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h i g h l i g h t s
� Primary production is calculated for the sea around Lampedusa by bio-optical and WDRM models.
� Significant relationship between atmospheric MS� and productivity index is found.
� Significant relationship between atmospheric MS� and solar radiation dose is found.
� MS� is related to the phytoplankton physiology, in turn related to variation of stress factors.
� High MS� concentrations in spring 2005 could be related to NAO negative phase.
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a b s t r a c t

The coupling between oceanic and atmospheric sulfur cycles is fundamental for the understanding of the
role of sulfate particles as potential climate regulators. We discuss existing relationships among meth-
anesulfonate (MS� e one of the end products of oxidation of biogenic dimethylsulfide e DMS) in the
atmospheric particulate, phytoplankton biomass, and remotely-sensed activity in the central Mediter-
ranean. The MS� concentration in the aerosol particles is based on PM10 sampling (from 2005 to 2008) of
atmospheric aerosols at the island of Lampedusa (35.5�N, 12.6�E) in the central Mediterranean Sea.

The marine primary production in the sea sector surrounding the sampling site is obtained by using
Ocean Color remote sensed data (SeaWiFS, MODIS-Aqua). In particular, primary production is calculated
using a bio-optical model of sea reflectance and a Wavelength-Depth-Resolved Model (WDRM), fed by
elaborated satellite data (chlorophyll concentration in the euphotic layer e Chl, sea surface temperature)
and daily solar surface irradiance measurements.

The multi-year evolution of MS� atmospheric concentration shows a well-defined seasonal cycle with
a summer maximum, corresponding to the annual peak of solar radiation and a minimum of phyto-
plankton biomass (expressed as Chl).

Statistically significant linear relationships between monthly means of atmospheric MS� and both the
phytoplankton productivity index PB (r2 ¼ 0.84, p < 0.001) and the solar radiation dose (SRD; r2 ¼ 0.87,
p < 0.001) in the upper mixed layer of the sea around Lampedusa are found. These correlations are
mainly driven by the common seasonal pattern and suggest that DMS production in the marine surface
layer is mainly related to the phytoplankton physiology. High values of PB are also the expression of
stressed cells. The main stress factors in Mediterranean Sea during summer are high irradiance and
shallow depth of the upper mixed layer, which lead to enhanced DMS emissions and higher MS�

amounts in the atmosphere.
All rights reserved.
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During spring 2005 high biomass and primary productivity values are observed in February and April,
just one month before the peaks of atmospheric MS� (March and May). The occurrence of anomalously
high values at this time is hypothesized to be related to the negative phase of the North Atlantic
Oscillation, and to related oceanic and atmospheric processes. The possible role of the taxonomic
composition of phytoplankton assemblages is also discussed.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The ocean atmospheric coupled sulfur cycle has received
considerable attention in the last two decades due to its potential
for climate regulation. However, due to the complexity of the cycle,
some important features regarding its seasonal dynamics are still
poorly understood. In addition, currently it is not possible to predict
surface ocean concentrations of dimethylsulfide (DMS) and dime-
thylsulfoniopropionate (DMSP) with any type of empirical corre-
lations anywhere at any time of the year. Phytoplankton is the
primary producer of DMSP, the biochemical precursor of DMS, a
volatile compound that is ubiquitous in the global surface ocean
which undergoes to atmospheric oxidation processes yielding
methanesulfonate (MS�) and sulfate. Emission of oceanic DMS to
the atmosphere contributes to non-sea-salt sulfate (nssSO4

2�) pro-
duction (Bates et al., 1992; Kettle and Andreae, 2000) which affects
the Earth’s radiative budget by direct and indirect effects (e.g.
Kaufman et al., 2002). In this regard, a negative feedback between
oceanic DMS production and Earth albedo has been postulated
(CLAW hypothesis, Charlson et al., 1987).

In polar regions, methanesulfonate peaks in summer, simulta-
neously to the chlorophyll maximum. For this reason several
studies aim at reconstructing biogenic marine activity and other
linked climatic parameters (i.e., sea ice extent) from the MS� record
from firn/ice core (e.g. Becagli et al., 2009). In particular in
Antarctica, DMS oxidation is the dominant source of nssSO4

2�, in
addition to MS�, and nssSO4

2� is used as marker of marine phyto-
plankton activity for the last 800 kyr (Wolff et al., 2006).

In the Mediterranean atmosphere, anthropic dominate over the
biogenic sources of sulfate (Bardouki et al., 2003; Mihalopoulos
et al., 2007), and the evaluation of the biogenic source contribu-
tion is a complex task. In temperate sea chlorophyll peaks inwinter,
while DMS in surfacewater peaks in late springesummer. Hence, in
spite of the importance of the correlation between oxidized sulfur
compounds in the aerosol and biogenic activity, the processes
determining the emission of DMS by phytoplankton are not well
understood. Actually, the amount of DMSP released to the water
depends on the different phytoplankton groups (prymnesiophytes,
dinophytes but also chrysophytes, pelagophytes, prasinophytes and
polar diatoms are stronger DMSP producers; Keller et al., 1989;
Orellana et al., 2011) as well as on the physiological state of the
cells within each group (Keller and Korjeff-Bellows, 1996; Sunda
et al., 2002). In particular, healthy and exponentially growing cells
release little amounts of DMSP, while high quantities of DMSP are
released by stressed stationary or senescent cells (Laroche et al.,
1999; Zhuang et al., 2011), by phytoplankton subjected to grazing
(Wolfe and Steinke, 1996) or infected by viruses (Hill et al., 1998).

Recently, Vila-Costa et al. (2006) found that not only hetero-
trophic bacteria but also cyanobacteria (Prochlorococcus and Syn-
echococcus) and picoeukaryotes (small diatoms) could contribute to
DMSP uptake in surfacewaters. DMSP can be enzymatically lysed to
DMS by phytoplankton, in particular by the prymnesiophytes
Emiliania huxleyi and Phaeocystis sp. (Wolfe and Steinke, 1996;
Orellana et al., 2011), and bacteria (Taylor and Visscher, 1996),
though the bacterial contribution to DMS production is small
(Kiene et al., 2000).
Sunda et al. (2002) assessed the antioxidant role for DMSP and
DMS in microalgae, in fact, increases of DMSP and DMS concen-
trations are detected under conditions of oxidative stress in cul-
tures, for instance high UV and photosynthetic active radiation
(PAR) irradiance and Fe-limitation (Sunda et al., 2002; Zhuang et al.,
2011).

Ocean primary production (PP) is a crucial component of the
Earth’s biogeochemical cycles of carbon, sulfur, and other chemical
elements (Field et al., 1998). Net primary production (NPP,
g C m�2 d�1), i.e., total primary production minus the losses due to
respiration of the phytoplankton, provides the upper bound for
production at higher trophic levels (Behrenfeld et al., 2005). In situ
measurements of PP or NPP are extremely time-consuming and do
not represent a large area because of high spatial and temporal
variability. Estimating PP at the regional and global scales or for
long-term time periods is therefore difficult without the quasi-
synoptic view provided by satellite data or numerical models
(Kahru et al., 2009). Current satellite-based estimates of primary
production have however achieved limited success (e.g., Friedrichs
et al., 2008).

Another important parameter in defining phytoplankton status
is the chlorophyll specific production index or assimilation number
(PB), i.e. the rate of photosynthetic carbon assimilation per weight
of chlorophyll a (production/biomass, day�1). PB is related to both
the phototrophic growth rate and the Carbon to Chlorophyll
ratio (C:Chl g g�1). C:Chl ratio is related to microalgae physiological
adaptations and it has a well-established eco-physiological
dependence on both the spatial and temporal variability of light,
nutrients, and temperature (Behrenfeld and Boss, 2003; Behrenfeld
et al., 2005) which are the main environmental factors limiting
microalgae growth rate. The eco-physiological variability of these
processes has been reconstructed through the C:Chl and growth
rate fields, for large scale areas and long-term time series, as ob-
tained from both satellite derived data of phytoplankton carbon
biomass (Behrenfeld et al., 2005) and from in situ particulate
organic carbon (POC) data and photosynthesis-irradiance (PeE)
curves (Sathyendranath et al., 2009).

In this paper the monthly mean MS� concentration in the
aerosol at Lampedusa Island (Sicily Channel) in the period 2005e
2008 is compared with monthly means phytoplankton biomass,
activity and most probable taxonomic composition, aiming to
improve the knowledge of biogenic and the environmental factors
affecting DMS emission and MS� concentration in the atmosphere.
Special attention is given to the spring 2005 event, which shows
exceptionally high MS� values when comparing data sets between
years. The possible reasons of this peculiarity are discussed.

2. Methods and data

2.1. Aerosol sampling and analysis

The aerosol sampling was carried out at the Station for Climate
Observations, maintained by ENEA (the National Agency for New
Technologies, Energy, and Sustainable Economic Development of
Italy) at Lampedusa (35.5�N, 12.6�E). Lampedusa is a small island
located south of the Sicily Channel and it is at least 100 km from the
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nearest coastline (Tunisia). The Station is located on a 50 m a.s.l.
promontory on the North-Eastern coast of Lampedusa, in which
continuous observations of greenhouse gases (Artuso et al., 2009),
aerosol properties (di Sarra et al., 2011; Meloni et al., 2006), total
ozone, ultraviolet irradiance (Meloni et al., 2005; Mateos et al.,
2011), and other climatic parameters are carried out.

The aerosol sampling was started in June 2004 at daily resolu-
tion, alternating in sequence sampling of PM10, PM2.5, and PM1.0
(particulate matter with aerodynamic diameter lower than 10, 2.5
and 1.0 mm respectively). Since 2007 only PM10 is sampled on a
daily basis. During the sampling period some breaks in the sam-
pling occurred due to technical problems. Here results on the PM10
sampling for the years 2005e2008 are reported.

Aerosol samples were collected on 47 mm Teflon filters (2 mm
nominal porosity) using a Tecora Skypost automatic sampler
operating at constant flow rate (2.3 m3 h�1). A quarter of each
Teflon filter was extracted using MilliQ water (about 10 ml, accu-
rately evaluated by weighing) in ultrasonic bath for 15 min, and the
ionic content was determined by ion chromatography. Meth-
anesulfonate was determined in every sample together with other
organic anions (acetate, formate, glycolate, oxalate), inorganic an-
ions (F�, Cl�, NO3

�, SO4
2�), and cations (Naþ, NH4

þ, Kþ, Mg2þ, Ca2þ).
Field blanks show MS� values always below the detection limit.
Detailed description of procedures for handling aerosol filters and
analytical condition is reported elsewhere (Becagli et al., 2011).

2.2. Chl data

The Aqua MODIS remote sensing reflectance (at 443, 488, and
551 nm) Level-3 images were downloaded from the NASA browser
at http://oceancolor.gsfc.nasa.gov/cgi/l3. The downloaded images
with a 2 � 2 km2 resolution are grouped on a monthly basis. The
average chlorophyll concentration is derived in the geographic
area between 35 and 36�N, and 12�e13�E, and covers 10,124 km2

around the island of Lampedusa. Since the lifetime of DMS over the
Mediterranean basin is from minute to 1e2 h (Kouvarakis and
Mihalopoulos, 2002 and references therein), the selected
geographical area can be considered the main DMS source
affecting the aerosol MS� concentration at the sampling site.
Actually, MS� is mainly distributed on the sub-micrometric frac-
tion of aerosol, which can be transported over long distances. Thus,
MS� measured at Lampedusa cannot be directly linked to emis-
sions from the local marine biota. However, the overall evolution
and features of the four annual cycles, obtained from monthly
averages, do not significantly change if we increase the considered
area to 220 � 220 km2, and to 330 � 330 km2 around Lampedusa.
Consequently, we assume that the patterns of the biological pa-
rameters evolution are representative for a large area around
Lampedusa.

In the Mediterranean Sea, the standard NASA algorithms lead to
a significant overestimation of the chlorophyll concentration
compared to in situ data (Bricaud et al., 2002; D’Ortenzio et al.,
2002; Volpe et al., 2007). This observed bias can have a strong
impact on primary production models for the Mediterranean. To
reduce the difference between the chlorophyll-a estimated by the
remote sensed reflectance and the in situ measurements, its con-
centration (given as input to the PP model) was computed by using
the MODIS MedOC3, an ocean color algorithm specifically designed
for the Mediterranean Sea whose theoretical bases are fully
described in Santoleri et al. (2008).

2.3. PAR data and SRD calculation

PAR (W m�2) was derived from measurements of global
downward irradiance. The downward shortwave flux was
measured at Lampedusa with Eppley Precision Spectral Pyran-
ometers (PSP); the radiometers were ventilated and regularly
cleaned. Instrument calibration was updated to the World Meteo-
rological Organization World Radiation Reference on a yearly base;
corrections for instrumental thermal offset and cosine response
were made as described by Di Biagio et al. (2010).

The calculation of the daily solar radiation dose (SRD) in the
upper mixed layer, was performed as detailed in Vallina and Simo
(2007) using the above mentioned daily irradiance measured at
Lampedusa, the Mixed Layer Depth (MLD) climatology of the Naval
Research Laboratory, and PAR attenuation coefficients from ocean
color satellite-derived climatologies (SeaWiFS, http://disc.sci.gsfc.
nasa.gov/giovanni/overview/index.html).
2.4. Daily PP estimate

To assess the pelagic primary production within the euphotic
layer we used the semi analytical model of Morel (1991), a bio-
optical and physiologically based model of the WRDM (Wave-
length-Depth-Resolved-Model) type. Combining an atmospheric
(Tanré et al., 1979) with a bio-optical model of the water column
(Morel, 1988) it gives an estimate of photosynthetic irradiance at
the sea surface and within the water column which, joined to a
parameterization of the main physiological processes (Morel et al.,
1987; Morel, 1991) allows the calculation of daily primary pro-
duction, starting from the concentration of microalgae biomass.
The main remote sensing inputs used by the model are the con-
centration of chlorophyll-a [CHL MedOC3], the sea surface tem-
perature (SST) and the daily PAR. Starting from the surface
concentration of chlorophyll-a the model calculates the chlorophyll
profile in the euphotic layer (Morel and Berthon, 1989). After some
assumptions and approximations (as discussed by Antoine and
Morel, 1996) the computation of daily primary production (PP)
has been obtained, through the basic photosynthesis-irradiance
relationship (PeE curve) and the following equation:

PP ¼ 12 a*maxfm max

�
ZL

0

ZD

0

Z700 nm

400 nm

ChlðzÞPURðz; t; lÞf ½xðz; tÞ�dtdzdl

where L indicates the length of day, D is the depth of euphotic layer,
a*max is the maximumvalue of specific absorption in the chlorophyll
spectrum (about at 435 nm), fm max is the maximum quantumyield
of phototrophic growth, PUR is the fraction of PAR potentially
absorbed by all algal species (Morel et al., 1987), while f (x) is a
function reproducing the PeE curve, where x is the ratio between
PUR and Ek (photo-adaptation irradiance). In the absence of local
phytoplankton physiological parameters, these have assumed to be
constant and equal to their average value (Antoine and Morel,
1996).

The sea surface temperature (SST) provided by MODIS Aqua is
associated with a climatological temperature profile from MODB
(Mediterranean Oceanic Data Base) to obtain the temperature
vertical profiles (0e200 m). The surface PAR value is used by the
model to reconstruct a depth profile of PAR through the average
attenuation coefficient of the euphotic layer (Morel and Berthon,
1989). The process of calculating primary production over the
entire study area is described by Lazzara et al. (2010). The pelagic
primary production in the study area is calculated pixel by pixel
starting from Chl, SST, and daily PAR data, and using the bathy-
metric data. The bathymetry is extracted from one of the same Chl
images downloaded from the NASA ocean color website. These
images are processedwith SeaDAS 6.2, a suite of programs provided

http://oceancolor.gsfc.nasa.gov/cgi/l3
http://disc.sci.gsfc.nasa.gov/giovanni/overview/index.html
http://disc.sci.gsfc.nasa.gov/giovanni/overview/index.html
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by NASA for Ocean Color studies. The bathymetric limit is used to
improve the estimates of the primary production integrated in the
water column, especially useful to avoid an overestimation in
neritic and coastal waters.

The bio-optical model of PP chosen for this study (Morel, 1991;
Antoine and Morel, 1996) has been widely validated and exten-
sively used in the world ocean (Antoine et al., 1996) and more
specifically in the Mediterranean Sea (Bricaud et al., 2002; Bosc
et al., 2004). Besides, a validation of the integrated primary pro-
duction estimates was performed in the Sicily Channel andWestern
Mediterranean waters from phytoplankton vertical profiles of var-
iable fluorescence (pump & probe) measured during the spring
season (Bohm et al., 1998; Nardello et al., 2004). The data show a
good correlation between the daily and vertically integrated PP
estimates from the variable fluorescence model and the bio-optical
model applied to remotely sensed data.

The PB index was calculated as the ratio of the integrated values
of P (Carbon) and B (Chlorophyll) for the shallower depth between
Fig. 1. Temporal evolution of monthly mean Chlorophyll a (green line), solar radiation dose
methanesulfonate in the aerosol (red line) during the years 2005e2008. Vertical lines in MS-
of the references to color in this figure legend, the reader is referred to the web version of
the entire water column and the euphotic layer, as bathymetry can
be lower than euphotic layer.

3. Results and discussion

Four annual cycles (2005e2008) of monthly mean Chl, SRD, PP,
PB and MS� in PM10 samples collected at Lampedusa are shown in
Fig. 1.

Previous studies performed in the Eastern Mediterranean basin
have shown that MS� reproduces the general pattern of atmo-
spheric DMS; however, in spite of the very low DMS lifetime in the
Mediterranean, there is no point to point correlation between DMS
and MS� (Kouvarakis and Mihalopoulos, 2002). For this reason,
monthly averages are used in this work. In order to give informa-
tion on monthly variability the standard deviation calculated over
the month is also reported in Fig. 1.

MS� concentrations maxima are observed in late spring e early
summer; whereas Chl concentration peaks in winter. Indeed, our
(pink line) primary production (blue line), specific production index (PB black line), and
profile represent the standard deviation calculated over the month. (For interpretation
this article.)
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data show an inverse relationship between aerosol MS� and Chl
concentrations around Lampedusa throughout the four years
2005e2008 (r2 ¼ 0.66, not including spring 2005 data), corrobo-
rating those observed between DMS and Chl in the Sargasso Sea
and in the north western coastal Mediterranean Sea (Toole and
Siegel, 2004; Vallina and Simo, 2007).

The summer paradox could be explained by a different phyto-
plankton composition in summer and/or as a result of phyto-
plankton stress due to high UV irradiance and low nutrient
availability, in turn due to shallow mixed layer depth during this
season. Concerning the phytoplankton composition, few data exist
for the Sicily Channel; in particular, there are no comprehensive
data sets enabling an adequate assessment of the relative contri-
bution of each phytoplankton size-fraction (micro-, nano- and pico-
plankton) to the assemblage (Siokou-Frangou et al., 2010 and ref-
erences therein). Nevertheless, several authors reported the
dominance of the smallest phytoplankton fractions throughout the
year, and especially in summer, since their population growth is
favored by the oligotrophic conditions which are typical of this
area. During summer the phytoplanktonic assemblages resulted
generally dominated by prokaryotes; in particular, Synechococcus
spp. abundance was high in surface waters (Brunet et al., 2006),
while Prochlorococcus spp. resulted the most abundant species at
deep chlorophyll maximum (DCM) and upwelling (Bohm et al.,
1998; Brunet et al., 2007). Among picoeukaryotes, pelagophytes
and prymnesiophytes were the most abundant in surface waters
(Brunet et al., 2006, 2007). Recently, the substantial contribution of
picoeukaryotes to the DMSP production has been outlined by
Archer et al. (2010). Thus, the MS� maximum could be partially
explained by the dominant contribution of DMSP producers to the
phytoplanktonic assemblage during summer.

The summer increase in atmospheric MS� concentration (Fig. 1)
is also related to the higher solar radiation dose (SRD, in Wm�2) in
the upper mixed layer (Fig. 2, r2 ¼ 0.87, n ¼ 40, p < 0.001), as it has
been shown for the atmospheric DMS in Vallina and Simo (2007).
High levels of UV radiation are typical in summer at Lampedusa,
when the daily erythemal dose may exceed 6.5 kJ m�2 (Meloni
et al., 2005). The relationship between irradiance and DMS pro-
duction is intricate; it is known that DMSP cleavage to DMS is
promoted by high irradiance and UV (Vallina and Simo, 2007).
Fig. 2. Monthly average methanesulfonate concentration in aerosol versus solar ra-
diation dose at Lampedusa in the years 2005e2008 (March, April and May 2005 are
indicated with empty dots).
Sunda et al. (2002) assessed the antioxidant role of DMSP cleavage
products under conditions of acute light stress and the DMS sum-
mer paradox has already been linked to high UV, long photoperiods
and shallow mixed layer depth (Dacey et al., 1998).

Thus, the observed summer paradox could also be the direct
result of a photo-protection mechanism through DMS release,
hence stressing its defense role against excessive irradiance (Archer
et al., 2010). However, the correlation between the two parameters
does not imply a direct correlation. Indeed, several other atmo-
spheric factors, such as DMS seaeatmosphere exchange, DMS
oxidation pathways and reaction yield to MS� in the atmosphere,
control the aerosol MS� concentration in addition to changes in
DMS production. All these processes are characterized by a high
temporal variability and depend in some way on solar irradiation.

The main factor affecting the DMS atmospheric flux is wind
speed. Higher sea surface temperatures in summer than in winter
reduce the solubility of the gaseous DMS in seawater, and could
contribute to the high concentration of MS� in summer. However,
modeling studies have shown that on global scale DMS sea to air
flux is closely related to the DMS sea surface distribution (Kloster
et al., 2006 and references therein).

The MS� formation in the aerosol from DMS in the Mediterra-
nean occurs mainly (80%) by hydroxyl radical (OH) in heteroge-
neous phase (Mihalopoulos et al., 2007). Due to high solar UV
irradiation (e.g., Casasanta et al., 2011), the OH radical shows a very
high concentration over the Mediterranean basin in summer,
mostly under cloudless condition, favoring photochemical oxida-
tive processes from DMS to MS�. All these processes have seasonal
pattern with summer maxima and contribute to the good correla-
tion between SRD (which is derived from the total irradiance) and
MS�.

Primary production (Fig. 1) shows a more complex seasonal
pattern with high values in correspondence of both high phyto-
plankton biomass and solar radiation. Furthermore PP has no
evident and direct relationship with atmospheric MS�. Conversely,
phytoplankton productivity (PB) shows a seasonal pattern similar to
MS� (Fig. 1) with generally high values in summer correlated with
the solar radiation dose peaks.

High primary production values appear related to an unusually
high winter-spring bloom (spring 2005 special event). In fact,
anomalous high values were observed in spring 2005 for all the
considered parameters (Chl, PP, PB and MS�). Such an anomaly will
be further discussed in Section 3.1.

Excluding the 2005 event, a linear relationship between atmo-
spheric MS� and the chlorophyll specific production index (PB) is
found (Fig. 3, r2¼ 0.84, n¼ 40, p< 0.001). Such correlation suggests
that DMS production (and the related aerosol MS�) is not simply
related to phytoplankton biomass but to the phytoplankton accli-
mation processes (numerically expressed by PB) which in turn, are
induced by the variation of stress factors that, in Mediterranean Sea
during summer, aremainly light excess and the low thickness of the
marine upper mixed layer. The low thickness of the marine upper
mixed layer acts in two ways: (i) it prevents the nutrient supply by
upwelling waters, and (ii) it is responsible for exposition of
phytoplankton cells living in this layer to a higher solar radiation
dose.

The correlation between MS� and PB is a very important result,
suggesting the possibility to experimentally derive PB by atmo-
spheric parameters and thus allowing the validation of biogeo-
chemical models which could be able to predict phytoplankton
growth rates under light and nutrient limitation.

The overall similar evolution of these two quantities is the result
of the influence of different complex mechanisms, and not neces-
sarily a mutual dependence, as discussed above. Data which fall
outside of themain relationship betweenMS� and PB, such as those



Fig. 4. Time series of March, April, May mean North Atlantic Oscillation index (NAO).
NAO Index Data are provided by the Climate Analysis Section, NCAR, Boulder, USA,
Hurrell (1995). Updated regularly. Accessed 01 January 2012.

Fig. 3. Monthly average of methanesulfonate concentration in aerosol versus phyto-
plankton productivity PB (gC gChl�1 d�1) in the seawater around Lampedusa, in the
years 2005e2008 (March, April and May 2005 are indicated with empty dots).
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discussed in the next section, suggest cases in which specific pro-
cesses, other than those identified above, play a relevant role. Thus,
the found relationship may also be used to identify cases in which
other factors are dominant.

3.1. The spring 2005 special event

The correlation between PB, MS� and SRD is mainly driven by
factors having common seasonal patterns. A relevant exception
occurs during spring 2005, when high biomass and PP values are
observed in February and April, whileMS� peaks inMarch andMay.
In general, during springtime the composition of phytoplankton
assemblages is expected to be different with respect to summer,
with the largest phytoplanktonic organisms (diatoms, coccolitho-
phores, and dinoflagellates) being dominant in the late winter-
spring blooms in the Mediterranean Sea (Siokou-Frangou et al.,
2010). However, a relevant contribution by large-size cells to the
phytoplankton assemblage was reported by Bohm et al. (1998) in
the Sicily Channel during spring 1996 and 1998, when micro-
planktonic diatoms were the largest fraction in the coastal up-
welling. Prymnesiophytes resulted generally widespread and
abundant as well, and in particular E. huxleyi was the most abun-
dant species offshore (Bohm et al., 1998). Observations made in
spring 2007 south of Lampedusa, in the Gulf of Gabes, showed
that nanoeukaryotes (chlorophytes, pelagophytes, prymnesio-
phytes and cryptophytes) accounted for more than 77% of total
chlorophyll-a in few offshore stations which were sampled by Bel
Hassen et al. (2009). Thus, the available data for this area indicate
high spring abundances of the major DMSP producers, i.e. prym-
nesiophytes (E. huxleyi) and small nano-eukaryotic flagellates.

Satellite determinations of particulate inorganic and organic
carbon (PIC and POC), obtained through the NASA ocean color data
base suggest that a somewhat special spring bloom occurred in
2005 in the Sicily Channel. Observing the SeaWiFS time series data
for this area, PIC and POC values are more than twice higher in the
first 4 months of 2005 than in the corresponding periods of 2006
and 2007, and nearly twice than in the whole period from 1998 to
2010. It is well known, since the earliest satellite observations, that
high PIC values such as those measured in spring 2005 can reveal
the presence of a coccolithophorides bloom (Balch et al., 1991;
Tyrrell and Merico, 2004) and, as previously stated, coccolitho-
phorides (prymnesiophytes) are known to be efficient DMSP
producers.

An exceptionally high spring 2005 maximum in pelagic primary
production due to an exceptional phytoplankton bloom was
observed also by Olita et al. (2011) in the Algero-Provencal Basin
(from the Gulf of Lion to the east coasts of Corse and Sardinia), by
means of a satellite-based model. In addition to the anomalies in
Chl and PP evolution in winter-spring 2005, also the spring 2005
MS� displays anomalously high values with respect to the same
period of the following years. No information can be derived for
summer 2005 for MS� due to missing data.

SRD and PB do not show any anomalous features in this spring,
and the correlation between these parameters and MS� is lost for
these points (Figs. 2 and 3).

Fig. 4 shows that spring 2005 is characterized by a strong
negative North Atlantic Oscillation (NAO) phase. March, April, and
May 2005 appear to correspond with an exceptionally hot spring
season, due to a prominent extension of the subtropical high over
the western Mediterranean basin. The high pressure condition is
evidenced by a positive anomaly, recorded over the whole atmo-
spheric column, which presumably leads to strong subsidence
cloud free conditions, and weak winds. Fromentin and Planque
(1996) suggested that coccolithophorides blooms may be favored
by NAO negative index conditions. They suggest that the weak
winds associated with a negative NAO index promote the stability
of the water column, preventing a deep mixing of surface water,
reducing the marine mixing layer depth and by this way producing
effects similar to those induced by an increase of SRD.

These steady conditions could have allowed an earlier initiation
of the spring bloom, which could have favored the growth of small
flagellates and prymnesiophytes instead of diatoms, as found by
Irigoien et al. (2000) in the English Channel. This hypothesis could
be also supported by findings of high E. huxleyi abundances in the
Sicily Channel in spring 1996 (Bohm et al., 1998), when the other
negative NAO index had been registered (Fig. 4).

As mentioned before, the occurrence of MS� in the aerosol
particles is also related to various atmospheric processes. The
meteorological analysis for the 20 days showing the highest MS�

show stagnant atmospheric conditions characterized by a consis-
tent core of positive geopotential height (GPH) and temperature
anomalies positioned over the Lampedusa region at all atmospheric
levels, and dry air at shallow tropospheric layers (Fig. S1). The MS�

residence time in the atmosphere is expected to increase due to this
stagnant condition, leading to an enhanced loading in the marine
boundary layer. This mechanismmay have produced in spring 2005
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higher MS� concentrations than usually measured in summer, even
if the irradiance promoting the DMS oxidation in the atmosphere is
not as high as in summer.
4. Conclusions

Measurements of MS� in PM10 and solar irradiance at Lamp-
edusa, satellite determinations of Chl and SST, and NCEP/NCAR
meteorological datawere used to derive estimates of PP, and PB and
to assess the influence of biogenic emissions on measured MS� in
the central Mediterranean. Measurements made in the period
2005e2008 were considered.

TheMS� showed in the different years a distinct annual cycle for
this area with higher concentration in summer. The summer
maximum occurred in correspondence with the maximum of solar
radiation. Conversely, Chl and pelagic primary production appeared
negatively correlated with MS� (summer paradox). The summer
paradox for the studied area was explained as the combination of
seasonal changes in the phytoplankton composition, and phyto-
plankton stress due to high irradiance (UVevisible) and low
nutrient availability associated with a shallow mixed layer depth
during summer.

A statistically significant linear relationship between atmo-
spheric MS� and both the phytoplankton productivity index PB

(r2 ¼ 0.84, p < 0.001), and the solar radiation dose (r2 ¼ 0.87,
p < 0.001) in the upper mixed layer of the sea around Lampedusa
was found. These correlations suggest that the MS� seasonal
behavior was mainly related to the phytoplankton physiology
(growth rate, photo adaptation), which in turn depends on stress
factors (i.e., excess radiation and water column stratification during
summer in the Mediterranean).

The occurrence of a linear correlation between MS� and PB is a
very important result and, although it needs confirmation over an
enlarged data set covering a larger marine sector, it suggests the
possibility to experimentally derive PB from atmospheric parame-
ters, thus allowing the validation of biogeochemical model results,
and the improvement in their ability to predict phytoplankton
growth rates under light and nutrient limitation. Such ability is
fundamental for a correct modeling of the ocean carbon cycle at the
global scale.

High biomass and PP values were observed in February and
April 2005, just one month before unusually high values of atmo-
spheric MS� (March and May). The high values in this season could
be related to the negative phase of North Atlantic Oscillation by two
mechanisms driven by stable atmospheric condition: (i) the weak
winds over the Mediterranean Sea prevent a strong vertical mixing
of the water column, thus reducing the upper mixed layer depth
and producing effects similar to an increase of SRD and (2) the
stable atmospheric condition determine the accumulation of the
newly formed MS� in the marine boundary layer.

The link between anomalously high MS� atmospheric concen-
trations and NAO requires further investigations on an extensive
data set. If confirmed, it would imply important consequences on
climatic feedbacks which involve sulfur species in the atmospheric
aerosol.
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