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Abstract. Natural aerosol emission represents one of the largest uncertainties in our understanding of the climate system.

Sulfur emitted by marine organisms, as dimethyl sulfide (DMS), constitutes one fifth of the global sulfur budget and yet the

distribution, fluxes and fate of DMS remain poorly constrained. In this study we quantify the role of DMS in the chemistry-

climate system and determine the climate’s response to large DMS perturbations. By removing all marine DMS in the Aus-

tralian Community Climate and Earth System Simulator (ACCESS) - United Kingdom Chemistry and Aerosol (UKCA), we5

find a top of atmosphere radiative effect of 1.7 Wm−2. The largest responses to removing marine DMS are in stratiform cloud

decks in the Southern Hemisphere’s eastern ocean basins. These regions show significant differences in low-cloud (-9%), ra-

diation (+7 Wm−2 in short wave incoming surface radiation) and large-scale rainfall (+15%) when all DMS is removed. We

demonstrate a precipitation suppression effect of DMS-derived aerosol in stratiform cloud deck regions, coupled with an in-

crease in low cloud fraction. The increase in low cloud fraction is an example of the aerosol lifetime effect. Other areas of low10

cloud formation, such as the Southern Ocean and stratiform cloud decks in the Northern Hemisphere, have a relatively weak

response to DMS perturbations. Our study highlights the need for further modelling and field studies of natural aerosols and

their impact on cloud and precipitation, in particular in Southern Hemisphere stratiform cloud regions.

1 Introduction

Current understanding of the global climate is underpinned by the concept of the radiation budget; the balance of energy15

entering and leaving the Earth’s atmosphere. Aerosols play an important role in this budget, having direct (McCormick and

Ludwig, 1967) and indirect effects via cloud processes (Twomey, 1974; Albrecht, 1989). Aerosols produce a net cooling effect

at the surface, with the total aerosol effective radiative forcing estimated as -0.9 W m−2 by the most recent Intergovernmental

Panel on Climate Change (IPCC) report, substantially offsetting the effect of well mixed greenhouse gases effective radiative

forcing of 2.8 W m−2 (Myhre et al., 2013). However, large uncertainty in aerosol radiative forcing remains (±0.5 W m−2 in20
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the 2013 IPCC report), and is in fact the largest source of uncertainty to the overall radiation budget for the current climate

(Myhre et al., 2013; Carslaw et al., 2013). Uncertainties due to aerosols affect not only the radiation budget, but also chemical

and meteorological parameters such as ozone concentration and photolysis (Kushta et al., 2014), cloud formation, albedo,

temperature and precipitation (Seinfeld et al., 2016; Rotstayn et al., 2015; Rosenfeld et al., 2014).

Natural aerosol sources account for the largest portion of this uncertainty, explaining up to 45% of the variance of aerosol5

forcing, compared to 34% from anthropogenic aerosol emissions (Carslaw et al., 2013). Second to volcanic activity, DMS

produced by marine organisms makes up approximately 19% of global sulfur emissions, producing a DMS flux (fluxDMS) of

17.6 Tg year−1 (Sheng et al., 2015), though estimates range from 15-32 Tg year−1 (Elliott, 2009; Woodhouse et al., 2010).

DMS concentrations and fluxes remain poorly constrained by observations and in climate models (Hopkins et al., 2016), and

its role in the climate system is subject to debate (Charlson et al., 1987; Quinn and Bates, 2011).10

Charlson, Lovelock, Andreae and Warren (CLAW) proposed a hypothesis by which marine organisms, primarily phyto-

plankton, regulate their environment via the increased production of dimethyl sulfonium propionate (DMSP) when stressed,

for example due to warm sea surface temperatures (SSTs) (Charlson et al., 1987). DMSP is degraded via bacterial processes

to DMS in the ocean (Yoch, 2002), some of which is vented into the atmosphere (Charlson et al., 1987). Once in the atmo-

sphere DMS has a lifetime of 1-2 days (Kloster et al., 2007; Korhonen et al., 2008), and oxidises to form sulfuric acid and15

ultimately contribute to the aerosol burden. This additional source of aerosol can directly or indirectly influence the radiation

budget and potentially cool local SSTs (although this has not been proven in the literature), hence reducing phytoplankton

stress. The DMS-climate system is summarised in Fig. 1. Current understanding of the DMS-climate system implies that no

bio-regulatory feedback exists as proposed by the CLAW hypothesis (Quinn and Bates, 2011; Woodhouse et al., 2013). How-

ever, observations show that seasonal cloud condensation nuclei (CCN) variability cannot be explained without a contribution20

from DMS (Korhonen et al., 2008; Vallina et al., 2006), implying DMS is important for the longer term climate. Complicating

this problem is our poor understanding of the global distribution of DMS, ultimately relying on the collection of observations

collated and interpolated by Lana et al. (2011), which may considerably misrepresent local DMS concentrations such as over

coral reefs (Hopkins et al., 2016) and at the poles (Mungall et al., 2016; Kim et al., 2017).

The relationship of DMS with large-scale climate has been highlighted by numerous global modelling studies. Mahajan25

et al. (2015) (using the Lana et al. (2011) DMS climatology) and Thomas et al. (2010) (using the Kettle et al. (1999) DMS

climatology) found DMS to have a radiative effect of -1.79 W m−2 and -2.03 W m−2 at the top of the atmosphere (TOA)

respectively. Thomas et al. (2011) doubled DMS, finding a TOA radiative effect of -3.42 W m−2. These studies removed

DMS from the climate system in a one year simulation to quantify its importance on climate and noted the largest changes in

radiation and cloud microphysics in the Southern Ocean and southern Pacific and Indian Oceans.30

Other studies have explored the impact of anthropogenic climate change on marine DMS production, often with opposing

conclusions, making it unclear whether marine DMS production would increase or decrease with warming temperatures (for

example Bopp et al., 2004; Gabric et al., 2004; Kloster et al., 2007; Cameron-Smith et al., 2011). More recent laboratory

experiments have confirmed that under anthropogenic climate change, and in particular ocean acidification, marine organisms

produce significantly less DMS (Hopkins et al., 2011). A global modelling study by Six et al. (2013) found DMS emissions35
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were reduced by 17% by the end of the century, primarily due to decreasing ocean pH. Six et al. also explored the resultant

feedback of these changes in DMS on the climate, as outlined by Fig. 1. The reduced DMS flux was found to cause an

additional 0.23-0.48 ◦C of warming by the end of the century (Six et al., 2013). Reduced DMS flux due to ocean acidification

is also found by Schwinger et al. (2017), who found under the Representative Concentration Pathway (RCP) 8.5 to the year

2200, DMS production decreases by 48% assuming a strong sensitivity of DMS production to changes in pH. The authors5

calculated a DMS temperature sensitivity of -0.041 K per Tg year−1 of sulfur.

Conversely, Grandey and Wang (2015) attempted to determine if a significant artificial increase of marine DMS production

(due to, for example, ocean fertilisation) in the oceanic ecosystem could offset future warming trends. Under such a scenario

of drastically increased atmospheric FluxDMS, Grandey and Wang found global temperature increases due to anthropogenic

climate change under RCP 4.5 were partially offset, primarily due to low-mid level cloud feedbacks resulting in a change to10

the radiative effect of -2.0 W m−2. Regional changes in precipitation (both increases and decreases) were also noted, up to as

much as 30%.

The interactions between DMS-derived sulfur, its oxidation products and the atmosphere can be highly non-linear, vary

regionally and have far-reaching impacts on multiple processes in the climate system (Thomas et al., 2011). These interactions

merit further study and may have important implications in addition to the more commonly reported effects of DMS on global15

temperature and radiation, for example its influence on cloud and precipitation.

This study has two aims, the first of which is to assess the suitability of the ACCESS (Australian Community Climate and

Earth System Simulator) -UKCA (United Kingdom Chemistry and Aerosol) model for examining the role of DMS in the

Earth’s climate in terms of low, medium and high cloud cover, outgoing TOA shortwave (SW) and longwave (LW) radiation,

incoming surface SW radiation, and precipitation. Secondly, ACCESS-UKCA is used to test the large-scale sensitivity of the20

climate to prescribed changes in surface water DMS concentrations, DMSw. Two simulations are performed to explore the

chemical, aerosol and meteorological implications of DMSw perturbations. In the first simulation, all DMSw is removed from

the system to determine its current contribution to the climate. In the second experiment, DMSw is significantly increased, and

the results are compared to that of the work by Grandey and Wang (2015).

This paper is organised as follows: Section 2 outlines the methodology used in this study, Section 3 evaluates how well25

ACCESS-UKCA performs with respect to certain satellite products, Section 4 the sensitivity of the ACCESS-UKCA climate

to large perturbations in DMS is analysed and Section 5 provides some discussion and concluding remarks.

2 Methods

2.1 Model description and set-up

2.1.1 ACCESS-UKCA30

The ACCESS-UKCA coupled climate-chemistry model is a platform from which the influences of DMS on the large-scale

climate can be evaluated. The physical atmosphere in the ACCESS model is the United Kingdom Met Office’s Unified Model
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(UM). In this case, UM version 8.4 is used, in conjunction with the UKCA chemistry model (Abraham et al., 2012), which

includes the GLObal Model of Aerosol Processes (GLOMAP)-mode aerosol scheme described in Section 2.1.2.

Horizontal grid resolution is 1.25◦latitude x 1.85◦longitude, with 85 vertical levels, where the model top is located at 85 km.

Anthropogenic emissions are prescribed pre-2000 by the Atmospheric Chemistry and Climate Model Intercomparison Project

(ACCMIP) (Lamarque et al., 2010), and post-2000 by the Representative Concentration Pathway 6.0 (van Vuuren et al., 2011).5

Biomass burning emissions are from the GFED4s database (van der Werf et al., 2017). Emissions of other species required

by ACCESS-UKCA, and their original sources, including biogenic emissions, chemical precursors and primary aerosol, are

described in detail in Woodhouse et al. (2015). DMS emissions are calculated within UKCA, and are described in Section

2.1.3. Monthly mean SST and sea ice coverage are prescribed as per the Atmospheric Model Intercomparison Project (AMIP)

(Taylor et al., 2015). UKCA is coupled to the ACCESS radiation scheme via O3, CH4, N2O and aerosol (direct scattering10

and absorption). Aerosols further influence the large-scale cloud and precipitation schemes via the cloud droplet nuclei (CDN)

concentration, allowing changes in the the chemical/aerosol fields to affect the meteorology.

For this study, ACCESS-UKCA is run for the years 2000-2009, with a one year spin-up, 1999. The simulations are nudged to

ERA-Interim (Dee et al., 2011), using the horizontal wind component and potential temperature, at 6 hourly intervals in the free

troposphere. Whilst performing a nudged simulation limits the ability of the model to respond to the changes in sulfate aerosol,15

a free running simulation would not allow us to separate direct aerosol responses from the subsequent process feedbacks that

may occur. In this theoretical study, we are interested in the direct impacts of sulfate aerosol on the climate, including the

atmospheric composition as well as its effects on radiation, cloud and precipitation.

2.1.2 GLOMAP

The GLOMAP-mode aerosol scheme uses two-moment pseudo-modal aerosol dynamics to simulate aerosol size distributions20

(Mann et al., 2010, 2012). GLOMAP-mode simulates particle compositions with sulfate, sea-salt, elemental and organic car-

bon in internally-mixed modes (Mann et al., 2010). Dust is treated outside of GLOMAP-mode according to the scheme of

Woodward (2001). Processes simulated within GLOMAP-mode include primary emissions, new particle formation, particle

growth by coagulation, condensation and cloud processing and removal by dry deposition, and in-cloud and below-cloud scav-

enging (Mann et al., 2010). New particle formation occurs via two mechanisms in ACCESS-UKCA; free tropospheric binary25

homogeneous nucleation (Kulmala et al., 1998) and organic-mediated boundary layer nucleation (Metzger et al., 2010). The

aerosol size distribution is represented in four soluble modes (corresponding to nucleation, Aitken, accumulation and coarse

size modes) and one insoluble mode (Aitken). A full description of the scheme can be found in Mann et al. (2010).

2.1.3 DMSw climatology and flux parameterization

The number of DMSw observations have increased dramatically over the last three decades (Kettle et al., 1999; Lana et al.,30

2011), although significant gaps, both spatially and temporally, remain. Lana et al. (2011) use observations to derive a gridded

DMSw climatology, used in this study and shown in Fig. 2a. The Lana et al. (2011) climatology shows that high latitude regions
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have the highest DMSw concentrations. Significant sampling biases exist with approximately half of observations collected in

late spring - summer, and more than two thirds of the data in the Northern Hemisphere (Lana et al., 2011).

The fluxDMS from the ocean to the atmosphere remains poorly parameterised, has large variability in space and time and

cannot easily be measured. This subsequently causes large uncertainties in the fluxDMS parameterisation, a summary of which

can be found in Elliott (2009). The Liss and Merlivat (1986) DMSflux parameterisation is used here. In this method, DMSflux5

is given by Eq. 1 where k, the piston velocity, is parameterised under three wind induced sea surface regimes: smooth (Eq. 2)

and rough (Eq. 3) gas transfer, and a wave breaking/bubble-bursting regime (Eq. 4).

DMSflux = k(DMSw −
DMSa

α
) = k(DMSwα−DMSa) (1)

For w10 < 3.6 ms−1:

k = 0.17w10(
SCDMS

600
)

2
3 (2)10

For 3.6 ms−1 < w10 < 13 ms−1:

k = 2.85(w10 − 3.6)(
SCDMS

600
)

1
2 + 0.612(

SCDMS

600
)

2
3 (3)

For w10 > 13 ms−1:

k = 5.9(w10 − 13)(
SCDMS

600
)

1
2 + 26.79(w10 − 3.6)(

SCDMS

600
)

1
2 + 0.612(

SCDMS

600
)

2
3 (4)

15

Where DMSw solubility α = 11.4 at 26 ◦C, w10 = 10 m wind speed (ms−1) and the Schmidt Number of DMS SCDMS, a

measure of viscosity/diffusion and a function of sea surface temperature, determined following the method of Saltzman et al.

(1993). The denominator in this function is the Schmidt Number of CO2 in fresh water at 20 ◦C, SCCO2 = 600, which is used

to normalise the numerator (SCDMS). We assume that the concentration of DMSa is negligible, as it is orders of magnitude

smaller than that of sea-water.20

2.2 Model evaluation

In order to provide a climatological evaluation of ACCESS-UKCA, and to put the sensitivity testing of DMS into a real-world

context, a comparison to observational data sets is presented. Global means at the surface are calculated over the 2000-2009

period, except for the cloud climatologies which were only available from 2006-2009.

The following global data sets were compared to the model output: low, medium and high cloud fractions from the GCM-25

Oriented Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation Cloud Product (CALIPSO-GOCCP) (Chepfer

et al., 2010), radiation fluxes from the Clouds and the Earth’s Radiant Energy System (CERES) -Energy Balanced and Filled

(EBAF) -TOA Edition 4.0 (Loeb et al., 2009) and CERES-EBAF-Surface Edition 4.0 (Kato et al., 2013) and precipitation

from the Tropical Rainfall Measuring Mission (TRMM) (Huffman et al., 2007). Cloud fraction is defined in line with the
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CALIPSO-GOCCP: high between 50-44hPa, medium 440-680 hPa and low 680-1000hPa. Direct comparison of cloud fractions

between model output and satellites cannot take into account satellite measurement biases, which can be resolved using a cloud

satellite simulator such as the Cloud Feedback Model Intercomparison Program (CFMIP) Observation Simulator Package

(COSP). COSP was not available in the version of ACCESS-UKCA used here, limiting the comparison. Nevertheless, a useful

comparison is still possible.5

2.3 DMS sensitivity testing

To explore the sensitivity of the global climate to large perturbations in DMSw concentrations, two experimental simulations

were performed and compared to the control run (Ctl). As described above, the Ctl simulation used the Lana et al. (2011)

DMSw climatology, which is shown in Fig. 2a.

In Experiment 1 (Exp.1), DMSw was set to zero, leaving a flux of 0.72 Tg year−1 of sulfur derived from terrestrial sources10

(for example Jardine et al., 2015). From this we can attribute what role ocean-derived DMS plays in shaping our current climate

and enhance our understanding of how the physical processes underpinning the DMS-climate system operate. This may further

aid our understanding of how natural aerosols interact with the global radiation budget.

In Experiment 2 (Exp.2), the DMSw field was set to each latitude’s (at the model resolution of 1.25◦) monthly zonal max-

imum value, following a similar method to Grandey and Wang (2015), and shown in Fig. 2b. This simulation allows further15

exploration of the physical processes by which DMS can influence the climate, when the perturbations are exaggerated.

Three regions of interest are defined. The Australian region: 45◦S-10◦S, 110◦E-160◦E, the Southern Ocean (SO): ocean

grid points south of 40◦S and the South Eastern Pacfic (SEP) that represents an area of significant stratiform cloud decks:

240◦E-270◦E, 25◦S-0◦

2.4 Global energy budget20

Due to the nudging of the model to ERA-Interim and the prescribed SSTs, a direct estimate of how global temperatures might

respond to DMS perturbations is not possible. For this reason, a simple energy balance model has been used to estimate

the effects of the DMS perturbations on global mean temperatures: the climate component of the Finite Amplitude Impulse

Response (FAIR) model. This model is based on that first proposed by Boucher and Reddy (2008) and subsequently used in

the most recent IPCC for equivalent emission metric calculations (Myhre et al., 2013). FAIR’s climate component is a simple25

impulse response model which emulates the behaviour of more complex Earth System Models. It is ideally suited to estimating

global mean temperature changes resulting from TOA radiative imbalances.

For each experimental run, the radiative effect (RDMS) due to increasing or decreasing DMSw is defined as the difference

between the TOA energy balance (Q*) of an experimental run from the Ctl, which can be taken directly from ACCESS-UKCA.

By providing this radiative effect to FAIR’s climate component, we can estimate the difference in temperature expected across30

the ten year period under zero DMSw or enhanced DMSw conditions, without the need for an ensemble of free-running climate

simulations.
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3 Model evaluation

This section compares selected ACCESS-UKCA fields to satellite-derived observations. In order to give context to this eval-

uation, the ACCESS-UKCA output is also compared to that of the CMIP5 (Coupled Model Intercomparison Project Phase 5)

global climate models (GCMs).

3.1 Cloud fraction5

The cloud fraction comparison is performed for the years 2006-2009, aligning with the availability of CALIPSO-GOCCP

data. ACCESS-UKCA simulates too little low cloud fraction (Fig. 3a-c) over the the majority of the globe (mean bias of

-0.16), which is consistent with findings for the CMIP5 GCMs (Cesana and Chepfer, 2012; Nam et al., 2012; Klein et al.,

2013). Areas of large stratiform cloud decks in eastern ocean basins are significantly underestimated, by a fraction of >0.5,

consistent with other CMIP5 and CFMIP Phase 1 and 2 findings (Bony and Dufresne, 2005; Cesana and Chepfer, 2012; Klein10

et al., 2013). These low level marine clouds have an important impact on the global radiation budget (Leon et al., 2009) and

have been identified as the primary source of uncertainty in tropical cloud-climate feedbacks (e.g. the effects of the cloud

albedo) in GCMs (Bony and Dufresne, 2005). These biases have been attributed to poor vertical distribution of clouds in the

models, difficulty capturing overlapping cloud layers, the misrepresentation of cloud structures, deficiencies with the statistical

parameterisation of clouds and likely problems in the cloud microphysics (Nam et al., 2012). Low clouds over the polar15

regions and some areas of northern Asia and America are slightly overestimated. The ACCESS-UKCA low-cloud biases over

the Arctic are within the range of biases found for the CMIP5 GCMs studied in Cesana and Chepfer (2012). It should be noted

that satellite observations are subject to biases in detecting low clouds, particularly over the Southern Ocean.

ACCESS-UKCA reproduces medium cloud fraction (Fig. 3d-f) reasonably well, within ±0.1 in most regions (global mean

bias of -0.01). The largest discrepancies are overestimated medium cloud fraction over the Southern Ocean and Antarctica,20

where the simulated medium cloud fraction is at its highest globally. The Antarctic bias is of opposite sign to the CMIP5 models

compared in Cesana and Chepfer (2012). Bodas-Salcedo et al. (2014) note that issues within GCMs around distinguishing

between clouds with tops at actual mid level and low level clouds contribute to such biases. The biases in high cloud fractions

(Fig. 3g-i) show similar spatial patterns to that of the low cloud fraction, where an underestimate occurs over most of the tropics

and mid-latitude. The global mean bias is 0.05. The largest negative biases, of up to 0.3 occurs over the Maritime Continent.25

Moderate overestimation is noted over the polar regions. These biases are within the range of those found for the CMIP5

models studied in Cesana and Chepfer (2012).

Interestingly, Nam et al. (2012) noted that due to underestimated low clouds in the tropics, the CMIP5 models over compen-

sated by producing optically thick and too bright low clouds and more high clouds, impacting the radiation budget. Here, an

underestimation of low clouds is also found, although there is no evidence of an over-compensation of high clouds. Predomi-30

nantly a small underestimation of high cloud fraction is found in this simulation at tropical to mid latitudes (Fig. 3i).
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3.2 Radiation

The remaining analyses consider means over the period of 2000-2009. The comparison of the observed and simulated TOA

outgoing LW radiation is shown in Fig. 4a-c. The observed global mean of 239.7 W m−2 is closely matched by the simulated

241.0 W m−2. Compared to the CMIP5 ensemble, which tends to underestimate TOA outgoing LW radiation, 238.6 W m−2

from Stephens et al. (2012) and 238.9 W m−2 from Wang and Su (2013), TOA outgoing LW radiation in ACCESS-UKCA5

is slightly overestimated. The regions with the largest biases (both positive and negative) occur in regions of deep convection

(Fig. 4c), and align well spatially with the biases in high cloud fractions shown in Fig. 3c. Underestimation by -3 W m−2

of TOA outgoing LW radiation occurs over the polar oceans, which may partly be explained by an overestimation of cloud

fraction at all levels, and especially the mid-level clouds (Fig. 3f) in this region.

Spatial biases in the TOA outgoing SW radiation (Fig. 4d-f) are of greater magnitude than that of the LW radiation. In most10

regions the sign of the outgoing SW radiation bias is opposite to that of the LW radiation. The same processes as described

above that block LW radiation from escaping the atmosphere prevent SW radiation reaching the surface, instead reflecting

more sunlight thus enhancing the albedo. Globally, ACCESS-UKCA performs reasonably well, simulating the global mean

TOA outgoing SW radiation of 101.8 W m−2 compared to the observed 99.6 W m−2, consistent with the multi-model mean

of GCM ensembles from previous studies (Stephens et al., 2012; Wang and Su, 2013). In Fig. 4f, an abrupt change in sign15

of TOA outgoing SW radiation at 60◦S is found, which is also present in the CFMIP comparisons (Bodas-Salcedo et al.,

2014). In the Southern Ocean, wrongly assigned mid-level cloud types have been found to be a leading cause of the model

underestimation of TOA outgoing radiation (Bodas-Salcedo et al., 2014). In addition, poor representation of the physical

processes surrounding super-cooled liquid water in the Southern ocean has been found to account for 27-38% of the total

reflected solar radiation (Bodas-Salcedo et al., 2016). Over the Antarctic ice sheets, both TOA outgoing and surface incoming20

SW radiation are overestimated, due to an underestimation of low clouds allowing the high albedo to reflect too much incoming

SW radiation back out to space.

Globally, ACCESS-UKCA overestimates incoming surface SW radiation (Fig. 4g-i), with 202.4 W m−2 compared to ob-

servations of 198.3 W m−2. This overestimation is slightly greater, though within the uncertainty of that found for CMIP5

GCMs of 2±6 W m−2 (Stephens et al., 2012). Nevertheless, large regional biases of over ±30 W m−2 exist. The most notable25

features, apart from those discussed above, are too much incoming SW radiation over the continents and the tropical regions,

which can be attributed in part to the underestimated cloud cover. The northern Pacific and Atlantic Oceans, the Arctic Ocean

and parts of the Southern Ocean all receive too little incoming SW radiation, consistent with overestimated cloud cover.

3.3 Precipitation

Precipitation in ACCESS-UKCA has large positive biases (Fig. 5d-f). Over regions to the north and south of the equator,30

regions that receive the most annual rainfall, ACCESS-UKCA performs with the least skill, overestimating precipitation by

over 2000 mm year−1. Poor performance of GCMs in this region are not unusual however (Stephens et al., 2010), with the

current CMIP5 GCM ensemble overestimating precipitation in a similar region by more than 1000 mm year−1 (Flato et al.,

8
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2013). Stephens et al. (2010) found that models in these regions produce light rain too frequently, indicating that convective

processes are poorly simulated. Two of Australia’s CMIP5 GCMs, ACCESS 1.0 and 1.3, both overestimate precipitation in this

region by similar amounts to that of the ACCESS-UKCA model (Bi et al., 2013). If biases of precipitation are considered as

a percentage (not shown), the largest differences (positive) occur in the eastern basins of the South Pacific and South Atlantic

Oceans.5

4 DMS perturbations

This section aims to quantify the role of DMS in the large-scale climate system. Two experimental simulations have been

performed, described in Section 2.3 and Table 1, which involve the removal of all DMSw (Exp.1) and setting the DMSw to the

zonal maximum (Exp.2).

4.1 Exp.1: Zero DMSw10

4.1.1 Chemistry response

The 2000-2009 annual mean ocean fluxDMS from ACCESS-UKCA is 17.41 Tg year−1 of sulfur, resulting in an atmospheric

DMS (DMSa) annual mean surface concentration of 81.9 ppt. Taking all marine DMS out of the model (but retaining the

terrestrial source of 0.72 Tg year−1 of sulfur) results in a 94% reduction in DMSa at the surface; throughout the troposphere,

it results in a 98% reduction of DMSa.15

The impact of this reduced fluxDMS on atmospheric sulfur can be seen in Fig. 6a-b, d-e. Globally, there is a net decrease of

15% of SO2 at the surface. The largest absolute differences are in the tropics and mid-latitudes. Large relative decreases in SO2

occur in the SO and SEP, 84% and 94% respectively. Fig. 7a shows the vertical profile of SO2 for the Australian region (ref),

the SO (blue) and the SEP (green). The large peak in concentration at approximately 500 m occurring in the Australian profile

is attributable to industrial and energy-related emissions of SO2, representing lofting by chimneys and smokestacks. The SO220

in Exp.1 is consistently lower than that of the Ctl throughout the troposphere, though for the regional means, the difference

begins to decrease closer to the tropopause.

Surface H2SO4 (Fig. 6d-e) shows significant loss in predominantly clean marine areas; the SO has a 79% decrease and

the SEP an 84% decrease, compared to a 49% global mean decrease. Interestingly, heavily polluted regions, especially busy

shipping lanes, undergo an increase in H2SO4. H2SO4 is a precursor gas, which can participate in new particle formation25

forming secondary sulfate aerosol, or it can condense onto pre-existing particles. The increased H2SO4 concentration in

heavily polluted regions results from a decreased condensational sink (not shown). Similar non-linearities have been described

in Thomas et al. (2011).

The vertical profiles of H2SO4 in Fig. 7b, show that the largest differences between the Exp.1 and the Ctl occur in the free

troposphere (between 1-10 km) for all regions. In all three regions (each considered a clean atmospheric environment), net30

decreases of H2SO4 occur.
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4.1.2 Aerosol response

The majority of gaseous H2SO4 is taken up by aerosol formation (99.99%) as opposed to being removed by dry deposition

(0.01%) (Mann et al., 2010). The peak in nucleation mode number density in the free troposphere in Fig. 7c coincides with the

peak concentration of H2SO4. Surface global nucleation mode number concentration decreases by 9% between Exp.1 and the

Ctl (see Fig. 6g-h). Whilst in absolute terms, clean terrestrial regions have the largest decreases, the Australian region only has5

a relative decrease of 18% in nucleation mode particles. Over the oceans, although few nucleation mode particles exist, there

are large relative differences of both signs.

In absolute terms, the differences in the aerosol number concentration are greatest in the smaller aerosol modes, particularly

the nucleation mode described above. Fig. 7d-f show the number concentrations for the Aitken mode, accumulation mode,

and coarse mode (global maps not shown). The Aitken mode (Fig. 7d) shows some differences between the two simulations,10

with profiles reflecting reduced new particle formation in the free troposphere and reduced condensation-growth of H2SO4

onto pre-existing particles in the boundary layer. The largest differences are seen over the Australian region. Similar boundary

layer differences are also present in the accumulation mode, with the differences between the Exp.1 and Ctl consistent below

1 km (Fig. 7e). Little difference is seen in the coarse mode throughout the troposphere (Fig. 7f), which in marine regions is

dominated by sea salt.15

As aerosols grow towards the larger end of the Aitken mode, they become relevant to cloud processes. Fig. 8a shows the

Ctl’s N3 (condensation) number concentration (N3 signifies particles with a dry diameter greater than 3 nm). The difference in

surface N3 number concentration between the Ctl and Exp.1 shows the largest relative decreases occur in clean, coastal regions,

predominantly in the Southern Hemisphere, as well as some regions of the SO. In heavily polluted terrestrial regions a small

increase in the N3 number concentration occurs. A decrease of 8% is found globally. For the Australian region (representative20

of a clean, terrestrial region), a decrease of 17% is found. The largest absolute differences are in clean terrestrial regions. Over

the SO a relative decrease of 39% occurs at the surface. The SO and the SEP have far fewer aerosols in all modes except the

coarse mode (see Fig. 7c-f), where sea salt dominates. This decrease in number concentration in small aerosol modes represents

a large portion of the aerosol loading in the region. The increase in nucleation mode particles is reflected in the N3 for the SEP

region, via a more moderate decrease of 20%.25

Fig. 8d-e show the number concentration of cloud condensation nuclei with dry diameters greater than 70 nm (CCN70) for

the Ctl and the differences resulting from Exp.1. The largest absolute differences are in the tropics, which, similarly to the N3,

have the highest concentration. Relatively, there is a global decrease of 5%, whilst over the Australian region a 7% decrease,

the SO an 8% decrease and the SEP a 20% decrease. Differences in cloud droplet number (CDN) are shown in Fig. 8g-h. The

relative differences in CDN (Exp.1-Ctl) show a similar spatial pattern to that of the CCN. Global mean CDN decreases by 5%,30

whilst a decrease of 5% is also found for the Australian region, 8% for the SO and 18% for the SEP. In both the CCN70 and

CDN, the marine Southern Hemisphere mid latitudes have the largest decreases of 14% (averaged between 5-35◦S) despite the

SO having some of the larger decreases in SO2 and H2SO4.
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The larger differences in concentration of both CCN and CDN in the oceanic Southern Hemisphere tropics-mid latitudes,

compared to the SO, warrant further investigation of how sulfate aerosols are interacting with their background environments,

for example cloud processes and pre-existing aerosols. The SO has large concentrations of sea salt particles, which like more

polluted regions of the Northern Hemisphere, may provide a buffering effect to reduced DMS-derived aerosols. Additionally, in

areas of persistent low cloud formation, in-cloud aqueous sulfate oxidation is the dominant reaction (over gaseous nucleation),5

which allows almost instantaneous condensational growth of existing aerosols, and is temperature dependent. We speculate

that poor representation of low clouds in the SO may be having further impacts on atmospheric composition modelling than

currently realised. A cloud resolving modelling study may be better suited to gain understanding of the complex system

described here.

Following the method of Woodhouse et al. (2010, 2013), global and hemispheric sensitivities of CCN to fluxDMS have10

been calculated (Table 2). The results presented here a suggest lower CCN sensitivity to fluxDMS compared to the Woodhouse

et al. (2013) study where absolute sensitivities of 94 and 63 cm−3/mg m−2 day−1 of sulfur were found globally for June and

December respectively. Similar CCN sensitivities are reported in the Woodhouse et al. (2010) study. The lower sensitivities

in our study are likely the result of the large (near 100%) changes in fluxDMS (the denominator). Relative CCN sensitivities

calculated here compare well with the Woodhouse et al. (2010) and Woodhouse et al. (2015) studies. For example Woodhouse15

et al. (2010) finds mean hemispheric relative CCN sensitivities of 0.02 for the Northern Hemisphere and 0.07 for the Southern

Hemisphere. These results highlight the greater relative importance of DMS in the Southern Hemisphere.

4.1.3 Meteorological response

Meteorological responses to the DMS perturbations must be considered carefully. As detailed in the methods section, the

ACCESS-UKCA simulations are nudged to ERA-Interim potential temperature and horizontal winds, preserving synoptic scale20

meteorology and limiting any feedbacks. Whilst performing a non-nudged simulation would allow the meteorology to respond

to changes in the chemistry and aerosol more freely, it would make comparison of the aerosol and meteorological responses

more difficult. Within ACCESS-UKCA, GLOMAP-mode is directly coupled to the large-scale cloud and precipitation schemes

via the CDN (Abraham et al., 2012), as well as the radiation scheme via aerosols and some (see Section 2.1.1). Convective

rainfall and cloud formation are not directly coupled to the aerosol scheme, but can be indirectly influenced via changes in25

radiation (which can act on temperature, moisture, etc).

Differences in low cloud fraction occur predominantly in areas with large stratiform cloud decks (Fig. 9a), in the eastern

basins of the Southern Hemisphere’s oceans and slightly removed from the coastline. The SEP region shows an annual mean

decrease in low cloud fraction of 9%. In the Northern Hemisphere (including the north eastern Pacific where significant strat-

iform cloud decks are found) and the SO (where persistent low cloud formation occurs) only small differences are evident,30

which may in part be due to the modest differences in CCN and CDN concentrations discussed in Section 4.1.2. Stratiform

cloud deck fractions are consistently underestimated by ACCESS-UKCA and other GCMs (see Section 3 in comparison to

other areas of significant low cloud formation such as the SO. The mechanism behind the different responses (between the SO

and cloud deck regions), and whether the long standing model biases exacerbate this requires further investigation.
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The decrease in low cloud fraction and aerosol number concentration discussed above lead to an increase in surface incoming

SW radiation (Fig. 9c). This increase in surface SW radiation is highest in the regions of stratiform cloud deck formation. In

the SEP region there is a mean increase of 7 W m−2.

Decreases of total liquid water (Qcl) at 1700 m height shown in Fig. 10a-b) are found in the stratiform cloud deck regions.

Little difference in Qcl occurs at the surface. The decrease in Qcl is coincident with increases in large-scale precipitation in5

the stratiform cloud decks, regions with very little precipitation (Fig. 10d-e). In the SEP region large-scale rainfall increases by

17 mm year−1 (15%) over the Ctl mean of 111 mm year−1.

In the southern hemisphere stratiform cloud decks, and in particular the SEP region, the model demonstrates a distinct cloud

lifetime effect in response to removing DMS in Exp.1. Decreased CDN concentration and the associated increase in cloud

droplet size and increased liquid water lead to increased autoconversion and large scale rainfall. The overall impact is to reduce10

low cloud fraction.

Figure 10g-h shows the differences in convective rainfall. Whilst the convective rainfall scheme is not coupled directly

to GLOMAP-mode, there are differences between the simulations. Convective rainfall decreases in Exp.1 compared to Ctl

along the Intertropical Convergence Zone (ITCZ) (a mean difference of 11 mm year−1 between 20◦S-20◦N). This difference

represents a small fraction (less than 1%) of the total convective rainfall. Relatively, (not shown) the largest differences (a 5%15

decrease in the SEP) are found once again in eastern basins of Southern Hemisphere stratiform cloud decks.

Seifert and Beheng (2006) note that even when convection schemes are coupled to an aerosol scheme, the effects of CCN

on convection, and the resultant precipitation and associated maximum updrafts, differs significantly depending on the cell

type and size, making these effects difficult to quantify. Large differences in convective rainfall would not be expected in these

results, due to the meteorological nudging used in the experiments.20

4.2 Exp.2: Zonally increased DMSw

This section considers the response to zonally enhanced DMSw, resulting in a fluxDMS of 37.05 Tg year−1 of sulfur (relative to

17.4 Tg year−1 of sulfur in the Ctl simulation). For comparison the Grandey and Wang (2015) study used a zonally enhanced

fluxDMS of 46.1 Tg year−1 of sulfur (up from 18.2 Tg year−1 of sulfur), under global warming scenarios. Many of the

differences resulting from zonally enhancing DMSw show similar spatial patterns, with similar magnitude, but reversed sign,25

compared to Exp.1.

Globally, the differences in SO2 (Fig. 6c) are of comparable magnitude to Exp.1. Increased SO2 concentrations occur over

the Australian region, the SO and the SEP: 42%, 172%, 89% respectively. There is a net decrease in H2SO4 of 14% in Australia,

and a larger decrease over the tropical oceans. Over the SO there is an increase of 9%, whilst in the SEP a decrease of 37%.

Similar non-linearities are discussed in terms of doubled DMS in the Thomas et al. (2011) study. These differences in SO2 and30

H2SO4 are also clear in the vertical profiles shown in Fig. 7a-b.

Differences in the aerosol modes (see Fig. 7c-f) are of similar magnitude but opposite sign to those noted in Section 4.1.2.

Global mean N3, CCN70 and CDN increases by 6%, 4% and 5% (Fig. 8c,f,i). Larger differences are seen over the SO of 27%,

15% and 13% and SEP of 14%, 19% and 17% for N3, CCN70 and CDN respectively.
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Globally, there is little difference in low cloud fraction orQcl, though increases are noted in regions of large stratiform cloud

decks (Fig. 9d), showing similar spatial patterns to that of Exp.1. Surface incoming SW radiation has a global mean decrease

of -1.75 W m−2. This decrease is comparable to the Grandey and Wang (2015) finding of -2.2 W m−2 (noting the larger

DMS perturbation by Grandey and Wang (2015)). Lastly, decreases in large-scale precipitation are found, again in regions of

stratiform cloud decks (Fig. 10f), whilst general increases in convective precipitation over the tropical oceans occur (Fig. 10i).5

The Grandey and Wang (2015) study, analysed under a warming climate, also found large relative decreases in precipitation

rate predominantly in eastern ocean basins. We find, under the current climate, the largest relative increase in total precipitation

(not shown) in the south east basins of the Pacific and Atlantic ocean, however these results presented are much nosier than

the Grandey and Wang (2015) results. Whilst Grandey and Wang (2015) find that artificial enhancement of DMS may offset

global warming, which is supported by this study as implied by the decreases in incoming SW radiation at the surface, the10

precipitation responses warrant further study.

4.3 Temperature response

The global 2000-2009 mean of the TOA radiation budget (Q*), and its main components are provided in Table 3. Due to the

nudging used in the simulations, we do not expect the TOA Q* to be balanced (i.e. Q* = 0). The differences in Q* seen in

Exp.1 and Exp.2, 1.69 and -1.48 W m−2 respectively, show a substantial radiative effect of DMS on the energy budget. The15

Q* response found for Exp.1 is consistent with the Mahajan et al. (2015) findings of 1.79 W m−2. Using the FAIR model’s

climate component, the 2000-2009 mean temperature response is calculated to be 0.45 ◦K for Exp.1 and -0.38 ◦K for Exp.2.

Although other studies generally consider DMS changes under global warming, we can make comparison via the sensitivity

of the estimated global temperature response to changes in the fluxDMS (see Table 4). In this study, we find a response of

0.027 K per Tg year−1 of sulfur in Exp.1, and 0.019 K per Tg year−1 of sulfur in Exp.2. These results are of similar magnitude20

to the Grandey and Wang (2015) study, and in the range of the lowest impact scenario of Six et al. (2013). The other scenarios

in the Six et al. (2013) study suggest much higher temperature sensitivities to changes in fluxDMS, as does the Schwinger et al.

(2017) study.

5 Discussion and Conclusions

We have used a global climate model, ACCESS-UKCA, which includes a detailed microphysical aerosol module, to conduct25

sensitivity experiments to determine the role of DMS on several aspects of the climate system.

Evaluation using satellite-derived observations shows ACCESS-UKCA is comparable to other GCMs in the assessed clima-

tological fields. Low, medium and high cloud fractions, compared to the CALIPSO-GOCCP satellite climatology show similar

biases to that of the CMIP5 ensemble (Bony and Dufresne, 2005; Cesana and Chepfer, 2012; Nam et al., 2012; Klein et al.,

2013), as do the the radiation fields (Stephens et al., 2012; Wang and Su, 2013). Of particular interest to this study is the30

model underestimation of large stratiform cloud decks located in the eastern mid-latitude basins of the Earth’s oceans. These

regions of extensive low cloud produce little rainfall (that is overestimated by the model) and are often regions of high primary
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productivity. These biases have not been attributed to a single cause (rather a multitude of theories, as discussed in Section

3.1), indicating a gap in understanding of atmospheric processes in these regions (Nam et al., 2012).

The use of nudging does not allow aerosol and cloud responses to perturbed DMS to affect synoptic scale meteorology,

hence the results here represent instantaneous responses in the climate system. Nudging was deemed desirable for this study

to limit computational expense, allowing single runs of 10 years, rather than ensemble runs of greater duration. Other con-5

siderations include the inherent uncertainties associated with all climate simulations, including emissions uncertainties (both

natural and anthropogenic), and parameterizations and physical representation of atmospheric processes. Nevertheless, where

clear shortcomings have been found in comparison to the satellite-derived observations, the ACCESS-UKCA model has been

found to perform with comparable skill to current CMIP5 GCMs. Additionally, it is important to note biases in the satellite

products themselves, for example in cloud fraction retrievals as noted in Mace and Zhang (2014) or Protat et al. (2014).10

Removing marine DMSw from the climate system leads to significant responses in chemistry and aerosol concentrations.

The differences are largest in SO2 and H2SO4, with differences becoming smaller through the latter stages of the DMS-

aerosol-cloud system (Figure 1). Areas of stratiform cloud decks are particularly sensitive to DMS emissions. On average

globally, marine DMS contributes up to 16% of SO2, and 48% of H2SO4. The Australian region, considered a clean, terres-

trial environment, undergoes greater decreases in these fields than the global mean, whilst the SO and the SEP clean marine15

environments experience even larger decreases. Marine DMS removal results in an 8% decrease of the N3 number density and

a 5% decrease of CCN and CDN globally. In less pristine environments, close to coastlines and in the Northern Hemisphere, a

weak response is found in N3, CCN and CDN. Similarly, a weak response is also found in the SO where sea salt makes a large

contribution to aerosol.

Changes in meteorological parameters (low cloud fraction, large-scale precipitation, moisture) are largest in regions where20

large stratiform cloud decks occur, generally in the Southern Hemisphere. In the SEP region we find a decrease of 9% in

low cloud formation and a 15% increase in large scale rainfall when DMS is removed. These stratiform cloud decks are

regions where considerable model bias exists in low cloud fraction and precipitation. Global mean differences were small,

implying a higher sensitivity of these stratiform regions to changes in DMS. We find that DMS in these stratiform regions

plays an important role in cloud processes and precipitation suppression (as discussed in Thomas et al. (2011) or with regards25

to anthropogenic pollution in Ackerman et al. (2004)). In other regions of significant low cloud formation, aerosol sources such

as sea salt and anthropogenic aerosols may buffer the regions from changes in DMS-derived aerosols.

Significant differences in the global radiation budget result from removing marine DMSw and the subsequent decrease in

sulfate aerosol and low cloud fractions. As a result of the decreases in low cloud fraction in the SEP region, there is an increase

of 7 Wm−2 in incoming surface SW radiation. We find removal of DMSw leads to a global increase in the TOA radiation of30

1.69 Wm−2, resulting in an increase in global temperature of approximately 0.45 ◦ K.

Previous studies examining the role of DMS in the climate system have not identified stratiform cloud decks as regions of

particular importance, rather highlighting the SO Thomas et al. (2010); Mahajan et al. (2015). Mahajan et al. (2015) estimated

the TOA radiative effect of DMS to be 1.79 Wm−2, which is consistent with our results (1.69 Wm−2), but slightly lower than

the of 2.03 Wm−2 estimated by Thomas et al. (2010) (who used the previous Kettle et al. (1999) DMSw climatology).35
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In addition to impacts on radiation budget and temperature, as previously reported in the literature, we are able to quantify

the role of DMS in suppressing large-scale precipitation in stratiform cloud deck regions. For example in the SEP region we

find an increase in large-scale rainfall of 15% when DMSw is removed. Furthermore we have demonstrated that marine DMSw

is directly responsible for increasing low cloud fraction in stratiform cloud deck regions, a demonstration of the second aerosol

indirect (or lifetime) effect (Albrecht (1989)).5

The zonally enhanced DMSw simulation responds in almost the opposite manner, with the same regions of the globe showing

differences of similar magnitude but opposite sign. The Grandey and Wang (2015) study, with a fluxDMS of 44.1 Tg year−1 of

sulfur estimated a TOA radiative effect of up to -1.28 Wm−2 in low-medium cloud regions for the year 2000, and -1.49 Wm−2

by 2080. Our study, with a fluxDMS of 37.0 Tg year−1 of sulfur, finds a global mean radiative effect of -1.48 Wm−2 (2000-

2009 mean). Areas of stratiform cloud decks show differences of up to -5 Wm−2 of incoming SW radiation. In this study, the10

estimated global mean temperature change with increased DMSw is -0.38 ◦ C (2000-2009 mean). The changes in the aerosol

and chemistry noted here imply that significant enhancements of DMS may have greater implications for some regions than

previously identified in the Grandey and Wang (2015) study.

The estimated temperature responses per unit change in DMS-derived sulfur flux are lower than those reported in the Six

et al. (2013) and Schwinger et al. (2017) studies by approximately a factor of two. The temperature response sensitivities15

calculated here are comparable to those given in Grandey and Wang (2015). The cause of the discrepancy between the results

presented here and those in Six et al. (2013) and Schwinger et al. (2017) is difficult to speculate upon without further informa-

tion. However, the discrepancy between these results suggest the need for better observational constraints, and highlights the

complexity of the DMS-aerosol-cloud system.

Natural aerosols account for a significant source of uncertainty in climate modelling and radiation budgets (Carslaw et al.,20

2013). Our study uses the Lana et al. (2011) DMSw climatology with the Liss and Merlivat (1986) flux parameterization.

Whilst this dataset and method are commonplace for DMS-climate studies, both are limited by sparse observations and biases.

For example: recent studies have indicated that coral reefs are an as of yet unaccounted for source of marine DMS (Hopkins

et al., 2016; Swan et al., 2017; Jones et al., 2017). Furthermore, larger concentrations and/or fluxes of DMS than what we

currently consider have also been found at the poles, especially around sea ice and polynyas (Nomura et al., 2011; Jarnikova25

and Tortell, 2016; Mungall et al., 2016; Kim et al., 2017).

Observational deficiencies become particularly relevant when considering stratiform cloud deck regions. In the Lana et al.

(2011) dataset, the SEP region contains only two ship campaigns collecting measurements in January and February. The cloud

deck in the Southern Hemisphere eastern basin of the Indian Ocean has no DMSw observations. The higher susceptibility

of cloud and precipitation to changes in DMS in these regions suggest that they should be a priority for future atmospheric30

composition observation campaigns. Providing further motivation for study in these areas, Six et al. (2013); Schwinger et al.

(2017) predict an increase in fluxDMS in these stratiform cloud regions (despite a global mean decrease) due to climate change

by the end of the 21st century.

Global perturbations of DMSw in this study indicate that significant changes in meteorology are restricted to key marine

boundary layer cloud regions despite global responses in chemistry and aerosol fields. This suggests that whilst inclusion of35
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updated DMSw concentrations may have an impact on regional chemistry and aerosol fields, the impact on regional climate

may be small, and in terms of global climate, insignificant. This hypothesis will be tested in future studies. For example, a

follow-up to this study will examine the role of coral reef-derived DMS in regional and global climate.

To place the conclusions of this study into a broader perspective, we must consider the DMS-climate system within the

context of anthropogenic climate change. Hopkins et al. (2011); Six et al. (2013) and Schwinger et al. (2017) have demonstrated5

that marine phytoplankton is vulnerable to ocean acidification, amongst other oceanic changes expected with global warming,

for example impacts on nutrient availability, salinity, mixed layer depths, and light penetration (Kloster et al., 2007). Whilst

both the Six et al. (2013) and Schwinger et al. (2017) temperature responses are much larger than found here, our results

imply a 25% decrease in fluxDMS would result in an increase of 0.1 ◦ C globally. Considering the current Paris Agreement

target of limiting global warming to 1.5-2.0 ◦ K, the sensitivity of ocean-derived sulfate aerosol to warming temperatures10

and ocean acidification becomes important. Strategies to mitigate anthropogenic climate change must consider not only the

effect of increased CO2 on temperatures, but also on ocean pH. Mitigating only temperature increases, e.g. via solar radiation

management, may have a short term cooling effects, however without removing CO2 from the atmosphere, ocean acidification

will continue to impact on marine life, and as demonstrated here, the climate.

Author contributions. SF completed the ACCESS-UKCA simulations, analysis and the initial draft of this manuscript. MW developed the15

initial model setup and provided advice as to the specific setup requirements of this study. MW helped guide the analysis and contributed

significantly to the revisions of this manuscript. ZN provided the FAIR analysis in this manuscript and contributed to the revisions of this

manuscript. RS and TL provided advice and guidance on the direction of this study and contributed to the revisions of this manuscript.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. SLF would like to thank P. J. Rayner and his research group for their helpful discussions. SLF, RS, TPL are supported20

by the Australian Research Council (ARC) Centre of Excellence for Climate System Science (CE110001028). ZN is supported by the

Australian Research Council (ARC) Centre of Excellence for Climate Extremes (CE170100023). SLF, RS, were supported by the ARC

Discovery Project: Great Barrier Reef as a significant source of climatically relevant aerosol particles (DP150101649). MTW is supported

by the Earth System and Climate Change Hub of the Australian Government’s National Environmental Science Programme (NESP). This

research was undertaken with the assistance of resources and services from the National Computational Infrastructure (Project q90), which is25

supported by the Australian Government. SF and ZN are supported by the Australian Government Research Training Program Scholarship.

16

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1141
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 22 December 2017
c© Author(s) 2017. CC BY 4.0 License.



References

Abraham, N. L., Archibald, A. T., Bellouin, N., Boucher, O., Braesicke, P., Bushell, A., Carslaw, K., Collins, B., Dalvi, M., Emmerson,

K., Folberth, G., Haywood, J., Johnson, C., Kipling, Z., Macintyre, H., Mann, G., Telford, P., Merikanto, J., Morgenstern, O., Connor,

F. O., Ord, C., Osprey, S., Pringle, K., Pyle, J., Rae, J., Reddington, C., Savage, N., Spracklen, D., Stier, P., and West, R.: Unified Model

Documentation Paper No. 84: United Kingdom Chemistry and Aerosol (UKCA) Technical Description MetUM Version 8.4, Tech. rep.,5

UK Met Office, 2012.

Ackerman, A. S., Kirkpatrick, M. P., Stevens, D. E., and Toon, O. B.: The impact of humidity above stratiform clouds on indirect aerosol

climate forcing., Nature, 432, 1014–1017, https://doi.org/10.1038/nature03137.1., 2004.

Albrecht, B. A.: Aerosols, cloud microphysics, and fractional cloudiness., Science, 245, 1227–1230,

https://doi.org/10.1126/science.245.4923.1227, 1989.10

Bi, D., Dix, M., Marsland, S. J., O’Farrell, S., Rashid, H. A., Uotila, P., Hirst, A. C., Kowalczyk, E., Golebiewski, M., Sullivan, A., Yan, H.,

Hannah, N., Franklin, C., Sun, Z., Vohralik, P., Watterson, I., Zhou, X., Fiedler, R., Collier, M., Ma, Y., Noonan, J., Stevens, L., Uhe, P.,

Zhu, H., Griffies, S. M., Hill, R., Harris, C., and Puri, K.: The ACCESS coupled model: description, control climate and evaluation, Aust.

Met. Oceanogr. J., 63, 41–64, 2013.

Bodas-Salcedo, A., Williams, K. D., Ringer, M. A., Beau, I., Cole, J. N. S., Dufresne, J. L., Koshiro, T., Stevens, B., Wang, Z., and Yokohata,15

T.: Origins of the solar radiation biases over the Southern Ocean in CFMIP2 models, J. Climate, 27, 41–56, https://doi.org/10.1175/JCLI-

D-13-00169.1, 2014.

Bodas-Salcedo, A., Hill, P. G., Furtado, K., Williams, K. D., Field, P. R., Manners, J. C., Hyder, P., and Kato, S.: Large contribution of

supercooled liquid clouds to the solar radiation budget of the Southern Ocean, J. Climate, 29, 4213–4228, https://doi.org/10.1175/JCLI-

D-15-0564.1, 2016.20

Bony, S. and Dufresne, J. L.: Marine boundary layer clouds at the heart of tropical cloud feedback uncertainties in climate models, Geophys.

Res. Lett., 32, 1–4, https://doi.org/10.1029/2005GL023851, 2005.

Bopp, L., Boucher, O., Aumont, O., Belviso, S., Dufresne, J.-L., Pham, M., and Monfray, P.: Will marine dimethylsulfide emissions amplify

or alleviate global warming? A model study, Can. J. Fish. Aquat. Sci., 61, 826–835, https://doi.org/10.1139/f04-045, 2004.

Boucher, O. and Reddy, M. S.: Climate trade-off between black carbon and carbon dioxide emissions, Energ. Policy, 36, 193–200,25

https://doi.org/10.1016/j.enpol.2007.08.039, 2008.

Cameron-Smith, P., Elliott, S., Maltrud, M., Erickson, D., and Wingenter, O.: Changes in dimethyl sulfide oceanic distribution due to climate

change, Geophys. Res. Lett., 38, 1–5, https://doi.org/10.1029/2011GL047069, 2011.

Carslaw, K. S., Lee, L. A., Reddington, C. L., Pringle, K. J., Rap, A., Forster, P. M., Mann, G. W., Spracklen, D. V., Woodhouse,

M. T., Regayre, L. a., and Pierce, J. R.: Large contribution of natural aerosols to uncertainty in indirect forcing., Nature, 503, 67–71,30

https://doi.org/10.1038/nature12674, http://www.ncbi.nlm.nih.gov/pubmed/24201280, 2013.

Cesana, G. and Chepfer, H.: How well do climate models simulate cloud vertical structure? A comparison between CALIPSO-GOCCP

satellite observations and CMIP5 models, Geophys. Res. Lett., 39, 1–6, https://doi.org/10.1029/2012GL053153, 2012.

Charlson, R. J., Lovelock, J. E., Andreae, M. O., and Warren, S. G.: Oceanic phytoplankton, atmospheric sulphur, cloud albedo and climate,

Nature, 326, 655–661, https://doi.org/10.1038/326655a0, 1987.35

Chepfer, H., Bony, S., Winker, D., Cesana, G., Dufresne, J. L., Minnis, P., Stubenrauch, C. J., and Zeng, S.: The GCM-oriented CALIPSO

cloud product (CALIPSO-GOCCP), J. Geophys. Res-Atmos, 115, 1–13, https://doi.org/10.1029/2009JD012251, 2010.

17

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1141
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 22 December 2017
c© Author(s) 2017. CC BY 4.0 License.



Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G., Bauer, P.,

Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer, A. J., Haimberger,

L., Healy, S. B., Hersbach, H., Hólm, E. V., Isaksen, L., Kållberg, P., Köhler, M., Matricardi, M., Mcnally, A. P., Monge-Sanz, B. M., Mor-

crette, J. J., Park, B. K., Peubey, C., de Rosnay, P., Tavolato, C., Thépaut, J. N., and Vitart, F.: The ERA-Interim reanalysis: Configuration

and performance of the data assimilation system, Q. J. Roy. Meteor. Soc., 137, 553–597, https://doi.org/10.1002/qj.828, 2011.5

Elliott, S.: Dependence of DMS global sea-air flux distribution on transfer velocity and concentration field type, J. Geophys. Res-Biogeo,

114, 1–18, https://doi.org/10.1029/2008JG000710, 2009.

Flato, G., Marotzke, J., Abiodun, B., Braconnot, P., Chou, S., Collins, W., Cox, P., Driouech, F., Emori, S., Eyring, V., Forest, C.,

Gleckler, P., Guilyardi, E., Jakob, C., Kattsov, V., Reason, C., and Rummukainen, M.: Evaluation of Climate Models, in: Climate

Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmen-10

tal Panel on Climate Change, edited by Stocker, T., Qin, D., Plattner, G.-K., Tignor, M., Allen, S., Boschung, J., Nauels, A., Xia,

Y., Bex, V., and Midgley, P., pp. 741–866, Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,

https://doi.org/10.1017/CBO9781107415324, 2013.

Gabric, A. J., Simó, R., Cropp, R. A., Hirst, A. C., and Dachs, J.: Modeling estimates of the global emission of dimethylsulfide under

enhanced greenhouse conditions, Global Biogeochem. Cy., 18, https://doi.org/10.1029/2003GB002183, 2004.15

Grandey, B. S. and Wang, C.: Enhanced marine sulphur emissions offset global warming and impact rainfall., Sci. Rep-UK, 5, 13 055,

https://doi.org/10.1038/srep13055, http://www.nature.com/srep/2015/150821/srep13055/full/srep13055.html, 2015.

Hopkins, F. E., Nightingale, P., and Liss, P.: Ocean acidification, in: Ocean acidification, edited by Gattuso, J.-P. and Hansson, L., p. 326,

Oxford Univerity Press, 2011.

Hopkins, F. E., Bell, T. G., Yang, M., Suggett, D. J., and Steinke, M.: Air exposure of coral is a significant source of dimethylsulfide (DMS)20

to the atmosphere, Sci. Rep-UK, 6, 36 031, https://doi.org/10.1038/srep36031, 2016.

Huffman, G. J., Bolvin, D. T., Nelkin, E. J., Wolff, D. B., Adler, R. F., Gu, G., Hong, Y., Bowman, K. P., and Stocker, E. F.: The TRMM

Multisatellite Precipitation Analysis (TMPA): Quasi-Global, Multiyear, Combined-Sensor Precipitation Estimates at Fine Scales, J. Hy-

drometeorol., 8, 38–55, https://doi.org/10.1175/JHM560.1, 2007.

Jardine, K., Yañez-Serrano, A. M., Williams, J., Kunert, N., Jardine, A., Taylor, T., Abrell, L., Artaxo, P., Guenther, A., Hewitt, C. N., House,25

E., Florentino, A. P., Manzi, A., Higuchi, N., Kesselmeier, J., Behrendt, T., Veres, P. R., Derstroff, B., Fuentes, J. D., Martin, S. T., and

Andreae, M. O.: Dimethyl sulfide in the Amazon rain forest, Global Biogeochem. Cy., 29, 19–32, https://doi.org/10.1002/2014GB004969,

http://doi.wiley.com/10.1002/2014GB004969, 2015.

Jarnikova, T. and Tortell, P. D.: Towards a revised climatology of summertime dimethylsulfide concentrations and sea – air fluxes in the

Southern Ocean, Environ. Chem., 13, 364–378, https://doi.org/10.1071/EN14272, 2016.30

Jones, G., Curran, M., Swan, H., and Deschaseaux, E.: Dimethylsulfide and Coral Bleaching: Links to Solar Radiation, Low Level

Cloud and the Regulation of Seawater Temperatures and Climate in the Great Barrier Reef, Am. J. Climate Change, 06, 328–359,

https://doi.org/10.4236/ajcc.2017.62017, http://www.scirp.org/journal/PaperDownload.aspx?DOI=10.4236/ajcc.2017.62017, 2017.

Kato, S., Loeb, N. G., Rose, F. G., Doelling, D. R., Rutan, D. A., Caldwell, T. E., Yu, L., and Weller, R. A.: Surface irradiances consistent

with CERES-derived top-of-atmosphere shortwave and longwave irradiances, J. Climate, 26, 2719–2740, https://doi.org/10.1175/JCLI-35

D-12-00436.1, 2013.

Kettle, A. J., Amouroux, D., Andreae, T. W., Bates, T. S., Berresheim, H., Bingemer, H., Boniforti, R., Helas, G., Leck, C., Maspero, M.,

Matrai, P., McTaggart, A. R., Mihalopoulos, N., Nguyen, B. C., Novo, A., Putaud, J. P., Rapsomanikis, S., Roberts, G., Schebeske, G.,

18

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1141
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 22 December 2017
c© Author(s) 2017. CC BY 4.0 License.



Sharma, S., Simó, R., Staubes, R., Turner, S., and Uher, G.: A global data base of sea surface dimethyl sulfide (DMS) measurements and

a simple model to predict sea surface DMS as a function of latitude, longitude, and month, Global Biogeochem. Cy., 13, 399–444, 1999.

Kim, I., Hahm, D., Park, K., Lee, Y., Choi, J.-O., Zhang, M., Chen, L., Kim, H.-C., and Lee, S.: Characteristics of the hori-

zontal and vertical distributions of dimethyl sulfide throughout the Amundsen Sea Polynya, Sci. Total Environ., 584, 154–163,

https://doi.org/10.1016/j.scitotenv.2017.01.165, http://dx.doi.org/10.1016/j.scitotenv.2017.01.165, 2017.5

Klein, S. A., Zhang, Y., Zelinka, M. D., Pincus, R., Boyle, J., and Gleckler, P. J.: Are climate model simulations of clouds improving? An

evaluation using the ISCCP simulator, J. Geophys. Res-Atmos, 118, 1329–1342, https://doi.org/10.1002/jgrd.50141, 2013.

Kloster, S., Six, K. D., Feichter, J., Maier-Reimer, E., Roeckner, E., Wetzel, P., Stier, P., and Esch, M.: Response of dimethylsulfide (DMS) in

the ocean and atmosphere to global warming, J. Geophys. Res. Biogeosciences, 112, 1–13, https://doi.org/10.1029/2006JG000224, 2007.

Korhonen, H., Carslaw, K. S., Spracklen, D. V., Mann, G. W., and Woodhouse, M. T.: Influence of oceanic dimethyl sulfide emissions on10

cloud condensation nuclei concentrations and seasonality over the remote Southern Hemisphere oceans: A global model study, J. Geophys.

Res-Atmos, 113, 1–16, https://doi.org/10.1029/2007JD009718, 2008.

Kulmala, M., Laaksonen, A., and Pirjola, L.: Parameterizations for sulfuric acid/water nucleation rates, J. Geophys. Res., 103, 8301,

https://doi.org/10.1029/97JD03718, 1998.

Kushta, J., Kallos, G., Astitha, M., Solomos, S., Spyrou, C., Mitsakou, C., and Lelieveld, J.: Impact of natural aerosols on atmospheric15

radiation and consequent feedbacks with the meteorological and photochemical state of the atmosphere, J. Geophys. Res-Atmos, 119,

1463–1491, https://doi.org/10.1002/2013JD020714, 2014.

Lamarque, J. F., Bond, T. C., Eyring, V., Granier, C., Heil, A., Klimont, Z., Lee, D., Liousse, C., Mieville, A., Owen, B., Schultz, M. G.,

Shindell, D., Smith, S. J., Stehfest, E., Van Aardenne, J., Cooper, O. R., Kainuma, M., Mahowald, N., McConnell, J. R., Naik, V., Riahi,

K., and Van Vuuren, D. P.: Historical (1850-2000) gridded anthropogenic and biomass burning emissions of reactive gases and aerosols:20

Methodology and application, Atmos. Chem. Phys., 10, 7017–7039, https://doi.org/10.5194/acp-10-7017-2010, 2010.

Lana, A., Bell, T. G., Simó, R., Vallina, S. M., Ballabrera-Poy, J., Kettle, A. J., Dachs, J., Bopp, L., Saltzman, E. S., Stefels, J., Johnson,

J. E., and Liss, P. S.: An updated climatology of surface dimethlysulfide concentrations and emission fluxes in the global ocean, Global

Biogeochem. Cy., 25, 1–17, https://doi.org/10.1029/2010GB003850, 2011.

Leon, D. C., Wang, Z., and Liu, D.: Climatology of drizzle in marine boundary layer clouds based on 1 year of data from25

CloudSat and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), J. Geophys. Res-Atmos, 114,

https://doi.org/10.1029/2008JD009835, 2009.

Liss, P. S. and Merlivat, L.: Air-Sea Gas Exchange Rates: Introduction and Synthesis, in: The Role of Air-Sea Exchange in Geochemical

Cycling, edited by Buat-Ménard, P., pp. 113–127, Springer Netherlands, Dordrecht, https://doi.org/10.1007/978-94-009-4738-2_5, 1986.

Loeb, N. G., Wielicki, B. A., Doelling, D. R., Smith, G. L., Keyes, D. F., Kato, S., Manalo-Smith, N., and Wong, T.: Toward optimal closure30

of the Earth’s top-of-atmosphere radiation budget, J. Climate, 22, 748–766, https://doi.org/10.1175/2008JCLI2637.1, 2009.

Mace, G. G. and Zhang, Q.: The CloudSat radar-lidar geometrical profile product (RL-GeoProf): Updates, improvements, and selected

results, J. Geophys. Res-Atmos, 119, 9441–9462, https://doi.org/10.1002/2013JD021374, 2014.

Mahajan, A. S., Fadnavis, S., Thomas, M. a., Pozzoli, L., Gupta, S., Royer, S.-j., Saiz-Lopez, A., and Simó, R.: Quantifying the impacts

of an updated global dimethyl sulfide climatology on cloud microphysics and aerosol radiative forcing, J. Geophys. Res. Atmos., 120,35

2524–2536, https://doi.org/10.1002/2014JD022687, http://doi.wiley.com/10.1002/2014JD022687, 2015.

19

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1141
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 22 December 2017
c© Author(s) 2017. CC BY 4.0 License.



Mann, G. W., Carslaw, K. S., Spracklen, D. V., Ridley, D. A., Manktelow, P. T., Chipperfield, M. P., Pickering, S. J., and Johnson, C. E.:

Description and evaluation of GLOMAP-mode: a modal global aerosol microphysics model for the UKCA composition-climate model,

Geosci. Model Dev, 3, 519–551, https://doi.org/10.5194/gmd-3-519-2010, 2010.

Mann, G. W., Carslaw, K. S., Ridley, D. A., Spracklen, D. V., Pringle, K. J., Merikanto, J., Korhonen, H., Schwarz, J. P., Lee, L. A.,

Manktelow, P. T., Woodhouse, M. T., Schmidt, A., Breider, T. J., Emmerson, K. M., Reddington, C. L., Chipperfield, M. P., and Pickering,5

S. J.: Intercomparison of modal and sectional aerosol microphysics representations within the same 3-D global chemical transport model,

Atmos. Chem. Phys., 12, 4449–4476, https://doi.org/10.5194/acp-12-4449-2012, 2012.

McCormick, R. A. and Ludwig, J. H.: Climate Modification by Atmospheric Aerosols, Science, 156, 1358–1359,

https://doi.org/10.1126/science.156.3780.1358, http://www.sciencemag.org/cgi/doi/10.1126/science.156.3780.1358, 1967.

Metzger, A., Verheggen, B., Dommen, J., Duplissy, J., Prevot, A. S. H., Weingartner, E., Riipinen, I., Kulmala, M., Spracklen, D. V., Carslaw,10

K. S., and Baltensperger, U.: Evidence for the role of organics in aerosol particle formation under atmospheric conditions., P. Natl. Acad.

Sci. USA, 107, 6646–51, https://doi.org/10.1073/pnas.0911330107, 2010.

Mungall, E. L., Croft, B., Lizotte, M., Thomas, J. L., Murphy, J. G., Levasseur, M., Martin, R. V., Wentzell, J. J. B., Liggio, J., and Abbatt, J.

P. D.: Dimethyl sulfide in the summertime Arctic atmosphere: measurements and source sensitivity simulations, Atmos. Chem. Phys., 16,

6665–6680, https://doi.org/10.5194/acp-16-6665-2016, http://www.atmos-chem-phys.net/16/6665/2016/, 2016.15

Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D., Lamarque, J.-F., Lee, D., Mendoza, B., Nakajima,

T., Robock, A., Stephens, G., Takemura, T., and Zhang, H.: Anthropogenic and Natural Radiative Forcing, Climate Change 2013: The

Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate

Change, pp. 659–740, https://doi.org/10.1017/ CBO9781107415324.018, 2013.

Nam, C., Bony, S., Dufresne, J. L., and Chepfer, H.: The too few, too bright tropical low-cloud problem in CMIP5 models, Geophys. Res.20

Lett., 39, 1–7, https://doi.org/10.1029/2012GL053421, 2012.

Nomura, D., Kasamatsu, N., Tateyama, K., Kudoh, S., and Fukuchi, M.: DMSP and DMS in coastal fast ice and under-ice water of Lützow-

Holm Bay, eastern Antarctica, Cont. Shelf Res., 31, 1377–1383, https://doi.org/10.1016/j.csr.2011.05.017, 2011.

Protat, A., Young, S. A., McFarlane, S. A., L’Ecuyer, T., Mace, G. G., Comstock, J. M., Long, C. N., Berry, E., and Delanoë, J.: Reconciling

ground-based and space-based estimates of the frequency of occurrence and radiative effect of clouds around Darwin, Australia, J. Appl.25

Meteorol. Clim., 53, 456–478, https://doi.org/10.1175/JAMC-D-13-072.1, 2014.

Quinn, P. K. and Bates, T. S.: The case against climate regulation via oceanic phytoplankton sulphur emissions, Nature, 480, 51–56,

https://doi.org/10.1038/nature10580, 2011.

Rosenfeld, D., Sherwood, S., Wood, R., and Donner, L.: Climate Effects of Aerosol-Cloud Interactions, Science, 343, 379–380,

https://doi.org/10.1126/science.1247490, http://www.sciencemag.org/cgi/doi/10.1126/science.1247490, 2014.30

Rotstayn, L. D., Collier, M. A., and Luo, J.-J.: Effects of declining aerosols on projections of zonally averaged tropical precipitation, Environ.

Res. Lett., 10, 44 018, https://doi.org/10.1088/1748-9326/10/4/044018, http://stacks.iop.org/1748-9326/10/i=4/a=044018, 2015.

Saltzman, E. S., King, D. B., Holmen, K., and Leck, C.: Experimental-determination of the Diffusion-coefficient of Dimethylsulfide In Water,

Journal of Geophysical Research-Oceans, 98, 16 481–16 486, 1993.

Schwinger, J., Tjiputra, J., Goris, N., Six, K., Kirkevåg, A., Seland, Ø., Heinze, C., and Ilyina, T.: Amplification of global warming35

through pH-dependence of DMS-production simulated with a fully coupled Earth system model, Biogeosciences Discuss., 20, 1–26,

https://doi.org/10.5194/bg-2017-33, 2017.

20

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1141
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 22 December 2017
c© Author(s) 2017. CC BY 4.0 License.



Seifert, A. and Beheng, K. D.: A two-moment cloud microphysics parameterization for mixed-phase clouds. Part 2: Maritime vs. continental

deep convective storms, Meteorol. Atmos. Phys., 92, 67–82, https://doi.org/10.1007/s00703-005-0113-3, 2006.

Seinfeld, J. H., Bretherton, C., Carslaw, K. S., Coe, H., DeMott, P. J., Dunlea, E. J., Feingold, G., Ghan, S., Guenther, A. B., Kahn, R.,

Kraucunas, I., Kreidenweis, S. M., Molina, M. J., Nenes, A., Penner, J. E., Prather, K. A., Ramanathan, V., Ramaswamy, V., Rasch, P. J.,

Ravishankara, A. R., Rosenfeld, D., Stephens, G., and Wood, R.: Improving our fundamental understanding of the role of aerosolcloud5

interactions in the climate system, P. Natl. Acad. Sci. USA, 113, 5781–5790, https://doi.org/10.1073/pnas.1514043113, http://www.pnas.

org/lookup/doi/10.1073/pnas.1514043113, 2016.

Sheng, J. X., Weisenstein, D. K., Luo, B. P., Rozanov, E., Stenke, A., Anet, J., Bingemer, H., and Peter, T.: Global atmospheric sulfur

budget under volcanically quiescent conditions: Aerosol-chemistry-climate model predictions and validation, J. Geophys. Res-Atmos,

120, 256–276, https://doi.org/10.1002/2014JD021985, 2015.10

Six, K. D., Kloster, S., Ilyina, T., Archer, S. D., Zhang, K., and Maier-Reimer, E.: Global warming amplified by reduced sulphur fluxes as

a result of ocean acidification, Nat. Clim. Change, 3, 975–978, https://doi.org/10.1038/nclimate1981, http://www.nature.com/nclimate/

journal/v3/n11/full/nclimate1981.html{%}5Cnhttp://www.nature.com/nclimate/journal/v3/n11/pdf/nclimate1981.pdf, 2013.

Stephens, G. L., L’Ecuyer, T., Forbes, R., Gettlemen, A., Golaz, J. C., Bodas-Salcedo, A., Suzuki, K., Gabriel, P., and Haynes, J.: Dreary

state of precipitation in global models, J. Geophys. Res-Atmos, 115, https://doi.org/10.1029/2010JD014532, 2010.15

Stephens, G. L., Li, J., Wild, M., Clayson, C. A., Loeb, N. G., Kato, S., L’Ecuyer, T., Stackhouse, P. W., Lebsock, M., and Andrews, T.: An

update on Earth’s energy balance in light of the latest global observations, Nat. Geosci., 5, 691–696, https://doi.org/10.1038/ngeo1580,

http://www.nature.com/doifinder/10.1038/ngeo1580, 2012.

Swan, H. B., Jones, G. B., Deschaseaux, E. S. M., and Eyre, B. D.: Coral reef origins of atmospheric dimethylsulfide at Heron Is-

land, southern Great Barrier Reef, Australia, Biogeosciences Discuss., 14, 229–239, https://doi.org/10.5194/bg-2016-387, http://www.20

biogeosciences-discuss.net/bg-2016-387/, 2017.

Taylor, K. E., Williamson, D., and Zwiers, F. W.: Program for Climate Model Diagnosis and Intercomparison AMIP Sea Surface Temperature

and Sea Ice Concentration Boundary Conditions, http://www-pcmdi.llnl.gov/projects/amip/AMIP2EXPDSN/BCS/index.php, 2015.

Thomas, M. A., Suntharalingam, P., Pozzoli, L., Rast, S., Devasthale, A., Kloster, S., Feichter, J., and Lenton, T. M.: Quantification of

DMS aerosol-cloud-climate interactions using the ECHAM5-HAMMOZ model in a current climate scenario, Atmos. Chem. Phys., 10,25

7425–7438, https://doi.org/10.5194/acp-10-7425-2010, 2010.

Thomas, M. A., Suntharalingam, P., Pozzoli, L., Devasthale, A., Kloster, S., Rast, S., Feichter, J., and Lenton, T. M.: Rate of non-linearity in

DMS aerosol-cloud-climate interactions, Atmos. Chem. Phys., 11, 11 175–11 183, https://doi.org/10.5194/acp-11-11175-2011, 2011.

Twomey, S.: Pollution and the Planetary Albedo, Atmos. Environ., 8, 1251–1256, http://linkinghub.elsevier.com/retrieve/pii/

S1352231007009843, 1974.30

Vallina, S. M., Simó, R., and Gassó, S.: What controls CCN seasonality in the Southern Ocean? A statistical analysis based

on satellite-derived chlorophyll and CCN and model-estimated OH radical and rainfall, Global Biogeochem. Cy., 20, 1–13,

https://doi.org/10.1029/2005GB002597, 2006.

van der Werf, G. R., Randerson, J. T., Giglio, L., van Leeuwen, T. T., Chen, Y., Rogers, B. M., Mu, M., van Marle, M. J. E., Morton, D. C.,

Collatz, G. J., Yokelson, R. J., and Kasibhatla, P. S.: Global fire emissions estimates during 1997-2015, Earth Syst. Sci. Data Discuss., pp.35

1–43, https://doi.org/10.5194/essd-2016-62, http://www.earth-syst-sci-data-discuss.net/essd-2016-62/, 2017.

21

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1141
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 22 December 2017
c© Author(s) 2017. CC BY 4.0 License.



van Vuuren, D. P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., Hurtt, G. C., Kram, T., Krey, V., Lamarque, J. F., Masui,

T., Meinshausen, M., Nakicenovic, N., Smith, S. J., and Rose, S. K.: The representative concentration pathways: An overview, Climatic

Change, 109, 5–31, https://doi.org/10.1007/s10584-011-0148-z, 2011.

Wang, H. and Su, W.: Evaluating and understanding top of the atmosphere cloud radiative effects in Intergovernmental Panel on Climate

Change (IPCC) Fifth Assessment Report (AR5) Coupled Model Intercomparison Project Phase 5 (CMIP5) models using satellite obser-5

vations, J. Geophys. Res-Atmos, 118, 683–699, https://doi.org/10.1029/2012JD018619, 2013.

Woodhouse, M. T., Carslaw, K. S., Mann, G. W., Vallina, S. M., Vogt, M., Halloran, P. R., and Boucher, O.: Low sensitivity of cloud

condensation nuclei to changes in the sea-air flux of dimethyl-sulphide, Atmos. Chem. Phys., 10, 7545–7559, https://doi.org/10.5194/acp-

10-7545-2010, 2010.

Woodhouse, M. T., Mann, G. W., Carslaw, K. S., and Boucher, O.: Sensitivity of cloud condensation nuclei to regional changes in dimethyl-10

sulphide emissions, Atmos. Chem. Phys., 13, 2723–2733, https://doi.org/10.5194/acp-13-2723-2013, 2013.

Woodhouse, M. T., Luhar, A. K., Stevens, L., Galbally, I., Thatcher, M., Uhe, P., Noonan, J., and Molloy, S.: Australian reactive-gas emissions

in a global chemistry-climate model and initial results, Air Qual. Clim. Change, 49, 31–38, 2015.

Woodward, S.: Modeling the atmospheric life cycle and radiative impact of mineral dust in the Hadley Centre climate model, J. Geophys.

Res-Atmos, 106, 18 155–18 166, https://doi.org/10.1029/2000JD900795, 2001.15

Yoch, D. C.: Dimethylsulfoniopropionate : Its Sources , Role in the Marine Food Web , and Biological Degradation to Dimethylsulfide, Appl.

Environ. Microb., 68, 5804–5815, https://doi.org/10.1128/AEM.68.12.5804–5815.2002, 2002.

22

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1141
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 22 December 2017
c© Author(s) 2017. CC BY 4.0 License.



Free 
Troposphere

 
Atmospheric 

Boundary 
Layer

Sea 
Surface

Ocean 
Mixed Layer

DMSP

DMS

Sea-Air Flux

DMS

SO2 CCN 

Cloud properties: 
albedo, CDN

SSTs

Entrainment of 
sulfate particles  from

 free troposphere

Other losses: sinking, 
mixing, demethylation

Bacterial 
removal

Photo oxidation

Mixing loss
DMSO

Sea salt, 
organic compounds

Aqueous oxidation

OH, NO3

H2SO4

H2O

MSA

Sulfate 
particles

Lofting and 
nucleation in 

free troposphere 

Radiation

The DMS
climate cycle

Precipitation

Gaseous nucleation

Sea-Air Flux

Aerosols

Wave breaking,
 bubble bursting

Marine biota

Figure 1. Schematic diagram showing the ocean-atmosphere sulfur life cycle and climate-relevant processes. Acronyms are defined as

follows: sea surface temperatures (SSTs), methane sulfonic acid (MSA), dimethyl sulfoniopropionate (DMSP), dimethyl sulfoxide (DMSO),

dimethyl sulfide (DMS), cloud condensation nuclei (CCN), cloud droplet number (CDN)
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a) b)

Figure 2. The annual mean concentrations of a) the Lana et al. (2011) DMSw climatology, b) the DMSw field of the second experimental

run: zonal maximum DMSw
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Figure 3. The 2006-2009 annual mean of the ACCESS-UKCA CTL (first column) compared to the CALIPSO-GOCCP (Chepfer et al., 2010)

climatology (second column), with the absolute differences between the two shown in the third column. The top row shows the low cloud

fraction, the middle row shows the middle cloud fraction and the bottom row the high cloud fraction
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Figure 4. As for Fig. 3 but for annual means for 2000-2009, where the top row shows the TOA outgoing LW radiation and the second row:

TOA outgoing SW radiation and the third row: surface incoming SW radiation. The observations are from the CERES-EBAF - TOA and

Surface Ed. 4.0 (Loeb et al., 2009; Kato et al., 2013); all units are in W m−2

26

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1141
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 22 December 2017
c© Author(s) 2017. CC BY 4.0 License.



a) b) 

c)  

Figure 5. The mean (2000-2009) annual total precipitation of a) the satellite climatology from TRMM (Huffman et al., 2007)), b) the

ACCESS-UKCA climatology and c) the difference between the TRMM and ACCESS-UKCA climatologies. Units are in mm year−1
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Figure 6. Mean (2000-2009) values for the Ctl (first column), the difference between Exp.1 (zero DMSw) and the Ctl (second column) and

the difference between Exp.2 (zonally enhanced DMSw) and the Ctl (third column). The first row shows the volume mixing ratio of SO2 in

ppb; the second row the volume mixing ratio of H2SO4 in ppt
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Figure 7. The vertical profiles of a) SO2; b) H2SO4; c) nucleation mode number density; d) Aitken mode number density; e) accumulation

mode number density; f) coarse mode number density; g) N3 nuclei number; h) cloud condensation nuclei number; and i) cloud droplet

number. The solid lines represent the Ctl; dashed lines shows Exp.1; and dotted lines show Exp.2. Blue lines show the SO (SO) mean, red

the Australian (Aus) region mean and green the South Eastern Pacific (SEP). All units are cm−3, apart from a): ppb and b); ppt x 10−3
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Figure 8. As for Figure 6, but where the first row shows the number concentration of N3 (condensation nuclei); the second the number of

cloud condensation nuclei greater than 70 nm dry diameter; and the third the cloud droplet number concentration. All units are in cm−3
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Figure 9. Comparisons in of the low cloud fraction (as a percentage) (a-b) and incoming SW radiation at surface (W m−2) c-d) over the

2000-2009 period for Exp.1 (first column) and Exp.2 (second column) minus the Ctl. The absolute values for the Ctl of these fields can be

seen in Fig. 3 and 4
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Figure 10. Comparisons of the (a-c) total liquid water at 1700m height (Qcl), (d-f) large-scale rainfall, (g-i) convective rainfall over the

2000-2009 period. The Ctl absolute values are shown in the first column, and respectively Exp.1 and Exp.2 minus the Ctl in the second and

third columns. Units are in kg kg−1 and mm year−1
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Table 1. Summary of the three global simulations presented in this study, the DMSw climatology used and the annual mean (2000-2009)

total global fluxDMS

Simulation DMS Climatology FluxDMS (Tg year−1 of sulfur)

Ctl Lana et al. (2011) 17.41

Exp.1 Zero marine DMS 0.72

Exp.2 Zonal maximum DMS from Lana et al. (2011) 37.05
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Table 2. Global and hemispheric means of the CCN sensitivity to the fluxDMS (as defined by Woodhouse et al. (2010, 2013)) in both absolute

( cm−3/mg m2 day−1) and relative terms, for Exp.1 and Exp.2.

Region Exp.1 Absolute Exp.2 Absolute Exp.1 Relative Exp.2 Relative

Global 16.9 12.4 0.048 0.036

SH 15.8 11.2 0.090 0.063

NH 18.6 14.5 0.029 0.023
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Table 3. Summary of the global mean (2000-2009) radiation fields: absolute Ctl values for the TOA shortwave (SW) and longwave (LW)

outgoing and Q*; and the differences in these quantities resulting from Exp.1 and Exp.2 (from the Ctl) as well as the FAIR temperature

response

Simulation TOA SW ↑
(W m−2)

TOA LW ↑
(W m−2)

Q*

(W m−2)

FAIR response

(◦K)

Ctl absolute values 101.79 241.04 -1.35 NA

Exp.1 - Ctl -1.82 0.13 1.69 0.45

Exp.2 - Ctl 1.57 -0.12 -1.45 -0.38
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Table 4. The estimated temperature response to perturbations in the fluxDMS (K per Tg year−1 of sulfur) for the current study’s experiments

(Exp.1 and Exp.2) and those found in the literature

Experiment K per Tg year−1 of sulfur

Exp.1 0.027

Exp.2 0.019

Schwinger et al. (2017) 0.041

Six et al. (2013) - low pH impact scenario 0.03 - 0.060

Six et al. (2013) - medium pH impact scenario 0.046 - 0.096

Six et al. (2013) - high pH impact scenario 0.051 - 0.11

Grandey and Wang (2015) 0.029
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