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Abstract. Modification of cloud albedo by controlled emis- trations are suppressed by 1-2% in the seeded regions and
sion of sea spray particles into the atmosphere has been sugulphuric acid vapour by 64-68% due to chemical reactions
gested as a possible geoengineering option to slow globabn the additional salt particles. The impact of this suppres-
warming. Previous global studies have imposed changesion on existing aerosol is negligible in the model, but should
in cloud drop concentration in low level clouds to explore be investigated further in the real environment so that inad-
the radiative and climatic effects. Here, we use a globalvertent impacts can be excluded.

aerosol transport model to quantify how an imposed flux of
sea spray particles affects the natural aerosol processes, the
particle size distribution, and concentrations of cloud drops.
We assume that the proposed fleet of vessels emits sea spr&y

particles with a wind speed-dependent flux into four regions ) . .
of persistent stratocumulus cloud off the western coasts of\nthropogenic emissions of greenhouse gases have in-

continents. The model results show that fractional change§r€ased in the last decade faster than ever before (Global
in cloud drop number concentration (CDNC) vary substan-C@roon Project, 2008; Raupach et al., 2007). Since no quick

tially between the four regions because of differences inreversal for this trend is in.sight, se\{eral alternat.ive mgthods
wind speed (which affects the spray efficiency of the vessels)!© SIow down global warming by deliberate manipulation of
transport and particle deposition rates, and because of varthe climate have been suggested in recent years. These pro-
ations in aerosols from natural and anthropogenic sourced’05€d methods, referred to as geoengineering, cover a wide
Using spray emission rates comparable to those implied by2n9€ of technologies aiming to reduce either 1) the atmo-
previous studies we find that the predicted CDNC changesSPNeric CQ concentration, e.g. by air capture methods (Ba-
are very small (maximum 20%) and in one of the four re- ciocchi et al., 2006; Mahmoudkhanl and Keith, 2009) or by
gions even negative. The weak or negative effect is becausgnhancing the oceanic carbon storage (Khesghi, 1995), or 2)

the added particles suppress the in-cloud supersaturation affe amou’nt of solar radiation ab_sorbed in the atmosphere and
prevent existing aerosol particles from forming cloud drops. (he Earth's surface, e.g. by adding sulphate aerosol to strato-

A scenario with five times higher emissions (considerablySPhere (Crutzen, 2006) or by increasing the albedo of the

higher than previously assumed) increases CDNC on aver@nd surface (Akbari etal., 2009; Rigdwell et al., 2009).
age by 45-163%, but median concentrations are still below N the light of current knowledge, one of the most promis-
the 375 cm?® assumed in previous studies. An inadvertentiNd geoengineering methods in terms of effectiveness and

effect of the spray emissions is that sulphur dioxide concen@ffordability is increasing the albedo of low-level marine
clouds via controlled injection of sea spray particles into the

atmosphere (The Royal Society, 2009; Lenton and Vaughan,

Correspondence tdi. Korhonen 2009; Boyd, 2008). In this method, first proposed by
BY

(hannele.korhonen@fmi.fi) Latham (1990), the aim is to build a fleet of unmanned,
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wind-powered vessels, which could be remotely steered beration, which will also influence the formation of drops from
neath marine clouds and emit sea water droplets into the aiexisting aerosol.
at a very high rate (Salter et al., 2008). A significant frac- In this study, we simulate the emissions and atmospheric
tion of the released particles are expected to be transported forocessing of deliberately emitted sea spray particles explic-
cloud altitude where the particles would act as cloud condenitly for the first time. We quantify how wind-speed dependent
sation nuclei (CCN) and thus increase the cloud droplet numgeoengineering fluxes influence the CDNC at typical marine
ber concentration (CDNC) compared to an unperturbed situeloud altitudes and identify how atmospheric processes lead
ation. The increased CDNC would likely lead to an increasedto spatial CDNC variations. Furthermore, we investigate how
cloud albedo since the natural CDNC in remote marine strasea spray geoengineering affects the sources of natural sul-
tocumulus clouds is typically fairly low<150 cn13). phate CCN in the cloud seeding regions.
Previous climate model studies have suggested that the
sea spray geoengineering method could have a significant
climate cooling potential. Assuming that all low-level (be- 2 Methods
low 700 hPa) maritime clouds could be seeded with the spray
vessels, Latham et al. (2008) predicted a negative cloud forc2.1 Model description
ing large enough to compensate for the positive forcing from
doubling the atmospheric GQconcentration. In another The model runs were made with the global aerosol model
study, again using imposed changes in cloud drop concenGLOMAP, which is an extension to the TOMCAT 3-D chem-
trations, Jones et al. (2009) limited geoengineering to thredcal transport model (Chipperfield, 2006; Stockwell and
persistent stratocumulus regions covering 3.3% of the Earth’€hipperfield, 1999). A detailed description of GLOMAP is
surface and found that cloud seeding could offset up to 35%g@iven in Spracklen et al. (2005). The model is run with a
of current greenhouse gas forcing and delay global warm-T42 spectral resolution (22&2.8°) and with 31 hybridr-p
ing by about 25 years. Rasch et al. (2009) concluded thatevels extending to 10hPa. Over the oceans 7 model lev-
cloud seeding could restore global averages of temperaturegls represent the lowest2 km, of which 5 levels are in the
precipitation or sea ice extent to present day values (but nolowest~1km. Large-scale atmospheric transport is speci-
simultaneously) even in the case of doubled,@@ncentra-  fied from European Centre of Medium-Range Weather Fore-
tion, assuming that it is possible to increase the CDCN tocasts (ECMWF) analyses at 6-h intervals. Here, the sec-
a very high value of 1000 cn? over the seeded areas that tional version GLOMAP-bin is used, which represents the
cover 20—70% of the world’s oceans. aerosol size distribution with a moving centre scheme us-
One limitation in all of these studies is that they do not ex- ing 20 size sections to cover the diameter range of 3nm to
plicitly simulate the emissions, transport or effects on natural25 pm. In the runs presented here, the aerosol composition is
aerosol of the injected sea spray particles, but instead set thdescribed with three internally mixed components: sulphate,
CDNC over the seeded regions to a fixed value of 375%&m sea spray and carbonaceous aerosol (including both organic
or 1000cnT3. In reality, however, sea spray geoengineer-carbon (OC) and elemental carbon (EC)). The masses of all
ing is expected to result in a spatially inhomogeneous CDNCcomponents along with the number concentration of particles
field because of variations in aerosol dilution and depositionare tracked in each size section. The aerosol processes sim-
rates and because of the wind speed dependence of the sprelated are: binary homogeneous nucleation 68, and
rate from the planned vessels (Salter et al., 2008). The picH>O according to Kulmala et al. (1998), condensation of
ture is further complicated by possible “inadvertent” effects HoSQu, hygroscopic growth, coagulation, wet and dry depo-
on natural aerosol processes. One example of such a possiéion, transport, cloud processing ($6xidation by hydro-
inadvertent effect is the impact of the injected sea spray pargen peroxide) and sulphate formation in alkaline sea spray
ticles on natural CDNC by interfering with the formation of particles (SQ oxidation by ozone).
sulphate aerosol from dimethylsulphide (DMS), which is an  The natural sea spray emission flux is simulated according
important source of CCN in the remote marine atmospherdo Martensson et al. (2003) for particles smaller than 2 pm
(Korhonen et al., 2008a). Such an effect needs to be considn dry diameter and according to Monahan et al. (1986) for
ered because freshly emitted sea spray particles can redusgzes larger than 2 um. Oceanic DMS emissions are calcu-
the amount of gas phase sulphur compounds transported tfated using monthly mean seawater concentrations from Ket-
the free troposphere (where new particle formation occurs}le and Andreae (2000) and the sea-to-air transfer velocity of
by two mechanisms: first, by increasing the concentration ofNightingale et al. (2000). Other simulated sources of sul-
alkaline aqueous phase in which $@xidation by @G and  fur species are anthropogenic S@missions from Cofala
H20, takes place (Gurciullo et al., 1999) and second, byet al. (2005) and volcanic SCGemissions based on Andres
acting as a condensation sink fop$, which is currently  and Kasgnoc (1998) and Halmer et al. (2002). We assume
thought to be the main nucleating and condensing compounthat 2.5% of S@ from these continental sources is emit-
in the marine atmosphere. A further inadvertent effect is theted as primary sulfate particles at particle sizes proposed
impact of the extra sea spray particles on in-cloud supersatuby Stier et al. (2005). Primary carbonaceous emissions are
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taken from van der Werf et al. (2003) for vegetation fires and % 10°

from Bond et al. (2004) for fossil and biofuels. EC/OC parti-  ® &g

cles are emitted as lognormal modes at sizes proposed in thi - - -5xGEO

AEROCOM emissions inventonyh{tp://nansen.ipsl.jussieu. 5r ;;1‘,';:2};2‘;°jgray CCN R ity

frTAEROCOM). .
Monthly mean boundary layer (BL) cloud coverage is ~,| ; ,

specified from the International Satellite Cloud Climatology ,

Project (ISCCP) archive. Aqueous phasgSAy forms in :

these BL clouds through the reaction of S@nd HOo.

Precipitation scavenging in these low-level clouds is cur-

rently not described in GLOMAP. Precipitation scavenging

(in-cloud and below cloud) of particles and water-soluble

gases is considered only for convective and frontal clouds

as diagnosed every 6 h in the host model TOMCAT from the

ECMWF analyses (and thus separately from ISCCP bound-

ary layer clouds). % : 4 s
Sulphate formation takes place also in the alkaline aqueous wind speed (m/s)

sea spray particles via the reaction ofSd . This reac-
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tion is highly pH dependent (important only for pH-5.5) Fig. 1 Wind speed dependence of simulated_ geoengineering fluxes
(red lines) and natural flux of sea spray particles larger than 70 nm

and is therefore limited by the buffering capacity of the par- (blue line). Black dotted lines show the Latham (2002) estimate

ticles as sulphate is formed. It has been found that the buffer: -
. . . . . range for a flux needed to produce 400 additional cloud droplets per
ing capacity of sea spray aerosol is often substantially highef, “3

compared to sea water due to calcium enrichment in the

aerosol phase (Sievering et al., 1999). As we do not explicitly

simulate the aqueous phase chemistry or pH in GLOMAPiciency of the currently planned spray vessels: Salter et
we followed the approach of Gurciullo et al. (1999) who 4 (2008) anticipate that the vessels reach their maximum
(based on ACE-1 campaign measurements) assumed that thigtput at wind speeds of 6-8 m’s(we assumed a threshold
maximum amount of sulphate formed via the @acthn IS wind speed of 7mst in this study), and at lower speeds the
6.8mg of sulphate per 1g of dry sea spray (three times thgpray efficiency is assumed to depend on wind speed to the
amount compared to that without calcium enrichment). Thispower of 1.5 (S. Salter, personal communication, 2008). It
amount is likely to be an upper limit of the actual sulphate ghoy|d be noted that while in theory it would be ideal to pro-
production as it represents the maximum enhanced alkalinityy,ce the highest spray fluxes in low wind speed conditions,
observed during ACE-1. in which the background aerosol concentration is likely to be
GLOMAP-bin has been evaluated against a wide range ofow and therefore clouds more susceptible to modification,
aerosol observations in marine and continental environmentgg concrete designs of wind-driven spray vessels capable of
(Spracklen et al., 2007, 2008, 2009; Korhonen et al., 2008as,ch spray generation have been proposed. In fact, the Salter

b) and is in good agreement. Relevant to this study, we havet al. (2008) design is the only one published in scientific
also shown that predicted cloud drop number concentration§terature to date.

are in reasonable agreement with a limited set of in situ 0b-  Tha maximum particle flux at 7 m s wind speeds was

servations in marine regions (Pringle et al., 2009). based on the calculations presented in Latham (2002) for the
It should be noted that in GLOMAP (as in all CTMS) f,x required to produce 400 crA additional cloud droplets.
changes in aerosol population do not feed back to modefigyre 1 compares the geoengineering particle emissions
meteorology and cloud properties. However, the predicted,seq in this study (red lines) and those calculated by Latham
aerosol fields can still be used together with information (2002) (black dashed lines; the two lines represent the two as-
about typical marine boundary_ layer updrafts to Ca|CU|atesumptions made by Latham (2002): the top line assumes that
changes in CDNC at chosen altitudes. 100% of particles sprayed at the surface activate as droplets
at cloud altitude and the bottom line assumes only 10% ac-
tivation) with the flux of natural CCN-sized>(70 nm) sea

. . . spray particles (blue line) (&ftensson et al., 2003).
Three model simulations were made: an annual baseline run . . :
The lower of the two geoengineering particle number

for the year 2000, which incorporates aerosol processes h fter: GEO) is ai b
described in Sect. 2.1, and two annual runs simulating th uxes (hereafter: ) is given by
proposed geoengineering method by including two intensi- 15,2 1
ties of artificial sea spray injection. We assume a wind speed =>4 % 10 xugg(m~2s7 when w0 <7m/s 1)
dependence of the sea spray flux based on the spraying eF=5.4x 10* x 71°=10°(m~2s~1) when u10>7m/s

2.2 Geoengineering runs

www.atmos-chem-phys.net/10/4133/2010/ Atmos. Chem. Phys., 10, 41432010
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Fig. 2. Annual mean CDNC (top panels) and relative CDNC change (bottom panels) at 1 km altitude in GEOGE® $uns.

whereu1g is the wind speed 10 m above the ocean surfacefeasible to spray particles homogeneously into the atmo-
The higher flux (hereafter: 6GEO) is five times the lower sphere on the scale of our model grid boxes-@60x 260 km

flux. The sea spray particles from geoengineering were emit{at 30 latitude) and extending over 630" km? of the

ted at a monodisperse dry diameter of 260 nm followingocean areas in Fig. 2. A similar assumption was implic-
Latham (2002) and corresponding to a particle dry mass oftly made by the initial proponents of this geoengineering
1.5x10 Y kg. The particles were emitted into the lowest- method (Latham, 2002) when they estimated the particle flux
altitude grid box, which over the oceans typically covers therequired to alter cloud drop concentrations by a fixed amount.
lowest~60 m of the atmosphere. Once emitted, these pardn reality, we believe it would be extremely challenging to
ticles underwent the same aerosol microphysical processespray particles homogeneously without a very large number
(i.e. coagulation, growth due toJ80, condensation and of vessels. Inhomogeneous spraying would lead to localised
cloud processing, wet and dry deposition) and transport afiigh concentrations of sea spray particles and cloud drops,
the natural particles. resulting in a different microphysical evolution of these par-

In both GEO and 5GEO runs the geoengineering flux ticles compared to the homogeneous case. Clearly there is
was limited to four regions: off the coast of California (North Still much work required to investigate the engineering re-
Pacific), Chile (South Pacific), Namibia (South Atlantic) and quired to approach homogeneous spraying and distribution.
Western Australia (Indian Ocean) (Fig. 2, marine regions in-Here we ignore these technological complications.
side the red boxes). These regions have been identified as the
most favourable all-year sites for sea spray geoengineering i% Results
earlier studies (Salter et al., 2008) and together they comprise
~1_2.8_% of the Earth’s surface. Since th_e mod_el s_pa_ti;_al reso3 1 predicted changes in cloud drop number
lution is much too coarse (2.& 2.8°) for simulating individ-
ual clouds or even cloud decks, we did not attempt to limit

geoengineering only to areas with stratocumulus clouds. Infigure 2 presents the simulated annual mean values of ab-
stead, cloud seeding was expected to occur continuously iBojute CDNC in the geoengineering runs as well as the rel-
all model grid cells within the chosen regions with the injec- ative CDNC changes compared to the baseline simulation
tion rate varying from grid to grid according to the local wind without geoengineering. The CDNC fields were calculated
speed. using the modelled monthly mean aerosol at 1 km altitude
It is important to appreciate the assumptions in our study(approximate cloud base) and a parameterization of drop
concerning the spatial homogeneity of the geoengineerindormation that takes into account the kinetic limitations of
spray emissions. We are assuming that it is technologicallydroplet growth (Nenes and Seinfeld, 2003). The updraft

concentration
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Table 1. Median CDNC concentrations and mean relative CDNC changes within the four geoengineered regions (indicated by red boxes in

Fig. 2). The values are calculated from annual mean CDNC fields.

GEO 5<GEO
CDNC (cnm3)  ACDNC (%) CDNC (cnt3)  ACDNC (%)
North Pacific 171 -2 258 45
South Pacific 133 20 298 163
South Atlantic 177 4 314 77
Indian Ocean 134 11 246 96
Notth Pacitc 50 Sountente In the GEO run, the predicted CDNC in the seeded re-

. gions increases on average by 20% or less (Table 1), i.e.
the sea spray injections fail to increase the CDNC substan-

CDNG (cm™®)
@ oa
s 8
CDNC (cm®)
@ oa
s 8

n v tially above typical marine background levels (Fig. 2 (top left
20 EI = T m — H panel) gnd Fig. 3). !n fact, the modgl preqlicts a slight de-
w - wl - crease in the CDNC in the North Pacific region as well as off
Baseline GEO SxGEO Baseline GEO 5xGEO the coast of Chile (Table 1; Flg 2, bottom left panel). The
_ _ reasons behind this quite surprising result are discussed in

500 Souh Pocke 00 fden oo more detail in Sect. 3.2.
400 v 400 In the 5 GEO run the simulated CDNC doubles over large
'gm 'gm _ regions, and locally even quadruples in the tropical Pacific
e | - - g — (Fig. 2, bottom right panel). A doubled CDNC corresponds

% % i to approximately 5% increase in cloud albedo assuming typ-
ical marine stratocumulus cloud properties (cloud thickness
feelhe SR 8RO Beesive  GRO SO 500 m, liquid water content (LWC) 0.3gTd). The simu-

Fig. 3. The range of predicted annual mean CDNC within the four lated absolute C?N(_: in the se_eded regions 1s _|n the range
seeded regions at 1 km altitude. The red line indicates the median‘,)!c ~100-500 crrr (F|g. 2 (top right pangl) and Fig. 3), the
the blue box the 25th and 75th percentiles, and the black whisker&igh end of which is clearly above marine background val-
the 5th and 95th percentiles. The number of model grid boxes in thdl€s. However, the regional median CDNCs in all four areas
North Pagcific is 107, in the South Atlantic 131, in the South Pacific remain in the range of 246-314 cf(Table 1), and thus on
256, and in the Indian Ocean 217. average we predict significantly lower CDNC for the spray
rates considered here than the 375€émssumed in earlier

N _ ~ climate model studies of sea spray geoengineering (Latham
velocities were assumed to follow a Gaussian probabilityet g1, 2008; Jones et al., 2009).

distribution representing typical marine stratocumulus con- . . i
ditions (mean=0ms, standard deviation=0.25m¥). The relative CDNC change (Fig. 2, bottom panels) de

. . o ends not only on the spray emission rate and transport but
The predicted absolute CDNC varies significantly betweenp y pray emisst P !

and within the four seeded regions (Fig. 2 (top panels) andalso on the background aerosol concentration. This can be
Fig. 3) which is in contradiction with the assumption of ho- Clearly seen by comparing the seeded regions in the Indian

mogeneous CDNC fields over large oceanic regions in previ-ocean and the North Pacific (Table 1): although the sim-

. . i ulated absolute CDNCs in thexX&EO run are quite simi-
ous climate model studies (Latham et al., 2008; Jones et allﬁlr (medians 246 c? and 258 cm®) in both regions, the
e

2009; Rasch et al., 2009). The spatial variations are cause lative CDNC change, which in turn determines the cloud

byacombmatllon of varying emission rates (Wh'Ch depend “Mlbedo change, is more than double over the Indian Ocean
the surface wind speed), transport, and particle loss by depo

ition and precinitation scavenaing. Because all these fact g96% versus 45% over the North Pacific). This difference
sttion precipitation scavenging. because a SEIaCoRy, hecause the background CDNC in the North Pacific re-

giitoonntfgs/vaeirﬁfr?é Zzzg?él?gvg?\?vtirg(s)u:gatgs dot\;1(aeralr|:§ircrtee-ﬁ1ion off the coast of polluted California is higher than over
P P e Indian Ocean (median values 175¢hand 119 crm3,

&?Ng z?ttoclc;lijdhtb aZi;B 2nrgo'<:jie ! C;;'“;TSK'; nﬁtixesrgrﬁgorg? respectively). The influence of continental pollution on the
9. P right panel). 19- 2), g’ . Jelative CDNC change, and thus on the effectiveness of sea
gions a clear correlation is evident (e.qg., the high wind spee . A . .
areas of the North and South Pacific regions Spray geoengineering, is also evident close to the shores in
u ific regions). all four seeded regions (Fig. 2, bottom right panel). This re-
sult suggests that, while regions close to the continents might

l;
It
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Fig. 4. Annual mean surface wind speed.

be the most preferable for cloud seeding in terms of practi-~110-140 nm activate. The effect is even stronger in the
cality (e.g., maintenance of vessels), they are not the mosbxGEO run (Fig. 5, right panel) in which the supersatura-

favourable ones in terms of geoengineering efficiency. tion drops by 0.14-0.20 percentage points and only parti-
cles larger than~175-195nm in diameter can form cloud
3.2 Explanation of suppressed cloud drop droplets. However, the high number concentration of in-
concentrations jected sea spray patrticles in th&«GEO run (Fig. 6, blue

line) compensates for the natural particles that do not acti-
One interesting feature in the GEO simulation results pre-vate, so the total CDNC increases significantly as seen in
sented above is the relatively small increase of CDNC in theFig. 2.
seeded regions and even a decrease in some areas (Fig. 2

. . P O Il dict reduced CDNC i than 20% of
bottom left panel). The main reason behind this finding is veral, we predict reduce in more than °0

the seeded grid boxes for updraughts less than 0.4 m/s in the

thai_trI]e mgject:jqn ofta hzl%r(]) nump(etr ?:1 accumuliamon rlnc:.deGEO run. The regional differences are, however, large: while
particles (dry diameter hm) into the aerosol popula 10N more than half of the seeded area in the North Pacific show

leads to an increased rate of water vapour condensation i&DNC reduction for updraughts below 0.3m/s, the same

the (_:IOUd updrau_ghts, which reduces the maxmum supersatéreal extent of reduction is not seen over the South Atlantic
uration reached in the cloud. Cloud model studies have pre-

. ) ) even at the lowest studied updraught velocity of 0.05 m/s.
viously demonstrated this effect for ship tracks (Russell et o
al., 1999) as well as sea spray geoengineering (Bower et al., It iS important to note that the response of CDNC to the
2006). The suppression of supersaturation means that sonfénitted particles requires knowledge of not only the cloud
of the natural marine particles that form cloud droplets in theUPdraught velocity but also of the aerosol particle size dis-
baseline run do not activate to droplets in the geoengineeriribution in the perturbed and unperturbed conditions. The
ing runs. This effect is most significant at the lowest cloud SUPPression of supersaturation depends on the number, size
updraughts of the Gaussian distribution we used. and growth rate of the droplets. Furthermore, the effect of
Figure 5 shows the maximum supersaturation reached dhis suppression on the number of exist.ing p_arti_cles_, activated
1km altitude (assumed cloud base) when the updraught vedepends on th_e shape (_)f the number size distribution around
locity is 0.1 ms. The supersaturation decreases by 0.10-fhe cut-off (activation) diameter.
0.13 percentage points from 0.20-0.26% in the baseline run A second, although less important reason for the predicted
to 0.10-0.14% in the GEO run. Therefore, whereas in thesuppressed response in CDNC in the GEO run, is that the for-
baseline run particles larger that¥5-85 nm in diameter can mation of sulphate in the cloud droplets (via the reaction of
activate as droplets, in the GEO run only particles larger tharSOQ, and HO») takes place predominantly on the injected sea

Atmos. Chem. Phys., 10, 4138143 2010 www.atmos-chem-phys.net/10/4133/2010/
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Fig. 5. Maximum supersaturation reached during cloud droplet activation at 1 km altitude in the baseline run (left panel) and the decrease in
supersaturation caused by sea spray injections (GEO middle pa®E® right panel). All values are for updraft velocity 0.1 m/s.
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Fig. 6. Annual mean size distributions in the four geoengineered regions at 1 km altitude.

spray particles instead of the activated natural particles. As 8.3 Effect of sea spray geoengineering on natural
result, these natural particles grow by cloud processing less sulphate aerosol

rapidly than in the baseline run (Fig. 6, red and black lines).
The reduced size of the natural sulphate particles (evidenSea spray geoengineering is expected to reduce the atmo-

just above 100 nm diameter in Fig. 6) affects their activationspheric concentration of sulphur-containing gases in the
to droplets during subsequent cloud cycles. Again, the effectloud seeding areas. The concentration of $lowered

is even stronger in thex8GEO run (Fig. 6, blue line) but be- because the injected sea spray particles increase the amount
cause of the high number of injected sea spray particles, thef alkaline aerosol water, which is important for the pH-
total predicted CDNC increases. dependent oxidation reaction of g@nd G. The increased
oxidation rate of S@in the aqueous phase reduces its gas
phase concentration, which in turn affects the gas phase re-
action of SQ and OH forming HSOy. The concentration

of HoSOy is also reduced due to the increased condensa-
tion sink provided by the injected particles. The lowered
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the four geoengineered regions.

concentration of S@and SO, can influence the formation rhonen et al., 2008a), and 2) decreasing the concentration of
rate of natural sulphate CCN by 1) decreasing the amounH>SOy vapour that contributes to the growth of small parti-
of sulphur transported into the free troposphere where neveles to CCN sizes.

particles are formed via nucleation 080, and HO (Ko-
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Figure 7 shows the simulated relative change in surface We also find that the fluxes needed to sustain the desired
level S and HSO, in the two geoengineering runs. The levels of CDNC (e.g., 375 cn?) are likely to be higher than
effect of injected sea spray particles on the$6ncentration  suggested in previous literature. This is because of dilu-
is modest: we predict a 1-2% mean decrease in the GEO rution and removal of particles from the atmosphere but also
and a 5-7% mean decrease (with local maximum decreaskecause the injection of a large number of accumulation
up to 14%) in the %XGEO run in the seeded areas (top pan- mode particles suppresses the cloud supersaturation which
els). The reductions are fairly small because the formation ofn turn prevents some of the natural particles from activat-
sulphate via the oxidation reaction of $@nd Q3 (effective  ing to cloud drops. Our results also suggest that the frac-
only at pH>~5.5) decreases the pH of the aqueous phase antional changes in CDNC, which determine the cloud albedo
thus shuts off the oxidation reaction relatively rapidly. In our change, are quite sensitive to the background aerosol con-
simulations this pH-dependence is approximated by assumeentration. Therefore, persistent stratocumulus regions close
ing that the oxidation reaction proceeds only when there igo the continents, and thus receiving significant amounts of
less than 6.8 mg of sulphate per 1 g of dry sea salt in the paranthropogenic pollution, may not be the most favourable lo-
ticles. Since the mass of the injected sea spray particles (drgations for cloud seeding.
diameter 260 nm) is small in comparison to the bulk natural Since the current version of GLOMAP includes precipita-
sea spray mass, most of the sulphate formation takes place tion scavenging only for convective and frontal clouds (and
the natural sea spray particles. not for BL clouds), our study is likely to underestimate the

On the other hand, cloud seeding decreases ##&Chi  wet deposition rate of MBL particles to some extent. As are-
concentration close to the ocean surface on average by 64sult, our estimates of the increases in CDNC due to additional
68% in the GEO run and by 96-97% in the«GEO run  spray emissions are probably an upper estimate (i.e., even
(Fig. 7, bottom panels). These large reductions are mainhjhigher spray fluxes would be needed to enhance CDNC).
due to the sea spray injections increasing the condensatioHowever, this effect is expected to be relatively small in the
sink at the surface by 28-57% and 147-304% in the two runspresented annual averages and does not change the conclu-
respectively. Although this dramatic reduction of$0; in sions of this study.
the lowest atmospheric layers slows down the growth of nat- We have also been able to assess the inadvertent effects on
ural ultrafine particles to larger sizes, it has only a small ef-existing aerosol, which have been neglected in earlier stud-
fect on the natural particle size distribution (Fig. 6) and CCNies. The global model suggests that the impact of sea spray
concentrations. This small impact is consistent with our ear-enhancement on the global sulphate aerosol system is neg-
lier research which showed that the condensation growth ofigible. We anticipated that suppression of S&hd HSOy
ultrafine particles is only a minor CCN formation pathway in due to reactive chemistry on the particles would affect the
the marine boundary layer (Korhonen et al., 2008a). formation of aerosol in the free troposphere, which would

Furthermore, since the reduction in$0, concentration  potentially suppress a very important CCN source to clean
is limited to the lowest 3—4 km of the atmosphere (Fig. 8, topmarine regions (Merikanto et al., 2009). This effect does
panels), cloud seeding does not influence CCN formation vianot seem to occur, mainly because the mass of salt added to
free tropospheric nucleation (at5-15km altitude). As a the atmosphere is relatively small and S®not greatly de-
result, the vertical profile of total particle concentration re- pleted. HSO, vapour is strongly depleted in the boundary
mains unaffected above 4 km (Fig. 8, bottom panels). Belowlayer due to increased condensation sink, but this has a neg-
4 km the change in particle number concentration is deterligible effect on aerosol formation, which, in our model, oc-
mined by the sea spray injections rather than natural sulphateurs mostly in the free troposphere (Korhonen et al., 2008a;
particles. Merikanto et al., 2009). However, further studies of the im-
pact of bSOy suppression on nucleation should be consid-
ered, especially taking into account the open cell structure of
stratocumulus clouds.

So far the effectiveness of sea spray geoengineering has
een studied only with global scale models. However, the

4 Conclusions

We have presented the first model study of the efficacy of seq

spray geoengineering starting from the emissions and gOin%patial resolution in these models is poor, so they cannot

through to the impact on cloud drop concentrations, taklngresolve the aerosol emissions, transport and activation on a

into account the full aerosol microphysical processes. We L :
. . _" . “scale of individual stratocumulus cloud cell. Because of this
find that the wind speed dependence of the spray em|SS|on§

atmospheric transport and particle loss via deposition an mitation, there is enormous scope for studying this prob-

precipitation scavenging lead to a spatially highly inhomo- em using large eddy cloud resolving models where the is-

geneous CDNC. Therefore, generating nearly uniform cIoudsues related to the spreading and entrainment of the spray

! ) into the clouds, as well as cloud microphysics, can be stud-
drop fields over large regions of the oceans, as has been as- /. .

. ) ; . jed in much more detail.
sumed in earlier climate model studies, would be extremely

challenging.
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