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Abstract. In high-nutrient low-chlorophyll waters of the
western Atlantic sector of the Southern Ocean, an intense
phytoplankton bloom is observed annually north of South
Georgia. Multiple sources, including shallow sediments and
atmospheric dust deposition, are thought to introduce iron to
the region. However, the relative importance of each source
is still unclear, owing in part to the scarcity of dissolved
iron (dFe) measurements in the South Georgia region. In this
study, we combine results from a recently published dFe data
set around South Georgia with a coupled regional hydrody-
namic and biogeochemical model to further investigate iron
supply around the island. The biogeochemical component of
the model includes an iron cycle, where sediments and dust
deposition are the sources of iron to the ocean. The model
captures the characteristic flow patterns around South Geor-
gia, hence simulating a large phytoplankton bloom to the
north (i.e. downstream) of the island. Modelled dFe concen-
trations agree well with observations (mean difference and
root mean square errors of∼ 0.02 nM and∼ 0.81 nM) and
form a large plume to the north of the island that extends east-
wards for more than 800 km. In agreement with observations,
highest dFe concentrations are located along the coast and
decrease with distance from the island. Sensitivity tests indi-
cate that most of the iron measured in the main bloom area
originates from the coast and very shallow shelf-sediments
(depths< 20 m). Dust deposition exerts almost no effect on
surface chlorophylla concentrations. Other sources of iron
such as run-off and glacial melt are not represented explic-
itly in the model, however we discuss their role in the local
iron budget.

1 Introduction

The island of South Georgia is located in the western At-
lantic sector of the Southern Ocean at the northeastern limit
of the Scotia Sea. It lies along the North Scotia Ridge (Figs. 1
and 2 for topographic features in the region), and is situ-
ated between two of the main fronts of the easterly flowing
Antarctic Circumpolar Current (ACC): the Polar Front (PF)
and the Southern ACC Front (SACCF). The PF crosses the
North Scotia Ridge at Shag Rocks Passage and then flows
eastwards, always remaining due north of the island. The
SACCF reaches South Georgia from the southwest, it flows
around the southern shelf of the island and then veers anti-
cyclonically towards the Georgia Basin before resuming its
eastwards course (Orsi et al., 1995; Thorpe et al., 2002).

The ACC, PF and SACCF control the physical and chemi-
cal properties of the oceanic waters surrounding South Geor-
gia. In particular, there is a strong transition from high to
low silicate waters across the PF (Brzezinski et al., 2001 and
Campanelli et al., 2011). At the beginning of the growth sea-
son nitrate and silicate range from 20–30 nM, whereas phos-
phate concentrations are close to 1.3–2 nM (CARS 2009;
Ridgway et al., 2002); hence concentrations of all macronu-
trients are well above the requirements for phytoplankton
growth. In the vicinity of South Georgia, local processes such
as run-off, glacial melt as well as solar heating and water
mass retention, can lead to shelf-water temperature and salin-
ity properties that may be very different from those observed
in the oceanic ACC waters (Whitehouse et al., 1996; Korb
and Whitehouse., 2004; Young et al., 2011; Meredith et al.,
2005; Brandon et al., 1999).
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Fig. 1. Austral summer (January–February) chlorophylla clima-
tology derived from MODIS for the 2003–2012 time period in the
southwestern sector of the Atlantic Southern Ocean. Bold lines indi-
cate the Subantarctic Front (SAF, Orsi et al., 1995), the Polar Front
(PF, Moore et al., 1999) and the Southern ACC Front (SACCF,
Thorpe et al., 2002). The position of the South Orkney Islands (SOI)
and the South Sandwich Islands (SSI) are also indicated. The rect-
angle indicates the South Georgia area referred to in the text.

Satellite ocean colour imagery shows a large
(∼ 145 000 km2, Borrione and Schlitzer, 2013) and long-
lived phytoplankton bloom (> 4 months) that occurs to the
north and northwest of South Georgia. Chlorophylla (Chl a)

concentrations often exceed 10 mg m−3 (Korb et al., 2004),
leading to one of the strongest seasonal atmospheric-CO2
sinks in the open Southern Ocean (Jones et al., 2012).
These high levels of phytoplankton biomass are in sharp
contrast with the surrounding high-nutrient low-chlorophyll
(HNLC) waters where, despite the presence of similarly
high macronutrient concentrations, phytoplankton blooms of
similar magnitude have not been observed (Fig. 1).

The spatial and temporal dynamics of the South Georgia
bloom are still being investigated; ongoing research has indi-
cated that a continuous supply of iron from the island’s shelf
is most likely one of the most important drivers (Nielsdóttir
et al., 2012). The currents flowing along and over the wide
(30–100 km) continental shelf of the island could pick-up
iron from shelf sediments and would then transport the iron-
enriched waters towards the Georgia Basin, where intense
blooms are regularly found (Nielsdóttir et al., 2012; Korb
et al., 2008; Borrione and Schlitzer, 2013). Other sources of
iron other than the coastal region are possible, although they
have not yet been ascertained from in situ observations: for
example, run-off and glacial-melt (see Gerringa et al., 2012;
Raiswell et al., 2008) as well as upwelling at the shelf edge
(Whitehouse et al., 2008a) or the deposition of dust from re-
mote regions (i.e. the Patagonian Desert; Meskhidze et al.,
2007; Johnson et al., 2010) or from local sources, as observed
previously in the Kerguelen region (Blain et al., 2008; Heim-
burger et al., 2012).

Fig. 2. Bathymetry and main topographic features in the South
Georgia area: MEB: Maurice Ewing Bank; SR: Shag Rocks; BRP:
Black Rocks Passage; NWGR: North West Georgia Rise; NEGR:
Northeast Georgia Rise. Bathymetric contours for the 2000 m are
indicated with thin lines.

In this study we address the importance of sedimentary
and atmospheric iron sources around South Georgia. A hy-
drodynamic regional model (ROMS – Regional Oceanic
Modelling System; Shchepetkin and McWilliams, 2005) was
coupled with a biogeochemical model that includes a sedi-
mentary iron source (PISCES - Pelagic Integration Scheme
for Carbon and Ecosystem Studies; Aumont and Bopp,
2006). Previous biogeochemical models addressing iron lim-
itation have focussed on dust deposition as the iron source
(i.e. Parekh et al., 2004; Aumont et al., 2003). However, more
recent studies have highlighted the importance of sedimen-
tary sources for constraining global and regional iron budgets
(Elrod et al., 2004; Moore and Braucher, 2008). Previous bio-
geochemical models of iron limitation have mostly focussed
on the Southern Ocean as a whole (e.g. Tagliabue et al., 2009;
Moore and Braucher, 2008), and here we present the first at-
tempt to construct a regional biogeochemical model that con-
strains multiple iron sources in the South Georgia region.

After introducing the modelling tools and observational
data sets, we evaluate the model’s performance in the South
Georgia area and in particular the model’s ability to simu-
late surface dissolved iron (dFe) concentrations. Finally, we
present results from sensitivity runs performed to identify the
relative importance of the two iron sources considered here,
and the distribution-pathways of dFe concentrations in the
region. The results provide an opportunity to investigate nat-
ural iron fertilization around and downstream of South Geor-
gia to compensate the current lack of adequate in situ dFe
measurements.

2 Model description

2.1 The hydrodynamic model ROMS

The hydrodynamic model used for this study is the version of
ROMS (Shchepetkin and McWilliams, 2005) which makes
use of the Adaptive Grid Refinement in Fortran (AGRIF) pro-
cedure, (i.e. ROMS_AGRIF; Debreu and Blayo, 2008; Pen-
ven et al., 2006).
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ROMS_AGRIF is a three-dimensional, split-explicit, free-
surface, primitive equation model. The model’s grid com-
bines horizontal orthogonal curvilinear coordinates, and ver-
tical coordinates that are discretized in terrain-following
curvilinear coordinates (i.e. sigma-layers) using high-order
numerical methods. ROMS_AGRIF is based on the Boussi-
nesq approximation and hydrostatic vertical momentum bal-
ance and solves the free surface primitive equations in an
earth-centred rotating environment. The model’s code (ver-
sion V1.1) and the pre- and post-processing routines (Penven
et al., 2008) used in this study, together with the biogeochem-
ical model PISCES described below, were obtained from the
web page of the Institut de Recherche pour le Développe-
ment (http://www.romsagrif.org/). To date, ROMS_AGRIF
has been utilized by several regional oceanographic studies
(e.g. Karakas et al., 2006; Penven et al., 2006), but not in the
Southern Ocean.

2.2 The biogeochemical model PISCES

PISCES (Aumont and Bopp, 2006) is a 24-compartment bio-
geochemical model. It simulates the biogeochemical cycles
of oxygen, carbon and the main micro- and macronutrients
controlling phytoplankton growth, i.e. iron, phosphate, ni-
trate, ammonia and silicate. The phytoplankton compartment
is comprised of nanophytoplankton and diatoms, with only
diatoms requiring silicate for growth. Moreover, PISCES in-
cludes a grazer compartment (i.e. micro- and mesozooplank-
ton) as well as a non-living detritus compartment, consist-
ing of small and big organic particles, sized at 0–100 µm and
100 µm – 5 mm. In all living compartments the total carbon
biomass is calculated explicitly and C/N/P ratios are assumed
constant and close to Redfield values of 122/16/1. Addition-
ally, for the phytoplankton compartment, PISCES explicitly
calculates concentrations of chlorophyll (Chl), iron and sil-
icate (diatoms only). Consequently, the internal ratios for
Fe / C, Chl / C, and Si / C are allowed to vary. Conversely,
these ratios are kept constant in the zooplankton compart-
ment; the bacterial compartment is not modelled explicitly.

The inclusion of an iron cycle (briefly described below
and schematically represented in Fig. 3) is a key aspect of
PISCES development to perform biogeochemical modelling
in the iron-limited Southern Ocean. In the model, iron is
supplied to the ocean in dissolved form from both atmo-
spheric dust-deposition and sediment mobilization (Aumont
and Bopp, 2006). Aeolian deposition of iron on the ocean
is estimated from the climatological monthly maps of dust
deposition modelled by Tegen and Fung (1995), which is
similar to recent studies (Ginoux et al., 2001; Mahowald et
al., 2005; Li et al., 2008) and only includes South Amer-
ica, Africa and Australia as sources of dust to the South-
ern Ocean. No information is available for the emission and
deposition of dust originating directly from South Georgia.
The annual dust deposition estimated by Tegen and Fung
(1995) around South Georgia is 1–5 g m−2 yr−1 and is com-

Fig. 3. Schematics of the iron cycle in PISCES as implemented in
the current application (modified from Slemons et al., 2009). Fe’
indicates free inorganic dFe, L’ are ligands, while FeL indicates dFe
complexed to ligands.

parable to the results of more recent modelling experiments
(Mahowald et al., 2005; Ginoux et al., 2001). In PISCES
iron content and solubility in dust particles are constant and
set at 3.5 %, and 2 % respectively. The iron content of dust
particles adopted in PISCES appears to be consistent with
modelling estimates of Patagonian dust deposition to the At-
lantic Southern Ocean (Johnson et al., 2010). Solubility of
iron in dust is not well constrained and several ranges have
been proposed (i.e. Baker and Croot, 2010; Mahowald et al.,
2005). In this study we adopted a solubility value equal to
the one proposed by Jickells and Spokes (2001) and that is
in agreement with numerous modelling studies (Moore and
Braucher, 2008; Parekh et al., 2004, Johnson et al., 2010).
Once in the water column, dust particles sink at 5 m day−1

and undergo constant dissolution until they reach the sea-
floor and are lost to the sediments (Aumont and Bopp, 2006).

The flux of sedimentary iron from the model’s sea-floor
topography, constructed as explained in Sect. 2.3 below, is
variable in order to approximate the effect of oxygen levels
in the sediments. Following the work of Aumont and Bopp
(2006), the maximum flux is set to 1 µmol dFe m−2 day−1,
which minimized the root mean square between their model
results and the global data sets. Since anoxic sediments (i.e.
those one would find in the presence of abundant organic
matter) are likely to release more iron to seawater (Elrod
et al., 2004), the maximum flux of dFe from sediments is
modulated using the relative contribution of anaerobic pro-
cesses (i.e. denitrification) to total mineralization of organic
matter in the sediments. Adopting a simplified version of
the meta-model of Middelburg et al. (1996), the depth of
each sediment grid cell gives an indirect indication of how
well the sediments are oxygenated and is thus used as a
proxy for the importance of anaerobic processes in organic
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matter mineralization. Middelburg et al., 1996 and Aumont
and Bopp, 2006 provide further details on this approxima-
tion, which is applied equally to all grid points located along
the model’s bathymetry. A similar representation of variable
sedimentary sources of iron, with a maximum iron flux of
2 µmol dFe m−2 day−1, was used by Moore and Braucher
(2008) to improve the agreement of their biogeochemical
modelling results with an extensive dFe global data set in-
cluding the Southern Ocean.

Once in the water column, dFe in free inorganic form (Fe’
in Fig. 3) can undergo complexation with one type of ligand
(L’ in Fig. 3) or be scavenged onto particles. To the best of
our knowledge, there is no information regarding the concen-
tration and type of ligands in the South Georgia area, there-
fore, ligand concentration in the model was set to 0.6 nM,
a value derived from the study of Johnson et al (1997) and
commonly used in biogeochemical models (Parekh et al.,
2004). Scavenging of dFe onto particles depends on the to-
tal load of organic particles and, together with aggregation,
leads to the formation of particulate organic iron. Particulate
organic iron is either reintroduced into the dFe pool through
remineralization, or it is lost to the sediments via particle
sinking.

Previous biogeochemical model simulations using
PISCES have demonstrated its capability to adequately
reproduce global dFe and pigment biomass distributions,
proving it to be an appropriate tool for a variety of studies
concerning ocean biogeochemistry, including those in the
Southern Ocean (Aumont and Bopp, 2006; Slemons et al.,
2009; Tagliabue et al., 2008, 2009).

2.3 Model configuration, boundary conditions and
forcing fields

In the present configuration, the coupled ROMS_AGRIF-
PISCES model was implemented over the ocean domain de-
picted in Fig. 1, defined between (60–20◦ W) and (60–40◦ S)
with a resolution of approximately 11 km. The size of the do-
main was chosen in order to maintain sufficient distance be-
tween South Georgia and the domain-boundaries, thus limit-
ing the effects of the four open-boundary conditions on the
solutions (see also Young et al., 2011). At the average lati-
tude and longitude of the model-domain, the Rossby radius is
∼ 15 km (Chelton et al., 1998), indicating that the current res-
olution is eddy permitting. Along the vertical dimension we
used 32 sigma-coordinate layers. As it was important to as-
sess the model’s ability to reproduce dFe concentrations, but
also chlorophyll patterns in the region, the sigma-coordinate
layers were stretched to increase vertical resolution at the sur-
face (few metres). The r-parameter measuring the slope of
the sigma-layers (Beckmann and Haidvogel, 1993) was kept
to the default value of 0.25 proposed for the preparation of
the model’s grid. Experiments initially performed to test the
effect of changing r-parameter values (ranging 0.2–0.25) on
our simulations yielded comparable results.

The ROMS pre-processing toolbox (Penven et al., 2008)
is used to construct the model’s bathymetry using ETOPO2
(Smith and Sandwell, 1997). According to the chosen spa-
tial resolution (here∼ 11 km) the ETOPO2 bathymetry is
smoothed to prevent horizontal pressure gradient errors,
while coastlines are constructed with land–sea masking that
is generated from the unfiltered topography (Penven et al.,
2008). However, as the smoothing procedure may gener-
ate incongruities between the resulting smoothed topogra-
phy and the coastline (i.e. grid points without water), around
coastlines the minimum ocean depth is predefined to 50 m.
Consequently, the model bathymetry of the South Georgia
region is vertical around the coastline and it deepens progres-
sively only at depths greater than 50 m. Sedimentary sources
of iron (see Sect. 2.2 above) are equally calculated from all
grid points located along the model’s bathymetry. With a res-
olution of 11 km, the resulting model bathymetry conserves
the main topographic characteristics of the region (compare
panels in Fig. 4), but does not resolve smaller-scale features
like fjords and canyons or the complex island’s coastline
(Fretwell et al., 2009).

All forcing and boundary conditions used in the simula-
tions derive from monthly climatologies. In some cases, the
climatologies were constructed specifically for the purposes
of this study averaging several years of available data, while
in other cases, the climatologies were included in the ROM-
STOOLS pre-processing toolbox (Penven et al., 2008). Wa-
ter temperature, salinity, sea level and velocity fields used
at the boundaries and for the model’s initial conditions de-
rive from the Simple Ocean Data Assimilation reanalysis
(SODA, Carton and Giese, 2008). SODA variables were
retrieved from the web (http://iridl.ldeo.columbia.edu/) for
the years 1998–2008 and elaborated with the ROMSTOOLS
pre-processing toolbox (Penven et al., 2008). Climatologies
for fresh water and heat fluxes derive from the Compre-
hensive Ocean-Atmosphere Data Set (COADS, Da Silva et
al., 1994), while the climatology for surface wind stress
is obtained from QuikSCAT measurements for the 2000–
2007 time period (Quick scatterometer,http://www.ifremer.
fr/opendap/cerdap1/cersat/wind/l4/quikscat/daily/). Sea sur-
face temperatures from Pathfinder satellite observations
(Casey and Cornillon, 1999) were utilized to restore mod-
elled surface temperatures. The latter three data sets, i.e.
COADS, QuikSCAT and Pathfinder, were included in the
ROMSTOOLS pre-processing toolbox.

Boundary and initial conditions for dFe, nitrate, phos-
phate, silicate and oxygen were derived from the World
Ocean Atlas 2005 climatological data sets (Conkright et al,
2002) included in the ROMSTOOLS pre-processing tool-
box, while the boundary and initial conditions for Chla,
phytoplankton and zooplankton biomass were obtained from
existing ORCA2 model simulations (Aumont and Bopp,
2006), and successively adapted to the current domain size,
grid structure and resolution. In the reference simulation,
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hereafter called SEDDUST, boundary conditions and surface
forcings are equivalent to those described above.

2.4 Model simulations and sensitivity tests

Model spin-up was carried out for 20 years until quasi-
equilibrium was reached, and then for 10 additional years
to verify the reproducibility of our results. All model results
shown in the following are extracted from the last modelling
year.

In addition to the reference SEDDUST simulation, we per-
formed several different sensitivity runs (Table 1) in which
we modified the iron sources present in the last three mod-
elling years (i.e. the 28th, 29th and 30th yr of simulation). As
our study mostly focuses on processes occurring in the sur-
face layer of the ocean, three modelling years were sufficient
to allow for a qualitative understanding of the relative impor-
tance of the two iron sources considered in this study, and for
providing an indication of the water depth of the sediments
contributing most of the dFe observed at the surface.

In two sensitivity runs either sedimentary or aeolian
sources of iron were removed from the system (simulations
are named NOSED_DUST and SED_NODUST, respec-
tively). In every other sensitivity run, atmospheric sources
of iron were kept identical to those utilized in the SEDDUST
scenario, whereas the reductive mobilization of iron was lim-
ited to sediments present at selected 5 m-thick ocean depth
intervals, which at depths shallower than 50 m occupied com-
parable sediment surface areas. Six simulations resolved the
top 0–30 m surface layer, while in two additional runs re-
ductive mobilization of iron was limited to the sediments
present at the 50–55 m and 100–105 m ocean depth intervals
only. Deeper sediments were not considered because, as de-
scribed in Sect. 4.5 below, simulations with dFe sources at
depths greater than 50 m did not significantly change results
obtained considering shallower depth bands.

3 Observational data set

3.1 Ocean colour measurements

Aqua MODIS (Moderate Resolution Imaging Spectrora-
diometer) Standard Mapped Images – Level 3 products, for
the ocean-colour monthly composites of January and Febru-
ary from the 2003–2012 time period processed by the God-
dard Space Flight Center and projected on a regular spa-
tial grid of 9 km, were retrieved from the Distributed Ac-
tive Archive Center (http://oceancolor.gsfc.nasa.gov/). The
full data set was used to construct the climatology depicted
in Fig. 1, while the averages obtained from the monthly com-
posites of January and February 2008, corresponding to the
sampling period of in situ surface dFe concentrations (Niels-
dóttir et al., 2012, see below) were used for comparisons with
model outputs (Fig. 6). Moreover, as the model showed a
tendency to underestimate surface Chla concentrations ob-

served in 2008 (Sect. 4.3 and Fig. 6), we verified this be-
haviour with a comparison of model results with Chla con-
centration averages from January and February 2011, which
we identified as one of the least productive austral summers
amongst all years of ocean colour observations in the Dis-
tributed Active Archive Center from 1998 to 2012. Ocean
colour estimates depicted in Fig. 6a and b were interpolated
onto the model’s coarser grid resolution (∼ 11 km).

3.2 Surface water circulation

Surface circulation patterns in the South Georgia area (re-
gion outlined with a rectangle in Fig. 1) were estimated
from Aviso satellite altimetry (http://www.aviso.oceanobs.
com/duacs/). The Aviso altimeter product is based on mul-
tiple altimeter missions (Jason-1 and 2, T/P, Envisat, GFO,
ERS-1 and 2 and Geosat) and provides a consistent and
homogeneous data set. Weekly delayed-time values for the
zonal and meridional components of surface current velocity
computed from absolute topography, re-sampled on a regular
0.25◦ grid, were extracted for January and February of 2008
for comparisons with modelled surface (0–30 m) velocities
(Fig. 4), but also for January and February of 2011 (Fig. 6b).
Closer to the coast where satellite altimetry suffers from in-
accuracies and data gaps (Bouffard et al., 2007; Volkov et
al., 2007), the validation of modelled surface circulation pat-
terns was integrated using in situ current measurements or
surface drifter trajectories presented in previous publications
(Whitehouse et al., 2008a; Thorpe et al., 2002; Korb et al.,
2008; Meredith et al., 2003).

3.3 Macronutrients

Surface (0–30 m) monthly climatologies of nitrate, phos-
phate and silicate concentrations, distributed by the CSIRO
Atlas of Regional Seas (CARS;http://www.marine.csiro.au/
~dunn/cars2009/; Ridgway et al., 2002) and available at a
uniform 0.5◦ grid resolution, were retrieved and then aver-
aged over the area centred around the main South Georgia
bloom region (45–32◦ W; 56–50◦ S in Fig. 7a). Concentra-
tion averages and their standard deviation (SD), which pro-
vides an indication of the macronutrient spatial variability
over the chosen area, were compared with monthly averages
from the last modelling year (Fig. 5). Another indication of
variance is given by the one standard error interval (SE), cal-
culated by dividing the SD by the square root of the total
number of values present in the chosen area.

3.4 In situ dFe measurements

For the validation of modelled dFe concentrations, we used
in situ measurements around South Georgia that were ob-
tained during two oceanographic cruises to the Scotia Sea
aboard theRRS James Clark Ross, as part of the British
Antarctic Survey Discovery 2010 FOODWEBS programme.
Underway surface dFe concentrations are from the period
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Table 1.Averages of surface dFe and Chla concentrations from each sensitivity run and from the domain around South Georgia depicted in
Fig. 7a. rms and mean differences between each sensitivity run and the SEDDUST scenario are also indicated.

Name of scenario Average± std Average± std rms/mean diff. rms/mean diff.
(nM10−1dFe) (mg Chla m−3) (nM dFe) (mg Chla m−3)

SEDDUSTa 1.98± 6.01 0.33± 0.28 / /
SED_NODUST 1.92± 5.90 0.31± 0.29 0.01/−0.01 0.02/−0.02
NOSED_DUSTa 0.25± 0.05 0.15± 0.02 0.62/−0.18 0.33/−0.18
SEDDUST_0–5 ma 0.82± 2.32 0.25± 0.22 0.39/−0.12 0.14/−0.09
SEDDUST_5–10 ma 0.42± 0.84 0.2± 0.14 0.54/−0.15 0.23/−0.14
SEDDUST_10–15 m 0.35± 0.51 0.18± 0.1 0.57/−0.16 0.26/−0.15
SEDDUST_15–20 ma 0.32± 0.38 0.17± 0.08 0.58/−0.17 0.28/−1.58
SEDDUST_20–25 m 0.30± 0.31 0.17± 0.07 0.59/−0.17 0.29/−0.16
SEDDUST_25–30 m 0.3± 0.28 0.17± 0.06 0.6/−0.17 0.3/−0.16
SEDDUST_50–55 m 0.26± 0.10 0.16± 0.03 0.61/−0.17 0.32/−0.17
SEDDUST_100–105 ma 0.25± 0.05 0.15± 0.03 0.62/−0.17 0.33/−0.18
SEDDUST_100–105 mb 0.25± 0.05 0.15± 0.03 0.001/∼ 0 0.002/0.001

a Surface (0–30m) averages of dFe and Chla for these simulations are shown in Fig. 10.
b rms and mean differences are calculated with respect to the NOSED_DUST simulation.

between 23 January and 10 February of 2008 (see Fig. 2c of
Nielsdóttir et al. (2012) and Fig. 7a of the present manuscript
for the sampling locations and measured values), while dFe
depth profiles (0–1000 m) are for the period 18–25 November
2006 and from the region to the north (i.e. downstream,
around 52.86◦ S 40.10◦ W) and south (i.e. upstream, around
55.21◦ S 41.24◦ W) of South Georgia. Therefore, due to dif-
ferences in times of sampling, for the purposes of the val-
idation, we used modelling results from January–February
(Fig. 7) and November (Fig. 8) of the last modelling year to
maintain a seasonal correspondence between observed and
modelled dFe concentrations.

4 Results

In the following section we compare modelled physical and
biogeochemical properties with available observational data
to assess the ability of the model to reproduce environmental
conditions around South Georgia. In all cases we use model
results from the last modelling year. As boundary conditions
and forcing fields are derived from monthly climatologies re-
peated cyclically in each simulation year, the modelled fields
cannot reproduce the interannual variability observed from
in situ or remote-sensing data. The model results are used to
describe the potential distribution and transport pathways of
surface dFe concentrations around South Georgia, as well as
the relative importance of sedimentary and aeolian sources
of iron in the region.

4.1 Circulation patterns around South Georgia

Surface circulation patterns estimated from Aviso satellite al-
timetry during January and February of 2008 and those ob-
tained from model simulations (i.e. January–February of the

last modelling year) are compared in Fig. 4 to evaluate the
ability of the model to reproduce the main features of cir-
culation around South Georgia. Satellite altimetry (Fig. 4a)
indicates that the ACC and its fronts enter the South Georgia
area from the southwest and cross the North Scotia Ridge at
three locations (see also Venables et al., 2012; Korb et al.,
2004): the PF flows through Shag Rocks Passage (∼ 48◦ W,
53◦ S), while the SACCF continues eastwards around the
southern flank of South Georgia and then crosses the North
Scotia Ridge to the east of the island following closely the
2000 m bathymetry contour. Satellite altimetry also indicates
a northward flow through Black Rock Passage, a narrow but
deep trough located between Shag Rocks and South Geor-
gia (∼ 40◦ W, 54◦ S). The presence of the latter flow was
evidenced previously with in situ current measurements and
surface drifter trajectories (Whitehouse et al., 2008a; Korb
et al., 2008). To the north of South Georgia, an intense cur-
rent (> 20 cm s−1, Whitehouse et al., 2008a) flows westward
around the island’s shelf break and subsequently veers north
and then east following the western and northern margins of
the Georgia Basin. The resulting current field describes a cy-
clonic flow around the Georgia Basin, as clearly depicted by
Korb et al., 2008 and by Meredith et al., 2003 using surface
drifter trajectories in the region. Over the Georgia Basin, the
circulation is characterized by intense currents along its mar-
gins (∼ 20–25 cm s−1), and by weaker currents over its cen-
tral area (often below 10–15 cm s−1). Similar velocity gradi-
ents were indicated by modelling results presented by Thorpe
et al., 2002. Once the flow exits the Georgia Basin it contin-
ues east along a convoluted route close to NEGR and the Islas
Orcadas Rise (refer to Fig. 2 for topographic features in the
region).
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Fig. 4.Surface circulation (black arrows) in the South Georgia area,
as obtained from(A) Aviso satellite altimetry for January–February
2008 and from(B) model results for January–February of the last
modelling year. Background colours indicate bottom topography.
For reference, the 2000 m bathymetry is indicated with thin lines.
In both panels, the horizontal bar in the bottom-left corner indicates
1 m s−1, and corresponds to approximately 160 km. Modelled sur-
face circulation is interpolated onto the coarser grid resolution of
satellite altimetry.

For the purposes of this study, which aims at understand-
ing sources but also potential transport pathways of iron from
and then around South Georgia, particularly important circu-
lation features are (i) the current that flows westward around
the northern shelf of the island towards the Georgia Basin,
believed to transport iron-enriched waters from the shelf re-
gion towards the bloom area (Nielsdóttir et al., 2012); (ii) the
intense cyclonic circulation along the borders of the Geor-
gia Basin, which confines South Georgia blooms to the basin
(Borrione and Schlitzer, 2013); and (iii) the flow through
Black Rock Passage which delimits the southwestern bor-
der of South Georgia blooms and separates them from the
waters adjacent to Shag Rocks (Venables et al., 2012). The
level of realism reached by the simulated surface circulation
during January and February (Fig. 4b) will be assessed con-
sidering these specific currents. Smaller-scale features, like
eddies, filaments or meanders in the flow, are not considered
in the comparison between altimetry and modelling results
because they reflect the natural variability of the system, and
can be very different according to the years considered.

In the model (Fig. 4b), surface circulation patterns around
the island are strongly steered by bottom topography, and
reflect in many ways circulation patterns described above
(Fig. 4a). In fact, the model reproduces the current that, af-
ter flowing around the southeastern and then the northeastern
shelf of the island (i.e. the SACCF), flows northeast of the

island along the southern flank of the NEGR, or veers west
travelling around the northern shelf of the island towards the
Georgia Basin. Moreover, the model reproduces the north-
ward current flowing through Shag Rock Passage.

Along the margins of the Georgia Basin the current is
relatively intense (20–40 cm s−1), whereas over the central
portion of the basin the current is generally weaker (10–
15 cm s−1), except for a fast rotating anticyclonic eddy that
is formed to the south west of the basin (40◦ W, 53◦ S). This
eddy is not present in the Aviso observations for January–
February of 2008.

Modelled current intensities reproduce the general spatial
variability observed in satellite altimetry and described pre-
viously by Ward et al., 2005 and Thorpe et al., 2002. For ex-
ample, in both the modelled and observed circulation fields,
surface currents are stronger along the margins than over the
central part of the basin; overall, however, the model tends to
overestimate absolute circulation velocities.

4.2 Macronutrient concentrations

Surface macronutrient (0–30 m) concentrations were aver-
aged over the domain centred around the main South Geor-
gia bloom area, defined between 45–32◦ W and 56–50◦ S
(shown in Fig. 7a). Macronutrient concentrations follow a
clear annual cycle both in the CARS2009 monthly clima-
tology and in the monthly concentrations simulated by the
model (Fig. 5). In both data sets, maximum silicate, ni-
trate, and phosphate concentrations occur between winter
and early spring, while minimum values are recorded in late
austral summer. In all cases surface macronutrient concen-
trations averaged over the chosen domain are above concen-
trations that are limiting for phytoplankton growth. For each
monthly average, the SD is also indicated and reflects the
spatial variability of macronutrient concentrations. The high
variability is due to inclusion of water masses with differ-
ent properties caused by their location relative to the ACC
fronts or, during austral summer, due to different macronu-
trient utilization within in-bloom and out-bloom waters (see
also Whitehouse et al., 2000). In the following, maximum
and minimum values are reported with their corresponding
SD and SE. Averages, SD and SE are rounded to the first
decimal place.

In the two data sets the timing of maximum and minimum
values in the annual cycles of silicate coincide (Fig. 5a). Dur-
ing September surface silicate concentrations reach their an-
nual maximum value and rise to 25.1 µM in the CARS2009
data set (SD = 8.9 µM and SE = 0.5 µM) and in the model
(SD = 8.6 µM and SE 0.1 µM). In February, however, when
silicate surface concentrations are at their minimum, con-
centrations are significantly different: in the CARS2009 data
set concentrations are close to 7.2± 5 µM (SE = 0.3 µM) and
correspond to approximately 28 % of the maximum value
recorded in September; conversely, the model silicate con-
centrations during February are almost twice those of the
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Fig. 5.Annual cycles of surface (0–30 m) silicate(A), nitrate(B) and phosphate(C) concentrations averaged over the South Georgia domain
defined between 45–32◦ W and 56–50◦ S (shown in Fig. 7a) from the CARS2009 climatology (black lines) and from model outputs from the
last modelling year of the SEDDUST scenario (red line). Shaded areas indicate the standard deviation of the averages.

CARS2009 data set; modelled silicate concentrations are
close to 15.5± 7.7 µM (SE = 0.1 µM) and correspond to 62 %
of the maximum value recorded in September. Therefore, in
the model there is a significantly weaker winter-summer re-
duction of silicate concentrations than in the CARS2009 ob-
servations, possibly due to the model’s tendency to underesti-
mate total Chla (see below) or to the model’s range of admit-
ted Si / C ratios. Alternatively, thick-shelled diatoms based on
recycled nitrogen and other nutrients can take up and sink Si
without increasing Chla levels (Assmy et al. 2013).

As shown in Fig. 5b, the model matches the timing
of maximum and minimum nitrate concentrations observed
in the CARS2009 data set (i.e. September and February
in both data sets) as well as the winter to summer ni-
trate concentration decrease (close to 30 % of the winter
value). However, compared to the CARS2009 surface ni-
trate concentrations, which range between 20.4± 1.7 µM
in February (SE = 0.1 µM) and 30.1± 2.5 µM in Septem-
ber (SE = 0.1 µM), the annual cycle of modelled surface ni-
trate concentrations averaged over the South Georgia do-
main are approximately 4 µM lower than observations: in the
model, nitrate concentrations range between 17.5± 2.2 µM
in February (SE∼ 0 µM) and 24± 1.7 µM in September (SE
∼ 0 µM).

The annual cycles of CARS2009 and modelled phosphate
concentrations averaged over the South Georgia domain are
indicated in Fig. 5c. Observational and modelled phosphate
concentrations range between very similar values: minimum
values are in both cases 1.4± 0.1 µM, while maximum con-
centrations are respectively 1.9± 0.1 µM and 1.8± 0 µM. In
the two data sets however, the months of minimum and max-
imum values differ: in the CARS2009 data set, they occur
in February and October respectively, while in the model
minimum and maximum values are observed in March and
September respectively.

4.3 Surface Chla concentrations

During January–February of 2008, MODIS satellite esti-
mates of surface Chla concentrations (Fig. 6a) reveal the
presence of a large and intense phytoplankton bloom over the

southern and northwestern shelf of South Georgia, and to the
northwest and north of the island (Chla > 2 mg m−3). The
2008 bloom reflects the typical geometry of the South Geor-
gia bloom area described by Borrione and Schlitzer (2013).
Outside all borders of the Georgia Basin and due east of the
island, Chla values are close to or below 0.5 mg m−3 (HNLC
waters). In this specific observation period, exceptions to the
HNLC waters observed outside the main bloom area are the
patches around (42◦ W, 55◦ S), (49◦ W, 48◦ S) and (24◦ W,
53◦ S) where Chla concentrations are above 0.75 mg m−3.
The Chla-rich patch around (24◦ W, 53◦ S), which is more
than 700 km east of the NEGR, is larger in size than the
other patches, and appears to be connected to the main bloom
area by a narrow filament, with Chla concentrations close to
1 mg m−3.

Arrows in Fig. 6a represent contemporaneous surface cir-
culation patterns from Aviso satellite altimetry (see also
Sect. 4.1 and Fig. 4a). The joint analysis of the two data
sets shows that the location and shape of the South Georgia
bloom is strongly related to local circulation, which seems
to also generate the narrow tongue of Chla-rich waters con-
necting the main bloom area to the Chla-rich patch observed
around (24◦ W, 53◦ S). Variability in flow intensity over the
shelf of the island is reflected in the distribution of Chla

concentrations. Surface circulation is weak (< 5 cm s−1, see
also Whitehouse et al., 2008 and Thorpe et al., 2002) over
the western and southern shelf of the island and corresponds
to the highest Chla concentrations. In the northeastern por-
tion of the shelf region, where Chla concentrations are
low (< 0.2 mg m−3), surface currents flowing parallel to the
shelf-break are above 10–15 cm s−1.

An example of a weaker South Georgia phytoplankton
bloom is provided by January–February of 2011 (Fig. 6b)
when Chla concentrations were mostly below 1.5 mg m−3.
Nevertheless, patterns in Chla concentrations (i.e. loca-
tion of bloom and non-bloom waters) and surface circula-
tion around the island have many similarities with the pat-
terns described for January–February of 2008 (Fig. 6a). A
comparison of the model output (Fig. 6c) with satellite ob-
servations (Fig. 6a) demonstrates the ability of the model
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Fig. 6. Surface Chla concentrations in the South Georgia area
as obtained from MODIS ocean colour estimates for January–
February 2008(A) and January–February 2011(B). Satellite es-
timates are interpolated onto the model’s coarser grid resolution.
In (C) surface (0–30 m) averages of Chla concentrations from
January–February of the last modelling year. In all cases, black
arrows depict contemporaneous surface circulation patterns either
from Aviso altimetry (inA andB) or from the model (inC). Circu-
lation patterns in panelsA andC are equivalent to those depicted in
Fig. 4. In all panels, the 2000 m bathymetry is indicated with thin
lines; the horizontal bar in the bottom-left corner indicates 1 m s−1,
and corresponds to approximately 160 km.

to capture the main spatial features of Chla distributions
in the South Georgia region. In both data sets highest lev-
els are observed over the Georgia Basin and the shelf of
the island, where concentrations are one order of magni-
tude higher than in the surrounding waters. The model cap-
tures the west–east extension of the phytoplankton bloom be-
tween the area north of Shag Rocks and the NEGR, and the
north–south extension between the southern shelf-break of
the island and the 50◦ S parallel. In agreement with satellite
ocean colour imagery, ROMS_AGRIF-PISCES reproduces
the long (∼ 800 km) Chla-rich plume extending eastwards
of the NEGR, and also a region of higher concentrations
along the Falkland Escarpment, to the northwest of the South

Georgia phytoplankton bloom. The current model configu-
ration cannot reproduce individual years, but it adequately
captures the relative magnitude of Chla concentrations be-
tween bloom and non-bloom waters. However, the model
tends to under-estimate absolute Chla concentrations. High-
est Chla concentrations in the model are mostly between
0.7–1.5 mg m−3 in the main bloom area, and never rise above
0.3 mg m−3 downstream of the NEGR, whereas observations
indicate values >2 and∼ 1 mg m−3 respectively. The model
predicts high Chla concentrations over the northeast shelf
of the island (35◦ W, 54◦ S) where ocean colour estimates
indicate recurrent low concentrations (< 0.5 mg m−3). Fur-
thermore, the observed bloom to the north and northeast of
South Georgia occurs further north than in the model. As dis-
cussed in Sect. 5.3 below, possible causes for these discrep-
ancies may be linked to the model’s current spatial resolution
and/or representation of the iron cycle.

Similar to our description of MODIS Chla concentra-
tions and Aviso altimetry (Fig. 6a and b), there is a clear
correspondence between Chla patterns and local circulation
evident in the modelled fields (Fig. 6c). In the simulations
the South Georgia phytoplankton bloom is confined on all
sides by bands of rapidly flowing currents (20–40 cm s−1),
while the two Chla-rich plumes observed along the Falk-
land Escarpment and downstream of the NEGR correspond
to regions of very high flow velocities (30–80 cm s−1), which
most likely are responsible for the position, shape and exten-
sion of the two Chla-rich plumes. Over the southern portion
of the Georgia Basin (40◦ W, 53◦ S), amidst waters with high
Chl a concentrations, an anticyclonic eddy encircles waters
with very low Chl a concentrations (∼ 0.1 mg m−3). Anal-
ysis of circulation and Chla concentration fields from pre-
vious modelled months indicates that the anticyclonic eddy
detaches from a meander extending southwards from the Chl
a-poor waters to the north of the Georgia Basin. A similar
meander is observed in satellite imagery of January 2004
(Borrione and Schlitzer, 2013).

4.4 DFe concentrations

Surface (∼ 3 m) underway dFe concentrations (Fig. 7a, see
also Nielsdóttir et al., 2012) were measured between Jan-
uary and February 2008 in the area south of South Geor-
gia (∼ 41◦ W, 55◦ S), along a transect across the Georgia
Basin, and over the northern shelf of the island. Surface
dFe concentrations were highest over the shelf of the is-
land, ranging between 2.5 and 6.9 nM and then decreased to
concentrations of approximately 1 nM close to the 2000 m
bathymetry contour. Over the Georgia Basin, concentrations
were variable and ranged between values close to the instru-
mental detection limit (0.027± 0.018 nM) and high concen-
trations (i.e. 2 nM at 38◦ W, 52.5◦ S). South of South Geor-
gia (i.e. upstream of the island) dFe concentrations were very
low (≤ 0.1 nM) at all sampled locations. DFe concentrations
measured in the locations marked in Fig. 7a are also depicted
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Fig. 7. (A) Location and concentrations of dFe underway measurement from January and February of 2008 (Nielsdóttir et al., 2012). Depth
profiles of dFe were taken south of the island in the area denoted as South SG (around 41.24◦ W, 55.21◦ S) and to the north of the island,
in the area denoted as South GB (around 40.10◦ W, 52.86◦ S). (B) Underway measurement of dFe (red line) and simulated surface dFe
concentrations (black line); model values were interpolated onto the dFe sampling locations shown in panelA. For reference, thex axis
indicates dates of in situ dFe sampling. The main geographical areas are also indicated and correspond to those marked in panelA.

Fig. 8. DFe concentrations downstream (around 40.10◦ W,
52.86◦ S, in blue) and upstream (around 41.24◦ W, 55.21◦ S, in red)
of South Georgia as from modelling results during November of
the last modelling year (lines) and from observations reported by
Nielsdóttir et al. (2012) during November 2006 (dots).

in Fig. 7b, following their sampling progression for a more
detailed comparison with model results. DFe depth profiles
(0–1000 m) were taken to the south and north of the island
(Fig. 8). Measured dFe concentrations were comparable for
the two regions, with low concentrations close to the surface
(< 0.1 nM) increasing with depth.

Modelled surface (0–30 m) and vertical profiles of dFe
concentrations (SEDDUST scenario) were interpolated onto
the same sampling locations in order to maintain the corre-
spondence between dFe concentrations and local topography
(i.e. distance from the island or ocean depth). As model re-
sults cannot be representative of any specific observational
year, our comparison will aim at verifying that the model can
reproduce the regional large-scale patterns of high and low
dFe concentrations observed in the underway data, as well
as the vertical, nutrient-like dFe profile observed to the north
and south of the island. Mesoscale features like eddies may
cause significant variability (Nielsdóttir et al. 2012).

Both in the observations and modelling results (Fig. 7b)
surface dFe concentrations increase progressively from the
area upstream of South Georgia (on average, dFe< 0.1 nM),
to the Georgia Basin (on average, dFe concentrations be-
tween 0.5 nM and 2 nM) and finally to the area over the
shelf of the island, where concentrations are maximum in
both data sets (on average, dFe concentrations range between
1.5 nM and 6 nM). Differences in the modelled and sampled
dFe concentrations, as for example over the southern part of
the Georgia Basin (indicated as South GB in Fig. 7), de-
pend on differences between surface circulation patterns in
the two data sets: comparing Fig. 6c with Fig. 6a, it can be
seen that around (40◦ W, 53◦ S) model results indicate the
presence of an anticyclonic eddy which is not present in the
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surface circulation patterns obtained from satellite altimetry
for 2008.

Depth profiles of measured and modelled dFe concentra-
tions (dots and solid lines in Fig. 8) are also in agreement,
especially at depths below the surface layer influenced by
the seasonal biological uptake of iron. Both upstream and
downstream of South Georgia, modelled dFe concentrations
increase with depth and fall in the range of measurements
reported by Nielsdóttir et al., 2012, but also by de Jong et
al. (2012) in other regions of the Southern Ocean.

On average, the difference between modelled and mea-
sured dFe concentrations in the locations marked in Fig. 7a
is ∼ 0.02 nM, with root mean square (rms) close to 0.81 nM.
Similar values were also obtained when dFe concentrations
were extracted from the austral summers of the two previous
modelling years (data not shown): in the previous years the
calculated mean difference is∼ 0.01 nM and the rms is close
to 1 nM. These low values demonstrate that in the present
configuration, the model can reproduce adequately the main
features of the distribution of dFe concentrations in the re-
gion; moreover, similar to the in situ data set, modelled dFe
concentrations are minimum at the surface of the ocean and
to the south, i.e. upstream of the island and reach their max-
ima in the deep ocean, and along the coastal area.

Clearly, modelling results can provide a picture at uniform
spatial resolution (∼ 11 km) of surface dFe concentrations
also outside the locations indicated in Fig. 7a. During Jan-
uary and February of the last modelling year, surface dFe
concentrations (Fig. 9a) are< 0.1 nM in most of the South
Georgia domain, except for a large area over the shelf and to
the north and northeast of the island and over a narrow area
along the Falkland Escarpment, located to the northwest of
South Georgia.

Over the shelf of South Georgia dFe concentrations are
overall > 2 nM, with highest values along the coast (2–
8 nM). An iron-rich plume (∼ 0.5 nM) originates from the
northwestern corner of the shelf and extends westward along
the northern flank of Shag Rocks; a second dFe plume origi-
nates from the northeastern shelf of the island and extends
northeastward along the flanks of the NEGR. The latter
plume continues further east along the Islas Orcadas Rise
for approximately 800 km, until dFe concentrations reach
background values (< 0.1 nM). Both plumes are clearly de-
pendent on the direction of flow, which here moves away
from the island, and its high velocities (∼ 20–50 cm s−1).
Conversely, to the south and east of the island, surface dFe
concentrations decrease rapidly to background concentra-
tions (< 0.1 nM), remaining high only along a narrow band
over the southern shelf of the island; such limited extension
is due to the local currents which here move northward, push-
ing surface waters towards the coast, and then east.

The scale length (Johnson et al., 1997) provides a way
to quantify the decrease of iron with distance; its value ac-
counts for all processes acting to increase or decrease surface
dFe concentrations, without discriminating between them.

The scale length of dFe transport is defined as the distance
over which an initial reference concentration (RC) drops to
1/e · RC. For our calculations, as reference we use the av-
erage dFe concentration along the coast of the island (i.e.
3.68 nM). In Fig. 9b (detail of Fig. 9a) the position of dFe
concentrations equal to 1/e · 3.68 nM (i.e. 1.35 nM) is traced
with a thick contour line. The dFe scale length corresponds to
the distance between the coast of the island and the 1.35 nM
contour line.

In the chosen time period, modelling results clearly show
that the scale length of dFe concentrations is a dynamic prop-
erty, and that it can vary by a factor of 5 depending on the
direction and intensity of local circulation. In fact, to the
south of the island, where the flow pushes surface waters to-
wards the coast and then to the east, the scale length is at its
minimum values (∼ 20 km), while to the northwest of South
Georgia, where local circulation is directed away from the
island towards the Georgia Basin, the scale length reaches its
maximum values (∼ 110 km).

4.5 Iron sources around South Georgia

4.5.1 Atmospheric sources of iron

Scale lengths ranging between 20 and 110 km have clearly
shown that South Georgia is the core of the dFe plume ob-
served in the region. However, as South Georgia is located
along the main trajectory of dust plumes originating from
the Patagonian Desert (Mahowald et al., 2005; Ginoux et al.,
2001; Johnson et al., 2010) dust deposition may also be a rel-
evant source of iron to the surface waters around the island.

The importance of dust-derived dFe to the surface layer
was evaluated by comparing results from the reference SED-
DUST scenario with the SED_NODUST sensitivity run. Sur-
face dFe concentrations obtained with the two simulations
and extracted along the virtual transect line traced in Fig. 9a
are marked respectively with a solid and dashed red line in
Fig. 9c. The transect line was chosen in order to consider
regions of the South Georgia domain which are closer or
farther from the island or the Patagonian Desert, and hence
likely differ on the relative importance of sedimentary or dust
sources of iron. Results depicted in Fig. 9c indicate that along
the transect east of∼ 48◦ W, the contribution of dFe from
dust deposition is approximately 0.01 nM, hence negligible
when compared to surface concentrations from the SED-
DUST run, especially over the Georgia Basin. Conversely,
in the area around (49◦ W, 48◦ S), at the northwestern cor-
ner of the South Georgia domain, atmospheric deposition is
the principal source of dFe to the region; in fact, in the SED-
DUST simulation, dFe concentrations are∼ 0.1 nM, but drop
to values close to zero when the dust source of iron is re-
moved.

www.biogeosciences.net/11/1981/2014/ Biogeosciences, 11, 1981–2001, 2014



1992 I. Borrione et al.: Iron sources around South Georgia

Fig. 9. Simulated surface (0–30 m) dFe concentrations for January–February of the last modelling year. In(A) dFe concentrations (colour-
scale as inB) are obtained from the SEDDUST scenario; coloured dots indicate in situ surface dFe concentrations measured by Nielsdóttir et
al. (2012), shown also in Fig. 7a. The red line marks a virtual transect along which are extracted modelled dFe concentrations depicted inC;
black arrows represent the contemporaneous surface circulation as depicted in Fig. 4b; the horizontal bar indicates 1 m s−1 and corresponds
to approximately 160 km.(B) dFe concentrations from the SEDDUST scenario (detail from panelA); the thick contour line indicates dFe
concentrations equal to 1.35 nM, here marked to estimate dFe scale lengths; see text for more details.(C) Modelled dFe concentrations
for points along the red line drawn inA. Solid line depicts values obtained from the SEDDUST scenario (i.e. including sedimentary and
atmospheric deposition of dFe), dashed line depicts dFe values obtained from the SED_NODUST scenario where there is no atmospheric
deposition of dFe.

The greater importance of sedimentary versus atmospheric
sources of iron in the domain centred around the main bloom
area (Fig. 7a) is confirmed by averaged surface dFe and
Chl a concentrations obtained either with the SEDDUST
or SED_NODUST simulation. As shown in Table 1, av-
erage values from the SED_NODUST simulation are only
slightly lower than those obtained with the SEDDUST run.
Moreover, the integrated dust deposition of dFe over the
same domain (∼ 2200 km away from South America) is
∼ 6.27× 109 µM day−1, while the flux of sedimentary iron
released into the water column from all sediments shallower
than 100 m is 1.35× 1011 µM day−1. Nevertheless, it must
be noted that although the flux estimates presented above
are useful for an estimate of the relative importance of the
two iron sources around South Georgia, their absolute values
must be considered with care because model results rely on
our current knowledge (and uncertainties, see Sects. 5.2 and
5.3) of the iron cycle, and may largely depend on the chosen
model parameters (i.e. content and solubility of iron in dust,
or maximum dFe flux from the sediments).

4.5.2 Sedimentary sources of iron

Results presented in the previous section have indicated that
in the model, sediments around South Georgia release almost
all of the iron observed around and then downstream of the
island. Therefore, sensitivity runs were used to estimate the
depth of the most significant sedimentary sources. For this
purpose, in each sensitivity run only sediments from a se-
lected depth range could act as sources of iron, while at all
other depths the iron flux was set to 0 µM m−2 day−1. Sur-
face dFe and Chla concentrations obtained from the refer-
ence SEDDUST simulation and each sensitivity run were av-
eraged over the domain centred around the main bloom area
(Fig. 7a). Results are compared in Table 1 and depicted in
Fig. 10.

With the chosen horizontal and vertical resolution and the
resulting model’s bathymetry each selected depth layer ac-
counts for comparable sediment surface areas at depth ranges
shallower than 50 m (see Sect. 2.3). Indeed, in this configu-
ration each sediment surface area cannot be equivalent to the
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Fig. 10.Surface (0–30 m) dFe concentrations (panelsa–f on the left) and Chla concentrations (panelsg–l on the right) for January–February
of the last modelling year obtained with simulations, including different sedimentary sources of iron. Results for the reference runs (i.e.
SEDDUST and NOSED_DUST) are shown in the first row. See also Table 1 and Sect. 2.3 for further details on each simulation.

surfaces one would measure around the island, because in
the model the bathymetry is smoothed, and, by construction,
it is vertical at the coastline. Nevertheless, for the purposes of
this series of model experiments this configuration allows a
more objective comparison between sensitivity runs, implic-
itly correcting for variations only due to different sediment
surface areas.

Results suggest that the island’s coast and very shallow
sediments (i.e. depths≤ 5 m) account for most of the surface
dFe and Chla concentrations simulated with the SEDDUST
scenario, followed in importance by sedimentary sources
from the 5–20 m depth interval. Conversely, when the re-
lease of dFe occurs at greater depths only, the model gener-
ates a weak and localized surface dFe and Chla plume (not
shown), reflected in dFe and Chla values that become pro-
gressively similar to those obtained with the NOSED_DUST
simulation (Table 1). Moreover, surface dFe and Chla con-
centrations obtained with the SEDDUST_100–105 m simu-
lation (Fig. 10f and l) are almost identical to those obtained
with the NOSED_DUST simulation (Fig. 10b and h) show-
ing that deeper sediments have a negligible influence on sur-
face iron distributions. The similarity of the latter results is
further confirmed by rms and mean differences calculated be-
tween the two runs (last row of Table 1).

Although these sensitivity tests are very useful for an es-
timate of the relative importance of sedimentary sources of
iron at different depths, it must be stressed that because in the
present model configuration there is no effect of tidal mixing,
and the chosen resolution does not allow the representation
of vertical mixing generated at the meso- and sub-mesoscale,
the contribution from the deeper layers could be largely un-
derestimated (Blain et al., 2008).

5 Discussion

5.1 The South Georgia island mass effect

Results obtained with ROMS_AGRIF–PISCES show that
enhanced Chla concentrations are only found downstream
of South Georgia, i.e. to the north and then northeast of the
island, suggesting that the South Georgia island mass ef-
fect, and not processes acting upstream of the island, stim-
ulate the observed blooms. Korb et al (2004) reached a sim-
ilar conclusion by comparing the spatial variability of phy-
toplankton blooms from in situ and satellite-based observa-
tions. In the model, South Georgia phytoplankton blooms ex-
tend in the easterly direction for more than 800 km follow-
ing the direction of the main flow and decrease in magni-
tude with distance from the island. Such long ranges are in
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agreement with previous satellite-based studies, and in par-
ticular with those of Korb et al. (2004) who observed that
the South Georgia bloom can extend to the 0◦ meridian, for
distances> 2700 km aligned to the main path of the PF (see
also Venables et al., 2012). Moreover, our modelling results
capture the main features of dFe distribution and adequately
reproduce absolute dFe concentrations (Figs. 7 and 8; rms
0.81 nM). Consequently, the model can provide a compre-
hensive view of surface dFe concentrations in the region dur-
ing the productive season, hence compensating the current
lack of large-scale and spatially uniform in situ measure-
ments.

As one might hypothesize from surface Chla concentra-
tion patterns, the modelled dFe plume extends over a large
area to the north and then northeast of the island follow-
ing local circulation. As previously measured around South
Georgia (Nielsdóttir et al., 2012, Holeton et al., 2005), but
also in other regions of the Southern Ocean (e.g. Ardelan et
al., 2010; Bucciarelli et al., 2001; Planquette et al., 2007),
the model depicts highest dFe concentrations in near-shore
waters (> 5 nM), decreasing with distance from the island.
Our model results clearly show that the South Georgia is-
land mass effect can reach regions located far away from the
island (> 1000 km), where dFe concentrations may still be
above background concentrations. A comparable long-range
influence of coastal regions has been previously suggested
in other open-ocean regions of the world ocean, including
the Southern Ocean (Elrod et al., 2004; Lam et al., 2006; de
Jong et al., 2012; Moore and Braucher, 2008).

DFe scale length values, calculated from our model re-
sults as the distances over which an initial reference con-
centration drops to 1/e of its initial value (Johnson et al.,
1997), vary between 20 km and 110 km. These values in-
clude the wide range of scale lengths obtained from in situ
dFe observations in the open ocean and near-shore regions
of the Southern Ocean. Smallest values were obtained by
Ardelan et al (2010) around the Antarctic Peninsula, and by
Planquette et al. (2007) around the Crozet Islands (∼ 25 km
in both studies); larger-scale lengths were calculated around
South Georgia by Nielsdóttir et al. (2012) and in the vicinity
of the Kerguelen Islands by Bucciarelli et al. (2001) (scale
lengths respectively 102 km and 151 km). As shown in our
model results around South Georgia (Fig. 9a) and by Arde-
lan et al. (2010) and Planquette et al. (2007) from in situ
estimates, dFe scale lengths are variable and dependant on
the direction and speed of local circulation. Clearly, it is im-
portant to keep in mind that scale length values do not de-
pend on surface circulation only, but can be influenced by all
processes that decrease or increase dFe concentrations be-
tween the source region and the points where scale lengths
are measured (i.e. dilution, biological uptake; Nielsdóttir et
al., 2012). Nevertheless, scale length calculations alone can-
not discriminate between them.

5.2 Atmospheric and sedimentary sources of iron

In PISCES, dFe is supplied to the ocean from atmospheric
dust-deposition and sediment mobilization (Fig. 3; Aumont
and Bopp, 2006). Compared to the reference SEDDUST sce-
nario, model results obtained neglecting atmospheric sources
of iron (SED_NODUST simulation) show that there is a very
small reduction (< 1 %) in surface iron concentrations over
the main phytoplankton bloom area (Fig. 9c), reflected in a
negligible change in surface Chla concentrations. To the best
of our knowledge, in situ measurements of dust-derived iron
deposition around South Georgia are presently not available
for a comparison with our results. Dust deposition, for exam-
ple, could be responsible for the isolated patches of Chla-
rich waters observed around South Georgia (Fig. 6a). There
is still no information on local dust sources, which could be
important considering that large parts of the island are barren
and strong winds are frequent. However, there are numerous
reasons to suggest that at least over the main bloom area lo-
cal dust sources may be negligible compared to sedimentary
sources. Westerly winds prevail around South Georgia (Chel-
ton et al., 2004), therefore most of the local dust will likely be
transported eastwards, while South Georgia blooms develop
mostly to the north of the island. The main bloom area oc-
curs relatively close to the island (few hundred kilometers),
therefore deposited local dust would have experienced lim-
ited atmospheric ageing, an important factor increasing the
solubility of iron in dust (i.e. Baker and Croot, 2010; John-
son et al., 2010; Mahowald et al., 2005). Finally, and per-
haps most convincingly, the typical bloom area (Borrione and
Schlitzer, 2013) agrees in shape and location with the iron
plume simulated by the model and which is shown to orig-
inate from sedimentary sources around the island. Satellite
estimates of atmospheric dust around or from South Georgia
suffer from persistent cloud cover and are hence of limited
use in this region (Gassó and Stein, 2007). Therefore, in situ
measurements (similar to those of Heimburger et al., 2012 in
the Kerguelen region) are required to corroborate or disprove
our statements on the importance of dust in the region. In any
case, when available, they will improve the current modelled
representation of dust emission and transport in the South-
ern Ocean (i.e. Tegen and Fung, 1995; Ginoux et al., 2001;
Mahowald et al., 2005; Li et al., 2008; Johnson et al., 2010).

The limited role of dust deposition on the iron budget and
primary productivity was previously described by Meskhidze
et al. (2007): combining model-based fluxes of mineral dust
deposition and satellite-based surface Chla concentrations
between March 2000 and January 2004, they observed that
the sole deposition of dust from the Patagonian Desert does
not provide the major input of iron to the South Georgia re-
gion. The agreement between our and their study most likely
resides in the fact that local circulation provides a continu-
ous supply of sedimentary iron that can maintain high dFe
concentrations throughout the productive season (Nielsdót-
tir et al., 2012). Under these conditions, any additional input
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of iron will have negligible effects on existing dFe concen-
trations. Conversely, outside the area influenced by any sed-
imentary input of iron from the island, surface background
dFe concentrations are very low (< 0.1 nM) and any ad-
ditional input of iron, including from dust deposition, can
modify initial concentrations and stimulate phytoplankton
growth. The importance of aeolian deposition of iron in re-
gions that are land-remote and upstream sedimentary sources
is in agreement with previous observations or modelling re-
sults for larger-scale or global studies (Johnson et al., 2010;
Tagliabue et al., 2009; Moore and Braucher, 2008).

Nevertheless, as reviewed by Mahowald et al. (2005),
there are still many uncertainties in the current knowledge
of the life cycle of dust particles, from their release into the
atmosphere to their transport and deposition on the ocean’s
surface, as well as on their interaction with the biological
compartment (i.e. bacterial, phytoplankton or grazers’ activ-
ity; Baker and Croot, 2010). Therefore, when interpreting
model results one must keep in mind that under natural con-
ditions dust-deposition, as well as its solubility and iron con-
tent, may be very different from the estimates used in this
study (Sect. 2.2). For example, dust-deposition is derived
from the climatology of Tegen and Fung (1995) implying
constancy over years. However, dust storms from arid regions
are episodic and variable in their magnitude (Johnson et al.,
2010), therefore the climatology of Tegen and Fung (1995)
will likely misrepresent the natural spatial and temporal vari-
ability. Moreover, Johnson et al. (2010) show that variations
in dust mineralogy, in particular CaCO3 content, can influ-
ence the solubility of iron in dust, because CaCO3 effec-
tively buffers the acidification of mineral aerosols during at-
mospheric transport. Numerous authors identify acidification
of aerosols as a key process increasing solubility of iron dur-
ing atmospheric transport (Baker and Croot, 2010; Johnson
et al., 2010; Mahowald et al., 2005). Once in seawater, a com-
bination of post-depositional agents (Baker and Croot, 2010),
including photochemical reactions, complexation with lig-
ands and interaction with all size classes of biology (from
bacteria to zooplankton, see also Tovar-Sanchez et al., 2007)
can increase iron solubility. Where primary productivity is
highest (i.e. the main bloom area), biology and higher lig-
and concentrations (Hunter et al., 2007) are likely to increase
the contribution of iron from dust-deposition. Nevertheless,
if solubility of iron in dust was increased from 2 % to 10 %,
the contribution of dust deposition over the main bloom area
would rise to 0.05 nM, but still remain below the contribu-
tion of iron from sedimentary sources considered alone (i.e.
0.5 nM).

As described in Sect. 4.4 (Figs. 7b and 8), model results
are able to capture the main features of dFe concentrations
around the island, and suggest that the very shallow sedi-
ments provide most of the iron observed around and down-
stream of the island. However, the importance of deeper sed-
iments could be underestimated because of the necessary
simplification of bathymetry around the island (i.e. vertical

bathymetry around the coastline and smoothed topography,
see Sect. 2.3), which cannot represent accurately the actual
sediment surface areas releasing iron to the water column.
Moreover, the absence of tidal forcing as well as the current
coarse model resolution will likely lead to an underestima-
tion of all the fine-scale mechanisms that can mix and di-
lute the highly enriched coastal waters and control the spatial
variability of biogeochemical properties around the island
(i.e. continental shelf waves, cross-shelf or vertical mixing;
Young et al., 2011). Over the island’s shelf region the model
produces an average mixed layer depth of about 20 m. This
value is very close to the mixed layer depth estimated in aus-
tral summer by Ward et al., 2005 over the northwestern shelf
of the island; however, it is below values estimated by Korb
et al., 2012 and simulated by Young et al., 2011 who used a
model with a 3 km resolution validated with a very extensive
data set of in situ temperature and salinity measurements.

Reduced horizontal and vertical mixing could explain, for
example, the quite homogeneous distribution of Chla and
dFe concentrations around most of the island (Figs. 6c and
9a). Specifically, over the eastern shelf of the island (35◦ W,
54◦ S) where the model overestimates Chla concentrations,
the low resolution could lead to a misrepresentation of local
circulation and the SACCF’s influence in the region (Mered-
ith et al., 2005). Other factors, however, could lead to this
discrepancy. In the same area, in fact, Chelton et al. (2004)
has described the presence of a recurrent wind shadow not
captured in the model’s wind forcing monthly climatology.
Weaker winds reduce mixing processes (Meredith et al.,
2005) but also generate a microclimate with greater sun-
shine and higher local air temperatures (Brandon et al., 1999)
that will locally modify the properties and vertical structure
of the water column. Moreover, Brandon et al., 1999 and
Whitehouse et al., 2009 indicated that the eastern shelf re-
gion of the island is rich in biological activity, therefore top-
down controls by macrozooplankton like krill, not included
in the model (Fig. 3) could also locally control phytoplankton
biomass.

With the current model configuration we cannot discrim-
inate between all potential physical and chemical processes
introducing iron around the island. However, considering the
characteristic topography, landscape and circulation around
South Georgia, we expect the concomitant effect of the pro-
cesses schematically represented in Fig. 11. We can distin-
guish two major categories: processes acting on land or along
the coast (i.e. precipitation and run-off) responsible for the
input of iron present or deposited on land, and processes
acting in the ocean, due to physical, biological or chemical
processes occurring in the water column or at the sediment–
water interface.

South Georgia is a mountainous and largely barren island,
with an irregular coastline and rugged topography. Most of
the island’s surface is recurrently or permanently covered by
snow and ice (Gordon et al., 2008). During austral summer,
rain, melting snow and glaciers most likely have a double
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Fig. 11.Schematic overview of the potential coastal and shelf pro-
cesses leading to the surface distribution of dFe observed around
South Georgia (i.e. Fig. 9). Processes removing dFe from the water
column are indicated in red.

effect on iron input to the ocean: meltwater not only can carry
dust particles accumulated during winter, but, together with
rain, it can feed local creeks, which hence have a stronger
erosion effect on soil. Indeed, because many glaciers termi-
nate at the coast or calve into the sea, glacier-scoured de-
bris and glacier calving can provide an additional input of
trapped soil particles and/or dust to the ocean, leading to a
significant increase in local dFe concentrations (Raiswell et
al., 2008; Lannuzel et al., 2007). DFe concentrations reach-
ing 1.31 nM in the Admunsen Sea (see Gerringa et al., 2012)
provide evidence for such processes. Similar estimates are
not available for South Georgia, although Landsat satellite
images of the region (see Fig. 3 in Young et al., 2011) show
extensive plumes of fine-sized particles and glacial flour all
around the island, confirming the relevance of glacier melt.

As input of iron from glacier melt is independent from sed-
imentary and aeolian sources, we can make an estimate of its
importance around South Georgia, adding maximum values
measured by Gerringa et al. (2012) to our surface and coastal
estimates of dFe concentrations. Resulting surface dFe con-
centrations compare better to underway dFe concentrations
over the shelf of the island (Nielsdóttir et al., 2012); however
a dedicated new modelling configuration that includes fresh-
water fluxes and iron release from melting ice (see Taylor et
al., 2013) would certainly improve the confidence of these
simplified estimates.

In PISCES the sedimentary sources of iron are simu-
lated considering reductive mobilization (Aumont and Bopp,
2006), which has been recognized as a significant source
of dFe to the oceans. Recent studies (i.e. de Jong et al.,
2012; Klunder et al., 2011) suggest that the increase in dFe
concentrations observed in measurements closer to the sea-
floor most likely derive from reductive mobilization of iron.
In particular, below very productive surface waters such as

those around South Georgia, the bacterial oxidation of de-
posited organic matter leads to reducing conditions at the
sediment surface, consequently decreasing the oxygen pene-
tration depth and hence increasing benthic dFe fluxes (Elrod
et al., 2004). However, reductive mobilization of iron from
the sediments is only one of the mechanisms believed to
introduce dFe to the ocean interior. At the sediment–water
interface, in fact, the remineralization of sediments resus-
pended by bottom or tidal currents (Young et al., 2011; Blain
et al., 2008), internal wave activity (Blain et al., 2008) or
wind-induced wave action (Gargett et al., 2004; de Jong et
al., 2012) can introduce additional dFe to the water column
(Fig. 11).

The total amount of dFe that ultimately leaves the bot-
tom layer towards the surface depends on multiple con-
comitant factors, including the magnitude of bottom fric-
tion resuspending sediment particles, oxygen concentrations
in the bottom water, the concentration and type of organic
ligands actively stabilizing dFe, or the presence of dFe-
scavenging particles settling to the bottom (de Jong et al.,
2012; Klunder et al., 2011). Once dFe (in free inorganic or
ligand-complexed form) leaves the bottom layer closer to
the sediment–water interface, the combination of diffusion
and vertical advection brings dFe to the surface where lateral
transport distributes it in the region. Of the three mentioned
processes, previous studies in the Southern Ocean (i.e. de
Jong et al., 2012; Planquette et al., 2007) agree that lateral
advection is the most important and efficient long-distance
supplier of dFe (see also Lam et al., 2006).

Around South Georgia, the importance of lateral transport
has been suggested by several authors (i.e. Korb et al., 2008)
and is evident from our modelling results (Fig. 9a). Vertical
upwelling during summer (as opposed to winter deep mix-
ing) has also been highlighted as an important mechanism for
bringing nutrients (macronutrients and iron) to the surface:
for example, Brandon et al., 1999 described upwelling to
the northeast of the island along a shelf-break front separat-
ing on-shelf and off-shelf waters, Whitehouse et al. (2008a)
found evidence for upwelling to the southwest of the island
where the easterly flowing ACC diverges as it meets the is-
land, and more recently Nielsdóttir et al. (2012) pointed to
eddy-driven mechanisms of vertical transport. Our sensitivity
runs suggest that only a very small part of the total dFe mea-
sured at the surface derives from upwelling of deeper iron-
rich waters. However, as noted previously, the lack of tidal
forcing and the coarse grid resolution (11 km) will not allow
a full representation of vertical processes acting at the meso-
and sub-mesoscale or in relation to the presence of eddies and
tides better represented by higher-resolution models (Naveira
Garabato et al., 2002; Young et al., 2011). Moreover, a more
realistic bathymetry would improve the interaction between
flow and bottom topography, which can also generate sites of
local upwelling (Brandon et al., 1999).
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At the surface the main mechanisms removing dFe are
likely to be biological uptake by phytoplankton and bacteria,
scavenging onto sinking biogenic particles (i.e. dead phyto-
plankton cells), oxidation of dFe and its adsorption to col-
loids. However, the high surface dFe concentrations mea-
sured around South Georgia, which result from the combi-
nation of all processes mentioned above, clearly indicate that
dFe sources are far more effective than dFe losses. In fact,
Borrione and Schlitzer (2013) suggest that the termination
of the first peak observed in South Georgia phytoplankton
blooms does not strictly depend on dFe availability, but rather
it may be caused by insufficient silicate levels, rapidly ex-
hausted by the spring and early summer diatom blooms.

Iron-input mechanisms directly related to local hydrogra-
phy, like lateral transport or tidal currents, are not expected
to change significantly in time (i.e. at the seasonal or decadal
scale), especially if they are steered by bottom topography
(Borrione and Schlitzer, 2013). Conversely, iron-input mech-
anisms directly linked to weather or local climate (i.e. air
temperature or precipitation) will likely follow a seasonal cy-
cle, and possibly be modified in the future as a response to
climate change. For example, during austral summer, dust
emission from the Patagonian Desert and snow- and ice melt
are at their maximum levels and hence coincide in timing
with the main phytoplankton growing season (Johnson et al.,
2010; Young et al., 2011; Borrione and Schlitzer, 2013): dur-
ing this time of the year the growing and iron-demanding
phytoplankton community can count on an additional exoge-
nous source of iron other than the continuous supply of iron
from sedimentary sources. An increase in dFe input can be
expected at the longer timescales due to the gradual but pro-
gressive increase in ocean and air temperatures which are
leading to increased glacier melt (Gordon et al., 2008; White-
house et al., 2008b). Previous studies investigating the mag-
nitude of climate-change-induced dust emission and deposi-
tion from the world’s deserts provide contrasting results, de-
pending on the models and initial scenarios used (Mahowald
and Luo, 2003; Tegen et al., 2004). However, considering the
stronger effect of sedimentary versus atmospheric sources of
iron to the main South Georgia bloom area revealed by the
current study, we suggest that either an increase or decrease
in future dust deposition will have a negligible effect on pri-
mary productivity (see also Tagliabue et al., 2008; Aumont
et al., 2008).

5.3 Model uncertainties

Comparison of modelled surface dFe concentrations with
recently published underway dFe concentrations measured
around South Georgia (Figs. 7a and 8) reconfirm the ability
of PISCES (here coupled to ROMS_AGRIF) to reproduce
the main distribution features of surface dFe, and, to an ade-
quate level, also absolute dFe concentrations. Results shown
in Fig. 6 indicate that patterns in simulated and observed sur-
face Chl a concentrations have many similarities because

in both data sets location and size of the blooms clearly
depend on local circulation, which is also reproduced ade-
quately by the model. However, observed and modelled Chl
a concentrations are significantly different in their absolute
values: modelled Chla concentrations are lower than those
observed in January–February 2008, but also lower than the
concentrations recorded during the less productive months
of January–February 2011. Moreover, the bloom modelled
to the north and northeast of South Georgia is further south
than observed. Differences between the two data sets indicate
that in the current configuration of PISCES applied to the
region around South Georgia, certain biogeochemical pro-
cesses may not be fully resolved.

The first important difficulty encountered in biogeochem-
ical models applied to the iron-limited Southern Ocean is the
correct representation of the complex iron cycle, necessarily
simplified because of the large number of uncertainties and
limited number of observations (Aumont and Bopp, 2006).
Iron in seawater is present in various oxidation forms and
it interacts with several types and size classes of suspended
particles and ligands. In the current configuration of PISCES,
iron is present in dissolved form and it is assumed to be all
bioavailable (as in Moore and Braucher, 2008). In the model
dFe may interact with biogenic particles only. Although re-
cent investigations indicated the ubiquity of inorganic par-
ticulate iron, especially downstream of coastal regions (i.e.
Lam et al., 2006), they also suggested its bioavailability (i.e.
Raiswell et al., 2008). The inorganic form of particulate iron
is currently not included in the model, as almost no quantita-
tive information is available to parametrize this source (Au-
mont and Bopp, 2006). Furthermore, recent studies show that
the concentration of ligands, which are responsible for the
stabilization and hence prolonged bioavailability of dFe in
the water column, is very variable in space, time and depth; in
particular, ligands are present at higher concentrations where
productivity is high (Hunter and Boyd, 2007; Moore and
Braucher, 2008), as would likely be the case over the South
Georgia main bloom area. In the model, however, there is
only one type of ligand, and it is present at constant concen-
trations throughout the whole water column. Consequently,
an underestimate of the total concentration of bioavailable
iron, which is potentially also present in the form of inor-
ganic particulate iron, or complexed to higher concentrations
of ligands, may result in the low modelled Chla concentra-
tions, or smaller-sized blooms. To date, there are no in situ
measurements around South Georgia that could improve our
understanding of the role of particulate iron in the region,
including its bioavailability and transport scale lengths. Ad-
ditional measurements are fundamental to confirm or reject
our hypothesis, but will also improve the description of iron
distributions farther away from the island (i.e. along the Chl
a-rich plume extending due east of the Georgia Basin) where
in situ data is not available.
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The lifetime of iron in the surface layer depends on the
interaction between chemical, physical and biological pro-
cesses removing or reintroducing iron. As mentioned above,
the presence of ligands is crucial to keep iron dissolved in
seawater (Hunter and Boyd, 2007), while diffusion, as well as
lateral and vertical mixing or advection (Fig. 11) provides the
means for iron supply from more enriched waters. Indeed,
also the biological recycling of iron, due to phytoplankton,
zooplankton and bacteria, will increase the lifetime of iron in
the surface. Although these processes are represented in the
model (Fig. 3), their relative importance may be affected by
uncertainties in the rates of biological iron uptake, chemical
processing, and its release into the water column (Baker and
Croot, 2010).

6 Conclusions

Natural input of iron around South Georgia was inves-
tigated using the coupled physical–biogeochemical model
ROMS_AGRIF-PISCES, implemented for the first time to a
region of the Southern Ocean. The model captures the main
features of circulation and chlorophyll biomass around the
island, corroborating the island mass effect for South Geor-
gia. In particular, the model can reproduce dFe distributions
previously described with few discrete in situ measurements
around South Georgia, and hence presents a large-scale, yet
detailed view of iron distribution, scale lengths and princi-
pal transport pathways around the island. To date this infor-
mation was absent, and can now offer a useful tool to bio-
geochemists investigating the occurrence of phytoplankton
blooms in the region but can also provide a base line for
future in situ investigations. Clearly, some important ques-
tions remain open. Although the model captures adequately
the overall distribution and magnitude of dFe distribution in
the region as well as the main spatial patterns of phytoplank-
ton blooms, modelled Chla concentrations are significantly
lower than in observations. This evident discrepancy may
suggest that the total amount of iron bioavailable to phyto-
plankton includes but is not limited to dFe, and that recycling
processes may be more efficient than currently simulated.
Both aspects need to be verified by future investigations. In
the meantime, as the model used in this study has proven
its ability to simulate the South Georgia island mass effect
in HNLC waters, additional model sensitivity tests could be
performed in the future to estimate the levels of bioavail-
able iron necessary to stimulate the particularly intense an-
nual phytoplankton blooms observed downstream of South
Georgia.
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