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Australian dust storms in 2002–2003 and their impact
on Southern Ocean biogeochemistry
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[1] During late 2002 and early 2003, southern Australia was in the grip of drought and
experienced one of its most active dust storm seasons in the last 40 years with large dust
plumes frequently advected over the adjacent Southern Ocean. We use meteorological
records of dust activity, satellite ocean color, and aerosol optical depth data and dust
transport modeling to investigate the transport and deposition of mineral dust from
Australia over adjacent ocean regions and to correlate it with biological response in
phytoplankton standing stock as measured by chlorophyll a concentration in 5 degree
latitude bands from 40° to 60°S. Seasonal maxima in mean surface chlorophyll a of
∼0.5 mg m−3 were not achieved until late January 2003 or during February in the more
southerly bands, which when compared with a 9 year satellite mean climatology suggests the
phenology of the bloom in 2002–2003 was atypical. Contemporaneous field data on CO2

fugacity collected on transects between Tasmania and Antarctica show that significant
atmospheric CO2 drawdown occurred as far south as 60°S during February 2003. Our results
provide strong evidence for a large‐scale natural dust fertilization event in the Australian
sector of the Southern Ocean and highlight the importance of dust‐derived nutrients in the
marine carbon cycle of the Southern Ocean.

Citation: Gabric, A. J., R. A. Cropp, G. H. McTainsh, B. M. Johnston, H. Butler, B. Tilbrook, and M. Keywood (2010),
Australian dust storms in 2002–2003 and their impact on Southern Ocean biogeochemistry, Global Biogeochem. Cycles, 24,
GB2005, doi:10.1029/2009GB003541.

1. Introduction

[2] The Southern Ocean (SO) warrants investigation both
as the prime global “High‐Nutrient–Low‐Chlorophyll”
(HNLC) region and because of its pivotal role in global
climate. The SO meridional overturning circulation con-
tributes substantially to the global transport of climatically
significant quantities such as heat, fresh water, nutrients, and
anthropogenic CO2 [Marinov et al., 2006; Sarmiento et al.,
1998]. The aeolian supply of micronutrients to the global
ocean is a key control on marine primary production, none
more so than in southern hemisphere oceanic regions adja-
cent to arid continental regions, such as Patagonia and
Australia [Cropp et al., 2005; Jickells et al., 2005]. Indeed,
in HNLC regions such as the SO, dust‐borne iron (Fe) is
thought to limit primary production, control phytoplankton

species composition, and potentially control the transfer of
carbon to the deep ocean; thus affecting atmospheric CO2

concentrations [Ridgwell, 2002]. Recent modeling analyses
suggest that interannual variation in air‐sea CO2 fluxes in
the past decade may be explained by variability in dust
emissions that relaxes or increases Fe limitation in HNLC
ocean regions [Patra et al., 2007].
[3] Natural dust fertilization events have only rarely been

documented [Bishop et al., 2002], however, artificial Fe
fertilization experiments in the SO (SOIREE at 61°S,
EisenEx at 48°S and SOFex at 55°S and 66°S) demonstrated
that raising the Fe level in the water by a few nanomoles per
liter produced a significant increase in column‐integrated
phytoplankton biomass [Bakker et al., 2005; Boyd and Law,
2001; Coale et al., 2004; Gervais et al., 2002]. Changes also
occurred in the pelagic ecosystem structure, and in the
cycling of carbon, silica and sulfur, such as a 10% draw-
down of surface CO2 [Turner et al., 2004; Watson et al.,
2000]. During SOIREE, large diatoms accounted for up
to 75% of primary production and were probably responsible
for most of the observed 35–40 matm decrease in pCO2.
Concurrent satellite data collected during SOIREE suggest
the bloom was long‐lived, persisting for over 40 days after
the initial fertilization, however the final fate of the fixed
algal carbon in both experiments could not be determined
[Bakker et al., 2001; Boyd and Law, 2001].
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[4] These field experiments demonstrated iron’s pivotal
role in controlling carbon uptake and regulating atmospheric
partial pressure of carbon dioxide, but were not able to
determine the final fate of the algal carbon fixed during the
bloom. Notwithstanding the results of these artificial fertil-
ization experiments, the impact of natural dust deposition
events on ocean biogeochemistry is still a topic of debate in
the literature [e.g., Boyd and Mackie, 2008; Cassar et al.,
2007, 2008]. In a recent review, Boyd et al. [2010] sug-
gest that there are only a few cases in which a causative link
between dust supply and biological response can be found.
[5] The bioavailability of Fe in the ocean requires it to

be in a soluble form, and Fe in mineral dust is typically
insoluble [Mackie et al., 2008]. Aerosol chemical composi-
tion is likely to be an important factor for the enhancement of
iron fractional solubility through acid processing, but is
difficult to substantiate from field data [Baker and Croot,
2010]. There is evidence for a complex biogeochemical
link between Fe in aerosol and both anthropogenic SO2

emissions [Meskhidze et al., 2003] and biogenic sulfur
(viz. dimethylsulfide, DMS) produced by marine phyto-
plankton [Zhuang et al., 1992, 2003]. Jickells and Spokes
[2001] report that overall solubility of aerosol Fe at seawa-
ter pH is 0.8%–2.1% of the total Fe deposited, however wet
deposited mineral aerosols had a much higher soluble Fe
than dry deposited (14%). When dust particles encounter
more acidic cloud droplets and become incorporated in
precipitation, Fe in dust may undergo dissolution as the
soluble ferrous form, Fe II [Behra and Sigg, 1990; Hsu et al.,
2010], which would increase its bioavailability upon delivery
to the ocean surface. Analysis of an 8 year time series of
atmospheric measurements at Cape Grim, Tasmania (40°41′
S, 144°41′E) in the north of our study region, has confirmed
the connection between atmospheric biogenic DMS and
aerosol sulfur species, such as methanesulfonic acid (MSA),
[Ayers et al., 1991], so the potential for increasing Fe solu-
bility certainly exists.
[6] The Australian continent has been recognized as a

potentially important site for the study of terrestrial dust
inputs to the SO and their impact on the marine food web
[Boyd et al., 2004; Gabric et al., 2002; Mahowald et al.,
1999; Rotstayn et al., 2009]. The Fe content of Australian
dust is similar to Saharan dust [Bonnet and Guieu, 2004;
Mackie et al., 2008]. Model simulations suggest that aeolian
dust from Australia dominates the Southern Hemisphere
(SH) [Tanaka and Chiba, 2006], and there is evidence from
other studies that episodic inputs of Australian dust exert an
important influence on the continent’s adjacent marine
ecosystems [Gabric et al., 2002; Gingele and De Deckker,
2005; Shaw et al., 2008]. Although Patagonia is thought
to be the main source of dust in Antarctic ice cores, recent
isotopic analyses show that the dust from the Lake Eyre
region of Australia could have been transported as far as the
interior of the East Antarctic Plateau during present and past
interglacial periods [Revel‐Rolland et al., 2006].
[7] The main pathway of dust leaving the Australian

continent, is south over the Southern Ocean in association
with the west‐to‐east passage of cold fronts and to the
southeast, over the Tasman Sea. Dust is entrained by warm
prefrontal northerly winds, frontal westerlies and postfrontal

southerlies [McGowan et al., 2000]. During spring and
summer, the northerly migration of the band of cold fronts
contributes to increased dust storm activity over southeastern
Australia [McTainsh et al., 1998]. Indeed, there is a strong
seasonality in monthly average dust storm frequency related
to wind conditions, rainfall, and vegetation patterns, with
peak dust storm activity in southern Australia occurring
during spring and summer [McTainsh and Leys, 1993]. The
2002–2003 spring‐summer season in southern Australia was
characterized by several high‐intensity dust events, some of
which were unprecedented in the dust storm record
[McTainsh et al., 2005]. There is as yet no detailed quanti-
tative analysis of the impact of individual dust deposition
events on the SO south of Australia, although the observed
biogeochemical response during early 2003, was consistent
with a hypothesis of dust deposition affecting ocean bio-
geochemistry [Breviere et al., 2006].
[8] Global modeling analyses suggest that the SO dom-

inates the present‐day air‐sea flux of anthropogenic CO2,
with one third to one half of the global uptake occurring
south of 30°S [Orr et al., 2001]. The subantarctic zone
(SAZ, circa 40°–50°S) lies between the Subtropical Con-
vergence (STC) and the subantarctic front (SAF), and is
considered one of the strongest oceanic sinks for atmo-
spheric CO2 [Takahashi et al., 2002]. Observations in our
study region show that a strong CO2 sink develops in the
Austral summer (fugacity gradient, DfCO2 < −50 matm) in
the SAZ south of Australia (110°–150°E) [Metzl et al.,
1999]. The sink results from high winds and seasonally
low sea surface fugacity of CO2, relative to atmospheric
fugacity (fCO2). This sink is also associated with increased
phytoplankton growth subsequent to the formation of a
shallow summer mixed layer (about 100 m). The region of
the SAZ, and immediately south, is also subject to mode and
intermediate water formation, providing an important
mechanism for transporting anthropogenic CO2 into the
ocean interior [Metzl et al., 1999]. A strong CO2 sink
formed during February 2003, associated with an increase in
phytoplankton biomass. Breviere et al. [2006] suggest this
sink could not be explained by observed changes in mixed
layer depth (MLD), wind speed, sea surface temperature
(SST) or UV radiation, but might be explained by episodic
atmospheric dust inputs.
[9] The paleoclimatic evidence is ambivalent in terms of

the nexus between dust inputs, primary productivity and the
carbon cycle [Broecker and Henderson, 1998; Johnston and
Alley, 2006; Ridgwell and Watson, 2002]. Although it is
well accepted that the ocean acts as a major sink for
atmospheric CO2 during glacial periods, and as a source of
CO2 to the atmosphere during glacial‐interglacial transitions,
the mechanisms responsible for determining the sign of the
net exchange of CO2 between the ocean and the atmosphere
remain unresolved [Michard, 2008; Raven and Falkowski,
1999]. The interpretation of paleosedimentary records of
marine productivity can be divergent, with some studies
suggesting that neither changes in nutrient utilization in the
Southern Ocean nor shifts in plankton dominance can
explain the magnitude of CO2 drawdown that occurred
during the glacial/interglacial transition [Kohfeld et al.,
2005], while others point to massive increase in phyto-
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plankton production during the last glacial, related to
increased dust and Fe inputs [Abelmann et al., 2006].
[10] Studies of Antarctic ice cores infer that during the last

glacial maximum, dust‐derived Fe depositional fluxes to the
SO were an order of magnitude greater than the mean
Holocene value [Edwards et al., 2006, 1998; Wolff et al.,
2006], with high dust periods closely associated with
abnormally low atmospheric CO2 and temperature. Sedi-
mentary core records of the last 50 kyr in the SO indicate
that aeolian Fe inputs possibly switched diatom physiology
toward higher carbon to silica and nitrogen to silica uptake
and storage south of the SAF due to the dependency of
photosynthesis on Fe levels [Crosta et al., 2005]. The same
ice core data point to large secular variations in atmospheric
Fe supply during the 20thC that are likely to have had pro-
found impacts on variability in primary production and
ecosystem structure in Antarctic waters, and have been
linked to the occurrence of periodic droughts (with increased
dust storm activity) in Australia [Edwards and Sedwick,
2001].
[11] Here we present the first detailed analysis of what

appears to be a natural ocean fertilization event in the SO
south of Australia during the especially active dust storm
season in the spring‐summer of 2002–2003. We examine
the impact of dust deposition to the ocean surface on phy-
toplankton biomass (indicated by surface chlorophyll) and
the relation with measured atmospheric carbon drawdown.
We have simulated atmospheric dust load and deposition
over the ocean using a regional dust transport model that
provides daily data from November 2002 to February 2003.
The model results are supplemented with concurrent satellite
data on aerosol optical depth (AOD), surface chlorophyll a
(CHL), as well as field observations on dust storm activity
and measurements of CHL and CO2 partial pressures, col-
lected on six cruises between Australia and Antarctica
during the study period.

2. Methods

[12] For all analyses described here the study region is the
SO south of Australia, between 40°–60°S and 135°–150°E
for the time period November 2002 to February 2003.

2.1. Dust Storm Intensity Data

[13] The reduction in atmospheric visibility during a dust
storm, or other dust entrainment event, is referred to as dust
visibility reduction (DVR), and this can be used as a quan-
titative measure of the intensity of an event. This approach
avoids the problems that can arise from incorrect dust event
coding. DVR is calculated as follows:

DVR ¼ Vmax � Vrec

where Vmax is the upper limit of measured visibility (50 km)
and Vrec is the visibility recorded within the dust event
record. DVR provides a numerical value for dust entrain-
ment event intensity (from 0 to 50km) without the need to
classify events into different types. The DVR data was
presented as a cumulative total of those stations recording
an event (rather than an average across stations) because,

in our opinion this is the best way of illustrating the com-
bined effects of the frequency and intensity of dust entrain-
ment events. McTainsh et al. [1989] derived a linear
relationship between dust storm frequency and spatial extent,
suggesting the main controls on dust storms in Australia are
climatic rather than local (soils or vegetation). High total
DVR values therefore indicate widespread dust entrainment
rather than a localized severe reduction in visibility.

2.2. Satellite Data

[14] The SeaWiFS sensor collects reflectance data in the
visible spectrum, which can be related to CHL level. Sea-
WiFS also measures reflectance at 865 nm (a wavelength at
which the ocean’s reflectance is minimal) to derive the
AOD. The over‐ocean AOD is proportional to aerosol par-
ticle concentration from the sea surface to the top of the
atmosphere and can be retrieved with an accuracy of 10%
[Gordon and Wang, 1994; Wang et al., 2000]. The AOD is
mainly influenced by aerosols in the marine boundary layer
(height: 0–1000 m), and scattering by particles in the size
fraction below 10 mm in diameter [Collins et al., 2000]. It is
important to note that mineral dust, sea salt and non‐sea‐salt
(nss) sulfate aerosols (e.g., from biogenic dimethylsulfide
(DMS) emissions) can all contribute to the satellite regis-
tered AOD, albeit in different particle size ranges. Dust and
sea‐salt particles are mainly in the 1–2.5 micron range
(coarse mode), with nss‐sulfate, which in the remote SO is
mainly derived from emissions of DMS, in the finer sub-
micron range [Gondwe et al., 2003]. This makes it difficult
to unequivocally associate changes in AOD with dust
loading in global data sets [Cropp et al., 2005]. However,
here we have examined the AOD record when we know that
dust has been entrained and advected into the study region.
In order to establish an approximate climatology for the
study region, we analyzed monthly CHL and AOD data
from the SeaWiFS sensor for the period September 1997 to
August 2006. To investigate the dynamical changes during
the study period, we also analyzed daily SeaWiFS data for
the austral spring‐summer months of 2002–2003.

2.3. Dust Transport Modeling

[15] The connection between individual dust storm events
in southern Australia and resultant deposition over the ad-
jacent ocean was investigated using the integrated wind
erosion and dust transport model (CEMSYS) to simulate the
daily deposition during November 2002 to February 2003.
CEMSYS has been used for modeling several dust storms in
Australia [Lu and Shao, 2001; Shao and Leslie, 1997] and
was successfully validated using concurrent dust concen-
tration data for a major dust storm event that moved
northeast over the continent during October 2002, just prior
to our period of interest [McTainsh et al., 2005; Shao et al.,
2007]. CEMSYS is a process based model which couples an
atmospheric submodel, a wind erosion submodel, and a dust
deposition and transport submodel. These submodels are
supported by a GIS database. The structure and details of the
various submodels is outlined by Shao and Leslie [1997]
and Lu and Shao [2001]. CEMSYS takes into account the
atmospheric conditions (wind speed, rainfall and tempera-
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ture), soil conditions (soil texture and soil water) and surface
vegetation.
[16] For this study, CEMSYS was run at 30 × 30 km

resolution over Australia and the Southern Ocean for the
simulation period. Atmospheric conditions used in the
CEMSYS simulations for each day in the simulation period
were obtained from HIRES, a High Resolution limited area
atmospheric prediction model developed by Leslie [1998].
Land surface information required for the CEMSYS simu-
lations is summarized in Table 1. It was assumed that
vegetation cover was slowly varying and therefore constant
for each month in the simulation. Vegetation cover for each
month was estimated based on each month’s Leaf Area
Index (LAI). LAI values for each month were calculated
from SeaWiFS normalized difference vegetation index
(NDVI) data using the empirical relationships developed by
McVicar et al. [1996]. Soil texture across the continent was
divided up into 28 soil classes. Each soil class was char-
acterized by a particle‐size density function. The particle‐
size distributions of each soil class were considered to be
unchanged during wind erosion events. Soil moisture varied
considerably during the simulation period and was modeled
accordingly within CEMSYS [Shao et al., 1997].

2.4. Field Data

[17] Observations of sea surface chlorophyll a, fCO2,
temperature and salinity were carried out onboard the RSV
Astrolabe on three return cruises between Hobart, Tasmania
and Dumont D’Urville, Antarctica during the period Octo-
ber 2002 to March 2003. The sea surface continuous fCO2

measurement technique has been previously described
[Metzl et al., 1999]. The net CO2 flux (F) across the air‐sea
interface was determined from

F ¼ ks�fCO2;

where k, the gas transfer velocity, was evaluated using the
cubic wind speed relationship of Wanninkhof and McGillis
[1999]; s, the solubility of CO2 in seawater at the in situ
temperature and salinity was calculated using the algorithm
ofWeiss [1974]. The interfacial fugacity gradient,DfCO2, is

the difference between fCO2 in surface seawater (fCO2 sw)
and in the atmosphere (fCO2 air):

�f CO2 ¼ fCO2 sw � fCO2 air

The DfCO2 sets the direction of CO2 gas exchange (a nega-
tive value corresponds to drawdown) and is controlled by a
combination of complex physical, chemical and biological
processes in the ocean that determine the fCO2 of seawater.

3. Results and Discussion

3.1. Dust Storm Observations

[18] A climatology of the annual total DVR at 111 long‐
term stations across Australia for the period 1960–2006 is
shown in Figure 1. Years of high DVR almost always co-
incide with drought conditions in Australia. One of the
highest annual total DVR in the 47 year time series was
recorded during our study period with both 2002 and 2003
having total DVR > 40000. Figure 2 shows a comparison of
monthly DVR for the study period together with the cli-
matological mean monthly value. During the study period
DVR was significantly higher than the long‐term mean from
September 2002 to March 2003, underscoring the consis-
tently high dust storm activity. Peak monthly DVR was
recorded on October 2002, with a slightly lower but sig-
nificant peak in January 2003, which is not seen in the long‐
term record.
[19] The sum of the DVR values during October 2002 to

February 2003 from all stations which recorded a dust event
(including multiple daily DVR records when they occurred)
was smoothed with a 3 day running mean and is shown in
Figure 3a, together with Hovmoller plots of satellite derived
AOD (Figure 3b) and CHL (Figure 3c) for the entire period
in the study region. Significant dust transport during 2002
was directed to the northeast of the continent and not af-
fecting our study region. Filled circles highlight those per-
iods during which synoptic winds transported dust south
over the SO.
[20] There is a clear temporal coherence between peaks in

DVR and AOD in our study region for those dust storms
advected south over the SO, particularly during early No-
vember 2002 (days 30–40), when elevated AOD was re-
corded as far as 53°S. This provides evidence that dust
emission episodes on the Australian continent can signifi-
cantly affect the optical characteristics of the atmosphere
over the SO. Interestingly, there was little phytoplankton
response associated with this event (Figure 3c), probably
due to unfavorable ocean conditions (a deep mixed layer) at
this time of the year.
[21] The continental dust storm activity during this period

is summarized in Figure 4a where moderate to strong dust
storms occurred along the eastern side of the continent. The
synoptic meteorological conditions given in Figure 4b,
indicate that strong northerly winds preceded an intense
cyclonic system south of the continent. Figure 4c graph-
ically illustrates the visibility reduction in the town of
Griffith (34°S, 146°E) in southeast New South Wales, as
the dust storm passed through.

Table 1. Summary of Land Surface Information Used in the
CEMSYS Simulations

Parameter Data Source

Aerodynamic
roughness

Constant for bare soil, derived from
vegetation height and LAI
for vegetated surfaces
[Raupach, 1994]

Zero‐displacement
height

Zero for bare soil, derived from
vegetation height and LAI
for vegetated surfaces
[McVicar et al., 1996]

Leaf Area Index Derived from SeaWiFS normalized
difference vegetation index data

Vegetation height Adapted from Australian Surveying
and Land Information Group [1990]

Soil particle‐size
distribution

Particle‐size analysis of selected soil
samples

Soil moisture Soil moisture model integrated into
CEMSYS
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3.2. Model Simulated Dust Deposition

[22] Except for the large event in late October which was
transported to the northeast, several major dust plumes on
the Australian continent were advected south and from west
to east over the SO during the study period. We have chosen
to illustrate the event that occurred during early November.
The CEMSYS simulated time series of daily average total
(wet + dry) deposition from 10–17 November (days 40–47)

is shown in Figure 5. The dust plumes migrate across the
study region on 11, 12, and 13 November which is clearly
registered in the SeaWiFS AOD record (Figure 3b). The
southerly extent of the simulated deposition highlights the
long distance (to 60°S on 13 November) that Australian dust
can be transported by prefrontal northerlies during the
westerly passage of synoptic weather patterns.

Figure 2. Monthly mean total DVR across Australia at 111 locations with long‐term dust event records
for the period 1960 to 2006 (with standard error) and monthly total DVR during the 2002–2003 study
period.

Figure 1. Annual total dust visibility reduction (DVR) across Australia at the 111 locations with long‐
term dust event records for the period 1960 to 2006.
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Figure 3. (a) Daily Dust Visibility Reduction from 1 October 2002 to 28 February 2003. Filled circles
indicate those dust storm events where prevailing winds transported dust over the Southern Ocean
(SO). Hovmoller plots of daily smoothed (b) SeaWiFS aerosol optical depth (AOD) and (c) SeaWiFS
CHL (mg m−3).
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Figure 4. (a) Map of Australia showing dust events across the continent with wind direction arrows on
12 November 2002. Dust event intensity represented by DVR. (b) Synoptic meteorological chart. (c) Dust
storm passing through Griffith, in southeast New South Wales.
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[23] Hovmoller plots of simulated dust loading and depo-
sition for the entire time period are shown in Figures 6a and
6b. The simulated loading was high during mid‐November
and December and late January, periods corresponding to
synoptic meteorological conditions which advected the dust
south over the SO. Simulated deposition was high during the
same periods. Both loading and deposition was highest in
the northern sections but significant deposition was simu-
lated as far as 55°S during December and again in late
January. Notably, there was little loading or deposition
simulated during February 2003, which was consistent with
the DVR record of daily dust emission on the continent
(Figure 3a).

3.3. Was 2002–2003 an Unusual Season?

[24] The DVR record confirms (Figure 2) that dust storm
activity was certainly well above the norm throughout the
study period, but did this translate to higher aerosol burden
and deposition over the ocean? To ascertain the relative
impact of the 2002–2003 dust storm season on the aerosol
burden and CHL patterns of the adjacent SO, the 9 year
archive of monthly SeaWiFS CHL and AOD was analyzed
in 5 degree latitude bands for our study region. Figure 7
shows anomalies from the 9 year monthly means for the
entire time series and confirms that positive CHL and AOD
anomalies were registered in late 2002 in all but the most
southerly latitude band. During early 2003, CHL displayed
strong positive anomalies in the three bands covering 40°–
55°S. Intriguingly, the positive CHL anomaly (∼0.15 mg
m−3) recorded in the 50°–55°S band during 2002–2003
(Figure 7c) was the highest within the entire 9 year period,
suggesting higher than normal primary productivity during
our study period. The AOD anomalies were less pro-

nounced, although moderately positive values were recorded
during the spring of 2002, in the 40°–45°S and 45°–50°S
bands.
[25] Although field data on CO2 fugacity are sparse,

Breviere et al. [2006] compared observations and ocean
state in February 2003 with February 1997, and found sig-
nificantly higher drawdown at latitudes south of 54°S during
our study period (Figure 9a). As fCO2 is controlled by a
variety of physical factors in addition to enhanced biological
activity, it is important to evaluate the relative impact of
these other factors such as interannual variability in MLD,
ocean temperature and surface wind speed. The observed
MLD range during the summer of 2002–2003 (40–50 m)
was similar to the climatological mean (Figure 9b). The
mean monthly wind speed over the 50°–60°S band in
February 2003, was about 10.1 m s−1 (ERS‐2 and QuikS-
CAT MWF products) and also similar to the climatological
mean [Breviere et al., 2006]. The similarity in wind speeds
and MLD between years suggests that changes in upper
ocean mixing and gas exchange rates cannot explain the
observed variability in surface fCO2 during early 2003.

3.4. Chlorophyll Variability During the 2002–2003
Austral Summer

[26] The SeaWiFS record shows CHL increasing from
day 100 in the 40°–45°S and 45°–50°S bands, but not until
day 115 in the 50°–55°S and 55°–60°S bands (Figure 8).
The season maximum in 40°–45°S, the region closest to the
continent and therefore likely to respond earliest to dust
deposition, was achieved in late January. In contrast, the
maxima in more southerly bands were not achieved until
February and March 2003. It is interesting to compare this
trend with the 9 year mean climatology for CHL cycle also

Figure 5. Simulated daily mean dust deposition over SO (mg m−2 s−1) from CEMSYS model for the
period 10–17 November 2002.
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Figure 6. Hovmoller plots of CEMSYS simulated square‐root‐transformed (a) dust loading (mg m−2)
and (b) dust deposition (mg m−2 s−1).
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Figure 7. Deviations from the 9 year monthly mean for CHL and AOD in each 5 degree latitude band.
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Figure 8. CHL and AOD time series from 1 October 2002, in 5 degree bands with 9 year climatological
means overlaid (solid line, CHL; asterisks, CHL climatology; dotted line, AOD; boxes, AOD climatology,
with standard deviations).
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given in Figure 8, where the maximum in all bands, except
45°–50°S, occurs late in spring or in summer, suggesting
that the phenology of the phytoplankton bloom in 2002–
2003 was unusual, with both the timing occurring later in
the season and the magnitude being higher than the clima-
tological maximum. The space‐time variation in chlorophyll
measured along the cruise tracks (Figure 10b) is generally
consistent with the satellite record (Figure 3c), notwith-
standing the problems in directly comparing Figures 3c and
10b, due to the latter being a linear interpolation in time
between the dates of the cruise transects, which were more
than 30 days apart.
[27] The climatological seasonality in surface chlorophyll

is thought to be mainly due to change in the MLD, which in
the SO varies dramatically between summer and winter [de
Boyer‐Montegut et al., 2004]. In our study region, the MLD
varies from almost 400 m in winter to less than 30 m in
January [Boyer and Levitus, 1994]. In all seasons except
summer, the deep mixed layer imposes a severe light limi-

tation on phytoplankton growth [Boyd, 2002]. During Jan-
uary and February, the MLD decreases (Figure 9b) and light
limitation is relieved, with phytoplankton growth then only
limited by availability of Fe, as macronutrients are replete
throughout the year [Boyd, 2002]. The Fe limitation hy-
pothesis in the SO has been confirmed by in situ iron
fertilization experiments, for example, SOIREE and SOFex
[Boyd and Law, 2001; Coale et al., 2004], but algal response
to Fe addition is complex, displaying both regional and
taxonomic variability.

3.5. CO2 Fugacity Data

[28] Figures 10a and 10b show Hovmoller diagrams of the
space‐time interpolated DfCO2 and surface chlorophyll data
collected along cruise tracks (dotted lines) between Hobart
(about 148°E) and Dumont D’Urville at 140°E on the
Antarctic continent. We note that the time interval between
successive sampling at the same location was from 25 to
30 days leading to the possibility that some events were
missed or undersampled. Figure 10a indicates that CO2

drawdown in the northern section of the study region com-
menced in November and was high from late December
through to March. Between late January (∼day 115) and mid‐
February (∼day 140) there was also a significant increase in
drawdown between 50°S and 60°S, that persisted through
early March, and coincided with the timing of peak biomass
(CHL) in 50°–60°S (Figures 8c and 8d). It is notable that
CHL concentrations achieved at this latitude during the study
period were the highest in the 9 year record (Figure 7c). This
suggests the possibility that Fe limitation was relieved during
this period, presumably by dust‐derived Fe deposition. It is
also notable that peak CHL in all latitude bands (except 40°–
45°S) was not achieved until February (Figure 8). The MLD
climatology (Figure 9b) indicates that minimum annual
MLD occurs during January–February, relieving light limi-
tation as a factor in the phytoplankton response.

3.6. Factors Affecting the Bioavailability of Fe

[29] A broad range of physical, chemical and biological
factors can affect dust‐derived Fe solubility in both the
marine atmosphere and upper ocean [Baker and Croot,
2010]. Of particular relevance to our SO region, which is
recognized to be a major source of biogenic DMS during the
austral summer [Kettle and Andreae, 2000], is a possible
interaction between dust‐borne Fe and acidic aerosols. The
production of DMS by phytoplankton causes an increase in
the acidity of overlying marine aerosols and the possibility
of in‐cloud dissolution of dust‐associated Fe(III) [Zhu et al.,
1992]. Evidence for this was presented by Zhuang et al.
[1992] who reported that over 50% of the total Fe present
in remote marine aerosols is in the soluble Fe (II) form, with
the Fe (II) fraction amplified significantly during long‐range
transport, and then readily bioavailable to phytoplankton.
The photoreduction reaction that produces Fe (II) in aerosols
also produces the hydroxyl (OH) radical, which is required
for the oxidation of gaseous DMS to MSA, thus providing a
feedback on Fe(III) dissolution [Zhuang et al., 2003].
[30] More recently, laboratory experiments have provided

evidence for a direct link between DMS oxidation by-
products and aerosol Fe bioavailability. Johansen and Key

Figure 9. (a) CO2 fugacity (matm) in February 1997 and
February 2003 from Breviere et al. [2006]. (b) Climato-
logical mixed layer depths averaged in 5 degree bands in the
study region [see Conkright et al., 2002].
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[2006] and Key et al. [2008] have shown that dissolution of
ferrihydrite, a surrogate iron(oxy)hydroxide phase found in
atmospheric waters, is enhanced in the presence of me-
thanesulfinic acid (MSIA) (a DMS oxidation product), in
experiments with aqueous suspensions that simulate marine
aerosol particles.
[31] A multidecadal times series of atmospheric MSA

(which is solely derived from DMS) at Cape Grim is shown
in Figure 11a. Although there is interannual variability in
the magnitude of the MSA peak, the strong seasonality and
early January (days 92–100) timing of the MSA maximum
is remarkably robust, with peak values in the range 1.5–
3.5 nmol m−3. The weekly time series of atmospheric MSA
during our study period (Figure 11b) shows that the highest

seasonal values (2.6 nmol m−3) were achieved during Janu-
ary with moderately high values (>0.5 nmol m−3) maintained
through March. The impacts on aerosol acidity and thus
potentially Fe solubility would have been maximal during
January when dust was being advected south and ocean
conditions were most favorable to phytoplankton growth
(Figures 3a and 6b).
[32] Another intriguing possibility affecting Fe solubility

was raised by Bowie et al. [2009], who measured Fe dis-
solution values in the range 0.2%–2.5% for samples in the
SAZ during January 2007, but a significantly higher value
of 17.7%, in a sample that may have included particles
emitted from forest fires burning at the time. Higher Fe
solubility in biomass combustion particles has been sug-

Figure 10. (a) Sea‐air gradient in fCO2 along cruise tracks (dotted lines) and interpolated over time and
space; negative values indicate drawdown. (b) CHL along cruise tracks and interpolated over space and
time (mg m−3).
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Figure 11. (a) Long‐term methanesulfonic acid (MSA) time series measured at Cape Grim (Tasmania)
1978–2003. (b) MSA (nmol m−3) at Cape Grim from October 2002 to March 2003.
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gested in former studies [Guieu et al., 2005], and there were
extensive forest fires in Canberra and southern NSW during
the second half of January 2003 [Chen and McAneney,
2004].

4. Conclusions

[33] We have presented various data indicators of ocean
and atmospheric state to explore the connection between the
very active Australian dust storm season of 2002–2003, and
the biogeochemical response of the adjacent SO. Unfortu-
nately, we do not have field data on dissolved Fe con-
centrations during the study period, which would strengthen
the evidence for a dust‐driven biological response. How-
ever, continental observations of DVR and dust transport
model simulations suggest the delivery of dust to the adja-
cent SO to have been significant, albeit episodic. The con-
temporaneous satellite record indicates the dust loading
affected the aerosol climate, but because of the various
possible influences on AOD it is difficult to be unequivocal
in this regard. Major dust storm events that were advected
south in late October, early November and January had a
clear affect on AOD values in the 40°–45°S and 45°–50°S
bands, closest to the Australian continent, suggesting a
strong coherence between the optical characteristics of the
SO atmosphere and dust loading.
[34] Satellite and field data on surface chlorophyll indicate

a significant biological response, which was unusually
strong south of 50°S. With the exception of the 40°–45°S
band, the SeaWiFS CHL record shows a similar temporal
trend in all latitude bands, with CHL increasing from day
100 in the 40°–50°S region, but not until day 115 in the
50°–60°S region (Figure 8). Except for the northern most
band, peak CHL was achieved after day 120 (29 January
2003), which was unusual when compared with the avail-
able 9 year CHL climatology. Field data show this was
associated with a strong CO2 drawdown, commencing at
day 120, which does not seem to have been due to atypical
mixed layer depth or winds. Dust storm activity was strong
in December and late January but started to subside in
February.
[35] The apparent time lag between dust deposition to the

ocean in late January and the biological response in the more
southerly zones in February–March is intriguing. Such a lag
between iron fertilization and peak biomass has been seen in
artificial fertilization experiments where high CHL levels
were recorded for some time after fertilization, up to four
weeks or more [Coale et al., 2004]. It is also possible that
the algal response in these more southerly zones was unre-
lated to dust deposition; however, a convincing alternate
explanation for the enhanced biological activity is not
readily available from the data. A possible alternate hy-
pothesis is that macronutrients and Fe have been advected
horizontally into the 50°–60°S region either from subtropi-
cal waters to the north [Bowie et al., 2009; Sedwick et al.,
2008] or from upwelling of nutrient‐rich Upper Circumpo-
lar Deep Water (UCDW) further south [Pollard et al.,
2006]. UCDW shoals as it upwells to the south, rising
steeply near the subantarctic front (around 50°S) and con-
tinues to rise, outcropping south of the Polar Front which is

between 55° and 60°S in our region. UCDW is then en-
trained in the surface Ekman layer, and moves toward the
north, forming Antarctic Intermediate Water, when it
downwells beneath the warmer Subantarctic Mode Water
[Hoppema et al., 2003].
[36] Our results provide strong circumstantial evidence for

a coupling between dust deposition, Fe delivery and bio-
geochemical response in the Australian sector of the SO
which merits further ongoing investigation. This is espe-
cially important as global climate model projections suggest
that Australia will experience negative precipitation
anomalies in the future, with a possible increase in drought
and dust storm frequency and severity. Although our data
document a very active dust storm season, they raise the
possibility that future enhanced delivery of Australian dust
and associated Fe to the SO may have significant impacts on
the regional SO carbon sink, and should not be ignored in
projections of regional oceanic carbon budgets.
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