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Abstract. In this study, several marine primary organic 1 Introduction

aerosol (POA) emission schemes have been evaluated using

the GEOS-Chem chemical transport model in order to pro-

vide guidance for their implementation in air quality and cli- Recently, there have been several studies attempting to pa-
mate models. These emission schemes, based on varying de&meterize the emissions of marine primary organic aerosols
pendencies of Ch|orophyﬂ concentration ([Ch]l]) and 10m (POA) (O’DOWd et aI., 2008), estimate their concentrations
wind speed {10), have large differences in their magnitude, in the marine boundary layer (Vignati et al., 2010), and eval-
spatial distribution, and seasonality. Model comparison withuate their impact on cloud condensation nuclei (Roelofs,
weekly and monthly mean values of the organic aerosol masg008; Fuentes et al., 2011; Meskhidze et al., 2011; Wester-
concentration at two coastal sites shows that the source funa€lt et al., 2012) and indirect forcing (Gantt et al., 2012). A
tion exclusively related to [cht] does a better job replicat- few of these emission schemes have been evaluated against
ing surface observations. Sensitivity simulations in which thesatellite-based aerosol optical depth (AOD) and ship-based
negativel1¢ and positive [chk] dependence of the organic concentration observations (Lapina etal., 2011), but the ma-
mass fraction of sea spray aerosol are enhanced show infority have not been compared to measurements from hourly
proved prediction of the seasonality of the marine POA con-to monthly temporal resolutions to enable a process-based
centrations. A top-down estimate of submicron marine POA€evaluation. As the emissions of marine POA have been de-
emissions based on the parameterization that compares begribed as globally significant (Spracklen et al., 2008; Gantt
to the observed weekly and monthly mean values of marineet al., 2009) and shown to contribute to an increase in model-
organic aerosol surface concentrations has a global averag¥edicted regional surface CCN concentrations by over 20 %
emission rate of 6.3 Tgyt. Evaluation of existing marine When treated as additional aerosol number externally-mixed
POA source functions against a case study during which mawith sea-salt (Meskhidze et al., 2011; Westervelt et al.,
rine POA contributed the major fraction of submicron aerosol2012), there is a need for a process-based, comprehensive
mass shows that none of the existing parameterizations ar@valuation of the parameterizations before their widespread
able to reproduce the hourly-averaged observations. Our caimplementation into climate and air quality models.

culations suggest that in order to capture episodic events and Marine POA emission parameterizations fall into two
short-term variability in submicron marine POA concentra- Main groups: (1) emission rates exclusively related to chloro-
tion over the ocean, new source functions need to be develPhyll a concentration ([chi]) and (2) emission rates linked
oped that are grounded in the physical processes unique & sea spray emissions through the calculation of the organic

the organic fraction of sea spray aerosol. mass fraction of sea spray aerosol (€44). A brief sum-
mary of the emission schemes, shorthand notations adopted
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Table 1. Summary of sea-salt aerosol and marine POA emission schemes used in GEOS-Chem.

Parameterization  Determining factors Reference

GO3 (sea-salt) UM, Dy, SST Gong (2003), Jadget al. (2011)

S08 [chla] Spracklen et al. (2008)

V10 U3, D%, SST, [chla] Vignati et al. (2010), Meskhidze et al. (2011)
F10 Uio“, Dp, SST, [chla] Fuentes et al. (2010)

L11 U%OM, D, SST, [chla] Long et al. (2011)

G11 U3y, Dp, SST, [chla], Up  Gantt et al. (2011)

Sensitivity Study

Eq. (3) U3, Dy, SST, [chla], Ug  This work

*Aerosol size dependency added by Meskhidze et al. (2011)

in the paper, and the parameters that determine the emissid? x 2.5 horizontal resolution and 47 vertical levels, driven
rates for different parameterizations are given in Table 1. Inby GEOS-5 assimilated meteorology from the NASA Global
the first group, Spracklen et al. (2008) used a top-down modModeling Assimilation Office (GMAQO). The model is run
eling approach to fit coastal concentrations to emissions linwith a full chemistry configuration, which includes80,-
early related to [chk]. In the second group linking marine  HNOs-NH3 aerosol thermodynamics (ISORROPIA) cou-
POA emissions with that of sea spray, several studies compled to an @-NOx-hydrocarbon-aerosol chemical mecha-
pared coastal measurements of organic and sea-salt aerosobm (Nenes et al., 1998; Bey et al., 2001; Park et al.,
with parameters such as [ch], 10 m wind speed({10), and  2004). Terrestrial emissions in our simulations include car-
aerosol diameterZ},) to determine the ONsa. It was first bonaceous aerosols and sulfur compounds (Park et al., 2004;
reported (O'Dowd et al., 2008) and later adjusted (Lang-Heald et al., 2004). Secondary organic aerosol formation
mann et al., 2008; Vignati et al., 2010) that the submicronfrom both terrestrial and marine sources is not included in
OMssa is linearly related to [chk]. Gantt et al. (2011) ex- our simulations; therefore primary organic aerosols are the
panded upon this relationship by adding a negative windonly organic aerosol source. Sea-salt in the model is emit-
speed relationship and size-dependence to theg$aMal- ted in two size bins (fine mode ranging from 0.02 to 1.0 um
culation. Long et al. (2011) developed a Langmuir rela-in diameter and coarse mode ranging from 1.0 to 20.0 um
tionship between [chk] and OMssa and included a size- in diameter) as a function of a power relationship witky
dependence. Fuentes et al. (2010) showed higher sea sprégllowing the formulation of Gong (2003) and includes the
number emission when phytoplankton exudates are preser@rd order polynomial dependence on sea surface tempera-
during laboratory-based bubble bursting experiments. Asture (SST) as described by Jaeegt al. (2011). Implementa-
suming that the additional emissions are organic in naturdion of this SST dependence to sea-salt emissions resulted in
and phytoplankton exudates are related tofhthe Fuentes  improved model prediction of both surface mass concentra-
et al. (2010) parameterization is similar to Long et al. (2011)tions and aerosol optical depth (Jaegk al., 2011). Within
and Gantt et al. (2011) in that the organic mass fraction ofthis model setup, we introduce a hydrophilic and hydropho-
sea spray is related to [ch] and aerosol size. The result- bic tracer for each marine POA emission scheme. The differ-
ing submicron emission rates and seasonality predicted bgnces between the hydrophilic and hydrophobic tracers in-
these parameterizations are affectedlyy and/or [chla] volve depositional processes, with scavenging in convective
at varying degrees. In this work, we use the latest versiorupdrafts and rainout not occurring for hydrophobic tracers
of all the available marine POA emission parameterizationg(Liu et al., 2001). A detailed description of the various ma-
and implement them under the same modeling frameworkine POA emission schemes and model treatment of the ma-
to calculate the submicron marine POA source and comparene POA tracers is given in Sect. 2.2. With this configura-
the resulting surface concentrations with aerosol compositioriion, year-long GEOS-Chem simulations for the years 2006
measurements from hourly to monthly averaged timescales.and 2009 are performed. In addition to the daily global out-
put of concentrations from the model, we also retain hourly
o concentrations of the marine POA tracers for the entire 2009
2 Model and measurements description simulation period over the North Atlantic Ocean (model grid
21 GEOS-Chem centered at 54N, 10° W) near Mace Head, Ireland.

We use version v8-01-01 of the GEOS-Cheintti://
geos-chem.ory/ global chemical transport model with
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2.2 Marine POA emissions regime (see Fig. 16 from Fuentes et al., 2010 for details). De-
tailed equations used for all emission schemes are presented
Beginning with O’Dowd et al. (2008), all marine POA emis- in Appendix A.
sion schemes have scaled their emissions to 4¢Hlased For all the emissions schemes, submicron marine POA
on the observed correlation with organic aerosol mass conemission rates are determined using monthly averages of the
centrations (O’Dowd et al., 2004; Sciare et al., 2009). The[chl a] values from the Moderate Resolution Imaging Spec-
differences between the parameterizations, however, is theoradiometer (MODIS) aboard the Aqua satellite after re-
extent to which other factors besides [eflaffect the emis-  gridding (by averaging) from the original
sion rates. One such factor is the sea spray emission rate, to the 2x 2.5 horizontal grid used in GEOS-Chem. Dur-
which can vary by several orders of magnitude (de Leeuw eing this regridding, satellite grids that are over land are given
al., 2011). Such variability in sea spray source functions in-a [chl a] value of O while cloud-covered grids are consid-
fluences the magnitude of marine POA emissions predicteegred as missing values. An organic-mass-to-organic-carbon
by the individual parameterizations. In order to explicitly ratio (OM/OC) of 1.4 is applied to simulated marine POA
compare the different marine POA emission schemes, all théo account for the noncarbon component of the organic mass
emission parameterizations in this study are implemented un{Desecari et al., 2007; Facchini et al., 2008), and the appar-
der the same GEOS-Chem modeling framework. For the seant density of the sea spray is calculated as a function of
spray-based marine POA emissions, the Gong (2003) func©OMssa according to Gantt et al. (2009). Similar to terres-
tion that calculates sea-salt emissions in the default versiotrial primary organic aerosols in GEOS-Chem, marine POA
of GEOS-Chem is altered to represent sea spray aerosol coare emitted as hydrophobic and converted to hydrophilic in
taining both sea-salt and organic compounds by accountinghe atmosphere with an e-folding time of 1.2 days (Cooke et
for the densities of each constituent. The ed calculated  al., 1999). This is consistent with the observation that freshly
for each of the emission parameterizations is applied to theemitted submicron marine primary organic aerosols are al-
submicron fraction of this combined organic-inorganic seamost entirely water insoluble consisting of colloids and ag-
spray aerosol source function following the method first in- gregates (Facchini et al., 2008) but can become more water
troduced by O’'Dowd et al. (2008). While we acknowledge soluble through atmospheric aging (Rinaldi et al., 2010). In
that some of the marine POA emission parameterizationsll comparisons with observations, the sum of the hydropho-
(Fuentes et al., 2010; Long et al., 2011) were presented ibic and hydrophilic marine POA tracers is used. In the pa-
conjunction with the development of novel sea spray sourcaameterizations based on the calculation of £3 the ma-
functions and that the magnitude of marine POA emissions igine POA emissions are scaled to the existing sea spray mass
sensitive to the selection of sea spray function, the objectiveemissions without replacement of sea-salt.
of this study is to describe the spatiotemporal distribution and
magnitude of the various marine POA emissions parameteri2.3 Observations
zations relative to each other.

The Spracklen et al. (2008) emissions, whose rates are Bespite recent interest in the modeling of marine organic
linear function of [chla], are adjusted to be in the submi- aerosol, there are very few observational datasets focusing
cron mode by using the suggested submicron/total mass raan marine aerosols (relative to that of terrestrial aerosols)
tio of 0.7 (Spracklen et al., 2008). The Gantt et al. (2011)with which to evaluate model performance. Of these, we use
and Vignati et al. (2010) emissions, which are based on thelatasets that represent very different geographical regions
calculation of OMssa, are implemented into GEOS-Chem and temporal resolutions. Two datasets (Yoon et al., 2007,
using Eq. (1) and (2) from Meskhidze et al. (2011). For theRinaldi et al., 2010) are from Mace Head, Ireland (5383
Fuentes et al. (2010) and Long et al. (2011) parameteriza9.9% W), whose aerosol composition is influenced by the
tions, an OMsa value was not directly given but had to biologically productive waters of the North Atlantic Ocean
be calculated. For the Long et al. (2011) emissions,sgM (O’'Dowd et al., 2004). Another dataset (Sciare et al., 2009)
is calculated using a conversion from the given organic ands from Amsterdam Island (37.8@®, 77.57 E) in the remote
sea-salt volume ratio (assuming a density of 1 géfor or- south Indian Ocean, whose aerosol composition is affected
ganics and 2.2 g cn? for sea-salt (O’Dowd et al., 2008)). In by transport from the windy and biologically active South-
the Fuentes et al. (2010) emissions, E¥Wis derived by as- ern Ocean. The surface organic aerosol concentration mea-
suming that the difference in the size-resolved particle num-surements at Mace Head were taken using a Sierra-Andersen
ber concentration from the sea spray experiments using atigh-volume cascade impactor that divided the aerosols into
tificial sea water with and without phytoplankton exudates a fine (Dsp <1.5 um) and coarseél)sp > 1.5 um) modes dur-
can be attributed exclusively to marine organic aerosols. Théng clean marine conditions (B€50 ngnt2 and wind di-
phytoplankton exudate concentration, which controls the dif-rection between 180and 300) (Yoon et al., 2007; Rinaldi et
ference in the particle number concentration in Fuentes eal., 2010). At Amsterdam Island organic aerosol surface con-
al. (2010), is calculated by assuming that the fchis asso-  centration was not separated between sub- and supermicron
ciated with diatoms that are in a low phytoplankton grazingsizes. An estimate of the submicron fraction of the organic
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aerosol concentration is derived from Claeys et al. (2009)tection losses mainly due to bounce of particles off the vapor-
who found that the PM5 to PMjg ratio was~0.41 at Am-  izer (Ovadnevaite et al., 2011a). Coincident measurements
sterdam Island. At both Mace Head and Amsterdam Islandpf wind speed/direction and black carbon (BC) concentra-
the organic aerosols are differentiated as water soluble andon were performed at Mace Head at temporal resolutions
water insoluble organic matter (WSOM, WIOM). For the of 1 and 5 min, respectively. The AMS measurements are av-
Yoon et al. (2007) and the Sciare et al. (2009) measurementgraged hourly after filtering to only include data in which
the WIOM concentrations are compared to surface concenelean marine conditions persisted for the entire hour. This av-
trations of marine POA from GEOS-Chem to minimize the eraging and filtering is done to be consistent with the hourly
influence of secondary organic aerosols (SOA) which can b6sEOS-Chem output of marine POA tracers. We have confi-
classified as WSOM (Ceburnis et al., 2008). For Rinaldi etdence that this comparison is reasonable because 80 % of the
al. (2010) measurements, in addition to differentiating be-organic aerosol mass measured in clean marine air masses
tween WSOM and WIOM, proton nuclear magnetic reso-at Mace Head has been shown to be directly associated with
nance tHNMR) spectroscopy and anion-exchange high per-ocean biology (Ceburnis et al., 2011). For all the observa-
formance liquid chromatography (HPLC-TOC) were usedtions, the GEOS-Chem grid cell nearest to the measurement
for organic chemical characterization. Due to this additionalsite spatially and temporally is selected for comparison.
analysis, GEOS-Chem marine POA concentrations are com-
pared to the sum of WIOM and WSOM uncharacterized by2.4 Sensitivity study
the’HNMR and HPLC-TOC analysis. This criterion is based o )
on the discussion in Rinaldi et al. (2010) that these uncharac? Sensitivity study is conducted to explore the @84 de-
terized water soluble organic aerosols may be formed by th@endency on [chi] andUsoin the G11 emissions scheme by
atmospheric aging of POA to more soluble oxidized OrganiCscaImg the emission values to best represent the monthly av-
aerosols. eraged observations from Mace Head and Amsterdam Island.
For the model comparison, we use multi-year monthly ay-The aim _of :_such a study is§ to_create asea spray-_based_marine
eraged WIOM observations at Mace Head and Amsterdanf’©A emission scheme with improved seasonality. While all
Island for January 2002 to June 2004 (Yoon et al., 2007), andnarine POA emission schemes can potentially be evaluated
May 2003 to November 2007 (Sciare et al., 2009), respecior their dependency on [chl, the G11 emissions are used
tively. GEOS-Chem results are also compared to “weekly”in this sensitivity st.udy because of the flexibility in chang-
(8-day) averaged WIOM surface concentrations taken conind the dependencies on both [efjland Uso. The need for

secutively from January to December 2006 at Amsterdarmfdiustment of the dependency of @A on [chla] and Uso
Island and “weekly” (4- to 14-day depending on the oc- has been shown by several modeling studies (Meskhidze et

currence of clean marine conditions during exposure) av-2l- 2011; Westervelt et al., 2012) who found that modeled
eraged WIOM plus uncharacterized WSOM surface con-marine POA concentrations using sea spray-based emissions

centrations taken quasi-regularly from January to Decembeptruggled to capture the observed seasonality. As marine or-
2006 at Mace Head (Rinaldi et al., 2010). Comparison of the9@nic aerosol concentrations have been_shown to be directly
model output with monthly and weekly averaged OM con- related to the S(_easone_ll cycle of [elfjland inversely related
centration measurements at two sites with vastly different’® U1o seasonality (Sciare et al., 2000, 2009; O'Dowd et al.,
ocean biological productivity (i.e., Mace Head and Amster- _2004), through trial and error we have tuned the coefficients
dam Island) can be used to test the ability of parameterizal® Ed. (1) of Gantt et al. (2011) to get better agreement be-
tion to capture global patterns of marine POA emission adween the model and measurements.

well as emission seasonality. However, a process-based eval-

uation of marine organic aerosol emissions requires compar-

ison with marine POA fluxes instead of long-term averaged©"ssachla-Yio. D) =

concentrations. Due to the lack of such data, hourly aVer'(1+exp(X(—2,63[ch1IuJ)+X(0,18(U10))> 0.03 @
aged surface concentrations of marine POA predicted from  1+0.03exp6.81D,) 1-+exp(X (-2.63(chla]) + X(0.018U10)
GEOS-Chem are evaluated against a third dataset of high . . .
temporal resolution (10 minute resolution averaged hourIy)iE;h'i;‘i)t:\rlguga:O:r’];enrfc\;ag;e(géia;ﬁr[ihh?n ]1air;hﬁgczzvbe°th
Aerosol Mass Spectrometer (AMS) measurements of the tobI P d fpo “ 9
tal submicron OM concentration at Mace Head from the 9€Pendence of Okkaon Uo.

year 2009. A detailed description of these measurements,

including analysis of a hig_h concentration marine qrganic3 Results

aerosol plume and description of AMS sea-salt detection, can

be found in Ovadnevaite et al. (2011a) and Ovadnevaite e8.1 Emissions

al. (2012). Of note, organic aerosol AMS data were com-

pared to a SMPS size spectra and a collection efficiency oMulti-year (2006 and 2009) averaged emission rates for sub-
0.5 (Matthew et al., 2008) was applied to account for the de-micron sea-salt aerosol (G03) and the five different marine
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Table 2. GEOS-Chem annual average global sea-salt and marine POA emissions and zonal percentage contributions.

Parameterization Global mass Percentage Contribution to Global Emissions
(Tg) 90°S-3PS 3IS-3PN 31°N-9C°N

GO03 (sea-salt) 73.6 38.8 45.1 16.1
S08 8.3 25.5 41.2 33.3
V10 2.9 39.0 39.1 21.8
F10 0.1 38.9 33.9 27.2
L11 11.9 38.9 44.2 16.9
G11 2.9 29.2 51.3 19.5
Eq. (3) 6.3 22.9 45.4 31.8
sea-salt (Gong, 2003) Spracklen et al. (2008) Vignati et al. (2010) 10
. T R o WA ey AW
1
Lo
0.01
Fuentes et al. (2010) Long et al. (2011) Gantt etal. (2011) ngm?2s’?

Fig. 1. Annual average submicron emissions in units of n_92r15|_1 of sea-salt (Gong, 2003) and marine POA from the five emission schemes.

POA emission schemes are shown in Fig. 1. The main differ-The seasonality of the latitudinal contributions to the total
ences between S08, G11, and the other marine POA emisnarine POA emissions (Table S1) is also different between
sion schemes are in the location of the highest emission§08 and the sea spray-based schemes, with S08 having larger
rates and the global magnitude of the emissions. For theeasonal differences than the sea spray-based schemes over
S08 scheme, high emission rates occur along the produanid to high latitude oceanic regions. For all parameteriza-
tive coastal and open ocean (equatorial and the high-latitudéons, a lack of seasonality in [chl and U1g (Fig. S1) and
ocean) upwelling regions. The F10, V10, and L11 schemedarge ocean surface area results in uniform and relatively
predict highest emissions over the windy/productive high-high percentage contributions of marine organics from low
latitude oceans similar to that of sea-salt aerosol, while thdatitude oceanic regions to the total marine POA emission
G11 scheme predicts high emissions over the both coastastimates (Table S1). Table 2 shows that the magnitude of
upwelling regions and high-latitude oceans. Comparison ofglobal marine POA emissions is considerably different be-
the latitudinal percentage contributions to the marine POAtween the different schemes. On the high end is L11, which
emissions (Table 2) highlights this difference; the S08 (basedt 11.9 Tgyr? is more than two orders of magnitude higher
entirely on [chla]) and G11 (based on a combination of than the lowest estimate F10 at 0.1 Tg¥r This very low

[chl a] and U1p) schemes have a considerable percentage oémission estimate from the F10 scheme results from the fact
their emissions from the moderately windy equatorial andthat nearly all the marine POA emissions (as calculated by
northern Atlantic and Pacific Ocean while the F10, V10, andthe increase in particle number concentration from the ad-
L11 emissions schemes are like sea-salt aerosols in that thajition of phytoplankton exudate to artificial seawater) occur
have a relatively higher percentage of their emissions occurin aerosols<100 nm in diameter (Fuentes et al., 2010) and
ring in the Southern Ocean where winds are very strongtherefore contribute minor mass to submicron particles. The
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Spracklen et al. (2008) Vignati et al. (2010) Ganttetal.(2011)
January 1000
1100
10
ng m3

Fig. 2. Average submicron surface concentrations of marine POA in units of_r?gfm January (top row) and July (bottom row) from the
Spracklen et al. (2008), Vignati et al. (2010), and Gantt et al. (2011) emission schemes.

G11, V10, and S08 emission schemes fall within the rangeschemes (notice in Fig. S1 that the seasons with the high
of 3 to 8 Tgyr L. Although these rates (with the exception chlorophyll concentrations are typically associated with low

of S08) are sensitive to the choice of sea spray function, allind speed and vice versa), while emissions from S08 are ex-
but the F10 emissions fall within the2—70 Tgyr ! range of  clusively dependent on [chl. Figure 2 also shows large dif-
previous global marine POA emission estimates (Langmanterences between the three emission schemes over the coastal

et al., 2008; Roelofs, 2008). and equatorial Pacific upwelling regions, where S08 predicts
much higher concentrations throughout the year compared to
3.2 Global concentrations V10 and G11.

The different emission schemes lead to a large spatiotempo3-3  Comparison with measurements

ral variation in surface concentrations of marine POA. Fig-

ure 2 shows the January and July (2006 and 2009 averagé)-3.1 Monthly and weekly mean values

surface concentrations from the simulations using the S08,

V10, and G11 emissions schemes. These time periods a®bservations of monthly averaged WIOM surface concen-
shown because they represent the most intense periods farations reveal distinct seasonal cycles for both Mace Head
marine biological activities in the Southern Ocean (January)and Amsterdam Island (charts on left column of Fig. 3), with
and North Atlantic and North Pacific Oceans (July). The the highest values in the summer and lowest in the winter.
three emission schemes are selected because they have cofithen comparing these observations to the predicted concen-
parable global rates and represent emission schemes domtrations, this Figure shows the mixed ability of the five emis-
nated by [chlki] (S08), U1 (V10), and a mixture of [ché] sions schemes to replicate the seasonality in marine POA sur-
and Uyp (G11) (see Table 1). Figure 2 shows that the S08face concentrations. According to Table 3, the S08 simula-
emissions yield very large seasonal changes in surface PO#Bion best captures the seasonal cycle with a linear correlation
concentrations over the high productivity oceanic regionscoefficient of 0.81 and 0.50 at Mace Head and Amsterdam
(Southern Ocean, northern Atlantic, and northern Pacificlsland, respectively. For completeness, it should be noted
Oceans) with high/low concentrations in the summer/winterthat the [chla] coefficient used in SO08 was specifically de-

in high latitude oceanic regions. By comparison, both V10 signed for GEOS-Chem by matching modeled and observed
and G11 emissions schemes show limited seasonal variabibrganic aerosol concentrations at Mace Head and Amster-
ity in the surface POA concentrations over the high latitudi- dam Island among other sites and therefore is expected to
nal oceanic regions with G11 having a somewhat larger seayield good agreement with the observations. S08 also re-
sonal range. Such differences in the model predicted surfacproduces the magnitude of the observed concentrations at
POA concentrations are primarily due to the opposing seaMace Head, with a normalized mean bias (NMB)-of %.
sonal cycles of/19 and [chla] produced in V10 and G11 The overprediction of concentrations at Amsterdam Island

Atmos. Chem. Phys., 12, 8558566 2012 www.atmos-chem-phys.net/12/8553/2012/
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1200 — Yoon etal. (2007} 700 : ;i;;al di_et:i.l[!l]ll)]
— 508 —L11 |
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1000
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ngm
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Fig. 3. Multi-year average submicron surface concentration of marine POA using the Eq. (3) emissions with the top and bottom charts

comparing the multi-year monthly average (left column) and 2006 weekly average (right column) observations of WIOM concentrations
with the modeled POA at Mace Head, Ireland and Amsterdam Island, respectively.

by S08 (NMB of 142 %) is due in part to the differences centrations at Amsterdam Island. The linear regression rela-
in the submicron/total mass ratio (0.7) and P¥PMg ra- tionship for measured and model-predicted (using different
tio (0.41) used in the S08 emissions and Amsterdam Islandea spray-based parameterizations) submicron WIOM con-
observations, respectively. Table 3 shows that the sea spragentrations also shows poor correlation. Table 3 shows that
based emission schemes underestimate summertime mario@it of all sea spray-based source functions G11 (correla-
POA concentrations at the Mace Head station and overestition of 0.74 at Mace Head and 0.34 at Amsterdam Island)
mate wintertime concentrations (except F10) at Amsterdanbest captures the seasonal variation in surface POA concen-
Island. At the extremes of the global emission rates, the FlQrations. According to Fig. 3 the large negative bias in ma-
simulation strongly underpredicts the surface POA concentine POA predicted at Mace Head by all sea spray-based
trations at both sites while L11 strongly overpredicts the con-parameterizations is largely due to the underpredictions in
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Fig. 4. Comparison of hourly submicron OM concentrations from Mace Head for 2009 during clean marine conditions as measured by an
Aerosol Mass Spectrometer (AMS) with hourly modeled marine POA concentrations. The inset shows the comparison for the marine organic
aerosol plume event described by Ovadnevaite et al. (2011a). White areas indicate missing data.

Table 3.Comparison of GEOS-Chem marine POA surface concentrations with monthly and weekly average submicron WIOM concentration
observations from Mace Head and Amsterdam Island.

Multi-year Mace Heafl Amsterdam Islarf
monthly average NMB (%) Correlation NMB (%f Correlation
S08 —-0.7 0.81 142.4 0.50
V10 —-82.4 0.59 10.9 -0.18
F10 —-99.3 0.66 —95.6 —0.08
L11 —-50.2 -0.07 391.8 —0.30
G11 —-82.1 0.74 -0.8 0.34
Eq. (3) ~185 0.82 17.5 0.56

2006 weekly average
weekly average

S08 132.7 0.81 108.5 0.21
V10 —445 -0.21 —4.6 —0.00
F10 ~97.9 0.18 ~96.2 -0.01
L11 75.2 —0.64 327.3 ~0.00
G11 ~49.9 0.37 -15.7 0.23
Eq. (3) 94.6 0.58 0.3 0.24

82006 Mace Head concentrations (lower half of table) are WIOM + uncharacterized WSOM

PPM, :PMpy ratio of 0.41 taken from Claeys et al. (2009) WIOM BMPMq.

_Z;’=1(Model,~ —Obg)
Y71 0bs

observed values, respectively and n is the number of observed data.

¢ Normalized mean bias NMB , where Model and Obs are the modeled and the

summertime concentrations. During the summertime, Mace Similar to the multi-year monthly averages, comparison
Head is exposed to marine air masses originating over suref the weekly averages (WIOM from Amsterdam Island and
face oceans with high [chi] but with relatively low wind  total OM from Mace Head) from 2006 for the two sites re-
speeds. It appears that the strong effect of such high levelgeals that the S08 and G11 emissions best predict the surface
of [chl a] on organic aerosol concentrations first describedconcentrations (charts on right column of Fig. 3). While the
by O’'Dowd et al. (2004) is not sufficiently well captured S08 emissions consistently overpredict the weekly concen-
in any of the sea spray-based parameterizations due to thations at both sites (NMB of 132.7 and 108.5% at Mace
strong influence ol/1o. The overestimation of marine POA Head and Amsterdam Island), the correlations between the
concentrations in sea-spray based parameterizations at Anobservations and predicted concentrations are high relative
sterdam Island during the austral winter is likely due to theto the other parameterizations. Table 3 shows that of the sea
strong winds that have an inordinate influence on the prespray-based emissions, only the G11 emissions lead to pre-
dicted marine POA emission rates. This inability of the seadicted concentrations whose correlations with observations
spray-based emission parameterizations to result in surfacare positive for both sites.

concentrations with the correct seasonal cycle indicates that

the main processes responsible for POA production over the

oceans may not be well reproduced by the existing marine

POA source functions.
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Table 4. Comparison of 2009 hourly GEOS-Chem marine POA surface concentrations and submicron OM observations from Mace Head.

Parameterization 2009 Hourly Mace Head = Ovadnevaite et al. (2011a) period

NMB (%) Correlation NMB (%) Correlation
S08 28.2 0.19 —27.6 -0.40
V10 —59.2 0.08 —85.0 -0.15
F10 —98.3 0.11 —-99.4 -0.13
L11 13.0 0.03 —63.2 -0.20
G11 —61.9 0.16 —80.7 -0.25
Eq. (3) 68.3 0.20 15.3 -0.22
3.3.2 Hourly averaged data ganic aerosol surface concentrations are related entirely to

the model resolution and meteorology. Thé0-h difference
Hourly averaged total OM concentration measurements fron]" the Peﬁlk( [l)r%dlcted :nd o_bsslr.ve_d org?mc aerosotl).c?ncen-
Mace Head reveal considerable variability (see Fig. 4). Thetragqn ISl elyt ue tgt iva(;'.a ! '“f/ |trr115ur ace ocean Ict) Oﬁ.y
correlation between the model-predicted concentrations an@nd Incompiete understanding of the processes controfiing

measurements are poor, with S08 having the highest correldaNe organic aerosol pr_oductlon. This conclusion is con-
sistent with the reported time lag between offshore [ghl

tion (0.19). In terms of magnitude, there is reasonable agree-: . :
ment between the measurements and the predicted conceﬂ[]d OMssa at Mace Head thought to be related to biological

trations in the summertime (with the exception of F10) while processes responsible for the proQuctipn of organic material
wintertime predictions (with the exception of L11) are under- tragsferablle to thfe ﬁtmgggger:e (Ff'nalk;j' et alc.j, 2032)' dicted
predicted. It should be noted that the sea spray source func—08cattzrpGolti of the ; 0“”1 0 se(:jrvs ban _pcrje |cted
tion does not seem to be the only cause of the poor modef . gn db c_oncentratlon_s gohor-(fzo i y win | spei
performance as the surface sea-salt concentrations predict E'g' aand b) give us some INsig t.s or the potential weak-
by GO3 and measured by the AMS (Ovadnevaite et al. 201251esses of the two schemes. This Figure shows that the con-
have a higher correlation (0.36) compared to marine P,OA centrations predicted by each emission scheme that are out-
A case study of marine organic aerosol plume event from5|de the 1:2 and 2:1 lines are partially dependent on the

biologically-rich North Atlantic waters when organic mass vv_md speed. While not unlvgrsally true, many of the pre-
dicted S08 hourly concentrations that are too low occur dur-

comprised a major fraction of the total submicron non- ; ) i : ;
refractory aerosol mass allows us to examine how different"9 high V\{IﬂdS and thosg that are t0o h|.gh oceur during low
emissions parameterizations are able to capture an isolate‘lg:\;gs%o-[?;‘seopﬁzzri\é?;gchigeo:t?;?ggtsvg'rt: ;\:ﬁﬁig%ebt;%;ze
event. This plume, shown as an inset in Fig. 4, occurre?épeeol (Table S2), with the highest NMB (71.8 %) occurring
at low (U1p <6ms1) winds and lowest NMB 29.8 %)
occurring at high {10 > 12 ms1) winds. Because marine

rameterizations for marine POA emissions were able to capPOA emissions are likely .to .be aff_ected by the surface wind
épeed due to their association with sea spray, source func

ture the magnitude of organic aerosol concentrations or hav .
tions based solely on [ckl] may underestimate the actual

positive correlations with measurements for this event. The ™ > * _ ) . :
S08 simulation, which has the highest positive correlation€MSsion rates during periods of strong winds. Figure 5 (and

with the year-long time series, exhibits the largest negaltive-r"’ﬂ:’Ie S2) shows that the marine POA concentrations pre-

correlation (0.40). The inability of the various parameter- Q|ctedey G11 ahrelcon3|stenély lOV\.I comparfed to °bsef"a'
izations to capture this plume could be due to multiple reg-tions. However, the largest underestimation of concentrations

sons related to GEOS-Chem, including interpolation of thetypilcalrlly OI\CI:I(\:/IuBrS cfiu;]ing periodsPoOfAl\ow wind spgeds.fln ger:l—
3-h average 10 m wind speed and precipitation, large modefra) the of the marine . concen'_cranons rom a
grid size ~38000kn? at Mace Head), and variability in sea spray-based source functions are consistently more nega-

ocean biology not captured by the monthly averageddghl tive at I(_)w yvinds and less negative at high winds (Table 82_).
Comparison of predicted and observed sea-salt concentreil:h‘:“s‘e findings suggest tha_t sea spray-based source functions
tions during the plume event enables an evaluation of thd"ay have too strong of a wind speed dependence.
uncertainties due to the meteorology and model grid size

on the predicted marine POA concentrations. Because pre-

dicted and observed sea-salt concentrations have relatively

higher correlation (0.42) and short time lag1(-h), it is un-

likely that discrepancies between observed and predicted or-

between 14 and 18 August 2009 and experienced organ
aerosol concentrations of up to 3.8 pgf(Ovadnevaite et
al., 2011a). Figure 4 and Table 4 show that none of the pa
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Fig. 5. Scatterplots of the 2009 hourly observed submicron OM concentration and predicted marine POA concentration(Ep808ie
(b) G11, andc) Eqg. (3) emissions at Mace Head. Data is color-coded by the hourly observed wind speed%@8{ clean marine periods)
observational datapoints with concentrations in excess of 150(Tﬁg/mre removed.

4 Sensitivity study Global submicron marine POA emissions simulated using
Eq. (3) total 6.3 Tgyr?!, with a predicted multi-year annual
In a sensitivity study, the ONka dependence on [chll and  average surface concentration distribution shown in the map
Uiois explored by adjusting thEcoefficientin Eq. (1) toim-  in Fig. 3 that are highest in the biologically productive re-
prove the seasonality and magnitude of the model-predictegjions of the northern and southern Atlantic Ocean. Figure 3
concentrations. As previous studies have shown that seashows that after tuning the coefficients, marine POA con-
sonality is @ major weakness of existing marine POA emis-centration distribution is similar to that of SO8 with slightly
sion schemes, we compare the modeled concentrations to thgstter NMB and correlation (see Table 3). However, as the
multi-year monthly averages at Mace Head and AmsterdanEq_ (3) is based on the model Comparison with measure-
Island for the top-down estimate of the value. Through  ments, the factor of 6 increase in the emission rate is model-
varying theX coefficient until the best match between mod- dependent and would likely be lower with a slower atmo-

eled and observed concentrations was obtained, it was foungpheric conversion of marine POA from hydrophobic to hy-
that the best correlation (0.82 at Mace Head and 0.56 at Amdrophilic or with the selection of sea spray source function

sterdam Island) occurs with ax value of 3 in Eq (1) (see with a h|gher submicron aerosol mass flux.
Table 3). The updated O84 calculation is given by Eq. (2): Because Eq. (3) was developed using multi-year monthly
averaged measurements, it is possible to do an evaluation of
the emissions using the 2006 weekly observations at Mace
Head and Amsterdam Island and the 2009 hourly observa-
(1+exp(3(—2.63[ch|la])+3(0.18(U10)))) 0.03 ?) tions from Mace Head. Comparison of surface marine POA
1+0.03exu6.81D)) 1+exp(3(—2.63(chl a]) + 3(0.18(U10))) concentrations produced from Eg. (3)-based emissions with
the hourly observations (shown in Table 4) reveals slightly
Bimproved correlation (0.20) relative to the G11 simulations
(0.16) and S08 (0.19) for the entire 2009 period. Despite such
improvements, Table 4 shows a negative correlation for the
plume event, suggesting that tuning coefficients, while im-
proving the agreement with seasonally and monthly averaged
observations of marine organic aerosol, cannot improve the
emission mechanism for the existing parameterizations. The
scatterplot (see Fig. 5¢) of the observed and predicted hourly
Epoa(chla,U1g, D)) =6 x Vssax OMssax pssa ~ (3)  concentrations from Eg. (3) shows that a large number of data
points are still outside the 1:2 and 2:1 lines, although there is
whereVssais the volume emissions of sea spray aerosol aciittle wind speed dependence in the NMB (Table S2).
cording to Gong et al. (2003) source function with SST de-
pendence of Jaegkt al. (2011)pssa is the apparent density
of the sea spray aerosol calculated as a function oEEM
according to Gantt et al. (2009), and QWA is given in

Eq. (2).

OMssa(chla, Uo, D)) =

Despite improved correlation, increase Xnvalue strongly
reduced the magnitude of marine POA emissions. The NM
at the two sites were minimized-(18.5% and 17.5% for
Mace Head and Amsterdam Island, respectively) by increas
ing the marine POA emissions by a factor of 6. The top-down
estimate of the marine POA emission raf6a) derived for
GEOS-Chem in the sensitivity study is given by Eq. (3):
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5 Summary and conclusions minimal biases. However, comparison of model-simulated
concentrations to marine organic aerosol plume event data

Five marine primary organic aerosol (POA) emissions pa-showed, that mere tuning of coefficients, without fundamen-

rameterizations were implemented into the GEOS-Chental understanding of the processes controlling marine organic

chemical transport model and evaluated with observationgerosol production did not lead to considerable improve-

at different locations and temporal resolutions to exam-ments. To fully assess air quality and climate importance of

ine which processes driving the emissions result in betteimarine organic aerosol, these new physically-based marine

predictions of surface concentrations. To enable comparifOA source functions need to be evaluated against measure-

son amongst the different emission schemes, the same s@aents of marine organic aerosol number and size distribu-

spray source function, surface chlorophyleoncentration tion, CCN properties, and mixing state.

([chl a]) and meteorological data were used to drive the emis-

sions. Prognostic model simulations were conducted to iden-

tify spatiotemporal differences in emissions and surface con-

centrations of marine POA for all available emissions pa-

rameterizations. Our calculations suggest that marine POA

emissions parameterizations exclusively related to {dhl  Appendix A

(i.e., Spracklen et al., 2008) result in predicted concentra-

tions whose seasonality was most similar to that of the obserg quations

vations. However, it should be noted that the [ghkoeffi-

cient used in S08 was specifically designed for GEOS-Chem

by matching modeled and observed organic aerosol concenzina| form of the submicron emission parameterizations. In-
trations at Mace Head and Amsterdam Island. Marine POAermediate equations and definitions are omitted for clarity.
emissions schemes which calculate the organic mass fragzgnstants are replaced by the values used in the simulations.
tion of sea spray (OMsa) (Vignati et al., 2010; Fuentes et por the sea-salt emissions from the Gong (2003) param-

al., 2010; Long et al., 2011; and Gantt et al., 2011) typically eterization with Jaeglet al. (2011) sea surface temperature
overpredict monthly and weekly average concentrations ingependence:

the wintertime and underpredict summertime concentrations

due to the strong influence of the 1010 m wind spdégh)

on the emission rates. Hourly observations at Mace Headvssui, n,. 1) = (505) x ©3+0.17 - 0007612 + 0.00021%)

Ireland reveal that the surface concentrations predicted by the (A1)

various emissions schemes have poor correlations with mea- DA o345 )

surements and have difficulty capturing the magnitude of the X(1‘373"13041<7p) (“0'057(7”) ) x 10t ))

observed concentrations. This difficulty of the model to repli-

cate the magnitude of concentrations was particularly evi-

dent during a marine organic aerosol plume event described 0017(@)*1»44

by Ovadnevaite et al. (2011a), where observed concentraz =4.7(1+30(—”>> (A2)

tions of >3.0 ug nT3 are well above the predicted concentra- 2

tions. As this marine organic aerosol plume event was asso-

ciated with high cloud condensation nuclei (CCN) and cloud D

droplet numt_)er concentrations _(CDNC) (ngdr_levalte etal,p _|0.433— |0910—p} /0.433 (A3)

2011b), the inability of the marine POA emission schemes 2

to capture episodic events suggests that current source func-

tions may have difficulties reproducing the effects of marine

biology on cloud microphysical properties. New parameteri- Esait= Vssaosalt (A4)

zations need to be derived that are grounded in physical pro-

cesses unique to the organic fraction of sea spray aerosol,

rather than being constrained by the processes that affect sea

spray more generally. For the marine POA emissions from the Spracklen et
The sensitivity study revealed that enhancing the positiveal. (2008) scheme:

dependency of the OMsa on [chl ] and negative depen-

dency onUjg improves the modeled monthly and weekly

average concentrations. A top-down emission scheme de-

veloped in this study estimates global marine POA emis-

sions at 6.3 Tgyr! and reproduces the observations of ma-

rine organic aerosol concentrations at all temporal scale with
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Appendix B
Epoa(chla) = 0.4[chl a] (A5) Notation
[chla]  chlorophyll concentration, mg m?

For the marine POA emissions from the Vignati et al. (2010) D,
scheme:

Dpg.i
0.435¢chl a] +0.138 Epoa
R chla]+ 0.
Mssa(chl D,) =
OMssa(ehla. Uso. Dp) = 1276 63exn6.810,) Eeut
+0.03x (0.435+ [chla] +0.138) (AB) Nr

For the marine POA emissions from the Fuentes et al. (2010) OMssa
scheme:

Aerosol diameter, um

geometric mean diameter for each lognor-
mal mode i, um

Marine primary organic aerosol mass
emission rate, ngmf s—1

Sea-salt mass emission rate, ngAe !

total particle number for each lognormal
mode i, cnm3

Organic mass fraction of sea spray aerosol,
unitless

T Sea surface temperatuf&

U1o 10 m wind speed, mg

Vssa Sea spray volume emission rate,
umem-—2s1

parameters inferred from exponential re-
gression defining the geometric mean di-
ameter for each lognormal modas a
function of the diatomaceous O€0.2 um
content of seawater, unitless

parameters inferred from polynomial re-
gression defining the total particle number
for each lognormal mode i as a function of
the diatomaceous O€0.2 um content of
seawater, unitless

Marine POA density, ng pums

For the marine POA emissions from the Long et al. (2011) Fsalt Sea-salt density, ng Wﬁ_
scheme: pssa  Sea spray aerosol density, ngpin
o; geometric standard deviation for

each lognormal mode, unitless

s __fis [_ 1 (Iog(n,,/a,.pZ)z]

i=1/27 log o 2 fog o;

OMssa(chla, D,) = —1 d = |(A7) o
4 Nr,i 1 (109(Dp/Dpg.i) i
; 7 exp[—é ( Iolg ml}» ) :|

i=1 J/27log o,

Dpgi=ai1+ o; 2exp(—a; 3488 chl a]) (A8) Bi

Nr; = Bi1(488chlal)® + B; 2(488chlal) + Bz (A9)

Porg

1

—2.01x40.0[chl a] )

1+ (0.306DW x %7{

OMssa(chla, Dy)=1- (AlO)
Supplementary material related to this article is
available online at: http://www.atmos-chem-phys.net/12/
8553/2012/acp-12-8553-2012-supplement.pdf

For the marine POA emissions from the Gantt et al. (2011)

scheme:
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1+exp(—2.63[clhl a170.18010)
1+0.03exp16.81D,)
0.03
¥ exp—2.63chla] + 0.18010)

OMssa(chla, Uig, D)) =

(A11)

Epoa(chla, Ui, Dy, T) = Vssa(U1o0, Dp, T)

xOMssa(chla, Uio, D)) x pssa(Chla, Uso, D)) (A12)
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