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Abstract. The atmospheric oxidation of dimethyl-sulphide 1 Introduction

(DMS) derived from marine phytoplankton is a significant

source of marine sulphate aerosol. DMS has been proposed ) ) )

to regulate climate via changes in cloud properties, thougtPimethyl-sulphide (DMS) is a climate-relevant trace gas pro-
recent studies have shown that present-day global cloud corfluced in the surface oceans by some species of phytoplank-
densation nuclei (CCN) concentrations have only a weak defon (Stefels et al.2007). Some DMS is vented to the atmo-
pendence on the total emission flux of DMS. Here, we useSPhere by gas transfer processes (dss etal, 1997), where

a global aerosol microphysics model to examine how effi-1t is oxidized Barnes et a).2006. The oxidation products
ciently CCN are produced when DMS emissions are change@f DMS can contribute to atmospheric aerosol, either lead-
in different marine regions. We find that global CCN produc- ing to formation of new particles, or grow existing particles.
tion per unit mass of sulphur emitted varies by more thanObservationsAndreae et a).1999 O’'Dowd et al, 1999

a factor of 20 depending on where the change in oceanic/ang et al, 2011) have shown that aqueous-phase oxidation
DMS emission flux is applied. The variation in CCN pro- is the dominant sulphate production mechanism in marine
duction efficiency depends upon where CCN productionStratocumulus regions.

processes (DMS oxidation, $S@xidation, nucleation and Surface ocean DMS concentrations are highly variable
growth) are most efficient and removal processes (deposiWith season and location. Concentrations range frofinl to
tion) least efficient. The analysis shows that the production> 50.0 "M, the highest concentrations occurring in the high-
of aerosol sulphate through aqueous-phase oxidation gf Solatitude oceans during summer. Annual mean DMS concen-
limits the amount of SOy available for nucleation and con-  trations from theKettle and Andreag2000) observational
densational growth and therefore suppresses CCN formatiorf/imatology are on the order of a few nanomols, and are
leading to the weak response of CCN to changes in pmsshown in Fig.1. Sea-surface DMS concentrations have been
emission. Our results show that past and future changes in th@Pserved to increase byS5M in response to iron addition
spatial distribution of DMS emissions (through changes in€xperimentsgoyd et al, 2007), but such changes are short-
the phytoplankton population or wind speed patterns) couldived and affect only a small aredallina et al.(2007) found

exert a stronger control on climate than net increases in biothat sea-surface DMS concentrations increased locally by up
logical productivity. to 0.5nM in response to a global warming scenario with a

marine ecosystem model.

The global sea-air flux of DMS has been estimated to
be between 13 and 37 Tgasulphur Kettle and Andreae
2000. Chin and Jacolf1996 found that DMS accounts for
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2724 M. T. Woodhouse et al.: Sensitivity of CCN to regional DMS changes

Annual average Sea—surface DMS conc. DMS conc (nM) Wind s_peed is an importa}nt cqntrol of DMS flux due to

50.0 the non-linear (power) relationship between flux and wind
speed (e.gNightingale et al.2000. Wind speed is also an

important factor in determining mixed layer depti€llor

10.0— and Durbin 1975, which has been shown byallina and
Simo (2007 to have a strong connection to sea-surface DMS
50 concentration, acting through sunlight penetration and nutri-

ent availability. Compiled observational data from the mid-
19th century to present-day suggests that alterations in at-

1.0 mospheric circulation are occurringrénberth et a).2007).
For instance, storm tracks have moved poleward, with an in-
05 crease in intensity but decrease in total number of storms.

Increases in wind speed in the tropical North Atlantic and
extra-tropical North Pacific, and decreases in the equatorial
0.1 Atlantic, tropical South Atlantic, and subtropical North Pa-
cific have been observed. Mid-latitude westerlies are also
observed to have changed in both hemisphefesnperth

et al, 2007). Using satellite measurementgoung et al.
(2011 found an increase in global wind speed&®rho-

nen et al.(2010 showed that an increase in wind speed of
20-80 % of non sea-salt sulphate near the surface over th@.45+0.2 ms 'decade’ at 50-65 S since the early 1980’s
Northern Hemisphere oceans and more than 80 % in most ofaused a 22 % increase in CCN concentrations at these lat-
the Southern Hemisphere. itudes. They calculated that locally up to 33% of CCN

In what is now known as the CLAW hypothesiSharl- changes due to changes in wind speed could be due to higher
son et al.(1987 suggested that changes in phytoplankton- DMS fluxes, with the rest being due to changes in sea-spray.
derived DMS arising from climate change could impact the A recent geoengineering suggestiowifgenter et al.
number of cloud condensation nuclei (CCN) and hence al-2007) proposed that by artificially increasing the sea-surface
ter cloud optical properties through the first (cloud albedo,concentration of DMS and thereby increasing the number of
Twomey, 1974 and second (cloud lifetim&lbrecht 1989 CCN, a climate cooling effect related to the first aerosol indi-
aerosol indirect effects. A feedback may then operate thatect effect fTwomey, 1974 could be achieved. The impact on
links climate change to cloud albedo. The direction (positive CCN of this suggestion was modelled Woodhouse et al.
or negative) of the CLAW feedback is not certain however (2008, and found to be much lower than anticipated/in-
(Ayers and Cainey2007 Carslaw et al.2010. genter et al(2007).

Estimates of the potential magnitude of the CLAW feed- The response of global CCN to changes in DMS has
back includeGabric et al.(2001) who predicted an in- been studied in model¥orhonen et al.(2008 used the
crease in DMS flux of 1-6 % in the mid-latitude southern sectional microphysical aerosol scheme GLOMAP-bin to
oceans from a climate-change scenario, resulting in a radiashow that the main pathway for production of CCN from
tive effect of—0.3 Wn1 2. From a CQ doubling experiment  DMS is through nucleation of $80Qy in the free tropo-
in a coupled ocean-atmosphere general circulation modesphere, followed by coagulation and condensational growth.
(GCM), Bopp et al(2009) calculated a 3 % increase in global Korhonen et al(2008 also found spatial differences in the
mean DMS flux leading to a global mean (empirically cal- CCN response when perturbing DMS flux. In a precursor
culated) radiative effect 0£0.05Wn12. Local changes up to the study presented heipodhouse et a(2010 inves-
to —1.5WnT?2 were simulated in the mid-latitude south- tigated the impact on CCN number concentrations of us-
ern oceans. A more recent estimate@Gynson et al(2006 ing different sea-surface DMS climatologies in the modal
found a radiative effect of-1.8Wnt12 from a doubling  aerosol scheme GLOMAP-mode. A global CCN sensitivity
of DMS flux. In a modal microphysical aerosol scheme in (ACCN/AFluxpys) of 63cnt3(mgm2day sulphupt
a GCM nudged by reanalysis meteorology, by switching offwas found, with substantial regional variatior-43 to
oceanic DMS emissioffhomas et al(2010 found that the 166 cnm 3 (mgm2day *sulphuy~1). The wide range was
contribution of DMS-derived cloud droplet number (CDN) attributed to differences in the spatial and temporal inhomo-
to radiative effect was-2.0Wn12. Although these stud- geneity of oceanic DMS, background CCN concentration,
ies demonstrate a significant radiative effect from DMS, thisand differences in regional CCN production and removal ef-
does not necessarily translate to a signficant CLAW feediciency. Woodhouse et a[2010 concluded that, as a result
back. Current thinkingWoodhouse et 312010 Quinn and  of the low global mean CCN sensitivity and modest DMS
Bates 2011) suggests that the CLAW feedback is very weak flux changes predicted under global warming scenarios, the
and not relevant within the present-day climate system.

0.2

Fig. 1. Annual mean sea-surface DMS concentrations froniKete
tle and Andrea€2000 observational climatology.
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CLAW feedback is not important in modern-day climate Binary homogeneous nucleation of sulphuric acid parti-
change. cles is simulated based dfulmala et al.(1998. Several
Despite the low CCN sensitivity on a global scale, somestudies (e.gSpracklen et al.2010Q have shown that binary

regions are sensitive to DMS flux chang@¢pdhouse etgl.  homogeneous nucleation cannot explain the boundary layer

2010. The strong influence of wind speed on sea-air transfernucleation (BLN) events frequently seen in a range of envi-

the observed changes in regional winds occurring over reronments (e.gkulmala et al, 2004. Yu et al. (2010 com-

cent decades, and the potential geoengineering application gfared the effect of using different nucleation schemes in

Wingenter et al(2007), motivate this study. Here, the same a global aerosol model on total aerosol number concentra-

microphysical aerosol scheme as usedNoodhouse et al. tions in the lower troposphere, and found that over remote

(2008 and Woodhouse et al(2010 is used to explore the oceans BLN is not required to explain observed number con-

CCN sensitivity to regional sea-surface DMS perturbationscentrationsKorhonen et al(2008 and Yu and Luo(2009

and the processes that contribute to new CCN. Regions witlfiound that nucleation in the free troposphere and subsequent

high and low CCN sensitivities are highlighted and discussede-entrainment in the boundary layer is the main source of

in terms of the controls of CCN sensitivity. sulphate particles over the tropical and mid-latitude oceans.
SinceMerikanto et al(2009 showed that binary nucleation
and primary emissions account fer90% of CCN in the

2 Methods marine boundary layer, we do not include a BLN parame-

terization here. GLOMAP-mode usikulimala et al.(1998

has been verified against marine CN and CCN observations

We use the modal version of the Global Model of Aerosol in Mann et al(201Q 2012 andWoodhouse et a{2010.

Processes, GLOMAP-mod#lanktelow et al, 2007 Mann Sea-air DMS fluxes are calculated interactively based on
et al, 2010 in the TOMCAT chemical transport model the Ketile and Andreag2000 observational sea-surface
(Chipperfield 200§. Meteorological fields in TOMCAT are  PMS climatology, with theNightingale et al(2000 wind

from European Centre for Medium-Range Weather Forecast§peed dependent air-sea flux parameterization, giving an an-
(ECMWF) ERA-40 reanalysedJppala et al.2009 for the ~ nual DMS flux of 18.6 Tga™ sulphur.

year 2000. The spatial resolution i882x 2.8°, with 31 ver- 2.2 Experiment setup

tical levels up to 10 hPa. GLOMAP represents seven gas-

phase sulphur species, With 'six—hourly monthly mean fieldsy, investigate further the global CCN sensitivity
of NO3, Os, OH and HQ c.irlvmg DMS and SQ oxidation (A cCN/AFluxpys) calculated in Woodhouse et al.
(seeSpracklen et a].2005 Manktelow 200§. GLOMAP 541 muitiple perturbations to sea-surface DMS concen-
contains internal mixtures of sulphate, sea-salt, black Carbo‘i‘ration are applied to 20 patches located as shown inZig.
(BC) and organic carbon (OC) (including secondary organ-rne patch-perturbations are applied over approximately
ics). The modal version of GLOMAP was recently shown g1 areas (2 million k& to within 5%) by increasing or
to compare well with the more detailed sectional version yecreasing sea-surface DMS concentrations in relation to the
(GLOMAP-bin) byMann et al(2012). Kettle and Andreag2000 climatology. When calculating
Anthropogenic and volcanic emissions are from AeroComcc sensitivity, we define CCN as soluble particles larger
(Dentener et a].200, with size assumptions for primary  {han 35 nm dry radius, which corresponds to the minimum
emissions Of, B,C’ OC and sulphate asﬁtner .et al.(2003. size particles would activate at0.22 % supersaturation.
Sea-salt emissions are calculated online in the model Us- g;mulations are carried out with the sea-surface DMS con-
ing the Gong (2003 parameterization between 0.035 and .aniration increased by +0.5, +1.0, +2.0, +5.0 and +10.0nM
30.0um dry radius. Dust is neglected in this study, as thefor all patches, and decreases-60.5, —1.0 and—2.0nM
impact of dust on sulphate aerosol is small, even during, some patches, such that the concentration doesn’t become

a large dust stormLee et al, 2009 Manktelow et al,2010.  pegative. The magnitude of the patch perturbations is guided
GLOMAP simulates aerosol microphysical processes sucrby the observed DMS responses to ocean iron addition ex-

as coagulation, condensation, nucleation, cloud processingberimentS as summarizedBoyd et al.(2007).

and wet and dry deposition within a two-moment aerosol dy-" Rpegyits presented are monthly mean changes for Decem-
namics scheme. Aqueous-phase production of sulphate 0Gser 1999 and June 2000, following a two month spin-up (with
curs through oxidation of SPwith Os and 0Oz in grid 6 hatch perturbation applied). The definitions for absolute
boxes containing low cloud according to the International ;4 relative DMS flux and CCN differences are as\iaod-

Satellite Cloud Climatology Project monthly mean fields 5 se et al(2010, giving global mean differences for De-
(Rossow and Schiffer1999. Only aerosol particles in the  ~omper and June:

soluble modes with a dry radius greater than 37.5 nm are sub-
ject to growth from aqueous-phase oxidation.

2.1 The aerosol model
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3 Results and discussion
3.1 Absolute CCN sensitivities

The December mean surface CCN concentration for the con-
. trol simulation is shown in Fig3a. Figure3b is an exam-
NP2 a2 1 ple of the surface CCN response to a +2.0 nM perturbation
to the South Pacific patch SP2. The peak CCN response
) from the patch is~ 2cmi™3, and occurs some distance from
iof the patch as additionally nucleated particles are transported
- while growing to CCN sizes. Another peak ACCN occurs
Y o2 over the patch and is caused by growth of Aitken mode par-
ticles to CCN size. This “double-peak” behaviour was noted
. . . . in Woodhouse et a[2008. The global mean CCN response
is 0.08 cnT3. The areas of decreased CCN concentration in
Fig. 3 suggest that the CCN response is complex.
The absolute sensitivity of CCN>(35nm dry ra-
dius) to DMS flux perturbations in all 20 patches is
] ] ] . .shown in the top panels in Figd. There is a large
Fig. 2. The location, size and names of the 20 patches used in th'?ange of sensitivities, varying with month and loca-
study. tion, from 12cm3(mgm2day tsulphuy~! (patch
SA1) to 261cm3(mgm2day lsulphup~! (SP1),
both in December in the Southern Hemisphere (SH).
Hemispheric and global mean CCN sensitivities
1) are summarized in Tablel. The June and Decem-

AFluxpms,abs= FluXpms,patch— FIUXDMs, control . . - L .
ber combined hemispheric mean CCN sensitivity is

AFIUXpus el = AFIUXDMS abs/ FIUXDMS control @ goem3 (mgm2day tsulphup~?, slightly higher but
ACCNaps= CCNpatch— CCNeontrol () comparable to the 63 crd (mgn2day*sulphup—! mean
ACCNrel = ACCNaps/ CCNeontrol (4)  calculated inWoodhouse et a(2010).

The mean summer hemisphere CCN sensitivity is

Note that ACCN values are global surface means 75cnr3 (mgm~2daysulphuy~1, compared to the winter
(cm~3) and AFluxpms values are global ocean-only means hemisphere value of 82cm(mgm2day !sulphuy=?.
(mgm2day*sulphur). In this study, there are multiple sea- These ~ sensitivities are higher than the equiv-
surface DMS perturbations for each patch, resulting in multi-ajlents  in  Woodhouse et al. (2010, 47 and
ple datapoints on a plot @Fluxpms vs. ACCN (notshown). 78 ¢cnr3 (mgn2daysulphup=! for summer and winter
We fit a straight line to these data, deriving the CCN sensi-hemispheres respectively, but repeat the pattern of the winter
tivity as the gradientsg) of the fit, and also calculate the hemisphere CCN being more sensitive to changes in DMS
Pearson correlation coefficient)( The majority ofr values  flux than the summer hemisphere. The contrast in CCN
are very close to 1, suggesting a highly linear relationshipsensitivities between summer and winter hemispheres is less
betweenACCN andAFluxpus over the range oAFluxoms  here than inWoodhouse et a2010. In the present study,
tested. Where the value is not close to 1, the change in the |ocation of the patches determines the mean sensitivity,
ACCN is insignificant. We define the absolute CCN sensi-gq it is difficult to compare withNVoodhouse et al(2010

tivity as ACCNaps/ AFluxpms,absand the relative CCN sen-  here are an inhomogeneous global distribution of DMS
S|t|V|ty as ACCNTB|/AFIUXDMS,I’E|- ThUS, the relative CCN was perturbed_

sensitivity is the fractional change in CCN per fractional
change in DMS flux. For example, if a 10% change in DMS 3.2 Relative CCN sensitivities
flux results in a 1% change in global mean CCN then rela-
tive CCN sensitivity is equal to 0.1. Relative CCN sensitivity Relative CCN sensitivities are summarized in the lower pan-
is the most useful metric because most model studies repoels of Fig.4. A high background CCN concentration (com-
the % change in DMS flux, and the % change in CCN takespared to a low background CCN concentration) leads to
into account the background CCN (from other sources) andd lower relative CCN sensitivity for a given increase in CCN.
is most relevant to cloud albedo. Relative CCN sensitivities are calculated asWwloodhouse
et al. (2010, by adding sub-micron sea-salt CCN contribu-
tions from a simulation in GLOMAP-bin.

Atmos. Chem. Phys., 13, 27232733 2013 www.atmos-chem-phys.net/13/2723/2013/
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Surface CCN>35 nm (control) : CUT_3 Diff. in CCN (Patch SP2, 2.0 nM - control) 10c(gn—3
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-0.2
-05
-1.0
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-10.0

Fig. 3. (a2) December mean surface CCN35nm concentration for the control simulation afij difference in surface CCMN 35nm
concentration resulting from the SP2 patch (location indicated by black box) with +2.0 nM DMS perturbation.

Absolute December CCN sensitivity Absolute June CCN sensitivity em™ / (mg.m2day™)
250

Fig. 4. Global mean absolute (top panels) and relative (bottom panels) CCN sensitivities for each patch for December (left) and June (right).
The position of the shaded patches on the maps corresponds to the location of the perturbed patch in the experiment. The colour of the patcl
indicates the global mean sensitivity arising from that patch.

Relative sensitivities lie betweea 0.01 and 0.22. The 3.3 Microphysical pathways to new CCN
efficiency with which DMS adds to global CCN therefore

varies by a factor of> 20, with a strong spatial depen- ) )
dence on where the DMS is emitted. Relative CCN sensitiv-/V€ €xamine the response of chemical and aerosol processes

ity means are summarized in TalleThe combined hemi- to the patch perturbations in order to explore the reasons be-
spheric June and December mean CCN sensitivity is 0.06Nind the spatially variable CCN sensitivities noted in the pre-
close to the equivalent sensitivity (0.05) calculatetMood- vious section. The processes considered here are oxidation
house et al(2010 from present-day climatologies. Mean fomM DMS {0 SQ, gas-phase oxidation from S@ H,SOs,
relative summer hemisphere CCN sensitivity here is 0.0612S0s nucleating to form new particles, growth of exist-

slightly higher than the winter hemisphere sensitivity of 0.05. Nd particles (condensation of280, vapour onto the nu-
cleation and Aitken modes), aqueous-phase (in-cloud) oxida-

tion of SO, to aerosol sulphate, and aerosol deposition (total
dry deposition, impact and nucleation scavenging of sulphate
from all modes). These processes are shown schematically

www.atmos-chem-phys.net/13/2723/2013/ Atmos. Chem. Phys., 13, 272223 2013
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Aerosol
(sub-CCN size)

Table 1. Summary of absolute (units ¢ (mg n2 day!
sulphur)1) and relative CCN sensitivities resulting from the DMS
flux perturbations.

Atmosphere

Growth (new CCN)

S0,toH,S0,

Absolute | Relative \ Ag. ox
SO, rowth of

Dec Jun| Dec Jun l—) e)giiting CCN)

Global 94 63| 0.08 0.03 DMStoSO,

NH 115 50 | 0.09 0.02
SH 85 68 | 0.07 0.03

Removal

DMS emission

in Fig. 5, and can be divided into “production” (those that
form new CCN) and *removal (tho'se Fhat remove .CCN) Fig. 5. Schematic indicating the processes through which DMS-
processes. The aqueous-phase_ Oxidation process is clas Ie-rived sulphur can form new CCN. The aqueous-phase oxidation
fied separately from the producuon and removal proce_ssesprocess is also included (highlighted in purple), despite not forming
as aqueous-phase oxidation does not lead to the formation ¢fs,, ccn.

new CCN, but rather adds mass to existing CCN. In contrast

to the CCN sensitivities, which are surface level means, the

process sensitivities are whole-atmosphere means. Considejfthere X is the value to be standardized,is the combined

ing whole-atmosphere means is necessary because processeme and December mean, ands the combined June and
which lead to enhanced CCN near the surface may have o@®ecember standard deviation of the process in question. The
curred at different levels in the atmosphere, e.g. nucleation irstandard score shows the relationship of the variable to the

the model mostly occurs in the free troposphere. mean in terms of standard deviations, so that a standard score
The processes are defined in terms of mass fluxes of subf one is b above the mean. To understand which processes
phur: control CCN sensitivity we plot the CCN sensitivity against
the process standard score (Figand8).
AFluXprocess,abs= FluXprocess patctr- FlUXprocess,control - (5) The data in Figs7 and8 do not show which process is

responsible for a high or low CCN sensitivity in any one

where "process” is one of the processes shown in&igs atch, but it does give an indication as to the global impor-
with the CCN sensitivities, the process sensitivities are cal-p ' 9 9 P

culated by fitting a straight line to the datapoints on a plot Oftance O.f a process In influencing .CCN sensitivity. There IS
o no statistically significant correlation between CCN sensi-
AFluxpms Vs. AFluXprocess,ab§not shown). The majority of

the calculated correlation coefficientgor these fitted lines tivity standard score and th? DMS to §(§en§|t|V|ty stan-
dard score at the 95 % confidence level in either December
are very close to 1 (not shown).

or June. In December, the $@o H,SO4 sensitivity stan-
dard score shows good correlation with the CCN sensitivity
standard score, with anvalue of 0.71 (statistically signif-

As already noted, the two patches with the highest and lowicant at 99.95% confidence level). The correlation is much
est absolute CCN sensitivities are SP1 in the South Pacifi¢ower in June, = 0.36, though visually the correlation ap-
and SA1 in the South Atlantic. Both patches are located afears to be reasonable. There is no correlation between CCN
the same latitude (centred on°1¥), and are located near Sensitivity standard score and nucleation sensitivity standard
the centre (longitudinally) of their respective oceans. Despitescore in December, but a statistically significant correlation
these similarities, they have very different process sensitivi{r = 0.63) at 99.5 % confidence level in June. The correlation
ties leading to very different CCN responses. in June is not necessarily robust however, as many of the dat-

Like CCN sensitivity, the process sensitivities depend onapoints are clustered near zero, and only a few have higher
month and patch location. FiguBeshows the absolute pro- sensitivities relative to the global mean. December CCN sen-
cess sensitivities. Relative sensitivities are not discussed, aSitivity standard score vs. growth sensitivity standard score
they are strongly influenced by the background rates of eaclas anr value of 0.78 (significant at 99.95% confidence
process. Note the different orders of magnitude involved inlevel). June CCN sensitivity standard score vs. growth sen-
the absolute process sensitivities. The magnitude of the serfitivity standard score is slightly lower & 0.66, statisti-
sitivity does not indicate its importance for CCN in compar- cally significant at 99.5% confidence level), but also suf-
ison with the other sensitivities. fers from having few datapoints at higher values. The deposi-

To compare the sensitivities we use the standard seore  tion sensitivity standard scores have an inverse relationship to

CCN sensitivity standard scores, with= —0.56 in Decem-
Z=(X—-w/o (6) ber (99.5 % significance) and= —0.41 (95 % significance).

3.4 Microphysical control of CCN sensitivity

Atmos. Chem. Phys., 13, 27232733 2013 www.atmos-chem-phys.net/13/2723/2013/
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Fig. 7. December standard scores for CCN sensitivities plotted against the process sensitivities for each patch. Also shown are the 1:1 line
(or negative 1:1 line); andm values of the linear best fit. The patch names are shown next to their respective datapoints. Colours are used
to help differentiate the datapoints from one another.

Standard scores for CCN sensitivity are correlated againstthe The production processes track the stages through which
agueous-phase oxidation sensitivity in Figand8. The De-  DMS-derived sulphur goes to form new CCN. The correla-
cember Pearson correlation coefficierih Fig. 7 is —0.60, tions in Figs.7 and8 show a close link between CCN sensi-
significant at the 99 % confidence level. In June the correlativity and the SQ to H,SOy, growth, and aqueous-phase ox-
tion is —0.50, significant at the 95 % confidence level. Theseidation processes. The DMS to $6xidation process has lit-
negative correlations confirm that a high aqueous-phase oxtle influence on CCN sensitivity. The S@ H>SOy, growth,
idation rate near the patch restricts CCN production fromand aqueous-phase oxidation processes are closely linked.
DMS-derived S, leading to a low sensitivity. The fate of SQ is significant, as in order to form new CCN,
SO, must be oxidized in the gas-phase te3@, that can
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Fig. 8. June standard scores for CCN sensitivities plotted against the process sensitivities for each patch. Also shown are the 1:1 line (or
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subsequently nucleate new particles or condense onto ex¢ Conclusions
isting particles, growing them to CCN sizesndreae et al.
(1999, O’'Dowd et al.(1999h andYang et al.(2011) have =~ A global microphysical aerosol model was used to
demonstrated from observations that aqueous-phase oxidéavestigate the CCN response resulting from 20
tion of SO is the dominant pathway for sulphate production patch perturbations to sea-surface DMS concentra-
in regions of marine stratocumulus clouds. Despite not yield-tion. The study revealed seasonally and spatially vari-
ing new CCN, aqueous-phase oxidation can influence CCNable CCN sensitivities ACCN/AFluxpms), from 12 to
formation indirectly by diverting S@away from gas-phase 261 cnm3(mgni2day ‘sulphuj—. Relative CCN sensi-
H,SO, and therefore suppressing condensational growth. tivities range from< 0.01 to 0.22. A patch in the tropical
The link between CCN sensitivity and aqueous-phase ox-South Pacific Ocean in December has the highest absolute
idation is clear in the patches with the two highest CCN and relative CCN responses to changes in the DMS flux. The
sensitivities (SP1 and NA2 in December). In both of thesemean CCN sensitivities are comparable to those calculated
patches, the aqueous-phase oxidation sensitivity is low, anih Woodhouse et a(2010, suggesting that the sensitivities
so does not limit formation of new CCN. Also of interest are robust after being calculated using two different ap-
is patch NA3, situated in the biomass burning outflow from proaches. The generally low CCN sensitivities calculated in
North Africa. Patch NA3 has a high CCN sensitivity, but this study and inWoodhouse et a{2010 suggest that future
an aqueous-phase oxidation sensitivity near the mean. It ishanges in DMS flux as a result of small-scale changes in
likely that the high CCN sensitivity of NA3 is the result of phytoplankton activity will not be important for present-day
the biomass burning aerosol providing an abundant sourcelimate change.
of Aitken mode patrticles that are aged and grown to CCN- There are two implications of our model results for the role

relevant size. of DMS in climate regulation.
The effect of aqueous-phase oxidation on CCN sensitiv-

ity also explains the uniformity of DMS to SCsensitivity 1. The spatial distribution of DMS emission changes is
between different patches compared to they 3SOH,SOy likely to be more important for climate regulation than
sensitivity, which varies over an order of magnitude (fig. absolute global mean changes in flux because CCN
Thus, the competition for SOfrom agueous-phase oxida- sensitivity varies by a factor of 20 between regions.
tion introduces significant variability into the $@ HySOy Changes in the distribution of DMS emissions could be
sensitivities. caused by changes in wind speed or changes in phyto-

plankton distribution. The local changes in wind speeds
over recent decades highlighted in Selctould have
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significant local implications for DMS flux, due to the production of CCN from anthropogenic S@&om different
strong dependence of DMS flux on wind speed. The co-continents lanktelow et al. 2009. The results are partic-
incidence of these wind speed changes with regions ofularly important for CCN production from shipping emis-
high CCN sensitivity could therefore be important for sions. Although changes in cloud properties are clearly as-
CCN concentrations locally. For example, wind speedsociated with ship tracksTaylor et al, 2000, the perturba-
increases in the tropical North Atlantic and decreases intions in cloud droplet concentrations will be strongly con-
the sub-tropical North Pacific are coincident with mod- trolled by the fraction of S@that is oxidized in the cloud
erate to high CCN sensitivities (in December), while droplets compared to the fraction that forms gas-phase sul-
the wind speed changes identified Korhonen et al.  phuric acid. The higher production efficiency of CCN from
(2010 in the Southern Ocean are coincident with low emissions in cloud-free regions suggests that far-field effects
CCN sensitivities. If a changing climate leads to adjust- of ship-emitted S@ should be considered. CCN sensitivity
ments in the location of DMS-producers (€Gameron-  from SG emitted from volcanoes is likely to be higher than
Smith et al, 2011), the spatially variable CCN sensi- that from other S@ sources, as continuously degassing vol-
tivities may cause changes in the production of CCN canoes usually emit directly into the free troposphere, where
even for a constant global DMS flu€ameron-Smith  aqueous-phase oxidation is less importethmidt et al.
et al.(201]) calculate an increase in DMS flux between 2012.
60 and 70 S of 70 % resulting from an increased €0
scenario within a coupled climate model with a marine
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