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Abstract. We have combined the first satellite maps of 1 Introduction

the global distribution of phytoplankton functional type and te gjopally extensive coverage of marine stratiform clouds

new measurements of phytoplankton-specific isoprene progeans that they exert a significant influence on global cli-

ductivities, with available remote marine isoprene observay,ate The physical characteristics of these clouds are signifi-

tions and a global model, to ev_alu_ate our understa_ndmg OEantIy affected by oceanic sources of aerosol particles, which
the marine isoprene source_and its impacts on organic aeros@l . strong control on cloud condensation nuclei (CCN)
abundances. Using satellite products to scale up data Opyncentrations in the relatively clean marine environment
phytoplankton-specific isoprene productivity to the global (O'Dowd et al., 1999). Knowledge of fundamental processes

oceans, we infer a mean *bottom-up” oceanic isoprene emisgniq|ling aerosol abundances in the remote marine atmo-
sion of 0.33:0.08 (10)Tg/yr. By minimising the mean bias sphere is therefore critical to our ability to understand and

between the model and isoprene observations in the maringqict the global climate. Sources of marine aerosol in-

atmosphere remote from the continents, we produce a *topg)de primary emission of sea-salt particles by ocean white-

down” oceanic isoprene source estimate of 1.9 Tg/yr. WeCap generation and wave-breaking¥iensson et al., 2003),

sgggegt our r?”anc‘? on |imiteq atmospheric is_oprene dgtaand dimethylsulfide from oceanic phytoplankton, which can
difficulties in simulating in-situ isoprene p_rO(_juctlon rates in e emitted into the marine atmosphere where it oxidises to
Iab_oratory phytopla_nkton cultur_es, and limited knowledge produce sulphate aerosol (Andreae and Raemdonck, 1983;
of isoprene production mechanisms across the broad rangg enfe|i et al., 1999). More recently, significant abundances
of phytoplankton communities in the oceans under dlffer—of organic carbon (OC) aerosol have been observed in ma-

ent environmental conditions as contributors to this differ- fine environments (Novakov et al., 1997; Putaud et al., 2000;
ence between the two estimates. Inclusion of secondary Oy alii et al.. 2004: Yoon et al. 20’07. Pié etal., 2007) ,which,

ganic aerosol (SOA) production from oceanic isoprene in the, g f6nd to increase during periods of enhanced oceanic bi-

model with a 2% vyield produces small contributions (0.01— ological activity (O'Dowd et al., 2004). The mechanism and
1.4%) to observed organic carbon (OC) aerosol mass at threg,» ynitude of the marine OC source are highly uncertain.
remote marine sites in the Northemn and Southern Hemi—,q recent studies have produced very different estimates
spheres. Based on these findings we suggest an insignifis g 14 cjyr (Spracklen et al., 2008) and 75 TgClyr (Roelofs,
cant role for isoprene in modulating remote marine aerosobOOS)_ Primary oceanic emission of OC particles driven by
abundances, giving further support to a recently postulateq,,pp|e_hyrsting processes ejecting particles from an organic
primary OC source in the remote marine atmosphere. film on the ocean surface (O’Dowd et al., 2004; Nillson et
al., 2007), and secondary production of OC from oxidation
of ocean-emitted gas-phase organic precursors (O'Dowd and

Correspondence tdS. R. Arnold de Leeuw, 2007) have both been postulated as sources of ma-
BY (s.arnold@see.leeds.ac.uk) rine OC.
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Table 1. Isoprene production rates measured in controlled single-2 Emission of isoprene from the oceans

species culture experiments for the four phytoplankton classes con- .
sidered by the PHYSAT model. Number of individual measure- ISOprene is produced by both phytoplankton (Broadgate et
ments contributing to mean values are shown in the final columnal-, 1997; Ratte et al., 1998; Shaw et al., 2003) and seaweed

Data from Bonsang et al. (2009). Data presented as melan  (Broadgate et al., 2004) in the marine environment. A to-
(min/max). Standard deviation for Haptophytes based on fractionatal global oceanic emission of 0.1-1.2 Tg C/yr has been esti-

standard deviation from other types. mated from in-situ observations (Bonsang et al., 1992; Milne
etal., 1995; Broadgate et al., 1997) and satellite observations
Class Isoprene production rate N of ocean biological productivity (Palmer and Shaw, 2005),
(nmol isoprene gchl-a]' day ') ~ Samples which is small compared with an estimated global terrestrial
Haptophytes 1.991.00 (1.24/2.73) 2 isoprene source of400-750Tg C/yr (Miller et al., 2008;
Erochlgroioqcus ?-gg-gg (;-jggg-i) ;g Guenther et al., 2006). Nevertheless, the high reactivity of
D?;gﬁ]sa(csegiean) fiponges 50:33/1'99; o isoprene means that an ocean source has the potential to per-
Diatoms (elsewhere) 2.481.75 (0.00/10.1) 12 turb photochemistry in the remote marine atmosphere where
Unidentified 3.131.57 (0.00/22.1) 92 reactive VOC loadings are small due to the distance from

continental sources (e.g. Lewis et al., 2001).

A correlation between seawater isoprene concentration

Phytoplankton in the oceans are known to produce a larg@nd chlorophyll-a concentration, [Chl-a], has been observed
suite of volatile organic compounds, including isoprene (2-(Bonsang et al., 1992; Broadgate et al., 1997; Shaw et al.,
methyl-1, 3-butadiene, Eig) (Moore et al., 1994; Shaw et 2003), suggesting a relationship between isoprene produc-
al., 2003). Isoprene is a highly reactive di-alkene, and istion and phytoplankton biological activity. This relationship,
rapidly oxidised in the atmosphere, leading to the forma-combined with global satellite observations of oceanic [Chl-
tion of secondary organic carbon aerosol (Claeys et al., 20042] has been used to derive a global oceanic isoprene emis-
Liao et al., 2007). Production of secondary organic aerosobion of 0.11 Tg C/yr (Palmer and Shaw, 2005). This estimate
(SOA) from oceanic emission of isoprene from phytoplank- assumed an invariant relationship between isoprene produc-
ton, and its impact on CCN concentrations, has been postion and [Chl-a] observed across a range of three different
tulated as a mechanism to explain an observed reduction iPFTs in laboratory experiments (Shaw et al., 2003). More
cloud droplet effective radius and increase in cloud dropletrecent experiments suggest a variable relationship between
number over a large phytoplankton bloom in the remoteisoprene production and [Chl-a] for different PFTs and in-
Southern Ocean (SO) during Austral Summer (Meskhidzedividual species within PFTs (Bonsang et al., 2009). Ta-
and Nenes, 2006). Despite a significant downward revisiorble 1 shows rates of isoprene production in seawater for dif-
of their initial estimate of isoprene emission derived during ferent PFTs from laboratory experiments, (for details see
the study (Wingenter, 2007), the authors maintain that a rold3onsang et al., 2009). Phytoplankton cultures in their ex-
for isoprene in the production of CCN cannot be ruled out, ponential growth phase were kept at a controlled tempera-
due to highly variable environmental conditions and variabil- ture with a programmed light cycle of PAR (photosynthetic
ity in distributions of phytoplankton functional types (PFTs) active radiation, 400-700nm) simulating a diurnal cycle.
encountered over the oceans (Meskhidze and Nenes, 2007)The temperature and the PAR maximum intensity (30 or

Here, we attempt to quantify the contribution of isoprene 100uE m~?s~1) were chosen according to the natural habi-
to remote marine OC abundances based on current knowtat of the different cultures, particularly for diatoms char-
edge of biological and atmospheric processes, and availacteristic of the Southern Ocean. Isoprene measurements
able field and laboratory observations. We use new satellitavere carried out by two different techniques: automated FID
observations of phytoplankton functional type (PFT) in the gas chromatography (Chromatotrap GC/Chromatotec, Saint
global oceans coupled with laboratory culture measurementéntoine, France), with cryogenic trapping on Carbotrap B,
of phytoplankton isoprene productivity to scale up a global Carbotrap C, Carbosieve S 111, and separation on PLOT,
isoprene emission estimate. A 3-D global chemical transportAl20s/KCI capillary column, or collection on cartridges
model is then used in conjunction with available atmospheric(Carbograph I/Carbograph II; Markes International, Ponty-
isoprene observations from the remote marine atmosphere tgun, UK) and subsequent GC/MS analysis, (GC6890A, Ag-
evaluate this global source. We identify key uncertainties andlent Technologies, CA, USA). Emission rates were deter-
deficiencies in our understanding of the production, emissiorimined from the composition change of synthetic air contin-
and fate of oceanic isoprene on the global scale. uously flushed through the culture at a constant flow rate of
100 mImirrL. Taking into account the measurement uncer-
tainties and the isoprene detection limit of 0.5 pptv, emis-
sion rates are estimated with 10-15% uncertainty and with
a detection limit of~0.2umol g[chl-a] *day 1. The rate
of seawater isoprene production is linearly related to the
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chlorophyll-a concentration present in the sample. For eachosses of isoprene over the MLD are negligible, our emis-
PFT, mean, standard deviation and maximum/minimum pro-sions can be considered upper estimates.
ductivities were obtained for a number of individual species To account for the observed range of isoprene productiv-
from a series of experiments. Production rates S&ele- ities for individual phytoplankton species, and the different
tonema a diatom species anBmiliania Huxley a hapto- species sampled within an individual PFT, probability dis-
phyte agree well (+30% and +50%, respectively) with pre-tribution functions (PDFs) of isoprene production rate are
vious measurements by Shaw et al. (2003). For cyanobaceonstructed for each of the four PFTs mapped by PHYSAT.
teria, production rates are a facte® (7.8 compared with  For each PFT, a mean productivity value and mean fractional
1.4mol isoprene g[chl-a]* day 1) larger than those ob- standard deviation are calculated, and maximum and mini-
served by Shaw et al. (2003). mum values are taken, from the sampled species belonging
The distribution of different PFTs across the global oceansto the group (Table 1). For diatoms, a distinction is also made
is highly variable spatially and temporally. This provides an between species characteristic of the Southern Ocean and the
additional challenge to quantifying marine isoprene fluxes,remainder of the oceans (for details see Bonsang et al., 2009).
since the seawater isoprene production rate is dependent orhe Southern Ocean values are applied south 8S5@he
the phytoplankton community composition in a given re- approximate latitude of the oceanic polar front. Productiv-
gion, in addition to light and nutrient availability which de- ity distributions are constructed using the mean and stan-
termine phytoplankton biomass and the chlorophyll-a con-dard deviation values from Table 1, producing normally dis-
tent per cell. Recent advances in satellite retrieval algorithmsributed PDFs for each PFT, with standard deviations rang-
have allowed the spatial distribution of four different PFTs in ing between 40-70%. Distribution tails are truncated at the
the global oceans to be obtained from space for the first timemaximum and minimum observed values for the group. This
The method relies on the detection of spectral signaturesestricts the range of productivity values to those observed,
from water-leaving radiances in the visible wavelengths, pre-and prevents the occurrence of negative values in the tails of
viously determined using the SeaWiFS (Sea Wide Field-of-the distributions. Removing this truncation from the PDFs
view Sensor) satellite instrument and in-situ measurementsf isoprene production rate (results not shown) results in a
from ship cruises (Dandonneau et al., 2004). The PHYSATsmall increase in the standard deviation value for the resul-
model (Alvain et al., 2005), uses this spectral information tant global emission total (0.09 to 0.08 Tg/yr), however the
from SeaWiFS to produce global distributions of the dom- calculated mean emission total is unaffected to two signif-
inant PFTs from four major phytoplankton groups (hapto-icant figures. Alvain et al. (2005) showed that over some
phytes, prochlorococcus, cyanobacteria and diatoms). Theegions of the global oceans, the PHYSAT method is unable
dominant PFT given in each ocean grid-cell by the PHYSAT to detect the dominant PFT. This is due to large aerosol op-
model is an empirically-derived non-numerical product, andtical thickness values over e.g. the Indian Ocean and equato-
it is therefore difficult to assign a quantitative uncertainty to rial Atlantic Ocean, or the presence of phytoplankton assem-
the distributions. However, a large effort has been made tdlages with optical properties which have not been sampled
evaluate the PHYSAT method using in-situ observations ofin-situ. For these regions, we construct a PDF of isoprene
phytoplankton communities (Alvain et al., 2008). productivity using the mean value and mean fractional stan-
We produce global sea-air isoprene fluxes accounting fordard deviation, and overall maximum and minimum, from
the variation in isoprene productivity across different PFTs,all phytoplankton groups in Table 1. This allows the full
by combining remotely-sensed oceanic chlorophyll-a con-range of possible isoprene productivities to be accounted for,
centrations and PFT distributions from PHYSAT, with the but results in a weaker constraint on isoprene emission from
laboratory isoprene productivity measurements shown in Tathese regions. The PHYSAT product limits our analysis to
ble 1. Global monthly-mean seawater [Chl-a] are obtainedthe four PFTs that it considers. However, isoprene has also
from the SeaWiFS instrument. We assume that isoprene is ilveen observed to have been producedtighodesmiunibe-
steady state and well mixed through the oceanic mixed layetonging to the nitrogen-fixation phytoplankton types. Mea-
depth (MLD), and that retrieved [Chl-a] values are represen-sured rates of isoprene production flaichodesmiun{Bon-
tative of chlorophyll-a abundances over the MLD. Values of sang et al., 2009) lie within one standard deviation of our
MLD are taken from a climatology based on measurementsnean rate for “unclassified” species (Table 1).
of ocean density and temperature (de Boyer et al., 2004). A Latin-Hypercube sampling method (McKay etal., 1979)
We use the assumptions of Palmer and Shaw (2005), whavas used to produce a Monte-Carlo ensemble of global iso-
showed that timescales for isoprene loss in the water colummprene emission scenarios from the PFT productivity PDFs,
by deep-water mixing and aqueous oxidation are long com-global fields of SeaWiFS chlorophyll-a and PHYSAT distri-
pared with loss by transfer across the sea surface. We therdutions. Each of the PDFs was split into 500 bins of equal
fore calculate our isoprene fluxes assuming that isoprene prgarobability, and bins were randomly selected from each PDF
ductivity in the ocean is balanced by sea-air exchange. Théo be applied to the chlorophyll-a and PHYSAT distribu-
short atmospheric lifetime of isoprene means the exchangéon fields. This produced an ensemble of 500 global iso-
can be considered unidirectional. In the limit that oceanicprene emission fields, weighted by the PDFs of the isoprene
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0.20 [T T with most marine observations being made at continental
coastal sites. Figure 2d demonstrates that the expected con-
tribution from the oceanic source to surface isoprene concen-
trations is swamped by terrestrial emissions at coastal sites.
Without careful filtering to mask continental influence, such
observations may be unsuitable for the evaluation of the rela-
tively small ocean source under discussion here. We include
in this analysis isoprene measurements made in the marine
BL at least 1-degree in longitude and latitude from any land.
Table 2 details the available isoprene observations for model
evaluation fitting these criteria. A small number of aircraft
observations are available from the ITOP experiment over
the mid North Atlantic Ocean (Lewis et al., 2007), where
0.6 the aircraft sampled near-surface marine air north-west and
south-east of the Azores in July 2004. Limited periods of
more frequent measurements are available from ship cruises
emission totals from a 500-member Monte-Carlo ensemble simula!" the marine surface atmosphere of the Western North Pa-

tion. The simulation projects variability in seawater isoprene pro- Cific during May 2001 (Matsunagg et al., 2002) and the re-

ductivity for each phytoplankton class (Table 1) onto global satellite MOte Southern Indian Ocean during December 1997 (Yok-

maps of chlorophyll-a and phytoplankton class. See text for detailsouchi et al., 1999). Isoprene observations were also made
during the ARCICE cruise at 8N in the Arctic Ocean dur-

ing August 1999 (Hopkins et al., 2002). Individual isoprene
production rates for each PFT. The resulting PDF of globalmeasurements are not quoted for this study, and we compare
total isoprene emission is shown in Fig. 1. The ensemblewith a mean concentration value given for this latitude over
mean total annual emission is 0.31 Tg/yr, with 5/95 per-the cruise period.
centile values of 0.18 and 0.45Tg/yr. This range of val- Figure 3 compares these observations with model
ues is close to some previous estimates inferred from in-situnonthly-mean surface atmosphere isoprene concentrations
isoprene observations (0.19 Tg/yr, Broadgate et al., 1997from simulations including and neglecting our 0.31 Tg/yr
0.38 Tg/yr, Milne et al., 1995), but significantly less than oceanic isoprene source. Model output is taken from the
others (1.2 Tg/yr, Bonsang et al., 1992). A previous globalmodel grid-box corresponding to the location and month of
estimate using remotely-sensed chlorophyll-a, but applyingeach observation point. Without an oceanic isoprene source,
a single chlorophyll-isoprene productivity relationship, in- the model severely underpredicts observed isoprene by up
ferred an emission of 0.11 Tg/yr (Palmer and Shaw, 2005)to 4 orders of magnitude (mean bias (MBR7 pptv; nor-
which is at the lower limit of our estimated range. The annualmalised mean bias (NMB}99.6%). Table 2 shows model
mean isoprene emission flux from the ensemble mean usinfias values for each observation set. The short lifetime of
chlorophyll-a and PHYSAT distributions from the year 2000 isoprene means that transport from terrestrial sources can-
is 0.27x10° molecules cm?s~1, with a range of 1.310° not account for its abundance in the remote marine BL. This
to 1.6x10° moleculescm?s™1. Despite being 3 orders of highlights the role of marine emissions in controlling remote
magnitude less than the terrestrial isoprene source, the inmarine background isoprene concentrations. Including the
ferred ocean source substantially enhances model isopreri®31 Tg/yr oceanic isoprene source reduces the model under-
concentrations over large areas of the remote oceans by up terediction (MB—24 pptv; NMB —91%), however the obser-
4 orders of magnitude where terrestrial sources have negligivations remain underestimated by the model. This underpre-
ble influence (Fig. 2). diction is greatest for the cruise observations in the North
West Pacific. Matsunaga et al. (2002) demonstrated that air
masses sampled on this cruise were likely to be influenced by
3 Evaluation of marine isoprene emissions outflow from Asia, and not representative of the remote ma-
rine atmosphere. Omitting these observations from the anal-
We include our calculated isoprene emissions in the GEOSysis improves the model performance (MB7 pptv; NMB
CHEM global chemical transport model (v7.04.01) (Bey et —85%). We globally scale our 0.31 Tg/yr bottom-up source
al., 2001; Park et al., 2003), and evaluate them using obto minimise bias between the observations (excluding those
servations of isoprene in the remote marine atmosphere. Af Matsunaga et al., 2002) and the model. We find the best
detailed description of the chemical mechanism in the modematch (MB —2.1 pptv; NMB —11%) with a global scaling
can be found athttp://homepages.see.leeds.ac:idégmje/  factor of 6. This produces an effective “top-down” emission
GEOS-CHEM/geoschemmech.pdf Few isoprene observa- estimate of 1.9 Tg/yr.
tions have been made in regions remote from the continents,

0.15

Probability
o
o

0.05

Global isoprene emission / Tg yr~!

Fig. 1. Probability distribution function of global oceanic isoprene
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Fig. 2. (a—c) Annual mean surface atmospheric isoprene concentrations from the GEOS-CHEM model for year 2000 from sia)lations
without an oceanic isoprene sourg¢b) with the 0.31 Tg/yr “bottom-up” source estimate, a@j with the 1.9 Tg/yr “top-down” source
estimate (d) Ratio of annual mean surface atmospheric isoprene concentrations from the 1.9 Tg/yr oceanic source to the no oceanic isoprene
source simulations (c/a). Note colour scale is saturated at highest and lowest colour-bar values.

Table 2. Observations of isoprene concentrations taken in the non-coastal marine boundary layer. Mean bias and normalised mean bias
between model and observations are shown from model simulations without an oceanic isoprene source, and with a 0.31 Tg/yr and a 1.9 Tg/yi
isoprene source.

Mean Bia$
Isoprene Ipptv
Location Month  Reference Ipgtv No source 0.31Tglyr 1.9Tglyr
ITOP North Atlantic Jul Lewis et al. (2007) 3.2(3.7/2.7) —3(-100%) —3(—84%) —0.14 (5%)
Ship Cruise  40-110E, S. Ocean Dec Yokouchi et al. (1999) 17 (60/1.4y%-22 (—100%) —19(—86%) —3.6(—16%)
ARCICE 8C N, Norwegian Sea  Aug Hopkins et al. (2002) 2 (-1-)—2.0 (—-99%) 1.6 (78%) 20 (995%)
Ship Cruise  North West Pacific May Matsunaga et al. 2002) 46 (110/7:2%5 (—100%) —45(—98%) —42 (—92%)

& |soprene concentrations shown as median (max/min).
b Model mean bias (normalised mean bias in %).

Several factors may contribute to the inconsistency be-a single scaling factor of-6, would translate to a signif-
tween observed marine BL isoprene concentrations and ouicant global-scale bias in satellite chlorophyll-a concentra-
bottom-up isoprene emission estimate. A bias in satellitetions or MLD climatology values. Based on past evalua-
retrieved Chl-a concentrations translates directly to a biagions of these products (de Boyer et al., 2004; Marrari et
in the derived isoprene flux. Moreover, the assumption thatal., 2006), a systematic bias of such magnitude seems un-
remotely-sensed Chl-a concentrations are representative ovéikely. The assumption that isoprene is well-mixed through
the ocean MLD may be incorrect and lead to errors in thethe MLD is an approximation. Observations of isoprene over
emission calculation. Inconsistencies between the MLD cli-the oceanic vertical column show a vertical gradient with an
matolology used in the emission calculation and the trueisoprene maximum slightly shallower than the chlorophyll-a
ocean MLD in the regions of the observations would alsomaximum at 40—60 m depth (Bonsang et al., 1992; Milne et
produce errors in the calculated fluxes. The global improve-al., 1995; Moore and Wang, 2006). We assume that our iso-
ment in model-observation bias produced by application ofprene emission flux is chiefly determined by an equilibrium
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105 T T T rates from several phytoplankton monocultures is representa-
tive of the phytoplankton community emission, which is not
107 q T necessarily valid. There is uncertainty regarding which type
Ea— e, . | of laboratory growth conditions, if any, best simulate in-situ
& oy e TS R production rates. Different light and temperature conditions
o 0ok N oo o i may also impact isoprene emission rates from phytoplankton
§ o .o in the oceans by at least a factor 4 (Shaw et al., 2003).
8 10t . 7 In-situ measurements of ocean isoprene fluxes have been
2: x taken in a few locations. Matsunaga et al. (2002) observed
= 10 . ] fluxes between 02108 and 2.1x10% moleculescm?s™1
To-3k < x i during their cruise in the North Pacific in Septem-
* X ber 2001. Our mean flux values for this location
WO’:M - - o i and month are 0.1910% and 1.1x10® molecules cm?s~1
' " Observed isoprene / pptv ' for the 0.31 and 1.9Tg/yr sources respectively, with

overall minimum and maximum values of 0:00°
Fig. 3. Scatter plot of observed versus GEOS-CHEM simulated iso-and 1.80<10® moleculescm?s™, giving good agree-
prene concentrations in the remote marine boundary layer at locament with the observed fluxes. A mean flux value
tions and times given in Table 2. Crosse9:(no oceanic isoprene  of 1.1x10® moleculescm?s~1 was observed during May
emissions; diamonds): “bottom-up” 0.31 Tg/yr emissions; filled 1987 in a similar region (Bonsang et al., 1992). The
circles: “top-down” 1.9 Tg/yr emissions. PHYSAT model indicates that haptophytes are strongly dom-

inant at this location and time of year, providing a relatively

narrow constraint on the isoprene source in this region. Using
between isoprene production by phytoplankton in the nearj single invariant chlorophyll-dependent isoprene productiv-
surface column and loss to the atmosphere, with losses angly across the globe, Palmer and Shaw (2005) found that they
exchanges in the water column being of second order imwere unable to reproduce observed fluxes in this region, with
portance (Shaw et al., 2003; Palmer and Shaw, 2005). Th@n underestimate of 1-2 orders of magnitude. Isoprene fluxes
mixing of isoprene and phytoplankton from larger depths observed in the Straits of Florida during September 1993
may increase isoprene in the near-surface ocean, however thgere between 0.0610°8 and 0.7 10® molecules cm?s1.
isoprene/chlorophyll-a ratio would not be expected to changeour flux estimates for this region and month range from
significantly, and this is unlikely to account for a large bias in 0.04x 108 to 1.7x10® molecules cm2s1 for the 0.31 and
our emission estimates. Further uncertainty results from oun 9 Tg/yr sources, with mean values of O:I0® and
model-observation comparisons. Information is not availablep.42x 108 molecules cm?s~1, respectively, again demon-
on the time of day at which most of these observations werestrating good agreement with the observations. In the
taken. It is therefore not possible to account for the isoprenayorth Atlantic Ocean, there is evidence that our esti-
diurnal cycle in comparisons of the model with the obser- mated fluxes (0.2510°—1.5x 10 moleculescm?s™1) are
vations. In addition, it is not known if there is a diurnal |arge compared with observed fluxes of 0xa®° to

cycle in the phytoplankton isoprene source. This leads ta.6x 108 molecules cm?s~1 during May 1997 (Baker et al.,
an uncertainty in our derivation of the source strength that2000).

best reproduces the observed isoprene abundance, since this
is based on a diurnally constant emission and diurnal mean
model output. 4 Impacts on marine organic carbon aerosol

For the phytoplankton species sampled in the laboratory
experiments, we assume that near-maximum isoprene profhe role of isoprene as a precursor for organic aerosol for-
duction rates were observed, since measurements were takemation has led to the suggestion that oceanic isoprene emis-
during the exponential growth phase, when previous studiesions may exert control on marine OC aerosol and CCN
have observed maximum production compared with smallembundances over the remote Southern Ocean (Meskhidze
production rates during the population senescence phasgnd Nenes, 2006). We have estimated the contribution
(Shaw et al., 2003). Given the large variability in isoprene of both our best-estimate bottom-up (0.31 Tg/yr) and top-
productivities within a given PFT (Table 1), itis possible that down (1.9 Tg/yr) emissions to global and regional OC con-
as yet unsampled species may produce larger amounts of isa@entrations, by including a 2% yield of secondary organic
prene than is accounted for by our emission calculations. Isoaerosol (SOA) from isoprene (Henze and Seinfeld, 2006)
prene may be more readily produced by species communitieg the GEOS-Chem model simulations. Formation of SOA
in the real oceans than by the selection of single-species cuis treated immediately on emission of the marine isoprene.
tures sampled in the controlled experiments. The underlyingrherefore estimated contributions to OC abundances are an
assumption in our method is that the combination of emissiorupper limit for the given SOA yield and isoprene emission.
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Fig. 4. Top panels: observed (solid line, filled circles) and modelled OC aerosol concentrations at the three remote méain&rsitesdam

Island (3731'S, 7P19 E), (b) Azores (3841 N, 27°21' W), (c) Mace Head (5320 N, 9°54' W), using a 2% SOA yield from isoprene

with no oceanic isoprene emission (solid line), 0.31 Tg/yr oceanic isoprene emission (dotted line) and 1.9 Tg/yr oceanic isoprene emission
(dashed line). Bottom panels: percentage contribution of model SOA from oceanic isoprene emissions to observed OC for 0.31 Tg/yr oceanic
isoprene emission (dotted line) and 1.9 Tg/yr oceanic isoprene emission (dashed(lif)@rasterdam Islande) Azores,(f) Mace Head.

On a global scale, with the 2% yield, our bottom-up and top- Observations of monthly-mean marine BL OC concentra-
down emissions contribute 0.006 TgC/yr and 0.04 TgC/yr oftions have recently become available at Amsterdam Island
organic carbon aerosol, respectively. Based on in-situ ob{37°31'S, 7719 E) in the remote Southern Indian Ocean
servations of OC in the remote marine BL, Spracklen et(Sciare et al., 2009). These observations have been used
al. (2008) recently inferred a chlorophyll-a dependent globalin conjunction with equivalent datasets from the Azores
marine OC source of8 TgC/yr. Our two isoprene source (38°41 N, 27°21' W) (Pio et al., 2007) and Mace Head, Ire-
estimates therefore respectively account for 0.08% and 0.5%and (5320 N, 9°54' W) (Yoon et al., 2007) to infer the

of the proposed marine OC source globally. An increaseestimated 8 TgC/yr source of OC from the global oceans
in the isoprene SOA yield would translate to an increased(Spracklen et al., 2008). Figure 4 compares the annual cy-
significance for oceanic isoprene in marine OC. Yields of cle of OC observed at these sites with GEOS-CHEM mod-
SOA from in-cloud processing of isoprene oxidation prod- elled OC from simulations without an oceanic isoprene OC
ucts of up to 42% have recently been observed under elevatesburce, and with 2% SOA production from the bottom-
NOx ([CsHg]/[NOx] ~0.05) (Ervens et al., 2008). An up- up (0.31Tg/yr) and top-down (1.9 Tg/yr) isoprene emission
per limit of 0.78 TgC/yr of SOA from the top-down 1.9 Tg/yr fields. At Amsterdam Island, maximum contributions of
isoprene source is obtained by applying the maximum 42%0.2% and 1.3% from oceanic isoprene SOA to OC mass are
SOA yield globally. This equates to a maximunl0% of  obtained for the smaller and larger isoprene sources, respec-
the estimated 8 TgC/yr source of marine OC. However, thetively. This suggests an insignificant role for isoprene in
low NOy concentrations characteristic of the remote marinedriving marine OC abundances in this region of the South-
atmosphere (on the order 10 pptv or less) will produce subern Ocean. We find the maximum OC contribution from
stantially smaller SOA yields through this process. Ervens efisoprene is in spring (September), with the smallest contri-
al. (2008) found yields of between 2 and 3% agl{g]/[NOy] bution in summer (January—February), out of phase with the
concentration ratios similar to those found under typical ma-observed annual cycle of OC, which shows a strong peak in
rine conditions with our 1.9 Tg/yr isoprene souree30ppty ~ summer and minimum in winter. It is difficult to assign sig-
isoprene,~10 pptv NQ,). These are close to the 3% yields nificance to this finding, since our model simulations assume
observed during studies of isoprene SOA production un-a year-round constant SOA yield of 2% from isoprene ox-
der gas-phase oxidation in low-N@onditions (Kroll et al., idation. The formation of SOA relies on the production of
2006). isoprene oxidation products, and therefore a seasonality in
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the SOA yield may be expected. However, there is no evi-bias, producing a “top-down” emission estimate of 1.9 Tg/yr.
dence to suggest that the yield would be expected to be sigfhis offset is not easy to explain, and we suggest that the
nificantly greater than that assumed, even during the mospresence of as yet unsampled strong isoprene emitters in phy-
photochemically active periods. Smaller yields when localtoplankton communities across the oceans may be at least
photochemistry is less active would reduce the significancepartly responsible. Additionally, the lack of atmospheric iso-
of isoprene for marine OC at these times still further. prene observations in regions remote from continental influ-
The maximum isoprene SOA contribution to OC at the ence means that our top-down estimate is strongly biased by
Azores occurs in March, and amounts to 0.14% and 0.84%he limited datasets used here, which may or may not be rep-
of the observed OC from simulations using the 0.31 Tg/yrresentative of remote marine isoprene abundances on a larger
and 1.9 Tg/yr emissions respectively. This is coincident withscale. In regions of the remote marine atmosphere where the
when the minimum OC concentration is observed. The max-continental contribution to isoprene is negligibleQ.1 pptv),
imum OC is observed in July, where the isoprene SOA con-phytoplankton appear to be capable of maintaining isoprene
tribution is close to its minimum (0.01-0.07%). At Mace abundances of 10s pptv over large areas. Over biologically
Head, simulations with the 0.31 Tg/yr and 1.9 Tg/yr emis- active regions of the global oceans, such concentrations may
sions produce a maximum isoprene SOA contribution to ob-lead to abundances of oxidation products (e.g. HCHO) capa-
served OC of 0.24% and 1.4%, respectively. This occurs irble of acting as a photochemical radical source.
March, close to the maximum in chlorophyll-a concentration The uncertainties in the global marine isoprene source pre-
in this region (April). Minimum contributions (0.01-0.04%) sented here can only be reduced by both further testing of
occur in November close to the minimum in chlorophyll-a different phytoplankton species for isoprene productivity and
(December). by increasing the available observations of isoprene abun-
At all three sites, the model severely underpredicts ob-dances over biologically active and inactive oceans in regions
served OC concentrations. The 8 Tg/yr oceanic OC sourc&éemote from continental influence. It may be possible to de-
proportional to ocean chlorophyll-a concentration derived bysign strategies by which satellite products such as PHYSAT
Spracklen et al. (2008) was shown to produce a significantould be used to target observations to a particular region
improvement in the model performance. Our modelled con-where the dominance of certain PFTs are predicted. In ad-
tributions to OC from SOA production at these sites are atdition, a better understanding of how combinations of indi-
most~1-2%, assuming a 2% SOA yield from isoprene. vidual phytoplankton isoprene productivities compare with
true community isoprene productivities can be gained from
direct measurement of isoprene production from phytoplank-
5 Conclusions and recommendations ton communities from the oceans.
Based on current understanding of isoprene SOA yields,
We have combined laboratory measurements of phytoplankisoprene appears to be an insignificant source of OC in the
ton isoprene productivity, satellite datasets on ocean biologyremote marine atmosphere. With a 2% SOA yield, our
available field observations and a global atmospheric chemlarger “top-down” emission estimate produces 0.04 Tg/yr OC
istry model to estimate and evaluate the global oceanic isoaerosol, which represents only 0.5% of the recently estimated
prene source. We have introduced a refinement to previou8 Tg/yr global source of oceanic OC aerosol (Spracklen
attempts to use satellite chlorophyll-a data to scale-up eset al., 2008). At three remote marine sites, SOA produc-
timates of phytoplankton trace-gas emissions to the globation from phytoplankton isoprene contributes a maximum of
oceans (Simo and Dachs, 2002; Palmer and Shaw, 2005},.4% to observed OC abundances. An increase in this con-
by including for the first time information on the distribu- tribution to a significant fraction of marine OC would re-
tion of phytoplankton functional type in the global oceans. quire either a large increase in the isoprene SOA yield, or
This has reduced differences between observed oceanic is@ strong enhancement to the oceanic isoprene flux, to pro-
prene fluxes and emissions calculated using this method agluce regionally-enhanced marine BL isoprene abundances
suming a single isoprene productivity-chlorophyll-a relation- significantly larger than those observed to date. Assuming
ship. However, large uncertainties remain in our global emis-a 2% OC mass yield from isoprene, a global marine iso-
sion estimates. Using a Monte-Carlo ensemble method tgrene source 0f400 Tg/yr would be required to account for
project uncertainty in isoprene emission rates for specifica recently-estimated 8 TgC/yr global source of marine OC
phytoplankton species and classes onto the global satellit€Spracklen et al., 2008). Such a large source would produce
maps, we produce a near-Gaussian distribution of globabhtmospheric isoprene concentrations over the remote oceans
emissions with a mean value of 0.31 Tg/yr and standard deerders of magnitude larger than observed. These findings
viation 0.08 Tg/yr. This “bottom-up” estimate appears to be suggest a nondominant role for isoprene in driving OC abun-
inconsistent with a limited collection of isoprene concentra- dances in the remote Southern Ocean, implying an alternative
tion measurements in the marine BL at locations remote fromsource from primary OC aerosol emission or oxidation of
continental influence. A factor6 increase in the mean emis- other ocean-emitted volatile organics such as monoterpenes
sion is required to minimise the model-observation mean(Yassaa et al., 2008).
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