, designed to capture the bloom observed near the plateau, which occurs130

in a region of relatively weak sub-mesoscale activity. Region R2, located at131

74◦E–76◦E, 47◦S–49◦S, encompasses a region of an observed phytoplankton132

bloom downstream of the plateau, where intense sub-mesoscales dominate the133

circulation.134

A total of 2142 and 3362 particles have been initialised in regions R1 and135

R2 respectively. Particles have been released in each box over 2 different depths136

(75 m and 200 m) and equally spaced in the longitudinal and latitudinal di-137

rections, with a step of 0.05◦ in both directions. The release depths have been138

chosen in order to capture levels below and within the spatial mean mixed layer139

depth of that area (we estimated maximum spatial means of mixed layer depths140

of approximately 84 m and 113 m for the two regions in the 1/20◦ model and141

131 m and 152 m in the 1/80◦ areas, at the time of release). It is at the deeper142
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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 of143

iron is significant for the investigation of the meso- and sub-mesoscale flows.144
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In order to explore how meso- and sub-mesoscales influence the transport of145

water particles, no turbulent scheme has been employed; Lagrangian particles146

are purely advected by daily snapshots of zonal, meridional and vertical velocity147

dataset. The robustness of the daily sampling has been tested in our previous148

work (Rosso et al., 2014), using model output sampled between three hours and149

two days. A timestep of 60 seconds is implemented over a maximum integration150

time of 200 days, with outputs saved every 12 hours. The specific integration151

time varies for each particle: it is less than 200 days in case the particle exit a152

defined domain of analysis (which extends up to 68◦E and between 52◦S–42◦S).153

We define two water sources: ON and OFF the plateau. We base this154

distinction on the observational study of Blain et al. (2007), in which their155

stations ON the plateau were those in water depth of less than 500 m and OFF156

the plateau included those with a depth exceeding 1500 m. The distinction is157

based on the observation of different profiles of DFe, highlighting that a spatial158

dependence on DFe pools exists in the Kerguelen Plateau region. Thus, we159

identify the 500 m isobath as the limit for our ON area (green region in Fig. 1a).160

Beyond this, an OFF plateau region is defined, which includes a transition zone161

between the ON area and the 1500 m contour (red shaded area in Fig. 1a).162

At 1/20◦ resolution, we found that waters originating from the plateau (ON )163

account for the 59% and 22% in case of R1 and R2, respectively. At 1/80◦164

resolution, the ON particles account for the 75% (R1) and 32% (R2). This result165

highlights, first, that water sources are sensitive to the horizontal resolution and,166

second, that water sources differ between the two regions under analysis.167

Figure 2 shows several selected example Lagrangian trajectories for the 1/80◦168

resolution experiment (plotted are daily particle positions color-coded depend-169

ing on the daily particle depth). Release and source positions of the particles170

are shown by circular and triangular markers, respectively (recalling that tra-171

jectories are integrated backwards in time). We highlight a range of different172

trajectories, including those crossing the plateau either north or south of the173

Kerguelen Island, as reported by Rosso et al. (2014), and deep trajectories com-174

ing from the south east region of the plateau (Fig. 2), likely captured by the175
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deep western boundary current on the east flank of the plateau (McCartney and176

Donohue, 2007).

68E 72E 76E 80E 84E
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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.

177

2.2. Depth distribution of tracked particles178

The particle distribution in the water column, computed as a probability179

density function (PDF) of the source particle as a function of depth, over each180

region, is shown in Fig. 3. The PDFs are computed for the total particles re-181

leased at both 75 m and 200 m and show the distribution for ON (dashed lines),182

OFF (dotted) and all particles (solid) for each region. The double peaks in each183

profile in Fig. 3 is due to the particles being released at the two initial depths.184

The 1/20◦ resolution profiles are shown in red, while the 1/80◦ are in black.185

For each region, the PDF profiles are normalised to
∑N
i=1 Ti, where N refers186

to either the total number of ON or OFF particles, or to the total number of187

particles released in the region. Ti indicates the lifespan of the particle i, which188

9



0.05 0.1 0.15 0.2 0.25 0.3 0.35
PDF depths

800

700

600

500

400

300

200

100

0
d
e
p
th

 [
m

]
R1

ON20

OFF20

TOT20

ON80

OFF80

TOT80

0.05 0.1 0.15 0.2 0.25 0.3 0.35
PDF depths

800

700

600

500

400

300

200

100

0

R2

Figure 3: Probability density function of particle depth for the two regions of investigation, R1

and R2. 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 exit189

the model domain or reach land in less than 200 days. The figure shows that the190

impact of the horizontal resolution on the PDF profiles for the two regions of in-191

terest depends on the location of analysis and on the range of depths considered.192

For region R1, the PDF profiles are not significantly influenced by resolution.193

Furthermore, the mean depth of the total PDF profiles in R1 (approximately194

130 m at 1/20◦ resolution and 171 m at 1/80◦) are shallower than the mean195

depth in R2 (approximately 163 m at 1/20◦ and 191 m at 1/80◦), suggesting196

that R1 is a region with a higher probability of surface-sourced particles. On197

the contrary, there is a larger number of deep-sourced particles in R2, which198
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increases with the resolution. The larger number of particles found at depths199

below 300 m in R2 is not surprising when considering that the deep reaching200

sub-mesoscale activity present in this region cycles the water as deep as 1000 m201

Rosso et al. (2014), and this is much stronger in the 1/80◦ simulation than in202

the 1/20◦.203

3. Methods204

We here describe the off-line model that has been implemented in order to205

compute the evolution of iron concentration on the trajectories of Lagrangian206

particles.207

3.1. FeRROSO208

Iron concentration is computed by implementing a decay/replenishment model.209

This methodology has the advantage of being simple and easy to modify and210

discriminate the role of specific physical processes. Input of the model is a 3D211

position as a function of time. At each instant, FeRROSO estimates the concen-212

tration of iron for the i -th particle (DFei) by solving the following equation:213

˙DFei = −λ(zi)DFei − f(zi)(DFei − 〈DFe〉i), (1)

where ˙DFei represents the time derivative of DFei. Parameters of (1) represent214

decay (λ) and replenishment (f) of iron. Replenishment occurs via restoring to-215

wards 〈DFe〉i, a 3D function describing the temporal mean concentration of216

iron taken from climatology. Each of these terms are discussed in the following217

subsections. Three layers are identified in the model, with differing behaviours,218

whose boundaries are the surface, z1 = −100 m, z2 = −200 m and the bot-219

tom depth. (Note that depths z are defined negative in all the calculations220

throughout the paper).221

3.1.1. Decay rate222

In the upper region (zi ≥ z1) DFei is constrained to decay with rate λ(z).223

This decay rate λ (given in day−1) depends exponentially on depth and is used224
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to parameterise the loss of iron due to biological uptake in the euphotic layer,225

by phytoplankton activity. The decay rate has an e folding length δ of 35 m, a226

maximum value λ0 at the surface and is constrained to decay to zero at z1:227

λ(zi) = λ0
zi − z1
z1

e
zi
δ . (2)

The vertical profile in (2), shown by the blue line in Fig. 4a, has been chosen in228

order to take into account the depth-dependent consumption of iron, associated229

with light irradiance (note that λ = 0 for depths zi < z1). Mongin et al. (2009)230

estimated an optimal annual averaged decay rate at the surface of 0.015 day−1.231

We test the sensitivity of dissolved iron concentration to the decay rate, with232

λ0 = (0.004,0.015, 0.03) day−1 (the bold value indicates our reference case).
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Figure 4: (a) Vertical profiles of (blue) decay rate λ(zi) from equation (2) and (green) structure
function f(zi) for the relaxation term (3). (b) Vertical profiles of 〈DFe〉i 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).

233
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3.1.2. Replenishment rate234

The second term in the RHS of equation (1) determines the relaxation of235

DFei to the particle background mean concentration 〈DFe〉i, whose value de-236

pends on the location of the particle. The timescale of the replenishment is gov-237

erned by a structure function, f(zi). The function f(zi) (green line in Fig. 4a)238

depends on a timescale γ (units are day−1) and depth zi, as:239

f(zi) =


γ zi ≤ z2
γ(zi − z1)

z2 − z1
z1 < zi < z2

0 zi ≥ z1.

(3)

We allow a replenishment only at depths zi < z1: replenishment is thus distinct240

from the loss of iron to primary productivity in the euphotic zone. We vary the241

replenishment timescale τ = 1/γ from a minimum of 0.1 days to 10 days (0.1,242

0.2, 0.5, 1, 5, 10).243

3.1.3. Mean concentration of DFe244

Below z1, the i -th particle is relaxed to a mean (〈·〉) concentration that245

depends on its relative position to the plateau and on its depth (Fig. 4b):246

〈DFe〉i = A−B tanh(−300 + zi
z2

π), (4)

where A = max(〈DFe〉)+min(〈DFe〉)
2 and B = max(〈DFe〉)−min(〈DFe〉)

2 . The247

minimum value of 〈DFe〉 in parameters A and B is defined as 90 nmol m−3,248

everywhere in the domain (based on the measured mixed layer value found by249

Blain et al. (2007)). The maximum value depends on the horizontal location of250

the particle. Based on observed mean concentrations of DFe at depth (Blain251

et al., 2007), we define a value of 350 nmol m−3 as max(〈DFe〉) in the ON252

region and 180 nmol m−3 as max(〈DFe〉) in the OFF region. In the transition253

zone, we choose a maximum value given by the middle point between the two254

maximum concentrations in the ON and OFF regions.255
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The profile in (4) has been chosen to idealise the profile in Figure 2 of Blain256

et al. (2007) and to consider a ferricline, or the depth where the vertical gradient257

of DFe is maximum (Tagliabue et al., 2014), of 300 m. This value has been258

chosen in order to follow the result reported in Tagliabue et al. (2014) for the259

mean depth of the ferricline in the Southern Ocean, and in particular for the260

Kerguelen Plateau region (their Fig. 1a). Furthermore, for depths above or261

equal to z1 it is clear from (1) that the dissolved iron concentration reaches a262

zero steady state solution. This approach has been chosen in order to focus263

solely on advective processes as mechanisms of supply of DFe.264

3.1.4. Initialisation of DFei265

The initial value of iron concentration depends on the depth of the particle:266

if deeper than z1, it is initialised to 〈DFe〉i from equation (4), otherwise its267

initial value is zero. This formulation has been chosen in order to isolate deep268

sources of dissolved iron and how the different flows influence its transport from269

depth.270

3.2. Sensitivity to FeRROSO parameters271

The FeRROSO model is a new technique designed to isolate different com-272

ponents of advective transport of tracers in a complex three dimensional flow273

field. Before using the model, we first explore the sensitivity of FeRROSO to a274

range of values of the governing parameters: the decay and replenishment rates275

(listed in sections 3.1.2 and 3.1.3 respectively). Note that a sensitivity analysis276

on the mean concentration term is not necessary, as the results scale linearly277

with 〈DFe〉i.278

We focus on the total concentration of iron, as defined by equation (5) below,279

and on upwelling iron fluxes, computed as mean of local fluxes wi ·DFei, where280

wi is the upward vertical velocity of the i -th particle at the release time and281

location). The average concentration of iron is estimated as282

[DFe] =

∑N
i = 0[DFei] · dVi

V
, (5)
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where [DFei] is the concentration of the i -th particle, computed at the seeding283

position occupied by the i -th Lagrangian particle. dVi is the volume of the par-284

ticle i at this location: we highlight that dVi is valid only at the very moment of285

seeding, as this is the only instant in time where we can define a representative286

volume for each particle. At this instant, dVi = dxi · dyi · dzi, where the incre-287

ment in the longitude direction (dxi) is a function of latitude yi (as our ocean288

circulation models use spherical coordinates) and varies between approximately289

3580 m and 3830 m. Increments in latitude and depth are: dyi = 5560 m and290

dzi = 125 m, for each particle. Finally, V represents the total volume occupied291

by the particles: V =
∑N
i = 0 dVi. Note that for this calculation we evaluated292

a mean of both particles initialised at 75 m and 200 m, excluding those whose293

vertical displacement never exceeds z1.294

The sensitivity is shown in Fig. 5: the left panel shows the sensitivity to the295

decay rate λ, with the dependence on the replenishment timescale τ on the right.296

Results show the difference from the reference case expressed as a percentage297

of [DFe] (panels a,b) and of w · DFe (c,d). Results from the two regions are298

presented: black lines are for R1, blue for R2. FeRROSO is not significantly299

sensitive to the chosen values of λ, in both regions: we can estimate a maximum300

change in [DFe] of less than ±1% in both R1 and R2. The sensitivity to the301

timescale of relaxation τ is also weak, giving approximately ±3% (R1) and ±4%302

(R2). The change in vertical fluxes (Fig. 5c) shows a larger sensitivity to the303

change of λ, of approximately ±2% in R1 and ±1.5% in R2, while the sensitivity304

to the timescale is weaker, with a maximum change of less than ±1% (R1) and305

±3% (R2) (Fig. 5d).306

The results reported here are for the highest resolution case, however, we307

found similar sensitivity for the 1/20◦ experiment. We conclude that the sen-308

sitivity of FeRROSO to the choice of parameters is weak, which might indicate309

that the transition of the particles in the water column due to the advective310

contribution of mesoscale and sub-mesoscale flows act on timescales faster than311

the decay and restoring rates.312
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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 R1 (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. Results313

Dissolved iron statistics are analysed with a focus on the sensitivity of total314

concentration of iron [DFe] and vertical fluxes of iron to the horizontal resolu-315

tion. The goal of this analysis it to delineate the contribution that sub-mesoscale316

dynamics, resolved only by the 1/80◦ resolution model, have over the supply of317
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iron. Emphasis is given also to the impact of the resolution upon the sources318

of iron, for the two regions of study. To investigate the different iron sources,319

we delineate between ON and OFF particles, where ON particles are those320

that reach the ON plateau region during their lifetime. Conversely, the OFF321

particles are defined as those that never touch the ON region; for this analysis322

OFF particles include those found in the transition zone (the ON boundaries323

are defined in subsection 3.1.3).324

In addition, we have found that a fraction of particles remains in the first325

100 m of the water column. We note that the number of these particles decreases326

with the resolution: in the lowest resolution case we estimated that 18% of327

particles in R1 and the 33% in R2 do not go deeper than 100 m, while only 13%328

of particles (in both R1 and R2) did not exceed 1000 m in the highest resolution329

case. These numbers are consistent with our findings (Fig. 3) that in the high330

resolution case there are more deep-reaching flows than at low resolution.331

4.1. Iron Concentration332

The average concentration of iron has been computed in the two regions333

and a representative case with λ0 = 0.015 day−1 and γ = 1 day−1 is shown in334

Fig. 6a. In this figure, red bars are used for the 1/20◦ resolution case, while black335

indicates the 1/80◦ resolution. [DFe] has been separated into the contribution336

from particles that move over the plateau (ON ) and particles that do not (OFF ).337

The magnitude of the dissolved iron concentration for the two sources is shown338

in Table 1.339

The sensitivity of [DFe] to the resolution is evident from Fig. 6a, in both340

regions. In R1, ON particles contribute 59% and 75% of the [DFe] in the low341

and high resolution case, respectively. The highest resolution case has slightly342

more [DFe] (approximately 20 nmol m−3) than the 1/20◦ resolution case and343

at both resolutions the simulated [DFe] shows an enhancement respect to the344

(90±34) nmol m−3 of mean dissolved iron concentration observed by Blain et al.345

(2007) (estimated in the surface mixed layer both ON and OFF the plateau;346

dashed blue line in Fig. 6a).347
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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 (R1 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 R1 by Bowie et al. (2014).

In R2 ON particles account for 22% and 32% of the [DFe] in the 1/20◦ and348

1/80◦ resolution case, respectively. The greater contribution of the OFF parti-349

cles is consistent with the greater eddy activity in the vicinity of the region and350

its greater distance from the plateau. Again, the highest resolution simulation351

has more [DFe] than the lowest resolution case (about 49 nmol m−3), but for352

this region the lowest resolution case has less DFe than observed (about 20%)353

than Blain et al. (2007) estimates, while more at the highest (approximately354

33% more).355

356

4.2. Vertical fluxes of DFe357

Vertical fluxes, computed for the case λ0 = 0.015 day−1 and γ = 1 day−1,358

are shown in Fig. 6b. We focus our investigation on the flux into the base of359

the mixed layer; hence, only the upward fluxes into the 200 m layer are here360
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Resolution R1,TOT R1,ON R1,OFF R2,TOT R2,ON R2,OFF

Concentration of iron averaged between 75 m and 200 m [nmol m−3]:
1/20◦ 100 59 41 73 16 57
1/80◦ 120 90 30 122 39 83

Vertical fluxes of iron estimated at 75 m [nmol m−2 d−1]:
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]:
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−1 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 fluxes361

is, as for the [DFe], more dramatic in R2 than in R1. We note that the vertical362

flux in the second region is larger by a factor of 2 in the 1/80◦ case, while the363

flux at the highest resolution in R1 is just 15% larger. The values of upward364

vertical fluxes due to the different sources in presented are Table 1.365

To put these values into context, we compare them with estimates of up-366

welling fluxes by Bowie et al. (2014). We are able to compare only region R1367

with their “plume” stations. Here, the authors found a maximum vertical flux368

of 330 nmol m−2 d−1 (indicated by a blue horizontal line in Fig. 6b), that, com-369

pared to our measurements, is smaller by a factor of 3.3 in the 1/20◦ resolution370

case and of 4 in the 1/80◦. Bowie et al. (2014) estimated also a maximum total371

vertical supply of dissolved iron (due to upwelling, diffusion and entrainment)372
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of 661 nmol m−2 d−1, 1.7 times smaller than our estimate of iron fluxes (due to373

only upwelling) at the 1/20◦ resolution. In the high resolution case our physical374

DFe supply is nearly double the estimate of Bowie et al. (2014), but it is still375

significantly less than Bowie et al. (2014) estimate of atmospheric and sediment376

supply.377

4.3. Primary production estimates378

To estimate the export production in the two regions we consider two calcu-379

lations: vertical supply of iron to the euphotic zone (i.e. at 75 m; equation 6) and380

a biological uptake computed using the decay rate (equation 9). Then, we use a381

DFe/C ratio to convert the estimate into an estimate for carbon export (EP).382

DFe/C is the mixed layer cellular uptake ratio, as observed in the “plume” re-383

gion by Bowie et al. (2014) and estimated as (0.021±0.002) mmol Fe mol−1 C.384

The export based on the vertical supply of iron is given by:385

w ·DFe
DFe/C

. (6)

At 75 m, and in the release location, we estimate an export primary produc-386

tion of (36±3) mmol C m−2 d−1 in R1 for the 1/20◦ resolution model and387

of (34±3) mmol C m−2 d−1 at 1/80◦ resolution. Given an absence of ob-388

served values in R2, we use the same conversion ratio for this region and find389

that at the lowest resolution its export primary production is approximately390

(39±8) mmol C m−2 d−1, whereas it is (87±8) mmol C m−2 d−1 in the highest391

resolution case. Fig. 6c shows the estimates of EP, per region, resolution and392

source of particles. The blue line represents an observed EP (localised in region393

R1) of approximately (26±1) mmol C m−2 d−1 computed from the downward394

particulate iron export of (541±216) nmol m−2 d−1 of Bowie et al. (2014).395

Estimates of the simulated EP relative to each source are reported in Table 1.396

In R1 the EP is about a third above the observed value at each resolution.397

In region R2 we note an increase of more than a factor of 2 in the EP due to398

the resolution. Here, we cannot compare to any estimates, although we would399
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expect EP in region R2 to be similar or less than R1 because R2 is further away400

from KP than R1.401

The estimated export productivity can be converted into total primary402

productivity by using the fe ratio, equal to the uptake of new iron/uptake403

of new + regenerated iron, of 0.49 (Sarthou et al., 2008). In region R1 we404

find a total primary productivity of approximately 73 mmol C m−2 d−1 and405

69 mmol C m−2 d−1 at 1/20◦ and 1/80◦ resolution, respectively. In R2 the esti-406

mated values are 78 mmol C m−2 d−1 (1/20◦) and 177 mmol C m−2 d−1 (1/80◦).407

This last value compares to an observed PP estimates in R1 of 132 mmol C m−2 d−1.408

Total primary productivity estimates for the ON and OFF particles are shown409

in the last row of Table 1. In R1 our estimate of vertical DFe supply is 1.3410

more than what is required to meet the estimated particulate iron export. In411

R2 our estimate is 1.5 to 3.3 times the estimated particulate iron export.412

While our simulated vertical iron supply is an upper bound particularly at413

R2, the supply due to sub-mesoscale processes is substantial, approaching the414

value estimate for iron supply from the sediments on the KP and is much greater415

than the estimated export.416

However, we highlight that the computation of export production based on417

upward iron fluxes gives a maximum estimate, as physical flows can transport418

iron downward as well. Hence, we can calculate the biological export of iron at419

the base of the euphotic layer (z∗) as the flux required to balance the loss of420

iron by biological consumption (S(z)):421

S(z)− ∂φFe(z)

∂z
= 0. (7)

φFe(z) represents the vertical flux of iron and its value at z = z∗ can be obtained422

by integrating (7) over the euphotic layer:423

φFe(z
∗) = −

∫ 0

z∗
S(z)dz. (8)

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

S(z) = −λ(z)DFe(z),

where λ(z) is given by (2). We can therefore obtain a general formulation for424

the biological export of iron:425

φFe(z
∗) ∼ λ0δ

[
δ

z∗

(
ez

∗/δ − 1
)
− 1

]
DFe(z∗). (9)

In our model we use z∗ = −75 m and δ = 35 m. The biological export of426

iron in (9) can be then converted into export production using the Fe/C ratio427

and total production using the fe ratio. We find that at 1/20◦ resolution the428

total production accounts for approximately 7 mmol C m−2 d−1 in R1 and429

3 mmol C m−2 d−1 in R2, while at 1/80◦ we estimate 9 mmol C m−2 d−1 and430

10 mmol C m−2 d−1 in R1 and R2, respectively.431

While these numbers are much smaller than the upwelled supply of iron432

estimated above (from equation 6) they still account for the significant portion433

of measured iron EP. In R1, vertical physical supply accounts for about a third434

of the estimate particulate iron export (26±1) mmol C m−2 d−1. In this region435

adjacent to the KP the horizontal supply of iron is more important consistent436

with previous observations. In the 1/80◦ resolution R2, the estimate iron export437

is nearly a half the measured export. In this region resolving the sub-mesoscale438

vertical supply of iron is important and could be the dominant mechanism of439

iron supply.440

5. Discussion and Conclusions441

FeRROSO represents an innovative technique for the study of specific pro-442

cesses affecting iron concentration in iron-limited waters, such as the Southern443

Ocean. The model has been applied to a framework that does not incorpo-444

rate the contribution of diffusive mechanisms as our motivation was to specif-445

ically investigate the impact of sub-mesoscale advection on the supply of iron.446

FeRROSO has just two parameters, decay and replenishment time-scales, chosen447
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to represent bio-geochemical processes not explicitly resolved in FeRROSO. We448

show these two parameters have a weak effect on the final estimates of iron con-449

centration and fluxes. This insensitivity to parameters is due to the timescale450

of the upward/downward advection of the particles in the upper 100 m of the451

water column being shorter than the iron decay timescale. Also, in case of the452

replenishment timescale τ , which we have varied over two orders of magnitudes,453

we have not found a significant difference in the behaviour of FeRROSO. Thus454

we conclude that FeRROSO is robust and that it does not depend on the choice455

of parameters.456

While the results presented above are not sensitive to the choice of the pa-457

rameters, they do depend on the location of investigation and on the horizontal458

resolution of the numerical model. This sensitivity reflects the different dynam-459

ics resolved by the simulations, which are also strongly affected by the location460

of analysis (Rosso et al., 2015). We have shown that iron concentration, fluxes461

and primary productivity are comparable in region R1, where the sub-mesoscale462

activity is weak (Rosso et al., 2014). Conversely, in region R2, where the sub-463

mesoscale dynamics are the most active (Rosso et al., 2014), we simulate an464

increase in iron estimates with the horizontal resolution, demonstrating that465

sub-mesoscale processes have an impact on the transport of dissolved iron. We466

note that sub-mesoscale particles are more likely to reach depths (Fig. 3), where467

[DFe] is enhanced. It follows that as sub-mesoscales reach greater depths and468

rapidly transport waters to the surface (Rosso et al., 2014), they can transport469

a higher concentration of dissolved iron.470

At R1 we estimate a vertical iron supply that is slightly greater than the471

observed value reported in Bowie et al. (2014), but varies little with resolution.472

Moreover, here the vertical supply is less than a third the estimate for horizontal473

advection of iron from the KP. We confirm that in this region the dominant474

contribution to the supply of iron is most likely due to lateral processes. R1475

is closer to KP than R2, which might explain the larger impact of the lateral476

supply.477

Our results suggest that in R2 the vertical supply is a first order mechanism478
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for the supply of iron. Furthermore, as the vertical flux increases with the reso-479

lution, we conclude that iron supply in this region is likely to be predominantly480

due to sub-mesoscale upwelling of dissolved iron. However, we are not able to481

compare our estimated iron supply of R2 with any observed estimates. Fol-482

lowing Mongin et al. (2009) we can expect a smaller lateral advection into this483

region (as they found that the lateral supply decays with the distance from the484

plateau). We find that the vertical iron supply, approaches the estimated value485

for the horizontal advection of DFe in R1. Furthermore, using the calculation486

from the decay rate (equations 2 and 9) we find that the simulated EP accounts487

for about a half the measured EP. This calculation requires an assumption that488

EP from R1 can be used for R2 which may not strictly hold; the observed EP489

most likely provides an upper estimate.490

From the large difference in the 1/80◦ vertical fluxes between the two regions491

(almost 2-fold), a similar difference in the concentration could be expected. Yet,492

the difference in the concentration is just about 2%. The reason is likely due493

to a combination of downward iron flux (which may be as large as the upward494

component) and biological uptake.495

The recent work of d’Ovidio et al. (2015) presents a similar technique in the496

estimate of iron supply to the phytoplankton plume downstream of the plateau.497

They apply a Lagrangian approach, based on surface altimetry velocities. Fur-498

thermore, they use an iron decay model, representing scavenging. The model is499

comparable to the decay term of our model (first term on the right hand side500

of equation 1). In their estimate, the decay constant λ = 0.051± 0.006 day−1 is501

well comparable to our larger value of λ0 = 0.03 day−1. Their estimates for the502

supply flux in the plume (2400 ± 600 nmol m−2 day−1 in October–November503

and 1700± 400 nmol m−2 day−1 for January–February) are also comparable to504

our estimates (Table 1 and Fig. 6). In their work, the supply is purely horizontal505

and based on the horizontal distance from the plateau. Instead, our methodol-506

ogy comprises also the estimate of a supply rate, that depends on location and507

source depth. The advantage of our approach is that, by including the vertical508

dynamics, we are able to estimate the impact of the small-scale circulation in the509
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supply of iron. We conclude that a model like ours could serve to inform a study510

such as that presented by d’Ovidio et al. (2015), when observations cannot pro-511

vide information about vertical dynamics. Furthermore, the strong comparison512

in the fluxes estimates strengthens the robustness of our methodology.513

We highlight that in our numerical simulations no seasonal cycle has been514

modelled and, therefore, FeRROSO estimates are purely indicative of a mean515

state. It would be of great interest for the scientific community to investigate516

how the seasonal variation can affect the iron supply, however this is beyond the517

scope of the present work. Furthermore, a future development should include a518

more realistic implementation of bio-geochemical processes.519

We conclude that sub-mesoscale dynamics can affect the near-surface bud-520

gets of dissolved iron concentration and export production, by enhancing the521

vertical advective fluxes of dissolved iron concentration in Southern Ocean522

conditions. We suggest that sub-mesoscale fluxes need to be parameterised523

in coarser resolution models for the quantification of iron budgets; however,524

these parameterisations need to take into account the complex spatial varia-525

tions present in sub-mesoscale dynamics.526
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