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Abstract wWe examined the multiyear mean and variability of dimethyl sulfide (DMS) and its relationship to
sulfate aerosols, as well as cloud microphysical and radiative properties. We conducted a 150 year simulation
using preindustrial conditions produced by the Community Earth System Model embedded with a dynamic
DMS module. The model simulated the mean spatial distribution of DMS emissions and burden, as well as
sulfur budgets associated with DMS, SO,, H,SO4, and sulfate that were generally similar to available
observations and inventories for a variety of regions. Changes in simulated sea-to-air DMS emissions and
associated atmospheric abundance, along with associated aerosols and cloud and radiative properties, were
consistently dominated by El Niflo—Southern Oscillation (ENSO) cycle in the tropical Pacific region. Simulated
DMS, aerosols, and clouds showed a weak positive feedback on sea surface temperature. This feedback
suggests a link among DMS, aerosols, clouds, and climate on interannual timescales. The variability of

DMS emissions associated with ENSO was primarily caused by a higher variation in wind speed during

La Nifa events. The simulation results also suggest that variations in DMS emissions increase the frequency of
La Nifia events but do not alter ENSO variability in terms of the standard deviation of the Nifio 3 sea surface
temperature anomalies.

1. Introduction

Dimethyl sulfide (DMS), the main natural source of tropospheric biogenic sulfur, is released from the ocean
surface and then oxidized in the atmosphere to form particle sulfate. DMS contributes to cloud condensa-
tion nuclei (CCN) that can alter cloud microphysical properties, thus modulating cloud albedo [Twomey,
1974] and cloud lifetime [Albrecht, 1989] in ocean-influenced regions. Intensive research activities into
DMS-aerosol-cloud-climate interactions have been carried out since the formulation of the Charlson-
Lovelock-Andreae-Warren (CLAW) hypothesis [Charlson et al., 1987]. The CLAW hypothesis proposes that
an increase in DMS fluxes could influence cloud formation to result in brighter clouds with longer cloud life-
times and, thus, could counteract the warming of Earth’s climate system. To date, the CLAW hypothesis has
not been confirmed by conclusive evidence. Some previous studies have rejected the concept of climate
regulation through this mechanism on global scales and long time scales [Wolff et al., 2006; Vallina et al.,
2007; Kloster et al., 2006]. Others have questioned the strength and extent of the hypothesized feedback
[Woodhouse et al., 2010; Quinn and Bates, 2011]. On the other hand, some recent global studies support
the DMS-sulfate-climate feedback [Vallina and Simé, 2007; Gabric et al., 2013; Six et al., 2013]. Owing to
the complexity of the DMS cycle and the uncertainties involved in each step of the proposed feedback loop
(including DMS air-sea exchange to DMS oxidation to form sulfate; sulfate aerosol contribution to CCN; CCN
influence on cloud microphysics and, hence, cloud albedo and lifetimes; cloud influence on climate change;
and climate feedback on DMS production), the link between DMS and associated sulfur, clouds, and climate
is still poorly understood [Harvey, 2007; Vogt and Liss, 2009].

Presently, many climate science studies focus on anthropogenic activities and their impacts on climate, with
few considering the impacts from natural forcing—which could have similar contributions to climate change
as anthropogenic forcing. Carslaw et al. [2013] suggested that much (45%) of the uncertainty in aerosol
indirect forcing since 1750 (the preindustrial era) is from uncertainties in emissions of natural aerosols,
including sea salt, volcanic sulfur dioxide, marine dimethyl sulfide, biogenic volatile organic carbon, and bio-
mass burning; only 34% is from uncertainty in anthropogenic emissions. Furthermore, Carslaw et al. [2013]

XU ET AL.

DMS ROLE IN ENSO CYCLE IN TROPICS 13,537


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2016JD025333
http://dx.doi.org/10.1002/2016JD025333
http://dx.doi.org/10.1002/2016JD025333
http://dx.doi.org/10.1002/2016JD025333
http://dx.doi.org/10.1002/2016JD025333
mailto:lmrussell@ucsd.edu

@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025333

found that one of the largest contributions of natural aerosol emissions to forcing uncertainties was the CCN
response to variation in DMS emissions. Their simulations showed that there was a 44% higher susceptibility
of CCN to DMS during summertime in the preindustrial (Pl) era compared to present-day (PD) measurements;
this difference resulted from the more efficient nucleation of new particles in the cleaner Pl atmosphere. This
result from the Carslaw study highlights the importance of understanding the role of DMS and its associated
sulfate aerosols, especially during the preindustrial era.

Observations clearly show that atmospheric DMS shows the same seasonal cycle as aerosol-phase non-sea-salt
sulfate at Cape Grim, Tasmania [Ayers et al., 1991], above an Antarctic coastal site [Preunkert et al., 20071, and
during a summertime cruise in the northwestern Pacific [Ooki et al., 2003]. Moreover, atmospheric DMS shows
similar seasonal CCN cycles at Cape Grim, Tasmania [Ayers and Gras, 1991], and at the Mace Head Irish coastal
site [Reade et al., 2006]. Two modeling studies [Gabric et al., 2002; Vallina et al., 2007] show a significant con-
tribution of DMS-derived CCN to total CCN, which agrees with the DMS-CCN link proposed by the CLAW
hypothesis. In addition, ocean biological productivity was strongly influenced by interannual variations in
the tropical Pacific [Chavez et al., 1998, 1999; Leonard and McClain, 1996]. Specifically, phytoplankton typically
blooms in the eastern equatorial Pacific during La Nifia because of greater oceanic upwelling over the region,
while blooms are less productive during El Nifio. The transition between El Nifio and La Nifia results in inter-
annual variations of DMS emissions produced by phytoplankton. In contrast, Bates and Quinn [1997] showed
that surface seawater DMS concentration had no evidence of interannual variation in atmospheric and ocea-
nic properties associated with El Nifo—-Southern Oscillation (ENSO) events. On the other hand, when phyto-
plankton in the upper ocean absorb sunlight via photosynthesis, they may influence ENSO variability [Lewis
et al,, 1990] by changing the equatorial Pacific heat budget; this leads to a change in solar heating and, hence,
a change in sea surface temperature. Along with an increase in chlorophyll concentration resulting from
increased phytoplankton productivity, a decrease in ENSO amplitude has been reported in several modeling
studies [Timmermann and Jin, 2002; Wetzel et al., 2006; Zhang et al., 2009; Jochum et al., 2010] but others
report an increase [Marzeion et al., 2005; Lengaigne et al., 2007; Anderson et al., 2007; Ballabrera-Poy et al.,
2007; Léptien et al., 2009]. These debates have been based on either a statistically representative atmosphere
coupled to an ocean general circulation model (GCM) with a simple temperature-chlorophyll relationship or
have been based on coupled general circulation models with full ecosystems that neglect the DMS cycle.
Thus, a study using a state-of-the-art global climate model with full ecosystems embedded that include an
up-to-date dynamic DMS mechanism can be used to improve our understanding of the interaction among
DMS, aerosols, clouds, and climate.

The objective of this study is to investigate the interannual variability of DMS and associated aerosols and
their effects on Earth’s climate. In recognition of the influence of the preindustrial variability of DMS emissions
on variations in radiative forcing, we conducted a 150 year simulation for preindustrial conditions (year 1850
emissions) using the Community Earth System Model (CESM) [Hurrell et al., 2013]. This simulation, with inter-
active DMS emissions, allowed us to assess the impacts of DMS emissions on associated aerosols and cloud
properties. In addition, by comparing the simulation with another simulation using prescribed climatological
monthly DMS emissions, we explored the extent to which DMS variation can contribute to modulating ENSO
variability in the tropical Pacific.

This paper is organized as follows. The CESM model is briefly described in section 2, with a focus on aspects of
the model that are relevant to DMS emissions and the associated marine aerosols. Analysis of the sulfur bud-
get associated with DMS, SO,, H,SO,, and sulfate aerosols, along with an investigation of DMS variability and
its associated aerosol and cloud variability, is presented in section 3. Discussion and conclusions are
addressed in section 4.

2. Model

The 150year simulation for preindustrial conditions was performed using the Community Earth System
Model (CESM), which is composed of atmosphere, ocean, land surface, and sea ice components [Hurrell
et al, 2013]. The specific version was an enhanced version of CESM version 1.2.2. The Parallel Ocean
Program (POP) is the ocean general circulation model that incorporates a carbon/nitrogen/silicon/iron ocean
ecosystem model with distinguished classes of phytoplankton (e.g., diatoms, coccolithophores, diazotrophs,
and collective picoplankton) [Moore et al, 2004]. The DMS mechanism uses a high-sulfur producer,
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Phaeocystis [Elliott, 2009]. Details about the representation of DMS and the oceanic ecosystem can be found
in Cameron-Smith et al. [2011] and Elliott [2009]. The coupled model utilizes a superfast chemistry mechanism
with interactive atmospheric chemistry developed at the Lawrence Livermore National Lab [Lamarque et al.,
2012; Cameron-Smith et al., 2006]. The model uses a modal aerosol module (MAM3) with three size classes,
including the Aitken mode (dry diameter size range of 0.02-0.08 pm), accumulation mode (0.08-1.0 um),
and coarse mode (1.0-10.0 um). For each mode, the model calculates mass mixing ratios of internally mixed
aerosol components and the total number mixing ratio. Six aerosol components (sulfate, sea salt, mineral
dust, black carbon, primary organic matter, and secondary organic matter) are included in MAM3. MAM3
handles the complex aerosol physical, chemical and optical properties (e.g., number/mass concentration,
size, density, refractive index, and chemical composition) and numerous aerosol processes in the atmo-
sphere (e.g., aerosol emissions, nucleation, coagulation, condensational growth, gas- and aqueous-phase
chemistry, dry and wet deposition, gravitational settling, and water uptake) and was evaluated in detail
by Liu et al. [2012].

Parameterizations are as follows: Surface emission of sea-salt small particles (diameter <2.8 um) follows the
method of Mdrtensson et al. [2003], while larger particles (diameter >2.8 pm) follow the method of Monahan
et al.[1986]. Dust aerosols are emitted in both accumulation and coarse modes, according to the dust entrain-
ment and deposition model developed by Zender et al. [2003]. DMS emission is based on the simulated ocean
DMS concentration and a transfer velocity as a function of 10 m wind speed following Elliott [2009]. Once in
the atmosphere, DMS can be rapidly oxidized by free radicals such as OH, NO3, BrO, and O3 to form non-sea-
salt sulfate and/or MSA. In this simulation, only the DMS oxidation pathway with OH was used. Volcanic sulfur
in the model is emitted as 97.5% SO, and 2.5% primary sulfate aerosol based on the year 1850 [Dentener et al.,
2006]. The atmosphere model resolution is 1.9° latitude by 2.5° longitude in the horizontal, with 30 vertical
layers ranging from the surface to 3.6 hPa. The model treats stratiform clouds using detailed microphysics
schemes described by Morrison and Gettelman [2008]. Treatments of deep and shallow convective cloud
parameterizations are described in Zhang and McFarlane [1995] and Park and Bretherton [2009], respectively.
More detailed cloud processes in CAM5 appear in Park et al. [2014]. The model containing interactive DMS
emission fluxes (i.e., the simulation we call IDMS) was integrated over 150 years. We disregarded 10 years
for spin-up of the surface ocean, and results from years 11-150 were used in this study.

In addition to assessing feedback from variations of DMS emission flux on climate variability, we conducted
an alternative 150 year simulation with prescribed climatological monthly DMS fluxes [Dentener et al., 2006]
(i.e., the simulation we call PDMS); results from years 11-150 were used. Variables used for analyzing this work
were saved as monthly averages. The chemistry module in the PDMS simulation was not identical to that in
the IDMS simulation. The chemical reactions included in the PDMS simulation differed slightly from those
included in the IDMS simulation since the simulations had been designed for different purposes and this
direct comparison was not foreseen. The difference in the chemistry mechanism relevant to DMS between
the PDMS and IDMS simulations is that the PDMS simulation includes DMS oxidation with both OH and
nitrate but the IDMS simulation includes only the daytime pathway (i.e., DMS + OH) but not the nighttime
pathway (i.e., DMS + NOs). This difference may have contributed to the different mean atmospheric DMS
abundance values but is likely to have had a small effect on the variability investigated here. Since the major
focus of this work is to investigate the interannual variability of DMS, we addressed this by calculating anoma-
lies, i.e., subtracting climatological monthly mean values before comparing results between the IDMS and
PDMS simulations, unless otherwise specified.

3. Results
3.1. Atmospheric DMS Flux and Burden

Figure 1 shows the IDMS simulation using a 140year climatological annual mean and standard deviation
of DMS emissions (a, b) and atmospheric burden (c, d), respectively. Relatively high DMS fluxes (Figure 1a)
were located over regions with persistent high wind speed (e.g., the broadband between 40°S and 60°S
over the Southern Ocean and the storm track regions over the North Pacific) and in regions over the
equatorial Pacific and Atlantic Ocean where sea surface DMS concentration was high. The overall spatial
distribution of annual mean DMS emission fluxes is in accordance with Dentener et al. [2006] and Kloster
et al. [2006]. Higher standard deviation values (Figure 1b) are colocated with the highest mean DMS
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Figure 1. Climatological mean and standard deviation of (a, b) DMS emission (mg(S) m 2 yr_1) and (c, d) DMS burden (ng m_z) from the IDMS simulation. The glo-
bal minimum, maximum, and average values are shown in the upper right corner of each panel.

emission fluxes, especially over the Southern Ocean and North Pacific Ocean, where standard wind speed
variation was greater. The highest mean atmospheric DMS abundance (Figure 1c) is located in regions
with high DMS emissions (e.g., the Southern Hemisphere around 60°S and storm track regions over the
North Pacific). Due to high OH concentrations in the equatorial Pacific and Atlantic Ocean, the DMS
burden is not pronounced even though DMS emission fluxes are high. The average column-integrated
DMS burden ranges from 6 to 5080 ug m 2, with a mean of 913 ugm 2. The DMS burden over the broad-
band of the Southern Ocean (40°S-60°S), which has mean values ranging from 3000 to 5000 pug m~2 is
significantly higher than roughly 600 ugm™2 that was found by Kloster et al. [2006]. This discrepancy is
mainly due to the higher DMS emissions in this region that were employed by Kloster et al. [2006]. As
shown in Figure 1, the highest standard deviation of atmospheric DMS burden agrees with high mean
values simulated in those regions.

In Figure 2, we compare model results with three sets of atmospheric DMS surface concentrations measured
during the Southern Hemisphere Marine Aerosol Characterization Experiment (ACE-1) [Bates et al., 1998] and
two sets of atmospheric DMS surface concentrations in the Pacific Ocean, one from May to July 2004
[Marandino et al., 2007] and the other from January 2006 [Marandino et al., 2009]. Figure 2a shows the
locations of these measurements. Figure 2b shows field measurements with temporal coverage ranging from
21 October 1995 to 12 December 1995, while Figures 2e and 2f show measurements from Cape Grim and
Macquarie Island with temporal coverage from 16 October 1995 to 13 December 1995 and from 25
September 1995 to 3 January 1996, respectively. For the purpose of the intercomparison of the IDMS run,
we include modeled climatological mean atmospheric DMS surface concentrations from the PDMS simula-
tion with prescribed monthly DMS emission fluxes by Kettle and Andreae [2000], which were readily available
and had been well tested by Liu et al. [2012] before we started our simulations.
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Figure 2. (a) Climatological annual mean modeled atmospheric surface DMS concentration (nmol m™>) from the simulation with the interactive DMS emission flux
(i.e., IDMS). The polylines and marker depict locations of in situ measured atmospheric DMS surface concentrations. Two black stars represents Cape Grim and
Macquarie Island, while the solid black line represents the locations taken in the ACE-1 campaign by Bates and coworkers (labeled as Bates) [Bates et al., 1998]. Note
that the magenta lines stand for the measurements taken after the day 312 where modeled values start deviating from the observed ones. The red and green lines
stand for locations of measurements in the Pacific Ocean from May to July in 2004 (labeled as M07) [Marandino et al., 2007] and on January in 2006 (labeled as M09)
[Marandino et al., 2009], respectively. (b) Time series of measured DMS concentration by Bates (black circle) and mean modeled DMS surface concentrations from the
IDMS simulation (blue line) and from the simulation with the prescribed DMS (i.e,, PDMS) emission flux (green line). The gray shaded area stands for the standard
deviation of corresponding modeled DMS surface concentrations. (c) Same as Figure 2b but for time series of measured DMS concentration by Marandino et al.
[2007] (black circle). The value in the parentheses represents the average percentage difference from observations (%). (d) Same as Figure 2c but for time series of
measured DMS concentration by Marandino et al. [2007] (black circle). () Boxplot of modeled (blue for IDMS and green for PDMS) and observed (black) DMS surface
concentrations in Cape Grim. (f) Box plots of modeled (blue for IDMS and green for PDMS) and observed (black) DMS surface concentrations in Macquarie Island.

As shown in Figure 2b, both simulations captured measured DMS surface concentrations over the central
Pacific from 40°S to 20°N (i.e., Figure 2a, black line). However, south of 40°S (Figure 2a), both models
significantly overestimated measured DMS concentrations by a factor of approximately 5-10 (Figure 2b)
at Cape Grim (Figure 2e) and by a factor of 2-10 at Macquarie Island (Figure 2f). Modeled DMS surface
concentrations agree with those measured within a factor of 2 over the central and northern Pacific
Ocean (Figure 2a, red line) and over the southern Pacific Ocean (Figure 2a, green line). However, the
PDMS simulation was 33% closer to the observations than the IDMS one over the southern Pacific Ocean
(Figure 2a, green line), while the IDMS simulation shows roughly a factor of 10 smaller model biases than

XU ET AL. DMS ROLE IN ENSO CYCLE IN TROPICS 13,541



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025333

the PDMS one over the central and northern Pacific Ocean (Figure 2a, red line). The IDMS simulations
reproduced variations in seasonal atmospheric DMS surface concentration at Macquarie Island, with the
highest phytoplankton blooms in December (during austral summer). In the PDMS simulation, the highest
surface concentration of atmospheric DMS did not occur in December but is closer to observations in all
three sets of measurements. This large discrepancy between modeled atmospheric DMS surface concen-
trations in the IDMS simulation and observations over the Southern Ocean is similar to that identified by
Elliott [2009], who attributed the bias to the phytoplankton Phaeocystis and its high sulfur emissions. Note
that results discussed in the following section are based on IDMS simulations where not otherwise noted.

3.2. Sulfur Budget

Sulfur transfer, specifically DMS, from the ocean surface to the marine atmosphere is of substantial impor-
tance to the sulfur budget of the Earth system. Table 1 summarizes the simulated sulfur budget associated
with DMS, SO,, H,S0,, and sulfate aerosols, as well as values provided by previous studies. The values given
in previous studies are all present-day conditions. Using the sea-air exchange parameterization of Elliott
[2009], the model produced global DMS fluxes of 22.1 TgSyr~"' (Table 1). The total DMS emission rate in this
work is higher than that reported by Liu et al. [2012] (18.2 Tg Syr™') and lower than that shown by Kloster et al.
[2006] (27.6 Tg Syr’1), though it fell within the ranges of 15-33Tg S yr’1 [Kettle and Andreae, 2000] and 20—
31TgSyr~ " [Le Clainche et al., 2010]. Overall, our simulated global annual mean DMS emission flux into the
atmosphere agrees with the PDMS simulation and with previous studies. Our modeled global annual mean
DMS burden was about 0.18 Tg S, which was in accordance with 0.20Tg S from the PDMS simulation and
0.17TgS [Gondwe et al., 2003, Table 1]. Given the global mean source of DMS in our model (about
22TgSyr~ " in our IDMS model), the lifetime is about 3 days, a little shorter than the 4 days in the PDMS simu-
lation. Compared with the IDMS simulation, the 32% longer DMS lifetime in the PDMS simulation resulted
from the 11% higher DMS burden. The 18% smaller DMS sinks may be attributed to the lack of nighttime
DMS oxidation in the IDMS run that is described in section 2. The DMS lifetime is longer than the 1.1 days esti-
mated by Boucher et al. [2003] in their EXP1. We also calculated average DMS emission fluxes and burden in
both Northern and Southern Hemispheres. The fraction of DMS emission and burden in the southern hemi-
sphere (i.e., 90°S-0) was 65.7% and 77.8%, respectively, in accordance with 64.5% and 72.7% shown by Kloster
et al. [2006], although there is the large discrepancy in both DMS emissions and burden over the Southern
Ocean (i.e., the broad latitude bands between 40°S and 60°S) described above.

The total IDMS-simulated SO, emission (30.2TgSyr™') is composed of 52% from DMS oxidation and the
remainder from volcanic eruptions. The SO, sinks in the simulation include dry and wet deposition,
aqueous-phase oxidation by H,0, and Os, and gas-phase oxidation. The model used in this work does not
include SO, uptake to sea salt even though previous studies have shown that uptake of SO, to sea salt is a
major sink for SO, in the marine boundary layer [Chameides and Stelson, 1992; Pandis et al., 1994; Russell
et al., 1994]. The chemical conversion by aqueous-phase and gas-phase oxidation removes 48% of SO,, while
dry and wet deposition account for 51% of total removal. We find 33% of total sinks of SO, result from
aqueous-phase oxidation, of which 62% is from oxidation by H,0,. The global burden of SO, is 0.16 Tg S with
a lifetime of 1.9 days, which agrees with the 1.6 day lifetime found by Liu et al. [2012] and falls within the
range (0.6-2.6 days) given by Liu et al. [2005]. The production of H,SO,4 gas is through the gas-phase oxidation
of SO, by OH. Losses of H,SO, (gas) are primarily from condensation onto preexisting particles (94%) and
aqueous-phase uptake by cloud water (4%), while a negligible amount is due to nucleation to form new par-
ticles and dry deposition (2% in total). The global burden of H,SO, is roughly 0.0003 Tg S, with a lifetime of
35min, which is longer than the 14 min reported by Kloster et al. [2006] and the 14.5 min reported by Liu
et al. [2012]. The longer lifetime of H,SO, in preindustrial conditions is likely due to the lower particle surface
area that is available for H,SO, to condense on. The estimated total sulfate aerosol source of 15.1Tg S is pri-
marily produced from aqueous-phase SO, oxidation and from H,SO,4 condensation onto preexisting aerosol
and, to a lesser extent, from primary emission (2%) and nucleation. The global burden of sulfate aerosol is
0.14TgSS, with a lifetime of 3.4 days, which falls approximately in the lower end of the range (3.4-4.9 days)
given by Textor et al. [2006]. The global sources, burden, and lifetime of sulfate aerosols found in this work
for preindustrial conditions agree with the values of 15.2TgSyr™', 0.17Tg$, and 4.1 days, respectively,
reported by Wang et al. [2011]. The dominant sink of sulfate aerosol is wet deposition, which accounts for
88% of the total loss.
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Table 1. Global Annual Budgets for DMS, SO,, H,SO,4 and Sulfate Simulated in the IDMS and PDMS Model®

This Work (1850) Previous Studies (~2000)
DMS
Sources 22.11; 18.24b
Emission 22.11(7.58;14.53)5; 18.24° 15-33¢
Sinks 2227;18.38°
Gas-phase oxidation 22.27; 18.38b 15—33d
Burden 0.18(0.04;0.14); 0.20° 0.084° ~0.17°
Lifetime (days) 3.03; 4.0° 0.5-3.09"
SO,
Sources 30.19
Emission 14.53
DMS oxidation 15.65 10.0—24.79’h
Sinks 30.19
Dry deposition 6.01 16.0-55.09"
Wet deposition 9.48 0.0-19.99"
Aqueous-phase oxidation 10.00 6.1-16.89"
Gas-phase oxidation 4.70 24.5-57.89"
Burden 0.16 0.20-0.619"
Lifetime (days) 1.89 0.6-2.69"
H,S0,

Sources 470 6.1~22,09"
Gas-phase oxidation 4.70
Sinks 4.70
Dry deposition 0.001
Aqueous-phase uptake 0.19
Nucleation 0.04
Condensation 442
Burden 0.0003 )
Lifetime (minutes) 35 145M14.0'

505 (p)
Sources 15.07 15.24
Emission 0.37
SO, aqueous-phase oxidation 10.00
From H,0, chemistry (%) 62.46
H,SO4 aqueous-phase uptake 0.19
H>S04 nucleation 0.04
H,SO4 condensation 447
Sinks 15.10
Dry deposition 1.76
Wet deposition 13.34 A
Burden 0.14 017
Lifetime (days) 337 3.38-4.86"

3Units are sources and sinks, TgS yr_1; burden, Tg S; lifetime, days except for H,SO4 (minutes).
The values behind the semicolon represent values from the PDMS simulation.

“The values in the parentheses stand for average values in Northern Hemisphere and Southern Hemisphere.
Kettle and Andreae [2000].

€Boucher et al. [2003].

Gondwe et al. [2003].

9Lju et al. [2005].

Liu et al. [2012].

'Kloster et al. [2006).

JkWang et al. [2011].
Textor et al. [2006].

3.3. Interannual Variability of DMS and Its Associated Aerosols and Cloud and Radiative Effects

Figures 3a and 3b show a latitude versus time plot of climatological monthly mean atmospheric DMS surface
concentration (nmol/m?) from the IDMS and PDMS simulations, respectively. Both models produced large
variations in DMS during spring and summer seasons at middle-to-high northern (30°N-90°N) and southern
latitudes (30°S-90°S), separated by weak variations in the tropics (30°S-30°N). These three distinct seasonal
regimes agreed with dynamic DMS models and observations reported by Le Clainche et al. [2010]. In addition,
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Latitude versus time of monthly mean atmospheric DMS concentration (nmol m_3) from the (a) IDMS and (b) PDMS simulation along with their respective
n profile averaged over a 140 year period and climatological monthly mean seawater DMS concentration (umol m ™) from (c) the Lana’s climatology [Lana

et al., 2011] and (d) the IDMS simulation.

the IDMS model (Figure 3d) captures the seasonal variations of seawater DMS climatology (Figure 3c)
described by Lana et al. [2011], although the simulated emissions over the Southern Ocean and Northern
Hemisphere high latitudes are higher than the observations. The prognostic DMS emission model [Elliott,
2009] used in this study was the best model at capturing the shift from a positive seasonal correlation
between phytoplankton bloom and DMS concentration at middle-to-high latitudes and negative correlation
at low-to-middle latitudes in the intercomparison by Le Clainche et al. [2010], providing high confidence that
the interannual variability of DMS and its effects on aerosols and clouds are simulated realistically, especially
over the lower (tropical) latitudes.

In order to investigate the interannual variability of DMS, its associated aerosols, and cloud and radiative
properties, we used an empirical orthogonal function (EOF) analysis of the monthly anomalies of the relevant
variables. The EOF analysis is an effective tool to reveal characteristics of spatial and temporal variability by
decomposing simulated variables into a set of orthogonal spatial and temporal patterns. We present here
only the leading EOF mode, which represents the highest variance of investigated variables. We also utilized
spectral analysis to identify potential periodicities in the leading EOF principal component (PC) over three
distinct regions (i.e., middle-to-high northern latitudes, tropics, and middle-to-high southern latitudes) and
the entire world. Both the EOF method and spectral analysis are described by Wilks [2011].

Figures 4a-4d show the power spectra of the leading mode EOF PC of yearly anomalies of sea surface
temperature (SST), DMS emission fluxes (SFDMS), atmospheric DMS surface concentration (DMSSRF),
sulfate surface concentration (so4SRF), column-integrated CCN associated with DMS at 0.1% supersatura-
tion (CCNdms) derived from Vallina et al. [2007], total column-integrated CCN at 0.1% supersaturation
(CCNtot), cloud droplet number concentration at 936 hPa (CDNC), cloud effective radius at 936 hPa
(Reff), shortwave cloud forcing (SWCF), aerosol direct effect (ADE) for the IDMS simulation globally, and
for the three latitudinal regions. Figure 4b shows all variables have a consistent peak near 0.25cyr™"
(~4yrc™") in the tropical regions (30°5-30°N). This frequency agrees well with the model simulated
ENSO period of roughly 4yrc™' that is also evident in the peak frequency of the leading mode EOF PC
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Figure 4. The power spectra of the leading mode EOF PC of yearly anomalies of sea surface temperature (SST), DMS emission fluxes (SFDMS), atmospheric DMS sur-
face concentration (DMSSRF), sulfate surface concentration (so4SRF), column-integrated CCN associated with DMS at 0.1% supersaturation (CCNdms) derived from
Vallina et al. [2007], total column-integrated CCN at 0.1% supersaturation (CCNtot), cloud droplet number concentration at 936 hPa (CDNC), cloud effective radius at
936 hPa (Reff), shortwave cloud forcing (SWCF), aerosol direct effect (ADE) from the IDMS simulation in (a) the globe, (b) the tropics, (c) the Northern Hemisphere

middle-to-high latitudes, (d) the Southern Hemisphere middle-to-high latitudes, and from the PDMS simulation in (e) the tropics. The colored dashed lines represent
95% significance levels of corresponding variables. The values inside of the parenthesis represent the correlation coefficient between the leading mode EOF PC of
corresponding variables in the legend with that of sea surface temperature yearly anomalies.

of SST anomalies (i.e., black solid line) and is well within the 3-6 year range reported by Deser et al. [2012].
This ENSO-like feature is also seen in the global averages of some of the relevant atmospheric properties
(Figure 4a); the middle-to-high latitudes in both Northern and Southern Hemispheres (Figures 4c and 4d)
show some influence from ENSO teleconnections. However, ENSO-like periodicity does not apply for all
variables in these three regions as illustrated by the averages over the tropical region (Figure 4b). In addi-
tion, as shown in Figure 2, the IDMS simulation reproduces measured atmospheric DMS surface concen-
trations in the Pacific Ocean quite well, even though it significantly overestimates concentrations
compared to observations over the Southern Ocean. Thus, the following section focuses on results from
the tropics (30°S-30°N). The consistent ENSO-like periodicity detected in all properties investigated in
Figure 4b suggests that ENSO is the main process that affects the interannual variability of these proper-
ties. Moreover, the high-correlation coefficient between the variables investigated and the first-mode EOF
PC of SST yearly anomalies ranges from 0.72 (DMS concentrations) up to 0.97 (cloud droplet effective
radius), which suggests a close relationship between these variables and SST variations induced by
ENSO activities.

We also analyzed the EOFs of these same variables using the PDMS simulation. Figure 4e shows that the
power spectra of the leading mode EOF PC of yearly anomalies in the tropical region is similar to that in
Figure 4b. All variables show a consistent peak of around 0.24cyr™' (~4yrc™') in the tropical regions
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Figure 5. The leading mode EOF of yearly anomalies of (a) sea surface temperature (SST), (b) DMS emission fluxes (SFDMS), (c) atmospheric DMS surface concentra-
tion (DMSSRF), (d) atmospheric sulfate surface concentration (so4SRF), (e) column-integrated CCN associated with DMS at 0.1% supersaturation (CCNdms) derived
using Vallina et al. [2007], (f) column-integrated total CCN at 0.1% supersaturation (CCNtot), (g) cloud droplet number concentration at 936 hPa (CDNC), (h) cloud
effective radius at 936 hPa (Reff), (i) shortwave cloud forcing (SWCF), and (j) aerosol direct effect (ADE) from the IDMS simulation. The variance explained by the
leading mode EOF is given at the upper right corner of each panel.

(30°5-30°N), which agrees well with the 0.25cyr™' from the IDMS simulation shown in Figure 4b, but
with a power density of 6.1 at the peak that is somewhat lower than the peak power density of 6.9
in the IDMS simulation. The high correlation coefficient found between the variables and the first-mode
EOF PC of SST yearly anomalies is comparable to that seen in the IDMS simulation (except DMS surface
concentrations). Thus, although the PDMS simulation does not have year-to-year variations of DMS
emissions, ENSO still plays an important role in affecting atmospheric DMS abundance by influencing
the DMS removal processes and associated aerosol and cloud properties.

Figure 5 shows the leading mode EOF of yearly anomalies for the IDMS simulations of the same variables
discussed above. Note we selected the signs of the variables displayed in Figures 5b-5j to make the
phasing between variables consistent with the variation of SST in Figure 5a (which is a typical SST pattern
during ENSO). The leading EOF mode of DMS flux (Figure 5b) and atmospheric DMS surface concentration
(Figure 5¢) show 29% and 27% annual variance, respectively. In response to the positive variation in sea
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surface temperature extending from the eastern equatorial Pacific Ocean (Figure 5a), the spatial pattern of
DMS flux (Figure 5b) and surface air concentration (Figure 5¢) show a scissor-like positive pattern over the
western Pacific Ocean and a negative counterpart over the eastern Pacific and western Indian Oceans;
this contrast between the eastern and western Pacific suggests that the DMS emission flux and atmo-
spheric DMS concentration vary with opposite signs in these two ocean regions. The variation of sulfate
aerosols (Figure 5d) that results in part from DMS oxidation shows a similar pattern to that of DMS emis-
sion fluxes (Figure 5c¢) (i.e., displaying the positive and negative pattern over the western and eastern
Pacific Ocean, respectively), suggesting a close link between DMS and sulfate aerosols. Sulfate aerosols
have a positive pattern over the eastern Pacific Ocean close to the coast of North America, which is in
contrast to the negative pattern in DMS emissions and surface concentration; this feature indicates that
the variation in sulfate aerosols in these regions may be determined by other processes, such as SO,
aqueous-phase oxidation in cloud droplets or H,SO, condensation or wet removal by precipitation
(shown in Figure S3). The leading EOF mode of sulfate aerosol concentration explains 41% of its annual
mean variance. The variation of the DMS-derived CCN (Figure 5e) is in accordance with the DMS surface
concentration (Figure 5c), while that of the total CCN (Figure 5f) is consistent with the spatial pattern of
sulfate aerosol concentration (Figure 5d).

Cloud droplet number, cloud effective radius, and shortwave cloud forcing (Figures 5g-5i) share major spatial
variability in the Pacific Ocean, similar to DMS and sulfate, while the aerosol direct effect (ADE) (Figure 5j) dis-
played almost the same pattern as the sulfate aerosols (Figure 5d) but is opposite in sign. The leading EOF
mode of CCN, cloud droplet number, cloud effective radius, SWCF, and ADE explains 30% to 44% of their cor-
responding annual variance. Overall, the results of the multivariable EOF analysis show a bipolar feature over
the tropical Pacific Ocean, indicating that there may be a relationship between DMS (and related aerosol,
cloud, and radiative properties) and ENSO, since they both have similar dominant modes (i.e., first EOF) of
interannual variability in the tropical Pacific climate system.

In order to better understand the similarities of the patterns for DMS-related variables (e.g., SFDMS and
DMSSRF) and other variables related to sulfate aerosol and cloud microphysical and radiative properties in
Figure 5, we investigated the relationship between DMS and sulfate as well as the relationship between
sulfate and cloud properties. A close relationship between variations in sulfate aerosol and variations in
cloud microphysical and radiative properties is clearly illustrated in Table S1. As shown in Table S2, we
calculated the spatial correlation coefficients between the first EOF PC of variables related to sulfate
sources and sulfate abundance in the atmosphere in terms of sulfate surface concentration (so4SRF) and
sulfate burden (BURDENSO4). The top two aerosol processes that are directly connected to the variability
of sulfate loading in the atmosphere over the tropics and that have the highest correlations with sulfate
surface concentrations and column-integrated burden are aqueous-phase oxidation of SO, (AQSO2) and
H,SO,4 condensation (H2SO4COND), but sulfate wet deposition also shows some correlation. The correla-
tions between DMS-related variables (e.g., SFDMS, DMSSRF, and DMSSO2) and these two processes (i.e.,
AQSO2 and H2SO4COND) are shown in Table S3. The DMS-oxidation flux to form SO, (DMSSO2) has higher
correlations to gas-phase (0.65) and aqueous-phase (0.35) oxidation of SO, (to form sulfuric acid gas
and sulfate) than to DMS emissions or its surface concentrations, suggesting that the internal variability
of oxidants (i.e, OH) also plays some role in contributing to variations in sulfate. Note that sulfur
emissions originating from volcanic eruptions prescribed at the year 1850 [Dentener et al, 2006] do
not have year-to-year variations like DMS emissions. This means that year-to-year variations in DMS emissions
are the only source that affects the variations in sulfate, making the variability of DMS emissions of great
importance for causing changes in sulfate aerosol concentrations and its associated cloud microphysical
and radiative properties.

We further calculated composites of monthly anomalies for the top 10% warmest and coldest ENSO events
during the 140 year simulation, following the first-mode EOF PC of monthly SST anomalies in the tropical
regions (30°5-30°N). The warm ENSO phase (El Nifo) is characterized by warm sea surface temperature
anomalies over the eastern Pacific Ocean and dry conditions over Indonesia, while the cold ENSO phase
(La Nifa) displays the opposite pattern. Cold temperatures favor phytoplankton blooms that are proxies
for upwelling and associated nutrient supply [Chavez et al., 1998, 1999; Leonard and McClain, 1996]. The simu-
lated mean aerosol properties including sulfate burden, aerosol number concentration, aerosol optical depth,
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Table 2. Climatological Monthly Mean Sulfate Burden (BURDENSO4),  and CCN averaged over oceans in the tro-
Accumulation Mode Aerosol Number Concentration at Surfr?\ce pics (30°5-30°N) fall within the range of
(AERNUM), Aerosol Optical Depth (AOD), and Cloud Condensation

Nuclei at 0.1% Supersaturation at Surface (CCN) Averaged Over values simulated by the previous study

Oceans in the Tropics (30°S-30°N) [e.g. Liu et al, 2012], as summarized in
Mean Reference®  Table 2. Figure 6 shows the composite
= differences of monthly anomalies of rele-

BURDENSU (mg m ) I <8 vant variables between aver val
AERNUM (cm ) 1356 <500 a ' ariables between ave ag‘e alues
AOD 0.1 <08 during cold and warm events (i.e., cold-
CCN (cm ™) 70.7 <250 warm). The DMS flux (Figure 6a) and

DMS surface concentration (Figure 6b)
in the cold phase increase in the eastern
Pacific Ocean and decrease in Indonesia,
in response to changes in sea water concentrations of DMS (Figure 6l), diatom sulfur (Figure 6m), chlorophyll
(Figure 6n), and wind speed (not shown here). The change in DMS fluxes leads to similar changes in sulfate
aerosol surface concentration (Figure 6¢) and aerosol optical depth (Figure 6d), which then results in strong
cooling of the eastern and central Pacific and warming in the western Pacific (Figure 6h) through direct scat-
tering of solar radiation by the aerosol (AKA aerosol direct effect). Note that the decrease in sulfate aerosol
concentration (Figure 6c) in the eastern Tropical Pacific close to the coasts of Mexico and Ecuador results from
an increase in wet deposition (not shown here). The variation in sulfate aerosol concentration (Figure 6c) that
originates from DMS oxidation contributes to the corresponding increase of cloud condensation nuclei
(Figure 6e) and cloud droplet number at 936 hPa (Figure 6f) over the eastern Pacific Ocean. The largest abso-
lute difference in Aerosol Optical Depth (AOD) between El Nifio and La Nifia events is about +0.05 (Figure 6d),
suggesting that the relative difference could be up to 50% given the mean AOD of 0.1 in the tropical Pacific
(Table 2). This large relative difference in AOD is partially due to the opposite signs of the AOD anomalies in
the warm and cold phases in the same regions. These anomalies can be attributed to both sea-salt aerosol
and DMS-related sulfate aerosol as quantified below.

3Liu et al. [2012].

Changes in the variables (e.g., AOD, CCN, CDNC, Reff, ADE, and SWCF) over the tropics discussed in Figure 6
may be attributed to variations in DMS-derived sulfate, volcanic sulfate, and sea salt. As described in section 2,
sulfur emissions originating from volcanic eruptions prescribed at the year 1850 are mainly located over con-
tinents and islands [Dentener et al., 2006] and do not have year-to-year variations like the DMS emissions.
Additionally, the SO, released from volcanic eruptions mainly located in the upper troposphere and lower
stratosphere may limit their influence on CCN at the marine boundary layer. Although the model does not
separately track sulfate aerosols formed from volcanic sulfur emissions and DMS oxidation, variations in
sulfate aerosols result from two types of processes: the first is changes in DMS emissions and the second is
process-based variations (e.g., dry or wet deposition and gas- or aqueous-phase oxidation). To compare
the contributions from sulfate and sea salt to the interannual aerosol variations, we calculated spatial correla-
tion coefficients between sulfate and sea-salt burden in Table 3. Sea-salt and sulfate burdens contribute
roughly 79% and 28% of the variance in AOD (i.e., the square of correlation coefficients) to the composite dif-
ferences between warm and cold ENSO phases over the tropics, respectively, suggesting that sea salt plays a
more important role than sulfate in controlling the variations in AOD between the warm and cold ENSO
phases. However, due in part to the higher scattering by sulfate particles in the accumulation mode, sulfate
aerosol (roughly 85%) has a larger contribution to changes in direct effects between cold and warm ENSO
than sea salt (roughly 8%). Moreover, because sulfate aerosol dominates both aerosol mass and number in
the accumulation mode, sulfate aerosol contributes 54% more to the spatial variation of CCN and, subse-
quently, of CDNC and Reff between warm and cold phases of ENSO. Hence, sulfate (16%) has a higher con-
tribution to changes in SWCF over the tropics than sea salt (1%) between cold and warm phases of ENSO. If
the liquid water path is constant and the cloud droplet number is increased over the eastern Pacific Ocean,
we expect smaller droplets and larger droplet surface area and hence greater cloud reflectivity [Twomey,
1974]. This would lead to a stronger aerosol first indirect effect at the top of the atmosphere, which would
cause surface cooling. Simultaneously, smaller cloud droplets induced by an increase of sulfate aerosol would
enhance the aerosol second indirect effect by decreasing precipitation efficiency and thereby prolonging
cloud lifetime and increasing cloud liquid water path, which further limits sunlight from reaching the surface
[Albrecht, 1989]. Thus, starting from increased DMS emission fluxes caused by stronger upwelling associated
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Figure 6. Composite difference between the top 10% warm and cold phase of ENSO events in monthly anomalies of the IDMS simulation for (a) DMS emission fluxes
(SFDMS, kg m—2 5_1), (b) atmospheric DMS surface concentration (DMSSRF, ng m_a), (c) sulfate surface concentration (so4SRF, ug m_3), (d) aerosol optical depth
(AOD, unitless), (e) CCN at 0.1% supersaturation at 936 hPa (CCN, ecm™3), () cloud droplet number concentration at 936 hPa (CDNC, cm 3, (g) shortwave cloud

forcing (SWCF, Wm_z), (h) aerosol direct effect (ADE, Wm_z), (i) cloud liquid water path (CLDLWP, mg m_z), (j) cloud fraction (CLDFRC, fraction), (k) precipitation
(PRECT, mm d_1), (1) seawater DMS concentration (DMS_SURF, umol m~3 5_1), (m) sea surface diatom sulfur concentration (diatS, pmol m~3 5_1), and (n) sea surface

diatom chlorophyll concentration (diatChl, pg m3).
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Table 3. Spatial Correlation Coefficients Between Sulfate Burden with lower sea surface temperature
(BURDENSO4) and Sea-Salt Burden (BURDENSS) and Aerosol Optical during La Nifia events and ending with
Depth (AOD), CCN at 0.1% Supersaturation at 936 hPa (CCN), Cloud X K

Droplet Number Concentration at 936 hPa (CDNC), Cloud Droplet surface cooling, the simulated DMS-sul-
Effective Radius at 936 hPa (Reff), Aerosol Direct Effect (ADE), and fate-cloud relationship produces a posi-
Shortwave Cloud Forcing (SWCF), Respectively, for Composite tive feedback on interannual timescales
Difference Between the Top 10% Warm and Cold Phase of ENSO  that is consistent with the first half of

Events in Monthly Anomalies of the IDMS Simulation the feedback loop of Charlson et dl.

RN RS [1987]. However, in the simulation, the
AOD 0.53 0.89 effects of the hypothetical aerosol
CCN 0.82 0.28 cooling on shortwave cloud radiation
EZ?C —()67778 _()62;1 may be counteracted by other dynamic
ADE 092 029 influences during La Nifa episodes
SWCF 0.40 0.10 (e.g., reducing SWCF either by the

decrease of cloud fraction or smaller
cloud liquid water path). In Figure 6g,
the decrease of SWCF spanned the entire equatorial Pacific (i.e., shaded red area between 15°S and 15°N),
partly resulting from the decrease of the cloud liquid water path (Figure 6i) and cloud fraction (Figure 6;)
induced by colder sea surface temperatures. Negative anomalies of SWCF and ADE (i.e., blue colors) represent
stronger cooling than normal and vice versa. Figure 6k shows the change of precipitation corresponding to
the increase in cloud droplet number concentration and the decrease in cloud fraction. In summary, during
cold ENSO episodes, sulfate aerosols associated with DMS contributed to strengthening the aerosol direct
effect and the first aerosol indirect effect while damping the second indirect effect. The damped second aero-
sol indirect effect results from competition with changes in cloud liquid water path and cloud fraction caused
by variations in sea surface temperatures. Aerosols that dampen cloud shortwave radiative effects are also
described by Yang et al. [2016].

The DMS-sulfate-cloud relationship is also evident in satellite-observed relevant variables, including
chlorophyll concentration, 10 m wind speed, fine-particle aerosol optical depth, cloud top droplet number
concentration, cloud liquid water path, cloud fraction, shortwave cloud radiative effect, and precipitation. In
Figure 7, the differences between the observed values of these relevant variables for the top 10% coldest and
warmest ENSO events are comparable to those shown in Figure 6. Cold and warm ENSO events were sorted
using the Nifo3.4 index provided by the National Oceanic and Atmospheric Administration (NOAA) (http://
www.cpc.ncep.noaa.gov/data/indices/ersst4.nino.mth.81-10.ascii). Compared to those in El Nifio events,
the observed seawater chlorophyll concentration during La Nifia events increases over the eastern Pacific
Ocean (Figure 7a), which suggests a greater phytoplankton bloom. The large phytoplankton bloom shown
in seaWiFS chlorophyll observations over the equatorial Pacific that followed recovery from the 1997-1998
El Nifio and during the subsequent La Nifa period was reported in previous studies [Chavez et al., 1999;
Behrenfeld et al., 2001]. The spatial correlation coefficient between modeled seawater chlorophyll concentra-
tion and surface seawater DMS concentration is about 0.6 in the Nifio 3 region (150°W-90°W, 5°S-5°N) over
the eastern Pacific Ocean, suggesting that chlorophyll might be a good proxy for DMS ventilated into the
atmosphere in this region. Additionally, the 10 m wind speed from the National Centers for Environmental
Prediction (NCEP) reanalysis data increases over the eastern equatorial Pacific Ocean (Figure 7b). DMS emis-
sions into the atmosphere should be expected to show corresponding increases in the same region due to
the wind-induced increases in sea-air transfer. Figure 7c shows that fine-particle aerosol optical depth
increases over the eastern Pacific Ocean during La Nifa, causing a resulting increase in cloud droplet number
concentration (Figure 7d) [Quaas et al., 2006] over the northeastern Pacific Ocean. The response of observed
shortwave cloud radiative effects derived from the Clouds and the Earth’s Radiant Energy System (CERES)
satellite (Figure 7g) shows variation across the equatorial Pacific Ocean that is similar to the modeled
SWCF response (Figure 6g), which results partly from altering the cloud liquid water path (Figure 7e) and
cloud fraction (Figure 7f) between the cold and warm ENSO phases. On the other hand, in response to
increases in cloud droplet number concentration and the decrease in cloud fraction over the northeastern
Pacific and central equatorial Pacific Oceans, the Global Precipitation Climatology Project (GPCP) precipita-
tion (Figure 7h) decreases over the same region. Aerosol and cloud properties illustrated in Figure 7 include
a large portion of aerosols of anthropogenic origin and, thus, showed some expected discrepancies between
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Figure 7. Composite difference between the top 10% cold and warm phase of ENSO events (i.e., cold-warm) in monthly anomalies of (a) SeaWiFS chlorophyll
concentration (CHLa, mg m73) during 1997-2010, (b) NCEP 10 m wind speed (U10, m 571) during 1948-2014, (c) fine-particle aerosol optical depth (FAOD, unit-
less), (d) cloud top droplet number concentration (CDNC, cm73) derived from Quaas et al. [2006], (e) cloud liquid water path (CLDLWP, g m72) and (f) cloud fraction
(CLDFRC, fraction) from the Moderate Resolution Imaging Spectroradiometer during 2000-2015, (g) shortwave cloud radiative effect (CRE_SW, W m_z) from the
CERES during 2000-2014, and (h) precipitation (mm d ") from the GPCP during 1979-2015.

the present-day observations and the preindustrial model simulations in terms of the composite difference
between cold and warm ENSO events. As discussed in Figure 6, changes in fine AOD, CDNC, and CRE_SW in
Figure 7 over the tropics can be attributed to variations in both DMS and sea salt; however, sulfate provides
the majority of the aerosol mass and number in the accumulation mode, making its contribution to affecting
cloud microphysical properties (e.g., CDNC) and subsequent cloud radiative effect likely to be substantial.
Based on similarities in modeled (Figure 6) and observed (Figure 7) composite difference from variables con-
nected with the aerosol-cloud interaction between cold and warm ENSO events, we suggest that DMS and its
associated sulfate aerosol, cloud, and radiative properties exhibit a distinct behavioral response to changes in
atmospheric properties between these two ENSO phases.

The association between sea-to-air DMS emission flux and ENSO could arise through changes in sea-to-air
transfer rate (primarily mediated by 10 m wind speed), DMS seawater concentration, or both. Changes in
DMS seawater concentration associated with ENSO may be influenced by upwelling (which brings
nutrient-rich deep water to the surface to stimulate phytoplankton photosynthesis, hence producing
more DMS) in the model. Figure 8 shows the regression coefficient between the model’s ENSO index
(i.e., the first-mode EOF PC of sea surface temperature yearly standardized anomalies between 30°S and
30°N) and (a) sea-to-air DMS emission flux, (b) seawater DMS surface concentration, (c) 10 m wind speed,
and (d) vertical velocity near the oceanic depth of 100 m. Note that we used vertical velocity at the ocea-
nic depth of 100m as a proxy of local upwelling in the shallow ocean regime. The temporal variability in
sea-to-air DMS emission flux is most similar to variability in 10 m wind speed (Figure 8c versus Figure 8a).
Spatial correlation coefficients between the regression of ENSO on DMS flux (Figure 8a) and the regres-
sions of ENSO on seawater DMS, 10 m wind speed, and ocean vertical velocity (Figures 8b-8d) in latitude
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Figure 8. Regression coefficient between the model's ENSO index and (a) sea-to-air DMS emission flux (STF_DMS), (b) sea water DMS surface concentration

(DMS_SURF),

(c) 10 m wind speed, and (d) vertical velocity near the depth of 100 m.

bands of 30°S-30°N over ocean are 0.55, 0.75, and 0.13, respectively. This difference in spatial correlation
coefficients suggests that wind speed change is the largest driver of the association between ENSO and
DMS emission flux ventilated into the atmosphere within the tropics. The effects from changes in DMS
seawater concentration with ENSO are also evident. For example, the negative response to ENSO off
the east coast of South America along the equatorial Pacific Ocean (Figure 8b) and over the Indian
Ocean may counteract the positive response ascribed to the 10 m wind in the same region (i.e., orange
shaded area off the west coast of South America and in the Indian Ocean in Figure 8c). The vertical
velocity (Figure 8d) has a relatively small direct influence on sea-to-air DMS emissions, although the
change in upwelling of the upper ocean typically accompanies the variation in sea surface winds. This
comparison indicates that the DMS emission flux into the atmosphere is stronger during the cold phase
of ENSO, primarily due to increased surface winds causing greater sea-air transfer, with some contribution
from the higher DMS concentration in surface waters.

We investigated interannual variability using in situ point measurements of non-sea-salt sulfate (i.e.,
nss-sulfate) mass concentration produced during the early 1980s to the late 1990s by the Global Aerosol
Climatology Project (http://gacp.giss.nasa.gov/data_sets/Joseph_Prospero.html). We used measurements
that were categorized as “high-quality” from five stations located in the Pacific Basin (Cape Grim,
1983-1996; Fanning Island, 1981-1986; Midway Island, 1981-2000; Oahu, 1981-1995; and American
Samoa, 1983-1999), as recommended by Spada et al. [2013]. The measurements were binned into
monthly averages, and then temporal anomalies were computed following Xu et al. [2015]. Here the
modern sulfate observations are used in order to support, to the limited extent possible, the validity
of the preindustrial predictions of variability in DMS and non-sea-salt sulfate. In Figure 9, the first five
panels show a correlation between nss-sulfate mass concentration anomalies and the observed global
sea surface temperature anomalies. Here we focus our investigation and discussion on the local
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Figure 9. The correlation between the in situ monthly non-sea-salt sulfate mass concentration anomalies measured at (a-e) five stations (as indicated in the panel
titles) and observed monthly sea surface temperature anomalies, and their (f) mean response. Cape Grim and American Samoa are marked as red circles, while
Fanning Island, Midway Island, and Oahu are marked as blue crosses. The black rectangular box (40°S-40°N; 120°E-70°W) marked in Figure 9f is the tropic Pacific
basin in which our discussion is focused on.

aerosol-ENSO interaction in the tropical Pacific basin (i.e., 40°S-40°N; 120°E-70°W) marked in Figure 9f
because in situ aerosol measurement stations selected in this region are located in the clean marine
environment comparable to preindustrial conditions. Each station shows a hemispherically symmetric
relationship that is similar in spatial pattern to ENSO. A negative relationship between sulfate aerosol
and tropical Pacific SST is evident at Fanning Island and American Samoa, given the negative sign shown
in the upper right corner of each panel, while a positive relationship is seen at the other three stations.
We took the appropriate signs into account and then averaged correlations at all stations to reduce the
influence from noise and local effects. The resulting mean correlation between nss-sulfate and sea
surface temperature anomalies shows a positive value over the western Pacific Ocean and a negative
value over the eastern equatorial Pacific Ocean, indicating that the observed variability of
DMS-associated sulfate aerosols has ENSO-like fluctuations in the Pacific Ocean. In other words, ENSO
events reduce DMS fluxes and subsequently DMS-derived sulfate aerosols over the eastern equatorial
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Figure 10. Time series of Nifio 3 and the first EOF PC of sea-salt (i.e., SFSS) and DMS emissions (i.e., SFDMS) in the
tropics (30°S-30°N) from (a) IDMS and (b) PDMS simulations during the year of 40-150 and (c) the power spectra
and (d) histogram of yearly anomalies of sea surface temperature (K) in the Nifio 3 region (5°S-5°N; 150°W-90°W)
from the 140year simulation with interactively calculated DMS emission (IDMS) and the 140 year simulation with
prescribed DMS emission (PDMS). The values in parentheses in Figures 10a and 10b represent correlation coefficients
between Nifio 3 and the first EOF PC of sea-salt and DMS emissions. The dashed lines in Figure 10c represent 95%
significance levels.

Pacific Ocean. The negative response of nss-sulfate to changes in sea surface temperature over the east-
ern Pacific Ocean may be caused by colder temperature producing higher phytoplankton productivity
and more sea-to-air DMS emission flux over the eastern Pacific Ocean (Figure 6a). It may also result from
increased condensation sinks (e.g., increases in sea-salt surface area due to high winds) or enhanced oxi-
dant loadings in the troposphere (e.g., increases in ozone concentrations due to suppressed convection)
over the eastern Pacific Ocean during La Nifa conditions.

The simulation with the prescribed monthly DMS emission flux (i.e, PDMS) that uses the climatology
developed by Kettle and Andreae [2000] provides further understanding of the differences between
atmospheric DMS concentrations, as well as associated aerosols, and the cloud and radiative properties
that result from those DMS emission variations. As reported in recent studies, phytoplankton blooms
may strengthen [Lengaigne et al, 2007; Anderson et al, 2007; Marzeion et al, 2005; Ballabrera-Poy
et al, 2007; Léptien et al., 2009] and weaken [Jochum et al., 2010; Wetzel et al, 2006; Timmermann and
Jin, 2002; Zhang et al., 2009] ENSO variability by altering light absorption and, thus, changing the vertical
heat distribution in the upper ocean [Lewis et al, 1990]. Over the tropical oceans, we acknowledge that
the variability of sea-salt emission exerts a feedback on the climate through the aerosol-cloud-radiation
interaction in addition to the role of DMS. We show time series of the yearly Nifio 3 index and the first
EOF PC of yearly sea-salt (i.e., SFSS) and DMS emissions (i.e, SFDMS) in the tropics (30°5-30°N) from
IDMS and PDMS simulations during years 40-150 in Figures 10a and 10b. The subset of the 111 year per-
iod is chosen here because the IDMS model included sea-salt emissions starting from the year 40. The
first EOF PC of sea-salt and DMS emissions correlates strongly with the Nifio 3 index in both IDMS
and PDMS simulations, suggesting that the variability of both sea salt and DMS has a close relationship
with variations in sea surface temperature in the Nifio 3 region (5°S-5°N; 150°W-90°W). We conduct
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linear regressions using the first EOF PC of yearly sea-salt and/or DMS emission as predictors in the IDMS
simulation and only sea-salt emission in the PDMS simulation as follows:

Nino3ipms, 1 = f1SFSSipms + B,SFDMSipus + & (M
Nino3ipms, 2 = B1SFSSipms + & ()
Nino3ppms = B1SFSSpoms + & (3)

where Nino3ipus, 1 (or Nino3lpwms, 2), Nino3ppms, SFSSipms, SFSSppms, and SFDMSps are yearly Nifio 3 and
the first EOF PC of yearly sea salt (i.e., SFSS) and DMS emissions (i.e.,, SFDMS) in the tropics (30°5-30°N) from
IDMS and PDMS simulations during the years of 40-150, respectively, and ¢ is an error term. The first regres-
sion (i.e., equation (1)) including both sea salt and DMS emissions as explanatory variables accounts for
approximately 69% of the Nifio 3 variance (according to the coefficient of determination R? of the regression
fit for equation (1) is 0.69) in the IDMS simulation. If excluding DMS emission variability in the IDMS simula-
tion, the second regression (i.e., equation (2)) explains roughly 63% of the Nifio 3 variance, similar to 62%
in the regression applied for the PDMS simulation (i.e., equation (3)). The discrepancy in the regression fit
between IDMS and PDMS simulations shed light on the important role of the variability of DMS emission
in contributing to year-to-year variations in sea surface temperature anomalies in the Nifio 3 region.

Figures 10c and 10d show the power spectra and histogram of yearly anomalies of SST in the Nifio 3 region
(5°5-5°N; 150°W-90°W) for the 140 year IDMS and PDMS simulations. Both simulations show a statistically sig-
nificant peak around 0.23-0.25cyr™" (Figures 4b and 4e). However, the spectrum from the IDMS simulation
has more power near the peak than in the PDMS simulation, which also has some statistically insignificant
fluctuations at lower frequencies. In Figure 10b, Nifio 3 SST anomalies from the PDMS simulation are skewed
to the right (0.88) more than the 0.49 skewness in the IDMS simulation; the much higher skewness of the
PDMS simulation indicates that El Nifio events in the PDMS simulation had higher amplitudes than IDMS.
In addition, this difference in the skewness between the IDMS and PDMS simulations suggests that allowing
DMS emission fluxes to vary (with SST and surface winds) increases the frequency of La Nifia events. Standard
deviations of Nifio 3 SST anomalies from both IDMS and PDMS simulations were 1°C, indicating that the year-
to-year changes in DMS emissions in the IDMS simulation do not contribute to altering the modeled ENSO
variability in terms of the amount of variations in Nifio 3 SST anomalies.

4, Discussion and Conclusions

We investigated the variability of DMS and sulfate aerosol particles (the oxidized product) emitted from the
ocean, along with their influence on cloud and radiative properties. We employed a 150year simulation
under preindustrial conditions using the Community Earth System Model embedded with a dynamic DMS
module. The model developed here simulates a spatial distribution for DMS emissions and abundance in
the atmosphere that is similar to observations [Kettle and Andreae, 2000; Boucher et al., 2003; Kloster et al.,
2006]. The model simulates high DMS fluxes over regions with high persistent wind speed (including the
broad latitudinal band between 40°S and 60°S over the Southern Ocean and storm track regions over the
North Pacific Ocean) and over regions of the equatorial Pacific and Atlantic Oceans where sea surface DMS
concentrations are high. The model reproduced observed atmospheric DMS surface air concentrations in
the Pacific Ocean within a factor of 2 but simulated excessively high DMS fluxes and subsequent atmospheric
DMS burden over the Southern Ocean and the Arctic region. These large biases may be primarily attributed to
the simple treatment of one sulfate-rich phytoplankton, Phaeocystis [Elliott, 2009]; however, this phytoplank-
ton type is not very important in the tropics, which is the focus of our analyses. The sulfur budget associated
with DMS, SO,, H,S0,, and sulfate aerosol sources, sinks, burden, and lifetime is comparable to previous stu-
dies [Kloster et al., 2006; Textor et al., 2006; Liu et al., 2012].

The model results show that on interannual time scales, tropical DMS, and related sulfate aerosols, clouds,
and radiative properties primarily respond to ENSO cycle, displaying an ENSO-like spatial pattern of coher-
ent variability in the tropical Pacific. The variation in DMS emissions and burden, as well as relevant sulfate
and cloud variables (in terms of the first-mode EOF PC) significantly correlate with variations in sea surface
temperature in the tropics (Figure 4). The relationship between ENSO and sea-to-air DMS emission fluxes
arises primarily from the influence of ENSO on wind speed. ENSO-related changes in ocean surface
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temperatures and ocean surface DMS concentrations also contributed but caused only small fractions of
the variability.

In order to compare our model simulations with observations, we computed the difference between cold and
warm ENSO composites from modeled variables connected to the DMS-sulfate-cloud interaction in the tro-
pical region, which show clear ENSO-like features over both the eastern and western tropical Pacific
Oceans. We also found a strong positive forcing by a modulation of ENSO on the DMS-sulfate-cloud interac-
tion during cold ENSO episodes, in accordance with the DMS-aerosol part of the loop of the CLAW hypothesis
[Charlson et al., 1987] on interannual timescales. A similar spatial pattern, in terms of the difference in the
composites of aerosol and cloud properties between the cold and warm ENSO, was also found from satellite
observations. The mean negative (and positive) correlation between in situ measured non-sea-salt sulfate
mass concentration anomalies and observed sea surface temperature anomalies in the eastern (and western)
Pacific provided observational evidence that colder temperatures accompany higher phytoplankton produc-
tivity and, hence, larger DMS fluxes ventilated into the atmosphere. This suggests that DMS, as well as asso-
ciated aerosols and cloud and radiative properties, exhibits distinct behavior in response to changes in
atmospheric properties associated with ENSO.

To understand atmospheric DMS concentration and its associated aerosols and cloud and radiative proper-
ties in relation to variation in DMS emissions, we conducted an alternative simulation with prescribed clima-
tological monthly DMS emissions. We found that ENSO affects atmospheric DMS abundance through its
influence on the DMS removal process and its associated aerosols and cloud properties, although the year-
to-year variability of DMS emission flux is excluded from the prescribed DMS simulation. On the other hand,
while the variability of both DMS and sea salt emissions could play important roles in exerting a feedback on
the climate through the aerosol-cloud-radiation interaction, including the variation of the DMS emission flux
increased the frequency of La Nifia events but may not contribute to altering the magnitude of ENSO varia-
bility in terms of the standard deviation of Nifio 3 SST anomalies. Thus, there seems to be a two-way interac-
tion between DMS and ENSO (via aerosols, clouds, and their radiative properties) in the tropical region.
Additional efforts are needed to further explore how changes in the radiation induced by DMS-associated
aerosols and clouds exert a feedback on oceanic DMS production.

Sulfate aerosols originating from oceanic DMS emissions constitute a significant source of natural aerosols,
and natural aerosol concentrations have higher uncertainties [Carslaw et al.,, 2013] compared to those of
anthropogenic origin. Consequently, our results suggesting a positive feedback between DMS and enhanced
cloud induced cooling may provide insights into understanding the CLAW hypothesis on interannual time-
scales. Further studies of preindustrial simulations may also help in understanding the evolution of sulfate
aerosols from a pristine preindustrial era to present-day and future scenarios.
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