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Abstract

The global marine sources of organic carbon (OC) are estimated here using a
physically-based parameterization for the emission of marine isoprene and primary or-
ganic matter. The model developed in this study allowed us, for the first time, to explore
the relative contributions of sub- and super-micron organic matter and phytoplankton-5

produced secondary organic aerosol (SOA) to the total OC fraction of marine aerosol.
New laboratory measurements of isoprene production by some of the main phyto-
plankton species under a range of environmental conditions was scaled up, with the
help of satellite products, to infer the total annual mean ocean isoprene emissions of
0.92 Tg C yr−1. The sensitivity studies using different schemes for the euphotic zone10

depth and ocean phytoplankton speciation produced the upper and the lower range of
marine-isoprene emissions of 0.31 to 1.09 Tg C yr−1, respectively. Empirical relation-
ships between fluxes of water soluble (WSOM) and water insoluble (WIOM) organic
matter (OM) and chlorophyll-a concentration was used to estimate the total primary
sources of oceanic sub- and super-micron OC of 1.26 and 19.01 Tg C yr−1, respec-15

tively. Using a fixed 3% mass yield for the conversion of isoprene to SOA, our model
simulations show minor (less than 0.2%) contribution of ocean produced isoprene to
the total marine source of OC. However, our model calculations also indicate that over
the tropical waters, marine isoprene-derived SOA could contribute over 40% of the
total monthly-averaged sub-micron OC fraction of marine aerosol. The estimated con-20

tribution of ocean-isoprene SOA to hourly averaged sub-micron marine OC fluxes is
even higher, reaching nearly 100% over the vast regions of the oceans during the mid-
day hours. As it is widely believed that cloud condensation nuclei (CCN) is typically
dominated by sub-micron sized particles, our findings suggest that marine sources of
SOA could play a critical role in modulating properties of shallow marine clouds and25

influencing the climate.
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1 Introduction

Marine aerosols strongly affect properties and lifetime of stratiform clouds, influencing
Earth’s radiation budget and climate. Established sources of marine aerosol include
primary emission of sea-salt particles and dimethylsulfide (DMS), the atmospheric ox-
idation of which is a major source of non-sea-salt (nss) sulfate in remote marine air5

(Shaw, 1983; Andreae et al., 1986; Charlson et al., 1987; O’Dowd et al., 1998). It
has also been proposed that primary emissions of biogenic organic matter, bacterial
and viral debris from wave breaking (Middlebrook et al., 1998; O’Dowd et al., 2004;
Leck and Bigg, 2005) and secondary organic aerosol (SOA) from phytoplankton emit-
ted biogenic volatile organic compounds (BVOCs) (O’Dowd et al., 2002; Meskhidze10

and Nenes, 2006; O’Dowd and de Leeuw, 2007) can act synergistically with the estab-
lished mechanisms, leading to changes in marine aerosol chemical composition and
number concentration. Significant abundances of organic carbon (OC) aerosols have
been observed in marine environments (Novakov et al., 1997; Putaud et al., 2000;
Cavalli et al., 2004; Yoon et al., 2007; Pio et al., 2007), particularly over the regions15

of enhanced oceanic biological activity (O’Dowd et al., 2004). Despite the significant
progress in the recent decade, the mechanism and the magnitude of the marine OC
sources are still highly uncertain, and the role of oceanic biota in modifying chemical
composition and size distribution of marine cloud condensation nuclei (CCN) remains
one of the most intriguing questions in the climate studies.20

Marine organic aerosols appear to have two distinctly different sources and can be
broadly classified as primary and secondary. Primary marine organic aerosols of bio-
genic origin are emitted from the ocean by the bubble bursting process, forming in-
ternally mixed aerosol of sea salt and organics (Middlebrook et al., 1998; Cavalli et
al., 2004). Primary marine organic aerosols, especially in the sub-micron diameter25

size range, are typically comprised of organic colloids and aggregates (Leck and Bigg,
2005; Facchini et al., 2008). Analyses of marine aerosol chemical composition show
that during the periods of high ocean productivity, concentration of water insoluble or-
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ganic aerosols in the accumulation mode increase by almost a factor of 10 (from 0.07
to 0.619µg m−3) and comprise up to 45% of the total sub-micron aerosol mass in the
marine air (O’Dowd et al., 2004).

Secondary organic aerosols of marine origin can be formed by the oxidation of
phytoplankton-emitted biogenic volatile organic compounds (BVOCs). Out of many5

different phytoplankton-emitted BVOCs (e.g., DMS, halocarbons, and several types of
non-methane hydrocarbons (NMHC) (Shaw et al., 1983; Bonsang et al., 1988; Tokar-
czyk et al., 1994), in this study we focus on oceanic fluxes of isoprene. Photooxidation
of isoprene has been shown to lead to the formation of SOA (Claeys et al., 2004).
Recent laboratory chamber studies show that SOA yields (defined as the ratio of the10

mass of SOA formed to the mass of isoprene reacted) are 1–2% at high NOx levels
(Kroll et al., 2005), ∼3% at low NOx levels (Kroll et al., 2006) and up to 24% from the
reaction of isoprene with the nitrate radicals (Ng et al., 2008). Aqueous phase chemical
processes offer additional SOA production pathways increasing the SOA yields up to
42% (Ervens et al., 2008). Further uncertainties in the assessments of global marine15

SOA sources arise from the fact that marine isoprene emissions have been shown to
be sensitive to light (Lewis et al., 2001; Shaw et al., 2003; Liakakou et al., 2007; Sinha
et al., 2007), temperature (Shaw et al., 2003) and species of phytoplankton (Shaw et
al., 2003). The current estimates for global marine-source isoprene emissions range
between 0.1–1.68 Tg C yr−1 (Bonsang et al., 1992; Milne et al., 1995; Broadgate et al.,20

1997; Baker et al., 2000; Matsunaga et al., 2002; Palmer and Shaw, 2005; Sinha et al.,
2007; Arnold et al., 2008) and are summarized in Table 1.

Modeling studies have demonstrated that the inclusion of marine organic aerosols
decreases cloud droplet effective radii, increases droplet number concentration and
results in better agreement with the measurements (Roelofs, 2008). Despite some25

recent advances in global marine organic aerosol emission estimates (Spracklen et al.,
2008), treatment of phytoplankton-emitted isoprene, and therefore oceanic sources of
SOA, is rather limited. In this study, we use new laboratory measurements of isoprene
production by phytoplankton under a range of light conditions, as well as ocean surface
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wind and chlorophyll-a concentration ([Chl-a])-dependent emissions of marine primary
organic aerosols to create global maps of oceanic OC aerosol emissions.

2 Methods

2.1 Phytoplankton cultures and chlorophyll analysis

Three diatom strains Thalassiosira weissflogii (CCMP 1336), Thalassiosira pseudo-5

nana (CCMP 1335), and Chaetoceros neogracile (CCMP 1318), and a coccolithophore
Emiliania huxleyi (CCMP 375) were grown on L1-based (Sigma-Aldrich) medium in a
climate-controlled room with constant temperature and light conditions of 22◦C and
∼90µE m−2 s−1 respectively. The seawater and nutrients were prepared for culturing
by autoclaving overnight to remove bacterial contamination. Cultures were grown in10

1 liter Erlenmeyer flasks covered with aluminum foil allowing air transfered to prevent
carbon dioxide limitation. Prior to the experiment, 20 ml samples were transfer onto
Whatman GF/F filters under vacuum and stored in freezer for later analysis of [Chl-a].
Chlorophyll-a was extracted with 90% acetone and concentration determined following
the method of Holm-Hansen and Riemann (1978) using a Turner fluorometer model15

#450.

2.2 Isoprene measurements

After an incubation period ranging from 7–14 days, 30 ml aliquots of the dense phy-
toplankton populations cultures were transferred to Wheaton 40 ml EPA glass vials
and sealed using open-top screw caps with 10 mm TFE and 90 mm silicone septa.20

The 10 ml of headspace remaining above the sample maximized concentrations of iso-
prene emitted by the phytoplankton while ensuring that CO2 limitation did not occur
during the experiment. To assess the effect of changing incoming solar radiation for
isoprene production, the phytoplankton were exposed to various levels of light inten-
sity ranging from 0 to 1200µE m−2 s−1 (∼0 to 600 W m−2) for up to eight hours under25
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a constant temperature of 23◦C controlled by a Neslab CFT-33 Refrigerated Recircu-
lator (Thermo Fisher Scientific, Waltham, MA). The samples were suspended over 6
halogen lights (Philips 250W Projector Lamp #13095) in a water bath with circulating
water to absorb heat from the lights. Irradiance inside the water bath was measured
by QSL-100 Laboratory Quantum Scalar Irradiance Meter (Biospherical Instruments,5

San Diego, CA). The intensity of light reaching the samples was controlled by lining
the bottom of the water bath with several layers of semi-translucent fiberglass screen.
Prior calibration testing revealed that each layer of the screen absorbed approximately
half of the incoming light.

Laboratory measurements of isoprene concentrations were taken using a headspace10

gas chromatography (GC) with a Photovac Voyager (Photovac, Inc., Waltham, MA)
portable GC with a photoionization detector (PID). Ultra high-purity nitrogen was used
as a carrier gas. The system was calibrated against a standard containing 103.2 ±
10.3 ppb (v/v) isoprene in ultrapure nitrogen (Scott-Marrin Inc., Riverside, CA). The
detector output is linear from 0 to 460 ppb v/v isoprene concentration with an inter-15

cept through zero (Geron et al., 2006). We estimate that both precision and accuracy
were within 10% as determined by repeated measurements of the standard gas and
inter-calibration against PTR-MS (Proton Transfer Reaction Mass Spectrometry) dur-
ing intensive field study at the University of Virginia at Charlottesville. According to the
instrument calibration records carried out at Photovac, Inc., the lower detection limit20

of our analytical system is 3 ppbv. Using a Hamilton Gastight #1750 syringe, 500µL
of the headspace from each sample were injected in the gas sample loop with 0.5 to
1 h intervals to monitor the changes in isoprene concentrations inside the sealed vials.
Column temperature was isothermal at 60◦C and pressure was constant at 6 psi. Dur-
ing each experiment, we kept several phytoplankton samples in the dark and observed25

isoprene concentration levels that were below the detection limit. This indicates that
like Prochlorococcus (Shaw et al., 2003), isoprene production from diatom and coccol-
ithophore species were negligible under nighttime conditions. The isoprene concentra-
tions from the headspace of blank seawater samples were measured and used as the
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background air that was subtracted from the phytoplankton sample measurements.
Figure 1 shows that for all types of phytoplankton, production rates increase under

increasing light intensity with a rapid increases at low levels and gradual increases at
high levels of irradiance, in a pattern similar to terrestrial plants (Guenther et al., 1993).
These measurements were fit to a logarithmic curve with diatoms having the highest5

isoprene production and coccolithophores having the lowest. Amongst the diatoms, C.
neogracile had the highest isoprene production under all light conditions, followed by T.
weissflogii and T. pseudonana with similar production rates. Symbols on Fig. 1 show
the average of all measurements for a given light intensity and the error bars indicate
the highest and the lowest measured values. A wide range in emission rates is likely10

to be attributed to expected photoinhibition of marine phytoplankton photosynthesis
(Platt et al., 1980) and the different growth conditions of planktonic species. Although
results were inconclusive, it was also noticed, that for a given [Chl-a], “young” plankton
exhibited somewhat higher isoprene emission rates compared to the “old” ones. In
addition, differences in emission rates were noticed when different amounts of nutrients15

were used for the plankton growth. The isoprene production rates P (µmole isoprene
(gram chlorophyll-a)−1 h−1) are given by the equation:

P = EF ∗ In I2 (1)

where EF is the emission factor for each phytoplankton species (0.042 for diatoms,
0.032 for Prochlorococcus, 0.029 for Synechococcus, 0.019 for coccolithophores, and20

0.028 for other phytoplankton) and I is the ambient light intensity (µE m−2 s−1). We
calculated the emission factors for diatoms and coccolithophores by fitting a logarith-
mic curve to our measurements, and approximated the emission factors for Prochloro-
coccus, Synechococcus, and others by converting the daily isoprene production rates
from Shaw et al. (2003) to hourly rates and using a similar logarithmic curve to extrap-25

olate measurements taken at 90µE m −2 s−1 to light intensities greater than 1200µE m
−2 s−1.
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2.3 Phytoplankton speciation

Global phytoplankton speciation is estimated by using two distinct methods: the
PHYSAT (Alvain et al., 2005), and the nutrient depleting temperature (NDT)
(Kamykowski et al., 2002). In the PHYSAT method, satellite-derived normalized water-
leaving radiances (nLw) from 5 different wavelengths are compared to the lookup tables5

of average nLw (nLw*) for each wavelength based on [Chl-a]. Speciation is determined
based on the unique effects on satellite-observed nLw by the pigments of each phy-
toplankton class. The global monthly maps of nLw data at 1◦ latitude × 1◦ longitude
resolution were created by regridding the Sea-viewing Wide Field-of-view Sensor (Sea-
WiFS) monthly-averaged ∼9 km resolution nLw data for the year 2001. By comparing10

the obtained nLw data with the lookup tables of nLw*, the following dominant phyto-
plankton classes were identified: Nanoeukaryotes, Prochlorococcus, Synechococcus,
diatoms, and phaeocystis-like plankton/coccolithophores. In the NDT method, sea-
sonal and inter-annual nutrient (i.e., nitrate, phosphate, silicate and iron) variability and
remotely sensed [Chl-a] data is used to infer the likely phytoplankton cell size and tax-15

onomic composition (Kamykowski et al., 2002). SeaWiFS monthly-averaged ∼9 km
resolution sea surface temperature (SST) was regridded to 1◦×1◦ and compared to
NDT tables of nutrient categories (Kamykowski et al., 2002) to create global monthly
maps of phytoplankton classes for year 2001. The two methods (i.e., PHYSAT and
NDT) show similar spatial and seasonal distribution of plankton speciation (not shown)20

and are in general agreement with the outputs from the NASA Ocean Biochemical
Model (NOBM) (Gregg et al., 2003). Both PHYSAT and NDT models place diatoms
in the high latitude oceans above 40◦ North or South and upwelling regions, coccol-
ithophores in the polar regions, and Prochlorococcus/Synechococcus in the ocean
gyres and equatorial regions. In this study, the PHYSAT model is used as a default25

for the assessments of the global marine-isoprene emissions. In Sect. 4.1 we present
sensitivity calculations using NDT method to estimate how distinct methods and the
uncertainties in phytoplankton community composition can affect our results for total
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global oceanic emissions of isoprene.

2.4 Oceanic isoprene emissions

Estimated isoprene emission rates for some of the major phytoplankton species un-
der variable light intensity were used to create global maps of oceanic isoprene emis-
sion. Photosythetically active radiation (PAR) measurements (µE m−2 s−1) were con-5

verted to total solar radiation (W m−2) by using the following approximate conversion
2µE m −2 s−1=1 W m−2 (Jacovides et al., 2004). Surface [Chl-a] (mg m−3) was derived
from monthly-averaged ∼9 km, Level 3 SeaWiFS satellite data regridded to 1◦×1◦. Sea-
WiFS was shown to have the most accurate retrieval of surface [Chl-a] in coastal as
well as remote oceanic sites (Blondeau-Patissier et al., 2004). The amount of solar10

radiation received by phytoplankton at different depths of the water column is calcu-
lated using hourly 1◦×1◦ all-sky surface incoming solar radiation Io (W m−2) from the
Global Weather Research and Forecasting Model (G-WRF) v. 3.0 (Richardson et al.,
2007). The values of downwelling irradiance within a water column were characterized
using the diffuse attenuation coefficient values at 490 nm kd (490) (m−1) from regrid-15

ded SeaWiFS data (O’Reilly et al., 1998). The light propagation throughout the water
column with depth d (meters) is estimated by applying Beer-Lambert’s Law, given by:
I=Io e

−kd (490)d . The total water depth Dw through which isoprene production can oc-
cur in our model was assumed to extend from the surface to the point at which the
light levels are reduced to 2.5 W m−2, which is the level at which the photosynthesis20

ceases in Prochlorococcus (Shaw et al., 2003). This depth, which represents the max-
imum possible extent of the planktonic euphotic zone, is determined using the following
equation:

Dw = (−In
(

2.5
Io

)
∗ kd (490)−1) (2)

In this formulation it is assumed that the light at depth will continue to diffuse at a25

rate identical to the surface diffuse attenuation retrieved by SeaWiFS. Calculations
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documenting the sensitivity of our global marine-isoprene fluxes to selection of the
ocean euphotic zone depth are presented in Sect. 4.2.

The total column isoprene emission E (µmole h−1) is found by integrating Eq. (1) by
Dw :

E = SA ∗ Dw ∗ [Chl-a] ∗ F ∗
Dw
∫
0

P ∂d (3)5

here SA is the surface area of the 1◦×1◦ grid cell (m2) and F is the emission fraction
(i.e., fraction of water column produced isoprene emitted to the atmosphere). The
emission fraction is calculated as the ratio of sea-air flux of isoprene to total isoprene
loss in the water column from chemical, biological, and ocean-air exchange following
the method of Palmer and Shaw (2005).10

2.5 Primary organic aerosol emissions

Chemical analyses of marine aerosols show that OC that resides in sub- and super-
micron modes of sea-spray particles has considerably different water solubility (Fac-
chini et al., 2008). While water insoluble organic carbon (WIOC) comprises the major
portion (94±4%) of sub-micron OC particles, water soluble organic carbon (WSOC)15

contributes more than one-third (33±3%) of total carbon in the coarse size fraction of
marine aerosols (Facchini et al., 2008). Here the global marine primary OC emissions
are estimated separately in sub- and super-micron range. Over the productive regions
of the oceans, the sub-micron range marine aerosol mass was shown to be dominated
by insoluble organics, while the super-micron size range aerosols were dominated by20

sea-salt (Facchini et al., 2008). The sub-micron mass flux Fsub (ng m−2 s−1) of marine
primary organic aerosols can be parameterized by multiplying the sea-spray emission
rates of particles less than 1µm diameter by the water insoluble organic fraction of
sub-micron marine aerosols (Ceburnis et al., 2008; Langmann et al., 2008):

Fsub = 4.72 ∗ 10−5 ∗ U4.22
22 ∗ [Chl-a] (4)25
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where U22 is the wind speed at 22 m above the water surface (m s−1). We estimate
U22 using 4-times daily 10 m wind velocity from the National Center for Environmental
Prediction (NCEP) Reanalysis (http://www.cdc.noaa.gov/cdc/reanalysis/) for the year
2001. The wind data, originally in a T62 Gaussian grid, was spatially interpolated to the
1◦×1◦ grid and converted to 22 m winds by applying the correction factor from Andreas5

(1998). For simplicity, we assume neutral stability and implement a logarithmic wind
profile with the height. The WIOM flux was converted to an OC flux by using the OC to
WIOM conversion factor of 1.4 (Decesari et al., 2007; Facchini et al., 2008).

The super-micron primary organic aerosol mass flux is calculated in a way similar to
the sub-micron flux, though using a different sea-spray function and an organic percent10

of the sea-spray, reflecting the minor contribution of organics to the coarse aerosol
mode. The sea-spray number flux from Smith and Harrison (1998) was converted into a
mass flux by assuming spherical particles with a density of sea-salt (2.165 g cm−3). The
mass flux was integrated for particles with diameters from 1–8µm, corresponding to the
size range of super-micron particles measured in most marine aerosol studies (O’Dowd15

et al., 2007). Despite the dominance of sea-salt in super-micron marine aerosols, it was
shown that over the productive region of the Northern Atlantic Ocean, organic mass
contributed ∼3% of 4–8µm diameter sea-spray particle mass (Facchini et al., 2008).
The super-micron mass flux Fsuper (ng m−2 s−1) of marine primary organic aerosols is
parameterized as:20

Fsuper = (6.86 ∗ 10−5 ∗ U3.5
10 + 1.75 ∗ 10−4 ∗ U3

10) ∗ [Chl-a] (5)

where U10 is the wind speed at 10 m above the water surface, obtained from the
spatially-interpolated 10 m NCEP 4-times daily wind velocity datasets. The super-
micron mass flux of marine primary OC was calculated using OC to OM conversion
factor of 1.52 reflecting the higher WSOC content of coarse marine organic aerosols25

(Decesari et al., 2007; Facchini et al., 2008).
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3 Results

Recent studies suggest that strong physico-chemical properties of marine aerosols
can be linked to the observed seasonal cycle of [Chl-a] in ocean surface waters (Yoon
et al., 2007). Based on the vertical concentration gradient measurements of marine
aerosols at the coastal research station in Mace Head, Ireland, two distinct production5

mechanisms for WSOC and WIOC organic carbon were proposed (Ceburnis et al.,
2008). It was shown that WIOC had a net production at the surface (i.e., primary
production), while WSOC was predominantly of secondary origin. In order to derive
global oceanic source of OC, we consider separately primary and secondary organic
aerosol emissions.10

3.1 Global isoprene emissions

Global production of SOA of marine origin is calculated here based on global sea-
air isoprene fluxes assuming 3% mass yield of isoprene to SOA (Henze and Sein-
feld, 2006). Figures 2a,b show the seasonal changes in spatial distribution of iso-
prene emissions for the year 2001. Fluxes range from ∼5×105 to 6×108 molecules15

cm−2 s−1, which are comparable with published in-situ flux measurements and model-
ing results (Bonsang et al., 1992; Milne et al., 1995; Broadgate et al., 1997; Baker
et al., 2000; Matsunaga et al., 2002; Broadgate et al., 2004; Greenburg et al.,
2005; Liakakou et al., 2007; Sinha et al., 2007). Figure 2 shows that the high-
est emission values are generally estimated during the spring and summer sea-20

sons (September–March in the Southern Oceans and April–August in the Northern
Oceans); coastal waters affected by upwelling and river runoffs also demonstrate el-
evated emission rates. Overall, the emission pattern of Fig. 2 is similar to that for
[Chl-a] with large values typically observed in regions with the adequate light and nutri-
ent availability (e.g., coastal margins and upwelling regions) and low concentrations in25

the gyres (see Auxiliary material Fig. S1: http://www.atmos-chem-phys-discuss.net/9/
2933/2009/acpd-9-2933-2009-supplement.pdf). However, careful inspection of Fig. 2
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shows some considerable differences between the surface [Chl-a] and isoprene emis-
sion rates. Despite low chlorophyll abundance, widespread areas in equatorial ma-
rine regions have moderately high isoprene emission rates often reaching more than
6×107 molecules cm−2 s−1. Such high emission rates throughout the year are likely to
be attributed to the elevated solar radiation levels. Elevated rates of emissions and5

water concentrations of isoprene and other NMHC have been observed in several lo-
cations in equatorial waters, presumably because of the high solar radiation (Bonsang
et al., 1988).

In addition to monthly mean flux values, diurnal variations in isoprene emission rates
were also simulated using hourly incoming surface solar radiation values from the G-10

WRF model. When considering global marine sources of SOA it is very important for
the models to correctly capture the diurnal variations of marine isoprene emissions.
Due to the light dependence of isoprene production, it was shown that maximum mid-
day emissions of phytoplankton-produced isoprene are roughly an order of magnitude
higher compared to the nighttime emissions (Lewis et al., 2001; Liakakou et al., 2007;15

Sinha et al., 2007). Furthermore, the effects of marine isoprene-derived SOA on prop-
erties of shallow marine clouds and the resulting changes in short-wave radiative flux
at the top of the atmosphere are likely to be the most pronounced during the daylight
conditions (Meskhidze and Nenes, 2006). Therefore, calculating isoprene emissions
on a frequency of an hour or less will provide better estimates for the possible contri-20

bution of SOA to marine OC aerosol composition. Currently there are very few studies
reporting the diurnal variations of in-situ measurements of marine isoprene emissions.
In Fig. 3a, the simulated isoprene emissions from the North Pacific Ocean between
19 May and 26 May 2001 are compared to in-situ measurements from Matsunaga et
al. (2002) from the same period and location. Figure 3a shows that in general, mod-25

eled emission rates are comparable to the observations in both magnitude and diurnal
variation. However, the figure also shows the small overestimation of oceanic isoprene
emissions during the day and strong underestimations at night. Such differences be-
tween the simulated and observed emissions should be attributed to the absence of
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isoprene accumulation in the modeled water column.
Figure 3b shows the simulated isoprene emissions near Raunefjord, Norway from

May 31 to July 10, 2001. Compared to in-situ measurements of Sinha et al. (2007) con-
ducted during the same time period but in year 2005, our emission rates are lower by a
factor of 2–3. Sinha et al. (2007) reported a mean isoprene flux value of 0.12 ng m−2 s−1

5

and daily maximum flux values ranging from ∼0.2 to 0.9 ng m−2 s−1. The most likely
reason for the discrepancy between the simulated and observed fluxes is the lower
chlorophyll-a content of our 2001 grid, which had a [Chl-a] of 0.84 mg m−3 compared
to the reported [Chl-a] of ∼2.0 mg m−3 by Sinha et al. (2007). Despite the fact that
isoprene emissions from phytoplankton do not scale linearly with the surface chloro-10

phyll concentration, lower [Chl-a] is believed to be the major factor for such differences
in the emissions. Other factors may include differences in the dominant phytoplank-
ton classes present at the same locations during the two different time periods and
the 1◦×1◦ grid-cell smoothing of elevated, but localized, emissions. Overall, Fig. 3a, b
demonstrate that despite some difficulties with the total emission rates, the model was15

capable of capturing the diurnal cycle in marine isoprene emissions.
In this study we estimate the total global sea-air isoprene flux to be ∼0.92 Tg C yr−1.

This value is within the range of estimates of 0.19–1.68 Tg C yr−1 proposed by previ-
ous studies based on in-situ measurements (Milne et al., 1995; Bonsang et al., 1992;
Broadgate et al., 1997) and satellite observations (Palmer and Shaw, 2005; Arnold et20

al., 2008). Sensitivity calculations for different plankton speciation and water column
depths presented in Sect. 4 show an estimated range of global isoprene emissions
between 0.31 and 1.09 Tg C yr−1.

3.2 Global primary organic aerosol emissions

The sub-micron primary OC emission rates for January and July, 2001 are shown in25

Fig. 4a, b. These figures show that the areas in the mid-latitudes from about 40◦

to 60◦ North or South of the equator have high emission rates throughout the year.
In these regions primary OC emissions are mainly controlled by high surface ocean
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winds, so emission rates in excess of 1010 molecules C cm−2 s−1 are common. The
lowest primary OC emission rates occur near the equatorial regions resulting from the
relatively low surface wind speed and [Chl-a] (see Fig. 4). The global distribution of
super-micron primary organic aerosol emission rates, (Fig. 4c, d) are similar to the
sub-micron fluxes but with higher values owing to the higher mass of larger particles.5

In this study we estimate global annual ocean emissions for sub- and super-micron
primary OC to be about 1.3 and 19 Tg C yr−1, respectively. Different estimates for the
global marine OC emissions are summarized in Table 1.

3.3 Relative importance of primary and secondary organic aerosols of marine origin

The relative contribution of ocean emitted primary organic aerosols and phytoplankton-10

produced SOA to the total marine OC aerosol burden has been a topic of discussion
in several recent papers (Vaattovaara et al., 2006; O’Dowd et al., 2007; Arnold et al.,
2008). Prognostic, physically-based emission mechanisms for both primary and sec-
ondary marine organic aerosols developed in this study allow us to evaluate spatial and
temporal distribution of the percent contribution of phytoplankton-derived SOA to the15

total simulated marine organic aerosol emissions. Here we mainly focus on sub-micron
primary marine organic aerosol and on phytoplankton-derived SOA, since it is believed
that they are the main contributors to water soluble and water insoluble organic frac-
tion of marine aerosol, influencing their CCN activation potential (Nenes et al., 2002;
O’Dowd et al., 2004). In order to compare isoprene-derived SOA emission rates to20

that of sub-micron primary OC aerosols, we assume OC to SOA conversion factor of
1.6 (Turpin et al., 2001). Figure 5a, b show widespread areas of the equatorial oceans
where SOA from phytoplankton-emitted isoprene contributes over 40% of total monthly
averaged OC mass fraction of sub-micron marine aerosols. This figure also shows
that despite larger ocean fluxes of isoprene in productive regions of the North Atlantic,25

North Pacific and the Southern Oceans (see Fig. 2), monthly averaged marine SOA
contributes minor fraction of total sub-micron ocean-emitted OC in these polar waters.
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Figure 6 shows that the zonally-averaged emission rates of phytoplankton-produced
SOA are comparable to sub-micron primary OC aerosols in equatorial regions, while
in most other locations, marine sources of OC are dominated by sub-micron primary
aerosols. Such high sea-air flux values of sub-micron primary OC (more than an order
of magnitude higher than the emission rates for marine-source SOA) is primarily due5

to the year round elevated wind speed in the high latitude regions. Overall, despite
phytoplankton-produced SOA being a minor contributor to the global sub-micron ma-
rine aerosol OC fraction (see Table 1), Figs. 5 and 6 show that marine-source SOA
may have considerable effect on CCN composition over vast regions of the oceans.

In addition to large spatial differences, ocean emissions of BVOCs are also charac-10

terized by strong diurnal variations (Bonsang et al., 1988; Sinha et al., 2007). There-
fore, using global monthly averaged values for phytoplankton-emitted isoprene may
significantly underestimate the contribution of marine SOA to the total organic fraction
of ocean emitted aerosols during the day and overestimate at night. The contribution
from daily maximum marine isoprene-derived SOA to the organic fraction of marine15

CCN is further explored on Fig. 7. The global maps of Fig. 7 can be interpreted as an
hourly averaged “snapshot” for the potential impact of midday SOA emissions on total
(primary and secondary) sub-micron marine OC flux. Figure 7 shows that the localized
percent contributions of marine isoprene-derived SOA to the total sub-micron marine
OC emissions approach 100%, even in areas with low monthly averaged values (i.e.,20

polar waters). Therefore, Fig. 7 highlights the need for improved assessments of the
marine isoprene emissions in different parts of the global ocean. It also shows that
a marine isoprene emission time step on the order of an hour may be required for
the global models to correctly capture the contribution of ocean-derived SOA to water
soluble and water insoluble OC fraction of marine CCN.25

3.4 Sensitivity analyses

In this section, sensitivity calculations are presented to illustrate how reasonable
variations in some of the key model parameters affect the total global emissions of
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phytoplankton-produced isoprene. Specifically we address the model sensitivities to
phytoplankton speciation and the extent of the water column through which the iso-
prene production occurs.

3.5 Phytoplankton speciation

Two different phytoplankton speciation schemes implemented in this study allow us to5

examine the impact on marine-source isoprene emission estimates to the uncertain-
ties in the plankton speciation. The primary difference in speciation between the two
examined methods (i.e., PHYSAT and NDT) is the diatom dominance in larger areas of
high latitude oceans. Because diatoms produce isoprene at a rate that is roughly 30%
higher than other phytoplankton classes, the NDT speciation method gives somewhat10

greater high latitude isoprene emissions and increases the estimate of total global an-
nual isoprene fluxes to 1.09 Tg C yr−1, i.e., ∼20% higher than the PHYSAT estimate.
This finding suggests that differences in phytoplankton speciation (deduced using two
distinct methods based on remotely-sensed data) are likely to contribute 20% uncer-
tainty in global isoprene emissions. This result also points to the uncertain nature of15

estimating isoprene emissions using remotely-sensed data and highlights the need for
supplementary in-situ measurements of phytoplankton speciation in different parts of
the global ocean.

3.6 Variable euphotic depth

For a sensitivity analysis of the effect of euphotic zone estimate on marine-isoprene20

production, we set Dw to one optically-sensed depth given as: Dw=kd (490)−1. When
limiting isoprene production to only the first optical depth (∼1m to ∼50m based on the
surface ocean [Chl-a]), the total global annual ocean isoprene emission are reduced
to 0.31 Tg C yr−1. This estimate should be considered as the low limit of isoprene
emissions, since it is not uncommon for the seawater [Chl-a] and dissolved isoprene25

maximum to occur in the mixed layer well below the first optical depth viewable by the
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satellites (Milne et al., 1994).

4 Conclusions

A physically-based parameterization for the emission of marine isoprene and primary
organic matter was developed and used to estimate the global oceanic sources of
OC. In this study new laboratory measurements of isoprene production by different5

phytoplankton species under a range of light conditions with a light intensity reaching
1200µEm−2 s−1 were preformed. The obtained relationship was used in conjunction
with remotely sensed data of [Chl-a], phytoplankton speciation and water-attenuation of
solar downwelling irradiance to simulate, for the first time, the diurnal variation of marine
isoprene production in different parts of the global ocean. We estimate the total mean10

global marine-source isoprene emission to be 0.92 Tg C yr−1. Based on the sensitivity
studies using different schemes for the euphotic zone depth and ocean phytoplankton
speciation, we propose the upper and the lower range of marine-isoprene emissions to
be between 0.31 and 1.09 Tg C yr−1, respectively. In agreement with the in-situ studies,
our simulations show very large differences between daytime and nighttime emissions15

of marine isoprene. Such large diurnal variation in isoprene production rates could
partially reconcile considerable discrepancies in past global marine isoprene produc-
tion estimates. Despite comparable results, differences remain between observed and
our model-predicted marine isoprene fluxes, mainly under nighttime conditions. Un-
derprediction of nighttime emissions of marine isoprene in our model is likely to be20

attributed to the absence of isoprene accumulation mechanism in the water column.
The model developed in this study allowed us to explore the relative contribution

of sub- and super-micron organic matter and phytoplankton-derived SOA to the total
OC fraction of marine aerosol. To do so, marine isoprene emissions were converted
into an SOA fluxes using a fixed 3% mass yield. Our model simulations show that25

phytoplankton-derived isoprene is a minor source of a total global annually emitted
marine OC aerosol. The estimated range for oceanic SOA represents minor fraction
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of 20.3 Tg C yr−1 of total ocean-emitted OC. However, the importance of marine sec-
ondary organic aerosols becomes apparent, when phytoplankton derived SOA is com-
pared to sub-micron primary marine organic aerosol emissions. Sub-micron fraction
was chosen for the comparison since it is believed that sub-micron OC influences the
CCN activation potential of marine aerosols. Our model simulations show that monthly5

averaged marine sub-micron primary OC emissions are considerably higher than that
of isoprene-derived SOA in most oceanic regions, except in tropical waters, where
marine isoprene-derived SOA contributes more than 40% of the total sub-micron OC
fraction of marine aerosol. When hourly isoprene emission values are used, simula-
tions show even larger contribution from phytoplankton-derived SOA. During the mid-10

day hours, typically associated with the largest production of isoprene, marine-source
SOA can contribute up to 100% of total sub-micron OC fraction of marine CCN over
vast regions of the oceans. Since the effect of marine SOA is particularly pronounced
during the daylight conditions, an isoprene emission time step on the order of an hour
may be required for global models to correctly capture the climate implication of the15

oceanic secondary OC source.
Cooperative efforts of researchers for in-situ emission measurements of isoprene

and other BVOCs over biologically active regions of remote oceans combined with the
extensive laboratory-based experiments are needed to gain further insight into the pro-
duction of isoprene and other BVOCs by marine biota and improve global estimates of20

marine BVOC fluxes. Work is also needed to better constrain speciation and column
abundances of phytoplankton in estuaries and near coastal regions for the detailed,
finer scale modeling of the near-coastal emission rates. Future studies should also fo-
cus on elucidation of the potential effects of nutrient limitation, bacterial population, and
grazing pressure on the rates of marine isoprene production. Additional uncertainties25

in isoprene production rates, SOA yields, wind fields and the limited sets of observa-
tional data for the emissions of primary organic matter are all likely to affect our model
predicted fluxes of primary and secondary marine OC aerosol. Despite these limita-
tions, however, we believe that modeling results presented in this study demonstrate
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that phytoplankton-produced SOA can significantly affect the sub-micron OC fraction
of marine CCN.
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Table 1. Global annual total marine emissions of isoprene and OC aerosols.

Global Marine Emissions Average Estimate Type Ref.

Isoprene (Tg C yr−1)

1.2 In-situ Bonsang et al. (1992)
0.38 In-situ Milne et al. (1995)
0.19 In-situ Broadgate et al. (1997)
0.42 In-situ Baker et al. (2000)
1.1 In-situ Matsunaga et al. (2002)
0.1 Remote Sensing Palmer and Shaw (2005)
1.2 In-situ Sinha et al. (2007)
0.27 Remote Sensing Arnold et al. (2008)
1.68 Modeling Arnold et al. (2008)
0.92 Remote Sensing This work

Sub-micron Primary

5.5 Remote Sensing Spracklen et al. (2008)

Organic Carbon (Tg C yr−1) 2.5 Remote Sensing Langmann et al. (2008)
1.26 Remote Sensing This work

Super-micron Primary 19.01 Remote Sensing This work
Organic Carbon (Tg C yr−1)

Total Organic Carbon

8 Remote Sensing Spracklen et al. (2008)

(Tg C yr−1) 75 Modeling Roelofs (2008)
20.3 Remote Sensing This work
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Fig. 1. Isoprene production rates as a function of light intensity for various phytoplankton
classes.
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Fig. 2. Monthly-averaged marine isoprene emission rate (molecules cm−2 s−1) for (a) January
and (b) July 2001.
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Fig. 3. (a) Comparison of simulated and observed isoprene emissions in the Northern Pacific
Ocean along the ship track of Matsunaga et al. (2002); (b) Simulated marine isoprene emis-
sions near Raunefjord, Norway in the approximate vicinity of Sinha et al. (2007) measurement
site.
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Fig. 4. Monthly-average sub-micron (a, b) and super-micron (c, d) primary OC emission rate
(molecules C cm−2 s−1) for January (left column) and July (right column) 2001.
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Fig. 5. Monthly-average percent contribution of phytoplankton-derived SOA to total (primary
and secondary) sub-micron marine OC emissions for (a) January and (b) July 2001.
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Fig. 6. Monthly-average emission rates of isoprene-derived SOA (red) and sub-micron primary
OC aerosols (blue) as a function of latitude for (a) January and (b) July 2001.
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Fig. 7. Percent contribution of 1 h averaged daily maximum phytoplankton-derived SOA to cor-
responding total (primary and secondary) sub-micron marine OC emissions for (a) 1 January
and (b) 1 July 2001.
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