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Abstract

The contribution of ocean dimethyl sulfide (DMS) emissions to changes in cloud mi-
crophysical properties is quantified seasonally and globally for present day climate
conditions using an aerosol-chemistry-climate general circulation model, ECHAMS5-
HAMMOZ, coupled to a cloud microphysics scheme. We evaluate DMS aerosol-cloud-
climate linkages over the southern oceans where anthropogenic influence is minimal.
The changes in the number of activated particles, cloud droplet number concentration
(CDNC), cloud droplet effective radius, cloud cover and the radiative forcing are exam-
ined by analyzing two simulations: a baseline simulation with ocean DMS emissions
derived from a prescribed climatology and one in which the ocean DMS emissions are
switched off. Our simulations show that the model realistically simulates the seasonality
in the number of activated particles and CDNC, peaking during Southern Hemisphere
(SH) summer coincident with increased phytoplankton blooms and gradually declining
with a minimum in SH winter. In comparison to a simulation with no DMS, the CDNC
level over the southern oceans is 128% larger in the baseline simulation averaged over
the austral summer months. Our results also show an increased number of smaller
sized cloud droplets during this period. We estimate a maximum decrease of up to
15-18% in the droplet radius and a mean increase in cloud cover by around 2.5%
over the southern oceans during SH summer in the simulation with ocean DMS com-
pared to when the DMS emissions are switched off. The global annual mean top of the
atmosphere DMS aerosol all sky radiative forcing is ~2.03W/m?, whereas, over the
southern oceans during SH summer, the mean DMS aerosol radiative forcing reaches
-9.32W/m?.

1 Introduction

Research on phytoplankton induced dimethyl sulfide (DMS) emissions from the global
oceans and their potential impact on the climate was stimulated by the publication of
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the CLAW hypothesis in 1987 (Charlson et al., 1987). This hypothesis suggested the
linkages between the following processes:

1. In a warmer world enhanced phytoplankton blooms would result in increased
ocean DMS concentrations and an increased flux of DMS to the atmosphere.

2. DMS is oxidized in the atmosphere and forms SO, which nucleates or condenses
on existing particles to form sulfate aerosols.

3. These aerosols have the capability to act as cloud condensation nuclei (CCN)
and an increase or decrease in their concentrations could modulate the planetary
albedo thereby affecting the climate.

However, the exact contribution of the individual processes in this proposed feedback
loop remains poorly characterized and therefore, our focus here is to separately quan-
tify elements of the connecting links in this loop in a present day climate scenario.

A range of observational studies have explored the potential links between ocean
DMS emissions and climate. Field studies investigating the links between DMS emis-
sions and CCN yield mixed conclusions (Hegg et al., 1991; Andreae et al., 1995;
O’Dowd et al., 1997). One reason could be that the time scale of aerosol and CCN
formation from DMS oxidation (several days to weeks) complicates the interpretation
of the field measurements (Korhonen et al., 2008). A clearer relationship of the DMS-
CCN link has been established from two marine measurement stations with long term
CCN records, and from satellite sensors. Observations at Cape Grim, Tasmania (41° S)
show similar seasonal cycles for atmospheric DMS and CCN concentrations; the CCN
concentrations were 2-3 times higher in summer than in winter coinciding with the
phytoplankton blooms in the summer (Ayers and Gras, 1991). Short-term airborne
measurements close to the site indicate that CCN concentrations can be more than an
order of magnitude higher in summer than in JJA (Yum and Hudson, 2004). These lo-
cal observations are consistent with seasonal changes in cloud optical depth observed
by satellite near Cape Grim (Boers et al., 1994). Measurements at the Mace Head
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Irish coastal site (53.19° N, 9.54° W) indicated the highest CCN concentrations during
the biologically productive season when the DMS emissions are expected to be high
(Reade et al., 2006). This site, however, does not have continuous measurements of
atmospheric DMS concentration, hence the DMS-CCN link could not be more clearly
demonstrated over the seasonal cycle. Similar studies carried out over the Pacific
ocean (1982—-1985) also revealed that the area weighted concentrations were higher
in summer than in winter (Bates et al., 1987) and that the changes in atmospheric and
oceanic properties associated with El Nino events do not significantly affect the DMS
sea water concentrations over the equatorial Pacific ocean (15°N-15°S) (Bates and
Quinn, 1997). Studies using remote sensing data have also investigated the relation-
ships between oceanic DMS and CCN. Vallina and Simo (2007) showed that DMS
emissions can contribute to up to 30% of the globally averaged annual CCN column
concentration, but, can be highly variable spatially. Meskhidze and Nenes (2006) us-
ing satellite data reported a good correlation between the chlorophyll-A from SeaWIFS
(Sea-viewing Wide Field-of-view Sensor) and CCN (positively correlated) and cloud
droplet effective radii (negatively correlated) derived from MODIS (Moderate Resolu-
tion Imaging Spectroradiometer) over the 49° S—54° S latitude band. There is still un-
certainty in the dependence of DMS flux on the chlorophyll-A concentration as only
certain species of phytoplankton produce DMS. The study by Leck et al. (1990) re-
vealed that the DMS concentration may be related to the phytoplankton growth under
nitrogen limited conditions.

Modeling studies have also investigated the response of oceanic DMS sea surface
concentration to changes in climate. Kloster et al. (2007) applied the ECHAMS5 atmo-
spheric model coupled to an ocean model and a marine biogeochemistry model in a
transient climate simulation, and analyzed the changes in DMS sea surface concen-
trations induced by changes in climate. However, their study did not evaluate the DMS
derived changes in the cloud microphysical properties. Gunson et al. (2006) evaluated
the DMS-CCN-temperature link by using the Hadley Center coupled ocean atmosphere
model, HADCMS3. Their study quantified changes to cloud cover and cloud albedo
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for varying ocean DMS emissions, and reported global surface temperature changes
of —0.8°K and +1.5°K for scenarios where DMS flux to the atmosphere is doubled
and halved respectively. Korhonen et al. (2008) used an offline global atmospheric
chemistry transport model with size resolved aerosol microphysics (GLOMAP-bin) to
investigate the influence on CCN over the Southern Hemisphere ocean. They found a
moderate contribution of DMS to regional CCN, smaller than that suggested by previ-
ous satellite data analysis. Their study also suggested that the main pathway of DMS
influence on CCN number is nucleation of DMS derived H,SO, in the free troposphere
and subsequent growth by condensation and coagulation. A perturbed DMS patch in
the southern oceans induces high CCN concentrations several thousand kilometers
downwind of the patch due to the time scale (several days) of conversion from DMS
into CCN (Woodhouse et al., 2008). Gondwe et al. (2003), using a global three dimen-
sional chemistry transport model estimated the contribution of sea water DMS to the
mean annual column burden of nssSO,~ (non sea salt sulfate) in the SH as 43%, in
comparison to the NH where it is only 9%. Kloster et al. (2006) also obtained similar
estimates with DMS derived nssSO,~ contributions of 45% in the SH and 18% in the
NH.

The majority of these modeling studies report DMS derived influences as global
mean values. They do not focus on the spatial and temporal variations of the cloud
microphysical properties and climate or were unable to assess these changes in their
model. In this study we use the state of the art aerosol-chemistry-climate general cir-
culation model (GCM), ECHAM5-HAMMOZ to quantify the influence of oceanic DMS
emissions on the individual processes and variables in the DMS-aerosol-cloud-climate
loop proposed by CLAW. This study represents the first such model analysis to in-
vestigate the impact on cloud microphysics and climate using a GCM with coupled
aerosol-chemistry. We evaluate the spatial and temporal distributions of the conver-
sion of the ocean DMS to atmospheric H,SO, concentrations in liquid phase. We also
assess changes in the cloud microphysical properties, for example, changes in the
cloud droplet concentration, cloud droplet radius and cloud cover, induced by changes
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in ocean DMS.

We focus, in particular, over the southern oceans during the SH summer months
when DMS sea water concentrations are high (Kettle and Andreae, 2000; Kettle et al.,
1999). Moreover, this remote marine lower troposphere is an ideal region for studying
DMS-aerosol-cloud-climate interactions as it is a region of abundant low level clouds
and is relatively unaffected by anthropogenic emissions.

2 ECHAM5-HAMMOZ model, experimental set up and simulations

The ECHAM5-HAMMOZ model used in the present study has three main components:
the general circulation model, ECHAMS5 (Roeckner and co authors, 2003), the tropo-
spheric chemistry module, MOZ that is based on the chemical mechanism described
by Horowitz et al. (2003) and the aerosol module, HAM (Hamburg Aerosol Model)
(Stier et al., 2005). The ECHAMS5 model is coupled to a detailed cloud microphysics
module (Lohmann et al., 1999, 2007). A description of the respective modules is given
in Pozzoli et al. (2008a). The chemistry and aerosol modules interact through three
main mechanisms namely, photolytic reactions, sulfur chemistry and heterogeneous
chemistry. The HAM module takes into account the major aerosol compounds: sul-
fate, black carbon, organic carbon, sea salt and mineral dust. The aerosol spectrum
is represented by the combination of seven lognormal modes and these modes are
described by the aerosol number, the number median radius and the standard devia-
tion. Aerosols are categorized by size into nucleation, Aitken, accumulation and coarse
modes. Mineral dust and sea salt emissions are calculated interactively following the
parameterization schemes of Tegen et al. (2002) and Schulz et al. (2004), respectively.
The MOZ chemical scheme is identical to the one used in the MOZART-2 model and
includes 63 tracers and 168 reactions to represent O,-NO,-hydrocarbon chemistry.
The pathway from DMS emissions to the cloud droplet formation in the model is
shown schematically in Fig. 1. The DMS sea water concentrations are prescribed in
the model from the climatology of Kettle and Andreae (2000). The DMS flux to the
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atmosphere is based on the parameterization of Nightingale et al. (2000). The MOZ
component of the model considers two major reaction pathways for the conversion
of atmospheric DMS to SO,: (1) an abstraction pathway following a daytime reaction
with OH and a nighttime reaction with NO5; and (2) an addition pathway that leads to
the formation of 75% SO, and 25% Methyl sulfonic acid (MSA) (Feichter et al., 1996).
The SO, is oxidized to H,SO,, whereas MSA is directly converted to H,SO, in the gas
phase. The H,SO, in the gas phase is passed into the HAM module for the subsequent
conversion to sulfate aerosol. The main processes considered here are: (1) nucleation
of new particles and subsequent growth by coagulation and condensation and (2) con-
densation on all aerosol modes (Stier et al., 2005). The cloud scheme in the model is
based on the modified version by Lohmann and Roeckner (1996). The number of cloud
droplets is parameterized as a function of the total aerosol number concentrations, up-
draft velocity and a shape parameter that takes into account the aerosol composition
and the size distribution. In-cloud oxidation of SO, and resulting sulfate formation is
also considered using the calculated oxidant fields of O; and H,0O,.The heterogeneous
reaction of SO, on sea salt aerosols and mineral dust particles is included in the sulfur
chemistry of the ECHAM5-HAMMOZ model.

Simulations are performed with a spectral resolution of T42 that corresponds to ap-
proximately 2.8x2.8 degrees horizontally, with 31 vertical levels from the surface up to
10 hPa and with a 20-min time step. The model is driven by ECMWF ERA-40 mete-
orological fields (available every 6 h) (Uppala et al., 2005). In this configuration, the
prognostic variables of ECHAMS5 (vorticity, divergence, temperature and surface pres-
sure) are relaxed towards the ERA-40 reanalysis data (Machenhauer and Kirchner,
2000). To evaluate the influence of DMS emissions on aerosol formation, cloud prop-
erties and climate variables, we carry out two 1-year simulations from Dec 1999 to
Dec 2000: (1) the baseline simulation with prescribed DMS sea water concentrations
(CTRL); and (2) a simulation with no ocean DMS (wo_ODMS). Other emissions (an-
thropogenic and wildfire) of SO,, black carbon and organic carbon form the background
aerosol concentrations, and are held fixed in our simulations in addition to the interac-
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tively computed sea salt and dust emissions. An 18-month spin up is conducted for
these simulations. We analyze the differences between these two simulations (CTRL
— wo_ODMS) to identify the influence of ocean DMS on tropospheric aerosols, cloud
properties and climate, focussing in particular on the southern ocean latitudes.

2.1 Model performance

Model evaluation of individual components of ECHAM5-HAMMOZ modules has been
presented in several recent studies. The ECHAM5-HAM model has been comprehen-
sively evaluated by Stier et al. (2005) who found good agreement between simulated
and observed sulfate, black carbon and organic carbon surface concentrations region-
ally. The simulation of global annual mean aerosol optical depth agrees well with the
MODIS satellite retrievals and with the AERONET' measurements. Additionally, the
cloud microphysics scheme in the ECHAM5-HAM model was validated by Lohmann
et al. (1999, 2007) who found that the simulated mean liquid water path, column CDNC
and effective radius agree well with satellite observations and the frequency distribu-
tions of column CDNC over oceans and the variations of cloud optical depth with effec-
tive radius are simulated realistically.

The ECHAM5-MOZ model was also assessed against observations by Rast et al.
(2010), Pozzoli (2007) and Auvray et al. (2007), who noted that several character-
istics of the tropospheric spatial and temporal distribution, such as seasonal cycles
and latitudinal gradients, are captured by the model. The comparison of the ECHAM5-
HAMMOZ model with TRACE-P? aircraft campaign measurements showed that sulfate
aerosol concentrations are generally well described in the north Pacific, but overesti-
mated by a factor of 2 between 10° N and 25° N. This is a region of high aerosol loading,
where sulfate concentrations depend mainly on the continental outflow of SO, and sul-
fate. The region under investigation in our study is a remote region in the high latitude

' AERONET: AErosol RObotic NETwork
2TRACE-P: TRAnNsport and Chemical Evolution over the Pacific
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SH, where the sulfate concentrations are mainly dependent on DMS oxidation. The
Northern Hemisphere sulfate concentration does not influence the values in our study
region.

In general, a good agreement was found between modeled aerosol optical depth
in Southern Hemisphere compared with satellite observations (Stier et al., 2005; Poz-
zoli et al., 2008b). The size distribution, number concentration and optical proper-
ties 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
parameters. Pozzoli et al. (2008b) found that annual mean burdens for the aerosol
species using ECHAM5-HAMMOZ model did not differ significantly from those found
with ECHAM5-HAM by Stier et al. (2005). ECHAM5-HAMMOZ showed some regional
improvements for sulfate, especially in comparison to the EMEP® and IMPROVE* ob-
servations over Europe and US, respectively. The improvements are very likely due
to an improved representation of the OH concentrations in ECHAM5-HAMMOZ which
calculates OH concentrations interactively, in comparison to the climatological values
used in ECHAM5-HAM (Sect. 4 in the supplementary online material of Pozzoli et al.,
2008Db).

2.2 Comparison of ECHAM5-HAMMOZ baseline configuration with previous
studies/satellite observations

The DMS aerosol-cloud-climate simulation analyzed in this study has not been previ-
ously published. We therefore discuss the characteristics of this simulation here and
compare to in-situ and satellite observations. Model variables evaluated include the
simulated DMS flux to the atmosphere (Fig. 2), the tropospheric sulfate distribution
(Fig. 3) and cloud properties namely, droplet radius and number concentrations and
cloud liquid water path (Table 1). These are discussed in more detail below.

SEMEP: European Monitoring and Evaluation Programme
*IMPROVE: Interagency Monitoring of PROtected Visual Environments
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We first consider the simulated global annual mean DMS flux to the atmosphere. The
model estimates a global annual DMS flux of 23.3 Tg(S)/yr based on the gas exchange
parameterization of Nightingale et al. (2000) and the Kettle and Andreae (2000) ocean
DMS climatology. Other DMS flux estimates reported differ depending on the choice
of the DMS sea surface climatology, gas exchange scheme and wind speed data; esti-
mates vary from 16 Tg(S)/yr to 54 Tg(S)/yr (Kettle and Andreae, 2000). Our simulated
global annual mean DMS flux is in close agreement with the findings of Boucher et al.
(2003) who derived a global flux of 24—27 Tg(S)/yr based on the winds from the LMD-
ZT general circulation model and the Nightingale et al. (2000) gas exchange.

Next, we compare the model generated seasonal cycle and magnitude of the ocean
DMS flux to the atmosphere. Figure 2 presents the seasonal (three month averages)
and spatial distribution of the DMS flux to the atmosphere in the baseline CTRL configu-
ration (units of Kg(S)/mz/s). We focus on the southern high latitudes from 30° S to 75° S.
The seasonal cycle of the DMS emissions is distinct peaking in SH summer months
(Dec-Jan-Feb (DJF) 1999/2000) coinciding with the peak in ocean biological activity
and gradually declining with a minimum averaged over June, July and August (JJA)
(Boers et al., 1996, 1998; Ayers and Gillett, 2000). This seasonality is consistent with
the temporal variation in chlorophyll concentrations derived from SeaWIFS (Meskhidze
and Nenes, 2006) satellite data. Peak DMS fluxes exceed 10x107 12 Kg(S)/mZ/s in
localized high latitude regions during austral summer months (DJF 1999/2000) with
a mean value of 4x107'2Kg(S)/m?/s in the latitudinal belt of 30° S-75°S. The mean
winter fluxes are around 0.7x 10~ 2 Kg(S)/m?/s, almost one-eighth the mean summer
fluxes in the southern belt (30° S-75°S).

The global seasonal distribution of the mass mixing ratios of atmospheric H,SO,
at 850 hPa is shown in Fig. 3. Concentrations ranging from 1.5x10" "% to0 as high as
3.0x107'2 are simulated at 850 hPa over the southern most latitude belt (60° S-75° S)
during the SH summer months. The model produces a DJF mean concentration of
0.75x107'? whereas the JJA mean is 0.11x10™'2 at 850 hPa over the 30°S—75°S
latitude belt. The seasonal variation in modelled nssSO,~ in our CTRL simulation is
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comparable to those of Gondwe et al. (2003) who used a 3D global chemistry transport
model, TM3, to evaluate the contribution of ocean DMS emission to the column burden
of nssSO,~. Their study find a 6-8 times increase in the DJF mean nssSO,~ compared
to the JJA mean over the southern belt (30° S—75° S) which is comparable to our value
of ~7.

The H,SO, concentrations at 700 hPa also follow the spatial distribution at 850 hPa
(Fig. A1). The concentrations at 700 hPa in the March-April-May (MAM) seasonal mean
is about half of the DJF seasonal mean. However, the H,SO, 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 interactions over the southern oceans during austral sum-
mer, we compare three important model parameters in this context, namely, CDNC,
cloud droplet (CD) effective radii and cloud liquid water path with satellite data. We use
effective radii and cloud optical depth information from PATMOS-x (AVHRR Pathfinder
Atmospheres — Extended) to calculate adiabatic CDNC (Quaas et al., 2006). Addition-
ally, we use cloud liquid water path from the most recent HOAPS (Hamburg Ocean At-
mosphere Parameters and fluxes from Satellite data) (Andersson et al., 2007) Version-
3 data set. These two data sets are available for the DJF 1999/2000 over the southern
oceans in the latitudinal belt of 30° S—60° S, enabling comparison for the same time
period with our model simulations.

Table 1 shows the comparison of satellite data with model estimates. The CD ef-
fective radii agree closely with satellite data over the southern oceans during aus-
tral summer, where the baseline model simulation estimates a mean droplet radius of
11.39 um, compared to the mean satellite estimate of 11.61 um. This is also consistent
with the comparison reported by Lohmann et al. (1999) for ECHAMS5. The agreement
between simulated and satellite observations is also very good for cloud liquid water
path. However, the model seems to overestimate the CDNC over the 30° S—-60° S lati-
tude belt in summer. In general, these three cloud properties are simulated realistically
by ECHAM5-HAMMOZ for the SH high latitudes.
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3 Results and discussion

We now focus on the impact of ocean DMS on the cloud microphysics. For this, we
analyze the CTRL and wo_ODMS simulations discussed in Sect. 2. Both the simula-
tions are driven by same meteorological fields, so the differences in these runs (CTRL
— wo_ODMS) are primarily due to the differences in the oceanic DMS emissions. The
“simulated differences” are often defined as “anomalies” in this text.

3.1 Spatial and seasonal variations in the cloud microphysical properties

Here, we quantify the changes in the different processes outlined in Fig. 1 arising from
the influence of DMS emissions. Gaseous phase H,SO, is converted to sulfate parti-
cles, which in turn grows to cloud droplet size thereby modifying the cloud microphysi-
cal properties such as cloud droplet effective radii and the cloud cover. This will affect
the atmospheric radiative forcing. The following sections discuss the DMS induced
changes in the number of activated particles, CDNC, cloud droplet (CD) effective radii,
cloud cover and the all sky radiative forcing at the top of the atmosphere in present day
climate state.

3.1.1 Activated particles, CDNC, CD effective radii and total cloud cover

The number of particles available for activation to cloud droplets are termed activated
particles and the change in the number of activated particles at 850 hPa is presented in
Fig. 4. The figures show an increase in the number of activated particles in the CTRL
simulation compared to the wo_ODMS case, especially over the southern belt (30° S—
75°S) in the SH at 850 hPa during DJF 1999/2000 in the CTRL simulation compared to
the wo_ODMS case. The maximum value of the anomalies is 2.7x10° per cubic meter
over the 30° S—75° S latitudinal belt, with a mean value of 1.6x10° per cubic meter dur-
ing the summer months. At 700 hPa, the activated particles are more prevalent in the
45° S—75° S belt (not shown here) with a maximum of up to 1.8x10® per cubic meter. A
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significant contribution of DMS to the activated particles is also seen in MAM months
at 850 hPa and is confined to a narrow belt around 30° S—45° S, but, the amplitude is
half that of the DJF values. The seasonal cycle and spatial distribution of the particles
available for activation follows the DMS emissions cycle and seasonality with a maxi-
mum during the SH summer months, gradually decreasing with a minimum during the
SH winter months.

Figure 5 represents the seasonally averaged DMS related anomalies in CDNC bur-
den for the simulation period. The anomalies show a clear seasonal cycle with four
times higher mean concentrations of the cloud droplets in summer (DJF) than in the
winter (June-July-August). The DMS related changes vary from 4x10'° 1/m? in sum-
mer to 1x10'® 1/m? in winter over the latitude belt 30° S—75° S. The zone of maximum
CDNC anomaly is located in 40° S—75° S latitude belt in DJF and is shifted further north
to 25° S-50° S in MAM months. The seasonal anomalies clearly follow the peak and
variation of the ocean DMS emissions presented in Fig. 2.

Another source of aerosols (in addition to DMS emissions) that may contribute to
the modification of the microphysical properties of clouds over the southern oceans is
sea-salt aerosol. Studies have shown that sea-salt particles are a potential contributor
to cloud condensation nuclei (Latham and Smith, 1990; Latham, 2002; Latham et al.,
2008; Jones et al., 2009). However, as further discussed below, sea-salt derived CD
number concentrations are relatively small in the southern high latitudes suggesting
that DMS is the major contributor to cloud condensation nuclei, particularly, over the
southern oceans during austral summer months.

The influence of ocean DMS emissions on the cloud top cloud droplet effective ra-
dius in microns is shown in Fig. 6. The effective radius is evaluated at the cloud top
to facilitate comparison with the satellite data, that sees only the cloud top. This is
computed from the difference between the two simulations (CTRL — wo_ODMS), and
negative values, shown in blue, correspond to a decrease in the droplet radius with
DMS generated sulfate aerosols in the atmosphere. There is a decrease in the droplet
radius in summer (DJF) in the southern most latitude belt (30° S—75° S) in comparison
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to the other 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 0.73um. MODIS retrieved CD
effective radii estimates show an average of ~14 um outside the phytoplankton bloom
with a sharp decrease (to ~10 um) in the vicinity of the bloom (Meskhidze and Nenes,
2006). 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 of 2°x2°. This impact of DMS
on cloud droplet effective radius is less prominent in the MAM months and is not seen
in the other seasonal averages.

Increased number of small sized cloud droplets means less coalescence efficiency
and hence, less precipitation thereby resulting in increased cloud lifetime (Albrecht,
1989; Ramaswamy et al., 2001; Lohmann and Feichter, 2005). This effect is also
known as the cloud lifetime effect. The seasonally averaged anomalies of the total
fraction covered by clouds is analyzed (Fig. A2). Positive values (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 latitudinal band from 30° S-75° S
in summer (DJF) of up to 6%. This increase in cloud coverage is shifted further north
in the MAM months in consistence with the DMS emissions and the changes in CD
number concentrations. The change in cloud cover is negligible during the rest of the
year over the southern belt in the SH.

3.2 Aerosol radiative forcing at the top of the atmosphere

Aerosol radiative forcing is a perturbation evaluated as a difference between perturbed
and unperturbed values of the radiative fluxes caused by aerosols calculated under the
same meteorological conditions. Here, we evaluate the impact of the DMS induced
changes at the top of the atmosphere (10hPa). The radiative forcing is calculated as
the difference between the net radiative flux at the TOA in the CTRL simulation and
that in the wo_ODMS simulation under the same meteorological conditions. The large
scale meteorology is constrained by nudging the fields to ERA40 reanalysis data, how-
ever, the small scale processes such as the aerosol-cloud feedback mechanisms are
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enabled, thereby not strictly abiding by the definition of radiative forcing mentioned in
IPCC (Forster et al., 2007). The global annual mean DMS related aerosol radiative
forcing at the TOA in our model simulations is estimated as —2.03 W/m?. We are not
aware of other studies evaluating this quantity, however, Gunson et al. (2006) evalu-
ated the aerosol radiative forcing for doubling and halving ocean DMS scenarios as a
difference of the radiative flux perturbation of the two DMS scenarios from their con-
trol simulation which included the present day ocean DMS. They obtained values of
2.0W/m? and 3.0 W/m? respectively.

The seasonal distribution of combined (shortwave+longwave) radiative forcing under
all sky conditions is presented in Fig. 7. During the SH summer months (DJF), the
radiative forcing is significantly lower reaching a minimum value of ~16 W/m? in the
30° S-75° S latitudinal belt coinciding with the increased DMS emissions during these
months. The simulated changes in the TOA radiative forcing are consistent with those
calculated from satellite data presented in Meskhidze and Nenes (2006) where very
strong cooling reaching ~15W/m? is estimated in the biologically active regions in the
southern oceans. The region of strong cooling (maximum negative radiative forcing
belt) is shifted further north to 25° S—50° S latitude belt during SH spring and autumn
where values range from -1 to ~7W/m?. The forcing is less than -1 W/m? in SH
winter.

3.3 Temporal variability in cloud microphysical properties

Here, we quantify the contribution of DMS to the changes in the cloud microphysical
properties over the southern oceans. We consider three Southern Hemisphere latitu-
dinal bands to facilitate comparison with the study by Korhonen et al. (2008): 30° S—
45°S, 45°S—60° S, 60° S-75° S. The DMS derived changes in the number of activated
particles and CDNC burden in these latitudinal bands are presented in Figs. 8 and 9,
respectively.

Figure 8 shows the temporal distribution of the number of activated aerosol particles
at 850 hPa per cubic meter in the three latitude bands. The seasonal variation in the
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CTRL run (black line) that includes the DMS emissions is simulated in consistence
with the ocean DMS seasonal cycle in all the 3 latitude bands with a maximum dur-
ing the SH summer months and a minimum during the SH winter. The magnitude is
two times higher than in the wo_ ODMS simulation (red line), especially over the SH
summer months. This implies that the DMS derived activated particles are significantly
higher in the 45° S-75° S latitude belt during these months of the year compared to
particles derived from other sources. However, there is a slight increase in the number
of activated aerosol particles northward of 45°S in the wo_ODMS run which may be
due to the particles from other sources.

Zonally averaged time series of the simulated CDNC burden for the three latitude
bands are presented in Fig. 9. The black line and the red line show the absolute
values of the cloud droplet concentrations in the CTRL simulation and the wo_ ODMS
simulation respectively. The seasonal variation in the vertically integrated CD number
concentrations is evident south of 45° S in the CTRL simulation (black line). As in the
case of Fig. 8, the CDNC burden in the wo_ODMS run (red line) also does not show a
seasonal variation, but, remains constant at around 0.2x10"" 1/m? in the 30° S—-60°S
and around 0.1x10"" 1/m? beyond 60° S. The amplitude is twice as high in the CTRL
simulation in comparison to the wo_ODMS run during the summer in the 30° S-75° S
latitude belt. The CDNC burden reaches as high as 0.6x10"" 1/m? during the austral
summer months coinciding with the intense biological productivity during this season.

The DMS derived contribution to the CDNC burden in the three latitude belts aver-
aged over the austral summer months is presented in Table 2 as percentage deviations
with respect to the wo_ODMS simulation. Our study shows an increase in the number
of cloud droplets when ocean DMS is included. The mean increase in CDNC burden is
128% in the CTRL simulations when averaged over the DJF months in the 30° S-75° S
latitude belt. The maximum increase is seen in the southern most belt (60° S—-75°S) in
the SH, where the mean CDNC burden increases by 176% with respect to the simula-
tion when the ocean DMS is switched off. More than 100% increase in the CDNCs are
seen in the 45° S-60° S belt and the percentage increase is comparatively lower (89%)
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in the 30° S—45° S belt. We compare our results to the study of Korhonen et al. (2008)
who used an offline global chemistry transport model to evaluate the DMS contribution
to cloud condensation nuclei in a similar experimental set up. Their simulation obtained
a 46% increase in the CCN burden in January in the 30° S—45° S belt which is lower
compared to our results. However, the percentage changes in the latitudinal belt 45° S—
75° S is even smaller (11-18% at 45° S—60° S and 40% at 60° S—75° S) in the study of
Korhonen et al. (2008) compared to our results. They attribute this to the high sea spray
contribution to CCN at these latitudes in their model and also, to the entrainment of the
CCN into the marine boundary layer from the summer time free troposphere from dis-
tant continental sources when the ocean DMS is switched off. Meskhidze and Nenes
(2006) estimated the monthly averaged CDNC outside the bloom and compared them
with that inside the phytoplankton bloom area (48° S—56° S) in the southern oceans and
showed that the cloud droplet number was doubled.

The changes in the CD effective radii in percentage due to the DMS perturbation are
presented in Table 3 for the SH summer months. The percentage differences show
negative values during the SH summer months, meaning smaller droplet size in the
CTRL simulation in comparison to the wo_ ODMS experiment. This may be due to the
fact that in the CTRL simulation, we have more aerosols competing for the available
water vapour that is a constant in both the simulations, thereby resulting in a decrease
in the droplet size compared to when the DMS derived aerosols are not present. The
droplet radius is smaller by up to 7.4% in the southern most belt in the SH and by about
6.5% north of 60° S during DJF 1999/2000. The mean decrease in the droplet radius
is 6% when averaged over the 30° S—75° S latitude belt in austral summer. Analysis of
the satellite data indicates a decrease of 20—25% in the cloud droplet radius inside the
phytoplankton bloom regions in the southern oceans (Meskhidze and Nenes, 2006).
The maximum decrease observed in our simulations over the southern oceans is 15—
18%.

The DMS induced contribution to cloud cover is presented in Table 4. Cloud cover
is greater in the CTRL simulation in comparison to the wo_ ODMS run in the three
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SH latitude bands during the austral summer. The mean total cloud cover increases
by 3.5% in the northern most belt (30° S—45°S), and by approximately 1.7% in the
latitudinal belts south of 45° S.

4 Conclusions

In this paper we quantify the DMS derived changes in the cloud microphysical prop-
erties. These changes are evaluated over the southern oceans (30° S—-75° S) where
anthropogenic effects are minimal. Our main focus is during the austral summer, when
the DMS flux to the atmosphere is high. We also present the spatial and seasonal av-
erages for the rest of the year. To assess this, the state of the art, ECHAM5-HAMMOZ
general circulation model that has a detailed aerosol module coupled to detailed chem-
istry and cloud microphysics modules is used. Two experiments are carried out: (1)
a baseline simulation that includes the ocean DMS emissions (CTRL) and (2) a sim-
ulation in which the ocean DMS emissions are turned off (wo_ODMS). The difference
between these two simulations represents the contribution from the ocean DMS emis-
sions.
The main findings of our simulations are summarized below:

1. Our simulations show a clear seasonality in the variation in DMS derived aerosol
particles over the southern oceans which mirror the changes in biological activity
over the year in consistent with the earlier studies by Boers et al. (1996, 1998);
Ayers and Gillett (2000); Meskhidze and Nenes (2006).

2. The simulated global annual mean DMS flux to the atmosphere is 23.3 Tg(S)/yr,
is in good agreement with Boucher et al. (2003) study based on similar parame-
terization scheme.

3. The DMS derived CDNC contributes to about 128% averaged over the 30° S—
75°S latitude belt during the SH summer months. However, this estimate is
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overestimated when compared to the CCN burden estimates by Korhonen et al.
(2008). Over the 30° S-75° S latitudinal belt, the CTRL simulation demonstrates
seasonality in DMS derived CDNC with a maximum during austral summer and
a minimum during the winter, whereas the simulated CDNC in the wo_ODMS ex-
periment do not show this seasonality.

. The evaluation of the wo_ODMS simulation in the northern most latitude belt

(30° S—45° S) analyzed in this study indicates the presence of CDNC derived from
other sources such as, seasalt, but is negligible compared to the DMS contribution
to CDNC, particularly, in SH summer.

. Our simulations also reproduce an increased number of smaller sized cloud

droplets during austral summer and autumn in the 30° S—60° S latitude band. Ver-
tically integrated atmospheric water vapour is held constant in the two simulations,
thus, this is a demonstration of the first aerosol indirect effect. The maximum de-
crease in our model derived droplet radius is 15-18% compared to the 20-25%
decrease estimated from MODIS derived estimates published in Meskhidze and
Nenes (2006).

. DMS emissions increase the simulated cloud cover by about 3.5% in the 30° S—

45° S belt, by around 1.7% in the 45° S-75° S belt during the SH summer months.

. The radiative forcing due to DMS derived sulfate aerosols reaches a minimum

value of —16 W/m? in the 30°S-75°S latitude belt in the DJF averages. This
is in agreement with Meskhidze and Nenes (2006) study where strong cooling
reaching ~15W/m? in the biologically productive regions is found. The global
annual mean indirect aerosol radiative forcing due to DMS is —2.03 W/m?,
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The CLAW hypothesis was postulated as a fundamental climate feedback. However,

the research since then has helped us understand the complexities in the different

processes involved and the difficulties in assessing the strength of the feedback. Un-

certainties still exist in the quantification of the influence of DMS on climate in a future
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climate scenario. For example, recent works (Yoon and Brimblecombe, 2002; Pierce
and Adams, 2006; Smith, 2007) have shown that the sea salt aerosols play a major role
in marine CCN production, thereby affecting the albedo and lifetime of clouds. Further
research is required to quantify the relative roles of sea salt and DMS in marine CCN
production over the southern oceans.

Appendix A

See Figs. A1 and A2.
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Table 1. Comparison of CD effective radii, CDNC and cloud liquid water path Cloud LWP) aver-
aged over 30S-60S for DJF 1999/2000 from both model simulations and satellite observations.
The HOAPS cloud liquid water path data are available only over ocean, hence, the averages
are taken over ocean only.

Parameters Satellite data Model
CD effective radii (um) 11.61 11.39
CDNC (1/m?) 3.4x10"0  4.4x10"
Cloud LWP (kg/m?) 0.095 0.0925
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Table 2. Percentage mean change (calculated as [(CTRL — wo_ODMS)/wo_ODMS]-100) in
the zonally averaged CDNC burden over the given latitudinal belts for the period December

1999-March 2000.
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Lat. § / Mon. = December January February March
45°S-30°S 70.2 87.8 109.6 97.3
60°S-45°S 119.6 118.9 116.2 73.6
75°S-60°S 214.7 191.2 120.8 65.3
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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.
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Lat. § / Mon. = December January February March
45°S-30°S -5.81 -6.07 -6.41 -5.90
60°S-45°S -6.78 -6.00 -6.15 -5.63
75°S-60°S -7.44 -5.14 -3.78 -1.10
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Table 4. Percentage mean change (calculated as [(CTRL — wo_ODMS)/wo_ODMS]-100) in
the zonally averaged total cloud cover over the given latitudinal belts for the period December
1999-March 2000.

Lat. § / Mon. = December January February March

45°S-30°S 2.70 3.41 4.23 4.20
60° S-45°S 1.88 2.19 1.91 1.50
75°S-60° S 1.55 1.19 1.26 1.04
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Fig. 1. Schematic showing the processes from DMS flux to the atmosphere to the cloud
droplets as represented in the ECHAM5-HAMMOZ model.
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Fig. 2. Seasonal averages of ocean DMS emissions in Kg(S)/m?/s (multiplied by 10'?).
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Fig. 3. Seasonal averages of H,SO, concentrations in mass mixing ratios (MMR) at 850 hPa
(multiplied by 10'2).
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Fig. 4. Seasonal averages of changes in the number of activated particles at 850 hPa (1/m3)
in the CTRL simulation compared to the wo_ODMS simulation (multiplied by 10‘8). Positive
values mean there is an increase in the number of activated particles in the simulation when
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Fig. 5. Seasonal averages of changes in the vertically integrated cloud droplet number concen-
tration (CDNC) (1/m2) in the CTRL simulation compared to the wo_ODMS simulation (multiplied
by 10‘”). Positive values mean there is an increase in CDNCs in the simulation when the DMS
sea water concentrations are present.
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Fig. 6. Seasonal averages of changes in the cloud top cloud droplet effective radii(um) in
the CTRL simulation compared to the wo_ODMS simulation. Negative values mean there is a
decrease in CD radius in the simulation when the DMS sea water concentrations are present.
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Fig. 7. Seasonal averages of total sky aerosol radiative forcing at the TOA (W/m2). Negative
aerosol radiative forcing means there is a net cooling at the TOA.
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Fig. 8. Latitudinally averaged time series (December 1999—-December 2000) of the number of
activated particles at 850 hPa (1/m®) (multiplied by 107®) shown as absolute values in (a) CTRL
simulation denoted by the black line (b) wo_ODMS simulation denoted by the blue line.
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Fig. 9. Latitudinally averaged time series (December 1999-December 2000) of the CDNC
burden (1/m?) (multiplied by 10~'") shown as absolute values in (a) CTRL simulation denoted
by the black line (b) wo_ODMS simulation denoted by the blue line.
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Fig. A1. Seasonal averages of H,SO, concentrations in mass mixing ratios (MMR) at 700 hPa

(multiplied by 10").
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Fig. A2. Seasonal changes in the total cloud cover fraction in the CTRL simulation compared
to the wo_ODMS simulation. Positive values mean there is an increase in cloud cover in the
simulation when the DMS sea water concentrations are present.
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