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Abstract Dimethyl sulfide (DMS) is a significant

source of marine sulfate aerosol and plays an impor-

tant role in modifying cloud properties. Fully coupled

climate simulations using dynamic marine ecosystem

and DMS calculations are conducted to estimate DMS

fluxes under various climate scenarios and to examine

the sign and strength of phytoplankton-DMS-climate

feedbacks for the first time. Simulation results show

small differences in the DMS production and emis-

sions between pre-industrial and present climate

scenarios, except for some areas in the Southern

Ocean. There are clear changes in surface ocean DMS

concentrations moving into the future, and they are

attributable to changes in phytoplankton production

and competition driven by complex spatially varying

mechanisms. Comparisons between parallel simula-

tions with and without DMS fluxes into the

atmosphere show significant differences in marine

ecosystems and physical fields. Without DMS, the

missing subsequent aerosol indirect effects on clouds

and radiative forcing lead to fewer clouds, more solar

radiation, and a much warmer climate. Phaeocystis, a

uniquely efficient organosulfur producer with a

growth advantage under cooler climate states, can

benefit from producing the compound through cooling

effects of DMS in the climate system. Our results show

a tight coupling between the sulfur and carbon cycles.

The ocean carbon uptake declines without DMS

emissions to the atmosphere. The analysis indicates

a weak positive phytoplankton-DMS-climate feed-

back at the global scale, with large spatial variations

driven by individual autotrophic functional groups and

complex mechanisms. The sign and strength of the

feedback vary with climate states and phytoplankton

groups. This highlights the importance of a dynamic

marine ecosystem module and the sulfur cycle mech-

anism in climate projections.

Keywords Dimethyl sulfide � Climate simulation �
Marine ecosystems � Phytoplankton

Introduction

Dimethyl sulfide (DMS) is a semivolatile organosulfur

compound, mainly produced via enzymatic cleavage

of the marine biogenic product dimethyl
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sulfoniopropionate (DMSP) (Andreae 1990; Kiene

et al. 2000). After its emission into the atmospheric

boundary layer, DMS is oxidized to sulfur dioxide

(SO2) and then sulfate (SO4
2-), which contributes to

the formation of non-sea-salt sulfate aerosol (Andreae

et al. 1985; Stefels et al. 2007). Though anthropogenic

SO2 sources are much higher than the natural sources

in the Northern Hemisphere (Bates et al. 1992), the

importance of DMS in the global atmospheric sulfur

budget has been documented since 1970s (Lovelock

et al. 1972; Chin and Jacob 1996; Gondwe et al. 2003).

Charlson et al. (1987) later postulated a feedback

system involving marine phytoplankton, DMS, cloud

albedo and climate. The proposed mechanism is

known as the CLAW hypothesis, and it suggests that

DMS produced by marine organisms is a crucial

precursor of cloud condensation nuclei (CCN) that

regulates climate by modulating cloud albedo and

therefore the radiation budget. The distribution and

abundance of various phytoplankton and the subse-

quent production of DMSP respond to changing

climate, which closes the feedback loop.

Considerable research efforts have been invested to

examine the feedback loop suggested by the CLAW

hypothesis (For example, Andreae et al. 1994, 1995;

Bates et al. 1987; Gondwe et al. 2003; Leck et al. 1990;

Sunda et al. 2002). Many laboratory and field studies

have examined the mechanisms driving marine

organosulfur production and there have been numer-

ous measurements of the concentrations of DMS and

DMSP. Results are synthesized and discussed in the

series of publications by Kettle et al. (1999), Stefels

et al. (2007), and Lana et al. (2011), etc. Over the past

decade, more comprehensive DMS dynamics have

also been incorporated in climate models to investi-

gate the CLAW-type climate response and the asso-

ciated effects on the radiative budget (Le Claiche et al.

2004; Buitenhuis et al. 2006; Six and Maier-Reimer

et al. 2006; Bopp et al. 2008; Elliott 2009; Vogt et al.

2010; Wang et al. 2015). Though significant progress

has been made in understanding the feedback, many of

the biogeochemical processes involved are not well

quantified, and large uncertainties remain (Ayers and

Cainey 2007).

Multiple studies have focused on responses of the

DMS flux to enhanced greenhouse gas concentrations

(Gabric et al. 1998, 2001, 2004; Bopp et al. 2003;

Kloster et al. 2007), since there is an urgent need to

predict its role in climate change. For example, Gabric

et al. (1998) and (2001) suggested the DMS flux would

increase by 2–8% (2 9CO2) using a slab ocean model

and by 1–6% (3 9 CO2) with a coupled general

circulation model in the future subantarctic Southern

Ocean, respectively. Bopp et al. (2003) estimated

DMS using total chlorophyll concentration and the

trophic status ratio, and suggested a small overall

increase of global DMS flux (2%) under doubled CO2

condition, but with large regional variations. In a CO2

tripling scenario, Gabric et al. (2004) simulated a 14%

increase in global DMS emission in the future, with

the strongest regional enhancement of 106% between

50 and 60�S. Vallina et al. (2007) concluded that the

response of DMS flux to * 50% CO2 increase is

small both globally (1.2% increase) and regionally

(\ 10–15%) using diagnostic equations expressing the

DMS concentration as a function of mixed layer depth,

chlorophyll concentration, and solar radiation dose.

Kloster et al. (2007) simulated a global reduction of

the DMS flux by 10% between 1861 and 1890 and

2061–2090 under the IPCC Special Report on Emis-

sions Scenarios (SRES) A1B scenario. Another sim-

ulation using the SRES A1F1 scenario also showed

reduced DMS fluxes over most regions except the

Southern Ocean ([ 60�S) where emissions increased

by 170% (Cameron-Smith et al. 2011). Clearly,

available studies from the last few decades of global

biogeochemical modeling provide highly divergent

predictions of DMS behavior under future conditions.

Furthermore, a number of publications have dis-

cussed the radiative effects of altered DMS fluxes.

Present-day climate simulations with and without

ocean DMS emissions suggested that the global mean

top-of-atmosphere radiative forcing from DMS is

- 2.03 W/m2, with the strongest effect of- 16 W/m2

between 30 and 70�S (Thomas et al. 2010). Jones et al.

(2001) reported that doubling the DMS flux would

reduce the net cloud forcing by - 1.38 W/m2. Bopp

et al. (2004) predicted a 3% increase in the DMS flux

under doubled CO2 conditions. They found negligible

changes in the direct effect and an indirect effect of

- 0.05 W/m2. Using the elevated DMS flux simulated

by Gabric et al. (2004) (3 9 CO2), Gabric et al. (2013)

estimated the global mean direct effect due to the

DMS perturbation to be - 0.05 W/m2 and the total

radiative forcing to be - 0.48 W/m2. Sensitivity

simulations conducted by Gunson et al. (2006) showed

significant impacts on the net cloud radiative forcing

of - 2 and 3 W/m2 due to doubling and halving the
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DMS flux, respectively. Overall, previous research

suggests a cooling effect of enhanced DMS emissions

but quantitative effects on the energy budget are

extremely variable.

Despite the rich literature on the topic, important

questions remain regarding the CLAW hypothesis. It

has been suggested that climate impacts on DMS

production are small (Bopp et al. 2003; Gabric et al.

2001; Gunson et al. 2006; Vallina et al. 2007).

Woodhouse et al. (2010) calculated the sensitivity of

CCN to changes in the DMS flux using one data-based

and several model-based DMS climatologies, and

suggested a low sensitivity. Quinn and Bates (2011)

further concluded that the CLAW hypothesis should

be retired based on these two arguments as well as

several others, including existence of non-DMS

sources of CCN, contributions of sea spray aerosols

to CCN, and simulated weak DMS-cloud albedo

climate feedback. Though the CLAW hypothesis may

not provide a complete explanatory model of global

climate regulation bymarine aerosols, the contribution

of DMS to CCN has been documented. Moreover,

many predictions of future DMS flux were based on

empirical relationships between DMS concentrations

and other biological and physical properties, such as

mixed layer depth, chlorophyll concentration, and

solar radiation dose (Gabric et al. 1998, 2001, 2004;

Bopp et al. 2003; Gunson et al. 2006; Vallina et al.

2007). The empirical approaches have been chal-

lenged and their inadequacies catalogued (Derevianko

et al. 2009; Halloran et al. 2010). It has further been

suggested that the overall confusion is due to poor

understanding of some key factors, such as the

response of DMS(P) to marine ecosystem change

(Ayers and Cainey 2007; Carslaw et al. 2010), and

more research may be needed. It is therefore necessary

to estimate the production and removal of organosul-

fur compounds based on more comprehensive ecody-

namics and sulfur cycling models. Moreover, the

ecological roles of DMSP as an antioxidant, cryopro-

tectant, and antigrazing agent have not been fully

investigated (Karsten et al. 1992; Wolfe and Steinke

1996; Stefels 2000; Sunda et al. 2002; Archer et al.

2010). The impact of DMS cycling on marine

ecosystems via radiative forcing are not well under-

stood, and neither are the subsequent effects on its

production.

The work presented here estimates the production

and fluxes of DMS under different climate scenarios

using recently improved models for both the driving

ecodynamics and marine sulfur cycling. These mod-

eling improvements allow us to evaluate the complete

biota-DMS-climate feedback loop for the first time

using an Earth System Model without relying on

empirical relationships. We assess impacts of DMS on

biological production, phytoplankton community

structure and the oceanic carbon cycle through radia-

tive forcing by comparing simulations with and

without DMS emissions. Finally, we also investigate

how the impacts vary with climate.

Methods

Model description

This study makes use of the Community Earth System

Model (CESM) version 1.2 (Hurrell et al. 2013),

which includes not only physical components of the

Earth system, but also super-fast atmospheric chem-

istry, a multi-mode aerosol model (Liu et al. 2012) and

a set of ocean biogeochemical modules. Improved

representations of the marine ecosystem structure and

the sulfur cycle have also been incorporated (Wang

et al. 2015). All simulations are performed with active

atmosphere, land, sea ice, and ocean components in

order to provide a complete backdrop for understand-

ing the climate-marine biotic feedbacks. Below, we

describe model features that are particularly relevant

to the present work.

Analyses presented here focus mainly on processes/

changes in the atmosphere and ocean. The atmo-

spheric general circulation model is the Community

Atmosphere Model (CAM) version 5 (Neale et al.

2010). Simulations are conducted with the finite

volume dynamical core of CAM5, with a horizontal

resolution of 1.9� 9 2.5� and 30 vertical levels,

extending to a height of 2.3 hPa (around 40 km).

The aerosol scheme is the Modal Aerosol Model

(MAM3) with three size bins: Aitken, accumulation

and coarse modes (Liu et al. 2012). The computations

involved are readily affordable at decadal and centen-

nial scales. There are 15 transported aerosol tracers

and 5 transported gas species, including SO2, H2O2,

DMS, H2SO4, and a lumped semivolatile organic

species. DMS emission from the ocean is balanced by

the gas-phase oxidation processes. Comparing to a

more complete version of the aerosol scheme known

Biogeochemistry (2018) 138:49–68 51
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as MAM7, the simulated atmospheric burden and

lifetime of DMS are quite similar (Liu et al. 2012).

Cloud microphysics is calculated with a two-moment

prognostic bulk scheme (Gettelman et al. 2008;

Morrison and Gettelman 2008).

For atmospheric chemistry we use the ‘‘super-fast’’

atmospheric chemistry mechanism (Lamarque et al.

2012; Cameron-Smith, et al. 2006). Apart from the list

of chemical reactions, the components of the atmo-

spheric chemistry model are described and evaluated

in Tilmes et al. (2015). The super-fast chemistry is

designed for low-pollution regions (i.e., most of the

planet), and to be computationally efficient. The

super-fast mechanism uses 11 gas-phase species (O3,

OH, HO2, NO, NO2, HNO3, CO, CH2O, CH3O2,

CH3OOH, isoprene) to calculate the oxidizing power

of the atmosphere based on the methane oxidation

pathways plus a simplified isoprene treatment.

The marine biogeochemical and DMS models run

within the Parallel Ocean Program (POP) (Smith et al.

2010), the global ocean circulation component of

CESM. POP has a nominal horizontal resolution of 1�
and 60 vertical levels, with finer latitudinal spacing

near the Equator and enhanced vertical resolution for

the surface ocean. The model simulates the ocean

physical state adequately (Danabasoglu et al. 2012).

Sea surface temperature and salinity in the present-day

climate are well reproduced, with a small warm bias

and a negative salinity bias (Danabasoglu et al. 2011;

Bates et al. 2012). Though the model produces

reasonable seasonal variation in its mixed layer depth

(MLD), significant biases remain in some regions. For

example, deep mixing is too weak in the Southern

Ocean, the subtropical South Pacific and the northwest

Pacific. Maximum MLD (XMLD) is generally over-

estimated in the Arctic Ocean. The impact of mixing

biases on ocean biogeochemical cycles and biological

production have been documented in previous litera-

ture (Wang et al. 2012; Long et al. 2013; Moore et al.

2013; Lindsay et al. 2014). The biases consequently

affect the simulated DMS production via impacts on

phytoplankton and nutrient distributions, though the

effects cannot be exactly quantified due to intrinsic

model limitations.

The global marine ecosystem is simulated using the

Biogeochemical Elemental Cycling (BEC) module

(Moore et al. 2002, 2004). Phytoplankton functional

groups are the key players in the marine sulfur cycle.

The intracellular sulfur content varies widely among

autotrophic species (Stefels et al. 2007). Therefore,

phytoplankton competition and community composi-

tion are crucial for the net DMS production (Vogt et al.

2010; Wang et al. 2015). We have recently added two

new functional groups (Phaeocystis) that are impor-

tant to the sulfur cycle into BEC (Wang et al. 2015),

resulting in a total of five explicit phytoplankton

functional groups (diatoms, diazotrophs, smaller phy-

toplankton, and two Phaeocystis groups for the North

and South Hemispheres, respectively), and two

implicit groups (coccolithophores and the general

cyanobacteria) (Wang et al. 2015). Though Phaeo-

cystis has multiple morphotypes, parameters of the

groups are chosen based on the blooming colonial

form (Wang and Moore 2011; Wang et al. 2015). The

model also simulates multiple growth-limiting nutri-

ents, key biogeochemical tracers and related pro-

cesses. All major global ocean ecological and

biogeochemical fields driving the DMS model are

reproduced in a reasonable manner (Moore et al.

2002, 2004, 2013; Moore and Braucher 2008; Long

et al. 2013; Wang et al. 2015).

Calculations of the production and removal of

organosulfur compounds are driven by a complex set

of biogeochemical fields and processes in the marine

ecosystem. The intracellular sulfur levels are set

according to the available laboratory measurements

and field studies (Keller et al. 1989; Keller and

Korjeff-Bellows 1996; Sunda et al. 2007; Stefels et al.

2007). The DMSP-to-nitrogen (DMSP:N) ratios of

Phaeocystis, small phytoplankton, and diatoms are

0.3, 0.1, and 0.01, respectively. Note that although

Phaeocystis has the highest sulfur content, small

phytoplankton can also make a significant contribu-

tion to oceanic DMS, while diatoms are less directly

important in the sulfur cycle due to their low relative

content. After being generated internally by phyto-

plankton, DMSP is released through lysis, grazing,

and exudation. A fraction of this precursor molecule is

converted into DMS through enzymatic cleavage. In

addition to loss to the atmosphere, simulated removal

terms for DMS are biological consumption, loss due to

vertical (downward) mixing, and photochemistry, and

biological oxidation. The model describes several

critical processes suggested in previous field and

laboratory studies. For example, the cellular sulfur

content of phytoplankton in cold waters is elevated

since DMSP functions as a cryoprotectant (Karsten

et al. 1992; van Rijssel and Gieskes 2002). The
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simulated sulfur content also increases under nutrient

limited conditions as suggested by Stefels et al.

(2007).

In addition to coupling to a more realistic BEC

ecodynamics, we have also implemented new knowl-

edge gained in the past few years into the DMS model

(Wang et al. 2015). For example, a high DMS yield

factor in Phaeocystis dominated waters has been

removed, which indicates that this group can be

grazed, making their organosulfur subject to bacterial

consumption. As a result, the simulated spatial and

seasonal distributions are significantly improved

(Wang et al. 2015). The sea-air DMS flux is calculated

using a multicomponent sea-air gas transfer parame-

terization developed by Elliott (2009), which takes

Henry’s Law solubility into account and reduces the

bubble transfer channel accordingly, in a manner

specific to the properties of DMS. In our previous

ocean and sea ice only hindcast experiments simulated

global annual DMS emissions were 20.4 Tg S/year

(mean of the period 1990–2009). This is well within

the canonical range of observationally based estimates

(Wang et al. 2015). More detailed model description

can be found in Wang et al. (2015) and some key

model parameters are listed in Table 1.

The sea ice component in the CESM is the

Community Ice CodE, version 4 (CICE4; Hunke and

Lipscomb 2010), which has the same horizontal

resolution as the ocean model. Sea ice coverage is

simulated dynamically, but ice biogeochemistry is not

included in this version. Though sea ice algae could

contribute to the DMS production (Zemmelink et al.

2008; Trevena and Jones 2012), we do not consider

emissions from ice in the present study. The land

component is the Community Land Model (CLM4)

(Lawrence et al. 2011). The performance of individual

components and of the coupled CESM has been

validated and documented in previous literature (Gent

et al. 2011; Liu et al. 2012; Moore et al. 2013; Lindsay

et al. 2014; Park et al. 2014; Wang et al. 2015).

Numerical experiments

To investigate changes in DMS production driven by

climate, we conducted multiple time-slice simulations

with our coupled model for pre-industrial, present day,

and future climate scenarios. We prescribed the

corresponding radiative forcings for each scenario,

including spatially uniform greenhouse gas concen-

trations, anthropogenic nitrogen deposition, solar

variability, and radiatively active aesosols (anthro-

pogenic and natural, except for DMS). For example,

CO2 concentrations used by surface components and

the atmospheric radiation code are prescribed, instead

of being prognostically computed. The marine ecosys-

tem and biogeochemical cycles can only feedback to

the climate system through DMS aerosol-cloud-

climate interactions. This strategy eliminates climate

variations induced by other factors. Forcing is held

fixed at 1850 levels for pre-industrial cases (denoted as

PI and PInoS), at 2000 values to represent the present-

day state (PD and PDnoS), and at RCP8.5 2100 level

for future climate (FUT and FUTnoS). We set up two

parallel experiments for each climate state to study the

DMS feedbacks on marine organisms and biogeo-

chemical cycles: a case with dynamic DMS emissions

to the atmosphere as the baseline and a case with the

flux turned off during coupling. In PI, PD, and FUT,

the DMS production is driven by inputs from the BEC,

and the flux is determined using the gas exchange

scheme in Elliott (2009). The values are calculated in

the DMSmodel embedded in POP, and they are passed

to CAM through the model coupler. Comparisons

among these simulations show changes in the produc-

tion and flux of DMS in response to climate. In PInoS,

PDnoS, and FUTnoS, the DMS production and flux

are also calculated in the DMS model, but the

Table 1 Key parameters

used in the DMS module

adps day per second,

1.1574 9 10-5

Symbols Values Parameter description

k_S_p_base 0.1 * dpsa Baseline phyto release to be augmented by grazing (1/s)

k_conv 1.0 * dps First order constant for DMSP conversion (1/s)

k_S_z 0.1 * dps First order constant for release from zooplankton (1/s)

k_S_B 30.0 * dps Second order constant for bacterial consumption (1/s/B)

k_bkgnd 0.01 * dps Sulfur removal at low level in thermocline (1/s)

j_dms_perI 0.005 * dps Coefficient for photolytic removal of DMS (1/s/W/m2)

Biogeochemistry (2018) 138:49–68 53
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information is not passed to the atmosphere. In other

words, the sea-to-air DMS flux is zero in atmospheric

calculations, but the marine sulfur cycle is allowed to

respond to the DMS induced changes in the ocean.

Comparisons between the parallel experiments show

the role of DMS emissions in climate, modulation of

DMS on the biological production and phytoplankton

distribution, and the climate feedback on the

organosulfur production. Though prescribed aerosol

forcing varies between different climate scenarios,

affecting the radiation at the sea surface, differences in

photosynthetically active radiation (PAR) between the

parallel experiments are consequences of DMS emis-

sion changes. The simulations are summarized in

Table 2.

The ocean physical and biogeochemical state is

initialized from the end of a 600-year sea ice-ocean

coupled simulation (Wang et al. 2015), which was

forced using repeated National Center for Environ-

mental Prediction/National Center for Atmospheric

Research (NCEP/NCAR) meteorological reanalysis

data (Kalnay et al. 1996) but with a number of

modifications for self-consistency (Large and Yeager

2009; Griffies et al. 2012). All other components,

including sea ice, atmosphere, and land, are initialized

from previous one-year runs conducted for the three

different scenarios. Equilibration is relatively fast for

the atmosphere and sea ice, and terrestrial radiative

forcing is handled in a diagnostic mode. All experi-

ments were run for 75 years, and since there is an

initial adjustment period after full coupling, we only

use the last 20 years for our analyses. Even so, small

drifts exist in the perturbed experiments with DMS

flux off and the 2100 control experiments. However,

since we are focusing mainly on differences between

paired simulations, prohibitively expensive equilib-

rium runs are not required here. The simulations are

long enough to be indicative of adjustments of the

physical system to radiative perturbations under

different climate states. They are also long enough to

allow processes in marine ecosystems to respond.

Results and discussions

Results are divided into three sections: changes in

DMS production and emission with climate are

discussed in ‘‘Variations in the DMS production and

emission’’ section, impacts of DMS on marine

ecosystems through modulated radiative forcing are

investigated in ‘‘Impacts of DMS on the marine

ecosystem’’ section, and evaluation of the CLAW

hypothesis in ‘‘The CLAW hypothesis revisited’’

section. We also discuss how the impacts change

from pre-industrial to present and future.

Variations in the DMS production and emission

Since phytoplankton are the producers of organosulfur

and different autotrophic groups have distinct intra-

cellular DMSP contents, it is crucial to understand

marine ecosystem structure in any study of the marine

sulfur cycle (Stefels et al. 2007). Processes influencing

phytoplankton competition in the marine ecosystem

are sensitive to details of the physical system.

Phytoplankton growth is controlled by various factors,

including macronutrient and iron availability, temper-

ature and the light field. Except for the known high

nitrate, low chlorophyll (HNLC) regions, growth of

non N-fixers is mostly limited by the local nitrogen

concentration (Moore et al. 2013). Light availability

also plays an important role at high latitudes, and it is

affected by MLD and sea ice coverage (Wang and

Moore 2011; Moore et al. 2013). Different autotrophic

functional groups have diverse requirements for

growth (Moore et al. 2002). For example, diatoms

and Phaeocystis have relatively high half saturation

constants for nutrient uptake, but lower grazing

Table 2 Simulation

descriptions
Simulation Climate state Sea-to-air DMS flux Forcing conditions

PI Pre-industrial On CO2 = 284.7 ppm, 1850 forcings

PinoS Pre-industrial Off CO2 = 284.7 ppm, 1850 forcings

PD Present day On CO2 = 367 ppm, 2000 forcings

PdnoS Present day Off CO2 = 367 ppm, 2000 forcings

FUT RCP8.5, 2100 On CO2 = 954 ppm, 2100 forcings

FUTnoS RCP8.5, 2100 Off CO2 = 954 ppm, 2100 forcings
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pressure, while small phytoplankton have higher

nutrient uptake efficiency but suffer stronger grazing

(Wang and Moore 2011). Thus, marine organisms will

have complicated responses to climate change, as

discussed in Moore et al. (2013), and these will

subsequently affect DMS production and flux. We

begin with a brief discussion of the simulated physical

fields in different experiments, and the corresponding

differences in marine ecosystems.

Global mean physical and biogeochemical fields

from the last 20 years of each simulation are summa-

rized in Table 3 and Fig. 1. Here we use the top of the

model, defined as a constant pressure surface of

2.3 hPa, to approximate the top of the atmosphere

(TOA). The TOA radiation is not balanced in these

time slices (Table 3), but differences are significant

when showing the responses and effects of DMS

fluxes. Due to anthropogenic forcings, radiation

imbalance during the modeled period increases from

pre-industrial to future conditions. The accumulated

energy in the system results in a slightly warmer sea

surface and a decrease in sea ice area in the PD

compared to PI. In addition, the annual mean PDMLD

shows a modest decline. There is thus little change in

the simulated global upper-ocean biogeochemical

cycles (Table 3). However, there are significant

changes to the physical system in the FUT scenario.

These differences directly influence the light and

temperature conditions experienced by marine organ-

isms, in addition to modifying nutrient distributions

through circulation and mixing. Compared with PI

conditions, the mean sea surface temperature (SST)

increases by 3.3 �C and sea ice area decreases

by * 58% in FUT. The mixed layer shoals

by * 10% on average, with even larger reductions

in deep mixing, leading to a weaker entrainment of

growth-limiting nutrients to surface waters. Dramatic

reductions in surface macronutrient concentrations in

most ocean regions result primarily from the differ-

ences in MLD (Fig. 1). Significant shifts in the

Table 3 Summary of global mean physical and biogeochemical fields of the last 20 years in experiments

Simulation PI PinoS PD PdnoS FUT FUTnoS

Top-of-atmosphere radiation (W/m2) 0.44 1.06 0.61 0.93 2.6 3.18

Sea ice area (September, millions of km2) 19.53 13.95 17.19 12.66 8.25 6.34

Sea ice area (February, millions of km2) 16.28 14.31 15.58 14.08 9.15 1.95

Sea surface temperature (�C) 18.7 19.72 18.86 19.74 22.04 23.34

Mixed layer depth (m) 62.06 60.37 61.76 60.5 56.02 55.84

Photosynthetically active radiation (w/m2) 64.02 66.81 62.64 64.46 64.14 66.71

Primary production (PgC/year) 59.37 58.92 59.34 58.87 53.89 52.36

Export production (PgC/year) 7.63 7.51 7.62 7.5 6.65 6.37

Air-sea CO2 flux (PgC/year)a 0.01 0.10 - 0.91 - 0.86 - 2.65 - 2.40

Small phytoplankton carbon biomass (mmol/m3) 0.63 0.63 0.63 0.62 0.59 0.57

Diatom carbon biomass (mmol/m3) 0.26 0.23 0.27 0.25 0.18 0.16

Diazotroph carbon biomass (mmol/m3) 0.05 0.04 0.04 0.04 0.04 0.04

Phaeocystis carbon biomass (mmol/m3) 0.13 0.10 0.13 0.11 0.06 0.05

Surface NO3 (uM) 4.44 4.17 4.49 4.25 3.70 3.48

Surface PO4 (uM) 0.527 0.473 0.509 0.465 0.375 0.340

Surface SiO3 (uM) 7.32 6.96 7.23 7.07 6.66 6.64

Surface Fe (nM) 0.512 0.536 0.505 0.518 0.606 0.647

Surface DMS (nM) 2.30 2.23 2.30 2.23 1.96 1.89

DMS flux (Tg/year) 19.74 19.61 19.62 19.39 18.14 17.81

Note that simulations had not reached equilibrium, and differences between paired simulations show the effects of perturbations

qualitatively
aPositive CO2 fluxes signify outgassing
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phytoplankton community composition occur, along

with decreases in biological production (Fig. 2). The

total primary and export productions are reduced by

9.2 and 12.8%, respectively, suggesting an overall

decrease in phytoplankton biomass due to lowered

macronutrient availability and some shifts from larger

autotrophs toward the modeled small phytoplankton

group. Our marine ecosystem changes are largely

consistent with previous simulations using a slightly

different version of CESM (Moore et al. 2013).

Variations in the DMS fields link closely to changes

in biological production and community composition.

Comparisons between PI and PD states demonstrate

regional differences in the DMS distributions over a

seasonal scale. For example, atmospheric nitrogen

deposition increases in the PD due to anthropogenic

activities, which leads to elevated biomass of diatoms

and Phaeocystis in the northwest Pacific during April

and May (not shown). Since Phaeocystis species are

the most efficient DMSP producers, the DMS con-

centrations increase during this time. There are also

differences in the Southern Ocean due to shifts in

small phytoplankton production, which are

attributable to wind modulated nutrient supplies and

light availability. Differences in DMS flux due to

changes in wind are more obvious, especially in the

Southern Ocean. Globally, however, DMS emissions

are reduced by less than 1% in PD, which is within the

range of interannual variability. While previous stud-

ies mainly focused on DMS production and flux in a

warming climate (Bopp et al. 2003; Gabric et al.

1998, 2001, 2004), our simulations also compare

marine DMS emissions between pre-industrial and

contemporary climate states, and suggest that there is

little difference in the global mean DMS concentration

or total flux.

Changes in biological fields in the RCP8.5 future

climate significantly modify the marine sulfur cycle

(Table 3, Fig. 3). The global mean DMS concentra-

tion in FUT is 14.8% lower than PI. In general,

differences in the sulfur distribution at high latitudes

are controlled by Phaeocystis, while they are driven by

small phytoplankton at low to midlatitudes. Due to

changes in light and nutrient availability, Phaeocystis

biomass is substantially lower in FUT, while small

phytoplankton biomass increases in some regions as

Fig. 1 (left) Annual mean sea surface nutrient distributions in PI, and differences (middle) between PD and PI, and (right) between

FUT and PI. Panels show distributions a maximum MLD, b PAR, c NO3, and d Fe
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this group is more efficient in nutrient uptake.

Consequently, the DMS production by and large

decreases under FUT conditions, attributable to an

overall decrease in primary production, but especially

the decrease in Phaeocystis production (Fig. 3). DMS

concentrations in FUT are higher in the 40–50� S

Fig. 2 Phytoplankton carbon biomass (left) PI, (middle) differences between PD and PI, and (right) differences between FUT and PI.

Panels show annual mean Phaeocystis, small phytoplankton, diatoms, and total carbon biomass from top to bottom

Fig. 3 (top) DMS concentrations and (bottom)DMS fluxes in (left) PI, and comparisons (middle) between PD and PI, as well as (right)

between FUT and PI

Biogeochemistry (2018) 138:49–68 57

123



latitude band of the Southern Ocean (Table 4) mainly

because of increased small phytoplankton production

driven by higher iron availability (Moore et al. 2013).

DMS concentrations at high latitudes in both hemi-

spheres are also higher in FUT, due to an extended

growing season along with sea ice reduction. Com-

pared to the PI, the seasonality of DMS production at

middle—high latitudes in FUT also shifts since

phytoplankton phenology is altered in a warmer

climate. In general, the DMS concentration peaks

one month earlier in the northern hemisphere.

The global total DMS flux in FUT is 8.1% lower

than the PI, which is not as large as the change in the

DMS production. This is largely because changes in

wind forcing also play important roles in gas

exchange. The band of stronger westerly winds shifts

toward Antarctica, which leads to relatively enhanced

DMS fluxes over the Southern Ocean. Additional

offline calculations using averaged winds from PD and

surface DMS from FUT show that the DMS flux in

FUT would be lower in the south subtropical Pacific

and higher in the north Atlantic if there were no

change in wind. Differences in sea ice area also play an

important role in regulating DMS fluxes from open

water at high latitudes. Emissions increase as sea ice

coverage declines in a warmer climate. However, the

total influence of sea ice loss on DMS emission is yet

to be determined, since organosulfur compounds are

also produced inside of sea ice (Elliott et al. 2012).

Such processes are not simulated in the present study.

Our reduction in the DMS flux generally agrees with

the result of Kloster et al. (2007), in which the flux

decreased by 10% globally. However, the midlatitude

increase in DMS production due to higher small

phytoplankton biomass was not represented by Kloster

et al. (2007), because the DMS control mechanism is

not based on individual phytoplankton groups in their

study. Our results also disagree with several previous

studies which projected an increase in the DMS flux in

a warmer climate using algorithms independent of

ecodynamics (Bopp et al. 2003; Gabric et al.

1998, 2001, 2004). This is not surprising, however,

given that diagnosing DMS concentrations based on

simple indicators such as mixed layer depth, chloro-

phyll concentration, and solar radiation dose has been

shown to be problematic (Kloster et al. 2007; Dere-

vianko et al. 2009; Halloran et al. 2010).

Table 4 Mean (a) DMS concentrations and (b) DMS fluxes

distributed by latitude band

Latitude PI PInoS PD PDnoS FUT FUTnoS

(a) Surface DMS concentrations (nM)

90–80 N 1.72 1.86 1.77 1.83 1.49 1.35

80–70 N 2.11 1.96 2.19 2.06 1.48 1.28

70–60 N 2.84 2.49 2.92 2.60 1.81 1.64

60–50 N 2.96 2.75 3.06 2.82 2.26 2.17

50–40 N 2.54 2.46 2.59 2.54 2.10 2.13

40–30 N 2.61 2.59 2.66 2.67 2.31 2.21

30–20 N 2.23 2.10 2.23 2.18 1.85 1.67

20–10 N 2.20 2.06 2.18 2.09 1.71 1.59

10–0 N 2.36 2.23 2.35 2.21 1.84 1.72

0–10 S 2.36 2.21 2.34 2.18 1.88 1.75

10–20 S 2.14 2.03 2.12 2.03 1.79 1.70

20–30 S 2.13 2.03 2.11 2.00 1.79 1.70

30–40 S 2.42 2.42 2.42 2.39 2.24 2.12

40–50 S 1.96 2.19 2.02 2.22 2.35 2.57

50–60 S 1.93 1.85 1.77 1.72 1.55 1.61

60–70 S 2.63 2.47 2.53 2.37 2.15 1.98

70–80 S 3.27 3.48 3.42 3.50 3.36 3.10

80–90 S NaN NaN NaN NaN NaN NaN

(b) Simulated oceanic DMS emissions (Tg/year)

90–80 N 0.01 0.02 0.01 0.02 0.04 0.06

80–70 N 0.10 0.11 0.10 0.11 0.11 0.12

70–60 N 0.18 0.17 0.19 0.18 0.13 0.13

60–50 N 0.60 0.58 0.61 0.59 0.50 0.52

50–40 N 0.93 0.92 0.92 0.91 0.81 0.84

40–30 N 1.31 1.31 1.31 1.33 1.19 1.14

30–20 N 1.47 1.39 1.48 1.45 1.29 1.14

20–10 N 2.11 2.02 2.10 2.03 1.73 1.60

10–0 N 1.66 1.60 1.64 1.57 1.33 1.24

0–10 S 1.59 1.50 1.53 1.42 1.33 1.27

10–20 S 2.05 1.97 1.99 1.87 1.83 1.76

20–30 S 1.70 1.63 1.69 1.58 1.51 1.43

30–40 S 1.97 2.01 1.95 1.95 1.88 1.78

40–50 S 1.90 2.14 1.90 2.07 2.24 2.47

50–60 S 1.51 1.54 1.48 1.51 1.43 1.53

60–70 S 0.60 0.63 0.66 0.70 0.69 0.70

70–80 S 0.05 0.07 0.06 0.08 0.09 0.09

80–90 S 0.00 0.00 0.00 0.00 0.00 0.00

Total 19.74 19.61 19.62 19.39 18.14 17.81
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Impacts of DMS on the marine ecosystem

To better predict the future marine sulfur cycle and to

understand the impacts of DMS on marine ecosystems

through regulation of the radiation budget, we con-

ducted sensitivity simulations in which the DMS flux

into the atmosphere is set to zero. The suppression of

DMS flux from the surface ocean to the atmosphere

has significant effects on several aspects of global

climate, including clouds and the marine ecosystem.

Though the effects of the sulfur flux on clouds and the

climate are explicitly simulated, here we focus on

changes in the physical system and on influences on

marine organisms. Some results are summarized in

Table 3. Comparisons between simulations with and

without the DMS flux into the atmosphere show

significant decline in atmospheric sulfate aerosol

burden over the vast oceans, which causes differences

in cloud fraction and cloud radiative forcing (Fig. 4).

Turning off the marine biogenic sulfur emission

results in a net radiative forcing of 0.32–0.62 W/m2

during the last 20 years of the time slices (Table 3 and

Fig. 4), which implies a cooling effect of DMS. The

first year top-of-model radiative effect of DMS is

1.75 W/m2 under the contemporary scenario. This is

smaller but comparable to an estimate of 2.03 W/m2

reported by Thomas et al. (2010). As a result of the

radiative forcing, the global mean SST increases by

0.9–1.3 �C during the last 20 years, with patterns

similar to projected warming induced with enhanced

greenhouse gases emissions (Table 3 and Fig. 4).

As a consequence of surface warming, ocean

stratification increases significantly, with large spatial

variations (Fig. 4). Maximum monthly MLD in the

North Atlantic decreases by more than 300 m in pre-

industrial and present-day parallel experiments. Dif-

ferences of maximum MLD between FUT and

FUTnoS are less significant, as deep convective

mixing is much reduced in the warm FUT climate.

Both summer and winter sea ice areas decrease

significantly without the DMS flux, especially under

the future climate scenario (Table 3). Compared to the

Southern Hemisphere, there are larger impacts on

Arctic sea ice due to asymmetric warming. In pre-

industrial and present day simulations, September sea

ice areas in the Arctic are reduced by * 84% and

71%, respectively, while February sea ice areas

decrease by 6 and 7%, respectively. In the future

scenario, the February sea ice area decreases by 79%

in the Arctic and no sea ice at all in September in

FUTnoS.

These differences in the physical system lead to

significant changes in PAR and nutrient distribution,

which in turn affect phytoplankton biomass and

biogeochemical cycles. Phytoplankton growth is often

limited by nitrogen and iron in the surface ocean

(Moore et al. 2013), while light availability also plays

an important role in controlling photosynthesis (Wang

and Moore 2011). Without the DMS flux, reduced

cloud cover and sea ice area both allow more

shortwave radiation to reach the surface ocean,

increasing the intensity of PAR (Fig. 4). Additionally,

changes in stratification significantly alter the mixing

of nutrients to surface waters. Thus, phytoplankton

biomass and competition are significantly different in

simulations without DMS flux (Fig. 5).

We use comparisons between two pre-industrial

time slices (PI and PInoS) to discuss the impacts of

DMS on marine ecosystems via regulating radiative

forcing. Compared to the PI, the surface ocean warms

and stratification increases in PInoS, similar to differ-

ences we see between PI and FUT but to a lesser

extent. In PInoS, annual mean surface concentrations

of nitrate, phosphate, and silicate are lowered by 6, 10,

and 5%, respectively, with respect to PI (Table 3).

Declining nitrate concentrations lead to increasing

N-limitation for the growth of DMSP producers in

most non-HNLC regions. There are also modest

increases in surface iron concentrations due to lower

consumption and scavenging losses associated with

lower phytoplankton biomass. Excess iron is trans-

ported laterally to HNLC regions, where it is rapidly

consumed by phytoplankton. Thus, primary and

export productions decrease in N-limited regions,

including the Indian and Atlantic regions, but increase

in the Southern Ocean. Overall, global primary and

export productions decrease 0.4 and 0.1 PgC/year,

respectively.

Decreased nutrient availability tends to favor small

phytoplankton, which have lower half saturation

constants for the various nutrients. This leads to the

replacement of diatoms and Phaeocystis by small

phytoplankton within the autotrophic community in

the PInoS case, especially in polar regions. The total

production of small phytoplankton increases by 0.6

PgC/year, and the fraction contributed by this group to

global primary production increases 1%. The

increased small phytoplankton biomass at middle to
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high latitudes is partly compensated by the decreasing

biomass in oligotrophic waters. The mean surface

carbon biomass concentrations of Phaeocystis and

diatoms decrease by 0.03 and 0.02 mmolC/m3,

respectively. However, the vertically integrated bio-

mass of Phaeocystis decreases slightly more than

diatoms due to a larger reduction in Phaeocystis in

deeper waters. This occurs because the modeled

Phaeocystis has a higher alpha value (the chlorophyll

specific initial slope of photosynthesis-irradiance

curve), which makes the group more competitive

under low light conditions. In the PInoS, more light

becomes available for photosynthesis under a lower

cloud cover and a shallower mixed layer. Thus, the

fraction of Phaeocystis decreases in deep mixing

regions as it loses its advantage in the competition.

The vertically integrated phytoplankton biomass

increases in association with increasing PAR in the

north Pacific, the Arctic, midlatitudes of the Southern

Ocean, and Antarctic coastal waters. The increased

Fig. 4 Comparisons of annual mean a sulfate aerosol burden,

b cloud fraction, c shortwave cloud forcing, d sea surface

temperature, e maximum MLD, and f PAR between parallel

experiments for PI (left), PD(middle) and FUT(right), with and

without DMS to the atmosphere
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primary production in polar waters is also a result of a

prolonged growing season associated with sea ice

decline, as phytoplankton community composition

shifts significantly during these periods. As sea ice

declines, Phaeocystis biomass increases in November

in Antarctic coastal waters, but the group is quickly

replaced by small phytoplankton when nutrient avail-

ability falls. Similar variations when comparing PInoS

and PI are also observed in the north Pacific and north

Atlantic. In the absence of a global DMS flux, the

enhanced growth of Phaeocystis starts earlier, as the

mixed layer shoals and sea ice melts. But the biomass

is lower in May through June while this group is being

replaced by small phytoplankton. As a result of

changes in biological production and in several

physical fields, the global CO2 flux changes from

0.01 to 0.10 PgC/year, making the ocean a weak

source of CO2.

Impacts of turning off the biogenic sulfur emission

are similar in pre-industrial and future time slices, but

weaker in contemporary climate, due to the effects of

large anthropogenic aerosol emissions. As a result,

influences on biogeochemical cycles and primary

production have similar patterns in the two scenarios,

but differences between PD and PDnoS are smaller.

Impacts of the DMS flux are similar over most ocean

regions in the future scenario, except polar regions

where the modification leads to extensive changes in

the physical system. Differences in biogeochemical

tracers between FUTnoS and FUT are smaller at

middle to high latitudes of the northern hemisphere

than the pre-industrial and present day scenarios

Fig. 5 Differences in Phaeocystis, small phytoplankton, diatom, and total carbon biomass (left) between PInoS and PI, (middle)

between PDnoS and PD, and (right) between FUTnoS and FUT
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because diatom and Phaeocystis groups have been

largely replaced by small phytoplankton in the FUT.

The primary and export production values

decrease * 1.5 and 0.3 PgC/year, respectively, in

FUTnoS (Table 3). The global oceanic CO2 sinks

simulated during the final 20-year period in PDnoS

and FUTnoS weaken 5.5 and 9.4%, respectively

(Table 3).

The CLAW hypothesis revisited

The CLAW hypothesis proposed a feedback loop

between phytoplankton, DMS, and climate. In our ‘‘no

DMS’’ cases (PInoS, PDnoS, and FUTnoS), the DMS

production and flux are simulated by the ocean model,

even though the incoming flux is set to zero in the

atmospheric calculations. As described above, signif-

icant changes are observed in the physical and

biogeochemical systems in the simulations without

DMS fluxes. Therefore, differences in DMS concen-

trations and fluxes calculated by the model between

parallel experiments (Fig. 6) can be used to evaluate

the phytoplankton-DMS-climate feedback. Compar-

ison of DMS distributions between two parallel

simulations (PI and PInoS, for instance) shows that

changes in concentrations are driven by responses of

marine organisms to turning off the DMS flux (Fig. 6,

Table 4).

Compared with PI, the DMS concentrations in

PInoS are generally lower in oligotrophic subtropical

gyres, as phytoplankton biomass decreases with

increasing stratification. At middle to high latitudes,

simulated DMS distributions are mainly attributable to

the combination of Phaeocystis and small phytoplank-

ton. In the Northern Hemisphere, there are significant

differences in DMS concentrations from April to

October. Excluding some areas of the north Atlantic

where deep mixing collapses, Phaeocystis biomass is

higher in April in PInoS, which leads to higher DMS

concentrations in surface waters of the north Pacific

and Atlantic. The biomass of this phytoplankton group

then decreases from May to July as a result of lower

nitrate availability, while small phytoplankton bio-

mass increases during April and October due to higher

efficiency nutrient uptake. The higher biomass of

small phytoplankton can also be attributed to lower sea

ice extent. Since the intracellular sulfur to carbon ratio

of Phaeocystis is about 3 times that of small phyto-

plankton and 30 times the diatom value in our model,

DMS distributions are dominated by Phaeocystis and

concentrations are lower in PInoS in May and June

over most regions of the north Pacific, Atlantic and

Arctic. Influences of small phytoplankton emerge in

July and dominate changes in DMS distributions from

August to October in the northern hemisphere. The

simulated relationship between changes in the sulfur

cycle and sea ice extent agree with previous observa-

tional studies (Sharma et al. 2012; Browse et al. 2014).

Similarly, changes in the DMS production appear

mainly from October to the following March in the

Southern Hemisphere as a result of the combined

impacts of small phytoplankton and Phaeocystis

groups. Phaeocystis biomass increases early in the

growth season, but is quickly replaced by small

Fig. 6 Simulated responses of (top) oceanic DMS concentrations and (bottom) emissions after removing DMS in atmospheric

calculations. Panels are (left) pre-industrial, (middle) present and (right)future
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phytoplankton. As a result, changes in Phaeocystis

contribute to a reduction in DMS production on an

annual scale, while increases in small phytoplankton

result in higher DMS production in the mid-latitude

Southern Ocean.

Overall, the annual mean DMS concentrations in

PInoS are higher in the central Arctic, north Pacific

subtropical gyre, 35–50�S of the Southern Ocean and

some regions along the Antarctic coast, but are lower

in most remaining surface waters (Fig. 6). The global

mean DMS concentration decreases from 2.30 to

2.23 nM when DMS is ignored by the atmosphere.

Differences in the flux patterns between PInoS and PI

largely follow changes in surface DMS distributions,

with influences from the wind field. If no DMS enters

the atmospheric calculations, further changes in the

global total DMS flux are small (less than 1%).

However, there is large spatial variability in the

differences (Fig. 6, Table 4), resulting from interac-

tions between complex processes. Our simulations

suggest that Phaeocystis and diatoms contribute to a

positive phytoplankton-DMS-climate feedback during

the pre-industrial period, while the feedback resulting

from changes in the small phytoplankton group is

more complex; it is negative at middle to high latitudes

and positive in subtropical gyres in general. The sign

of the overall phytoplankton-DMS-climate feedback

loop is determined by individual dominant groups, and

varies spatially. The feedback is negative in the central

Arctic, north Pacific subtropical gyre, 35–50�S of the

Southern Ocean and the Antarctic coast, but positive

in other regions.

The phytoplankton-DMS-climate feedback also

varies with/depends on the background climate state.

As discussed in ‘‘Impacts of DMS on the marine

ecosystem’’ section, Phaeocystis and diatoms are

largely replaced by small phytoplankton at high

latitudes under future climate. As a result, the

feedbacks in these regions are largely dominated by

small phytoplankton. Growth of this group starts

earlier due to sea ice changes in FUTnoS, but biomass

decreases over the course of the following 2 months

due to increasing nutrient limitation. Thus, FUTnoS

DMS production increases in March and April in the

Arctic, but annual mean DMS concentrations

decrease. The story is similar for the Antarctic coast.

As a result, the sign of small phytoplankton-DMS-

climate feedback becomes positive at high latitudes.

Compared to the pre-industrial period, the overall

feedback is more positive under a warmer climate.

Though climate changes significantly without oceanic

DMS emissions, the simulated response of global

DMS fluxes to removing DMS in the atmosphere are

generally less than 2%. This suggests a small positive

feedback at the global scale, with significant spatial

variations and a dependence on the background

climate.

Globally, the phytoplankton-DMS-climate feed-

back is small, though DMS emissions play an impor-

tant role in the climate system, as discussed in the

previous section. This is because of complicated

responses of marine ecosystems to the altered physical

and chemical conditions. Therefore, an understanding

of the phytoplankton community composition and its

potential changes is needed to evaluate the overall

phytoplankton-DMS-climate feedback. In recent

years, it has become clear that the CLAW hypothesis

failed to acknowledge other sources of CCN and

processes regulating aerosol-cloud cycles (e.g., Quinn

and Bates 2011; Green and Hatton 2014). Nonetheless,

the present work shows that DMS does play a

significant role in global climate regulation by marine

aerosols, including a secondary positive phytoplank-

ton-DMS-climate feedback via the oceanic carbon

cycle. The contribution of organic matter, sea salt, and

non-sea-salt SO4
2- to CCN and cloud formation must

be included in future modeling studies to more

completely understand marine aerosol feedbacks.

We are therefore adding these processes to our next

generation Earth System Model.

Summary

In the present study, we have conducted time-slice

simulations using a fully coupled Earth system model

including improved dynamic ocean ecosystem/bio-

geochemistry and marine sulfur cycle modules (Wang

et al. 2015). Motivations for this work include (1)

examination of variations in the DMS flux, (2)

investigation of the influence of DMS on processes

in marine ecosystems as it passes through the atmo-

spheric aerosol, and (3) evaluation of the CLAW

hypothesis. Since DMS emanating from the ocean is a

source of CCN and contributes to cloud formation, it is

important to estimate potential changes in DMS

emissions when looking at how clouds might change

with global warming (Cameron-Smith et al. 2011).
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Differences of DMS production and emission

between different climate scenarios vary significantly,

with larger differences associated with more altered

climate. Comparisons of time slices show that differ-

ences in surface ocean DMS distributions and fluxes to

the atmosphere between pre-industrial and present-

day scenarios are negligible. However, in the 2100

time slice the mean concentration decreases by

0.34 nM (17.8%) and the annual flux is 8.1% lower,

with significant spatial variability (Table 4 and

Fig. 6). Our simulations further show that the future

DMS flux increases at high latitudes in both hemi-

spheres and over the latitude band 35–50�S across the

Southern Ocean. But marine emissions decline in most

other regions, with all the differences driven largely by

changes in biological production and shifts in phyto-

plankton community structure. Declining sea ice

coverage also plays an important role in determining

the DMS flux at high latitudes.

We use simulations with a complete shutdown of

DMS flux into the atmosphere as an extreme scenario

for testing and exploring reduced DMS emissions at

the global scale, allowing us to assess impacts of DMS

on biological production, phytoplankton community

structure and the carbon cycle. Based on these results,

it is clear that oceanic DMS flux plays an important

cooling role in the climate system, and that physical

fields, such as temperature, circulation, and sea ice, are

significantly different without atmospheric DMS. All

of these impacts have a sulfur connection associated

with the effect of aerosols on radiation, both by the

aerosols scattering light and the aerosols affecting

clouds. Altered radiative forcing strongly modifies

physical and chemical conditions supporting marine

organisms, across basin scale ecosystems. Differences

in nutrient availability, mixing and the light regime

lead to overall smaller biological production and shifts

in phytoplankton community composition. While the

biomass of diatoms and Phaeocystis is significantly

less, we observe more small phytoplankton biomass in

the north Pacific, north Atlantic, Arctic, and some

regions in the Southern Ocean. In addition, weaker

DMS emission will likely decrease oceanic CO2

uptake largely due to warming effects, a secondary

impact of DMS on climate via the carbon cycle that

has not been noted in previous studies.

Responses of DMS production and surface ocean

emission to turning off the atmospheric flux are driven

mainly by changes to the marine ecosystems,

especially phytoplankton community composition.

Our results suggest that reducing DMS flux in a cooler

climate will stimulate the production of this compound

in the central Arctic, Pacific subtropical gyre, 35–50�S
of the Southern Ocean and some regions near the

Antarctic. But a positive feedback is recorded in the

remaining areas—meaning most of the surface ocean

at lower latitudes. This feedback pattern changes

under a warmer base climate, where positive phyto-

plankton-DMS-climate feedback is observed over

more ocean areas. Due to the complexity of resulting

marine ecosystem change, there is large spatial

variability in our extreme scenario phytoplankton-

DMS-climate feedback. Moreover, Woodhouse et al.

(2013) showed that the CCN sensitivity to changes in

the DMS flux varies spatially by a factor of[ 20.

Thus, it is necessary to model marine ecosystems

dynamically and the marine sulfur cycle explicitly in

order to better evaluate the role of DMS in the climate

system. Further studies to provide insights in regional

climate sensitivity to phytoplankton and DMS are also

needed.

Taken at the global scale, our simulations with and

without DMS suggest a small positive feedback,

which is consistent across climate scenarios, though

spatial patterns and mechanisms may differ between

climate states. The significant spatial variability in

feedback patterns is driven mainly by individual

autotrophic functional groups. Furthermore, the sign

and strength of feedback loops involving different

phytoplankton groups varies. The overall sign of the

feedback disagrees with some previous studies (Bopp

et al. 2004; Gunson et al. 2006; Gabric et al. 2013).

This discrepancy can be attributed to the coupling

between a dynamic marine ecosystem module and the

sulfur cycle mechanism adopted in the current

simulations.

The predicted changes in the DMS flux in the future

may be underestimated in this study due to certain

limitations in our treatment of the ecosystem and

sulfur dynamics. For example, Prochlorococcus and

Synechococcus dominate the autotrophic biomass in

oligotrophic waters, but contribute little to the DMSP

production (Stefels et al. 2007). It is predicted that the

biomass of these non-DMSP producers will increase in

a warmer climate (Flombaum et al. 2013), which will

affect DMS emission at low to middle latitudes. This

shift is not fully simulated by our model since the

cyanobacteria are represented implicitly. Six et al.
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(2013) have recently suggested that reduced DMS

emissions will result from ongoing ocean acidifica-

tion. In their simulations, the changing pH conditions

operate through the sulfur cycle and generate signif-

icant climate impacts. The influence of acidification is

not considered in the current study. Moreover, phys-

iological parameters for individual phytoplankton

groups are set based on studies in the past decades,

which may not represent the phytoplankton species

under the future climate. Note that the time slice

simulations of present-day and future scenarios have

not continued long enough to reach their full steady

states in this study, and a certain amount of drift

remains in physical and biogeochemical fields. Dif-

ferences between these scenarios and the pre-indus-

trial case may therefore be somewhat underestimated.

Impacts of DMS on marine ecosystems and the

oceanic carbon uptake which occur through modified

radiative forcing are also likely to be underestimated

as the climate system evolves. However, our conclu-

sions should hold qualitatively for simulations of the

transient climate and at steady state.

It has recently been suggested that the phytoplank-

ton-DMS-climate feedback forming the core of the

CLAW hypothesis is an oversimplification. Marine

ecosystems-aerosol-cloud system interactions are

extraordinarily complex and involve a poorly under-

stood mix of biogenic marine aerosols (Quinn and

Bates 2011; Green and Hatton 2014). It will likely

prove necessary to take other marine biogenic aerosol

precursors into consideration in climate projections.

Our simulations employ an ecosystem model of

intermediate complexity, but more detailed marine

ecosystem structural representations could modify our

conclusions since DMS production and flux are largely

controlled by shifts in community composition. The

present study provides sensitivity tests based on our

current level of knowledge and state of the art Earth

system modeling. To better understand and quantify

the climate uncertainties involved, further improve-

ments of our models are needed, in addition to

measurements and laboratory studies.
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