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[1] Two hypotheses that postulate interactions between ocean biota and aerosols in the
atmosphere have generated substantial research into marine systems. The stimulation of
phytoplankton photosynthesis by the provision of iron, a micronutrient contained in
deposited aeolian dust (the Iron Hypothesis), and the contribution of dimethylsulphide
(DMS) produced by marine ecosystems to the atmospheric burden of aerosols (the CLAW
Hypothesis) have been the focus of much research. Satellite sensors, such as the Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) now provide moderate-resolution time
series of measurements of the optical properties of the oceans and atmosphere over most
of the Earth’s surface. These data provide an unprecedented opportunity to investigate the
ubiquity of biotic linkages between the ocean and atmosphere at the global scale. We
analyzed 5 years of SeaWiFS 8-day fields of two variables, chlorophyll concentration and
aerosol optical depth, for the global oceans. This first global, multiyear approach does not
yet allow unequivocal conclusions, as satellite measurements of chlorophyll can be
influenced by aerosol properties of the atmosphere and several variables we do not yet
examine are likely to play a role. We find correlation between optical properties of
the ocean and atmosphere over much of the globe, in particular the midlatitudes. While
some regional analyses indicate that SeaWiFS chlorophyll retrievals are biased by dust in
the atmosphere, our results do not support the existence of widespread bias in the
SeaWiFS products, but are consistent with global-scale couplings posited by the Iron and
CLAW hypotheses.
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1. Introduction

[2] Two major couplings that link ocean biota and aero-
sols in the atmosphere have been hypothesized. The ‘‘Iron
Hypothesis’’ [Martin, 1990] proposed that deposited aeolian
dust could fertilize oceanic phytoplankton with iron, a
micronutrient thought to limit photosynthesis in large
regions of ocean. The CLAW Hypothesis [Charlson et al.,
1987] suggested that some of the dimethylsulphide (DMS)
produced by upper-ocean ecosystems is ventilated to the
atmosphere, where its oxidation products increase the
aerosol burden of the atmosphere. Here we present the first
conceptually simple, global, moderate-resolution, multiyear
comparison of one atmospheric and one ocean variable in
order to explore whether the available time series of global
data are consistent with these two hypotheses. This study
extends to global scale regional analyses to detect similar

couplings [Brown and Yoder, 1994; Erickson et al., 2003;
Saydam and Polat, 1999].
[3] Recent experiments have confirmed the role of iron in

limiting phytoplankton production in large regions of ocean
[Boyd et al., 2000; Coale et al., 1996]. These iron-limited
high nutrient low chlorophyll (HNLC) regions comprise
approximately 30% of the world ocean and include the
Southern Ocean [de Baar and Boyd, 2000]. The majority of
iron deposition into the ocean occurs in the Northern
Hemisphere and is principally associated with dust export
from major arid regions such as the Sahara and Taklamakan
deserts [Prospero et al., 2002]. The North Atlantic and
North Pacific oceans receive 48% and 22% of global iron
deposition to the oceans, respectively. In contrast, the South
Atlantic and South Pacific oceans receive only 4% and 2%,
respectively. The Indian Ocean receives 18% (principally in
the Arabian Sea) and the Mediterranean Sea receives 4%.
The polar regions in both hemispheres receive very low iron
inputs, with the Arctic receiving only 0.9% and the Ant-
arctic 0.5% [Gao et al., 2001]. Many other nutrients
required by phytoplankton for growth may also be depos-
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ited with aeolian dust, and again, the Northern Hemisphere
oceans receive the majority of these inputs [Duce et al.,
1991].
[4] The Northern Hemisphere aerosol burden originates

principally from the entrainment of mineral dust (1800 Tg/
yr), with anthropogenic emissions of organic matter and
black carbon associated with the combustion of fossil
fuels the other major source of aerosols (35 Tg/yr)
[Penner, 2000]. The values of aerosol optical depth
associated with dust transport are generally much greater
than those associated with pollution [Prospero, 1996],
while dust plumes are generally larger, more persistent
and occur more frequently than plumes associated with
pollutant aerosols [Husar et al., 1997]. The Iron Hypoth-
esis [Martin, 1990] proposes that the atmospheric optical
properties (due to dust) drive the ocean optical properties
(due to chlorophyll), and given that the majority of dust
deposition to the oceans occurs in the Northern Hemi-
sphere [Gao et al., 2001], evidence of this coupling
should be more common there.
[5] Dust and anthropogenic emissions form a much

smaller component of the Southern Hemisphere atmospheric
aerosol burden (350 Tg/yr and 0.5 Tg/yr respectively),
which is dominated by sea salt aerosols [Duce et al., 1991;
Penner, 2000]. The major impact on atmospheric aerosols of
marine DMS emissions therefore occurs in the relatively
unpolluted Southern Hemisphere [Gondwe et al., 2003].
Observations at the Australian Baseline Air Pollution Station
at Cape Grim, Tasmania have confirmed the substantial
dependence of cloud condensation nuclei (CCN) concen-
trations on DMS emissions in clean marine air [Ayers and
Gillett, 2000]. DMS is oxidised in the atmosphere into
methanesulphate acid (MSA), sulphur dioxide (SO2) and
non-sea salt sulphate aerosols (nss SO4

2�). These sulphate
aerosols contribute significantly to the scattering, absorption
and reflection of solar and terrestrial radiation, and are an
important influence on the earth’s radiation budget. Gondwe
et al. [2003] estimated that ocean ecosystems contributed
98% of the global annual mean atmospheric burden of DMS,
94% of the MSA burden, 32% of the SO2 burden and 18% of
the nss SO4

2� burden. Atmospheric sulphur compounds in
the Northern Hemisphere are dominated by SO2 and nss
SO4

2�, and in the Southern Hemisphere by DMS and MSA.
The CLAWHypothesis [Charlson et al., 1987] proposes that
the ocean properties drive the atmospheric properties, and
given that the major influence of biogenic sulphur emissions
on atmospheric aerosols occurs in the Southern Hemisphere
[Gondwe et al., 2003], evidence of this coupling should be
more common in the Southern Hemisphere.
[6] The response time of phytoplankton stocks to iron

fertilization has been estimated at about 1 week. The time
lag between a phytoplankton bloom and the subsequent
release of DMS to the atmosphere has also been estimated
to be of the order of one week, resulting in an expected
2-week delay between the deposition of iron and the
subsequent ventilation of DMS [Turner et al., 1996]. We
are therefore particularly interested in two aspects of poten-
tial correlations between atmospheric aerosols and chloro-
phyll: differences in the magnitude and extent of
correlations between the Northern and Southern Hemi-

spheres, and the effect of time lags of about 1 week on
the correlations.
[7] The Sea-viewing Wide Field-of-view Sensor (Sea-

WiFS) provides an opportunity to investigate these biogenic
couplings between ocean and atmosphere. This sensor
simultaneously estimates the ocean surface chlorophyll
concentration (CHL) and the atmospheric aerosol optical
depth (AOD) and now provides a substantial time series of
moderate resolution global fields of these parameters
[Hooker et al., 1992]. Ongoing calibration and validation
assessments of SeaWiFS CHL with in situ chlorophyll
measurements [Hooker and McClain, 2000] and of Sea-
WiFS AOD with AERONET measurements of aerosol
optical thickness [Wang et al., 2000] have confirmed the
high quality of the SeaWiFS data products. However, the
SeaWiFS AOD product is used as an atmospheric correction
when calculating SeaWiFS CHL, and therefore the aeolian
transport of dust may influence retrieval of ocean chloro-
phyll concentration. Very high concentrations of dust in the
atmosphere preclude retrieval of CHL by the SeaWiFS
algorithm while lower concentrations of dust in the atmo-
sphere or in near-surface water may cause chlorophyll to be
over-estimated by absorbing blue light [Claustre et al.,
2002; Moulin et al., 2001]. SeaWiFS CHL retrievals may
also be influenced by urban pollution transported off con-
tinents into the marine atmosphere [Chomko and Gordon,
2001]. Gordon [1997] noted the difficulties associated with
atmospheric correction in regions with high concentrations
of absorbing aerosols such as dust and urban pollution.
Hooker and McClain [2000] observed that a global dust
correction for SeaWiFS was not then possible, and this
appears to remain the case.
[8] Moulin et al. [2001] applied a spectral matching

algorithm proposed by Gordon et al. [1997] to the Maur-
itanian region of the African coast, an area subject to high
aeolian dust loading from the Sahara Desert. They observed
that this algorithm estimated lower chlorophyll concentra-
tions below thick layers of atmospheric dust than those
estimated by SeaWiFS. Claustre et al. [2002] examined the
effect of deposited aeolian dust suspended in the upper part
of the water column on SeaWiFS chlorophyll retrievals.
They reported that under these conditions SeaWiFS over-
estimated chlorophyll retrievals by a factor of 2 in the
oligotrophic Mediterranean Sea, but provided accurate
retrievals in a more productive upwelling region off Mo-
rocco. Chomko and Gordon [2001] reported SeaWiFS
chlorophyll over-estimation by a factor of 2 in the presence
of urban pollution. The potential for correlations between
SeaWiFS products that result from the biasing of chloro-
phyll retrievals by high concentrations of atmospheric
aerosols must then also be considered in our analysis.
[9] The aim of this initial global-scale analysis is to

determine whether there is any evidence to suggest that
the couplings proposed by the iron [Martin, 1990] and
CLAW hypotheses [Charlson et al., 1987] are present and
ubiquitous. We examine global SeaWiFS time series of
CHL and AOD for correlations. We restrict the global
analysis to the oceans in cognizance of the difficulties in
retrieving accurate CHL concentrations in coastal waters
[Hooker and McClain, 2000]. We also generate global fields
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of DMS flux from the ocean to the atmosphere by applying
the algorithm of Simo and Dachs [2002] to global fields of
CHL (from SeaWiFS) and mixed layer depth [Monterey and
Levitus, 1997] and compare these with contemporaneous
fields of SeaWiFS AOD. However, the potential for spurious
correlations to affect results when utilising remotely sensed
ocean color data requires us to consider a third hypothesis in
our analysis. This ‘‘Artifact’’ Hypothesis contends that any
correlations observed are artifacts of the effects of atmo-
spheric aerosols on chlorophyll retrievals. Each of the three
hypotheses we consider predicts a different spatial distribu-
tion of positive correlations over the globe.
[10] The Artifact Hypothesis predicts that positive corre-

lations will be evident in the regions where large amounts of
dust are frequently transported over the ocean, but suggests
that there will not be correlations evident in regions of
ocean not underlying dust transportation pathways. The Iron
Hypothesis leads to a similar prediction; however, if small
amounts of dust could be expected to initiate a phytoplank-
ton response, but not lead to overestimation of chlorophyll
retrievals, then it would predict more widespread positive
correlations. Both the Artifact and Iron hypotheses suggest
that positive correlations will be more widespread in the
Northern Hemisphere than the Southern Hemisphere owing
to its greater dust burden [Penner, 2000]. The asymmetry of
the aerosol properties of the hemispheres suggests that the
CLAW Hypothesis conversely predicts that positive corre-
lations will be evident in the relatively cleaner, sulphate
aerosol dominated atmosphere of the Southern Hemisphere.
The null hypothesis is that AOD and CHL are not
correlated, and that there will be no spatial pattern of
correlations over the globe. The results of our exploratory
analysis will be discussed in the context of support or
otherwise for these hypotheses.
[11] Several caveats must be applied to the results of our

initial analysis. First, the parameters we examine are at best
proxies for the quantities in which we are interested.
SeaWiFS CHL is an estimate of the actual chlorophyll
concentration in the upper 20 or so metres of the ocean
[Robinson, 1995]. Chlorophyll concentration is often used
as a proxy for phytoplankton stocks; however, when phy-
toplankton in low-iron environments are provided with iron
their initial response is to synthesize extra chlorophyll,
changing the ratio of chlorophyll to biomass [de Baar et
al., 2005]. Similarly, SeaWiFS AOD is an estimate of the
aerosol burden of the atmosphere, which is comprised of
many components including dust, smoke, anthropogenic
pollution, sea-salt aerosols and methane-sulphate aerosols
[Penner, 2000]. Further, when considering the Iron hypoth-
esis, we implicitly assume that AOD is a reasonable
indicator of the dust flux to the ocean. We also note that a
reliable method of using satellite data to distinguish between
wet and dry dust deposition is not currently available, and that
we are unable to make this distinction that has important
implications for the bio-availability of deposited iron [Jickells
and Spokes, 2001].

2. Methods

[12] We conduct global analyses to examine correlations
between SeaWiFS AOD and CHL and modeled DMS flux

data. We also examine four individual dust storm events for
evidence supporting the Artifact Hypothesis. The dust storm
events were observed by SeaWiFS off the West Sahara,
Libya, Baja and northwest Australia coasts. In each case the
data are all derived from one retrieval and any correlations
between AOD and CHL in these images will be either
coincidental or attributable to the effects of atmospheric
or deposited dust on the SeaWiFS chlorophyll retrieval
algorithm.
[13] We used SeaWiFS 8-day (octad) binned 9 km reso-

lution CHL and AOD data products in cognisance of the
time lags of several days between delivery of dust to the
ocean and a subsequent phytoplankton bloom [Turner et al.,
1996]. This is also compatible with recent analyses of
anomalies of SeaWiFS CHL and dust deposition predicted
by the GOCART model [Ginoux et al., 2001], in which the
phytoplankton response time to deposition of iron was
assumed to be about a week [Erickson et al., 2003]. This
timescale is also appropriate for the hypothesized DMS
coupling, as there is approximately a 1 week lag between
the initiation of a phytoplankton bloom and a DMS flux to
the atmosphere [Gabric et al., 2002; Turner et al., 1996]. It
is likely that these response times would be a function of
latitude due to the effects of sea surface temperature (SST),
photosynthetically available radiation (PAR) and community
composition on phytoplankton growth rates [Eppley, 1972;
Martin et al., 1991; Platt et al., 1980]. Although these
factors are important (see de Baar et al. [2005] for a
review), in this global scale exploratory data analysis we
will not attempt to derive globally valid relationships to
allow for these effects, but will instead examine our results
for evidence of their influence. Relating variables measured
in the oceans to variables measured in the atmosphere is
also problematic due to the vastly different timescales of
advection and diffusion in the atmosphere and the ocean
[Rodhe, 2000]. We attempted to resolve this difficulty by
averaging the data over relatively large areas (one-degree
squares). This approach is appropriate for an exploratory
global analysis presented in this study despite regional
differences due to the different rates of advection and
diffusion in different regions of the globe.
[14] SeaWiFS CHL and AOD data products for the period

1 January 1998 to 31 December 2002 were analyzed in this
study. These SeaWiFS data products provide 46 global
fields of CHL and AOD per year, providing up to 230
‘‘weekly’’ data sets in each time series. The use of the level
3 binned data products allowed the remapped data to retain
the statistical validity of the mean value for the degree
square [Campbell et al., 1995]. A global time series of the
DMS flux from the ocean to the atmosphere was also
created. Global 8-day one-degree mean fields of DMS
surface ocean concentration were calculated using the
empirical relationship determined by Simo andDachs [2002]:

DMS ¼ � ln MLDð Þ þ 5:7 if
CHL

MLD
< 0:02; ð1Þ

DMS ¼ 55:8
CHL

MLD
þ 0:6

� �
if

CHL

MLD
� 0:02; ð2Þ

GB4002 CROPP ET AL.: OCEAN BIOTA AND ATMOSPHERIC AEROSOLS

3 of 13

GB4002



where DMS is the sea surface dimethylsulphide concentra-
tion (nM), CHL is the sea surface chlorophyll concentration
(mg/m3 estimated by SeaWiFS) and MLD is the depth of the
mixed layer (m) based on an 8-day interpolation of the
monthly World Oceanographic Atlas 1994 (WOA94)
climatology of mixed layer depth [Monterey and Levitus,
1997]. This provided an octad, one-degree global time
series of DMS concentration.
[15] The flux of DMS from the ocean to the atmosphere

(DMSflux) is a linear function of the aqueous concentration
of DMS (DMSaq) and the DMS piston velocity (kp):

DMSflux ¼ kpDMSaq: ð3Þ

We used the DMS piston velocity estimate of Nightingale et
al. [2000]:

kp ¼ 5:88u210 þ 1:49u10
� �

Sc
�1
�
2 ; ð4Þ

where kp is in cm/hour, u10 is the 10 m wind speed (m s�1)
and Sc is the dimensionless Schmidt number. The Schmidt
number is temperature dependent, and we used the
experimentally derived relationship of Saltzman et al.
[1993]:

Sc ¼ 2764� 147:12 SST þ 3:726 SST2 � 0:038 SST3; ð5Þ

where SST is the sea surface temperature (�C). We estimated
u10 from wind velocities measured twice-daily over the
period 1 January 2000 to 31 December 2002 by the
SeaWinds sensor on the QuikScat satellite [Tsai et al.,
1999]. SST was derived by interpolating the JPL Pentad
SST Climatology of 15 years of advanced very high
resolution radiometer (AVHRR) measurements over the
period 1985–1999 [Hastings and Emery, 1992]. Recent
work by Belviso et al. [2004] suggests that due to
uncertainties in the relationships describing DMS aqueous
concentrations and the piston velocities, the flux fields
generated here are only accurate to within a factor of 2.
[16] Correlations between the time series of the CHL,

AOD and DMS flux time series were calculated from up to
230 CHL–AOD pairs, and up to 138 AOD–DMS flux pairs
for each one-degree square of the global oceans with more
than 20 data pairs. Generally only high latitude degree
squares (above the Arctic and Antarctic circles), that had
relatively few readings due to consistent cloud cover and
winter darkness, failed this criteria.
[17] Time series of natural data are often auto-correlated,

as natural systems tend to vary smoothly, with sharp
discontinuities only rarely observed [Middleton, 2000].
The spatial and temporal averaging used in this analysis
smooths out many discontinuities due to weather fronts and
ocean circulation, increasing the potential for auto-correla-
tion of the time series used in this analysis. Mean square
successive difference tests [Zar, 1999] were applied to the
CHL and AOD time series to gauge the extent of serial
correlation in these data sets. Auto-correlation may be
removed from time series by sequentially differencing the
data [Chatfield, 1996], and this was implemented on the
CHL, AOD and DMS flux data sets to generate sets of

residual data. The removal of seasonality in this manner
elucidates whether the two variables are moving in concert
on a weekly timescale, an alternative to calculating anoma-
lies that examine the variables values with respect to their
long-term or seasonal averages. The original data for CHL,
AOD and DMS flux will hereafter be referred to as ‘‘raw’’
data, and the differenced data will be referred to as ‘‘resid-
ual’’ data.
[18] A correlation coefficient of the residual time series

was computed for every degree-square for which a correla-
tion coefficient had been calculated for the raw time series.
The 36,275 correlation coefficients calculated for each of
the raw and residual data sets represent over 87% of ocean
degree squares, and cover approximately 97% of the area of
the world’s oceans.

3. Results and Discussion

[19] Correlations of time series of CHL–AOD for the
global oceans are presented in Figure 1. The correlation
coefficients typically vary smoothly in space, and form
large contiguous clusters where correlation coefficients are
similar in sign and magnitude. CHL and AOD are closely
coupled (r � 0.5) over substantial regions of the global
oceans. Regions with high positive correlations are predom-
inantly in the Northern Hemisphere, while the Southern
Ocean evidences low to moderate positive correlations
without any well-delineated spatial clustering. There are
also large expanses of ocean where no statistically signifi-
cant correlation (�0.23 � r � 0.23) is evident and sub-
stantial regions of significant negative correlations (r �
�0.5).
[20] Regions of near zero correlation are evident in the

high latitudes of the North Pacific and North Atlantic
oceans, the midlatitudes of the South Atlantic, South Pacific
and Indian oceans. Contiguous regions of high negative
correlations occur in the eastern equatorial Pacific Ocean,
the southeast corner of North America (around the Gulf of
Mexico), the Mediterranean Sea and around Australia.
Although these regions of negative correlation are very
interesting and certainly worthy of detailed examination,
we will not consider them in this study.
[21] High positive correlations between AOD and CHL in

Figure 1 occur along well-documented dust pathways
emanating from the Sahara Desert and crossing the Atlantic
Ocean between the equator and 30�N [Goudie and
Middleton, 2001; Prospero et al., 2002]. Both the summer
(northern) and winter (southern) dust pathways are clearly
evident in Figure 1. The Sahara Desert contains three of the
world’s four most important dust sources as measured by
the Total Ozone Mapping Spectrometer (TOMS) Aerosol
Index [Goudie and Middleton, 2001; Prospero et al., 2002].
The westward dust path from the Sahara to the North
Atlantic Ocean can account for up to 50% of the dust
exported from the Sahara [D’Almeida, 1986]. In summer
Saharan dust is transported to the Caribbean [Prospero and
Nees, 1996] and southeast USA [Prospero, 1999], whereas
in winter it reaches South America [Prospero et al., 1981;
Swap et al., 1992]. The oceans underlying these paths
receive annual dust inputs of 2–5 g m�2 [Prospero, 1996].
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[22] High positive correlations are also evident for known
dust pathways emanating from China and crossing the
North Pacific Ocean [Duce and Tindale, 1991]. The alti-
tudes at which dust is transported from China are higher
than that from Africa as the major Asian dust source, the
Taklamakan Desert, is located between 1 and 2 km above
sea level. Dust from Asia has been reported at up to 8 km
altitude [Merrill et al., 1989], compared to 3 to 5 km for
African dust [Karyampudi et al., 1999]. This allows Asian
dust plumes to be advected for greater distances in higher
altitude jet streams [Ginoux et al., 2001]. A series of
isentropic back trajectories of air masses presented by Duce
and Tindale [1991] indicated that dust originating in China
crossed the North Pacific at around 50�N, circulated around
the eastern edge of the North Pacific high pressure system,
and then travelled southwest to its point of detection near
Hawaii. The annulus of high positive correlations centered
on about 30�N 180�E and occupying most of the North
Pacific basin may therefore be the result of dust emanating
from China and circulating around the Pacific basin. This
process might be enhanced by small dust sources in
southwest North America contributing to the dust concen-
trations in the southern arm of the annulus [Prospero et al.,
2002].
[23] An area of high positive correlation also exists in the

Indian Ocean southeast of the Saudi Arabian and Somalian
coasts. The horn of Africa is a well-known dust region
[Prospero et al., 2002], although dust transport to the ocean
to the southeast of Somalia is a less well-documented dust

pathway for Saharan dust [Ginoux et al., 2001]. However,
Morales [1977] described southeast transport from an
intense dust storm in the Sudan-Ethiopia border, and Soma-
lians have given a name (‘‘Kharif’’) to dust-bearing winds
emanating from the Sahara [Goudie and Middleton, 2001].
A patch of high correlation in the South Atlantic northwest
of Namibia also underlies a known path where dust origi-
nating in the Etosha Pan is carried by southeast trade winds
over the ocean [Ginoux et al., 2001; Swap et al., 1996].
[24] A few regions underlying well documented dust

pathways, for example the Mediterranean Sea [Guerzoni
and Chester, 1996] and around Australia [McGowan et al.,
2000; McTainsh, 1989], have significantly negative corre-
lations. The reasons for these negative correlations are not
clear, but may be due to the nature of dust transport, which
is typically more intermittent and less intense there than in
the regions that have strong positive correlations.
[25] Some regions of near zero or negative correlation in

Figure 1 are associated with the outfalls of large rivers, such
as those at the Amazon, La Plata, Irrawaddy and Yangtze
River mouths, where chlorophyll concentrations are strongly
influenced by the discharges of the rivers. Others are
associated with regions of major coastal upwellings such
as off the Mauritanian, Namibian, Peruvian and Californian
coasts. Primary production in these regions is influenced by
the alternation of upwelling events, that bring new nutrient
to the surface, and calm periods, that allow the water
column to stratify, and cause phytoplankton trapped in the
shallow mixed layer to bloom [Huntsman and Barber,

Figure 1. Correlation coefficients of raw SeaWiFS CHL and AOD time series for one-degree ocean
squares for 1998–2002. Correlation coefficients between 60�N and 60�S with magnitudes greater than
0.23 are statistically significant at the 99.9% confidence level. See color version of this figure at back of
this issue.
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1977]. High latitude regions (latitudes greater than 60�)
have interspersed, non-contiguous high and low correlation
coefficients, revealing that the paucity of data in these
regions is resulting in high coefficient values that are not
statistically significant.
[26] We also note that the Middle Atlantic Bight and

Sargasso Sea, where Chomko and Gordon [2001] reported
that SeaWiFS CHL retrievals were affected by urban
pollution transported from the United States, is not a region
of high positive correlation in Figure 1. Chomko and
Gordon [2001] observed a strong positive correlation
between retrieved chlorophyll concentrations and atmo-
spheric turbidity for 1 day of clear atmosphere and 1 day
of turbid atmosphere. This suggests that the spatial and
temporal binning used in this analysis has reduced the
impact of such short-term, localized events.
[27] The mean square successive difference tests revealed

that the time series of CHL and AOD are significantly auto-
correlated over the entire globe, and that the differencing
scheme successfully eliminated the auto-correlation from
the residual time series. The raw time series are strongly
influenced by seasonal effects such as cycles of aeolian dust
entrainment and transport on aerosols, and of light, temper-
ature and mixed layer depth on phytoplankton. These
effects are not present in the residual time series, which
are useful for examining the influence of episodic events
such as individual dust storms or pulses of DMS ventilation
following phytoplankton blooms.
[28] Correlations between the residual time series of CHL

and AOD (Figure 2) are markedly different to the correla-

tions between the raw time series of these parameters. There
is no obvious association of high correlations with dust
transport pathways in Figure 2 that was evident in Figure 1
other than the pathways of Saharan dust over the Atlantic
Ocean. Rather, Figure 2 is dominated by two broad bands of
high positive correlations that lie between approximately
20� and 40� north and south of the equator.
[29] The latitude symmetry of the regions of high positive

correlations evident in Figure 2 is remarkable given the very
different aerosol properties of the atmospheres of the
Northern and Southern Hemispheres [Penner, 2000]. The
zone between 20� and 40� in the Northern Hemisphere is
subject to the influence of dust from deserts and pollution
from large centers of population, and has typically high
aerosol optical depths. The zone between 20� and 40� in the
Southern Hemisphere is generally not affected by dust or
pollution, and has typically low aerosol optical depths. The
chlorophyll concentrations in the regions of ocean between
latitudes 20� and 40� in each hemisphere are however very
similar in all oceans. These regions include the sub-tropical
gyres and are typically oligotrophic, with low concentra-
tions of chlorophyll [Mann and Lazier, 1996].
[30] The symmetry between the residual correlations in

the Northern and Southern Hemispheres is also contrary to
the prediction of Claustre et al. [2002]. They noted the very
different magnitudes of dust deposition in the Northern and
Southern Hemispheres sub-tropical gyres and concluded
that Northern Hemisphere gyres would evidence correla-
tions between SeaWiFS CHL and AOD, but that gyres in
the Southern Hemisphere would not.

Figure 2. Correlation coefficients of residual SeaWiFS CHL and AOD time series for one-degree ocean
squares for 1998–2002. Significance levels are as for Figure 1. See color version of this figure at back of
this issue.
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[31] We note that aperiodic bursts of autotrophic produc-
tion, over timescales of days to weeks, in the North Pacific
Ocean subtropical gyre have been reported by Karl et al.
[2003]. They speculated that such bursts of autotroph
activity could be controlled by atmospheric deposition of
iron associated with aeolian dust. Although iron deposited
in aeolian dust generally has other nutrients deposited with
it, these do not occur in substantial amounts compared to
iron upwelled from deep water. Waters fertilized by iron
deposited in aeolian dust may therefore be considered
nitrogen depleted compared to waters in which iron is up-
welled and may therefore promote populations of diazo-
trophs such as Trichodesmium sp. [Karl et al., 2002]. This
nitrogen-fixing cyanobacterium is ubiquitous in the low
nutrient tropical and subtropical oceans, and is adapted to
the calm, high light conditions typical of the subtropical
gyres [Carpenter and Price, 1976]. Saharan dust deposition
events observed on the West Florida shelf have led to
localized increases in Trichodesmium levels to 100 times
the background level [Lenes et al., 2001]. Such a robust
response of Trichodesmium to dust deposition may explain
the symmetric correlations between the residual CHL and
AOD data observed in our analysis. If such responses were
typical of Trichodesmium populations in the subtropical
gyres, the very small quantities of dust deposited in the

Southern Hemisphere gyres would be sufficient to elicit an
increase in CHL concentration.
[32] The effects of time lags on the residual correlations

are shown in Figure 3, which shows the proportion of ocean
by area that is significantly correlated at each latitude. The
upper panels show the positive correlations and the bottom
panels the negative correlations. The time lags used are
minus (CHL lags AOD) two weeks (Figures 3a and 3f),
minus 1 week (Figures 3b and 3g), contemporaneous
(Figures 3c and 3h), plus (CHL leads AOD) 1 week
(Figures 3d and 3i) and plus 2 weeks (Figures 3e and 3j).
The latitude distribution of significant contemporaneous
positive correlations (Figure 3c) emphasizes the symmetric
distribution observed in Figure 2, and reveals that almost
the entire ocean at 30� north and south of the equator has
CHL and AOD positively correlated at 99.9% confidence.
Only very small proportions of ocean are significantly
contemporaneously negatively correlated (Figure 3h). These
mostly occur at high latitudes where data are scarce, and
may be attributed to random effects.
[33] When the CHL and AOD residual time series are

lagged by one week in either direction (Figures 3b, 3d, 3g
and 3i) the significant positive correlations disappear (Fig-
ures 3b and 3d) and symmetric distributions of significant
negative correlations become evident (Figures 3g and 3i).

Figure 3. Effect of temporal lagging on residual correlations. Latitude distribution of statistically
significant positive (top row) and negative (bottom row) correlations of residual time series at 99.9%
confidence level for (a and f) CHL (t� 2) versus AOD (t), (b and g) CHL (t� 1) versus AOD (t), (c and h)
CHL (t) versus AOD (t), (d and i) CHL (t + 1) versus AOD (t), and (e and j) CHL (t + 2) versus AOD (t).
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When lagged by 2 weeks in either direction (Figures 3a, 3e,
3f and 3j), no significant correlations, positive or negative,
are evident at any latitude. The correlations in Figure 3
suggest that eight-day binning is appropriate for this initial
global analysis. The lagged correlations also provide some
insight into the influence on the effects of latitudinal differ-
ences in SST and PAR on the analysis. The influence of
these factors could be expected to appear in Figure 3 as the
appearance of high latitude modes of positive correlations in
the lagged data. The absence of such modes suggests that
the influence of these factors is not detected by this
moderate resolution global analysis.
[34] The obvious correlations between AOD and CHL in

regions associated with major atmospheric dust transporta-
tion paths are consistent with both the Artifact and Iron
hypotheses. The more detailed regional analyses provide
some indication of the level of support for each of these
hypotheses. Figure 4 shows comparisons of ‘‘true color,’’
AOD and CHL images for four regions in which SeaWiFS
observed dust storms just after crossing the coast. The
images are for West Sahara (Figures 4a, 4b and 4c), Libya
(Figures 4d, 4e and 4f), Baja California (Figures 4g, 4h and
4i) and northwest Australia (Figures 4j, 4k and 4l). The dust
storms are evident in the true color images as clouds of
light-brown colored material, distinct from white clouds of

water droplets, and preclude retrievals of AOD or CHL
where the concentrations of atmospheric dust are very high.
[35] The images in Figure 4 suggest that there are some

regions in which atmospheric dust appears to have resulted
in the over-estimation of chlorophyll. This is especially
evident in the retrievals immediately surrounding the large
dust storms in the West Sahara and Libya images, where
high CHL concentrations often correspond with high AOD.
These images have statistically significant AOD - CHL
correlation coefficients of r = 0.71 and r = 0.57 respectively.
However, the Baja images show clearly delineated stream-
ers of dust being transported off the coast in the true color
and AOD images, but these features are not evident in the
CHL image. Similarly the NW Australia true color and
AOD images show a clearly delineated spiral of dust in the
lower left corner, which is not evident in the CHL image.
The correlations between AOD and CHL in these images
are not significant, with r = 0.22 for Baja and r = 0.12 for
NW Australia. The influence of atmospheric dust on Sea-
WiFS chlorophyll retrievals may depend on the source of
the dust, as Saharan dust appears to have a greater influence
on CHL retrievals than either Baja or Australian dust. Also,
the effects appear to be local and restricted to the region in
the immediate vicinity of the dust cloud. Pixels with low
AOD values (less than 0.3) near intense dust clouds showed

Figure 4. Coastal dust storm events observed by SeaWiFS for (a, b, and c) Western Sahara, (d, e, and f)
Libya, (g, h, and i) Baja, and (j, k, and l) northwest Australia. Images are ‘‘true color’’ (Figures 4a, 4d, 4g,
and 4j), AOD (Figures 4b, 4e, 4h, and 4k) and CHL concentration (Figures 4c, 4f, 4i, and 4l). AOD and
CHL images are 1 day, 9 km binned SMIs. See color version of this figure at back of this issue.
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no consistent bias of CHL retrievals. An exception to this
was the Saharan image, where pixels with AOD values
above 0.2 were positively correlated. Of the 7.25 � 106

CHL – AOD pairs used in the global analysis, 93% had
AOD values less than 0.2 and 98% had AOD values less
than 0.3.
[36] The dust storm analyses provide a basis to interpret

the results of Moulin et al. [2001] and Claustre et al. [2002]
and their implications for our global analysis. Moulin et al.
[2001] reported that SeaWiFS estimated higher chlorophyll
concentration than an alternate algorithm when retrievals
were made through thick layers of Saharan dust. This is
consistent with our analysis of the Saharan dust storm event.
Claustre et al. [2002] noted that dust suspended in the upper
water column after several ‘‘massive dust events’’ did not
affect chlorophyll retrievals in productive waters (chloro-
phyll >0.5 mg m�3) of the Mediterranean Sea, but in
oligotrophic regions (chlorophyll <0.1 mg m�3) caused
SeaWiFS to over-estimate chlorophyll concentrations by a
factor of two. This finding is also consistent with our
analysis of the Libya dust storm. However, our global
analysis for this region (Figure 1) reveals a negative
correlation for the site at which Claustre et al. [2002]
observed over-estimation of chlorophyll by SeaWiFS. The
atmosphere above the Mediterranean is greatly influenced
by continental aerosols [Smirnov et al., 2002], and it is
likely that this negative correlation indicates out-of-phase
seasonality of aerosols and ocean properties rather than a
coupling between the two. This contention is supported by

the high positive correlations observed in the Mediterranean
Sea in the analysis of the residual data (Figure 2).
[37] The correlations between the modelled DMS flux

from the ocean to the atmosphere and SeaWiFS AOD
(Figure 5) provide an indication of the potential contribution
of phytoplankton forcing of atmospheric properties to the
correlations evident in Figures 1 and 2. Several contiguous
regions of significant high positive correlations are evident
in Figure 5, in particular the Indian Ocean and the Western
Pacific Ocean. There is, however, no clear association of
these clusters with known atmospheric properties such as
aeolian dust pathways as was evident in Figure 1. There are
also broad regions of high positive correlation globally
between about 30�N and 60�S. While not exhibiting any
discernable spatial association with physical features, these
correlations are also generally collocated into regions of
high positive correlations interspersed with regions of near-
zero correlation, and the occasional patch of negative
correlation.
[38] The correlations between the residual time series of

AOD and DMS flux are shown in Figure 6. This figure
reveals small patches of moderately high positive correla-
tion distributed approximately uniformly across the oceans
against a background of generally zero correlation. The
positive patches appear more densely distributed in the
Indian and Western Pacific Oceans, similarly to Figure 5.
There are no patches of negative correlation such as are
evident in Figure 5, and in fact very few degree-squares
with negative correlations are evident. Negative correlations

Figure 5. Correlation coefficients of raw DMS flux and SeaWiFS AOD time series for one-degree
ocean squares for 2000–2002. Correlation coefficients between 60�N and 60�S with magnitudes greater
than 0.28 are statistically significant at the 99.9% confidence level. See color version of this figure at
back of this issue.
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mostly occur in the high latitudes (above 60�) where data
are sparse and the correlations not statistically significant.
[39] A summary of the latitude distribution of the four

global correlation analyses is shown in Figure 7. This plots
the proportion of ocean at each latitude that is significantly
correlated at the 99.9% confidence level for positive (upper
panels) and negative (lower panels) correlations. Figures 7b
and 7f are repeated from Figures 3c and 3h for ease of
comparison. The latitude distributions of all correlations are
similar, in that substantial proportions of the oceans are
significantly positively correlated and very small propor-
tions are significantly negatively correlated. However, the
latitude distributions of the positive correlations differ
substantially between the four analyses. The positive raw
CHL-AOD correlations (Figure 7a) are characterized by a
large mode associated with regions of high atmospheric dust
burdens in the Northern Hemisphere, a small mode in the
Southern Hemisphere associated with dust transport south-
east from Somalia and northwest from Namibia, and an
isolated mode in the Southern Ocean that appears not to be
associated with high atmospheric dust burdens. The latitude
distribution of the raw DMS-AOD positive correlations
(Figure 7c) are similarly characterized by a dominant mode
in the Northern Hemisphere, a large mode in the Southern
Hemisphere associated with the Indian Ocean, and a small
mode associated with the Southern Ocean. Although
both the CHL-AOD and DMS-AOD correlations reveal a
decreasing trend from mid-northern to mid-southern
latitudes, the DMS-AOD distribution is more symmetric
about the equator than the CHL-AOD correlations, with

symmetric modes centred at latitudes 25� north and south
where approximately 70% of the oceans are significantly
correlated.
[40] The residual analyses (Figures 7b and 7d) are char-

acterized by strong symmetry about the equator, although
the distributions have different shapes in the two analyses.
The symmetry in the residual CHL-AOD correlations is
dramatic, with two very large modes 30� either side of the
equator separated by a minimum at the equator. The residual
DMS flux and AOD correlations are characterized by a
single, broad mode distributed symmetrically about the
equator, and reflects closely the latitude distribution of total
annual DMS flux calculated by Simo and Dachs [2002].
The dip in the proportion of ocean positively correlated at
the equator that so dramatically differentiates the residual
CHL-AOD correlations into two distinct modes is absent
from this distribution. However, a slight bias to the south is
evident in both distributions, with positive correlations
extending to about 60�S in the Southern Hemisphere, but
only 40�N in the Northern Hemisphere.

4. Conclusions

[41] We considered the Iron hypothesis of Martin [1990],
in which the photosynthetic reactions of phytoplankton are
catalyzed by iron deposited with aeolian dust; the CLAW
Hypothesis of Charlson et al. [1987], in which DMS
produced by marine ecosystems is ventilated to the atmo-
sphere and affects the abundance of cloud condensation
nuclei; and the so-called Artifact Hypothesis, in which

Figure 6. Correlation coefficients of residual DMS flux and SeaWiFS AOD time series for one-degree
ocean squares for 2000–2002. Significance levels are as for Figure 5. See color version of this figure at
back of this issue.
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biased retrievals of CHL caused by dust in the atmosphere
lead to spurious correlations between SeaWiFS products.
[42] Our analysis of localized storm events suggests that

the biasing of SeaWiFS CHL retrievals by high aeolian or
deposited dust concentrations is a localized and intermittent
problem. The results of the global analyses contradict
relationships that could be expected if the biases discussed
by Moulin et al. [2001], Chomko and Gordon [2001], and
Claustre et al. [2002] were ubiquitous. Therefore, while
there is support for the Artifact Hypothesis in localized
regions around dust transport pathways, there is little
evidence to support the Artifact Hypothesis as the sole
rationale for the global correlations.
[43] Our global analyses reveal strong correlations between

SeaWiFS CHL and AOD over large regions of the global
oceans (particularly the sub-tropical gyres), and strong corre-
lations between SeaWiFSAOD andmodelled DMS flux over
some of themiddle latitude ocean. These results are consistent
with both the Iron and CLAW hypotheses. However, our
expectation that differences in composition of the atmo-
spheric aerosol burdens in the northern and southern
hemispheres would generate ocean-atmosphere correla-
tions that exhibited asymmetry between hemispheres is
not supported. There is therefore little basis to conclude
which of the Iron or CLAW hypotheses, if not both, is
leading to the observed distribution of correlations. None-
theless our results suggest that couplings between atmo-

spheric aerosols and ocean phytoplankton are present over
much of the globe and that elucidation of the processes
contributing to these couplings will be a fertile field for
future research efforts.
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Figure 1. Correlation coefficients of raw SeaWiFS CHL and AOD time series for one-degree ocean
squares for 1998–2002. Correlation coefficients between 60�N and 60�S with magnitudes greater than
0.23 are statistically significant at the 99.9% confidence level.

Figure 2. Correlation coefficients of residual SeaWiFS CHL and AOD time series for one-degree ocean
squares for 1998–2002. Significance levels are as for Figure 1.
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Figure 4. Coastal dust storm events observed by SeaWiFS for (a, b and c)Western Sahara, (d, e and f)
Libya, (g, h and i) Baja and (j, k and l) northwest Australia. Images are ‘‘true color’’ (Figures 4a, 4d, 4g
and 4j), AOD (Figures 4b, 4e, 4h and 4k) and CHL concentration (Figures 4c, 4f, 4i and 4l). AOD and
CHL images are 1 day, 9 km binned SMIs.
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Figure 5. Correlation coefficients of raw DMS flux and SeaWiFS AOD time series for one-degree
ocean squares for 2000–2002. Correlation coefficients between 60�N and 60�S with magnitudes greater
than 0.28 are statistically significant at the 99.9% confidence level.

Figure 6. Correlation coefficients of residual DMS flux and SeaWiFS AOD time series for one-degree
ocean squares for 2000–2002. Significance levels are as for Figure 5.
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