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[1] Simultaneous in situ measurements of dimethyl sulfide (DMS) and nitrate radical
(NO3) from the NOAA research vessel Ronald H. Brown off the New England Coast
during the summer of 2002 show a clear anticorrelation between these compounds.
The anticorrelation indicates a strong interaction between anthropogenic NOx

emissions and natural sulfur emissions from the ocean surface. The
anticorrelation was invariant with the distance from the continent over the range sampled
during this study. Diurnal averages showed maxima in DMS concentrations during
dawn and dusk and a lower minimum of �30 pptv at night compared to the
daytime minimum of �40 pptv, indicating a stronger oxidation by NO3 at night than
by OH at daytime under polluted conditions. This conclusion is also supported by
agreement between a box model calculation and the measurements. Including DMS
oxidation by halogens (Cl and BrO) into the model improved the agreement significantly.
Calculation of the relative DMS loss due to either NO3 or OH oxidation indicated that
between 65 and 90% of the DMS oxidation was due to NO3, depending on NO3 mixing
ratios. The area over which DMS oxidation by NO3 is at least as strong as by OH can
extend as far as 3000 km from coastal anthropogenic NOx sources. These increased DMS
oxidation rates by NO3 may have an impact on global non-sea-salt sulfate aerosol
production, depending on the DMS chemical oxidation mechanism.
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1. Introduction

[2] Aerosol particles produced from marine sulfur emis-
sions may have a significant influence on the Earth’s
climate [Shaw, 1983; Bates et al., 1987; Charlson et al.,
1987; Clarke et al., 1998]. Dimethylsulfide (DMS,
CH3SCH3) is produced in the ocean by plankton activity.
Its release rate to the atmosphere depends on surface wind
speed and concentration of DMS in surface water of the
ocean [Liss and Merlivat, 1986; Wanninkhof, 1992;
Nightingale et al., 2000]. It is the largest natural source of
non-sea-salt sulfate (nss) aerosol via its oxidation to sulfuric
acid (H2SO4). The most important oxidants for DMS are
hydroxyl (OH) and nitrate (NO3) radicals. Halogen com-
pounds, especially Cl atoms and BrO radicals, have also
recently been suggested as oxidants for DMS in the marine

environment [Toyota et al., 2004; Wingenter et al., 2005;
Barnes et al., 2006]. By contrast, DMS oxidation by O3 in
the gas phase is thought to be unimportant, although this
conclusion is based on only a small number of laboratory
studies [Martinez and Herron, 1978]. It has been suggested
recently that heterogeneous DMS oxidation by O3 on cloud
droplets could be important to total DMS oxidation in the
atmosphere [Gershenzon et al., 2001].
[3] Nitrate radical (NO3) is an important nocturnal oxidant.

Figure 1 shows the most important reaction pathways for
NO3 in the troposphere. Nitrate radical is produced by the
reaction of ozone (O3) with nitrogen dioxide (NO2).
Nitrate radical rapidly equilibrates with NO2 and exists
in equilibrium with dinitrogen pentoxide (N2O5). It is
present at significant concentrations almost exclusively
during night because of two efficient loss processes during
daytime; photolysis (J(NO3) � 0.2 s�1 at midday [Wayne
et al., 1991]) and reaction with NO. Nitric oxide is present
mainly during daytime because it is produced from NO2

photolysis and rapidly lost via its reaction with O3. NO2

itself is mainly produced by oxidation of NO emissions by
O3. At night, NO3 is lost via direct gas phase reactions as
well as the often rapid loss of N2O5 via mostly heteroge-
neous reactions. Aside from its reaction with DMS, NO3

reacts rapidly with a variety of other atmospheric trace gases
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of biogenic and anthropogenic origin, e.g., NO from recent
NOx emissions (i.e., from nearby NOx sources, such as
marine vessels, at night), monoterpenes, and isoprene and,
to a lesser extent, volatile organic compounds (VOC) of
anthropogenic origin (e.g., alkenes). Therefore the oxidation
of DMS by NO3 is highly variable and is driven by the
availability of anthropogenic NOx in marine environments.
[4] There have been numerous laboratory and theoretical

investigations of the mechanism for gas phase DMS oxida-
tion, establishing OH and NO3 as the main oxidants and
leading to various products, which will be discussed later
[Hynes et al., 1986; Yin et al., 1990; Jensen et al., 1992;
Le Bras et al., 1993; Turnipseed et al., 1996; Capaldo and
Pandis, 1997; Ravishankara et al., 1997; Davis et al.,
1999; Arsene et al., 2001; Williams et al., 2001; Lucas and
Prinn, 2002, 2005]. Several recent studies have pointed
out that Cl atoms and BrO radicals could play an impor-
tant role as DMS oxidants [Keene et al., 1996; Knipping et
al., 2000; Sciare et al., 2000; Toyota et al., 2004; Dyke et
al., 2005; Wingenter et al., 2005; Barnes et al., 2006]. The
subsequent reactions, yields, and end products arising from
each of the possible oxidants OH, NO3, and halogens, are
important to the impact of DMS on the global source for
nss aerosols. For example, if there are significantly differ-
ent H2SO4 and, subsequently, aerosol yields from reaction
of DMS with OH and NO3, then any change in the relative
amount of DMS oxidized by either radical will have an
influence on nss aerosol production.
[5] This study exploits in situ measurements of both NO3

and DMS to estimate the relative amount of DMS oxidized
by the nocturnal pathway. The results will be discussed in
terms of their potential regional and global impacts for nss
aerosol.

2. Observations

[6] The 2002 New England Air Quality Study (NEAQS)
was a campaign that included a combination of ground-,
ship-, and aircraft-based measurements with meteorological
and chemical forecasting as well as modeling studies. One
of the goals of NEAQS 2002 was to investigate the linkage
between local air quality and climate. Especially important
was the study of both nighttime and daytime chemical
transformation within polluted air masses. The study also
offered the opportunity to investigate the impact of air
pollution on marine atmospheric chemistry.

[7] As part of this campaign, the NOAA research vessel
Ronald H. Brown (RHB) cruised along the coastal area of
the eastern United States from 12 July to 10 August 2002.
The primary target study areas were downwind from large
anthropogenic emission sources, e.g., Boston and New York
City, at distances between 10 and 700 km. RHB carried an
array of instruments to characterize the chemical composi-
tion of these air masses. Of particular interest for this study
were the measurements of NO3 and N2O5 by cavity ring-
down spectroscopy [Brown et al., 2002] and DMS by gas
chromatography – mass spectrometry (GC-MS) [Goldan et
al., 2004]. Nitrate radical/N2O5 and DMS were measured
using separate inlets located less than 5 m apart, 15 m
forward of the ship’s superstructure and about 18m above sea
level. NO3 and N2O5 were measured at 0.2 Hz and DMS was
measured at 5 minute averages every 30 min. The detection
limits for NO3 and DMS were 0.5 pptv and 0.6 pptv,
respectively.
[8] Three sets of ancillary measurements supplied infor-

mation for the interpretation of the primary measurements:
photolysis rates of NO2 loss and O(1D) production [Stark et
al., 2007]; speciated VOC measurements by gas chroma-
tography–mass spectrometry (GC-MS) [Goldan et al.,
2004], and chemiluminescence determination of O3 and
NO2 [Thornton et al., 2003]. Table 1 lists these techniques.
[9] Several previous campaigns have included measure-

ments of atmospheric and seawater DMS concentrations,
and some of them have been in the North Atlantic region.
The seawater DMS concentrations reported from the studies
varied between 0.8 and 8.8 nmol/l [Bürgermeister et al.,
1990; Cantin et al., 1996; Bates et al., 2000; Andreae et al.,
2003] without an apparent diurnal cycle. Atmospheric DMS
concentrations measured on different campaigns varied
between 0 and 400 pptv [Andreae et al., 1985; Cooper
and Saltzman, 1991; Spicer et al., 1996; Sharma et al.,
1999].
[10] In clean marine conditions, atmospheric DMS con-

centrations typically exhibit minima in the afternoon and
maxima at night resulting from daytime DMS oxidation by
OH [Cooper and Saltzman, 1991; Yvon et al., 1996b; Davis
et al., 1999; Sharma et al., 1999; de Bruyn et al., 2002].
Under polluted conditions, the diurnal cycle can be sig-
nificantly altered because of oxidation of DMS at night by
NO3 [Barnes et al., 1991; Allan et al., 2000; Vrekoussis et al.,
2004, 2006].
[11] Simultaneous measurements of DMS and NO3 have

been reported previously in campaigns that have taken place
in coastal areas, where land-based measurements of NO3 by
differential optical absorption spectroscopy (DOAS) can be
combined with in–situ measurements of DMS by a variety
of techniques. Barnes et al. [1991] presented the first
simultaneous DMS-NO3 measurements, recorded during
OCEANO-NOx in Brittany, France in 1988 and 1989 and

Figure 1. Tropospheric NOy processes related to NO3.
Solid indicates daytime and nighttime processes, and
shaded indicates daytime only processes.

Table 1. Ancillary Measurements Used for Data Interpretation

Data Type Technique Reference

Photolysis rates spectroradiometer Stark et al. [2007]
VOC GC-MS Goldan et al. [2004]
NO2 chemiluminescence Thornton et al. [2003]
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