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Abstract. The supply of bioavailable iron to the high-nitrate
low-chlorophyll (HNLC) waters of the Southern Ocean
through atmospheric pathways could stimulate phytoplank-
ton blooms and have major implications for the global carbon
cycle. In this study, model results and remotely-sensed data
are analyzed to examine the horizontal and vertical trans-
port pathways of Patagonian dust and quantify the effect of
iron-laden mineral dust deposition on marine biological pro-
ductivity in the surface waters of the South Atlantic Ocean
(SAO). Model simulations for the atmospheric transport and
deposition of mineral dust and bioavailable iron are carried
out for two large dust outbreaks originated at the source
regions of northern Patagonia during the austral summer
of 2009. Model-simulated horizontal and vertical transport
pathways of Patagonian dust plumes are in reasonable agree-
ment with remotely-sensed data. Simulations indicate that
the synoptic meteorological patterns of high and low pressure
systems are largely accountable for dust transport trajecto-
ries over the SAO. According to model results and retrievals
from the Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observations (CALIPSO), synoptic flows caused by op-
posing pressure systems (a high pressure system located to
the east or north-east of a low pressure system) elevate the
South American dust plumes well above the marine bound-
ary layer. Under such conditions, the bulk concentration of
mineral dust can quickly be transported around the low pres-
sure system in a clockwise manner, follow the southeast-
erly advection pathway, and reach the HNLC waters of the
SAO and Antarctica in∼3–4 days after emission from the
source regions of northern Patagonia. Two different mecha-
nisms for dust-iron mobilization into a bioavailable form are
considered in this study. A global 3-D chemical transport
model (GEOS-Chem), implemented with an iron dissolution
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scheme, is employed to estimate the atmospheric fluxes of
soluble iron, while a dust/biota assessment tool (Boyd et al.,
2010) is applied to evaluate the amount of bioavailable iron
formed through the slow and sustained leaching of dust in
the ocean mixed layer. The effect of iron-laden mineral dust
supply on surface ocean biomass is investigated by compar-
ing predicted surface chlorophyll-a concentration ([Chl-a])
to remotely-sensed data. As the dust transport episodes ex-
amined here represent large summertime outflows of mineral
dust from South American continental sources, this study
suggests that (1) atmospheric fluxes of mineral dust from
Patagonia are not likely to be the major source of bioavail-
able iron to ocean regions characterized by high primary pro-
ductivity; (2) even if Patagonian dust plumes may not cause
visible algae blooms, they could still influence background
[Chl-a] in the South Atlantic sector of the Southern Ocean.

1 Introduction

Iron (Fe) is one of the nutrient elements needed by phy-
toplankton to carry out photosynthesis. Despite being the
fourth most abundant element in the Earth’s crust, Fe is in
a short supply in most near-surface remote oceanic waters.
Concentrations of Fe are particularly low in the so called
high-nitrate low-chlorophyll (HNLC) oceanic regions, where
availability of the micronutrient Fe has been shown to be a
limiting factor for marine primary productivity (Martin and
Gordon, 1988; Martin and Fitzwater, 1988; Martin, 1990).
There are three main HNLC regions (subarctic north Pacific,
east equatorial Pacific, and the Southern Ocean), with the
Southern Ocean (SO) suggested to be the most biogeochem-
ically significant due to its large spatial extent and consid-
erable influence on the global carbon cycle (Martin, 1990;
Watson et al., 2000; Boyd et al., 2000; Sarmiento et al.,
2004). Mesoscale Fe enrichment experiments have unequiv-
ocally shown that the Fe supply in the SO exerts control

Published by Copernicus Publications on behalf of the European Geosciences Union.

http://creativecommons.org/licenses/by/3.0/


2488 M. S. Johnson et al.: Understanding the transport of Patagonian dust and its influence on marine biological activity

on the dynamics of plankton blooms, which in turn affect
the biogeochemical cycles of carbon, nitrogen, silicon, sul-
fur, and ultimately influences the Earth’s climate system
(e.g., Boyd et al., 2007).

The atmospheric deposition of aeolian dust is one of the
natural pathways for the contribution of Fe to the surface wa-
ters of the SO. Compared to other Fe-limited regions, the SO
is thought to receive the lowest flux of mineral dust (Duce
and Tindale, 1991) and, as a result, upwelling of deep wa-
ter, re-suspension of sediments, re-mineralization of sink-
ing material, diffusion from the pore waters, and release of
bioavailable Fe from glaciers and icebergs have often been
proposed to be the likely suppliers of Fe to this region (de
Baar et al., 1995; L̈oscher et al., 1997; Watson et al., 2000;
Raiswell et al., 2008). However, over the past decade there
has been a growing interest for the possible role of mineral
dust-Fe in regulating this region’s biological productivity,
air-sea fluxes of carbon dioxide (CO2), emissions of marine
biogenic aerosols and trace gases, and overall global climate
(Martin and Fitzwater, 1988; Martin, 1990; Zhuang et al.,
1992; Jickells et al., 2005; Meskhidze et al., 2007; Ito and
Kawamiya, 2010). Based on a significant positive correla-
tion between the atmospheric delivery of mineral dust and
phytoplankton growth in the surface waters of the SO it was
proposed that the biological productivity in the SO is con-
trolled by Patagonian and southern Australian dust deposi-
tion (Gabric et al., 2002; Erickson et al., 2003). However,
recent studies have pointed out that dust-Fe deposition to the
surface waters of the SO could be less important for primary
productivity than previously estimated (Meskhidze et al.,
2007; Blain et al., 2007, 2008; Wagener et al., 2008, Boyd
et al., 2010) and that the ocean Fe fertilization alone may
not account for atmospheric CO2 reduction enough to signif-
icantly alter the course of climate (e.g., Denman, 2008; Bues-
seler et al., 2008; Mackie et al., 2008; Strong et al., 2009).
Despite the potentially important role of Fe-laden dust depo-
sition on marine primary productivity and atmosphere-ocean
CO2 fluxes, few studies exist that can help constraining the
deposition of bioavailable Fe and subsequent changes in sur-
face ocean chlorophyll concentration and carbon sequestra-
tion rates in the polar and sub-polar waters of the SO. To
understand the biogeochemical cycling of Fe in both present
and past climate regimes and the role of mineral dust in Fe-
mediated carbon sequestration in the SO, researchers have
looked at the detailed stratigraphic records of mineral dust
in Antarctic ice cores and used them as proxies for paleo-
climate and paleowinds (e.g., Delmonte et al., 2004; Lam-
bert et al., 2008). When making connections between past
glacial-interglacial fluctuations in dust deposition to Antarc-
tica and carbon dynamics in the SO, in addition to particu-
lar sources and deposition processes (e.g., Petit et al., 1999;
Lambert et al., 2008), it is important to properly quantify
the transport pathways (Krinner and Genthon, 2003; Krin-
ner et al., 2010; Li et al., 2008, 2010), labile (or bioavail-
able) portion of mineral-Fe (Jickells et al., 2005; Meskhidze

et al., 2003, 2005; Solmon et al., 2009), and the fraction
of fixed carbon sequestered to the deep oceans (>250 m)
(e.g., Buesseler et al., 2004).

Several studies that have been conducted to quantify dust
transport pathways and deposition fluxes in the Southern
Hemisphere (SH) seem to agree that the arid and semi-arid
regions of South America and Australia are the major source
regions for aeolian dust deposited to the SO (Fung et al.,
2000; Ginoux et al., 2001; Prospero et al., 2002; Zender
et al., 2003; Li et al., 2008). Although, there is no defi-
nite agreement, modeling and remote sensing studies have
also identified distinct horizontal and vertical transport path-
ways for South American and Australian dust sources over
the SO. South American dust has been shown to largely re-
main at lower elevations (below 6 km), while Australian dust
is likely to be elevated to higher levels of the free troposphere
(Krinner and Genthon, 2003; Gassó and Stein, 2007; Li et al.,
2008; Krinner et al., 2010; Gassó et al., 2010). Due to ex-
tremely limited observational data the labile fraction of Fe in
Southern Hemispheric dust (e.g., South America) remains a
topic of active debate (Cassar et al., 2007; Boyd and Mackie,
2008). Quantification of the climatic role of South American
dust is further complicated by the fact that the proposed frac-
tion of the fixed carbon sequestered to the deep oceans varies
by up to a factor of∼200 (e.g., de Baar et al., 2008), mak-
ing the link between marine primary productivity and carbon
removal extremely difficult.

Using model simulations and remotely-sensed data, this
study attempts to better quantify the role of aeolian dust-
Fe supply for marine ecosystem productivity in the South
Atlantic Ocean (SAO) domain of the SO. Dust transport
pathways and deposition fluxes, resulting changes in ocean
ecosystem productivity, and the potential effect of dust-Fe
deposition on carbon sequestration in this region are exam-
ined based on two large dust advection episodes from South
America. Here the labile fraction of dust-Fe is defined as the
sum of sol-Fe (produced during atmospheric transport and
transformation of mineral-Fe) and leachable-Fe (produced
by the slow and sustained leaching of mineral-Fe in the ocean
mixed layer). The SAO is roughly outlined as the part of the
Atlantic Ocean between the equator and the Antarctic coast-
line (from north to south) and from 70◦ W to 20◦ E, and the
possible HNLC region as the portion of SAO south of the
Antarctic Circumpolar Current (ACC) (∼42◦ S) (Boyd et al.,
2007).

2 Methods

2.1 GEOS-Chem/DFeS

The three dimensional global chemistry transport model
GEOS-Chem (v8-01-01) was used in this study to simulate
Patagonian dust transport and deposition to the SAO. The
model uses GEOS-5 meteorological fields (Bey et al., 2001;
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Park et al., 2004; Evans and Jacob, 2005) at a 2◦
× 2.5◦

(latitude-longitude) grid resolution and 47 vertical levels.
For the prognostic calculations of Fe dissolution, the model
is run with a full chemistry configuration, which includes
H2SO4-HNO3-NH3 aerosol thermodynamics coupled to an
O3-NOx-hydrocarbon-aerosol chemical mechanism (Bey et
al., 2001; Park et al., 2004). The emissions and chem-
istry of sulfur compounds, carbonaceous aerosols, and sea-
salt are described by Park et al. (2004), Heald et al. (2004),
and Alexander et al. (2005), respectively. To simulate dust
mobilization, GEOS-Chem combines the Dust Entrainment
and Deposition (DEAD) scheme (Zender et al., 2003) with
the source function used in the Goddard Chemistry Aerosol
Radiation and Transport (GOCART) model (Ginoux et al.,
2001; Chin et al., 2004). Principal source regions are deserts
or dry lakes and streambeds where alluvial deposits have ac-
cumulated. Mineral dust mobilization occurs when turbulent
drag forces of the atmosphere overcome gravitational iner-
tia and inter-particle cohesion. Once mineral dust is mo-
bilized from the surface, the model uses four standard dust
bins with diameter boundaries of 0.2–2.0, 2.0–3.6, 3.6–6.0
and 6.0–12.0 µm to simulate global dust transport and depo-
sition (Fairlie et al., 2007).

In order to determine the influence of mineral dust from
Patagonia on biological productivity in the SAO, GEOS-
Chem was modified to treat a number of individual dust
source regions separately. The terrestrial portion of the globe
was divided into seven major dust source regions (i.e., North
Africa, South Africa, North America, Asia, Australia, the
Middle East, and South America) (Prospero et al., 2002).
Dust emission fluxes, calculated for each source region,
were assigned separate tracers. Such treatment allowed dust
from each of the seven regions to be independently trans-
ported, chemically transformed, and removed from the at-
mosphere. GEOS-Chem with the modified dust scheme
gave us the opportunity to estimate the relative contribu-
tion of each of the seven dust regions to total atmospheric
dust and bioavailable Fe fluxes to the SAO domain. The
fluxes of sol-Fe to the ocean were calculated using GEOS-
Chem with a prognostic dust-Fe dissolution scheme (GEOS-
Chem/DFeS model) (Solmon et al., 2009; Johnson et al.,
2010). GEOS-Chem/DFeS simulations of South American
dust were shown to be in reasonable agreement with avail-
able surface and remotely-sensed data (Johnson et al., 2010).

2.2 Labile-Fe and the ocean productivity

Throughout its residence time in the surface ocean dust can
become a source of bioavailable Fe due to the slow and sus-
tained leaching of dust-Fe (Boyd et al., 2010). To calculate
the amount of Fe leached from mineral dust we adopt the
formulation of Boyd et al. (2010):

Leachable−Fe=
DST·fFe·fFeLeachable

rLeachable· tLeachable·D
(1)

where Leachable-Fe is the amount of Fe leached in the sur-
face ocean for a given quantity of mineral dust deposition
(g m−3), DST is the GEOS-Chem/DFeS-predicted mineral
dust deposition during a given dust episode (g m−2), fFe is
the average mass fraction of Fe in mineral dust (3.5%) (Duce
and Tindale, 1991),fFeLeachable is the fraction of Fe in de-
posited dust that is leachable (0.3),rLeachableis the rate of
Fe leaching (30 day−1), tresidenceis the residence time of dust
in the ocean mixed layer (30 day), andD is the monthly-
mean mixed layer depth (m). The values forfFeLeachable,
rLeachable, andtresidenceare taken from Boyd et al. (2010) and
the value forD was obtained from the global climatological
monthly-averaged mixed layer depth data (2◦

×2◦) (de Boyer
Montégut et al., 2004) and regridded to a 0.25◦

×0.25◦ reso-
lution.

Due to the uncertainty in spatial distributions of leachable-
Fe in the dynamic surface waters of the SAO, we only use
the model-predicted atmospheric fluxes of sol-Fe as a proxy
for the surface ocean primary production (Meredith et al.,
2003). The magnitude of chlorophyll-a ([Chl-a]) production
per unit time (in mg m−3 day−1) can then be calculated as:

d[Chl−a]

dt
=

12 000·sol−Fe·(C : Fe) ·(Chl−a : C)

D
(2)

where the constant of 12 000 is used for a unit con-
version (from mol C to mg C), sol-Fe represents the
GEOS-Chem/DFeS-predicted atmospheric fluxes of sol-Fe
(mol m−2 day−1), C:Fe is the carbon to Fe ratio character-
istic for the major phytoplankton species found in the en-
hanced productivity regions of the SAO (mol mol−1), and
Chl-a:C is the chlorophyll-a to carbon ratio in phytoplank-
ton (mg mg−1). Table 1 summarizes the values (with corre-
sponding references) for the parameters used in Eq. (2). This
equation implicitly assumes that all of the deposited sol-Fe
will contribute to chlorophyll production in the HNLC waters
of the SO. Such a provision is supported by past mesoscale
Fe enrichment experiments and results from previous studies
on marine biota and Fe interactions in HNLC waters (e.g.,
Hutchins et al., 1999; Tsuda et al., 2003; Jin et al., 2008;
Lancelot et al., 2009). In Sect. 3.3 sensitivity calculations are
presented to show the potential contribution of leachable-Fe
to atmospheric fluxes of labile-Fe to the SAO.

2.3 Satellite data

In this study, GEOS-Chem-predicted mineral dust transport
during the two dust outbreak episodes of 23–30 January 2009
and 11–18 February 2009 (from here on J23 and F11) were
compared to real-time imagery and remotely-sensed data
obtained from Terra and Aqua Moderate Resolution Imag-
ing Spectroradiometer (MODIS) retrievals (Kaufman et al.,
1997; Tanŕe et al., 1997; Remer et al., 2005) and the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) (Vaughan et al., 2004). Real-time imagery from
the MODIS Rapid Response system(http://rapidfire.sci.gsfc.
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Table 1. Variables with corresponding values and (uncertainties)
used in Eq. (2).

Variable Value Source

sol-Fe (mol m−2 day−1) GEOS-Chem/DFeS Solmon et al. (2009)
C:Fe (mol mol−1) 30 000 (±24 000) de Baar et al. (2008);

Sarthou et al. (2005);
Twining et al. (2004)

Chl-a:C (mg mg−1) 1/30 (1/15-1/100) Gallegos and Vant (1996);
Cloern et al. (1995)

Mixed Layer Depth (m) climatological de Boyer Montégut (2004)
monthly-average

nasa.gov/gallery/)was used for the visual confirmation of
mineral dust outbreaks from South American continental
sources.

The model-predicted vertical profiles of Patagonian dust
concentrations were compared to CALIPSO Level 2 (v3.01)
data (http://eosweb.larc.nasa.gov/PRODOCS/calipso/table
calipso.html). The CALIPSO algorithm is distinctive from
other satellite algorithms in its capability to discriminate dust
aerosols (desert dust and polluted dust) from other subtypes
such as clean continental, marine, polluted continental and
smoke. To determine the aerosol subtypes the algorithm uses
volume depolarization ratio, integrated attenuated backscat-
ter, the earth surface types (land/ocean), and the layer al-
titude information. The aerosol optical depth (AOD) and
extinction/backscatter profile retrievals for different particle
subtypes require aerosol extinction-to-backscatter ratio (li-
dar ratio) specific to the above mentioned six aerosol types
(Omar et al., 2009; Young and Vaughan, 2009). The Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) iden-
tified features are classified into aerosol and cloud using a
cloud-aerosol discrimination (CAD) algorithm. The CAD
algorithm separates clouds and aerosols and provides the
cloud-aerosol discrimination score for each layer (Liu et al.,
2009). The standard CAD scores for the level of confidence
in the aerosol-cloud classification are ranging from−100
to 0 for aerosol and +100 to 0 for cloud. A larger abso-
lute value of the CAD score indicates higher confidence of
the feature classification. To get relatively high confidence
cloud free data, different aerosol types and the correspond-
ing AODs are extracted using CAD scores of−20 to−100
(Yu et al., 2010) for the conditions when initial lidar ratio
(selected based on type and subtype of the layer) is equal to
the final lidar ratio (derived by applying transmittance cor-
rection to the extinction processing)(http://eosweb.larc.nasa.
gov/PRODOCS/calipso/QualitySummaries/).

Daily-averaged Level 3 data for [Chl-a] at 1
12

◦
×

1
12

◦
res-

olution were obtained from the Sea-viewing Wide Field-
of-view Sensor (SeaWiFS) (version 5.1) (O’Reilly et al.,
1998) and regridded to 0.25◦

×0.25◦. Previous studies have
shown that fluctuations in daily surface [Chl-a] retrievals by

SeaWiFS compare well with in situ measurements in the
SAO, with some possible underestimations in the Drake Pas-
sage and Scotia Sea regions of the Antarctic basin (Gregg and
Casey, 2004; Dogliotti et al., 2009). Past studies have shown
that the presence of mineral dust may influence optical prop-
erties of oligotrophic waters (i.e., [Chl-a] ≤ 0.1 mg m−3) and
cause anomalous readings in retrievals of phytoplankton
biomass (Claustre et al., 2002). However, we consider such
errors to be negligible for the productive waters of the SAO.

3 Results

3.1 Mineral dust transport from Patagonia

Dry lake/river beds and low lying regions in Patagonia with
little vegetative cover are the predominant source regions of
windblown dust emanating from the South American conti-
nent and deposited to the surface waters of the SAO (Pros-
pero et al., 2002; Li et al., 2008; Wagener et al., 2008;
Johnson et al., 2010). Patagonian dust plumes have been
suggested to travel at low altitudes over the SAO and are
accompanied by large amounts of cloud cover (Gassó and
Stein, 2007; Li et al., 2008; Krinner et al., 2010), making
it difficult to be detected by satellites. On 23 January 2009
and 17 February 2009 clear images of mineral dust transport
were captured by Aqua MODIS (see Fig. 1) allowing for the
rare opportunity to carry out model analysis of dust trans-
port for episodes with visual confirmation of mineral dust
advection from the South American continent. Figure 1a, b
indicate that mineral dust emission regions are located near
San Antonio Oeste, a region that was previously identified as
one of the largest dust sources in Patagonia (Johnson et al.,
2010). This region is located in the northern end of Patag-
onia and it has recently become an active dust source pos-
sibly due to a combination of poor livestock management
and drought conditions (Geist and Lambin, 2004; McConnell
et al., 2007). According to Fig. 1, GEOS-Chem-predicted
transport pathways over the ocean are generally comparable
with the satellite images, although the agreement between
model-predictions and satellite imagery is somewhat poorer
for 17 February 2009, when dust originated from three indi-
vidual small sources. Model simulations show, that both the
J23 and F11 outbreaks had similar transport pathways over
the SAO, with daily-averaged vertically-integrated dust con-
centrations for the F11 dust storm roughly a factor of four
higher compared to the J23 dust event (see Fig. 1). In addi-
tion to horizontal transport, existence of CALIPSO retrievals
gives the unique opportunity for examining model-predicted
vertical transport pathways of Patagonian dust. Unfortu-
nately, out of the two dust episodes with clear visual evidence
of long-range transport, CALIPSO data is only available for
the J23 episode; therefore only the J23 dust storm will be
discussed in detail.
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Fig. 1. Aqua MODIS real-time imagery at(a) 18:40 UTC 23 January 2009 and(b) 18:35 UTC 17 February 2009 and GEOS-Chem-predicted
daily-averaged vertically-integrated dust concentration (µg m−2) of Patagonian dust plumes advecting off the coast of South America on
(c) 23 January 2009 and(d) 17 February 2009, respectively. The black square indicates the location of San Antonio Oeste (40.8◦ S, 65.1◦ W).

In order to examine the impact of synoptic meteorology
on mineral dust transport, previous studies have applied sea
level pressure anomalies (SLPAs) as a proxy for high and
low pressure systems (e.g., Liang et al., 2005; Yang et al.,
2007). Figure 2 compares the spatial patterns of the model-
predicted column abundance of mineral dust and GEOS-5
SLPAs over the SAO for 23–25 January 2009. This fig-
ure indicates that the relative positioning of high and low
pressure systems may control the south-eastward transport
of the J23 dust plume (Southern Hemispheric low pressure
systems rotate clockwise and high pressure systems rotate
counter-clockwise). Analyses of model simulations suggest
that synoptic flows caused by opposing pressure systems (a
high pressure system located to the east/north-east of a low
pressure system) produce large-scale southerly advection be-
tween 40◦ S and 60◦ S. The bulk concentration of mineral
dust follows the southerly advection pathway and gets trans-
ported over the HNLC waters of the SAO and East Antarc-
tica. The controlling effect of horizontal transport pathways
of Patagonian dust by synoptic meteorological patterns found
over the SAO is consistent with the results of the recent study
by Li et al. (2010).

In addition to horizontal transport, the location of high
and low pressure systems may also influence the vertical
structure of Patagonian dust plumes. Figures 3–5 compare
GEOS-Chem-predicted dust burden and vertical profiles of
mineral dust for the J23 dust plume to CALIPSO aerosol
type and dust AOD retrievals for 23–25 January 2009. No-
tice, that GEOS-Chem outputs are daily-averaged data while
CALIPSO results are for a specific overpass time. Figures 3
and 4 show that near the South American continent, both
GEOS-Chem predictions and CALIPSO retrievals position
the J23 dust plume at a low altitude (below 2–3 km). Al-
though CALIPSO puts the major portion of the dust plume
slightly north to that of GEOS-Chem, the model-simulated
vertical structure of the J23 plume compares relatively well
with CALIPSO AOD data (Figs. 3b, c and 4b, c).

Detailed analysis of model simulations reveal that after
leaving the continent, the Patagonian dust plume encountered
a strong cyclone over the SAO. On 24 January 2009 when the
dust plume was about to enter the western sector of the large
low pressure system (∼20◦ W), the bulk of the dust was still
located below 3 km over the SAO (Fig. 4b). As the plume en-
tered the cyclone on 25 January 2009 (Fig. 5), mineral dust
got transported around the low pressure system in a clock-
wise manner. Although simulations are in poorer agreement
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Fig. 2. GEOS-Chem-predicted daily dust burden (g m−2) (contour
lines) and sea level pressure anomalies (SLPAs) (mb) over the SAO
for (a) 23 January,(b) 24 January, and(c) 25 January 2009. Cold
colors indicate negative SLPA (low pressure systems) and warm
colors display high pressure systems.

with the CALIPSO retrievals on 25 January, both model re-
sults (Fig. 5c, f) and satellite overpasses (Fig. 5b, e) show
that over the northern sector of the cyclone (∼0◦ W–5◦ E)
the dust plume was lifted above the marine boundary layer
(MBL) and got diluted vertically in the free troposphere (up
to ∼6 km). It should also be noticed that in the 2–3 days of
transport time over the SAO the dust plume is significantly
depleted and the comparison of remotely-sensed data and the
daily-averaged model results become less reliable. Overall,
our model simulations suggest that synoptic meteorological
conditions played a considerable role in both the horizontal
and vertical advection of the J23 storm over the SAO. By us-
ing the combination of model and remote sensing techniques,
we have shown that low pressure systems can elevate Patag-
onian dust to heights suitable for long-range transport over
the SAO.

Further analyses of model simulations for the J23 and F11
dust episodes revealed two main transport pathways for min-
eral dust emitted from the northern end of Patagonia and ad-
vected over the SAO. Figure 6 shows that when a high pres-
sure system is located to the east/north-east of a low pressure
system, it can effectively block the strong easterlies. During
such a synoptic setup, northern Patagonian dust plume tra-
jectories will go around the low pressure system in a clock-
wise manner and follow a south-eastward direction. Under
such conditions, both model-simulations and CALIPSO re-
trievals suggest that dust plumes can be uplifted and diluted
vertically in the free troposphere creating suitable conditions
for the long-range transport towards East Antarctica. A clear
example of this southerly advection is seen on 25 January
(Fig. 6a–c). However, when an intense high pressure system
is located north/north-west of a low pressure system over the
SAO, northern Patagonian dust follows an anticyclonic cir-
culation and gets transported in an easterly/north-easterly di-
rection. No significant dust uplift is observed for such an
advection pathway. Figure 6 shows that during the F11 dust
episode both transport routes become evident. Between 13–
14 February 2009 the Patagonian dust plume is transported
to the south-east as the SAO is dominated by a low pres-
sure system with a high pressure system to the east/north-east
(Fig. 6d, e), while on 15 February 2009 as the low pressure
weakens, the dust plume gets entrained into the anticyclonic
circulation and gets advected to the east/north-east, follow-
ing the synoptic flow (Fig. 6f). Interestingly, synoptic flow
patterns characterized by a high pressure system located to
the west of a low pressure system can even transport Patag-
onian dust in a north-westerly direction. Figure 3a shows a
model-predicted “V” shaped horizontal dust burden with two
converging dust plumes. Detailed analysis of satellite data
and model predictions indicates that the northern portion of
the dust plume was emitted from the same source region as
the dust from the J23 event, but four days (19 January) prior
to it. The initial dust plume was caught in a weak high pres-
sure system with light and variable winds until 23 January,
when the low pressure strengthened, transporting the plume
to the east/south-east direction. Figure 3a shows, that the
“V” shaped plume was identified by CALIPSO, but was not
retrieved by MODIS due to presence of extensive clouds and
sun glint in the region. Although we show dust trajectories
for only a few dust episodes, results of this study are con-
sistent with the recent work of Li et al. (2010), suggesting
that synoptic patterns of high and low pressure systems over
the SAO can have considerable influence on Patagonian dust
transport trajectories.

The explicit contribution of Patagonian source regions to
total dust deposited to the SAO during the J23 and F11
dust episodes were examined using the modified version of
GEOS-Chem, with seven specific dust source regions. Fig-
ure 7 shows that during the J23 and F11 dust episodes Patag-
onian sources likely accounted for the majority of dust de-
posited to the South Atlantic Sector of the SO. This result
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Fig. 3. The GEOS-Chem-predicted dust burden (g m−2) for 23 January 2009 (the background image) with overlaid vertical swaths of
(a) CALIPSO retrievals of dust aerosol layers,(b) model-predicted vertical cross-section of dust concentration (µg m−3) along the CALIPSO
orbit track and(c) CALIPSO dust layer AOD at 532 nm. Modeled vertical cross-section calculations are conducted along the CALIPSO
orbital track beginning at 04:28:59 UTC on 23 January 2009 (V3-01.2009-01-23T04-28-59ZN).

is in agreement with recent studies (e.g., Li et al., 2008,
2010; Bory et al., 2010), suggesting that the transport and
deposition of dust from Patagonia represents the major path-
ways for the atmospheric fluxes of the micronutrient Fe to
the HNLC surface waters of the SAO. Model calculations
show that during the J23 and F11 dust episodes a total of
∼1.0 and 4.0 Tg (=1012 g) of dust was deposited to the SAO
oceanic regions, respectively. Roughly∼40% of this min-
eral dust was deposited to the proposed HNLC region. Fig-
ure 7 shows that during the austral summer mineral dust from
Patagonia can be transported over thousands of kilometers
reaching the west coast of South Africa and Australia and
the East and West Antarctic continent. However, notice that
the considerable contribution of Patagonian sources to min-
eral dust fluxes to the SAO seen on Fig. 7 is largely due to
the lack of dust supply from other sources during this time.
The contribution of Patagonian sources to dust deposition in
the Pacific sector of the SO is quickly declining to near zero
values due to the strong contribution from Australian dust.

3.2 Response of marine biological productivity to
mineral dust deposition

The potential interactions between mineral dust deposi-
tion and marine biological productivity during the J23 and
F11 dust events was explored using GEOS-Chem/DFeS-
predicted daily-fluxes of sol-Fe (regridded to 0.25◦

×0.25◦

to match the resolution of remotely-sensed SeaWiFS data).
The predicted [Chl-a] production due to the atmospheric de-
position of sol-Fe was calculated using Eq. (2). Eight-day
periods were chosen for each dust event in order to capture
the possible biological response to the initial supply of sol-
Fe to the SAO. Artificial mesoscale Fe-enrichment experi-
ments revealed that in the SO [Chl-a] production responds
rapidly to Fe supply (∼3–5 days) (e.g., Boyd et al., 2004,
2007), therefore this length of time should be suitable for
capturing the initial response of marine biota to sol-Fe de-
position. When using average values of the different pa-
rameters of Table 1, model-predicted fluxes of sol-Fe during
the J23 and F11 dust episodes should have increased surface
[Chl-a] (1[Chl-a]pred) between 0.001 and 0.7 mg m−3 (see
Fig. 8). Such predicted changes in [Chl-a] are small for the
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Fig. 4. Same as Fig. 3 but for 24 January 2009 and the CALIPSO orbital track beginning at 03:33:27 UTC (V3-01.2009-01-24T03-33-27ZN).

SAO, where algal blooms with [Chl-a] on the order of sev-
eral mg m−3 have often been reported (e.g., Korb et al., 2004;
Romero et al., 2006; Blain et al., 2007). However, as the phy-
toplankton productivity in surface waters of the SAO are gen-
erally considered to be limited by the availability of Fe, even
small additions of bioavailable Fe from mineral dust could
influence primary productivity in this region. In Sect. 3.3
sensitivity calculations are presented to assess how reason-
able variations in the parameters of Table 1 can affect esti-
mated biological productivity in the region.

To estimate the potential contribution of model-predicted
fluxes of sol-Fe to phytoplankton productivity in the SAO for
both the J23 and F11 episodes, we have compared1[Chl-
a]pred (Fig. 8a, b) to the differences in remotely-sensed 8-
day averaged [Chl-a] (1[Chl-a]obs) values (after the storm
minus before the storm). Figure 9a, b show that there are
large areas near the dust deposition regions where1[Chl-
a]obs changes by more than 0.5 mg m−3 (i.e., phytoplankton
blooms easily visible from the satellites). From Fig. 9 it
can be seen that during the individual dust events there is a
large spatiotemporal variability in remotely-sensed [Chl-a]
values. However, this variability may not be related only to
dust deposition. Past studies (Moore and Abbott, 2000; Korb
et al., 2004; Park et al., 2010) show that large changes in

[Chl-a] can be caused by the dynamic nature of the surface
waters in the SAO. Mesoscale physical processes, frontal
mixing and topographic effects can cause high-frequency
(less than 10 days) eddy variability (Meredith and Hughes,
2005), responsible for the upwelling of large amounts of nu-
trients. Our calculations suggest that the HNLC region of
the SAO had an area-averaged1[Chl-a]obs of 0.04 mg m−3

and 0.02 mg m−3 for the J23 and F11 dust events, respec-
tively. These values are above the climatological (1998–
2008) mean1[Chl-a]obs in the SAO but within the range
(−0.04 to 0.06 mg m−3 for J23 and−0.07 to 0.04 mg m−3

for F11) for these respective time periods.

The comparison of Figs. 8a, b to Fig. 9c, d indicates
that the contribution of model-predicted atmospheric sol-Fe
deposition to marine productivity in the SAO is dispropor-
tionately larger in regions with minimal1[Chl-a]obs. Fig-
ure 10 shows that for both the J23 and F11 episodes the ra-
tio 1[Chl-a]pred/1[Chl-a]obs, a proxy for the contribution
of model-predicted sol-Fe to biological productivity in the
HNLC regions of the SAO, decreases sharply for the larger
values of1[Chl-a]obs. This figure suggests that atmospheric
fluxes of sol-Fe, while influencing surface ocean productiv-
ity in large areas of SAO, played a negligible role in regions
with 1[Chl-a]obs> 1.0 mg m−3. Analysis of data shown on
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Fig. 5. The background images are the GEOS-Chem-predicted dust burden (g m−2) on 25 January 2009 overlaid with vertical swaths of
the CALIPSO orbital track beginning at 02:37:55 UTC (V3-01.2009-01-25T02-37-55ZN) (left column) and 00:59:00 UTC (V3-01.2009-
01-25T00-59-00ZN) (right column) displaying the(a), (d) CALIPSO retrievals of dust aerosol layers,(b), (e) CALIPSO dust layer AOD at
532 nm, and(c), (f) model-predicted vertical cross-section of dust concentration (µg m−3) along the CALIPSO orbit tracks.

Fig. 10 revealed that as much as 50% of all the data points
in HNLC waters of the SAO with1[Chl-a]obs> 0 had over
20% contribution from mineral dust. This result indicates
that a large number of the remotely sensed grid cells with
increasing [Chl-a] during J23 and F11 dust storms had a siz-
able contribution from atmospheric fluxes of sol-Fe. How-
ever, these grid cells only account for<30% of the total

biomass produced in this region. To the extent that carbon
export from surface waters of the SAO is believed to be pri-
marily controlled by large, rapidly-sinking diatoms, capable
of producing visible blooms (de Baar et al., 1995, 2008), this
result suggests that Patagonian dust may have a modest in-
fluence on the carbon cycle in the SO.
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Fig. 6. GEOS-Chem-predicted dust burden (g m−2) (contour lines) and sea level pressure anomalies (SLPAs) (mb) over the SAO for
(a–c) 23–25 January 2009 and(d–f) 13–15 February 2009. Arrows are for the visual aid for the general transport pathway of Patagonian
dust. Low and high pressure anomalies are shown by symbols ofL andH , respectively.

Fig. 7. The 8-day averaged GEOS-Chem-predicted percent contributions of Patagonian dust sources to total mineral dust deposition in the
HNLC waters of the SO for the(a) J23 and(b) F11 dust episodes.
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Fig. 8. GEOS-Chem/DFeS-simulated total sol-Fe fluxes (µg m−2) (contour lines) and predicted [Chl-a] increases (1[Chl-a]pred) (mg m−3)

for the(a) J23 and(b) F11 dust episodes.

Fig. 9. Differences in SeaWiFS remotely-sensed 8-day averaged [Chl-a] (1[Chl-a]obs) (mg m−3) and the percent ratio of1[Chl-
a]pred/1[Chl-a]obs for the(a), (c) J23 and(b), (d) F11 dust episodes, respectively. The1[Chl-a]obs for J23 and F11 episodes are calculated
by subtracting 23-30 January averages from 15–22 January 2009 and 11–18 February averages from 3–10 February 2009, respectively.
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Fig. 10.Percent ratio of1[Chl-a]pred/1[Chl-a]obsfor the grid cells
with positive values of remotely-sensed 8-day averaged [Chl-a] dif-
ferences (after the storm minus before) for the(a) J23 and(b) F11
dust episodes. Black dots depict the grid cells located in the HNLC
regions of the SAO.

3.3 Sensitivity analysis

Uncertainties in reported values of C:Fe and Chl-a:C ratios
(see Table 1) could add a large range to model-predicted
changes in marine productivity. When the uncertainties
shown in Table 1 are considered (with the exception of
mixed layer depth), the maximum value of1[Chl-a]pred
increased by roughly a factor of 4. In addition to atmo-
spheric fluxes of sol-Fe associated with the chemically aged
mineral dust in the atmosphere it has been suggested that
a considerable amount of labile-Fe in mineral dust can be
leached during its oceanic mixed layer residence time. This
leaching dissolution mechanism comprises processes such
as grazer/particle interactions, photo-reductive mechanisms
in conjunction with siderophores, and reduction of dust-Fe
within particle micro-zones (Boyd et al., 2010). Calcula-
tions using Eq. (1) with GEOS-Chem-predicted dust fluxes
over 30 days prior to J23 and F11 episodes indicate that
the amount of leachable-Fe would have increased surface
[Chl-a] between 0.001–0.05 and 0.001–0.3 mg m−3, respec-
tively, i.e., ∼50% of 1[Chl-a]pred. Dust deposition rates,

dissolution of different Fe-laden minerals, and chemical and
mineralogical composition of Patagonian dust could further
contribute up to 60% uncertainty in simulated sol-Fe fluxes
(Johnson et al., 2010). Overall, our calculations show that
due to the large uncertainties associated with the key param-
eters used in Eqs. (1) and (2), and the processes for the supply
of labile-Fe to the surface waters of the SAO by atmospheric
pathways, the role of Patagonian dust in surface biological
productivity and carbon dynamics of the SO cannot be fully
ascertained. This result highlights the great need for more
detailed research of marine biota/mineral-dust interactions in
the SAO.

4 Conclusions

Two large dust outbreaks from Patagonia (23–30 Jan-
uary 2009, J23 and 11–18 February 2009, F11) were exam-
ined in this study to evaluate horizontal and vertical transport
pathways of South American dust and quantify the impact of
enhanced mineral dust and sol-Fe fluxes on marine biological
productivity in the surface waters the SAO. The global chem-
istry transport model GEOS-Chem/DFeS was used to reveal
the processes that define the horizontal and vertical transport
pathways of northern Patagonian dust over the SAO and es-
timate the potential effect of mineral dust and sol-Fe deposi-
tion on biological activity in the HNLC waters of the SAO.
Retrievals of remotely sensed surface [Chl-a] before and af-
ter the large summertime outflows of mineral dust allow us to
estimate the potential contribution of mineral dust to surface
ocean primary productivity in the SAO.

Analyses of model results and remotely-sensed data re-
vealed that northern Patagonian dust can travel long dis-
tances over the SAO. The long-range transport shown during
this study is consistent with recent works of McConnell et
al. (2007), Gasśo et al. (2010), and Li et al. (2010) which
demonstrate that Patagonian dust can travel thousands of
kilometers away from the South American continent reach-
ing the coast of South Africa and West and East Antarc-
tica. As the dust outflow off the coast of South America
typically occurs below 2 km, for mineral dust to get trans-
ported over such long distances, the dust plumes need to be
elevated to heights above the MBL. Model simulations re-
vealed that the horizontal and vertical pathways of northern
Patagonian dust are highly dependent on the synoptic mete-
orological patterns of strong high and low pressure systems
over the SAO. When a high pressure system is located to
the east/north-east of a low pressure system, northern Patag-
onian dust plume trajectories will go around the low pres-
sure system in a clockwise manner and get preferentially
transported in a southerly/south-easterly direction. However,
when a high pressure system is located to the north/north-
west of a low pressure system, northern Patagonian dust
follows an anticyclonic circulation and gets transported in
an easterly/north-easterly direction. Model simulations and
remote sensing also revealed that as the plume enters the
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cyclonic system rotating in a clockwise manner, the dust
plume can be rapidly lifted above the MBL and diluted ver-
tically in the free troposphere (up to∼6 km). A similar pro-
cess was reported in a satellite observation made by Gassó
and Stein (2007) which demonstrated Patagonian dust being
uplifted as it encountered a low pressure center over the SAO.
Such elevations are suitable for Fe-laden mineral dust to be
transported long distances, often reaching the HNLC regions
of the SAO and East Antarctica.

The potential effect of bioavailable Fe deposition on phy-
toplankton dynamics in the SAO during the J23 and F11
dust episodes was explored using model-predicted fluxes of
labile-Fe delivered to HNLC waters of the SAO through
atmospheric pathways. In addition to GEOS-Chem/DFeS
predicted amounts of sol-Fe produced during atmospheric
transport and transformation of mineral dust, a dust/biota as-
sessment tool (Boyd et al., 2010) was used to estimate the
amount of leachable-Fe produced due to the slow and sus-
tained leaching of dust during its residence time in the sur-
face waters of the SAO. Offline calculations of [Chl-a] en-
richments due to predicted amounts of sol-Fe were compared
to remotely-sensed SeaWiFS satellite data and used as an in-
direct assessment of Patagonian dust contribution to phyto-
plankton dynamics in the SAO. Our calculations indicate that
on average the atmospheric supply of sol-Fe has a dispropor-
tionate effect on surface [Chl-a]. The contribution of sol-Fe
to biological productivity in the SAO decreases sharply for
areas with sizable increases in remotely-sensed [Chl-a]. This
result implies that in surface waters of the SAO that can sus-
tain large increases in marine primary productivity, the ma-
jority of the bioavailable Fe is likely to be delivered through
non-atmospheric pathways (e.g., upwelling of deep water, re-
suspension of sediments, re-mineralization of sinking mate-
rial, diffusion from the pore waters, and release of bioavail-
able Fe from glaciers and icebergs). As the two dust events
examined in this study are believed to be representative of
strong summertime dust outflow from northern Patagonia,
and the supply of bioavailable Fe to the SAO is known to
strongly favor production of the larger-size, rapidly-sinking
diatoms with highest efficiency of carbon removal from the
upper ocean, results of this study suggest that Patagonian
dust fluxes should have a lesser effect on the SO carbon cy-
cle. However, calculations also revealed that when large un-
certainties in GEOS-Chem/DFeS predicted fluxes of sol-Fe,
the amount of leachable-Fe, and reported values for C:Fe,
Chl-a:C ratios are considered, Patagonian dust sources could
be responsible for the sizable fraction of remotely-sensed
[Chl-a] increases in SAO domain. Furthermore, consider-
ing that the vast majority of the open oceans have [Chl-
a] < 1 mg m−3, dust-Fe deposition may play a significant
role for ocean biogeochemistry. Due to large uncertain-
ties associated with model-predicted atmospheric fluxes of
bioavailable Fe, further research is needed to better constrain
the interactions between Patagonian dust and marine biota in
the Fe-limited regions of the SAO.
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