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Abstract. The emission of dimethyl-sulphide (DMS) gas abundance is lower. In a globally warmed scenario in which
by phytoplankton and the subsequent formation of aerosothe DMS flux increases by ~1% relative to present day we
has long been suggested as an important climate regulastimate a ~0.1% increase in global mean CCN at the sur-
tion mechanism. The key aerosol quantity is the num-face. The largest CCN response occurs in the Southern
ber concentration of cloud condensation nuclei (CCN), butOcean, contributing to a Southern Hemisphere mean annual
until recently global models did not include the necessaryincrease of less than 0.2%. We show that the changes in
aerosol physics to quantify CCN. Here we use a globalDMS flux and CCN concentration between the present day
aerosol microphysics model to calculate the sensitivity ofand global warming scenario are similar to interannual dif-
CCN to changes in DMS emission using multiple present-ferences due to variability in windspeed. In summary, al-
day and future sea-surface DMS climatologies. Calculatedhough DMS makes a significant contribution to global ma-
annual fluxes of DMS to the atmosphere for the five model-rine CCN concentrations, the sensitivity of CCN to potential
derived and one observations based present day climatolduture changes in DMS flux is very low. This finding, to-
gies are in the range 15.1 to 32.3 Tdasulphur. The im-  gether with the predicted small changes in future seawater
pact of DMS climatology on surface level CCN concentra- DMS concentrations, suggests that the role of DMS in cli-
tions was calculated in terms of summer and winter hemi-mate regulation is very weak.

spheric mean values @®@CCN/AFluxpms, which varied be-
tween—43 and +166 cm®/(mg m~2 day ! sulphur), with a
mean of 63 cm®(mg m-2day ! sulphur). The range is due 4
to CCN production in the atmosphere being strongly depen-

ative sensitivity of CCN to DMS (i.e. fractional change in produced from the degradation of dimethylsulphoniopropi-
CCN divided by fractional change in DMS flux) depends on gnate (DMSP) in the oceans, which is released from some
the abundance of non-DMS derived aerosol in each hemippytoplankton speciesSfefels et al.2007. Some DMS
sphere. The relative sensitivity averaged over the five presenjaches the atmosphere via gas exchange procelsises (
day DMS climatologies is estimated to be 0.02 in the north-gt 51 1997, resulting in a net sea-air global flux of between
ern hemisphere (i.e. 2 0.02% change in CCN for a 1% chang&3 and 37 Tga! of sulphur Kettle and Andreag2000), de-

in DMS) and 0.07 in the southern hemisphere where aerosghending on the gas flux parameterisation and wind speed
dataset used. Gas flux parameterisation accounts for most
of this variability.

Correspondence tavl. T. Woodhouse Once in the atmosphere, DMS is oxidisd@h(nes et al.
BY

(m.woodhouse@see.leeds.ac.uk) 2006 and the sulphur products can contribute to atmospheric
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aerosol. The chemical conversion begins with the oxidationbias in the observations, as the database (at the time of the
of DMS by OH and NQ@ and results in the production of original publication) lacked winter DMS measurements at
SOy, methanesulphonic acid (MSA) and gas-phase sulphuridiigh latitudes. Liss et al.(1994 highlight the importance
acid (Hb'SQq). Sulphuric acid (HSOy) can condense on ex- of the prymnesiophyt®haeocystisn some Antarctic waters
isting aerosol particle®ham et a].1995 or nucleate to form  during spring, and the large amount of DMS these blooms
new sulphuric acid particle(lmala et al, 1998. Chemi-  produce. An updated field with more measurements was
cal transport model studies suggest that between 18 and 42#4sed inKettle and Andreag2000, though Vallina et al.
of global atmospheric sulphate aerosol mass is derived fron§2007) find a correlation coefficient of only 0.62 between the
DMS (Chin and Jacobl996 Gondwe et al.2003 Kloster raw observational data and tlkettle and Andreag2000
et al, 2006. Chin and Jacolf1996 also estimated that DMS climatology. TheKettle and Andrea€2000 climatology is
accounts for 20-80% of non sea-salt sulphate in surface ainsed as the baseline in this study. The very high concen-
over the Northern Hemisphere oceans and over 80% in modrations of DMS in theKettle et al.(1999 and Kettle and
of the Southern Hemisphere and in the upper troposphere. Andreag(2000 climatologies at high latitudes should be re-

The formation and emission of DMS in the oceans hasgarded with caution however.
been suggested as a way for oceanic phytoplankton to in- Another climatology of DMS seawater concentrations was
fluence climate, via the CLAW hypothesi€lfarlson et aJ.  produced byBelviso et al.(2004h based on SeaWiFs satel-
1987. The hypothesis suggests that as a result of globalite ocean colour data. The resulting climatology generally
warming, phytoplankton DMS formation could change, with shows less seasonal variation, and lower DMS concentrations
a subsequent impact on climate. For example, an increasetthanKettle and Andrea€2000. The SeaWiFs method works
flux of DMS to the atmosphere could yield more sulphate well for blooms of mixed phytoplankton types, and blooms
cloud condensation nuclei (CCN), with a subsequent in-dominated byPhaeocystisbut fails for diatom dominated
crease in the number of cloud droplets. This would increaséblooms Belviso et al, 2004h.
the shortwave cloud radiative forcing that would cool the Observation based DMS seawater concentration databases
surface and constitute a negative climate feedback. The rehave been used extensively in model studies. However,
sponse of DMS to a warmed climate (and hence the directiorfor studies of multi-annual variability, long term trends and
of the feedback) is not certain, howevéyérs and Cainey  climate feedbacks it is necessary to develop a mechanistic
2007 Carslaw et a].2010. model or parameterisation of DMS production and concen-

The inclusion of DMS in global atmospheric models re- tration on a global scale. These diagnostic models require
quires global fields of DMS seawater concentration fromevaluation, and one way to do that is to compare them di-
which the net sea-air flux can be calculated. An early at-rectly against point observations or the interpolated fields
tempt to quantify the regional or global sea-air DMS flux of, for example Kettle and Andrea€2000. Boucher et al.
was made byBates et al(1987). They used seawater DMS (2003 compared theKettle and Andreag2000 observa-
concentration measurements from the Pacific and calculatetional climatology, theBelviso et al.(20048 climatology
seasonal (summer and winter) mean surface seawater cofrom SeaWiFS satellite chlorophyll, and the model derived
centrations and fluxes (primarily controlled by season andclimatology of Aumont et al. (2002, in an atmospheric
latitude). Early global atmospheric sulphur model studiesgeneral circulation model (GCM). The three different DMS
(e.g.Langner and Rodhd.99%, Chin et al, 1996 1998 cal- sources produced only a small range of calculated global
culated atmospheric DMS concentrations based on the se®MS flux of between 24 and 27 Tga sulphur, but with
water concentrations @ates et al(1987. Thus these early large differences in spatial distributioBelviso et al(20043
models did not fully represent the range of spatial and tem-examined the differences between seven climatologies: the
poral variability in the DMS seawater concentrations. two observational climatologies dfettle et al.(1999 and

A global climatology of seawater DMS concentrations Kettle and Andrea€2000); the light, nutrients and chloro-
from measurements was createddsttle et al.(1999. Over  phyll relationship ofAnderson et al(2001), the Sim6 and
15000 measurements were processed to create a monthachs(2002 mixed layer depth (MLD) and chlorophyll-a
varying climatology with 2 resolution. Large areas of relationship; theBelviso et al.(2004 and Aumont et al.
the oceans have sparse observation coverage; the Soutf002 relationships noted above; and a process model de-
ern, South Pacific, and Indian Oceans in particulsettle scribed inChu et al.(2003. They concluded that there are
et al. (1999 used a system based on thenghurst et al.  locally up to 100% differences in DMS seawater concentra-
(1995 biogeochemical provinces to estimate DMS concen-tion, particularly at high latitudes, and that none of the clima-
trations in areas where there were insufficient observationstologies provides a complete representation of oceanic DMS
The climatology shows that coastal upwelling zones andconcentrations. The impact of the different climatologies on
high latitude regions have the highest DMS concentrationssea-air fluxes and sulphate aerosol was not calculated.
(>20nM), while large areas of the open oceans have quite Here, we use six present day monthly mean sea-surface
low DMS concentrations (0 to 3nMXettle et al.(1999 DMS climatologies, includindlettle and Andreaé2000, as
noted that there might be a high latitude summer samplingnput to a sophisticated global aerosol microphysics model
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to calculate global fields of atmospheric DMS concentration Sea-air DMS fluxes are calculated based on prescribed
and CCN. Our aim is to understand how previously reportedglobal DMS seawater concentrations (baselikettle and
large differences in DMS seawater concentration affect theAndreae 2000, with a wind speed dependent air-sea flux pa-
climate-relevant CCN concentration, and to calculate globalrameterisation (herdightingale et al.2000. Air-sea fluxes
CCN sensitivities to DMS flux for the first time in a micro- are generally calculated as the product of concentration gra-
physical model. Recognising the importance of wind speeddient across the sea-air interface and a piston velocity term,
and not just DMS seawater concentration, as an importantvhere piston velocity is a non-linear function of wind speed
influence on the sea-air flux, we quantify DMS changes over(Liss and Merlivat 1986. Model air-sea fluxes therefore
two additional years. We also quantify the effect on CCN depend on both sea-surface concentration and wind speeds,
of changes in DMS in a global warming scenario based onwhich in GLOMAP are updated every six hours.

two of the climatologies, and discuss the implications of our

findings for the CLAW hypothesis. 2.2 Model DMS climatology descriptions
TheKettle and Andrea€2000 DMS climatology, described
2 Methods in Sect.1, is used in this study as the baseline. The other cli-
matologies tested here are calculated in two ocean GCMs, a
2.1 The aerosol model developmental version of the UK Met Office Diat-HadOCC

marine ecosystem model (developed fr@amer and Tot-
We use the Global Model of Aerosol Processes, GLOMAPterdeIL 2001) within the HadGEM2 coupled model, and the

(Spracklen et al2005 Manktelow et al. 2007 Mann etal.  pjankTOMS5 marine ecosystem model in the OPA-ORCA
2010 in the TOMCAT chemical transport modeChipper-  cean GCM with the LIM sea-ice moddlitnmermann et aJ.
field, 2009. GLOMAP (in TOMCAT) is driven by European 5005 Fig. 1 shows the annual average surface seawater
Centre for Medium-Range Weather Forecasts (ECMWF)pys concentrations for each of the present day climatolo-
ERA-40 meteorology Uppala et al. 2005. The sulphur ies.

chemistry scheme has seven sulphur species with six hourly rapje1 describes the scenarios in this study. Here the indi-

monthly mean fields of N§ Os, OH and HQ driving  igia| climatologies are described. CLIM2 and CLIM3 (Ta-
DMS and SQ oxidation (seeSpracklen et a]2005 Mank- e 1) are fromVallina et al.(2007). They use outputs from
telow, 200§. ' This offline oxidant approach may OVeres- pjankTOMS in the OPA-ORCA-LIM model combined with
timate the oxidation of DMS, as the oxidants are not de-iha simp and Dachg2002 and Vallina and Sind (2007)
pleted as DMS is oxidised. Additionally, we neglect oxida- Hyg parameterisationsSimb and Dachg20032 is a diag-
tion by halogen species (e.g. BrO and Cl). In this version ofogtic parameterisation that relates DMS to the MLD and
the model (GLOMAP-mode) the patrticle size distribution is chlorophyll concentratior§imé and Dachs2002. TheVal-
represented using a two-moment (mass and number) modgh, and Sing (2007 parameterisation relates DMS to the so-

scheme with log-normal modes. The model is described i,y raqiation dose (SRD) received by the upper mixed layer
detail inMann et al(2010 and contains internal mixtures of ;. ha ocean \allina and Sind, 2007). The OPA-ORCA-

sulphate, sea spray, elemental carbon (EC) and organic cafyy model provides the global monthly fields of MLD.
bon (OC) (including secondary organics), and dddank-  cpjorophyll concentrations are calculated from the Plank-
telow et _aI.(201Q fln_d that the impact of dust on sglphate TOMS5 marine ecosystem model, coupled to OPA-ORCA-
aerosol is small during a large dust storm. Dust is there |\ The plankTOMS model simulates plankton functional
fore neglected in this study. The modal version of GLOMAP v heq (PETS) and different nutrients and light limitation
compares well with the sectional version of GLOMAP, and (Le Quere et al, 2005.

the microphysical processes are consistent between the two Diat—HadOC'C is a two-PFT nutrient-phytoplankton-
different frameworks, suggesting that the response to pertur; o pankton-detritus (NPZD) model functioning within the
bations is also likely to be similar between the two models. ¢.omework of the physical ocean of the HadGEM2 model.

Anthropogenic and volcanic emissions follow the AERO- 14 gifferent DMS parameterisations within Diat-HadOCC
COM recommendationlentener et al2009, with size as-  51¢ tested here, described Halloran et al.(2010. The

sumptions for primary emissions of EC, OC and sulphaté a\ngerson et al(2001) DMS parameterisation in CLIM4

in Stier et al.(2009. Sea spray emissions are calculated ,sqq 5 relationship, fitted to observations, between chloro-
online in the model using th&ong (2003 parameterisa-  phyii ight and nutrients. A minimum DMS concentration
tion between 0.035 and 30.0 pum dry radius. Microphysicalyt 5 29 M is specified. The second parameterisation within
processes include coagulation, condensation, nucleation, a’ﬁiat-HadOCC is based on the parameterisatioBiafo and

dry and wet deposition. The nucleation scheme is thEubf Dachs(2002, modified withAranami and Tsunogg2004),
mala et al(1998. The spatial resolution is 2282.8°, with {4 ¢reate CLIMS. DMS production in Diat-HadOCC is lim-
31 vertical levels up to 10hPa. ited to the non-diatom phytoplankton functional type.
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Table 1. Summarising the differences between the experiments. Aerosol model year refers to the meteorological year that GLOMAP-mode
is being forced by. The final column shows calculated annual fluxes of DMS. See text for further details.

Simulation Marine DMS param. Aerosol Marine DMS flux
ecosystem model climate (Tga
model year conditions sulphur)

CLIM1 — Kettle and Andreaé2000 2000 Present day 18.6
CLIM2 PlankTOM5 Sim6 and Dach$2002 2000 Present day 18.4
CLIM3 PlankTOM5 Vallina and Sind (2007 2000 Present day 17.4
CLIM4 Diat-HadOCC Anderson et al(2007) 2000 Present day 32.3
CLIM5 Diat-HadOCC  Sim6 and Dach$2002 2000 Present day 194
CLIM6 PlankTOM5 Vogt et al.(2009 2000 Present day 151

CLIM2_GW PlankTOM5 Sim6 and Dach$2002 2000 Globally warmed 18.7
CLIM3_GW PlankTOM5  Vallina and Sind (2007 2000 Globally warmed 17.6
CLIM1_.1999 — Kettle and Andreaé2000 1999 Present day 18.4
CLIM1_2001 - Kettle and Andreaé2000 2001 Present day 18.4

CLIMG is from a process based model in PlankTOM5 in 377 ppm to 551 ppm over the course of 56 years. The tran-
OPA-ORCA-LIM (Vogt et al, 2009. TheVogt et al.(2009 sient climate simulations impact atmospheric temperature
model is a mechanistic model that simulates the biologi-and winds, which result in changes to the physical state of
cal processes that produce and destroy DMS, while the clithe ocean (e.g. MLD, sea-surface temperatures).
matologies CLIM2-CLIM5 were calculated from modelled  The third set of simulations examines the variability in sea-
oceanographic variables with relationships derived empiri-air DMS flux resulting from interannual variability in wind
cally from in situ observations. speed over the period 1999-2001. This variability is caused

The Diat-HadOCC model (CLIM4 and CLIM5) produces by differences in the wind-driven sea-air DMS flux given by
the strongest seasonal changes, and greater seasonal varialttile ECMWF meteorological forcing fields. Ocean surface
ity than the PlankTOM5 model (CLIM2, CLIM3, CLIM6). concentrations of DMS follow thkettle and Andrea&000
The highest values of sea-surface DMS concentration arelimatology.
also in CLIM4 and CLIM5. The climatology with the least  All simulations, with the exception of the interannual vari-
variability is CLIM3. Plots showing seasonal variation in ability simulations, use year 2000 meteorology. Meteorol-

sea-surface concentrations are not shown. ogy, including wind speeds, is thus consistent between simu-
lations. All model results presented below are from monthly
2.3 Description of the experiments mean output.

Absolute and relative differences in DMS and CCN be-
Three sets of experiments were conducted to investigatewveen experiments are defined as:
(i) the impacts of different seawater DMS climatologies on
atmospheric DMS, sulphate aerosol and CCN, (i) the poten-AFluxpms abs= Fluxpms, cLim# — Fluxpms, cLimt 1)
tial impact of global warming on DMS emission and aerosol,
and (iii) interannual variability of DMS emissions (see Ta-
ble1). AFIuxXpms, rel =
In the first set of simulations, five DMS seawater clima-
tologies (based on present-day fields from the PlankTOM5
and Diat-HadOCC marine ecosystem models) were com-ACCNyps= CCNc vz — CCNeLimt (3)
pared against the frequently us€dttle and Andreaé2000
observational climatology (CLIM1), which is the only DMS
field derived from in situ observations. _ ACCNaps
ACCNye| = x 100 4)
To examine potential future changes in DMS, climatolog- CCNeLim1

ical DMS fields (CLIM2GW and CLIM3GW) were de-  \yhare CLIM# is the climatology in question and CLIM1
rived using theSimo and Dachs(2002 and Vallina and 5 the reference climatology. Note that for CLINGW

Simd (2007) parameterisations applied to results of the OPA- 54 | IM3 GW the reference climatologies are CLIM2 and
ORCA-LIM model using a global warming scenario. The | 3 respectively.

future DMS fields are described iallina et al. (2007
based on an increase in atmospherig€oncentration from

AFlux
DMS,abs %« 100 (2)
Fluxpms,cLiMi
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Fig. 2. The annual mean DMS flux calculated from tKettle and
Andreag(2000 climatology (CLIM1).

ble 1). The high flux in CLIM4 is a result of a minimum
seawater DMS concentration (2.29 nM) being prescribed in
the Anderson et al(2001) parameterisation. The other cli-
matologies do not have this minimum value specified, and
have large areas where seawater DMS concentration is be-
low 1 nM.

Fig. 1. The annual average sea-surface DMS concentration fields Our calculated annual mean DMS fluxes (excluding
for the six present day climatologies in this study. They @e CLIM4) are lower than the 24-27 Tgasulphur calculated

CLIM2 Simb and Dachg2002 in PlankTOMS, (b) CLIM3 Val- by Boucher et al(2003 and 28 Tga® sulphur inKloster

lina and Sind (2007 in PlankTOMS5, (c) CLIM4 Anderson et al. et al.(2006. Boucher et al(2003 calculate an annual DMS

(2007 in Diat-HadOCC(d) CLIM5 Simd and Dachg2002 in flux of 26.8 Tga® sulphur when using th&ettle and An-

Diat-HadOCC (e) CLIM6 Vogt et al.(2009 in PlankTOM5. The  dreag(2000 DMS climatology andNightingale et al(2000

referenceKettle and Andreag2000Q observational climatology  flux parameterisation, compared to the 18.6 Tb aulphur

(CLIM1) is shown in(f). in the CLIM1 simulation here. The difference in calculated
DMS flux must arise from the different wind speeds and as-
sumed sea-surface temperatures used in the two models. The

3 Results and discussion AEROCOM recommended flux is 18.2 Tgkasulphur Den-
tener et al.2006. Flux uncertainty is increased further when
3.1 DMS fluxes different sea-air flux parameterisations are used (not investi-

gated in this study). For exampl€ettle and Andreaé2000
The annual mean flux of DMS to the atmosphere predictedbbtained a global flux of between 15 and 33 Td aulphur
in the baseline simulation (CLIM1) is shown in Fig. The  using three parameterisatiorisqs and Merlivat1986 Wan-
peaks in emission conform generally to the areas of high seaninkhof, 1992 Erickson 1993, and Aumont et al.(2002
surface DMS concentration in Figf. High wind speeds obtained fluxes between 17 and 26.7 T4 aulphur (using
can also generate large fluxes even where the DMS surfackiss and Merlivat 1986 Wanninkhof 1992. The variability
concentration is relatively low, such as in the latitude bandin DMS emissions from the DMS climatologies tested here
around 50 S. is similar to the variability from using different air-sea flux

Figure3 shows global maps of the absolute difference in parameterisations.

annual mean DMS flux for each of the five climatologies Figure4 summarises absolute differences in DMS flux and
compared to CLIM1. Annual mean global DMS fluxes range CCN concentration for June, December, and as an annual
between 15.1 and 32.3 Tgasulphur (Tablel). The CLIM4 mean (see SecB.5) for CLIM2-6 relative to CLIM1. In
simulation stands out as predicting significantly higher DMS June, all the climatologies have lower DMS flux than CLIM1
emissions (32.3 Tgd sulphur) than the other climatologies, at northern high latitudes and higher flux at lower latitudes.
the next largest being 19.4 Tghsulphur from CLIM5 (Ta-  Climatologies 2,3 and 6 have lower fluxes than CLIM1 in the

www.atmos-chem-phys.net/10/7545/2010/ Atmos. Chem. Phys., 10, 75882010
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ing winter. It is notable that the model climatologies gener-
ally show higher DMS flux compared to CLIM1 in the win-
ter hemispheres, and lower DMS flux in the summer hemi-
spheres. The CLIM4 simulation (Fi§c) has higher fluxes

in the summer hemispheres also, despite the lower flux at
higher latitudes. CLIM4 global annual mean DMS flux is
42% higher than CLIM1.

W g/m~2/day
of sulphur

100 3.2 Comparison with atmospheric DMS observations

oee Figure 5 compares monthly mean atmospheric DMS con-

centrations from the six climatologies against long term
Y oo (>1year) observations from three sites: Amsterdam Island
2 (southern Indian Ocean, 30 S, 7735 E, Jourdain and

o0 Legrand 2001, Dumont d'Urville (Antarctica, 6840'S,

1401 E, Nguyen et al. 1992, and Cape Grim (Tasmania,

-1.00

40r41' S, 14441 E, Ayers et al, 1997).

The agreement between the different models and the ob-
servations is generally good, with the normalised annual
mean bias ([model-observation]/observation averaged over
the 3 sites) for 5 of the climatologies (excluding CLIM4)
lying between—0.02 (CLIM1) and—0.22 (CLIM6). The
CLIM4 mean bias was up to 1.46 at Cape Grim. The CLIM4
climatology is consistently higher at Amsterdam Island and
Cape Grim, confirming the findings 8felviso et al.(2004H
that DMS fluxes and (hence seawater concentrations) from
Fig. 3. Difference in DMS flux relative to thé&kettle and An-  Anderson et al(2001) are too high. A clear seasonal cy-
dreag(2000 climatology (CLIM1) for(a) CLIM2 Simb and Dachs  cle can be seen in the model simulations and observations
(2009 in PlankTOMS5, (b) CLIM3 Vallina and Sind (2007 in  with higher DMS in summer months. Calculated values of
PlankTOMS, (c) CLIM4 Anderson et al(200]) in Diat-HadOCC oot mean square deviation (RMSD) are between 30 ppt and
(d) CLIMS Simo and Dach42003 in Diat-HadOCC,(e) CLIME g5 st for 5 of the climatologies; CLIM4 has an RMSD of up
Vogt et al.(2009 in PlankTOMS. Differences in DMS flux are also y, 503 it at Amsterdam Island. The ratio of winter to sum-
summarised in Figl. mer (DJF/JJA) DMS observations at Amsterdam Island and
Cape Grim is 4.4 and 5.9, respectively. The models range

Northern Hemisphere (NH) (mean across CLIM2-69%). between 3.0 and 5.9 at Amsterdam Island, and 3.1 and 7.5 at

The Southern Hemisphere (SH) DMS flux differences are alcare Qrim. S )
positive (mean +39%) in June. The interannual variabilitiy of DMS fluxes (which exert a
In December, climatologies 2, 4 and 5 produce higherStrong influence on atmospheric DMS concentrations) is dis-

DMS fluxes than CLIM1 in the NH (mean +8%), and all but cussed in SecB.7. The mean interannual variability of at-
CLIM4 produce lower fluxes in the SH (mearB82%). mospheric DMS concentrations between the years 1999 and

The annual global mean DMS fluxes lie between 14.49,2001 is also calculated, and found to be up-@9%, ~8%,
lower to 74.7% higher than CLIM1, with two climatologies @nd ~7% for Cape Grim, Amsterdam Island and Dumont
(CLIM3 and CLIM6) being lower and three higher (CLIM2, d'Urville, respectively.

4 and 5).

A feature shared by all five simulations compared to 3.3 Contribution of DMS to CCN
CLIM1 is the lower annual mean flux from high latitudes
(>60° N or S)(Fig.3). The DMS climatologies tested here Figure6a shows a global map of simulated surface level an-
show some seasonality in the seawater DMS concentrationsual mean CCN concentrations for CLIM1. CCN are defined
and hence fluxes, with higher concentrations in the summehere to be soluble particles with equivalent dry radii greater
than winter (not shown). The lower fluxes at high latitudes than 35nm, appropriate for a supersaturation of ~0.23%.
in CLIM2-6 are possibly the result of the sampling bias in CCN concentrations are given at ambient conditions. High
the observational climatology CLIMIKgttle and Andreae  concentrations of CCN are coincident with strong anthro-
2000, mentioned in Sectl. Fluxes during the summer pogenic sources (e.g. China, North America and Europe),
months at high latitudes are considerably higher than durand terrestrial biogenic sources (sub-Saharan Africa, South
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M. T. Woodhouse et al.: Low sensitivity of CCN to DMS 7551

Difference in annual DMS flux Difference in June DMS flux Difference in December DMS flux

0.20 0.20 0.20
0.15 0.15 0.15

"5 010 0.10 -] 010 - -

®

T 005 5 Lo R e — L rrrrrr 0.05

&

E 000 —m"T) —J H_‘ =L o.00} T_r—— S— - 0.00 .- N

§ E— LI

3 -0.0s ~0.05 L -0.05

@

2 -0.10 -0.10 —0.10

3
-0.15 -0.15 -0.15
0200 v 100 T B R rov e b =020 1 T S T co o 0200 a1 T S T S

Global (0.14) NH (0.13) SH (0.14) Global (0.11) NH (0.17) SH (0.07) Global (0.21) NH (0.11) SH (0.28)

Difference in annual CCN Difference in June CCN Difference in December CCN

C-NUWPUDNDDO

dCCN (cm™)

o T = -ﬂjr‘ LL

Sl Sl r{

|
-4 -4 -
) AN L L ] A R L ) N Ly P
Global (236.3) NH (316.1) SH (156.1) Global (240.2) NH (298.5) SH (179.9) Global (231.1) NH (329.5) SH (135.4)
—~ Annual CCN sensitivity June CCN sensitivity December CCN sensitivity
N 400 400
3 350 350
e 300 300
¢ 250 250
N 200 200
iy 150 150
\5/ 100 ] e T =
o 0 off e - .
2 -50 -50
B
N -100 -100
z -150 -150
S —200Lu vy L o] 200l L L -2000L0 vty L PR
© Global NH SH Global NH SH Global NH SH
W CcLM2 W CLM3 CLIM4 CLIM5 CLIM6  MCLIM2_GW [ CLIM3_GW

Fig. 4. Annual, June, and December mean absolute difference of DMS flux (inglay 2 sulphur), concentration of CCN (number/@m

>35nm dry radius at the surface, and absolute CCN sensitivity for the five present day climatologies, relative to CLIM1Kethelzand
Andreag(2000 climatology, and for the GW scenarios relative to CLIM2 and CLIM3. DMS flux differences are ocean only, i.e. land areas
are not included in the calculation of DMS fluxes. CCN values are an average over all areas. Numbers in brackets are global, NH and SH
means for the CLIM1 control.

America). The simulation predicts low CCN concentrations 3.4 Contribution of sub-micron sea spray to CCN
over the high latitude southern oceans.

. The annual mean contribution (.)f DMS.tO CC.N is Shown We have previously compared the sectional version of
in Fig. 6b, calculated by subtracting a simulation with no , AP against CCN measurements from Cape Grim us-
DMS emissions from CLIM1. The largest contribution is ing the Kettle and Andread2000 DMS climatology Ko-
c!osehto land in t?ehtr%p'f (up to 50 CCN c). ;,h's re- rhonen et a].2008, reproducing the seasonal cycle and ab-
gion ?S some of the highest DMS emissions (Bigp 10 g4 te values of CCN well. Figuréshows a comparison of
5x 10~ mg/n?/day sulphur), but also other large sources of CCN observations from Cape Grimyers and Gras1997)
CCN. Over remote ocean areas, the contribution to CCN isagainst the sectional version of GLOMAP frokorhonen
app.rOX|mater 5-10 CCNen, ) .. etal.(2008 and CLIM1 from this study. The results &b-
Figure 6¢c shows that Fhe Iargest_ fraqt|o_nal contrlbut_lon thonen et al(2008 show a higher baseline CCN concentra-
of DMS to CCN (excluding Antarctica) is in the SH mid- 401 145 c1IM1 (annual mean difference ~50cH Differ-
latitudes @2(.)%)’ but less _than l% In regions W'_th S”Of‘g ences up to a factor of four are also evident over the Southern
anthropogenic sources. This resultis consistent with the findy .o, (not shown). This difference can be explained by the
ings of Korh_ongn et al(2008. We C"?"C“'ate th?t the annual lack of ultrafine sea spray emissions in the simulations here.
mean contribution of DMS to CCN in the NH is 3.3%, com- v 0o et al(2008 use theViartensson et {2003 labo-

ﬁared to ?g(:\/;ljsm th%i: .F|guﬁ?fals'o !IIUSUEIGS that thz In- ratory derived parameterisation, which includes emissions in
uence o on Is not limited to the oceans, due o, g, micron size range. Sea spray emissions at this size

the timescales for CCN production, discussed further below.range are quite uncertain however. Fig@iaso shows simu-

lations with no DMS emissions. This study is concerned with
the absolute difference in CCN resulting from altered DMS
emissions. In the summer mont2sCCN (“with DMS”
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Fig. 5. Predicted atmospheric DMS concentrations from the five present day climatologies, plotted against monthly averaged observations

from three sites, Cape Grim, Amsterdam Island and Dumont d’'Urville. Observations show error bars where known (Amsterdam Island: 5th
and 95th percentiles; Dumont d’Urville: +1 standard deviation).

no. conc. (cm*-3)
10000.0

no. conc. (cm*—3)
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Fig. 6. (&) The annual average CCMN35 nm dry radius number concentration at the surface, calculated froktettie and Andrea¢2000

climatology (CLIM1). (b) The difference in CCN between a simulation with no DMS and CLIM1, i.e. the absolute contribution of DMS to
CCN.(c) The fractional contribution of DMS to CCN.

minus “without DMS”) in Korhonen et al(2008 is similar 3.5 Sensitivity of CCN to DMS climatology

to ACCN presented here, generally within a few CCNém

(Fig. 7). In the winter monthsKorhonen et al(2008 de- Figure 4 summarises annual, June and December differences
scribed an inverse CLAW eﬁ’ect, where CCN Concentraﬁonsin DMS and CCN concentrations for the five CIimatologieS.
increased when DMS emissions were turned off. This effectfo compare how CCN concentrations depend on the clima-

is not seen in the present results, possibly due to the lack ofology used we calculate mean values of absolute CCN sen-
ultrafine sea spray emissions. sitivity:
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CCN at Cape Grim, Korhonen at al. (2008) CCN at Cape Grim, this work
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Fig. 7. Comparison of CCN from two GLOMAP model runs with and without DMS emissions, against observations from Capay@ran (
and Gras199J), (a) from Korhonen et al(2008, with sub-micron sea spray emissiofis) from this study, without sub-micron sea spray
emissions. Error bars show the range of monthly median values for the years 1981 to 1989 from the CCN observations.

Absolute CCN Sensitivity= ACCNaps/ AFluXpms abs  (B)

In the SH summer all the climatologies except CLIM4
produce less DMS than CLIM1 (December mean dif-
ference 0.082mgmfday ! sulphur or 43% less),
which results in slightly lower mean CCN concentra-
tions (-3.3cnT3). The reverse is true in the SH winter
(June), with all climatologies producing more DMS and
consequently more CCN. June and December hemispheric
mean absolute CCN sensitivities range from43 to
166 cn3/(mgm2day 1 sulphur) using the present day
climatologies, with a mean of 63crd/(mgm 2day ! ‘
sulphur). The mean absolute CCN sensitivity in the SH |}
summer is 52 cm3/(mg m~2 day ! sulphur) and varies be-
tween 30 (CLIM3) and 100 ci¥/(mg mi2day ! sulphur)
(CLIM4), glthouthCLINJZ, 5 and 6 are in the range 40 f :
to 47cm°/(mgm <day - sulphur). The absolute CCN =
sensitivity in the NH summer is slightly lower than the SH w’( @.
summer, with a mean of 43 crd/(mg m~2day ! sulphur). ~ =
The winter hemisphere CCN concentrations are more
sensitive to DMS than the respective summer hemispheres |
winter hemisphere mean 78 cii(mg m2day ! sulphur)
versus summer hemisphere mean 47étmgm 2day !
sulphur), although relative differences in the winter hemi-
sphere marine regions are much less important because ¢
the higher sea spray-derived CCN.

The differences in the hemispheric mean values of abso-
lute CCN sensitivity between the five climatologies shows
that CCN production is dependent not only on the magnituderig. 8. Annual average difference in CCN concentration8% nm
of the mean DMS flux, but also on the spatial distribution of dry radius) at the surface for the different climatologies compared
the emissions. The spatial distribution of the CCN differenceto theKettle and Andrea¢2000 climatology.(a) CLIM2 Simb and
field (CLIM2 to CLIM5 minus CLIM1) are shown in Fig8. ~ Dachs(2002 in PlankTOM5,(b) CLIM3 Vallina and Sind (2007)

The largest positive differences are for CLIM4 (Fag) and in PIankTOM_S,(,c) CLIM4 Andersor? et a_1|(200:|) in Diat-HadOCC
reach ~20 cm3/(mg N2 day’l sulphur) at high latitudes. (d) CLIM5 Slmo.and Dachg2002 in Diat-HadOCC,(e) CLIM6
Comparison of Fig.3 and Fig.8 shows that an increase Vogt et al.(2009 in PlankTOMS.

in DMS flux in one region does not always cause a collo-

cated increase in CCN. Differences in oxidant concentrations
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between regions strongly affect the potential of the DMS toDMS-derived CCN. This suggests that the free-tropospheric

make new aerosol. Also the production of new DMS-derivedaerosol and sea spray are effectively decoupled.

CCN can take several days depending on season and latitude. Figure 9 shows June and December relative sensitivities.

During this time, the DMS, its oxidation products and the ex- The mean June and December hemispheric relative sensitiv-

tra nucleated particles are transported large distances, henity is 0.02 (range-0.01 to 0.06) for the NH and 0.07 (range

DMS impacts on aerosol are strongly non-local. Such long-0.04 to 0.22) for the SH. This shows the greater sensitivity

distance impacts were illustrated\ioodhouse et a(2008 of CCN concentrations in the SH to differences in flux of

by studying CCN production from a small patch with in- DMS, principally because of the lower background concen-

creased DMS emission. Figurdsnd8 also show that large trations of aerosol in the SH. The combined June and De-

areas experience decreased CCN concentrations in responsember hemispheric mean is 0.05.

to a higher DMS flux since existing aerosol can grow to sizes

where they are more susceptible to removal by precipitation3.6 Globally warmed climatologies

leading to fewer CCN. This was also describedkiorho-

nen et al.(2008, and termed ‘inverse CLAW'. The large The globally warmed seawater DMS fields (CLIMNGRWV

regional variations in CCN response to differences in DMSand CLIM3GW) and the associated present day fields

flux explains why hemispheric mean values of absolute CCN(CLIM2 and CLIM3) are described iNallina et al.(2007).

sensitivity vary between 43 and 90 cai(mg m 2 day ! sul- Two different parameterisations derive the DMS concentra-

phur). tion, calculated in the OPA-ORCA-LIM ocean GCM. The
Figure 4 shows that one global and three hemisphericocean model is forced by National Centers for Environmen-

mean CCN sensitivities are negative. A combination of fac-tal Protection-National Center for Atmospheric Research
tors causes this. The efficiency of conversion of DMS to (NCEP-NCAR) meteorological re-analysis fieldKistler
CCN is not expected to be spatially homogeneous (for theet al, 2001). The atmospheric global warming scenario was
reasons discussed above). Additionally, DMS flux differ- obtained from forcing changes from the IPSL (Institut Pierre-
ences (F|gs) are Spatia”y inhomogeneous_ For examp|e, Simone Laplace) model using the Intergovemmental Panel
if a large localised decrease in DMS flux relative to CLIM1 on Climate Change scenario ARr{edlingstein et aJ.2003).
coincides with an area where DMS to CCN conversion is in-  The higher DMS sea water concentrations in CLIKGRV
efficient, there will be only a small decrease in CCN numberand CLIM3GW give rise to small but similar in-
concentration. Likewise, small decreases in DMS flux elsecreases in global annual mean DMS flux (~1%, or
where can result in large increases in CCN. The net effect 0f<0.002mgnt2day~, 0.2Tga® sulphur, Fig.10) and
these spatial differences in CCN production can result in aCCN concentration (~0.2 CCN cm, 0.07%), with larger lo-
negative value of CCN sensitivity on a hemispheric mean. cal differences of £20% in DMS flux and +1% in CCN. The
The absolute CCN sensitivities, while simplest to inter- largest mean hemispheric difference in DMS flux occurs in
pret, do not take account of the background concentrationghe SH (Fig.4, Fig. 10a and b), while the largest absolute
of CCN from other sources, such as sea spray and anthr(ﬂiﬁerence in CCN of ~1.0 cr occurs in the tropics. In rel-
pogenic emissions. Small absolute differences in CCN mayative terms the biggest CCN response is over the SH where
be very important for climate in remote regions, but much background CCN concentrations are low, but even here the

less important in polluted regions. We therefore calculateincrease in CCN is less than a few tenths of a percent (mean

values of relative CCN sensitivity: 0.1%).
A reduction of the MLD in the global warming scenario
. o ACCNrg is responsible for the increases in seawater DMS concen-
Relative CCN Sensitivity= AFIUXDMS rel 6) tration (Vallina et al, 2007). The increases are compara-

ble to those predicted bBopp et al.(2004 using a cou-

To calculate relative CCN sensitivities between climatolo- pled ocean-atmosphere model with an empirical plankton-
gies, CCN contributions from sub-micron sea spray are takerseawater DMS relationship. In contrastoster et al.(2007)
into account, which were not included in the simulations pre-calculated a ~10% reduction in global mean DMS flux to the
sented so far. To do that we used existing simulations fromatmosphere in their future scenario due to decreased seawater
GLOMAP-bin (sectional version of GLOMAP) where we DMS concentrations in a coupled ocean-atmosphere model
separated out the contribution of ultrafine sea spray to CCNwith a mechanistic representation of DMS production. The
These CCN concentration fields were added to the CCN valdecreased seawater DMS concentrations resulted primarily
ues calculated by GLOMAP-mode above. Including the ul-from increases in MLD in the Southern Ocean. There is
trafine sea spray contribution to CCN offline from the model therefore considerable uncertainty in the response of seawa-
is a valid step.Merikanto et al(2009 show that the flux of ~ ter DMS concentrations to global warming.
aerosol number into the marine boundary layer from the free The global annual mean absolute and relative differences
troposphere is not affected by primary particles emitted at then DMS and CCN resulting from the global warming sce-
surface, and that the free troposphere is the main source afario compared to the present day are smaller than those for
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Fig. 9. June, and December relative CCN sensitivities for the five present day climatologies, relative to CLIM1 Wigttkhand Andreae
(2000 climatology, and for the GW scenarios relative to CLIM2 and CLIM3.

W e

Fig. 10. Annual mean relative change in DMS emissions (fy CLIM2_GW, (b) CLIM3_GW (with respect to CLIM2 and CLIM3)(c)
CLIM1_1999, andd) CLIM1_2001 (both with respect to CLIM1).

the present day climatologies CLIM2 and CLIM3 (Fi4). duction in DMS flux to the atmosphere predictedKkipster
compared to CLIM1. Absolute hemispheric June and De-et al. (2007 would result in a 0.6% decrease in the global
cember CCN sensitivities from the GW scenarios rangemean surface level CCN concentration in our model. By con-
from 53 to 173 cm?3/(mg m2day ! sulphur) with a mean  trast,Bopp et al (2004 predict a ~3% increase in DMS flux,

of 93cnT3/(mgm2day ! sulphur). Relative hemispheric which translates into a 0.2% increase in CCN. A global mean
June and December sensitivities (F®y.range from 0.02to DMS flux increase of-160% would be required to give a
0.12 with a mean of 0.06. These compare well with the sen-10% increase in CCN concentration. These estimates do not
sitivities calculated for the present day climatologies, sug-account for differences in atmospheric conditions as a result
gesting that the sensitivities are robust over a range of sceef global warming that may also affect the sulphur cycle in
narios. Assuming that the global relative CCN sensitivity the atmosphere.

is 0.06, it is possible to estimate that the ~10% global re-
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3.7 Interannual variability concentrations at these latitudes. They found that changes in
sea spray emissions were far more important than wind speed
The “meteorological year” (for wind speeds etc) used in dependent changes in DMS flux. Furthermore, wind speed
the previous experiments was 2000, in order to keep windchanges could also alter production of DMS in the surface
speeds consistent between simulations. The effect of usecean through impacts on the MLD. A fundamental prop-
ing different meteorological years on DMS flux and CCN erty of the oceans, MLD can influence nutrient and sunlight
is investigated here by re-running the CLIM1 simulations availability, and hence DMS production (e.¥allina et al,
for 1999 and 2001. The annual mean DMS flux decrease®007).
by 0.002mgm?day ! sulphur (1.2%) in 1999 and by The globally warmed DMS fields used in this study are
0.001 mg nr2 day* sulphur (1.1%) in 2001, from that pre- calculated using simple empirical relationships (sa#ina
dicted for 2000, and therefore very similar to the change preet al, 2007. A mechanistic model, that explicitly represents
dicted in the global warming scenarios in S&6. The total  the processes that form and destroy DMS and the dynam-
DMS emission varies from 18.4 to 18.6 Tglasulphur be- ics within a marine ecosystem, might respond differently to
tween CLIM11999 and CLIM1 (Tabld). A notable aspect a global warming scenario. Changes in nutrient availability
of these interannual simulations is that the spatial variabil-might also result from climate change, with a subsequent im-
ity of annual mean DMS flux is much larger than between pact on phytoplankton production. The positive response of
the globally warmed and present day simulations, suggestin@MS to global warming is not certain howeviipster et al.
that regional changes in CCN might be larger still than global(2007) find a negative change in DMS as a result of climate
changes. change in a coupled atmosphere-ocean model.

3.8 Implications for the CLAW hypothesis
4 Conclusions

The increase in global annual mean DMS flux from
the global warming scenario is similar in magnitude to Using a Global Model of Aerosol Processes (GLOMAP)
that resulting from interannual variability of wind speed with six different present day surface ocean DMS climatolo-
(~0.2 Tga? sulphur) (Tablel). The CLAW hypothesis re- gies, and two climatologies calculated using global warm-
quires a strong link between climate and DMS flux (via ing scenarios, the response of aerosol and CCN to changes
aerosol). The global warming scenarios tested here suggest sea-air flux of DMS was calculated. Relative to a sim-
that future changes in DMS flux are likely to be very small, ulation with DMS seawater concentrations as in Kedtle
with negligible subsequent impacts on CCN concentrationsand Andrea€2000 observational climatology, we calculate
The low sensitivity of CCN to changes in DMS flux, cou- a hemispheric CCN sensitivith CCN/AFluxpus, to mea-
pled with the small predicted increases in DMS flux undersure the response of the cloud nuclei population to calcu-
global warming conditions, suggest that the CLAW feed- lated differences in sea-air DMS flux. The sensitivity was
back is therefore probably unimportant in modern day cli- found to be relatively consistent between climatologies with
mate change. mean absolute hemispheric sensitivities for June and Decem-

However, the simulations in this study focus only on dif- ber of 63 cnT3/(mgm~2day* sulphur) for present day and
ferences in DMS seawater concentrations, so any feedback3 cnt3/(mg m~2 day ! sulphur) for increased DMS fluxes
involving winds is not representeBopp et al.(2004 found under global warming scenarios. The relative CCN sensi-
that increases in wind speed under a global warming scetivities (i.e. fractional change in CCN divided by fractional
nario amplify DMS emissions by 0.46 Tgasulphur, com-  change in DMS flux) were 0.05 for present day and 0.06 for
pared to an increase of 0.30 Tglasulphur resulting from  the global warming scenarios, suggesting that an increase in
differences in seawater DMS concentration alone. LongDMS flux of >160% would be required to give an increase
term observations have shown patterns of regional chang# CCN of 10%.
(both increases and decreases) in marine wind speeds, but Despite six different DMS climatologies producing a wide
no significant global trendTgenberth et a).2007 over re- range of DMS fluxes, the modelled response on a global
cent decades. This study does not rule out the possibility ofind hemispheric scale in the number of CCN is low, though
regional changes in wind speed leading to significantly al-the sensitivity could be higher in some regions. Very large
tered DMS emissions. Wind speed is particularly importantchanges in the flux of DMS to the atmosphere would there-
in DMS emission (and also sea spray emission) due to thdore be required to have any significant effect on CCN.
non-linear (square or cubic) relationship between piston ve- Seawater DMS concentrations calculated in a model
locity and wind speed. Small differences in seawater DMS indriven by a global warming scenario result in annual mean
areas with high wind speeds can therefore resultin significanDMS flux increases of only ~1%. This is similar to the
differences in DMS fluxKorhonen et al(2010 showed that DMS flux differences resulting from interannual variation
the increase in wind speed of 0.45+0.2thslecade! at 50—  in wind speed. A low sensitivity between DMS and CCN,
65° S since the early 1980’s caused a 22% increase in CCNind the small changes in DMS concentration predicted under
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