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Abstract. The global marine sources of organic carbon (OC)findings suggest that marine isoprene SOA could play crit-
are estimated here using a physically-based parameterizaeal role in modulating properties of shallow marine clouds
tion for the emission of marine isoprene and primary organicand influencing the climate.
matter. The marine isoprene emission model incorporates
new physical parameters such as light sensitivity of phyto-
plankton isoprene production and dynamic euphotic depth to
simulate hourly marine isoprene emissions totaling 0.92 Tg
C yr 1. Sensitivity studies using different schemes for the Marine aerosols strongly affect properties and lifetime of
euphotic zone depth and ocean phytoplankton speciatioRtratiform clouds, influencing Earth's radiation budget and
produce the upper and the lower range of marine-isoprengjimate. Established sources of marine aerosol include pri-
emissions of 0.31 to 1.09Tg C W, respectively. Estab- mary emission of sea-salt particles and dimethyl sulfide
lished relationships between sea spray fractionation of water(pms), the atmospheric oxidation of which is a major source
insoluble organic carbon (WIOC) and chlorophyltoncen-  of non-sea-salt (nss) sulfate in remote marine air (Shaw,
tration are used to estimate the total primary sources of maj983: Andreae et al., 1986; Charlson et al., 1987;: O’Dowd
rine sub- and super-micron OC of 2.9 and 19.4Tg Clyr et al,, 1997). It has also been proposed that primary emis-
respectively. The consistent spatial and temporal resolutiorsions of biogenic organic matter, bacterial and viral debris
of the two emission types allow us, for the first time, to ex- from wave breaking (Middlebrook et al., 1998; O’Dowd
plore the relative contributions of sub- and super-micron or-g¢ g, 2004), and secondary organic aerosol (SOA) from
ganic matter and marine isoprene-derived secondary organighytoplankton-emitted biogenic volatile organic compounds
aerosol (SOA) to the total OC fraction of marine aerosol. US'(BVOCs) (O'Dowd et al., 2002; Meskhidze and Nenes,
ing a fixed 3% mass y|e|d for the conversion of iSOpI’ene t02006, O’Dowd and de Leeuwy 2007) can act Synergistica”y
SOA, our emission simulations show miner@.2%) contri-  jth the established mechanisms, leading to changes in ma-
bution of marine iSOprene to the total marine source of OC ONYine aerosol chemical Composition and number concentra-
a global scale. However, our model calculations also indicatgjgn. Significant abundances of organic carbon (OC) aerosols
that over the tropical oceanic regions {3to 30 N), marine  have been observed in marine environments (Novakov et al.,
isoprene SOA may contribute over 30% of the total monthly- 1997; putaud et al., 2000: Cavalli et al., 2004; Yoon et al.,
averaged sub-micron OC fraction of marine aerosol. Thep0o7: Pio et al., 2007), particularly over the regions of en-
estimated contribution of marine isoprene SOA to hourly- hanced oceanic biological activity (O’'Dowd et al., 2004).
averaged sub-micron marine OC emission is even higher, appespite the significant progress in the recent decade, the
proaching 50% over the vast regions of the oceans during thghechanism and the magnitude of the marine OC sources are
midday hours when isoprene emissions are highest. As it itjl| highly uncertain, and the role of oceanic biota in mod-
widely believed that sub-micron OC has the potential to in-ifying chemical composition and size distribution of marine
fluence the cloud droplet activation of marine aerosols, ourcloud condensation nuclei (CCN) remains one of the most
intriguing questions in the climate studies.

Marine organic aerosols appear to have two distinctly dif-
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Table 1. Global annual total marine emissions of isoprene and organic carbon aerosols.

Global marine emissions Average estimate  Type Ref.

11 In-situ Bonsang et al. (1992)

0.1 Remote Sensing Palmer and Shaw (2005)

0.27 Remote Sensing  Arnold et al. (2009)

1.68 Modeling Arnold et al. (2009)

0.92 Remote Sensing  This work

55 Remote Sensing  Spracklen et al. (2008)
Sub-micron Primary Organic Carbon (Tg C'¥ 2.5 Remote Sensing Langmann et al. (2008)

29 Remote Sensing  This work
Super-micron Primary Organic Carbon (Tg C¥¥ 194 Remote Sensing  This work

8 Remote Sensing  Spracklen et al. (2008)

Total Organic Carbon (Tg C yt) 75 Modeling Roelofs (2008)

22.3 Remote Sensing  This work

origin are emitted from the ocean by the bubble bursting2003) and species of phytoplankton (Shaw et al., 2003). The
process, forming internally mixed aerosol of sea-salt and or-current estimates for global marine isoprene emissions range
ganics (Middlebrook et al., 1998; Cavalli et al., 2004). Pri- between 0.10-1.68 Tg C yt (0.11-1.9 Tg yr?) based on
mary marine organic aerosols, especially in the sub-microrglobal extrapolations of in-situ measurements (Bonsang et
diameter size range, are typically comprised of insoluble sur-al., 1992; Sinha et al., 2007), satellite observations (Palmer
face active organic colloids and aggregates (Blanchard, 1964and Shaw, 2005; Arnold et al., 2009), and modeling stud-
Gershey, 1983; Leck and Bigg, 2005; Facchini et al., 2008).es (Arnold et al., 2009). These estimates are summarized in
Analyses of marine aerosol chemical composition show thafTable 1.

during the periods of high ocean productivity, concentration ]

of water insoluble organic aerosols in the accumulation mode 1here have been some recent advances in the model-

increase by almost a factor of 10 (from 0.07 to Q.&2m™3) ing of marine organic aerosol emissions and their impact
and comprise up to 45% of the total sub-micron aerosol mas§n clouds. Roelofs (2008) demonstrated that the inclu-
in the marine air (O’Dowd et al., 2004). sion of marine organic aerosols in a climate model de-

creases the predicted cloud droplet effective radii, increases

Secondary organic aerosols of marine origin can bedroplet number concentration and results in better agreement
formed by the oxidation of phytoplankton-emitted BVOC. with satellite measurements over marine areas. Spracklen
Out of multiple BVOC emitted by phytoplankton, including et al. (2008) used back trajectory-weighted satellite-derived
DMS, halocarbons, isoprene, and monoterpenes (Shaw et achlorophyllu concentrations ([Ché]) and two global chem-
1983; Tokarczyk et al., 1994; Bonsang et al., 1992; Yassadcal transport models to create marine OC emissions, con-
et al., 2008), in this study we focus on marine emissions ofcluding that the marine source is a globally significant source
isoprene. Photooxidation of isoprene has been shown to leadf OC, comparable to that of fossil fuels. O’'Dowd et
to the formation of SOA (Claeys et al., 2004). Recent labo-al. (2008) produced a combined organic/inorganic sea spray
ratory chamber studies show that SOA yields (defined as théunction to estimate marine primary organic aerosols emis-
ratio of the mass of SOA formed to the mass of isoprene resions and found better model-predicted aerosol mass con-
acted) are 1-2% at high NQevels (Kroll et al., 2005);~3% centration over coastal areas. Langmann et al. (2008) ex-
at low NO levels (Kroll et al., 2006) and up to 24% from tended these marine primary organic emissions to the global
the reaction of isoprene with the nitrate radicals (Ng et al.,scale. Arnold et al. (2009) used new laboratory measure-
2008). Aqueous phase chemical processes offer additionahents of isoprene production, satellite-derived phytoplank-
SOA production pathways increasing the SOA yields up toton speciation, and top-down modeling to constrain global
42% (Ervens et al., 2008). Further uncertainties in the asmarine isoprene emissions. They found that marine isoprene
sessments of global marine SOA sources arise from the fadloes not make up a significant portion of the global OC bud-
that marine isoprene emissions and isoprene concentratiorget at several marine sites and concluded that marine iso-
in the marine boundary layer have been shown to be relategrene does not have a large role in affecting global marine
to sunlight (Lewis et al., 2001; Shaw et al., 2003; Liakakou aerosol abundance. Table 1 summarizes reported global OC
et al.,, 2007; Sinha et al., 2007), temperature (Shaw et al.emissions estimates. In this study, we use new laboratory
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measurements of isoprene production by phytoplankton uneontrolled by lining the bottom of the water bath with several
der a range of light conditions, as well as surface windlayers of semi-translucent fiberglass screen. Prior calibration
and [Chla]-dependent emissions of marine primary organic testing revealed that each layer of the screen absorbed ap-
aerosols, to create high temporal resolution global emissiomproximately half of the incoming light.

maps of marine isoprene and primary OC aerosols. Laboratory measurements of isoprene concentrations were
taken using headspace gas chromatography with a Photovac
Voyager (Photovac, Inc., Waltham, MA) portable GC with

a photoionization detector (PID) at the North Carolina State
University campus in Raleigh, NC. Ultra high-purity nitro-
gen was used as a carrier gas. The system was calibrated

Three diatom strains, Thalassiosira weissflogii 29ainsta standard containing 16810.3 ppb (v/v) isoprene

(CCMP 1336), Thalassiosira pseudonanéCCMP 1335) in ultrapure nitrogen (Scott-Marrin Inc., Riverside, CA). The

and Chaetoceros neograciléCCMP 1318), and a coccol- detectqr output is !inear from O to 460 ppb v/v isoprene con-
ithophore Emiliania huxleyi(CCMP 375) were grown on centration with an intercept through zero (Geron et al., 2006).

L1-based (Sigma-Aldrich) medium in a climate-controlled We estimate that both precision and accuracy were within 5%
room with constant temperature and light conditions of @S determined by repeated measurements of the standard gas
22°C and~90,E m2s~1, respectively, to replicate optimal and inter-calibration against PTR-MS (Proton Transfer Re-
growing conditions. These well-studied species were pri_action Mass Spectrometry) during intensive field study at the

marily chosen for their abundance; however, neogracile University of Virginia at Charlottesville. According to the
and E. huxleyiwere also selected’due to the availability instrument calibration records carried out at Photovac, Inc.,

of reported laboratory measurements (Shaw et al., 2003the_ lower dete_ction Iimit_ of our analytic_al system is 3 ppbv.
Colomb et al., 2008), that were used for interc:omparisonUS'ng a Hamilton Gastight #1750 syringe, 300 of the

with our data. The seawater and nutrients were preparefl€adspace from each sample were injected in the gas sam-
for culturing by autoclaving overnight to remove bacterial P!€ 100p with 0.5 to 1.5h intervals to monitor the changes

contamination. Cultures were grown in 11 Erlenmeyer flasks!n isoprene concentrations inside the sealed vials. Column
. . - . . 1 O -
covered with aluminum foil allowing air transfer to prevent €Mperature was isothermal at°@and pressure was con

carbon dioxide limitation. Prior to the experiment, 20m| Stant at 6 psi. During each experiment, we kept several phy-

samples were transferred onto Whatman GF/F filters undefoPlankton samples in the dark and observed isoprene con-
vacuum and stored in freezer for later analysis of [@hl- centration levels that were below the detection limit. This

Chlorophyllu was extracted with 90% acetone and concen-indicates that likeProchlorococcugShaw et al., 2003), iso-
tration determined following the method of Holm-Hansen Prene production from selected diatom and coccolithophore

and Riemann (1978) using a Turner fluorometer model #450SPecies were negligible under nighttime conditions. The
isoprene concentrations from the headspace of blank sea-

2.2 Isoprene measurements water samples were measured and used as the background
air that was subtracted from the phytoplankton sample mea-
After an incubation period ranging from 7-14 days, 30 ml surements. Background isoprene concentrations were below
aliquots of the dense phytoplankton cultures were transferredhe detection limit £3 ppb) in the laboratory measurements,
to Wheaton 40 ml EPA glass vials and sealed using openwhile the measured isoprene mixing ratio ranged between 5
top screw caps with 10 mm PTFE and 90 mm silicone septaand 20 ppb.
The 10 ml of headspace remaining above the sample maxi- Comparison of [Chk]-normalized isoprene production
mized concentrations of isoprene emitted by the phytoplank+ates and PAR showed that for all types of phytoplankton
ton while ensuring that C&limitation did not occur during  tested in this work, isoprene production rates increase under
the experiment. To assess the effect of changing incomingncreasing light intensity with a rapid increase at low lev-
solar radiation for isoprene production, the phytoplanktonels and gradual increases at high levels of irradiance. This
were exposed to various levels of light intensity ranging from pattern of isoprene production is similar to that of terrestrial
0 to 1200uEm2s~1 (~0 to 600W nT?) for up to eight  vegetation (Guenther et al., 1991; Guenther et al., 1993) and
hours under a constant temperature~@2°C controlled by  previous phytoplankton measurements (Shaw et al., 2003).
a Neslab CFT-33 Refrigerated Recirculator (Thermo FisherfThe diamonds on Fig. 1 show the mean of all measurements
Scientific, Waltham, MA). The samples were suspended ovefor a given light intensity for the diatoms species &dux-
6 halogen lights (Philips 250 W Projector Lamp #13095) in leyi, which represents coccolithophores. The error bars in-
a water bath with circulating water to absorb heat from thedicate one standard deviation of the measurements for each
lights. Photosynthetically active radiation (PAR) inside the phytoplankton group. There are several possible reasons
water bath was measured by QSL-100 Laboratory Quanfor the wide range in production rates not quantified in this
tum Scalar Irradiance Meter (Biospherical Instruments, Sarstudy, including phytoplankton senescence or photoinhibi-
Diego, CA). The intensity of light reaching the samples wastion of marine phytoplankton photosynthesis (Shaw et al.,

2 Methods

2.1 Phytoplankton cultures and chlorophyll analysis
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—~ 3 2.3 Phytoplankton speciation
= Diatoms
T 25 Prochlorococcus™ Global phytoplankton speciation is estimated by using two
2 iﬁiﬁiﬁfﬁgﬁﬁﬁ; distinct methods: the PHYSAT (Alvain et al., 2005, 2008),
o 2 ‘ and the nutrient depleting temperature (NDT) (Kamykowski
5 et al.,, 2002). In the PHYSAT method, satellite-derived
E 15 | normalized water-leaving radiances (nLw) from 5 differ-
@ 1 ent wavelengths are compared to the lookup tables of av-
2 1 I erage nLw (nLw*) for each wavelength based on [Ghl-
S I ' Speciation is determined based on the unique effects on
S o5 | satellite-observed nLw by the pigments of each phytoplank-
'§ ton class. The global monthly maps of nLw data at 1
& o : : . : : : latitudex 1°longitude (2 x 1°) resolution were created by re-

0 200 400 600 800 1000 1200 gridding the Sea-viewing Wide Field-of-view Sensor (Sea-

Light Intensity (LE m2 s1) WiFS) monthly-averaged 9 km resolution nLw data for the

year 2001. By comparing the obtained nLw data with the
Fig. 1. Isoprene production rates as a function of light intensity for lookup tables of nLw*, the following dominant phytoplank-
various phytoplankton groups. Production rates from phytoplank-ton classes were identified: nanoeukaryof&schlorococ-
ton species with * were estimated based on production rates frongus Synechococcudliatoms, andPhaeocystidike plank-
Shaw et al. (2003) of 1:50.9umol isoprene (g Chin~* day™*  ton/coccolithophores. In the NDT method, seasonal and
and 1.4umol isoprene (g Chir)~* day™* for Prochlorococcusnd  inter-annual nutrient (i.e., nitrate, phosphate, silicate and
Synechococcuspectively. Error bars denote one standard devia-io ) yariability and remotely sensed [Chl-a] data is used
lonof species-specifc isoprene prodction raes measured or iy infey the fikely phytoplankton cell size and taxonomic
' composition (Kamykowski et al., 2002). SeaWiFS monthly-
averaged~9 km resolution sea surface temperature (SST)

2003). Amongst the diatoms;. neogracilehad the high- ~ Was regridded to‘1x1° and compared to NDT tables of nu-
est isoprene production, followed Hy weissflogiiand then ~ trient categories (Kamykowski et al., 2002) to create global
T. pseudonanaespectively. We observed that each of the di- Monthly maps of phytoplankton classes for year 2001. The
atom species had higher isoprene production rates than th&¢0 methods (PHYSAT and NDT) show general agreement
of E. huxleyj a result similar to that of Shaw et al. (2003) In the spatial and temporal distribution of phytoplankton spe-
and Columb et al. (2008) which both reported the highestciation (see Figs. S2, S3ittp://www.atmos-chem-phys.net/
[Chl-a]-normalized isoprene production rate from a diatom 9/4915/2009/acp-9-4915-2009-supplemen).pdfi tropical
species. A log squared curve, multiplied by a constant emis¥vaters (30 S to 3¢ N) both methods show small-celled phy-
sion factor (EF) unique to each phytoplankton group, wastoPlankton (e.g.prochlorococcus Synechococcusand na-
used to fit the measurements. The EFBoochlorococcus ~ Noeukaryotes) dominate. However, in mid-latitude waters
Synechococcusand others are estimated by comparing the(80°S t0 30'S and 30N to 60°N) each method predicts
daily isoprene production rates from Shaw et al. (2003) forhigher abundance of diatoms. In this study, the PHYSAT
several species taken at PAR values of @m—2s~1, con- model is used as a (_jefgult for the assessments of the global
verting these daily rates to hourly, and assuming a similararine-isoprene emissions because it directly represents the
log squared relationship between PAR and isoprene producd®minant phytoplankton groups rather than using a proxy

tion as that observed for diatoms and coccolithophores fo@S in the NDT method. In addition, the PHYSAT method
variable light intensities. The isoprene production rafes differentiates betweeRrochlorococcusSynechococcuand

(umole isoprene (gram chlorophyl)~2h~1) are given by nanoeukaryotes, while the NDT method does not. Re-

the equation: cently, PHYSAT has been proven successful in character-
izing changes in the dominant phytoplankton group during
P = EF %In(1)? (1) the crossing of oceanic fronts in the Southern Indian Ocean

(Colomb et al., 2009). In Sect. 4.1 we present sensitivity cal-
culations using NDT method to estimate how distinct meth-
ods and the uncertainties in phytoplankton community com-
position can affect our results for the total global oceanic
emissions of isoprene.

wherel is the ambient PAR{E m—2s~1) andEF (xmol iso-
prene (g Chle)~2h~1) has the following values: 0.042 for
diatoms, 0.032 foProchlorococcus0.029 forSynechococ-
cus 0.019 for coccolithophores, and 0.028 for other phyto-
plankton) and’ is the ambient PAR(E m—2s1).
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2.4 Marine isoprene emissions the water column from chemical, biological, and ocean-air
exchange following the method of Palmer and Shaw (2005).

Estimated isoprene production rates for some of the main this formulation, it is assumed that the light at depth will

jor phytoplankton species under variable light intensity de-continue to diffuse at a rate identical to the surface diffuse

scribed in Sect. 2.2 were used to create global maps ohttenuation retrieved by SeaWiFS and that the [@li$-con-

oceanic isoprene emission. The amount of solar radiatiorstant throughouHmax. Extrapolating these satellite-derived

received by phytoplankton at different depths of the wa-surface water properties to waters below one optical depth is

ter column is calculated using hourlys11° all-sky sur-  unrealistic, and some overestimation of [Gfiland k4g0 is

face incoming solar radiatiof, (W m~2) from the Global likely.

Weather Research and Forecasting Model (G-WRF) v. 3.0 Overall, there are two main differences between Bigg

(Richardson et al., 2007). Total solar radiation in units formulation and that of previously published studies (e.g.,

of Wm~2 was converted to PAR measurements in units of Paimer and Shaw, 2005; Arnold et al., 2009): 1) the use of a

wEm~2s71 by using the following approximate conversion: dynamic Hmax based on hourly modelet} and satellite de-

1Wm2~2uEm ~2s! (Jacovides et al., 2004). The val- rived k490 as opposed to taking a mixed layer depth based on

ues of downwelling irradiance within a water column were climatology, and 2) the integration of light-sensitive species-

characterized using the diffuse attenuation coefficient valuegiependent isoprene production rates througtiyy as op-

at 490 nmkygo (M~1) obtained from the SeaWiFS satellite posed to a constant (or species-dependent but fixed) isoprene

(O'Reilly et al., 1998) and regridded td%1°. The light  production rate.

propagation throughout the water column with deptfme-

ters) is estimated by applying Beer-Lambert’s Law, given by:2.5 Marine primary organic aerosol emissions

I=Ige %", The total water depttimax, through which iso-

prene production can occur in our model was assumed to exChemical analyses of marine aerosols show that OC residing

tend from the surface to the point at which the light levels arein the sub- and super-micron modes of sea-spray particles has

reduced to 2.5W m?2, which is the level at which the pho- considerably different water solubility (Facchini et al., 2008).

tosynthesis ceases ProchlorococcugShaw et al., 2003). While water-insoluble organic carbon (WIOC) comprises the

This depth, which represents the maximum possible extenfn@jor portion (94-4%) of sub-micron OC particles, water-

of the planktonic euphotic zone, is determined using the fol-Soluble organic carbon (WSOC) contributes more than one-

lowing equation: third (33+:3%) of total carbon in the coarse size fraction of
marine aerosols (Facchini et al., 2008). Here the global ma-
o —(—n 2_5 ekl @) rine primary OC emissions are estimated separately in sub-
max ) 490 and super-micron range. Over the productive regions of the

. . . o . oceans, the sub-micron marine aerosol mass was shown to
BecauseHmax is dependent on incoming solar radiation, it e gominated by insoluble organics, while the super-micron
is dynamic throughout the day with a midday maxima and ;a550ls were dominated by sea-salt (Facchini et al., 2008).

a depth of zero _at night. Typical midday values fdmax The sub-micron mass emission rap (ng M 2s~1) of
range from 5m in near coastal waters to 300m in remoteyarine primary organic aerosols is obtained by multiplying
oligotrophic waters. This is the first time when dynamic eu- he mass emission rate of marine particles less tham 1n
photic depth is used for modeling marine isoprene produciameter from Ceburnis et al. (2008) (determined using 22
tion. Calculations documenting the sensitivity of our global \ater wind speed) bysus, the chlorophyll-dependent mass
marine-isoprene emissions to selection of the euphotic ZON@yntribution of WIOC in sub-micron sea-spray aerosols from

depth are presented in Sect. 4.2. O'Dowd et al. (2008):
The total column isoprene emissidfiso (umole bt) is 5
found by integrating Eq. (1) for the euphotic zoneHax: Esup= 9.6 x 10~
423
Humax 1 0.00125 | 22
Eiso = SA % Hmax* [Chl — a] * Fisg */o pdh (3) x| Urox |1+ —oz  * n in
*Fsub, (43-)

Here SAis the surface area of the?1° grid cell (n?) L
and Fis, is the emission fraction (i.e., fraction of water col- WhenUio<11lms
umn produced isoprene that is emitted to the atmosphere _ 5

and [Chla] (mgm~3) was derived from monthly-average, £S“b_ 9.6 1077 (Ulo

~9km, Level 3 SeaWiFS data (O'Reilly et al., 1998). Sea- <1+ ((0.49 + 0.065% Uyq) x 10-3)05

WiFS was shown to have accurate retrieval of surface fghl- 04
in coastal as well as remote oceanic sites (Blondeau-Patissier '
et al., 2004). The emission fraction is calculated as the ra- 22\\\*%#

Xk In % Fsub,

tio of sea-air emissions of isoprene to total isoprene loss in 10

10 (4b)

www.atmos-chem-phys.net/9/4915/2009/ Atmos. Chem. Phys., 9, 4923-2009
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1083 the dry aerosol radius (imm), p,, is the sea-salt density
(2.165gcnT3), and porg is the WIOC density (1gcm)
108 (Cavalli et al., 2004). Integration limits with radii from 0.5—
4 um correspond to the size range of super-micron particles
107* measured in several marine organic aerosol studies (O’'Dowd
et al., 2004; Facchini et al., 2008). Despite the dominance
107 of sea-salt in super-micron marine aerosols, it was shown
that over the productive region of the North Atlantic Ocean,
180°W 120°W 60°W 0° 60°F 120°F 180°W 10° organic mass contributed3% of 2—4um radius sea-spray
o 1085 particle mass (Facchini et al., 2008). Using this percent as
80°N an estimate of the total super-micron organics, we applied a
40°N 108 similar weighting function from O’'Dowd et al. (2008) with
Fsu=3% Fsup. The super-micron mass emission rate of ma-
0° 107° rine primary OC was calculated using an estimated OC to
OM conversion factor of 1.52 reflecting the higher WSOC
40°s ASSHINRET et 2, 107 content of coarse marine organic aerosols (Decesari et al.,
80% L (b). . 2007; F_acchini et al., 2008). It i; importfant to note thgt '_[he
180°W 120°W 60°W  0°  60°E 120°F 180°W 10* calculation of the global super-micron primary OC emission

uses an extrapolation of the organic fraction from O’Dowd et
al. (2008), and thus should be considered as preliminary.
Fig. 2. Monthly-averaged marine isoprene emission rate (molecules
cm2s71) for (a) January angb) July 2001.
3 Results

when Uio>11mst, whereUyo is the wind speed at 10m  Recent studies suggest that physico-chemical properties of
above the water surface (M and Fsut=0.63 [Chla]+0.1  marine aerosols can be linked to the observed seasonal cycle
(O'Dowd et al., 2008). In this formulation, we convert the of [Chl-4] in ocean surface waters (Yoon et al., 2007). Based
22m wind speed used in Ceburnis et al. (2008]% by  on the vertical concentration gradient measurements of ma-
applying the correction factor from Andreas (1998) which rine aerosols at the coastal research station in Mace Head,
assumes neutral stability and uses a logarithmic wind proqreland, two distinct production mechanisms for WSOC and
file with height. TheU10 was obtained using 4-times daily \v10C organic carbon were proposed (Ceburnis et al., 2008).
10 m wind velocity from the National Centers for Environ- |t \as shown that WIOC had a net production at the surface
mental Prediction (NCEP) Reanalyshgtp://www.cdc.noaa. (j.e., primary production), while WSOC was predominantly
gov/cdc/reanalysipfor the year 2001 and spatially interpo- of secondary origin. In order to derive global oceanic source

lated the data to“x1°. The organic matter (OM) emission of OC, we consider separately primary emissions and SOA
rate was converted to an OC emission rate by using the OC tgroduction.

OM conversion factor of 1.4 (Decesari et al., 2007; Facchini
etal., 2008). 3.1 Global marine isoprene emissions

The super-micron primary organic mass emission rate is
calculated in a way similar to the sub-micron emission rate,Global marine isoprene emissions are calculated hourly for
though using a different sea-spray function and an organi001 using Eq. (3) for each°k1° grid cell and con-
mass fraction of the sea-spray, reflecting the minor contri-verted to units of molecules cris™! to compare with
bution of organics to the coarse aerosol mode. The Gongreported in-situ measurements. Figure 2 shows marine
Monahan function (Gong, 2003) for sea-spray number emisisoprene emission rates in different seasons for the year
sion rate V) was integrated with aerosol radius at 80% rel- 2001, calculated by taking a monthly-mean of the hourly
ative humidity ¢so) (Gong et al., 1997) and converted into data for January and July. The emissions range from
the super-micron mass emission ratg,, (\gmM2s™1) of  ~5x10P to >6x 108 molecules cm?s~2, and are compara-
marine primary organic aerosols as: ble to published in-situ emission measurements and mod-
eling 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;
Palmer and Shaw, 2005; Liakakou et al., 2007; Sinha et
al., 2007). The highest emission values are generally es-
timated during the spring and summer seasons in the mid-
latitudes (September—March in the Southern Ocean and

4 4
Esup= Pap * §n x 1073 % Faup* f N (rgp) * r3dr (5)
5

where Fgp is the chlorophyll-dependent mass contribution
of OC in super-micron sea-spray aerosglg, is the bulk

density of dry sea-spray particlezapzllv?ﬁ, r
— I'supl _/’T@

Atmos. Chem. Phys., 9, 4915927, 2009 www.atmos-chem-phys.net/9/4915/2009/


http://www.cdc.noaa.gov/cdc/reanalysis/
http://www.cdc.noaa.gov/cdc/reanalysis/

B. Gantt et al.: Marine organic aerosol 4921

a] (see Fig. S1: http://www.atmos-chem-phys.net/9/4915/ 1.5€+08
2009/acp-9-4915-2009-supplement)pdthough compari- I
son of Figs. 2 and S1 reveals some differences betweer £ 1.0e+08 \
the surface [Chk] and isoprene emission rates. Compared &
to mid-latitude regions, widespread areas in tropical waters g 5007 -
have relatively low chlorophylé abundance, yet these trop- U
ical waters show high isoprene emission rates often reach-
ing more than & 10’ molecules cm?s~1. Such high emis-
sion rates throughout the year are likely to be attributed to
the high solar radiation levels. Elevated rates of emissions
and water concgntratlons of 'SOPre”e_ and o_ther BVOC hav%ig. 3. Comparison of simulated and observed isoprene emission
been observed in several locations in tropical waters, pré;aies in the Northern Pacific Ocean along the ship track of Mat-
sumably because of the high solar radiation (Bonsang efynaga et al. (2002).
al., 1988). Comparison of Figs. 2 and S1 shows that ma-
rine isoprene production may resemble that of DMS (Toole
and Siegel, 2004) having two distinct regimes, stress-forced ) ) ) ) ) o
(where emission rates are mainly driven by high levels ofto the highly variable phyS|caI_ and blolqglcal characterlstlc_s
solar radiation) and bloom-forced (where emission rates ar@f the oceans. Parameters like the mixed layer depth, dif-
mostly related to high phytoplankton abundance). fuse attenuation, [ChH., and phytoplankton speuguon can
In order to correctly simulate global marine isoprene SOA 9reatly vary both spatially and temporally, contributing to
in addition to monthly mean emission values, it is very im- Iarge_dlfferences in model est!mates. Sensitivity calculations
portant for the models to correctly capture the diurnal vari-for different plankton speciation and water column depths

ations of isoprene emissions. Due to the light dependenc@resented in Sect. 4 show an estimated range of global iso-
of isoprene production, it was shown that maximum mid-dayPrene emissions between 0.31 and 1.09 Tg C yr
emissions of marine isoprene are roughly an order of mag-

nitude higher compared to the nighttime emissions (Sinhag 2 Global marine primary organic aerosol emissions
et al., 2007). Furthermore, the effects of marine isoprene

SOA on properties of shallow marine clouds and the resulting_r ) ) o
changes in short-wave radiative flux at the top of the atmo-T "€ Sub-micron primary OC emission rates for January and
July 2001 are shown in Fig. 4a, b. These figures show

sphere are likely to be the most pronounced during the day* ; ) : >
light conditions (Meskhidze and Nenes, 2006). Therefore hat the areas in the mid-latitudes (3@ 60°) have high
calculating isoprene emissions on a frequency of an hour oPMISSION rates throughout the year. In these regions, pri-
less will provide better estimates for the possible contriby-Mary OC emissions are mainly controlled by high surface
tion of marine OC aerosols to CCN chemical composition ©¢€an vxl/mds; emission raltes in excess of’Ifolecules c
and size distribution. Currently there are few in-situ stud-€M - S~ (~2ng C nT“s™%) are common. The lowest pri-
ies for the diurnal variations of marine isoprene emissionsMary OC emission rates occur in tropical waters, resulting
In Fig. 3, the simulated isoprene emissions between 19 Mayfom the relatively low surface wind speed and [GAl-The

and 26 May 2001 are compared to in-situ measurements fror§!0Pa! distribution of super-micron primary organic aerosol
Matsunaga et al. (2002) from the same period and location€Mission rates, shown in Fig. 4c, d, are similar to the sub-

Figure 3 shows that in general, modeled emission rates arB1iCron emissions but with a higher magnitude, owing to the

comparable to the observations in both magnitude and diligher mass of larger particles.

urnal variation. However, the figure also shows the small In this study, we estimate global annual ocean emissions
overestimation of oceanic isoprene emissions during the dajor sub- and super-micron primary OC to be about 2.9 and
and strong underestimations at night. Such differences be19.4Tg C yrl, respectively. Different assessments for
tween the simulated and observed emissions are likely tglobal annual marine OC emissions are summarized in Ta-
be attributed to the absence of isoprene accumulation in théle 1. The reasons for the large variation in estimates in-
modeled water column. clude the limited number of in-situ measurements, the use of

In this study we estimate the total global marine isoprenedifferent sea-spray functions, and the implementation of dis-
emissions to be~0.92Tg C yrl, within the wide range tinct methods (modeling vs. remote sensing; bottom-up vs.
of values shown in Table 1. Such wide range is likely duetop-down).

April-August in the North Atlantic/Pacific Ocean); coastal —Simulated
waters affected by upwelling and river runoffs also demon- " , .. .. Matsunaga etal. (2002)
strate high emission rates. Overall, the emission patterng
of Fig. 2 is similar to that of Palmer and Shaw (2005), v ;oes0s N A
with the highest rates located in areas of the highest [Chl- 3 / \ /\ h
s
E
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Fig. 4. Monthly-average sub- and super-micron primary OC emis-

sion rate (molecules C cnfs—1) for January(a, c)and July(b,
d) 2001.

3.3 Relative importance of primary and secondary or-
ganic aerosols of marine origin

B. Gantt et al.: Marine organic aerosol

180°W 120°W 60°W  0° 60°E 120°E 180°W

Fig. 5. Monthly-average percentage contribution of marine isoprene
SOA to total (primary and secondary) sub-micron marine OC emis-
sions for(a) January andb) July 2001.

primary OC + marine isoprene SOA) because of their poten-
tial influence on CCN activation of marine aerosols (Nenes
et al., 2002; O’Dowd et al., 2004). In order to compare SOA
production rates to that of sub-micron primary OC, we as-
sume a 3% mass yield of isoprene to SOA (Henze and Se-
infeld, 2006) and an OC to SOA conversion factor of 1.6
(Turpin et al., 2001). Figure 5a, b shows widespread areas of
the tropical oceanic regions where marine isoprene SOA con-
tributes over 30% of total monthly averaged sub-micron OC
emissions. This figure also shows that despite larger ocean
emissions of isoprene in productive regions of the North At-
lantic, North Pacific and the Southern Oceans (see Fig. 2),
monthly-averaged marine isoprene SOA contributes a minor
fraction of total marine sub-micron OC in these mid-latitude
oceanic regions. Figure 6 shows that the zonally-averaged
production rates of marine isoprene SOA are comparable to
sub-micron primary OC aerosols in tropical regions, while in
most other locations, marine sources of sub-micron OC are
dominated by primary aerosols. Such high emission rates of
sub-micron primary OC (more than an order of magnitude
higher than the production rates for marine isoprene SOA) is

The relative contribution of SOA from marine isoprene to Primarily due to the year round high wind speed in the mid-

the total marine organic aerosol burden has been a topic dftitude regions. Overall, despite marine isoprene SOA being
discussion in several recent papers (Vaattovaara et al., 2008 minor contributor to the global sub-micron marine aerosol
Arnold et al., 2009). Dynamic, physically-based emission OC fraction (see Table 1), Figures 5 and 6 show that marine
mechanisms for both primary OC and marine isoprene usedsoprene SOA may potentially affect CCN chemical compo-

in this study allow us to evaluate spatial and temporal dis-sition and size distribution over large regions of the global

tribution of the percentage contribution of marine isopreneocean.

SOA to the total simulated marine organic aerosol emissions. In addition to spatial differences, ocean emissions of
Here we focus on total sub-micron OC aerosols (sub-microrBVOCs are also characterized by strong diurnal variations

Atmos. Chem. Phys., 9, 4915927, 2009
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1.0E+08 In this section, sensitivity calculations are presented to illus-

trate how reasonable variations in model parameters affect
the total global emissions of marine isoprene. Specifically
we address model sensitivities to phytoplankton speciation
Fig. 6. Zonally averaged monthly-mean production rates of marine@Nd the extent of water column through which the isoprene
isoprene SOA (red) and emission rates of sub-micron primary or-Production occurs. Phytoplankton speciation was chosen for
ganic aerosols (blue) fg¢gr) January angb) July 2001. the analysis because of the substantial differences in isoprene
production rates for different groups of phytoplankton re-
(Bonsang et al., 1988; Sinha et al., 2007). Therefore, theported in Sect. 2.2, and the water column depth was tested
monthly-averaged values for marine isoprene emissions maglue the uncertainty in phytoplankton abundance beyond the
underestimate the contribution of marine isoprene SOA toone optical depth viewable by satellites.
the total marine OC emissions during the day and overes-
timate at night. The global maps of Fig. 7 can be inter-3.5 Phytoplankton speciation
preted as a “snapshot” for the potential impact of midday
marine isoprene SOA production on total sub-micron ma-Two different phytoplankton speciation schemes imple-
rine OC emissions. Figure 7 shows that the localized perimented in this study allow us to examine the impact on
centage contributions of marine isoprene SOA to the totalmarine-source isoprene emission estimates to the uncertain-
sub-micron marine OC emissions approach 50%, even in arties in the plankton speciation. The primary difference
eas with low monthly-averaged values (i.e., mid-latitude re-between the two examined methods (i.e., PHYSAT and
gions). Because emissions of marine isoprene and primaridDT) is the diatom abundance in the mid-latitude and polar
OC aerosols are primarily driven by solar radiation and sur-(>60°N/S) oceanic regions; the NDT method has a large area
face wind speed respectively, the local meteorology plays af diatom abundance, while the PHYSAT method has com-
large role in determining the percentage contribution of ma-parable ratios of nanoeukaryotes, diatoms, coccolithophores,
rine isoprene SOA to total OC. Therefore, Fig. 7 shows thatand Phaeocystidike phytoplankton. Because diatoms pro-
marine isoprene emissions at much higher temporal resoluduce isoprene at a rate that is roughly 30% higher com-
tion (with time step on the order of an hour) may be requiredpared to other phytoplankton classes (see Fig. 1), the NDT
in order for the global models to correctly simulate radiative speciation method gives total global annual isoprene emis-
effect of marine OC aerosols. sion of 1.09 Tg C yrl, i.e.,~20% higher than the PHYSAT
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estimate. This finding suggests that the differences in phytal OC fraction of marine aerosol. Our simulations show
toplankton speciation (deduced using two distinct methods}that marine isoprene is a minor source of a total global an-
are likely to contribute about 20% uncertainty in global ma- nually emitted marine OC aerosol which we estimate to be
rine isoprene emissions. These results highlight the need fo22.3 Tg C yr1. However, the importance of marine isoprene
supplementary in-situ measurements of phytoplankton speSOA becomes apparent when compared to sub-micron pri-

ciation in different parts of the global ocean. mary marine organic aerosol emissions. Sub-micron frac-
tion was chosen for the comparison since it is believed that
3.6 Variable euphotic depth sub-micron OC potentially influences the CCN activation of

marine aerosols. Our model simulations show that monthly-
For a sensitivity analysis of the effect of euphotic zone es-averaged marine sub-micron primary OC emissions are con-
timate on marine-isoprene production, we #kfax to one  siderably higher than that of marine isoprene SOA in most
optically-sensed depth given aH'maX:k;glo. When limiting  oceanic regions, except in the tropics, where marine iso-
isoprene production to only the first optical depthl(m to prene SOA contributes up to 30% of the total sub-micron
~50m based on the surface ocean [G})l-the total global ~ OC fraction of marine aerosol. When midday hourly emis-
annual ocean isoprene emission are reduced to 0.31 Tg €ion of marine isoprene SOA and sub-micron primary OC are
yr~1. This estimate should be considered as the low limit of compared, simulations show much larger (approaching 50%)
isoprene emissions, since it is common for the seawater [Chleontribution from marine isoprene SOA over large regions of
a] and dissolved isoprene maximum to occur in the mixedthe oceans. As the effect of marine isoprene SOA is particu-
layer well below the first optical depth viewable by satellites larly pronounced during the short interval of daylight condi-
(Milne et al., 1994). tions, an isoprene emission time step on the order of an hour
may be required in order for global models to correctly cap-
ture its climatic implications. Uncertainties in isoprene pro-
4 Conclusion duction rates, SOA yields, wind fields and the limited sets of
observational data are all likely to affect our model-predicted
A physically-based parameterization for the emission of ma-fluxes of primary and secondary marine OC. Despite these
rine isoprene and primary organic matter was used to estitimitations, however, we believe that modeling results pre-
mate and compare the global oceanic sources of OC. In thisented in this study demonstrate that marine isoprene SOA
study, new laboratory measurements of isoprene productiogan significantly influence the sub-micron OC burden and
by different phytoplankton species under a range of light con-potentially lead to changes in CCN activation properties of
ditions were performed. The obtained relationship was usednarine aerosol.
in conjunction with remotely sensed data of [GH]-phy- Cooperative efforts of researchers for in-situ emission
toplankton speciation and water attenuation of solar down-measurements of isoprene and other BVOCs over biolog-
welling irradiance to simulate, for the first time, the diurnal ically active regions of remote oceans combined with the
variation of marine isoprene production in different parts of extensive laboratory-based experiments are needed to gain
the global ocean. We estimate the total mean global marinefurther insight into the production of isoprene by marine
source isoprene emission to be 0.92Tg Clyr Based on  biota and improve global estimates of marine isoprene emis-
the sensitivity studies using different schemes for the eusions. Work is also needed to better constrain speciation and
photic zone depth and ocean phytoplankton speciation, wegolumn abundances of phytoplankton in estuaries and near-
propose the upper and the lower range of marine-isopreneoastal regions for the detailed, finer scale modeling of the
emissions to be between 0.31 and 1.09 Tg Clyrespec- near-coastal emission rates. Recent observations of monoter-
tively. Our simulations reveal, that in addition to [Gilland ~ pene concentrations over the remote oceans (Yassaa et al.
mixed layer depth, marine isoprene emission rates strongl®008; Columb et al., 2009) and the reported production of
depend on plankton speciation and the amount of solar inmonoterpenes from phytoplankton monocultures (Yassaa et
coming radiation. Such dependence of emission rates oal., 2008) give additional support for the importance of ma-
environmental parameters may partially reconcile considersine sources of SOA. Future studies should also focus on elu-
able discrepancies in past global marine isoprene productiogidation of the potential effects of nutrient limitation, bacte-
estimates. Despite comparable results, however, differencesal population, and grazing pressure on the rates of marine
remain between observed and our model-predicted marin@VOC production.
isoprene emissions, mainly under nighttime conditions. Un-
derprediction of nighttime emissions of marine isoprene in
our model .iS likely to b_e att_ributed to the absence of iSOprene08ERG4508. The authors would like to thank Robert Reed of
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