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Abstract. The contribution of ocean dimethyl sulfide (DMS) sphere DMS aerosol all sky radiative forcing-i8.03 W/n?,
emissions to changes in cloud microphysical properties isvhereas, over the southern oceans during SH summer, the
quantified seasonally and globally for present day climatemean DMS aerosol radiative forcing reache.32 W/n?.
conditions using an aerosol-chemistry-climate general circu-
lation model, ECHAM5-HAMMOZ, coupled to a cloud mi-
crophysics scheme. We evaluate DMS aerosol-cloud-climate
linkages over the southern oceans where anthropogenic in]-‘
fluence is minimal. The changes in the number of acti-

vated particles, cloud droplet number concentration (CDNC), "~~~ : S
P P ( )emlssmns from the global oceans and their potential im-

cloud droplet effective radius, cloud cover and the radiative ) . s
forcing are examined by analyzing two simulations: a base-paCt on the climate was stimulated by the publication of the

line simulation with ocean DMS emissions derived from a CLAW hypothesis in 1987Gharlson et a).1987). This hy-

prescribed climatology and one in which the ocean DMSpothesis suggested the linkages between the following pro-

emissions are switched off. Our simulations show that thecesses:

model realistically simulates the seasonality in the number 1. In a warmer world enhanced phytoplankton blooms

of activated particles and CDNC, peaking during SouthernWould result in increased ocean DMS concentrations and an
’ increased flux of DMS to the atmosphere.

Hemisphere (SH) summer coincident with increased phyto- X . X

plankton blooms and gradually declining with a minimum ~ 2- DMS is oxidized in the atmosphere and forms,SO
in SH winter. In comparison to a simulation with no DMS which nucleates or condenses on existing particles to form
the CDNC level over the southern oceans is 128% largesulfate aerosols. N

in the baseline simulation averaged over the austral sum- 3- These aerosols have the capability to act as cloud con-
mer months. Our results also show an increased numbef€nsation nuclei (CCN) and an increase or decrease in their
of smaller sized cloud droplets during this period. We es_concgntrationg could modulate the planetary albedo thereby
timate a maximum decrease of up to 15-18% in the droplefffecting the climate. o

radius and a mean increase in cloud cover by around 2 goblowever, the exact contribution of the individual processes
over the southern oceans during SH summer in the simulaln this proposed feedback loop remains poorly characterized
tion with ocean DMS compared to when the DMS emissionsand therefore, our focus here is to separately quantify ele-

are switched off. The global annual mean top of the atmo-Ments of the connecting links in this loop in a present day
climate scenario.

A range of observational studies have explored the poten-
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CCN yield mixed conclusionsHegg et al. 1991 Andreae  evaluate the DMS derived changes in the cloud microphys-
et al, 1995 O’Dowd et al, 1997). One reason could be that ical properties. Gunson et al(2006 evaluated the DMS-
the time scale of aerosol and CCN formation from DMS ox- CCN-temperature link by using the Hadley Center coupled
idation (several days to weeks) complicates the interpretaocean atmosphere model, HADCM3. Their study quanti-
tion of the field measurement&drhonen et al.2008. A fied changes to cloud cover and cloud albedo for varying
clearer relationship of the DMS-CCN link has been estab-ocean DMS emissions, and reported global surface temper-
lished from two marine measurement stations with long termature changes 0£0.8 K and +1.8 K for scenarios where
CCN records, and from satellite sensors. Observations aDMS flux to the atmosphere is doubled and halved respec-
Cape Grim, Tasmania (41 S) show similar seasonal cycles fotively. Korhonen et al(2008 used an offline global atmo-
atmospheric DMS and CCN concentrations; the CCN con-spheric chemistry transport model with size resolved aerosol
centrations were 2—3 times higher in summer than in win-microphysics (GLOMAP-bin) to investigate the influence on
ter coinciding with the phytoplankton blooms in the sum- CCN over the Southern Hemisphere ocean. They found a
mer @Ayers and Gras199]). Short-term airborne measure- moderate contribution of DMS to regional CCN, smaller than
ments close to the site indicate that CCN concentrations cathat suggested by previous satellite data analysis. Their study
be more than an order of magnitude higher in summer tharalso suggested that the main pathway of DMS influence on
in JJA (Yum and Hudson2004. These local observations CCN number is nucleation of DMS derivech 80, in the
are consistent with seasonal changes in cloud optical deptfree troposphere and subsequent growth by condensation and
observed by satellite near Cape GriBogrs et al. 1994. coagulation. A perturbed DMS patch in the southern oceans
Measurements at the Mace Head Irish coastal site (53.19 Nnduces high CCN concentrations several thousand kilome-
9.54 W) indicated the highest CCN concentrations during theters downwind of the patch due to the time scale (several
biologically productive season when the DMS emissions aredays) of conversion from DMS into CCN\foodhouse et al.
expected to be highReade et a).20069. This site, how- 2008. Gondwe et al(2003, using a global three dimen-
ever, does not have continuous measurements of atmosphersonal chemistry transport model estimated the contribution
DMS concentration, hence the DMS-CCN link could not be of sea water DMS to the mean annual column burden of
more clearly demonstrated over the seasonal cycle. SimilanssSG (non sea salt sulfate) in the SH as 43%, in compari-
studies carried out over the Pacific ocean (1982—1985) alsson to the NH where it is only 9%Kloster et al.(2006 also
revealed that the area weighted concentrations were highesbtained similar estimates with DMS derived ns§S€n-
in summer than in winterBates et al.1987 and that the tributions of 45% in the SH and 18% in the NH.
changes in atmospheric and oceanic properties associated The majority of these modeling studies report DMS de-
with EI Nino events do not significantly affect the DMS sea rived influences as global mean values. They do not focus on
water concentrations over the equatorial Pacific ocean (15 N-+he spatial and temporal variations of the cloud microphys-
15 S) Bates and Quinrl997). Studies using remote sensing ical properties and climate or were unable to assess these
data have also investigated the relationships between oceanahanges in their model. In this study we use the state of
DMS and CCNWVallina and Simg(2007) showed that DMS  the art aerosol-chemistry-climate general circulation model
emissions can contribute to up to 30% of the globally aver-(GCM), ECHAM5-HAMMOZ to quantify the influence of
aged annual CCN column concentration, but, can be highlyoceanic DMS emissions on the individual processes and vari-
variable spatiallyMeskhidze and Neng2006 using satel- ables in the DMS-aerosol-cloud-climate loop proposed by
lite data reported a good correlation between the chlorophyll-CLAW. This study represents the first such model analysis
A from SeaWiFS (Sea-viewing Wide Field-of-view Sensor) to investigate the impact on cloud microphysics and climate
and CCN (positively correlated) and cloud droplet effective using a GCM with coupled aerosol-chemistry. We evaluate
radii (negatively correlated) derived from MODIS (Moderate the spatial and temporal distributions of the conversion of the
Resolution Imaging Spectroradiometer) over the 49 S-54 S cean DMS to atmospheric80, concentrations in liquid
latitude band. There is still uncertainty in the dependence opphase. We also assess changes in the cloud microphysical
DMS flux on the chlorophyll-A concentration as only certain properties, for example, changes in the cloud droplet con-
species of phytoplankton produce DMS. The studybgk centration, cloud droplet radius and cloud cover, induced by
et al. (1990 revealed that the DMS concentration may be changes in ocean DMS.
related to the phytoplankton growth under nitrogen limited We focus, in particular, over the southern oceans during
conditions. the SH summer months when DMS sea water concentra-
Modeling studies have also investigated the response ofions are highKettle and Andreae200Q Kettle et al, 1999.
oceanic DMS sea surface concentration to changes in cliMoreover, this remote marine lower troposphere is an ideal
mate. Kloster et al.(2007) applied the ECHAMS atmo- region for studying DMS-aerosol-cloud-climate interactions
spheric model coupled to an ocean model and a marine bioas it is region of abundant low level clouds and is relatively
geochemistry model in a transient climate simulation, andunaffected by anthropogenic emissions.
analyzed the changes in DMS sea surface concentrations in-
duced by changes in climate. However, their study did not
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2 ECHAM5-HAMMOZ model, experimental set up
and simulations

The ECHAM5-HAMMOZ model used in the present study
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has three main components: the general circulation model, Ketleand Air-sea exchange - addition \
ECHAMS (Roeckner and co authqi2003, the tropospheric ’ el e i g
chemistry module, MOZ that is based on the chemical mech- Nightingale et
anism described bidorowitz et al.(2003 and the aerosol Ham , IO //
module, HAM (Hamburg Aerosol Modelgtier et al, 2005. A 4 - /V
The ECHAMS model is coupled to a detailed cloud mi- Cloud droplets - e ey / |
crophysics moduleLohmann et aJ. 1999 2007. A de- Nitcleafioh, a number concentration, lauid /
scription of the respective modules is giverAnzzoli et al. feeding, meting, evaporation R \
(20083. The chemistry and aerosol modules interact through Lohmatfnand T ! = = = = \(

Beheng, 1996  Chuang and
Penner, 1995 Condensation -

Fuchs, 1959

Coagulation -

three main mechanisms namely, photolytic reactions, sulfur Roeckner, 199 el

chemistry and heterogeneous chemistry. The HAM mod-
ule takes into account the major aerosol compounds: sul-
fate, black carbon, organic carbon, sea salt and mineral duskig. 1. Schematic showing the processes from DMS flux to the

The aerosol spectrum is represented by the combination cAtmosphere to the cloud droplets as represented in the ECHAMS-
seven lognormal modes and these modes are described by thi$MMOZ model.

aerosol number, the number median radius and the standard

deviation. Aerosols are categorized by size into nucleation;,, ihe model is based on the modified versionLlmhmann

Aitken, accumulation and coarse modes. Mineral dust an nd Roecknef1996. The number of cloud droplets is pa-
sea salt emissions are calculated interactively following the,; aterized as a function of the total aerosol number con-

parameterization schemesTégen et al(2002 andSchulz  conrations, updraft velocity and a shape parameter that takes
et al. (2004, respectively. In the model, the sea salt sourcejnq account the aerosol composition and the size distribu-
function is represented by the combination of the approach;,,

of Monahan et al(198§ for small particle range and of g jations are performed with a spectral resolution of
Smith and Harrisoif1998 for the coarse particle range. The 145 that corresponds to approximately 288 degrees hor-

MOZ chemical scheme is identical to the one used in theizontally, with 31 vertical levels from the surface up to

MOZART-2 model and includes 63 tracers and 168 reactions; 5 ,pa and with a 20-min time step. The model is driven
to represent GNOy-hydrocarbon chemistry. by ECMWF ERA-40 meteorological fields (available every
The pathway from DMS emissions to the cloud droplet g ) (ppala et al.2009. In this configuration, the prognos-
formation in the model is shown schematically in FigThe ¢ yariables of ECHAMS (vorticity, divergence, temperature
DMS sea water concentrations are prescribed in the modedng surface pressure) are relaxed towards the ERA-40 reanal-
from the climatology ofKettle and Andreag2000. The  ysis data Klachenhauer and Kirchne2000. To evaluate
DMS flux to the atmosphere is based on the parameterizage influence of DMS emissions on aerosol formation, cloud
tion of Nightingale et al(2000. The MOZ component of  properties and climate variables, we carry out two 1-year
the model considers two major reaction pathways for thesjmyations from December 1999 to December 2000: [1] The
conversion of atmospheric DMS to $O1. an abstraction  paseline simulation with prescribed DMS sea water concen-
pathway following a daytime reaction with OH and a night- tyations (CTRL); and [2] a simulation with no ocean DMS
time reaction with N@ and 2. an addition pathway that o ODMS). Other emissions (anthropogenic and wildfire)
leads to the formation of 75% S@nd 25% Methyl sulfonic ¢ SOy, black carbon and organic carbon form the back-
acid (MSA) (Feichter et al.199. The SQ is oxidized 10 ground aerosol concentrations, and are held fixed in our sim-
H2SQs, whereas MSA is directly converted 18O, inthe — jations in addition to the interactively computed sea salt and
gas phase. The conversion of 5@ the gas phase to sul- qyst emissions. An 18-month spin up is conducted for these
fate aerosol occurs via two mechanisms — 1. Homogeneousimylations. We analyze the differences between these two
nucleation resulting in new particles by the condensation ofgjmy|ations (CTRL - woODMS) to identify the influence of
SQ in gas phase to sulfate aerosol and 2. Heterogeneous rgicean DMS on tropospheric aerosols, cloud properties and
action involving the condensation of $0n to the surface of  ¢jimate, focussing in particular on the southern ocean lati-
sea salt aerosols and mineral dust particktie( et al, 2005. tudes.
The aqueous phase $@roduces sulfate aerosol when oxi-
dized by @Q and HO, (SO, in-cloud oxidation). Hence, the
total aerosol sulfate production from $@ therefore limited
by different factors, namely, availability of water, the oxidant
concentrations (OH, § H>O, and NG). The cloud scheme
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DJF—1999/2000 MAM—2000 ing, where sulfate concentrations depend mainly on the con-
i i tinental outflow of S@ and sulfate. The region under inves-
tigation in our study is a remote region in the high latitude
SH, where the sulfate concentrations are mainly dependent
on DMS oxidation. The Northern Hemisphere sulfate con-
centration does not influence the values in our study region.
In general, a good agreement was found between mod-
eled aerosol optical depth in Southern Hemisphere com-
pared with satellite observationSt{er et al, 2005 Poz-
zoli et al, 20080. The size distribution, number concen-
tration and optical properties are reproduced well by the
coupled model, though the agreement is better near the
surface than in the upper troposphere, where the model
underestimates these parameterBozzoli et al.(2008H
found that annual mean burdens for the aerosol species us-
ing ECHAM5-HAMMOZ model did not differ significantly
from those found with ECHAM5-HAM bystier et al(2005.
ECHAM5-HAMMOZ showed some regional improvements
for sulfate, especially in comparison to the EMERnd IM-
Fig. 2. Seasonal averages of ocean DMS emissions in Kgé&3/m PROVE “ observations over Europe and US, respectively.
(multiplied by 169). The improvements are very likely due to an improved repre-
sentation of the OH concentrations in ECHAM5-HAMMOZ
which calculates OH concentrations interactively, in compar-
2.1 Model performance ison to the climatological values used in ECHAM5-HAM
(Sect. 4 in the supplementary online materiaPofzoli et al.
Model evaluation of individual components of ECHAM5- (2008D).
HAMMOZ modules has been presented in several recent
studies. The ECHAM5-HAM model has been comprehen-2.2 Comparison of ECHAM5-HAMMOZ baseline
sively evaluated bsgtier et al (2005 who found good agree- configuration with previous studies/satellite
ment between simulated and observed sulfate, black car- observations
bon and organic carbon surface concentrations regionally.
The simulation of global annual mean aerosol optical depthThe DMS aerosol-cloud-climate simulation analyzed in this
agrees well with the MODIS satellite retrievals and with the study has not been previously published. We therefore dis-
AERONET?! measurements. Additionally, the cloud micro- cuss the characteristics of this simulation here and compare
physics scheme in the ECHAM5-HAM model was validated to in-situ and satellite observations. Model variables eval-
by Lohmann et al(1999 2007 who found that the simulated uated include the simulated DMS flux to the atmosphere
mean liquid water path, column CDNC and effective radius (Fig. 2), the tropospheric sulfate distribution (Fig) and
agree well with satellite observations and the frequency dis<cloud properties namely, droplet radius and number concen-
tributions of column CDNC over oceans and the variationstrations and cloud liquid water path (Tadlp These are dis-
of cloud optical depth with effective radius are simulated re- cussed in more detail below.
alistically. We first consider the simulated global annual mean DMS
The ECHAM5-MOZ model was also assessed against obflux to the atmosphere. The model estimates a global an-
servations byRast et al(2008, Pozzoli(2007) andAuvray nual DMS flux of 23.3 Tg(S)/yr based on the gas exchange
et al.(2007), who noted that several characteristics of the tro- parameterization oNightingale et al.(2000 and theKet-
pospheric spatial and temporal distribution, such as season#éle and Andreag2000 ocean DMS climatology. Other
cycles and latitudinal gradients, are captured by the modelDMS flux estimates reported differ depending on the choice
The comparison of the ECHAM5-HAMMOZ model with of the DMS sea surface climatology, gas exchange scheme
TRACE-P 2 aircraft campaign measurements showed thatand wind speed data; estimates vary from 16 Tg(S)/yr to
sulfate aerosol concentrations are generally well describe®4 Tg(S)/yr Kettle and Andreae2000. Our simulated
in the north Pacific, but overestimated by a factor of 2 be-global annual mean DMS flux is in close agreement with the
tween 10N and 25N. This is a region of high aerosol load-findings ofBoucher et al(2003 who derived a global flux of

JJA-2000 SON-2000

1AERONET: AErosol RObotic NETwork SEMEP: European Monitoring and Evaluation Programme
2TRACE-P: TRAnsport and Chemical Evolution over the Pa-  4IMPROVE: Interagency Monitoring of PROtected Visual En-
cific vironments
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Table 1. Comparison of CD effective radii, CDNC and cloud nal belt of 30S-75S. The mean winter fluxes are around

—12 i
liquid water path Cloud LWP) averaged over 30S-60S for DJF O-7x10 Kg(S)/n/s, almost one-eighth the mean summer

1999/2000 from both model simulations and satellite observationsfluxes in the southern belt (30 S=75S). . .
The HOAPS cloud liquid water path data are available only over ~The global seasonal distribution of the mass mixing ratios

ocean, hence, the averages are taken over ocean only. of atmospheric HSO, at 850 hPa is shown in Fi@. Con-
centrations ranging from 1:510- 12 to as high as 3.010 12
Parameters Satellite data Model are simulated at 850 hPa over the southern most latitude belt
D effective radi 1161 1139 (60 S—75 S) during the SH summer months. The model pro-
fem) : ' duces a DJF mean concentration of 2512 whereas the
CDNC (1/n) 3.4x1010  4.4x10%0 JJA mean is 0.11* 102 at 850 hPa over the 30 S—75 S lati-
Cloud LWP (kg/n%) 0.095 0.093 '

tude belt. The seasonal variation in modelled nssSi@ our
CTRL simulation is comparable to those Gbndwe et al.
DJF—1999/2000 MAM—2000 (2003 who used a 3D global chemistry transport model,

2= : TM3, to evaluate the contribution of ocean DMS emission
to the column burden of nssQ®. Their study find a 6-8
times increase in the DJF mean nsgS€@mpared to the JJA
mean over the southern belt (30S-75S) which is comparable
to our value of~7.

The H,SO4 concentrations at 700 hPa also follow the spa-
tial distribution at 850 hPa (Fig.19n the supplement). The
concentrations at 700 hPa in the Mar-Apr-May (MAM) sea-
sonal mean is about half of the DJF seasonal mean. However,
the bSO, concentrations during the SH autumnal months
are higher at 700 hPa than at 850 hPa.

Satellite sensors provide valuable information on cloud
properties. Since the focus of this study is on aerosol cloud
) \ 78 i ; a interactions over the southern oceans during austral summer,
R T R R e we compare three important model parameters in this con-

: text, namely, CDNC, cloud droplet (CD) effective radii and
T —— cloud liquid water path with satellite data. We use effective
radii and cloud optical depth information from PATMOS-
Fig. 3. Seasonal averages 0p50, concentrations in mass mixing X (AVHRR Pathfinder Atmospheres-Extended) to calculate
ratios (MMR) at 850 hPa (multiplied by #8). adiabatic CDNC Quaas et al.2009. Additionally, we use
cloud liquid water path from the most recent HOAPS (Ham-
burg Ocean Atmosphere Parameters and fluxes from Satellite
24-27 Tg(S)/yr based on the winds from the LMD-ZT gen- data) Andersson et al2007) Version-3 data set. These two
eral circulation model and thiightingale et al(2000 gas  data sets are available for the DJF 1999/2000 over the south-
exchange. ern oceans in the latitudinal belt of 30S-60S, enabling com-

Next, we compare the model generated seasonal cycle anglrison for the same time period with our model simulations.
magnitude of the ocean DMS flux to the atmosphere. Fig- Tablel shows the comparison of satellite data with model
ure 2 presents the seasonal (three month averages) and spastimates. The CD effective radii agree closely with satellite
tial distribution of the DMS flux to the atmosphere in the data over the southern oceans during austral summer, where
baseline CTRL configuration (units of Kg(S)#s). We fo-  the baseline model simulation estimates a mean droplet ra-
cus on the southern high latitudes from 30S to 75S. Thedius of 11.39 um, compared to the mean satellite estimate of
seasonal cycle of the DMS emissions is distinct peaking in11.61 um. This is also consistent with the comparison re-
SH summer months (Dec-Jan-Feb (DJF) 1999/2000) coinported byLohmann et al(1999 for ECHAMS. The agree-
ciding with the peak in ocean biological activity and gradu- ment between simulated and satellite observations is also
ally declining with a minimum averaged over June, July andvery good for cloud liquid water path. However, the model
August (JJA) Boers et al. 1996 1998 Ayers and Gillett seems to overestimate the CDNC over the 30 S-60 S latitude
2000. This seasonality is consistent with the temporal vari- belt in summer. In general, these three cloud properties are
ation in chlorophyll concentrations derived from SeaWiFS simulated realistically by ECHAM5-HAMMOZ for the SH
(Meskhidze and Nene006§ satellite data. Peak DMS high latitudes.
fluxes exceed 1010~12 Kg(S)/n?/s in localized high lati-
tude regions during austral summer months (DJF 1999/2000)
with a mean value of 41012 Kg(S)/n#/s in the latitudi-

JUA-2000 SON-2000
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3 Results and discussion DJF—1999,/2000 MAM=2000

[E——

G0N
We now focus on the impact of ocean DMS on the cloud mi-

crophysics. For this, we analyze the CTRL and @BbMS £
simulations discussed in Sect. 2. Both the simulations are |} /- &
driven by same meteorological fields, so the differences in j;__'f
these runs (CTRL-w@DMS) are primarily due to the dif- :
ferences in the oceanic DMS emissions. The “simulated dif-
ferences” are often defined as “anomalies” in this text.

300
oy ¢

305l
805

BOE 120E 180 120W 60W O 0 GOE 1206 180 120w  6OW

JJA=2000 SON-2000
3.1 Spatial and seasonal variations in the cloud -z s -z
f ; . FON {5f A ;
microphysical properties ‘

30N

Here, we quantify the changes in the different processes out-zzzJ
lined in Fig.1 arising from the influence of DMS emissions.
Gaseous phase)80Qy is converted to sulfate particles, which

in turn grows to cloud droplet size thereby modifying the
cloud microphysical properties such as cloud droplet effec- TR 1%

tive radii and the cloud cover. This will affect the atmo-

spheric radiative forcing. The following sections discuss theFig. 4. Seasonal averages of changes in the number of activated
DMS induced changes in the number of activated particlesparticles at 850 hPa (1 in the CTRL simulation compared to
CDNC, cloud droplet (CD) effective radii, cloud cover and the waODMS simulation (multiplied by 108). Positive values

the all sky radiative forcing at the top of the atmosphere inmean there is an increase in the number of activated particles in the
present day climate state. simulation when the DMS sea water concentrations are present.

60L  120E 180 120w SOW 60E  120E 180 120w GOW

3.1.1 Activated particles, CDNC, CD effective radii and
total cloud cover in winter over the latitude belt 30 S-75S. The zone of max-

imum CDNC anomaly is located in 40 S—75 S latitude belt

The number of particles available for activation to cloud in DJF and is shifted further north to 25S-50S in MAM
droplets are termed activated particles and the change ifnonths. The seasonal anomalies clearly follow the peak and
the number of activated particles at 850 hPa is presented iiariation of the ocean DMS emissions presented in Eig.
Fig. 4. The figures show an increase in the number of ac- Other sources of aerosols (in addition to DMS emissions)
tivated particles in the CTRL simulation compared to the that may contribute to the modification of the microphys-
wo_ODMS case, especially over the southern belt (30 S-ical properties of clouds over the southern oceans is sea
75S) in the SH at 850hPa during DJF 1999/2000 in thesalt aerosol and ocean derived organic particles. Studies
CTRL simulation compared to the wODMS case. The have shown that these particles are a potential contribu-
maximum value of the anomalies is 2Z0® per cubic me-  tor to cloud condensation nucldigtham and Smith199Q
ter over the 30 S—75 S latitudinal belt, with a mean value ofLatham 2002 Latham et al. 2008 Jones et al. 2009
1.6x10® per cubic meter during the summer months. At O’'Dowd et al, 2004 Gantt et al,2009. However, as further
700 hPa, the activated particles are more prevalent in theliscussed below, sea salt derived CD number concentrations
45S-75S belt (not shown here) with a maximum of up toare relatively small in the southern high latitudes suggest-
1.8x 108 per cubic meter. A significant contribution of DMS ing that DMS is the major contributor to cloud condensation
to the activated particles is also seen in MAM months atnuclei, particularly, over the southern oceans during austral
850 hPa and is confined to a narrow belt around 30S-45S, bugsummer months. In the current model version, we do not
the amplitude is half that of the DJF values. The seasonahave an explicit treatment of marine organics.
cycle and spatial distribution of the particles available for The influence of ocean DMS emissions on the cloud top
activation follows the DMS emissions cycle and seasonalitycloud droplet effective radius in microns is shown in Fag.
with a maximum during the SH summer months, gradually The effective radius is evaluated at the cloud top to facilitate
decreasing with a minimum during the SH winter months.  comparison with the satellite data, that sees only the cloud

Figure 5 represents the seasonally averaged DMS retop. This is computed from the difference between the two
lated anomalies in CDNC burden for the simulation period. simulations (CTRL-woODMS), and negative values, shown
The anomalies show a clear seasonal cycle with four timesn blue, correspond to a decrease in the droplet radius with
higher mean concentrations of the cloud droplets in summeDMS generated sulfate aerosols in the atmosphere. There is
(DJF) than in the winter (June-July-Aug). The DMS related a decrease in the droplet radius in summer (DJF) in the south-
changes vary from %1010 1/n? in summer to k10° 1/m?  ern most latitude belt (30 S—75 S) in comparison to the other

Atmos. Chem. Phys., 10, 742h438 2010 www.atmos-chem-phys.net/10/7425/2010/
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DJF—1999,/2000 MAM-2000 DJF-1999,/2000 MAM-2000
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ig. 6. Seasonal averages of changes in the cloud top cloud

. . . . Fig
Fig. 5. Seasonal averages of changes in thefve_rtlcally integratedyop|et effective radiigm) in the CTRL simulation compared to the
cloud droplet number concentration (CDNC) ()i the CTRL \; opMmS simulation. Negative values mean there is a decrease in

simlillation compared to the woDMS simulation (multiplied by cp yadius in the simulation when the DMS sea water concentrations
107*). Positive values mean there is an increase in CDNCs in the, o present.

simulation when the DMS sea water concentrations are present.

DJF—1999,/2000 MAM-2000
- p——y

=

regions. However, the decrease is not uniform along this belt
and the values range from 0.5-2.0 um, with a mean value of
0.73 um. MODIS retrieved CD effective radii estimates show
an average of14 um outside the phytoplankton bloom with

a sharp decrease (t010um) in the vicinity of the bloom
(Meskhidze and Nene2006. These estimates were taken
from the southern ocean of an area averaged over 55 W-21 W
and 42 S—-60 S and gridded to a resolution®t 2°. This im-

pact of DMS on cloud droplet effective radius is less promi-
nentin the MAM months and is not seen in the other seasonal
averages.

Increased number of small sized cloud droplets means les:
coalescence efficiency and hence, less precipitation thereb
resulting in increased cloud lifetiméAlprecht 1989 Ra-
maswamy et al.2001; Lohmann and Feichte005. This
effect is also known as the cloud lifetime effect. The sea-
sonally averaged anomalies of the total fraction covered by
clouds is analyzed (Fig.23n the supplement). Positive val-
ues (in yellow) correspond to an increase in cloud cover in
the CTRL simulation with DMS emissions. It is evident
that there is an increase of the total cloud cover in the lati-
tudinal band from 30 S-75S in summer (DJF) of up to 6%.
This increase in cloud coverage is shifted further north intheg 5 aerosol radiative forcing at the top of the
MAM months in consistence with the DMS emissions and atmosphere
the changes in CD number concentrations. The change in
cloud cover is negligible during the rest of the year over the aAerosol radiative forcing is a perturbation evaluated as a dif-
southern belt in the SH. ference between perturbed and unperturbed values of the ra-

diative fluxes caused by aerosols calculated under the same
meteorological conditions. Here, we evaluate the impact

SON-2000

Fig. 7. Seasonal averages of total sky aerosol radiative forcing at
the TOA (W/n?). Negative aerosol radiative forcing means there is
a net cooling at the TOA.
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of the DMS induced changes at the top of the atmospherdine), especially over the SH summer months. This implies
(10hPa). The radiative forcing is calculated as the differencehat the DMS derived activated particles are significantly
between the net radiative flux at the TOA in the CTRL sim- higher in the 45 S-75 S latitude belt during these months of
ulation and that in the w®DMS simulation under the same the year compared to particles derived from other sources.
meteorological conditions. The large scale meteorology isHowever, there is a slight increase in the number of acti-
constrained by nudging the fields to ERA40 reanalysis datayated aerosol particles northward of 45S in the @DMS
however, the small scale processes such as the aerosol-cloudn which may be due to the particles from other sources.
feedback mechanisms are enabled, thereby not strictly abid- Zonally averaged time series of the simulated CDNC bur-
ing by the definition of radiative forcing mentioned in IPCC den for the three latitude bands are presented in%ighe
(Forster et al.2007). The global annual mean DMS related black line and the red line show the absolute values of the
aerosol radiative forcing at the TOA in our model simulations cloud droplet concentrations in the CTRL simulation and the
is estimated as-2.03 W/nf. We are not aware of other stud- wo_ODMS simulation respectively. The seasonal variation
ies evaluating this quantity, howeveépunson et al(2006 in the vertically integrated CD number concentrations is ev-
evaluated the aerosol radiative forcing for doubling and halv-ident south of 45 S in the CTRL simulation (black line). As
ing ocean DMS scenarios as a difference of the radiative fluxn the case of Fig8, the CDNC burden in the w®DMS
perturbation of the two DMS scenarios from their control run (red line) also does not show a seasonal variation, but,
simulation which included the present day ocean DMS. Theyremains constant at around &.20' 1/m? in the 30 S-60S
obtained values of 2.0 W/rand—3.0 W/n? respectively. and around 0.£10™ 1/m? beyond 60 S. The amplitude is
The seasonal distribution of combined (short- twice as high in the CTRL simulation in comparison to the
wave-+longwave) radiative forcing under all sky conditions wo_ODMS run during the summer in the 30 S—75 S latitude
is presented in Fig7. During the SH summer months belt. The CDNC burden reaches as high as«@@* 1/m?
(DJF), the radiative forcing is significantly lower reaching during the austral summer months coinciding with the in-
a minimum value of-16 W/n? in the 30 S-75 S latitudinal  tense biological productivity during this season.
belt coinciding with the increased DMS emissions during Here, as a cautionary note, we would like to point out that
these months. The simulated changes in the TOA radiativéhe previous studies have shown that the inclusion of ultra-
forcing are consistent with those calculated from satellitefine (<0.1 pm) sea salt particles can have an impact on the
data presented iMeskhidze and Neng®006 where very  number of activated particles and CDNC concentrations over
strong cooling reaching-15W/n? is estimated in the the remote oceanic aredRi¢rce and Adamg006 and ref-
biologically active regions in the southern oceans. Theerences therein). As mentioned in the previous section, in the
mean TOA aerosol radiative over the southern oceans in SHECHAM5-HAMMOZ model, to parameterize sea salt emis-
summer reaches9.32 W/n?. The region of strong cooling ~ sions, we use thilonahan et al(1986 scheme (for particles
(maximum negative radiative forcing belt) is shifted further in the range 0.1 to 10 pm) arfsimith and Harrisor{1998
north to 25 S-50 S latitude belt during SH spring and autumnscheme (for the coarse particle range). We therefore miss the
where values range from1 to —7 W/n?. The forcing is  influence of ultrafine emissions on the total CONC burden.

less than-1 W/n? in SH winter. This might be one of the reasons why we underestimate the
sea salt emissions in the WODMS simulation.
3.3 Temporal variability in cloud microphysical The DMS derived contribution to the CDNC burden in the
properties three latitude belts averaged over the austral summer months

is presented in Tablé as percentage deviations with respect
Here, we quantify the contribution of DMS to the changes into the waODMS simulation. Our study shows an increase
the cloud microphysical properties over the southern oceansn the number of cloud droplets when ocean DMS is in-
We consider three Southern Hemisphere latitudinal bandgluded. The mean increase in CDNC burden is 128% in the
to facilitate comparison with the study Bgorhonen et al.  CTRL simulations when averaged over the DJF months in
(2008: 30S-45S, 45S-60S, 60S-75S. The DMS derivedthe 30 S-75S latitude belt. The maximum increase is seen
changes in the number of activated particles and CDNC burin the southern most belt (60 S-75S) in the SH, where the
den in these latitudinal bands are presented in Fgsd9, mean CDNC burden increases by 176% with respect to the
respectively. simulation when the ocean DMS is switched off. More than
Figure 8 shows the temporal distribution of the number 100% increase in the CDNCs are seen in the 45 S-60 S belt
of activated aerosol particles at 850 hPa per cubic meter irand the percentage increase is comparatively lower (89%) in
the three latitude bands. The seasonal variation in the CTRIthe 30 S—45 S belt. We compare our results to the study of
run (black line) that includes the DMS emissions is simu- Korhonen et al.(200§ who used an offline global chem-
lated in consistence with the ocean DMS seasonal cycle in alistry transport model to evaluate the DMS contribution to
the 3 latitude bands with a maximum during the SH summercloud condensation nuclei in a similar experimental set up.
months and a minimum during the SH winter. The magnitudeTheir simulation obtained a 46% increase in the CCN bur-
is two times higher than in the wODMS simulation (red  den in January in the 30S-45S belt which is lower compared
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Fig. 9. Latitudinally averaged time series (December 1999—
Fig. 8. Latitudinally averaged time series (December 1999— December 2000) of the CDNC burden (Engmultiplied by 10-11)
December 2000) of the number of activated particles at 850 hPahown as absolute values (@) CTRL simulation denoted by the
(1/m3) (multiplied by 10-8) shown as absolute values(ia) CTRL black line(b) wo_ODMS simulation denoted by the blue line.
simulation denoted by the black lirfe) wo_ODMS simulation de-
noted by the blue line.

The changes in the CD effective radii in percentage due

to the DMS perturbation are presented in TaBléor the
to our results. However, the percentage changes in the |at|SH summer months. The percentage differences show nega-
tudinal belt 45 S-75S is even smaller (11-18% at 45 S—60 Sive values during the SH summer months, meaning smaller
and 40% at 60 S—75 S) in the studykasrhonen et al(2008  droplet size in the CTRL simulation in comparison to the
compared to our results. They attribute this to the high seqyo_.ODMS experiment. This may be due to the fact that in
Spray contribution to CCN at these latitudes in their mOde'the CTRL simulation, we have more aerosols Competing for
and also, to the entrainment of the CCN into the marinethe available water vapour that is a constant in both the sim-
boundary layer from the summer time free troposphere fromy|ations, thereby resulting in a decrease in the droplet size
distant continental sources when the ocean DMS is SWitChG@ompared to when the DMS derived aerosols are not present.
off. Meskhidze and Neng2006 estimated the monthly av-  The droplet radius is smaller by up to 7.4% in the southern
eraged CDNC outside the bloom and compared them withmost belt in the SH and by about 6.5% north of 60 S during
that inside the phytoplankton bloom area (48 S-56 S) in thepJF 1999/2000. The mean decrease in the droplet radius is
southern oceans and showed that the cloud droplet numbego, when averaged over the 30 S—75 S latitude belt in austral
was doubled. summer. Analysis of the satellite data indicates a decrease of

20-25% in the cloud droplet radius inside the phytoplankton
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Table 2. Percentage mean change (calculated as [(CTRL-Table 4. Percentage mean change (calculated as [(CTRL-
wo_ODMS)/wo.ODMS]*100) in the zonally averaged CDNC bur- wo_ODMS)/wo. ODMS]*100) in the zonally averaged total cloud
den over the given latitudinal belts for the period December 1999—-cover over the given latitudinal belts for the period December 1999—
March 2000. March 2000.

Lat. {//Mon.= December January February March Lat. {//Mon. = December January February March

45S-30S 70.2 87.8 109.6 97.3 455-30S 2.70 3.41 4.23 4.20
60S-45S 119.6 118.9 116.2 73.6 60S-45S 1.88 2.19 191 1.50
755-60S 214.7 191.2 120.8 65.3 755-60S 155 1.19 1.26 1.04

Table 3. Percentage mean change (calculated as [(CTRL-
wo_ODMS)/wo.ODMS]*100) in the zonally averaged cloud top
cloud droplet effective radii over the given latitudinal belts for the
period December 1999-March 2000.

of activated particles at 850 hPa and CDNC burden respec-
tively, indicating that the contribution from other particles
(such as, sea salt) is negligible and also, by a weak season-
ality in the waODMS simulation. Since the heterogeneous
reaction of S@ on sea salt does not result in new particle for-
mation, such strong seasonality in the figures could only be

Lat. J//Mon. = December January February March

455-30S -5.81 -6.07 -641 590 explained by the driving role of DMS derived $CPrevious
60S-45S —6.78 —-6.00 -6.15 563 studies also indicate that DMS derived CCN dominate the to-
755-60S —-744  -514 378 -110 tal CCN concentrations in the southern ocean during austral

summer Ayers et al, 1997 Gras 1989 Ayers and Cainey

2007 Bates et a].1987. While pointing out the importance
bloom regions in the southern oceahtegkhidze and Nenes ~ of cloud frequency and semi-empirical parametersS€u
2006. The maximum decrease observed in our simulationghucleation rate and accommodation coefficieRgndis et al.
over the southern oceans is 15—-18%. (1999 andRussell et al(1994) further show that under low

The DMS induced contribution to cloud cover is presentedDMS emissions (as in the case of austral winter), the DMS-

in Table3. Cloud cover is greater in the CTRL simulation CCN link is non-linear due to heterogeneous reactions on sea
in comparison to the w®DMS run in the three SH latitude  Salt; the link is likely to be linear in austral summer.
bands during the austral summer. The mean total cloud cover b) The sulfate burden over the southern ocean is the net
increases by 3.5% in the northern most belt (30 S—45 S), anéesult of the following processes. The heterogeneous reac-

by approximately 1.7% in the latitudinal belts south of 45 S. tions of SQ on sea salt lead to a decrease of,S@t the
same time, the set of heterogeneous reactions in particular,

3.4 DMS-sea salt interactions the NoOs reactions on wet particles lead to the reduction
of OH (Pozzoli et al. 20083. This in turn results in a de-

Sea salt can also be a contributor to CCN productioncrease in SO, production and subsequent sulfate produc-

(O’'Dowd et al, 1999ab), and here we address DMS-sea salt tion by condensation on existing particles. Using the same

interactions in the context of our model study. model configuration as used in the present stuRlyzzoli
a) Previous studies show that $6an condense upon ex- et al. (20081 on the other hand estimated that the,S®
isting particles, such as sea saliajney and Harvey2002. cloud oxidation is the leading process for sulfate formation

Bates et al(1992 showed that a considerable fraction of non contributing about 57% to the total burden, thereby pointing
sea salt sulfate condenses on sea salt particles when the rdtethe secondary role of heterogeneous reactions on sea salt.
of photochemical HSO, production is low and when there c) Measurements at Cape Grim indicate that DMS may
is an abundance of large sea salt particles. Sea salt aerosabt be the primary factor controlling the CCN numbers in
droplets facilitate the aqueous production of sulfate throughthe marine boundary layer (MBL), however, measurements
the oxidation of SQ by ozone; however, this fraction de- inthe free troposphere (FT) indicate that DMS and DMS de-
pends on the availability of ozone and unactivated sea saltived SQ can play a role in the CCN production in the FT
aerosols@’'Dowd et al, 19978. The reaction of ozone with  which would subsequently be entrained in to the MBly

SO, on sea salt reduces the possibility of DMS derived sul-ers and Caing)2007 Cainey and Harve)2002 Raes 1995

fate to be a source of new CCNdn Glasow and Crutzen Shaw et al.1998. The heterogeneous reactions would most
2004). However, over the southern ocean, sea salt emissionkkely dominate in the clean MBLAyers et al, 1997, Cainey
show very weak seasonal variability compared to biogenicand Harvey 2002 whereas in the FT, SfOconcentrations
emissions that show strong seasonality due to increased brequired to support new particle formation via homogeneous
ological productivity in the austral summevg]lina et al, nucleation Mari et al, 1999 Cainey and Harvey2002 and
2009. This is reflected in Figs. 8 and 9 that show the numberin-cloud oxidation Pozzoli et al. 20080 are much higher
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compared to concentrations in the MBL. Since the changesuch as, sea salt, but is negligible compared to the DMS con-
in cloud microphysical properties discussed in the presentribution to CDNC, particularly, in SH summer.
study mainly occur above the MBL (with cloud liquid wa- 5. Our simulations also reproduce an increased number
ter content peaking around 850 hPa; not shown here), it i©f smaller sized cloud droplets during austral summer and
most likely that CCN at these levels are DMS derived. Theautumn in the 30S-60S latitude band. Vertically integrated
ultrafine sea salt emissions can reach higher levels poteratmospheric water vapour is held constant in the two sim-
tially interacting with DMS derived S but, as mentioned ulations, thus, this is a demonstration of the first aerosol
in Sect. 3.3, such emissions are not included in the modeindirect effect. The maximum decrease in our model de-
version used here. rived droplet radius is 15-18% compared to the 20-25% de-
In view of the issues discussed above, we conclude that therease estimated from MODIS derived estimates published
DMS-sea salt interactions have a relatively minor influencein Meskhidze and Neng2006.
on the results presented here. 6. DMS emissions increase the simulated cloud cover by
about 3.5% in the 30S-45S belt, by around 1.7% in the
45 S—75 S belt during the SH summer months.
4 Conclusions 7. The radiative forcing due to DMS derived sulfate
aerosols reaches a minimum value-cf6 W/n? in the 30S-
In this paper we quantify the DMS derived changes in the7ss |atitude belt in the DJF averages. This is in agreement
cloud microphysical properties. These changes are evalyith Meskhidze and Neng@006) study where strong cool-
uated over the southern oceans (30 S-75 S) where anthrqhg reaching_lSW/n']z in the b|0|og|ca||y producti\/e re-
pogenic effects are minimal. Our main focus is during the gions is found. The global annual mean indirect aerosol ra-
austral summer, when the DMS flux to the atmosphere isgiative forcing due to DMS is-2.03 W/n?.
high. We also present the spatial and seasonal averages for The CLAW hypothesis was postulated as a fundamen-
the rest of the year. To assess this, the state of the arta| climate feedback. However, the research since then has
ECHAM5-HAMMOZ general circulation model that has a helped us understand the complexities in the different pro-
detailed aerosol module coupled to detailed chemistry an¢tesses involved and the difficulties in assessing the strength
cloud microphysics modules is used. Two experiments aref the feedback. Uncertainties still exist in the quantification
carried out: 1. A baseline simulation that includes the oceapf the influence of DMS on climate in a future climate sce-
DMS emissions (CTRL) and 2. A simulation in which the npario. Recent worksYpon and Brimblecomhe2002 Pierce
ocean DMS emissions are turned off M@DMS). The dif-  and Adams2006 Smith 2007 have shown that the sea salt
ference between these two simulations represents the contrierosols play a role in marine CCN production. Further im-

bution from the ocean DMS emissions. _ provements are needeed to include sea salt in a wide range of
The main findings of our simulations are summarized be-size distribution realistically to quantify the role of DMS-sea
low: salt interactions in global climate models. Also, the role of

1. Our simulations show a clear seasonality in the vari-marine organic aerosol in CCN formation needs more inves-
ation in DMS derived aerosol particles over the southerntigation and may be important as indicated by some studies
oceans which mirror the changes in biological activity over (O’Dowd et al, 2004 Gantt et al, 2009 Russell et a].2010).
the year consistent with the earlier studiesByers et al.  Further research is required to quantify the relative roles of
(1996 1998; Ayers and Gillett (2000; Meskhidze and these particles in marine CCN production over the southern
Neneg(20086. oceans.

2. The simulated global annual mean DMS flux to the
atmosphere is 23.3Tg(S)/yr, is in good agreement withAcknowledgementsThis work was supported and funded by the
Boucher et al(2003 study based on similar parameteriza- QUEST—feedback_s project under the UK Natural Environment
tion scheme. Research Council (NERC) QUEST programme. We acknowledge

. . the availability of HOAPS-3 data from the World Data Center for
0,
3. The DMS derived CDNC contributes to ahout 128% Climate at DKRZ, Hamburg, Germany. AD would like to thank

averaged over the 30 S—75 S latitude belt during the SH SUMZ 1 drew Heidinger (NOAA/NESDIS) for providing PATMOS-x
mer months. However, this estimate is overestimated when i,

compared to the CCN burden estimateskmorhonen et al.
(2008. Over the 30 S-75 S latitudinal belt, the CTRL simu- Edited by: L. M. Russell
lation demonstrates seasonality in DMS derived CDNC with
a maximum during austral summer and a minimum during
the winter, whereas the simulated CDNC in the @DMS
experiment do not show this seasonality.
4. The evaluation of the w@DMS simulation in the
northern most latitude belt (30 S—45 S) analyzed in this study
indicates the presence of CDNC derived from other sources
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