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Abstract. With the global aerosol-climate model ECHAMS- pared to the pre-industrial atmosphere, and this may have
HAM we investigate the potential influence of organic altered regional and global radiative cloud forcings (e.g. Pen-
aerosol originating from the ocean on aerosol mass anaher et al., 2001). The large spatial and temporal variability in
chemical composition and the droplet concentration and sizeize, chemical composition, and hygroscopicity of particles
of marine clouds. We present sensitivity simulations inimpede accurate estimation of the aerosol direct and indirect
which the uptake of organic matter in the marine aerosol isforcing (Textor et al., 2006). Poor understanding of aerosol
prescribed for each aerosol mode with varying organic masffects leads to large uncertainties in assessing the sensitiv-
and mixing state, and with a geographical distribution andity of climate to human perturbations and in projections of
seasonality similar to the oceanic emission of dimethyl sul-climate change (Andreae et al., 2005).

fide. Measurements of aerosol mass, aerosol chemical com- An accurate quantification of the climate forcing from an-
position and cloud drop effective radius are used to assess thiropogenic aerosol requires detailed knowledge of natural
representativity of the model initializations. Good agreementaerosol as well. Estimates of the amount of organic aerosol
with the measurements is obtained when organic matter isnatter produced from vegetation emissions are highly un-
added to the Aitken, accumulation and coarse modes simuleertain associated with the chemical properties and emis-
taneously. Representing marine organics in the model leadsion strength of precursor gases, gas- and aqueous phase
to higher cloud drop number concentrations and thus smallepxidation pathways and yield of reaction products, forma-
cloud drop effective radii, and this improves the agreemention of secondary organic aerosol (SOA) through condensa-
with measurements. The mixing state of the organics and théion of semi-volatile gases and the size distribution of the
other aerosol matter, i.e. internal or external depending on therganic matter (e.g. Jacobson et al., 2000; Kanakidou et al.,
formation process of aerosol organics, is an important facto005). Other aerosol components also play a role. Kulmala
for this. We estimate that globally about 75Tg C¥rof et al. (2000) mention that thermodynamically stable clusters
organic matter from marine origin enters the aerosol phaseformed in the atmosphere, for example f$0;-NH3-H,0,

with comparable contributions from primary emissions andcan undergo rapid growth to nucleation mode sizes and larger
secondary organic aerosol formation. when mixed with air containing condensable organic gases.
Current estimates of SOA production from continental vege-
tation display a large range, between 12—70 Tg SOA/yr from
bottom-up approaches (Kanakidou et al., 2005) and 200—
800 Tg Cl/yr from top-down approaches (Goldstein and Gal-

1 Introduction

Aerosol particles influence optical characteristics and thebally, 2007). _

lifetime of clouds through the so-called first and second Several decades ago Berg and Winchester (1978) reported
aerosol indirect effects (e.g. Lohmann and Feichter, 2005)studies that found a strong chemical similarity between sea
Anthropogenic activities have caused an increase of the atsurface organic material and airborne organics, and that indi-

mospheric burden of aerosol and aerosol precursors confated that aerosol with relatively high organic aerosol content
is associated with air masses that passed over ocean regions

rich in organic material. It was concluded that the ocean must
Correspondence to: G. J. Roelofs be an important source of the organic constituents in ma-
BY (roelofs@phys.uu.nl) rine air, with the quantity of organic carbon in seawater, the
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amount of surfactants in seawater and the chemical and phy$e limited mainly by particle concentrations in the coarse
ical nature of oceanic organic compounds as important govand accumulation modes, which are smaller than observed
erning factors (Hoffman and Duce, 1976). Later, scientific (Stier et al., 2005). The discrepancy may partly be due to
attention switched to the anthropogenic aerosol burden in reerrors in the emission and size distribution of sea salt. In this
mote regions, and studies on marine aerosol organics werstudy, however, we investigate to what extent and in what
often directed at DMS and the uptake of MSA in aerosol amount aerosol organics of marine origin may be responsi-
(Fitzgerald, 1991; O’'Dowd et al., 1997; Heintzenberg et al., ble for the discrepancies, while accounting for the influence
2000). of the mixing state and the size distribution of the organ-

Recent measurements in Mace Head (Ireland) showed thies. To this purpose we apply a top-down approach in which
presence of relatively large quantities of aerosol organicsspecific amounts of organic matter are directly added to dif-
~620 ng/nt in summer, in air masses advected from remoteferent aerosol modes. Observations of aerosol composition
marine regions (O’'Dowd et al., 2004). The nature of the and cloud drop radius are used as a constraint to assess the
organic species indicated a primary marine source involv-representativity of the marine organic emissions applied in
ing bubble-bursting processes during phytoplankton bloomghe model. Section 2 describes the aerosol-climate model
(Cavalli et al., 2004). Secondary aerosol formation, possi-ECHAM5-HAM and the cloud processing parameterization.
bly involving isoprene, also affects marine aerosol. IsopreneSection 3 introduces the measurements of the aerosol chem-
emissions from the ocean surface were reported by Yokouchical composition that will be used to assess the model repre-
et al. (1999) and Sinha et al. (2007), with phytoplankton assentativity, and the emission scenarios applied in the sensi-
a likely source (Shaw et al., 2003). Claeys et al. (2004)tivity simulations. Section 4 presents the results of the sensi-
showed that the oxidation of isoprene produces water-solubldivity simulations, and Sect. 5 summarizes and discusses the
methyl tetrols, implying potential influence of isoprene on results.
cloud drop activation. Meshkidze and Nenes (2006) found a
correlation between the seasonal variation of cloud drop ef-
fective radius and phytoplankton blooms in the southern At-
lantic Ocean region, and linked this to isoprene production2 Mode! description
by plankton.

Aerosol organics that originate from the ocean contributeThe study is performed with a version of the coupled aerosol-
to the natural atmospheric aerosol burden. The radiativeclimate model ECHAMS-HAM similar to the one applied by
properties of the natural atmosphere form the backgroundstier et al. (2005). ECHAM5-HAM consists of the general
against which the impact of anthropogenic activities on thecirculation model ECHAM version 5 and an aerosol mod-
Earth’s energy budget is compared. Current estimates indiule (HAM). The model uses 19 vertical layers in a hybrid
cate on average that the anthropogenic aerosol indirect forcs -p-coordinate system, from the surface to 10hPa. HAM
ing over the ocean is 75% of that over land, with several stud-accounts for emissions of aerosol and aerosol precursors,
ies estimating a larger forcing over the ocean than over land¢themical transformations, nucleation of new particles and
(see Lohmann and Feichter, 2005, their Fig. 3; Lohmann and¢ondensation of semi-volatile 430, on existing particles,
Lesins, 2002). However, these studies did not take the maeoalescence between particles and dry and wet deposition.
rine organic emissions and their effect on aerosol and cloudrhe core of HAM is the aerosol dynamical module M7
properties into account. (Vignati et al., 2004; Wilson et al., 2001). M7 describes

When emissions of aerosol and aerosol precursors are nahe aerosol population with four soluble and three insolu-
fully accounted for in aerosol-climate modeling, cloud drop ble aerosol modes composed of (mixtures of) sulfate, or-
concentrations will be underestimated. In a previous modebanic carbon, black carbon, sea salt and dust. The modes
study with the aerosol-climate model ECHAM5-HAM, in- are lognormal and each mode is characterized by the par-
cluding a parameterization for cloud drop activation and size-ticle number concentration and mass of associated aerosol
dependent aqueous phase sulfur chemistry, that considerasbmponents, from which an average dry particle radius is
only ocean emissions of sea salt and DMS, simulated efderived. The size ranges considered are below Q005
fective radii (Refr) over the continents were of the same or- particle radius for the nucleation mode, between 0.005 and
der as observed where&g; in marine clouds exceeded ob- 0.05um particle radius for the Aitken mode, between 0.05
servations from ISCCP (International Satellite Cloud Clima- and 0.5um particle radius for the accumulation mode, and
tology Project) by about Bm in the Northern Hemisphere above 0.5u.m particle radius for the coarse mode. All emis-
(NH) and 6um in the Southern Hemisphere (SH) (Roelofs sions are treated as primary emissions except for the sulfur
et al.,, 2006). This is equivalent with an underestimationcompounds. Hence, secondary organic aerosol (SOA) for-
of the cloud drop number concentration (CDNC) by a fac- mation associated with organic emissions from vegetation
tor of 3 or 4. Although inaccuracies in simulated updraft and — in this study — from the ocean surface is not calculated
velocities, aerosol transports and cloud drop activation mayexplicitly. Instead, organics are emitted from the surface
contribute to this discrepancy, marine CDNC was found toas primary particles. For further information on emissions
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considered in the model we refer to Stier et al. (2005) andC/yr in the sensitivity simulations. Given the relation be-
Roelofs et al. (2006). tween phytoplankton and ocean surface emissions of primary
The bulk cloud chemistry scheme in ECHAM5-HAM has organic particles (Cavalli et al., 2004), isoprene and DMS
been replaced with a cloud processing parameterization. Thi§Sinha et al., 2007), the seasonality of the marine organic
parameterization is an excellent tool for this study becauseemissions is assumed to follow the emission of DMS. The
it contains consistent and size-dependent representations ofiolar weight of oxalic acid is taken to be representative for
aerosol activation and in-cloud sulfate chemistry. First, thethe organic matter, and the organics are distributed evenly
maximum supersaturation at the cloud base is estimatedver the soluble and insoluble aerosol modes. The organics
through an empirical approach derived from cloud parcelin the soluble aerosol are assumed to have a soluble fraction
model simulations (Einel, 1987) as described in more detail of 50%. Overall, the initialization is in agreement with the
in Roelofs et al. (2006). The activation parameterization per-measured soluble fraction 625%. Note that for relatively
forms relatively accurately, i.e. the predicted supersaturatiorsoluble organics a 25% change of the solubility has a modest
and CDNC are generally within 30% of cloud parcel model influence on the average CDNC (Roelofs et al., 2006). This
results, which is considerably smaller than the discrepancys in agreement with the findings of Ducek et al. (2006) that
between simulated and observed CDNC, a factor of 3 to 4the size distribution of the aerosol by itself explain80%
The second step in the parameterization calculates aqueowd the variation in cloud condensation nucleus (CCN) con-
phase formation of sulfate and its distribution over the differ- centrations while the particle chemical composition plays a
ent activated modes, i.e. the modes that contribute to CDNCsecondary role.
The parameterization is linked to the climate model's large- Each sensitivity simulation is run for four years in the
scale cloud scheme (Lohmann and Roeckner, 1996). In thig 21 resolution (approximately 8.6&5.6° with a 2400-s time
study the simulated meteorology is generated by the climatestep). The relatively coarse resolution may affect the simu-
model and does not reflect actual meteorological events. Théated CDNC to some extent. Previous studies show that sim-
computed cloud drop concentration does not feed back omlated transport patterns are more representative at a higher
large-scale cloud evolution and precipitation formation in or- resolution (e.g. T42, T63) (e.g. Kentarchos et al., 2000).
der to eliminate meteorological effects in comparing the sen-On the other hand, the use of a rather coarse resolution in
sitivity simulations. this study enables a detailed sensitivity analysis with varying
mass, size distribution and mixing state of the organics.
Table 1 presents the marine organic aerosol amounts in
3 Description of the sensitivity studies the sensitivity simulations. Organic aerosol matter from the
ocean surface is deposited in the Aitken (labeled K), accu-
The measurements of O'Dowd et al. (2004) of the organicmulation (labeled A) or coarse mode (labeled C), or a com-
fraction in marine aerosol sampled in Mace Head can bebination of these. The mixing state of the marine organics in
summarized as follows. The organic mass in the fine aerosahe aerosol phase may have a significant effect on the cloud
modes displays a significant seasonality with20 ng/nt in forming properties of the aerosol (O’'Dowd et al., 2004).
summer and 70 ng/frin winter (see also Yoon et al., 2007). Therefore we apply different mixing states: external (labeled
In this study we focus on the summer months June, Julye or x, in x the organic mass is distributed over four times
and August (JJA) when the total observed particulate organi@s many particles as represented)ir internal (labeled),
mass is about ten times larger than in winter. Further, in win-which reflect different aerosol formation mechanisms. Im-
ter the organic mass associated with the Aitken mode was begortant processes for SOA formation are condensation of
low the detection limit. Measured organic mass fractions insemi-volatile organics leading to new particle formation (ex-
summer were 83% for particles smaller than 0.4®bdiam-  ternal mixture) or growth of existing particles (internal mix-
eter (comparable with the Aitken mode in ECHAM5-HAM), ture) (Kanakidou et al., 2005). Organics may also enter the
65% for particles with a diameter between 0.125 apdrl  atmosphere through mechanical forces, i.e. wind-driven gen-
(the accumulation mode in ECHAM5-HAM), and3% in eration of particles out of the organic mono-layer (external
particles with diameters exceedingwfin (the coarse mode mixture) or of sea-salt mixed with organics (internal mixture)
in ECHAMS5-HAM). The approximate mass fractions of nss- (Berg and Winchester, 1978; Cavalli et al., 2004). Other pro-
sulfate in the Aitken and accumulation modes are 12% ancdcesses that affect the aerosol mixing state, such as condensa-
25%, respectively. Since the measurements were performetion of sulfuric acid, coagulation between particles and cloud
on air samples advected from remote marine regions it caprocessing, are explicitly represented in ECHAM5-HAM.
be assumed that the aerosol sulfate mainly originates from
oxidation of DMS.
In view of the observed ratio between organic and sulfate
masses and the model global DMS source~@3 Tg S/yr
(Stier et al., 2005) we assume a global production of ma-
rine organic aerosol varying between 25Tg C/yr and 75Tg
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Table 1. Simulations performed in this study. 2510° . T T B
simulation*  description Il
9
CTRL The control simulation without ocean or- :g) 210 ]
ganic emissions < N
Al Emission of 25Tg Cl/yr globally, internally ®
mixed in the accumulation mode g 1510° -
Ae Emission of 25 Tg C/yr globally, externally 5
mixed in the accumulation mode with a par- g
ticle mass of 6:1018kg 5 .
AX As Ae but with a particle mass of ° | F T 7]
1.5x10 18kg £
Ke Emission of 25 Tg C/yr globally, externally g
mixed in the Aitken mode with a particle 2 510° - -
mass of 610~ 1%kg
KeAi Emission of 50 Tg Clyr globallyke and Ai
Comblned 0 ’7\ \’_Hi\’_‘ l I I | | I 1 | | |
KeAe Emlsl,)s_londof 50 Tg Clyr globallyke and Ae F__:l z2x g é % 3 ¢ :2(_‘ 23 3 3 %
combine 5 NN <L <
KeAx Emission of 50 Tg C/yr globallyke and Ax . *
combined 610 ) ‘ ‘ ‘
Kx As Ke but with a particle mass of
1.5x10"19g ~ ; * [
KXAi Emission of 50 Tg C/yr globallykx and Ae E] 3107 - 1
combined 5
KxAe Emission of 50 Tg C/yr globallykx and Ae g a1e® L |
combined 8 T
KXAX Emission of 50 Tg C/yr globallykx and Ax 8
combined g s
Ke2 Emission of 50 Tg C/yr globally, externally 5 310 r i
mixed in the Aitken mode with a particle 2
mass of 610~ 19kg & o M
KeAiCi As KeAi with additional emission of 25 Tg 5 i |
Clyr globally, internally mixed in the coarse k|
mode % 1 10°
©
* K, A andC refer to the Aitken accumulation and coarse mode,
respectively. Charactérmefers to aerosol with internally mixed or- 0 ﬂ \‘ | | I | - L
ganics, an@ andx refer to aerosol with externally mixed organics. E €23 23535 €3£ QY B
New particles formed in contain 25% of the particulate mass con- o ¥ xx e E ©

sidered ine while four times as many particles are formed.

Fig. 1. Simulated particle concentrations (kb averaged over
4 Results June, July, August foa) the Aitken mode an¢b) the accumulation
mode.

4.1 Aerosol mass and composition

In this section we compare the simulated aerosol mass and

composition in the surface layer in the regiorf ¥6-11° W,

50° N-5% N, i.e. over the ocean west of Ireland, with the

measurements of O’Dowd et al. (2004). Simulated parti-the simulated and observed sulfate is present as ammonium
cle number concentrations for the Aitken and accumulationbisulfate. The mass fractions of the individual aerosol com-
modes and averaged over JJA are shown in Fig. 1. Figure ponents irOBSmay therefore differ slightly from O’Dowd et
shows the simulated modal aerosol mass and chemical conal. (2004). Figure 2 shows that the organic mass in the Aitken
position averaged over JJA, and the observed values (labeleghd accumulation modes in the base case simul&fidL is

OBS) derived from O’'Dowd et al. (2004). Since ammo- underestimated compared to the observations, and the sulfate
nia is not considered explicitly in the model we assume thatmass in the Aitken mode is also smaller than observed.

Atmos. Chem. Phys., 8, 709-719, 2008 www.atmos-chem-phys.net/8/709/2008/
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4.1.1 A, Ae AX 1610 —— T —

In these simulations a global amount-e25 Tg C/yr of or- 14107 |- i .
ganics is added to the accumulation mode. The accumula-
tion mode particle concentration in the simulation with in- 121070 B
ternally mixed organics, Ai, is about the same as in CTRL _
(Fig. 1b). Number concentrations are larger when the organ-
ics are mixed externallydg, Ax), and in all three simulations
the organic mass in the accumulation mode is larger than in
CTRL. The total accumulation mode mass is largesfin
and smallest iAi, which reflects the size dependence of re-
moval processes. The Aitken mode is not affected much by
the additional organic matter in the accumulation mode. 410" - |l

1107

810" | — =

610" - 4

Aitken mode mass (g g

4.1.2 Ke KeAi, KeAe, KeAx ” 1o

In Ke a global amount of-25 Tg C/yr of organics is added 0
to the Aitken mode. Putting the organics into the Aitken
mode in an externally mixed state results in a higher num-
ber concentration (Fig. 1a) and mass (Fig. 2a) for this mode. 210°
The Aitken mode mass iKe is close to observed. The or-
ganics are transferred from the Aitken to the accumulation NHaris o
mode through impaction or cloud processing, resulting in a —
larger accumulation mode mass and number concentration- 15 10° -
than in CTRL (Figs. 1b, 2b), albeit smaller than observed.
Ke2 is similar to Ke but twice the organic mass is added
to the Aitken mode.Ke2 overestimates the Aitken organic
mass compared to the observations but now the accumulation§ 110° - —
mode organic mass agrees better. We note that simulated sul-2 ™ —
fate in the Aitken mode is also larger than in CTRL. Due to
the additional organic aerosol matter the total surface of the
Aitken particles is larger, thus enabling more efficient con- 5107 g i
densation of sulfuric acid, while particles may also be sub- ™ | |7
&

Ai

cTRL[[ |
]

Ae |l |

Ax || ]
L1
L1
]
L]
L1
L1
]
L]

Ke
KeAi
KeAe
KeAx
Kx
KxAi
KxAe
KxAx
Ke2
KeAeCi

G

|

de mass (g g
|
|

accumulat
\
[

ject to cloud processing and in-cloud sulfate formation (see
also Roelofs et al., 2006; Kerminen, 2001).

In KeAi, KeAe and KeAx organic matter is added to the
Aitken mode as irKe, and the same amount is added to the
accumulation mode as external or internal mixture. Com-
parison of the results for these simulations wita yields
a qualitatively similar picture as the comparisonAf Ae  Fig. 2. Simulated aerosol mass and chemical composition{g g
and Ax with CTRL presented above. Now, however, the averaged over June, July, August fa) the Aitken mode andb)
simulated accumulation mode mass is of the same order ase accumulation mode.
observed (wittKeAi somewhat smaller angeAx somewhat

larger; Fig. 2b), while also the simulated relative mass frac-
tions (organics:~50%, ammonium bisulfate~20%, sea ticle sizes. The relative differences in accumulation mode

o

0Bs [

CTRL
Ai

Ae
Ax

Ke
KeAi
KeAe
KeAx
Kx
KxAi
KxAe
KxAx
KeAeCi

salt: ~30%) agree better with the measurements. mass and concentration between these simulations are com-
parable to the differences betweeg KeAi, KeAe andKeAx,
4.1.3 Kx, KxAi, KxAe, KxAX or CTRL, Ai, Ae andAx discussed previously.

Based on the results presented thus far it can be concluded
In Kx a global amount of~25 Tg Clyr of organics is added that the best agreement between the modelled and observed
to the Aitken mode but it is distributed over four times the Aitken and accumulation mode mass and chemical composi-
amount of particles compared Ke. The computed Aitken tion is obtained when organics emitted from the ocean sur-
particle number concentration is therefore larger. Simulatedace enter the aerosol phase through both modes. Model re-
organic and sulfate masses in this mode are also larger, posults indicate that this involves new particle formation due
sibly reflecting a longer atmospheric lifetime for smaller par- to condensation of semi-volatile gases for the Aitken mode,

www.atmos-chem-phys.net/8/709/2008/ Atmos. Chem. Phys., 8, 709-719, 2008
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LATITUDE

YW 50°% 30°W 10°W 10°E YW 50°W 30°W 10°W 10°E 70w 50°% 30°W
LONGITUDE LONGITUDE LONGITUDE

Fig. 3. Simulated cloud drop number concentration (&haveraged over June, July, August fa) CTRL, (b) KeAe, and(c) KxAx. The
model predicts no or little cloud occurrence over northern Africa.

while for the accumulation mode both internal and externalobtained by sampling the model domain as from a satellite,
mixtures yield results that are in relatively good agreementi.e. using the highest cloudy grid box from each model col-
with the observations. Agreement within 20% between sim-umn, but at altitudes below 500 hPa and with a cloud cover
ulated and observed mass and chemical composition for bottarger than 10%. Over the North Atlantic ocean, however,
the Aitken and accumulation mode is obtaineedi, KeAe large scale clouds are rare above 3000 m altitude, and most
andKeAx. The Aitken mode mass is larger than observed insampled clouds are located in or near the boundary layer.
KxAi, KxAe andKxAx but the agreement for the accumulation This is also where the largest impact from marine organics
mode, that contains more than 90% of the fine mode aerosadn CDNC is found (not shown). Model results show that
mass, is also good. the CDNC increase at altitudes below 1000 m is on aver-
The measurements of O’'Dowd et al. (2004) show that adge about threefold. The increase is significantly smaller at
small but significant organic fraction 3% is present in  higher altitudes, about 10-20% at 2000 m altitude, reflect-
the coarse mode. The simulated transfer of mass from thég @ moderate transport out of the boundary layer. It must
Aitken and accumulation modes to the coarse mode, howbe noted that our model considers all organic aerosol to be
ever, is insignificant. The production of atmospheric coarsePrimary. When SOA formation is explicitly represented it
mode organic matter thus appears to be directly coupled t¢an be expected that the effect at higher altitudes may be-
the formation of sea salt aerosol, i.e. mechanical productiorfOme larger due to transport of organic precursor gases out
of sea water droplets and subsequent evaporation of the w#f the boundary layer. Figure 3 shows that CDNC increases
ter resulting in an internally mixed particle with inorganic between CTRLKeAe andKxAx, especially between 30N—
and organic matter. This is in accordance with the observed®” N and over the eastern North Atlantic. CDNC increases
similarities between marine aerosol organics and the organi@om 10-50 drops cm?® in CTRL to values up to 140 cn?
composition of the sea water (Berg and Winchester, 1978)in KeAe and 200 cm in KxAx. Over the remote North At-
KeAiCi considers identical emissions KgAi but an addi- lantic, KeAe and KxAx simulate an average CDNC of 90—
tional 25Tg Clyr of organics is mixed internally into the 110cnT? and 100-150 crm?, respectively. The model re-
coarse mode. The coarse mode organic mass fraction theglts are in good agreement with values of CDNC retrieved
increases from 0% in CTRL to 1.5% ikeAiCi, in better ~ from MODIS. These are 9627 cnt 3 for the remote North

agreement but still smaller than the observations. Atlantic and up to 180 cr for the eastern North Atlantic
(Bennartz, 2007). In situ observations of CDNC in the North
4.2 CDNC andRe Atlantic marine atmosphere are reported by Leaitch et al.

(1996), Borys et al. (1998) and Bower et al. (2000). Mea-
Figures 3 and 4 illustrate the effect of marine aerosol or an-s ured CDNC ranges between 50 and 400&or relatively
icg on simulated cloud parameters. They show the surgme(r:lean conditions. CDNC calculated with consideration of
distribution of CDNC ancRr over the North Atlantic Ocean marine organics is in much better agreement also with these

simulated in CTRL KeAe and KxAx. The model data are observations.

Atmos. Chem. Phys., 8, 709-719, 2008 www.atmos-chem-phys.net/8/709/2008/
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LATITUDE

70°W 50°W 30°W 10°W 10°E 70°W 50°W 30°W 10°W 10°E 70°W 50°W 30°W 10°W 10°E
LONGITUDE LONGITUDE LONGITUDE

Fig. 4. Simulated cloud drop effective radiugrf) averaged over June, July, August fay CTRL, (b) KeAe, and(c) KxAx.

Reff decreases from 15-20m in CTRL to 11-15%um in 140 —
KeAe and 10-14/m in KxAx (Fig. 4). The results from [ Alken
KeAe andKxAx agree with remotely sensed cloud drop radii B B N — |

over the NH Atlantic Ocean reported by Han et al. (1994)
of 10-16um. In CTRL Reff maximizes between 20N and

40° N. The maximum shifts to sub-tropical latitudesdeAe
andKxAx because the effects of marine aerosol organics on
CDNC andRef are most pronounced north of 38.

Figure 5 shows simulated CDNC in the remote marine
boundary layer and averaged over JJA, and the contribution
to CDNC from each mode. The data are from the region be-
tween 40 N-48 N and 40 W-2C> W, but results are qual-
itatively similar for other regions over the North Atlantic
Ocean. InAi the organic matter is mixed internally and
CDNC is the same as in CTRL. In the external mixture simu-
lationsAe and Ax more particles are present and become ac-
tivated. When the concentration of accumulation mode parti-

100 - - — -

60 — — L 4

40 - ]

cloud drop number concentration (cm™

20 e

cles is relatively small substantial activation of Aitken mode S Tzez ezez szoz 90
. . . o =
particles may take place, as seerKmandKx. Differences 5 £ 8¢ €38 ¥ 3

betweenAe and Ax, however, are more pronounced than be-
tweenK‘_e andKy; illustrating that accumUIat'o_n mode par_t" Fig. 5. Simulated cloud drop number concentration and contribu-
cles activate already at smaller supersaturations than Aitkefon by the individual aerosol modes (%), averaged over June,

mode particles. Finally, the organics added to the coarsguly, August for the region £0N-486 N, 40° W—20P W.
mode inKeAiCi do not influence CDNC significantly.

4.3 Comparison with ISCCP

In CTRL, Ref is larger than observed by 4 tq@8n. When
Figure 6 shows observed and simulafeg for the northern  organics are added as an external mixture to the Aitken mode
(40° N-48 N, 40 W-20° W) and the sub-tropical (E3N— (Ke) Refi decreases significantly (Fig. 6a, bKx and Ke2
25° N, 40° W-25 W) NH Atlantic Ocean. Observed radii simulate higher concentrations of Aitken particles tham
are from ISCCPHttp://isccp.giss.nasa.gov/) and have an ac-(Fig. 1) but perform only slightly better in terms &,
curacy of a fewum (Han et al., 1994). The data display a which reflects that relatively high supersaturation values are
seasonal variation oRef With @ summer maximum in the required for activation of smaller Aitken particles. When the
northern North Atlantic and a summer minimum in the equa-organic mass is added to the accumulation mode inst#&ad (
torial North Atlantic. Ae, AX) the simulatedRes displays a larger range (Fig. 6c,

www.atmos-chem-phys.net/8/709/2008/ Atmos. Chem. Phys., 8, 709-719, 2008


http://isccp.giss.nasa.gov/

716 G. J. Roelofs: Marine organic aerosol and cloud drop activation

Northern Atlantic Equatorial Atlantic

25 . 25 T

20 - 20 —

effective radius (um)
>
T

25

effective radius (um)

25

20

effective radius (um)

effective radius (um)

Fig. 6. Simulated monthly averaged cloud drop effective radius and ISCCP data for the redidts4® N, 40° W-20° W (a, ¢, €, g) and
15° N=25° N, 40° W=25 W (b, d, g, h).
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d). In Al Resr is the same as in CTRL, whereBss is closer  characteristics. They inferred a possible concentration range
to the observations iAe andAx. for SOA from isoprene from 5ngn¥ in air relatively unaf-

In KeAe andKeAx, Reff decreases further but not KeAi fected by the plankton bloom to 230 ngfwhen the iso-
(Fig. 6e, f). Due to the relatively high supersaturation re- prene flux into the atmosphere is relatively large. As a result,
guired to activate Aitken mode particles tRgs in KeAedoes  Resf in clouds varies from 11-13m during high bloom ac-
not differ significantly fromkxAe in the summer (Fig. 6g, h) tivity in summer to 14-1:m during low bloom activity in
even though Aitken particle concentrations are much largerwinter. SimulationsKeAi and KeAe (KxAi and KxAe) cal-
However, in the winter in the northern North AtlantiRes in culate monthly averagefes of 12—13um (11-12um) in
KxAe s significantly smaller than iKeAe. The influence of November and 14-15m in June, months with high and
the organic matter on the accumulation mode mass and nuniew bloom activity, respectively. In CTRL, without marine
ber concentration is smaller than in summer and the Aitkenorganics, the simulate®es during high bloom activity is
mode contribution to CDNC becomes more prominent. larger, 14-14m. The simulated monthly averaged organic

In the northern part of the North Atlantic the observa- aerosol mass in summer near South Georgia, of the order of
tions are characterized by a summer maximum while the200ng nT3in KeAiCi, is close to the estimate by Meskhidze
model simulates a summer minimum and overestimBtgs  and Nenes (2006) for the period with high bloom activity.
in winter. We note that simulateBes is also overestimated This concentration is also in agreement with the measure-
over the European continent in winter (Roelofs et al., 2006),ments of marine organic aerosol near Amsterdam Island of
and this may be partly caused by too small aerosol sulfate200-300 ng/rh(average value: 220 ngfnfor the bloom pe-
concentrations (Stier et al., 2005). Underestimation of sul-riod (J. Sciare, personal communication).
fate concentrations in winter over Europe is a common fea- For the region west of Tasmania, Boers et al. (2006) used
ture of global simulations of the sulfur cycle (Roelofs et al., MODIS data to derive a seasonal cycle Bfxs from 14—
1998). However, over the remote ocean sulfate concentral6um in summer to 21-24m in winter. The simulate®ef
tions are relatively small and probably not the main reasornwest of Tasmania in winter ranges aroundu2 in summer
that Resr is overestimated. A plausible explanation may be and 23um in CTRL, but is significantly decreased due to the
that the typical size of new particles formed by condensationinfluence of organics in the sensitivity simulations. For ex-
of non-volatile gases depends on temperature or supersaturample, inKeAIiCi Reff near Tasmania is 14m in summer
tion. We assume in our simulations the same critical nucleusand 19«m in winter, respectively, in better agreement with
size for new particle formation throughout the year, as is alsd¢he observations.
assumed for sulfuric acid (Wilson et al., 2001). However,
the saturated vapor pressure for semi-volatile organic gases,
which depends on temperature, is smaller in winter than in5 Conclusionsand discussion
summer and the ambient supersaturation is higher, and this
results in a smaller critical size for nucleation (e.g. Girshick We used the global aerosol-climate model ECHAM5-HAM
and Chiu, 1990). This effect is suggested in the observato investigate the potential influence of marine aerosol organ-
tions, specifically the seasonal variation of the Aitken modeics on simulated aerosol and cloud characteristics. Without
mean diameter, from 0.Q8m in winter to 0.06zm in sum-  these organics the model underestimates the aerosol organic
mer (Yoon et al., 2007; their Fig. 3). The number concentra-mass and CCN concentrations in the marine atmosphere, and
tion of freshly formed particles per unit condensed mass maypverestimatees in marine clouds. By introducing organic
therefore be larger in winter. As a result the size distributionmatter in the Aitken and accumulation modes, separately or
of aerosol organic matter may resemki@ie or KeAx in the combined, in different amounts and mixing states, we inves-
summer and té&{xAe or KxAx in winter. tigate if the simulated and observed aerosol mass, aerosol

For the sub-tropical North Atlantic region the average chemical composition and cloud drop size can be brought
simulatedRes is also significantly improved when marine in better agreement with observations. We used a relatively
aerosol organics are considered, and the simulated season&imple top-down approach where different organic yields and

ity is also in much better agreement with observations. mixing states are prescribed for the relevant aerosol modes.
Measurements of O’Dowd et al. (2004) for the aerosol mass
4.4 Southern Hemisphere and composition, ISCCP for cloud drop size and other re-

motely sensed and in situ observations were used to evaluate
Although our study focuses on the NH Atlantic Ocean re- these emission scenarios.
gion, we will briefly discuss the model representativity over We discussed in Sect. 3 that the seasonality and spatial dis-
the SH. Based on remotely sensBgs near the island of tribution of the emission of the aerosol organic matter and of
South Georgia east of south America, a location with a strongdMS may be similar, but a more detailed validation of emis-
plankton bloom seasonality, Meskhidze and Nenes (2006%ions and organic aerosol formation is required to confirm
argue that aerosol organic matter originating from isoprenethis. This must also involve precursor gases and the contri-
emissions from plankton significantly affects marine cloud butions of primary and secondary aerosol formation, and it
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requires a detailed calculation of emissions, chemical pro-anthropogenic aerosol in marine regions compared to current
cesses and gas-to-particle conversion of which our model igstimates.
not capable yet.
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