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Abstract

Dimethylsulfide (DMS) emitted from the ocean is a biogenic precursor gas for sulfur
dioxide (SO2) and non-sea-salt sulfate aerosols (SO2

4). During the VAMOS-Ocean-
Cloud-Atmosphere-Land Study Regional Experiment (VOCALS-REx) in 2008, multi-
ple instrumented platforms were deployed in the Southeastern Pacific (SEP) off the5

coast of Chile and Peru to study the linkage between aerosols and stratocumulus
clouds. We present here observations from the NOAA Ship Ronald H. Brown and
the NSF/NCAR C-130 aircraft along ∼20◦ S from the coast (70◦ W) to a remote marine
region (85◦ W). While SO2−

4 and SO2 concentrations were distinctly elevated above
background levels in the coastal marine boundary layer (MBL) due to anthropogenic10

influence (∼800 and 80 pptv, respectively), their concentrations rapidly decreased off-
shore (∼100and 25 pptv). Compared to the “mass” entrainment fluxes of SO2−

4 and

SO2 from the free troposphere (0.5±0.3 and 0.3±0.2 µmoles m−2 day−1), the sea-to-
air DMS flux (3.8±0.1 µmoles m−2 day−1) remained the predominant source of sulfur
mass to the MBL. In-cloud oxidation was found to be the most important mechanism15

for SO2 removal and in situ SO2−
4 production. Surface SO2−

4 loading in the remote re-
gion displayed pronounced diel variability, increasing rapidly in the first few hours after
sunset and then decaying for the rest of the time. We theorize that the increase in
SO2−

4 was due to nighttime recoupling of the MBL that mixed down cloud-processed
air, while decoupling and sporadic precipitation scavenging were responsible for the20

daytime decline in SO2−
4 .

1 Introduction

The ocean is the largest source of natural reduced sulfur gas to the atmosphere, most
of which is in the form of dimethylsulfide (DMS), a volatile organic compound produced
from phytoplankton. The annual global sea-to-air DMS emission is estimated to be25

15∼33 Tg S (Kettle and Andreae, 2000), depending on the gas exchange and wind
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speed parameterization. In the atmosphere, DMS is principally oxidized by the hydroxyl
radical (OH) to a number of products, including sulfur dioxide (SO2). In addition to DMS
oxidation, SO2 is formed from fossil fuel combustion and biomass burning and removed
from the MBL through deposition to the ocean surface and oxidative reactions in the
gas and aqueous phase. Gas phase oxidation of SO2 by OH and subsequent reactions5

with water vapor yield sulfuric acid vapor (H2SO4(g)), which usually condenses upon

preexisting aerosol surfaces and increases non-sea-salt sulfate aerosol (SO2−
4 ) mass.

Under specific conditions (usually high H2SO4(g)and water vapor as well as low aerosol
surface area), H2SO4(g) may undergo gas-to-particle conversion and nucleate new nm-
sized particles, which then grow by condensation and coagulation (Perry et al., 1994;10

Clarke et al., 1998).
Generally the oxidation of SO2 in the aqueous phase, which also leads to fine (sub-

micron) SO2−
4 aerosols, is much faster than in the gas phase. Due to dissolution of

CO2 and other acids, cloud water typically has a pH under 5 (Chameides, 1984), which
makes hydrogen peroxide (H2O2) the principal oxidant of SO2 in cloud. Hegg (1985)15

suggested cloud processing to be the most important mechanism for the conversion
from SO2 to SO2−

4 . Sea-salt aerosols from wave breaking account for the majority of the
coarse (supermicron) number as well as total aerosol mass, and tend to be more ba-
sic than fine SO2−

4 aerosols because of the initial alkalinity of seawater (pH∼8.1) and
its carbonate buffering capacity. Because the reaction rate between SO2 and ozone20

(O3) is greatly accelerated at high pH (Hoffmann, 1986), some authors postulated O3

oxidation in sea-salt aerosols to be a significant sink of SO2 and source of SO2−
4 mass

(Sievering et al., 1991; Faloona et al., 2010).
In addition to affecting atmospheric chemistry, SO2−

4 aerosols are climatically impor-
tant because they alter the global radiative balance directly by scattering light (Charl-25

son et al., 1992) and indirectly by controlling the optical properties, areal extent, and
lifetimes of clouds by acting as cloud condensation nuclei (CCN). In a remote marine
environment where CCN represent a large fraction of the aerosol number, a gap at
70∼80 nm in diameter in the number distribution is often observed, which has been
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coined the “Hoppel minimum” (Hoppel et al., 1986). Aerosols smaller than this min-
imum are unactivated and sometimes called Aitken particles, while larger aerosols
have been activated and grown through cloud processing into the accumulation mode
(0.1∼1 um).

Charlson et al. (1987) coined the “CLAW” hypothesis, which postulated a negative5

feedback loop from enhanced phytoplankton growth and DMS efflux in a warming cli-
mate to a decrease in incident radiation (and hence cooling) due to greater albedo of
marine clouds from more SO2−

4 derived CCN. The effects of naturally derived SO2−
4 on

clouds are expected to be greatest in areas deprived of CCN (Twomey, 1991), such as
over the remote ocean in the relatively pristine Southern Hemisphere.10

The Southeastern Pacific (SEP) is a region characterized by large-scale subsidence
associated with subtropical anticyclonic flow, coastal upwelling of cold water driven by
Ekman transport, and a large stratocumulus cloud deck capped by a strong inversion
layer (Bretherton et al., 2004). The inversion confines surface-derived scalars to the
MBL, separated from the stable, dry, and relatively quiescent FT. The stratocumulus15

topped MBL is shallow near the coast (∼1 km) with more broken clouds. Away from
shore, the MBL deepens with thicker clouds and more extensive precipitation in the
form of drizzle. Satellite observations show frequent hundred-kilometer sized open-
ings in the stratocumulus cloud deck. Termed “pockets of open cells” (POCs), these
features persist for a timescale of a day and advect with the mean wind (Stevens et20

al., 2005). The geographical gradient in cloud properties as well as the formation and
evolution of POCs likely depend on the availability of aerosols that can act as CCN and
suppress drizzle, and drizzle that in turn removes said aerosols. The coastal regions
of Chile and Peru are influenced by pollution emissions of SO2−

4 and SO2 from fossil
fuel consumption and processing of copper ores. Because the prevailing wind direc-25

tion at the surface is S/SE along the Andes mountain range, anthropogenic influence
decreases quickly away from shore, where a greater contribution to the SO2−

4 burden
and larger fraction of CCN likely originate from DMS.
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In this paper, we will look at the longitudinal distributions of SO2 and SO2−
4 in

VOCALS-REx to evaluate the impact of coastal pollution on the SEP. To assess the
importance of entrainment relative to surface sources, we will focus on the vertical pro-
files of gases and aerosols from the aircraft for the remote region. Finally, following up
on the DMS budget presented in Yang et al. (2009), we will examine the diel budgets5

of SO2 and SO2−
4 .

2 Experimental

During VOCALS-REx in 2008 (Wood et al., 2011), the National Oceanographic and
Atmospheric Administration (NOAA) ship Ronald H. Brown (RHB) was in the SEP from
20 October to 3 Novenber and from 10 November to 11 December. The ship made10

multiple transects between the coastal city of Arica at 70◦ W and the remote marine
region near the Woods Hole Oceanographic Institution (WHOI) Improved Meteorology
(IMET) moored buoy at 20◦ S, 85◦ W. The National Science Foundation (NSF)/National
Center for Atmospheric Research (NCAR) aircraft C-130 flew 14 research flights (RF)
out of Arica between 15 October and 15 November. Eight flights were dedicated to15

survey the 20◦ S line to as far as 86◦ W, four were designed to study the structures and
evolution of POCs, and two were parallel to the coast between 20◦ S and 30◦ S. For the
20◦ S surveying flights, the aircraft typically flew 10-min level legs near the surface, in
the mid MBL, at cloud level, and above clouds. Sounding profiles from the surface to
∼4 km were frequently performed.20

2.1 RHB

The measurements of atmospheric DMS concentration at 20 Hz and hourly sea-to-air
flux by eddy covariance during VOCALS-REx were outlined by Yang et al. (2009). In-
strument design and flux computation were detailed by Blomquist et al. (2010). Seawa-
ter DMS was taken from the ship’s non-toxic water supply at ∼5.5 m below the ocean25
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surface, extracted by a purge-and-trap method, and analyzed by gas chromatography
with a sub-nM detection limit every 15∼30 min (Bates et al., 2000).

Aerosol chemical compositions and size distributions were measured by the Pacific
Marine Environmental Laboratory through an isokinetic inlet on the forward deck of
the ship. Submicron and supermicron aerosols were collected on a two-stage multi-jet5

cascade impactor (50% aerodynamic cutoff diameters of 1.1 and 10 µm) over 2∼23 h.
In addition to providing gravimetric mass, collected aerosols were analyzed for sol-
uble concentrations of sodium (Na+), potassium (K+), calcium (Ca2+), magnesium
(Mg2+), ammonia (NH+

4 ), methane sulfonate (MSA−), chloride (Cl−), bromide (Br−),
nitrate (NO−

3 ), sulfate, and oxalate (Ox2−) using ion chromatography (Bates et al.,10

2008). Non-sea-salt-SO2−
4 and Cl− deficit were calculated by subtracting sea-salt com-

ponents from total concentrations. An Aerodyne quadrupole aerosol mass spectrome-
ter (Q-AMS) was used to continuously measure submicron particulate concentrations
of SO2−

4 , NO−
3 , NH+

4 , and organic matter (Hawkins et al., 2010). The AMS quantified
non-refractory aerosols (those vaporizing at 600 ◦C), thus excluded mineral dust, el-15

emental carbon, and sea-salt. AMS sulfate agreed exceptionally well with collocated
submicron filter measurements of SO2−

4 (slope of 1.09 and r2 of 0.88) and showed

a high degree of correlation with integrated submicron aerosol volume (r2 of 0.86).
Aerosol size distributions from 0.02∼10 µm were obtained by merging spectra from
a differential mobility particle sizer and an aerodynamic particle sizer at a regulated20

RH of 60% (Bates et al., 2008). Except for filter samples, above measurements were
reported at 5-min intervals.

The inversion height (Zi ) was determined from radiosondes launched every six hours
from the ship by the NOAA Earth System Research Laboratory (de Szoeke et al.,
2008). During the second half of VOCALS-REx, cloud fraction and cloud top height25

were determined from a W-band radar. Precipitation rate was continuously estimated
by a shipboard optical rain gauge. The surface-based mixed layer height (MLH), use-
ful for determining coupling and decoupling, was estimated hourly from a High Res-
olution Doppler Lidar (2 µm) from velocity variance (turbulence) profiles and aerosol
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backscatter gradient (Tucker et al., 2009). The vertically-integrated liquid water content,
or liquid water path (LWP), was estimated at 10-min intervals from a two-channel mi-
crowave radiometer by University of Miami using a physical retrieval similar to Zuidema
et al. (2005) that takes cloud temperature into account.

2.1.1 C-1305

DMS and SO2 were measured at 1 Hz using an atmospheric pressure ionization mass
spectrometer at a pptv detection limit by Drexel University (Bandy et al., 2002; Thornton
et al., 2002). Both DMS and SO2 on the C-130 were sampled from backward facing
inlets that should not be affected by cloud droplets. Within clouds, measurements of
those gases represented interstitial concentrations.10

The University of Hawaii aerosol instruments were typically located behind a low
turbulence inlet (LTI) (Huebert et al., 2004). Breaking up of cloud droplets upon collision
on the wall of the inlet caused a cloud shattering artifact, or an increase in the measured
number of particles. By excluding such incidents, aerosol data at cloud level were
biased towards cloud free regions. A high resolution time-of-flight AMS on the C-13015

measured aerosol concentration of SO2
4, NO−

3 , NH+
4 , and organic matter every 10 s. As

with the AMS on the ship, the AMS on the C-130 sampled with a near-unity efficiency
for aerosols up to ∼0.8 µm in diameter and excluded large particles.

Aerosol size distributions at dried RH of ∼20% from diameters of 0.01 to 10 µm were
obtained at 1-min intervals by merging spectra from a radial differential mobility ana-20

lyzer (0.01∼0.20 µm), a TSI long differential mobility analyzer (0.10∼0.50 µm), a PMS
laser optical particle counter (0.12∼8.0 µm), and a TSI 3321 aerodynamic particle
sizer (0.78∼10.0 µm) (Howell et al., 2006). Direct comparisons between the distri-
butions measured on the C-130 and RHB can only be qualitative in nature because
of the different sampling strategies and airspeeds. At the dried environment of C-25

130 measurements, MBL aerosols had most likely undergone efflorescence and been
approximately halved in size, whereas the already dry FT aerosols remained largely
unchanged. The RHB distributions, on the other hand, were measured at ∼60% RH,
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closer to the ambient RH of ∼70% and above the humidity threshold for efflorescence;
the measured diameters were thus only ∼10% smaller than ambient diameters.

Bulk cloud water was collected by Colorado State University every ∼10 min with an
Airborne Cloud Collector (Straub and Collett Jr., 2004; Straub et al., 2007), which had
a 50% size cut diameter of 8 µm and thus collected most cloud drops but excluded5

small, unactivated aerosols. Cloud water was analyzed for pH, SO2, H2O, HSO−
3 , and

SO2−
3 (together S(IV )), peroxides, etc. Details of cloud water sampling and analysis

during VOCALS-REx are provided in Benedict et al. (2011). Aqueous cloud solute
concentrations in µM can be converted to atmospheric mixing ratios using cloud liquid
water content (LWC) measured by a Gerber Scientific Particulate Volume Monitor.10

Inversion heights determined based on potential temperature and dew point gra-
dients from the C-130 sounding showed excellent agreement with those determined
from potential temperature profiles from shipboard radiosondes. Because Zi varied
both with longitude and with the time of day, to average vertical distributions, altitude
(Z) is normalized to Zi , with Z/Zi = 1 indicating the inversion. For FT averages along15

20◦ S, only observations within 1 km above Zi are included.

3 Observations

We separate the VOCALS-REx sampling area longitudinally to the “near shore”
(70◦ W∼73◦ W) and “offshore” regions (73◦ W∼86◦ W). We further isolate the “remote”
region (78◦ W∼86◦ W) from the offshore region. Figure 1 shows the RHB cruise track20

color-coded by the DMS sea-to-air flux; the dotted and solid lines indicate the off-
shore and remote regions. This stratification is based on aircraft observation of CO
and shipboard measurement of radon, both indicators of continental influence. The
lowest MBL CO concentration was found west of 78◦ W at ∼62 ppbv; CO increased to
∼73 ppbv near the coast as a result of combustion, corresponding to elevated SO2−

425

concentrations. Hawkins et al. (2010) showed that the concentration of radon (a ra-
dioactive decay product of uranium in rocks and soil) in the remote marine region was
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approximately half of the value by the coast. Three-day back trajectories by those au-
thors showed that east of 75◦ W, airmasses had been previously in contact with land
south of the VOCALS-REx sampling area, near the Chilean capital Santiago. In con-
trast, west of 78◦ W, air had originated from the remote South Pacific. Figure 2 show
a typical 20◦ S survey flight by the C-130 (RF 03 on 21 October ). The flight track is5

color-coded by SO2 concentration, with marker size corresponding to SO2−
4 . The air-

craft encountered more polluted air in two flights south of ∼22◦ S, closer to Santiago,
as well as on RF 14. Greater continental influence was also observed on the RHB
north of ∼15◦ S, closer to Peru. For our “20◦ S” averages, we limit the latitudinal range
to 18◦ S∼22◦ S and exclude RF 14 from C-130 statistics. Because the aircraft usually10

took off from Arica in the early morning, reached 80∼85◦ W at around sunrise, and re-
turned to shore in the afternoon, spatial and temporal biases are inherent. We will thus
mostly rely on ship observations for diel cycles and aircraft observations for vertical
structures.

3.1 Longitudinal distributions15

It was hypothesized prior to VOCALS-REx that coastal upwelling of cold, nutrient rich
water stimulates growth of phytoplankton, which should lead to more seawater and
hence atmospheric DMS at the coast than in the remote region. We only observed en-
hanced seawater DMS in isolated pockets near shore. More often high seawater DMS
was associated with the edge of an eddy or near a front between two water masses,20

where temperature and salinity changed markedly. On average along 20◦ S, seawa-
ter DMS was not substantially different between the coastal and the remote regions.
Higher atmospheric DMS concentration and sea-to-air flux were observed away from
the coast principally as a result of higher wind speed. At the same air-sea concentra-
tion difference in DMS (dictated by the seawater concentration), a higher wind speed25

generally leads to a greater transfer velocity, and hence more DMS flux out of the ocean
(Huebert et al., 2004; Yang et al., 2011).
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Project average concentrations of DMS, SO2 and SO2−
4 along 20◦ S and in the MBL

and FT are shown in Fig. 3. Pollution emission was unquestionably the major source
of sulfur mass near shore, with SO2 and SO2−

4 concentrations elevated at ∼80 and
∼800 pptv in the MBL, respectively. Moving offshore towards the remote region, SO2

and SO2−
4 decreased rapidly to “background” levels. SO2 varied from flight to flight but5

was relatively well mixed with a mean (1 sigma) MBL concentration of ∼25 (15) pptv,
about 40% of the DMS concentration measured on the ship. We show later that the
relatively low concentration of SO2 in the MBL was likely due to processing of air by
stratocumulus clouds. SO2−

4 concentration was quite variable horizontally and verti-
cally, which in part explains the difference between the averaged MBL concentrations10

from the RHB 118 (85) pptv and C-130 60 (60) pptv in the remote MBL.

3.2 Vertical structures away from shore

The mean C-130 vertical profiles of temperature, dew point, potential temperature,
LWC, CO, O3, DMS, SO2, and SO2−

4 for the offshore region before sunrise are shown
in Fig. 4. The elevated LWC and sharp gradients in temperatures and dew point clearly15

indicate the inversion (Z/Zi = 1). The C-130 DMS concentration averaged zero in the
FT, and appeared to be somewhat lower than that measured from the ship in the MBL
for reasons that are not clear at the moment. Tracers with sources in the FT (CO, O3)
showed increasing concentrations with Z/Zi , while the opposite was true for tracers
mostly originated from the surface (sulfur species). Figure 5 shows the mean aerosol20

size distributions (number, surface area, and volume) from the C-130 in the remote
region, stratified by Z/Zi . The low (Z <0.2Zi ; N =220) and mid (0.4Zi <Z < 0.7Zi ; N =
86) MBL distributions were similar, with the Hoppel minimum at ∼70 nm indicating cloud
processing. The upper MBL distribution (0.8Zi < Z < Zi ; N = 493) as well as cloud
level SO2−

4 concentration in Fig. 4 were biased towards cloud free and POC regions,25

as cloud shattering compromised measurements inside of clouds. A greater number
of small particles was seen in the upper MBL, likely related to new particle nucleation.
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The above cloud distribution (1.1Zi <Z < 1.3Zi ; N = 365) was a superposition of two
modes: a 30 nm background mode associated with low CO (<∼64 ppbv) and an 80 nm
mode associated with high CO (>∼ 74 ppbv) that indicates long distance transport of
pollution.

3.3 Diurnal cycles5

Turbulence at the inversion irreversibly entrains air from the FT into the MBL, with the
rate of entrainment varying with radiative fluxes at the stratocumulus cloud-top. At
night, longwave cooling causes greater convective instability, more turbulent mixing in
the MBL, and increased entrainment (Lilly, 1968). During the day, shortwave heating of
the cloud-top partially suppresses turbulence in the MBL, which reduces entrainment10

and causes the surface and the upper MBL to become decoupled (Nicholls, 1984).
Evaporative cooling from falling drizzle droplets may further affect mixing in the MBL.

An array of measurements from the RHB during VOCALS-REx illustrated the diel
cycling of the MBL (Fig. 6). Vertical velocity profiles and MLH from the shipboard Lidar
indicated a coupled MBL at night; as the instrument only reported MLH up to the cloud15

bottom, this measurement was generally an underestimate of the actual height of the
well-mixed layer in the nighttime. Lidar measurements showed that the average veloc-
ity variance in the MBL was ∼50% lower during the daytime, with MLH only reaching
60∼70% of Zi in the remote region, generally below the stratocumulus cloud bottom
but above the lifting condensation level (LCL). While a cloud base well above the LCL is20

usually thought to indicate decoupling, the turbulence-based MLH measurement pro-
vides more direct information on whether surface-based measurements are applicable
up to Zi . Cloud fraction from the W-band radar averaged over 90% between midnight
and sunrise and decreased to 20∼30% in the afternoon. LWC peaked above 150 g m−2

over the same time span, more than three times the afternoon value. The optical rain25

detected sporadic precipitation events upto ∼1 mm h−1, but typically at a lower value of
∼0.2 mm h−1. Precipitation was more intense and frequent offshore, with most of the
detectable rain events taking place west of 80◦ W.
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Surface concentrations of chemical tracers are also affected by the alternating MBL
dynamics. O3 averaged 26 (RHB) and 52 ppbv (C-130) below and above Zi , respec-
tively, with pronounced variability in the MBL. At night, O3 built up as a result of entrain-
ment from the FT, whereas during the day, O3 decreased steadily because photolysis
and heterogeneous reactions outpaced entrainment. Deposition to the ocean surface5

represents a small but continuous sink for O3 at all times. As with the DMS budget
(Yang et al., 2009), we can estimate the entrainment velocity (ωe) by balancing the
nighttime O3 build up in the MBL with entrainment and deposition fluxes, assuming no
chemical source and loss at night (Clarke et al., 1996). Adopting a deposition velocity
of 0.01 cm s−1 (derived from eddy covariance measurements of O3 during the Stratus10

06 cruise in the SEP, J. Hare, personal communication, 2010), we calculate a nighttime
ωe of ∼6 mm s−1, higher than that derived from the DMS budget (4 mm s−1). Using a
greater deposition velocity would require an even higher ωe to balance the O3 budget.
However, O3 was generally higher in the north (∼30 ppbv at 19◦ S) than in the south
(∼20 ppbv at 21◦ S), implying a gradient along the mean wind. Thus the advective flux15

of O3 could be substantial and complicate the interpretation of ωe from the O3 budget.
SO2−

4 concentrations measured by the AMS on the RHB displayed large diel vari-
ability, as exemplified by the period from 28 October to 31 October when the ship was
steaming eastward at 11 knots from 85◦ W to 75◦ W (Fig. 7). SO2−

4 increased from
20∼30 pptv to over 150∼300 pptv over the first few hours after sunset, peaking at20

around 04:00 UTC (01:00 a.m. local), with O3 showing a similar trend. SO2−
4 then de-

clined over the rest of the day, with the sharpest decrease in the early morning, when
the precipitation peaked (∼0.3 mm h−1) and the MBL started to become decoupled, as
evidenced from the difference between the Zi and MLH. The rapid nighttime increase
in SO2−

4 is in contrast with previous measurements in the Equatorial Pacific (Huebert et25

al., 1996), which showed a daytime build up of SO2−
4 from SO2 oxidation by OH. More-

over, the observed build up in SO2−
4 is much too fast to be caused by any chemical

mechanisms alone. As O3 was increasing at the same time, the most likely explana-
tion evokes a SO2−

4 source above, such as in-cloud oxidation of SO2. This source could
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not significantly increase the surface concentration during the day due to decoupling
of the MBL. As the MBL became recoupled after sunset, air rich in SO2−

4 was mixed
downwards, increasing the surface concentration. Precipitating droplets that evaporate
while falling return aerosols to the MBL, but likely at greater sizes than before being
scavenged. This process could further speed up the transport of SO2−

4 from cloud level5

to the surface. Unfortunately, per flight plans, the C-130 did not sample the remote
region at this time of the day to directly verify this proposed mechanism.

The observed diel variability in AMS SO2−
4 is consistent with size distribution mea-

surements on the RHB, which are stratified according to the time of day in Fig. 8.
In the remote region, the largest accumulation mode was measured in the evening10

(22:00∼06:00 UTC; N = 1455). The nuclei and coarse modes appeared to be
larger in the late afternoon (1400∼2200 UTC; N = 1478) than in the early morning
(06:00∼14:00 UTC; N = 1488), presumably due to photochemistry and the slightly
higher winds during the day, respectively.

4 Discussion15

To better understand the natural sulfur cycling in the SEP, let us look at the budgets
of different sulfur species in the remote region. The conservation equation for any
chemical species, S, in the MBL is represented below, with the overbar representing
an average in time and/or space:

∂S
∂t

+u
∂S
∂x

+
∂S ′w ′

∂z
= P −L (1)20

The terms on the LHS are the time-rate of change in the concentration of S, horizontal
advection due to gradients along the mean wind, and vertical flux divergence, respec-
tively. In situ production and loss of S are represented by P and L on the RHS.

In the following sections, we will first briefly introduce and approximate each of the
rates in the budget equations of SO2 and SO2−

4 . In the end, we will estimate the diel25
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cycles of SO2 and SO2−
4 based on those rates and adjust the least certain terms if

necessary to achieve mass balance. Through multi-variate fitting, Yang et al. (2009)
showed that the horizontal gradient in atmospheric DMS concentration mostly lay in the
E-W direction, orthogonal to the prevailing wind along the Andes (∼150◦); the advective
flux of DMS was thus negligible. While DMS was not measured in the upwind region5

of the SEP during the campaign, previous observations of seawater DMS in the South
Pacific (e.g. Lee et al., 2010) were similar to those measured during VOCALS-REx,
implying that the biogenic sulfur source strength in the upwind region was likely not
very different. Analogous multi-variate analysis of SO2 and SO2−

4 concentrations in
the remote MBL over the entire project resulted in similarly small advective fluxes on10

average because gradients in SO2 and SO2−
4 were also largely longitudinal. We will

therefore ignore advection in the calculations below.

4.1 Sulfur dioxide budget

Observations from the Equatorial Pacific first demonstrated a quantitative anti-
correlation between DMS and SO2 as a result of the oxidation of DMS by the OH15

radical (Bandy et al., 1996). Integrating Eq. (1) from the surface to Zi for SO2 leads to:

∂
〈

SO2

〉
∂t

= FSO2,0−FSO2,Zi
+
〈
PSO2

〉
−
〈
LSO2,OH

〉
−
〈
LSO2,cloud

〉
−
〈
LSO2,aero

〉
(2)

Here angular brackets denote column integrals, with every term now in units of flux
(e.g. µmoles m−2 day−1). Flux divergence is separated into the first and second terms
on the RHS, representing the SO2 flux at the ocean surface (deposition) and at Zi20

(entrainment). PSO2
is in situ production of SO2 from DMS, while the last three terms

represent losses due to OH, in clouds, and in aerosols, respectively.
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4.1.1 SO2 dry deposition

The surface flux, or the dry depositional loss, of SO2 to the ocean may be related to
the SO2 concentration near the surface ([SO2,0]) and a deposition velocity (Vdep):

FSO2,0 =−Vdep[SO2,0] (3)

The seawater concentration is irrelevant here for the air-sea exchange of SO2 due to5

its high reactivity in the seawater (Fairall et al., 2007). At a typical VOCALS-REx wind
speed of 6 m s−1, models based on atmospheric resistance predict Vdep ≈ 5 mm s−1

(Wesely and Hicks, 1977; Fairall et al., 2007). Aircraft eddy covariance measurements
from a recent Equatorial project yielded a somewhat lower Vdep of 3∼4 mm s−1 at this

wind speed (Faloona et al., 2010). With Vdep =4±1 mm s−1 and [SO2,0]=35 pptv, the10

dry deposition flux was 0.6±0.1 µmole m−2 day−1, or 0.4±0.1 pptv h−1 for a 1.3 km
deep MBL. We will show later that dry deposition was a minor term in the SO2 budget,
such that the uncertainty in Vdep does not significantly alter our conclusions.

4.1.2 SO2 entrainment

The entrainment of SO2 may be formulated as the entrainment velocity, ωe, multiplied15

by the concentration jump in SO2 across the inversion (Lilly, 1968), with Z−
i and Z+

i
indicating below and above Zi :

FSO2,Zi
=ωe{

[
SO2,Z

−
i

]
−
[
SO2,Z

+
i

]
} (4)

From the nighttime budget analysis of DMS in the offshore region, Yang et al. (2009)
estimated an ωe of ∼4 mm s−1, matching the diel mean estimated from climatological20

and mixed-layer models for this region (Wood and Bretherton, 2004; Caldwell et al.,
2005). Using the Weather and Research Forecast model and solving for the change of
MBL depth over time, Rahn and Garreaud (2010) derived a similar mean ωe value as
the residual for VOCALS-REx.
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With a mean of ∼25 pptv from the C-130, the concentration of SO2 in the remote
MBL was higher in the day (30∼50 pptv) than before sunrise (∼20 pptv) due to DMS
oxidation. The concentration at cloud level was reduced to ∼18 pptv, likely due to
a combination of in-cloud oxidation and incorporation of FT air by entrainment. At
∼26 pptv, SO2 in the FT likely originated from long distance transport of anthropogenic5

and natural emissions. Using a mean ωe of 4 mm s−1 and the concentration jump
between the FT and the cloud level (26 and 18 pptv), entrainment increased MBL SO2

burden at an approximate rate of 0.1 µmole m−2 day−1, or ∼0.1 pptv h−1.
However, as entrainment is a unidirectional process, the “mass flux” of SO2 mixed

into the MBL from the FT does not depend on the concentration below the inver-10

sion. Multiplying 4±2 mm s−1 by the FT concentration then yields a SO2 mass flux of
∼0.3±0.2 µmole m−2 day−1, all of which would be converted to SO2−

4 aerosols, mostly
in clouds as we will show later.

4.1.3 SO2 production from DMS

DMS is principally oxidized by OH in two separate pathways: H-atom abstraction and15

OH-addition (Yin et al., 1990). The abstraction channel is favored at high tempera-
tures and essentially all leads to SO2, while the addition channel speeds up at low
temperatures and leads to MSA, dimethylsulfoxide (DMSO), and also SO2. From the
DMS budget, Yang et al. (2009) estimated a diel mean effective OH concentration of
1.4±0.2×106 OH molecules cm−3, peaking at ∼5×106 molecules cm−3 at noontime.20

Representing the conversion efficiency from DMS to SO2 as γ, which typically ranges
from 0.6∼0.9 and is recommended to be 0.7(±0.2) by Faloona (2009), the in situ pro-
duction of SO2 is:〈
PSO2

〉
=γ(kOH+DMS[OH]

〈
DMS

〉
) (5)

Here kOH+DMS is the total second order rate constant of the DMS-OH reaction (sum25

of the abstraction and addition channels). At an average MBL temperature of ∼13 ◦C
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in VOCALS-REx, kOH ≈ 7.9×10−12 cm3 molec−1 s−1, with the abstraction pathway ac-
counting for 60% of the total oxidation (Sander et al., 2006).

MSA largely resides in the particulate phase; in VOCALS-REx, most of the MSA
was found in the fine mode according to filter measurements. Since MSA is entirely
produced from DMS whereas SO2−

4 can have both natural and anthropogenic origins,5

the MSA:SO2−
4 ratio can be used to infer branching in DMS oxidation as well as the

natural contribution to the sulfur burden (Bates et al., 1992). The submicron MSA:SO2−
4

ratio in this study varied between 0.04∼0.15 (mean of 0.08) and closely followed the
DMS concentration (Fig. 9). If MSA was the only other major oxidation product of
DMS besides SO2 (and ultimately SO2−

4 ), and if all of the SO2−
4 in the remote region10

was formed from DMS, assuming equal lifetime for MSA and SO2−
4 due to precipitation

scavenging implies γ ≈ 0.9 for a MSA:SO2−
4 ratio of 0.1. Accounting for DMSO, the

other major product from the addition channel but not measured during the campaign,
would reduce γ. Using a range of 0.7∼0.9 in γ led to a diel average SO2 gas phase
production of 2.2∼2.8 µmoles m−2 day−1, or 1.8∼2.3 pptv h−1. In midday, the SO215

production rate from DMS peaked at 7.5∼9.7 µmoles m−2 day−1, or 6.1∼7.8 pptv h−1.

4.1.4 SO2 gas phase oxidation

The rate of daytime oxidation of SO2 by OH is:〈
LSO2,OH

〉
=kOH+SO2

[OH]
〈

SO2

〉
(6)

The second order rate constant between OH and SO2, kOH+SO2
, is about20

9.6×10−13 cm3 molec−1 s−1 at ∼13 ◦C (Sander et al., 2006). At a SO2 concentration
of 35 pptv, the diel loss rate was 0.22 µmoles m−2 day−1, or 0.17 pptv h−1. The greatest
SO2 loss occurred at a rate of 0.9 µmoles m−2 day−1, or 0.7 pptv h−1, not in midday, but
in the late afternoon.
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4.1.5 SO2 aqueous phase oxidation – in cloud

With extensive cloud coverage in the SEP, in-cloud oxidation is expected to be a major
sink for SO2 and source of SO2−

4 . Figure 10 shows SO2 concentration below Zi vs. LWC
for the offshore region. Compared to the concentration below or outside of clouds, the
interstitial SO2 concentration was reduced to ∼18 pptv, with perhaps slightly higher5

concentration during the day than at night. In an aqueous solution, SO2 is equilibrated
to SO2.H2O, HSO−

3 , and SO2−
3 :

[SO2 ·H2O]=HSO2
[SO2] (7)

[HSO−
3=

Ks1[SO2 ·H2O]

[H+]
=
HSO2

Ks1[SO2]

[H+]
(8)

[SO2−
3 ]=

Ks2[HSO−
3 ]

[H+]
=
HSO2

Ks1Ks2[SO2]

[H+]2
(9)10

The Henry’s coefficient HSO2
=1.23 M atm−1, equilibrium constants Ks1 = 1.3×10−2 M,

and Ks2 = 6.6×10−8 M at 298 K all increase at lower temperatures with −∆H/R of
3135, 1960, and 1495 K, respectively (Hoffmann and Calvert, 1985). K at the ambient
temperature is related to that at 298 K (K298) by the relationship K =K298exp[−∆H/R
(1/T −1/298)]).15

In the remote region, with an average cloud water H2O2 concentration of 65 µM, or
∼0.9 ppbv in the gas phase (Benedict et al., 2011), stoichiometrically there was enough
oxidant to oxidize all of the S(IV ) to SO2−

4 . Bulk cloud water measurements showed

mean SO2−
4 concentration of ∼45 µM in the remote region (Benedict et al., 2011), which

at LWC ≈ 0.2 g m−3 converts to ∼200 pptv, higher than the below cloud concentration.20

S(IV ), on the other hand, was barely detectable in cloud water. Cloud water had an
average pH of 4.2 (Benedict et al., 2011), consistent with the ensemble mean pH of 4.3
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in stratocumulus droplets from a recent a survey of measurements over the last twenty
years (Faloona, 2009). At this pH, HSO−

3 is the predominant S(IV ) species.
Ignoring mass transfer limitation, the loss rate of S(IV ), and hence the produc-

tion rate of SO2−
4 , by reaction with H2O2 can be estimated according to Martin and

Damschen (1981) [M s−1]:5

−
d [S(IV )]H2O2

dt
=kH2O2

[H+][H2O2][HSO−
3 ] (10)

kH2O2
=

2.1×106

0.1+ [H+]
(11)

The rate constant kH2O2
[M−2 s−1] decreases at lower temperatures with −∆H/R =

−3650 (Maahs, 1983). The reaction is largely pH insensitive because [H+] in Eqs. (7b)
and (8a) cancel. With a gas phase SO2 concentration of 25 pptv, cloud water H2O210

concentration of 65 µM (0.9 ppbv), and pH of 4.2, the instantaneous loss rate of S(IV )
due to H2O2 is 7.2×10−10 M s−1. An alternate reaction rate by Hoffmann and Calvert
(1985) is about three times higher than the one from Martin and Damschen (1981).
We demonstrate later that this alternate rate appears to be unrealistically high from the
perspective of the steady state mass balance of SO2.15

The loss rate of S(IV ) by reaction with O3 [M s−1] is:

−
d [S(IV )]O3

dt
= (kO3,0[SO2 ·H2O]+kO3,1[HSO−

3 ]+kO3,2
[SO2−

3 ])[O3] (12)

where kO3,0, kO3,1, and kO3,2 are 2.4×104, 3.7×105, and 1.5×109 M−1 s−1 at 298 K,
respectively (Hoffmann, 1986). Because kO3,2 is orders of magnitude higher than the
other two reactions, the overall reaction rate approximately varies inversely with the20

square of [H+] and is greatly enhanced at high pH when there is more SO2−
3 . At the av-

erage cloud pH and gas phase O3 concentration of 26 ppbv, the instantaneous loss rate
of S(IV ) due to O3 is ∼4×10−12 M s−1, two orders of magnitude slower than the H2O2
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reaction. Benedict et al. (2011) examined rates of aqueous S(IV ) oxidation by H2O2,
by O3, and by O2 (catalyzed by Fe and Mn) and found that H2O2 was the dominant
oxidant in most cases, except where pH exceeded approximately 5.5.

The aqueous phase oxidation rate of S(IV ) in cloud [M s−1] can be converted to an
equivalent gas phase rate of SO2 loss [pptv h−1] using LWC:5

LSO2,cloud =3.6×109LWCRT (−
d [S(IV )]H2O2

dt
−
d [S(IV )]O3

dt
) (13)

R is the gas constant (0.082 atm L K−1 mole−1), and T is the average cloud temperature
(∼282 K). Under the scenario above, LSO2,cloud is 12 pptv h−1 (48% h−1).

However, using the instantaneous d [S(IV )]/dt (i.e. assuming an open system) to
budget SO2 loss over time will certainly lead to an overestimation. In a more realistic10

closed system, without replenishment, the concentration of the limiting reactant de-
creases significantly as reaction proceeds, and so will d [S(IV )]/dt. To calculate SO2
depletion as a function of time in cloud, we start initially with 25 pptv of SO2, 0.9 ppbv
of H2O2, LWC of 0.2 g m−3, and T of 282 K. For simplicity, since there is more than
sufficient H2O2 to oxidize all of the SO2 and this reaction is largely pH-independent,15

a constant pH of 4.2 and an O3 concentration of zero are applied. We also assume
rapid equilibration between the gas phase and aqueous phase (i.e. no mass transfer
limitation). As seen in Fig. 11, 9.3 pptv (37%) of SO2 is consumed after an hour in
cloud, which is 0.8 times the rate calculated from the open system.

From large eddy simulations (LES), Feingold et al. (1998) showed that for a stra-20

tocumulus capped MBL, a parcel of air is in clouds for on average ∼15 min in an hour.
From Fig. 11, 2.8 pptv of SO2 (∼11%) is oxidized to SO2−

4 after 15 min, or 1.9 pptv if
we account for the mean cloud fraction of ∼0.67. The SO2 formation rate from DMS
is 1.8∼2.3 pptv h−1 (for γ of 0.7∼0.9) on a diel average. Adding ∼0.1 pptv h−1 due to
entrainment and subtracting dry deposition at 0.4 pptv h−1 and OH loss at ∼0.2 pptv h−1

25

leaves a daily residual of 1.3∼1.8 pptv h−1. Thus the approximated loss rate of SO2
in clouds appears comparable to the production rate. If using the much higher rate
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constant of the SO2-H2O2 reaction from Hoffmann and Calvert (1985) instead, the in-
cloud oxidation of SO2 would far exceed the production from DMS, which is unrealistic
and inconsistent with observations. While the rate constant from Martin and Damschen
(1981) appears to be more applicable for VOCALS-REx, the large discrepancy in this
reaction rate contributes to the uncertainty of our budget estimates.5

In addition, ignoring mass transfer and using mean bulk cloud water parameters may
contribute to caveats in the calculations above. Mass transfer from interstitial air to a
cloud droplet involves diffusion in the gas phase, interfacial transfer from the gas to the
aqueous phase, and diffusion in the aqueous phase. If the rate of the chemical reaction
is faster than any of those steps, a gradient in concentration develops away from the10

interface and the reaction becomes limited by mass transfer. The typical mean cloud
droplet radius was 10∼15 µm in the VOCALS-REx remote region from MODIS images.
Schwartz (1988) showed that even for 30 µm diameter cloud droplets, in-cloud reaction
between SO2 and H2O2 does not appear to be limited by mass transfer. However,
both the temperature and the cloud droplet size change significantly during the cloud15

lifetime. Thus calculations assuming instantaneous equilibrium between the gas and
aqueous phase and overly simplified physical conditions should be considered rough
estimates.

Zhang et al. (1999) modeled the depletion of SO2 by H2O2 in a case of excess
oxidants within a single cloud pass using LES coupled with chemistry. While our cal-20

culated depletion of SO2 is slower than the estimate from Zhang et al. (1999) because
they used the H2O2 rate constant from Hoffmann and Calvert (1985), qualitatively the
results are similar. Those authors also suggested that SO2−

4 produced by the oxidation
of H2O2 is evenly distributed across the drop-size spectrum and tends to broaden the
processed CCN spectrum, which can enhance coalescence and hence drizzle. From25

our calculation, it appears that in-cloud oxidation was enough to account for essentially
all of the SO2 loss, which would render other sinks insignificant. Nevertheless, we will
look at the oxidation of SO2 in sea-salt aerosols for the sake of completeness.
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4.1.6 SO2 aqueous phase oxidation – in sea-salt aerosols

As alluded to previously, the oxidation of SO2 by O3 only becomes important at
pH>∼5.5. While aerosol pH was not directly measured during VOCALS-REx, we can
get a sense for the acidity of the aerosol phase by looking at filter measurements on
the RHB. From ion balance of aerosols, the anion:cation molar equivalent ratio aver-5

aged 1.38:1 for the fine mode away from shore, implying acidic aerosols. As 60∼70%
of the total aerosol surface area near the ocean surface was submicron, the fine mode
was acidic due to the uptake of SO2, SO2−

4 , etc. The anion:cation ratio peaked above

2.3:1 (most acidic) when the ship was near shore, where SO2−
4 and NO−

3 levels from
pollution were elevated. This longitudinal pattern anion:cation ratio is in agreement10

with shipboard AMS measurements of submicron SO2−
4 and NH+

4 (Fig. 12). SO2−
4 in

aerosols is typically titrated by ammonium (NH+
4 ), which can have continental and ma-

rine sources (Zhuang and Huebert, 1996), to form ammonium bisulfate (NH4HSO4)
and ammonium sulfate ((NH4)2SO4), depending on the extent of neutralization. Be-
yond ∼80◦ W, the SO2

4:NH+
4 molar ratio approached the full neutralization limit of 1:2 for15

(NH4)2SO4, whereas near shore, SO2
4:NH+

4 greatly exceeded 1:1 (that of NH4HSO4).
In the coarse mode, the anion:cation ratio averaged 1.03:1 away from shore, less

acidic than in the fine mode. A coarse mode with pH less than 7 can be inferred from
observations of chloride deficit, which are included in Fig. 9. Sulfuric and nitric acid
vapors react with sea-salt aerosols that are initially rich in NaCl, forming HCl, which20

is vaporized to the atmosphere and results in increased acidity and reduced Cl− in
reacted sea-salt (e.g. Keene et al., 1990; McInnes et al., 1994). In the offshore region,
a small Cl− deficit of −0.1 µg m−3 was observed in the coarse mode. A greater deficit
of −0.9 µg m−3 was seen near shore again because of pollution, as evidenced by the
much higher submicron aerosol mass. With low aerosol calcium throughout the entire25

project (0.1 µg m−3), the less acidic coarse mode offshore than by the coast was due
to the lower uptake of acidic species rather than a titration with alkaline dust materials.

We estimate the order of magnitude sea-salt oxidation rate of SO2 in an analogous
fashion to in-cloud oxidation (Eq. 10), but replace LWC with the integrated supermicron
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aerosol mass concentration derived from the RHB size distribution, which averaged
∼8 µg m−3. At a pH of 6.0, the SO2 reaction with O3 is two orders of magnitude
faster than the reaction with H2O2. With gas phase O3 and SO2 concentrations of
26 ppbv and 25 pptv, respectively, the instantaneous loss rate of S(IV ) due to O3 is
∼1.2×10−8 M s−1, implying a sea-salt SO2 oxidation rate less than 0.01 pptv h−1, neg-5

ligible compared to other rates. At a pH of 6.5, the oxidation rate of SO2 in sea-salt is
increased to 0.08 pptv h−1, but still less than half of the gas phase oxidation rate. By
assuming the entire sea-salt volume was reactive and keeping the pH constant, the cal-
culation above represents an upper level estimate because in real sea-salt aerosols,
SO2−

4 production and uptake SO2 by diffusion would acidify the aerosols eventually10

even with the carbonate buffer, further slowing the O3 reaction. The insignificance of
O3 oxidation with regard to MBL SO2 budget is consistent with the observation that only
5∼6% of the total non-sea-salt SO2−

4 was found in the coarse mode during VOCALS-
REx per filter measurements. Moreover, this percentage was relatively insensitive to
longitude, whereas the pH of sea-salt aerosols likely differed substantially from near15

shore to the remote marine region, suggesting that mechanisms other than O3 oxida-
tion (e.g. direct uptake of H2SO4, in-cloud oxidation by H2O2, and evaporation following
wet scavenging) were responsible for SO2−

4 to be present in the coarse mode.

4.1.7 SO2 budget summary

To more accurately calculate the sources and sinks of SO2, we look at their time-20

evolutions over the course of a day and compare the implied SO2 diurnal cycle with
observations. From Eq. (2), omitting sea-salt oxidation, the column integrated concen-
tration of SO2 at time t can be written as:〈

SO2

〉
t
=
〈

SO2

〉
t−1

+ (FSO2,0)t−1− (FSO2,Zi
)t−1+

〈
PSO2

〉
t−1

−
〈
LSO2,OH

〉
t−1

−
〈
LSO2,cloud

〉
t−1

(14)25
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The last five terms on the RHS represent time-integrated rates since the previous time
step. C-130 Observations of SO2 in the remote region were available in the hours of
08:00∼20:00 UTC. We initialize our calculation with mean observation at 09:00 UTC
(06:00 a.m. local) because that was approximately the time when the aircraft reached
the westernmost location (80∼85◦ W) on most 20◦ S survey flights. Compared to other5

hours, observations from 09:00 to 13:00 UTC should be subject to the least amount of
bias because the aircraft usually stayed in the same general area. DMS and OH cycles
are calculated as in Yang et al. (2009) for the remote region and used to estimate
SO2 production assuming conversion efficiencies of 0.7 and 0.9 from DMS to SO2.
Over 24 h, we consider the budget closed when the concentration at the end of the10

calculation matches that at the beginning under the assumptions of steady state and
stationarity.

From direct measurements of DMS, O3, and water vapor fluxes, Faloona et al. (2005)
estimated higher ωe at night in the stratocumulus region off the coast of California
due to greater radiatively driven turbulence and cloud coverage than during the day,15

qualitatively consistent with findings from Bretherton et al. (2004) in the SEP. We can
roughly approximate the diel variability in ωe for VOCALS-REx by linearizing the mean
ωe = 4 mm s−1 with cloud fraction at each hour relative to the mean cloud fraction
(0.67), which leads to 6 mm s−1 at night and 2 mm s−1 during the day. As seen in
Fig. 13, entrainment, deposition, and gas phase OH oxidation are all minor losses of20

SO2. In-cloud oxidation, the largest sink for SO2, is estimated using a fixed H2O2 con-
centration of 0.9 ppbv and constant pH of 4.2 (i.e. an open system). The concentration
of SO2 below Zi is adjusted from the implied time dependent MBL SO2 concentra-
tion using the observed gradient from C-130 profiles. The aqueous concentration of
S(IV ) is equilibrated with the cloud level SO2. Instead of using LWC from the C-13025

and guessing the time parcels spend in clouds, we use the liquid water path (LWP)
determined from the ship, which accounted for both cloudy and clear air conditions.
For γ = 0.9, we find that the in-cloud oxidation loss term needs to be multiplied by a
factor of 0.43 to balance the diel budget of SO2. This factor is necessary probably
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because we assumed an open system and calculated in-cloud oxidation based on im-
plied SO2 concentration at cloud level, which is influenced by both the MBL and the
FT. For the MBL budget of SO2 concentration, only SO2 originated from the MBL and
lost in clouds should be included. For the case of lower γ, the in-cloud oxidation term
needs to be further reduced. We see in Fig. 13 that the implied SO2 cycle matches well5

with observations until 13:00 UTC (a few hours after sunrise). Comparison worsens for
subsequent hours, likely in part due to the large spatial variability and bias of the C-130
observations as the aircraft was then often profiling or transiting.

4.2 Sulfate budget

From an island-based experiment in the Equatorial Pacific, where the cloud cover is10

much lower and the decoupling between the surface and Zi even more pronounced
than in the SEP, Huebert et al. (1996) measured a clear diurnal cycle in SO2−

4 aerosols.

SO2−
4 built up slowly during the day and peaked near sunset, consistent with photo-

chemical production from SO2. Dilution due to entrainment was mostly responsible for
the nighttime SO2−

4 decline. In contrast to this diel trend, SO2−
4 during VOCALS-REx15

was the lowest in the late afternoon, increased rapidly over the first several hours after
sunset, then decreased steadily and leveled off over the rest of the diel cycle. As with
SO2, we first look at the magnitudes of the different terms in the SO2−

4 budget:

∂
〈

SO2−
4

〉
∂t

= FSO2−
4 ,0,dry+FSO2−

4 ,0,wet−FSO2−
4 ,Zi

+
〈
PSO2−

4

〉
(15)

The first three terms on the RHS are dry deposition to the surface, wet deposition due20

to precipitation, and entrainment at the inversion, respectively. The last term represent
in situ production of SO2−

4 from SO2.
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4.2.1 SO2−
4 dry deposition

The surface flux of SO2−
4 is related to the concentration near the surface ([SO2−

4,0]):

FSO4,0,dry
2− =−

∞∫
0

Vaero(D)[SO2−
4,0(D)]dD (16)

The deposition velocity of particles, Vaero, is a strong function of particle size (D).
Coarse particles deposit orders of magnitude faster due to gravitational settling than5

accumulation mode particles. At less than 0.02 µg m−3 (∼5 pptv), only ∼5% of the to-
tal non-sea-salt SO2−

4 was found in the coarse mode in the offshore region per filter
measurements. However, the enhanced Vaero at supermicron sizes suggests that dry
deposition flux should still be considered. Lacking size distributed SO2−

4 observations,

we rely on shipboard APS aerosol size distribution and coarse SO2−
4 mass from filter10

measurements.
We estimate Vaero using the model from Slinn and Slinn (1980), with wet diameters

adjusted from 60% RH to the ambient RH according to the sea-salt growth curve (How-
ell et al., 2006). At the upper size cutoff of the APS (10 µm at 60% RH, or ∼11 µm at am-
bient RH), Vaero peaks at ∼0.2 cm s−1. Integrating mass distributions over supermicron15

sizes yields a concentration that agrees well with coarse gravimetric mass from the fil-
ters (∼8 µg m−3), of which ∼0.5% was non-sea-salt SO2−

4 . To approximate size resolved

SO2−
4 , we apply this percentage uniformly to the supermicron mass distribution (i.e. as-

suming coarse SO2−
4 has the same relative distribution as sea-salt aerosols). Previous

impactor measurements in the remote Pacific showed that most of the coarse SO2−
4 is20

present at 2∼3 µm, or towards the smaller end of the supermicon spectrum (R. Simp-
son, personal communication, 2010), whereas the distribution of sea-salt tends to be
broader. Allocating more SO2−

4 to the larger end of the supermicon spectrum, where
the deposition velocity is much higher, could thus overestimate deposition flux.
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Multiplying the approximated SO2−
4 distribution by Vaero and summing over super-

micron sizes leads to a mean surface flux of merely ∼0.002 µmoles m−2 day−1. Even
with a ten-fold higher Vaero, the resultant deposition flux would still be only ∼10% of the
SO2−

4 production rate from the gas phase oxidation of SO2, and orders of magnitude

lower than other terms in the SO2−
4 budget, consistent with the suggestion from Rodhe5

(1978) that the residence time of SO2−
4 is much longer than that of SO2 with respect to

dry deposition. This result is unsurprising because the vast majority of the SO2−
4 mass

was found in the accumulation mode, where dry deposition is very slow.

4.2.2 SO2−
4 entrainment

The entrainment of SO2−
4 is calculated similarly to that of SO2 (Eq. 4). From average10

C-130 profiles, with a SO2−
4 concentration below Zi ∼40,pptv less than above, entrain-

ment diluted the MBL at a rate of 0.5(±0.3) µmole m−2 day−1, or 0.4(±0.2) pptv h−1. The
20∼30 pptv of SO2−

4 observed at cloud level was biased towards clear sky, cloud out-
flow, and POC regions, thus not representative of the concentration below Zi . As
with SO2, considering the mass flux of SO2−

4 at Zi to be only proportional to the15

FT concentration (∼40 pptv), entrainment added 0.5(±0.3) µmole m−2 day−1 of SO2−
4

to the MBL. Together with the mass flux of SO2 of 0.3(±0.2) µmoles m−2 day−1, the
upper limit contribution of anthropogenic sulfur mass from the FT to the MBL was
0.8(±0.4) µmoles m−2 day−1, or ∼20% of the DMS sea-to-air flux.

4.2.3 SO2−
4 production20

The in situ production rate of SO2−
4 includes losses of SO2 in both the gas phase and

aqueous phase:〈
PSO2−

4

〉
=
〈
PSO2−

4 ,OH

〉
+
〈
PSO2−

4 ,cloud

〉
(17)

2900

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/2873/2011/acpd-11-2873-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/2873/2011/acpd-11-2873-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 2873–2929, 2011

Atmospheric sulfur
cycling in the

Southeastern Pacific

M. Yang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

To balance the SO2 budget in the MBL (Eq. 12), excluding the fraction of SO2 originated
from the FT, 2.1 µmoles m−2 of SO2 needs to be oxidized in clouds over the entire day.
Considering the additional FT SO2 contribution, 4.0 µmoles m−2 of SO2−

4 was produced

in-cloud in 24 hours. This rate (equivalent to 78 pptv day−1) is similar to what was
reported by Huebert et al. (1996) and Clarke et al. (1996) over the Equatorial Pacific.5

4.2.4 SO2−
4 wet deposition

Because of its high water solubility, SO2−
4 is readily taken up in clouds. Coalescence

of cloud droplets form precipitation, which removes aerosols both scavenged in-cloud
and collected in the column of air below while falling. Figure 14 shows SO2−

4 vs. rain
rate reaching the surface (Pd ) measured by the shipboard rain gauge, color-coded by10

longitude. The heaviest precipitation events (>1 mm h−1) occurred west of 80◦ W and
were associated with the lowest SO2−

4 . The average Pd of 0.01 mm h−1 in the remote
region (including non-precipitating periods) is consistent with the typical cloud base
drizzle rate of 1∼2 mm day−1 derived from C-130 radar and lidar measurements, with
10∼20% reaching the surface (Bretherton et al. 2010).15

The wet deposition flux of SO2−
4 is the sum of below cloud scavenging (FSO2−

4 ,0,BC)

and in-cloud scavenging (FSO2−
4 ,0,IC). The below cloud scavenging rate of SO2−

4 by
droplets reaching the surface depends on the mean MBL concentration:

FSO2−
4 ,0,BC =−ΛBC[SO2−

4 ]HBC (18)

Here ΛBC is the below cloud scavenging coefficient of SO2−
4 , which is a function of rain20

rate and the collection efficiency. Andronache (2003) showed that small drizzle droplets
are more efficient at scavenging aerosols than larger rain droplets. Scavenging by
falling droplets is particularly efficient for coarse particles (by impaction) and for nuclei
mode particles (by Brownian motion). In contrast, accumulation size particles lie in the
“scavenging well” and have the lowest efficiency. From Seinfeld and Pandis (2006),25

2901

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/2873/2011/acpd-11-2873-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/2873/2011/acpd-11-2873-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 2873–2929, 2011

Atmospheric sulfur
cycling in the

Southeastern Pacific

M. Yang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

for typical drizzle diameter of 0.2 mm and 200∼300 nm aerosols (mean diameter for
SO2−

4 mass during VOCALS-REX), ΛBC is about 0.01 h−1 for a rain rate of 1 mm h−1.

We estimate ΛBC [h−1] as 0.01 (Pd/1). For a well-mixed MBL, HBC is the height from
the surface to the bottom of a precipitating cloud, which we approximate with MLH.
From Eq. (15), we calculate a below cloud SO2−

4 wet removal of 0.006 µmole m−2 day−1
5

on average and ∼0.1 µmole m−2 day−1 for heavy rain events.
Most of the wet removal of SO2−

4 was due to in-cloud scavenging. When cloud

forms in a rising air parcel, SO2−
4 aerosols mostly become cloud droplets (nucleation

scavenging) and are later removed by precipitation. ten Brink et al. (1986) found very
low levels of aerosol SO2−

4 in cloud interstitial air compared to cloud-free air, suggesting10

a high scavenging efficiency at relatively low concentrations by cloud droplets. The in-
cloud scavenging of SO2−

4 is formulated similarly to below cloud scavenging, but with
in-cloud scavenging coefficient (ΛIC) and concentration integrated to Zi :

FSO2−
4 ,0,IC =−ΛIC

〈
SO2−

4

〉
(19)

Okita et al. (1996) found a bulk scavenging efficiency of 0.5 P 0.74
d h−1 from SO2−

4 mea-15

surements over the Sea of Japan during a winter monsoon. Following theories from
Scott (1982) and constrained by bulk precipitation measurements from the Eastern
United States, Andronache (2004) parameterized ΛIC of SO2−

4 using a Marshall and

Palmer (1948) precipitation size distribution: 1.26 P 0.78
d h−1. Utilizing at the moment

the parameterization from Okita et al. (1996), the in-cloud scavenging loss would20

be ∼1.2 µmole m−2 day−1 and over 25 µmole m−2 day−1 for the heaviest precipitation
events.
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4.2.5 SO2−
4 budget summary

Assuming a well-mixed MBL and omitting dry deposition, the column integrated con-
centration of SO2−

4 at time t can be written as:〈
SO2−

4

〉
t
=
〈

SO2−
4

〉
t−1

− (FSO2−
4 ,Zi

)t−1+
〈
PSO2−

4

〉
t−1

−
〈
LSO2−

4 ,wet

〉
t−1

(20)

Shipboard SO2−
4 measurements were taken in the remote region during 24∼30 Oc-5

tober and 16∼17 November. We initiate our calculation with the observation at
00:00 UTC and compute over one diel cycle. To quantify the average effect of episodic
rainfall, the mean precipitation rate of 0.01 mm h−1 is linearized with the relative cloud
fraction, as done with ωe. We found that ΛIC of 1.0 P 0.74

d h−1, which is between the
parameterizations from Okita et al. (1996) and Andronache (2004), results in a general10

budget balance. As seen in Fig. 15, being proportional to LWC, the in-cloud oxida-
tion of SO2 peaks in the early morning, which is largely offset by wet deposition that
also peaks at the same time when cloud fraction was usually the highest. Without
clouds, gas phase oxidation would slowly build up SO2−

4 during the day, as in Huebert
et al. (1996). However, the processes above do not capture the observed diel trend in15

VOCALS-REx.
That the surface O3 concentration (which had a FT source) increased along with

SO2−
4 in the early evening suggests that the main source of SO2−

4 spike was from above.

High levels of SO2−
4 were not usually observed in the remote FT, which left the upper

MBL to be the more likely source, with SO2−
4 produced in clouds. During the day, due20

to the decoupling of the MBL, SO2−
4 generated in clouds could be isolated in the upper

MBL. The recoupling of the MBL after sunset would mix down this air rich in SO2−
4 ,

causing a spike in measured concentration. SO2−
4 was then depleted by wet deposition

over the rest of diurnal cycle, with the most rapid loss in the early morning. To test this
proposed mechanism, instead of adding in-cloud SO2 oxidation to the SO2−

4 budget25
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continuously as in Eq. (17), we sum in-cloud SO2 oxidation over 24 h and incorporate it
to MBL SO2−

4 budget only during the first four hours after sunset. The daily production

of SO2−
4 in cloud amounted to 4.0 µmoles m−2, similar to the increase observed from

00:00 to 04:00 UTC. Thus we add 1.0 µmole m−2 of SO2−
4 to each of these four hours

and recalculate the SO2−
4 budget (Fig. 16). As wet depositional loss is first order, the5

large amount of SO2−
4 added initially is adequately depleted over the rest of the diurnal

cycle and the implied diel variability is qualitatively similar to observations.
The major rates in the MBL SO2 and SO2−

4 budgets are shown in Table 1, with
both choices of γ. A refinement to the one layer box model utilized here for our diel
calculations would be to solve the upper and lower parts of the MBL separately in the10

decoupled daytime; at night the two layers would join to become one. However, not
knowing the exchange between the upper and lower parts of the MBL during the day
makes the implementation of such a dynamical model difficult for the time being.

5 Conclusions

In order to evaluate the effects of anthropogenic sulfur inputs to the atmosphere,15

we must first understand the natural background cycles. In VOCALS-REx, multi-
platform observations and relatively simple dynamics of the stratocumulus capped
marine boundary layer allowed us estimate the sources and sinks of DMS, SO2,
and SO2−

4 aerosols. The sea-to-air flux of DMS (3.8±0.4 µmoles m−2 day−1), rather

than “mass” entrainment of SO2 and SO2−
4 (0.8±0.4 µmoles m−2 day−1), was the pre-20

dominant source of sulfur mass to the remote region of the SEP. Accounting for
dilution due to entrainment (0.7±0.3 µmoles m−2 day−1), the remaining DMS was
oxidized by OH to mostly SO2. The SO2 production rate from DMS was calcu-
lated to be 2.2∼2.8 µmoles m−2 day−1 using a DMS to SO2 conversion efficiency of
0.7∼0.9, peaking at 7.5∼9.7 µmoles m−2 day−1 in midday. From our implied diel25

cycle calculations (γ = 0.9), entrainment slightly increased the MBL SO2 burden
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at a rate of 0.05±0.02 µmoles m−2 day−1, while dry deposition decreased SO2 at
a rate of 0.6±0.1 µmoles m−2 day−1. The gas phase oxidation of SO2 was about
0.2 µmoles m−2 day−1 on a diel average, peaking at 0.9 µmoles m−2 day−1 in the af-
ternoon. The largest SO2 loss term was in-cloud oxidation to SO2−

4 at approximately

2.1±0.5 µmoles m−2 day−1, which appears to balance the SO2 budget and suggests5

other potential removal mechanisms were insignificant. With a slightly acidic coarse
mode, our order of magnitude estimations of SO2 oxidation by O3 in sea-salt aerosols
using measured size distribution yielded negligible rates. Entrainment diluted SO2−

4

burden at a rate of 0.5±0.3 µmoles m−2 day−1, while dry deposition represented an
insignificant sink for SO2−

4 because little non-sea-salt SO2−
4 mass was present in the10

coarse mode.
Diurnally, the implied SO2 cycle shows a maximum in concentration near sunset

due to oxidation of DMS by OH and minimum just after sunrise as a result of in-cloud
oxidation, with dry deposition being a continuous loss term. This diel pattern is anticor-
related with that of DMS, consistent with previous observations in the remote Pacific.15

The SO2−
4 diel cycle observed on the ship appeared to be related to boundary layer

dynamics and the intricately connected in-cloud production and wet removal. SO2−
4

produced in cloud was confined to near cloud level during the day, when the upper and
lower parts of the MBL were usually decoupled. As the MBL recoupled after nightfall,
the large amount of SO2−

4 built up at cloud level was mixed downwards, increasing the20

concentration at the surface. After peaking in the middle of the night, SO2−
4 steadily

declined and leveled off for the rest of the day mostly as a result of decoupling and wet
removal by precipitation.
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Table 1. Diel averaged rates in MBL concentration budgets of DMS, SO2, and SO2−
4 .

DMS µmole m−2 day−1 pptv h−1 % day−1

Sea-to-air Flux 3.81±0.38 3.09±0.31 118±12
Entrainment −0.66±0.33 −0.54±0.27 −20±10
Loss to OH −3.15±0.50 −2.56±0.41 −97±16

γ =0.9 γ =0.7
SO2 µmole m−2 day−1 pptv h−1 % day−1 µmole m−2 day−1 pptv h−1 % day−1

Prod. from DMS 2.84±0.45 2.30±0.37 158±25 2.21±0.35 1.79±0.29 134±21
Entrainment 0.05±0.02 0.04±0.02 3±1 0.06±0.03 0.05±0.03 4±2
Dry Deposition −0.56±0.14 −0.45±0.11 −31±8 −0.51±0.13 −0.41±0.10 −31±8
Loss to OH −0.22±0.03 −0.18±0.02 −12±2 −0.20±0.03 −0.16±0.02 −12±2
Loss to Clouds −2.10±0.48 −1.70±0.39 −117±26 −1.56±0.38 −1.27±0.31 −95±23

SO2−
4 µmole m−2 day−1 pptv h−1 % day−1 µmole m−2 day−1 pptv h−1 % day−1

Prod. from SO2 4.02±0.89 3.26±0.72 75±16 3.32±0.70 2.70±0.57 62±13
Entrainment −0.51±0.26 −0.41±0.21 −9±5 −0.28±0.14 −0.23±0.11 −5±3
Wet Deposition −3.51±0.92 −2.85±0.75 −65±17 −3.04±0.72 −2.47±0.58 −56±13

Positive (negative) indicate increases (decreases) in MBL concentrations. SO2 and SO2−
4 rates are calculated with two

separate DMS to SO2 conversion efficiencies, 0.9 and 0.7. Percent daily rates are calculated with respect to observed
(DMS and SO2−

4 ) or implied (SO2) daily mean concentrations. Errors for entrainment, dry deposition, and SO2 oxidation
are estimated from uncertainty in ωe, Vdep, and [OH], with errors for other rates propagated under 95% confidence.
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Fig. 1. VOCALS-REx cruise track color-coded by the DMS sea-to-air flux, which was higher
offshore mostly as a result of higher wind speed. The dotted and solid boxes indicate the
VOCALS “offshore” and “remote” regions, respectively.
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Fig. 2. A typical 20◦ S Survey flight by the C-130 (RF 03), with color indicating SO2 concentra-
tion and marker size representing aerosol SO2−

4 concentration, with both sulfur species showing
higher concentrations near shore than offshore. Level legs were typically flown near the sur-
face, below the stratocumulus cloud deck, and above cloud, with occasional profiles to higher
altitudes. Also included is the inversion height derived from C-130 profiles, which increased
with distance away from shore.
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Fig. 3. Longitudinal trends in the atmospheric concentrations of DMS, SO2, and SO2−
4 along

20(±2)◦ S in the MBL and FT (project means). SO2 and SO2−
4 were significantly elevated near

shore due to pollution, and rapidly decreased away from shore, where DMS was higher. In the
remote atmosphere, the sea-to-air DMS flux accounted for about three quarters of the MBL
sulfur burden, with the rest due to the entrainment of SO2 and SO2−

4 .
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Fig. 4. (Left) averaged vertical profiles of temperature, dew point, CO, and O3; (right) DMS,
SO2, SO2−

4 (with standard error of the mean), potential temperature, and liquid water content in
the offshore region before sunrise. CO and O3 concentrations were consistently greater above
the sharp inversion (Z/Zi =1), while SO2−

4 was greater below the inversion.
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Fig. 5. Mean VOCALS C-130 remote particle number (top), surface area (middle), and volume
distributions (bottom) at different normalized altitudes. The upper MBL distribution was reduced
compared to lower and mid-MBL distributions, likely as a result of cloud scavenging and MBL
decoupling. The above cloud distribution was a superposition of two modes, with the ∼30 nm
mode corresponding to low CO and the ∼80 nm mode corresponding to high CO.
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Fig. 6. Diel cycles in inversion height, mixed layer height, liquid water path, and cloud fraction
in the VOCALS offshore region. All of these variables were greater at night than during the day
mostly due to the diel variability in the radiative properties associated with the stratocumulus
cloud deck.
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Fig. 7. Top panel: concentrations of O3, DMS, and SO2−
4 from 28∼31 October; bottom panel:

liquid water path, mixed layer height, and inversion height for the same period. SO2−
4 frequently

decreased during the day and peaked at night, as did O3. MLH approached Zi at night, sug-
gesting a well-mixed MBL, whereas during the day MLH was only ∼1/2 of Zi , indicating decou-
pling. The nighttime increase in SO2−

4 was likely due to MBL coupling and in-cloud production
of SO2−

4 .
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Fig. 8. Mean VOCALS RHB particle number (top left), surface area (bottom left), volume (top
right), and mass distributions (bottom right) stratified by the time of day in the remote region.
The accumulation mode (dominated by SO2−

4 ) was clearly the largest between near sunset to a
few hours before sunrise (22:00∼06:00 UTC), consistent with the observed increase in SO2−

4
by the shipboard AMS. More nuclei and coarse mode particles were seen in the afternoon
(14:00∼22:00 UTC) than in the early morning (06:00∼14:00 UTC).
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Fig. 9. Time-series of submicron particulate mass, MSA:SO2−
4 ratio, DMS, and supermicron

chloride deficit. The MSA:SO2−
4 ratio follows closely to DMS concentration, while chloride deficit

was the largest near the coast, where pollution emission of acidic aerosols were the highest,
as evidenced by high submicron mass.
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Fig. 10. SO2 concentration below the inversion vs. liquid water content from the C-130 for the
VOCAL offshore region, stratified to daytime and nighttime. Higher SO2 during the day was due
to DMS oxidation. Above 0.2 g m−3 (mean LWC for the stratocumulus clouds), SO2 was reduced
to ∼18 pptv as a result of in-cloud oxidation. The interstitial SO2 might be slightly higher during
the day due to the initially higher MBL concentration.
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Fig. 11. Calculated oxidation of SO2 to sulfate in cloud due to H2O2 in a closed system. Initial
concentrations were set to 20 pptv and 65 µM (∼0.9 ppb) for SO2 and H2O2. The liquid water
content and pH were fixed at 0.2 g m−3 and 4.2, respectively. After ∼15 min (typical in cloud
residence time), 11% of the SO2 is converted to SO2−

4 , leaving an interstitial concentration SO2
of ∼18 pptv.
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Fig. 12. SO2−
4 vs. NH+

4 from the shipboard AMS, color-coded by longitude. The SO2−
4 : NH+

4 ratio
approached the theoretical full neutralization limit of 1:2 for ammonium sulfate in the remote
marine region. Closer to shore, the ratio exceeded 1:1 (that of ammonium bisulfate) due to
pollution emission.
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Fig. 13. Implied SO2 diel cycle, with oxidation from DMS being the principal source and in-
cloud oxidation as the main sink. The implied cycle agrees well with observations (gray circles,
with error bars corresponding to standard deviation within hour bins) until 15:00 UTC, with mea-
surements in the subsequent hours likely subject to greater spatial bias.
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Fig. 14. RHB SO2−
4 concentration vs. rain rate, color-coded by longitude. While there was

clearly a longitudinal trend in SO2−
4 , the lowest concentration at 85◦ W corresponded to high

rain rates, suggesting efficient precipitation scavenging.
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Fig. 15. Implied SO2−
4 cycle assuming a well-mixed MBL, with calculation initiated with the

observation at 00:00 UTC. The in-cloud production term is largely offset by wet deposition, with
gas phase oxidation by OH accounting for the small increase in SO2−

4 towards the end of the
day. While the source and sink terms appear to balance, the observed diel cycle in SO2−

4 (gray
circles, with error bars corresponding to standard deviation within hour bins) is not captured by
this calculation.
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Fig. 16. Implied SO2−
4 cycle assuming a well-mixed MBL at night and decoupled MBL during the

day. SO2−
4 produced in-cloud is summed over the entire day and only added to the MBL budget

over the first four hours after sunset as the MBL re-coupled. Initiated with the observation at
00:00 UTC, the implied cycle qualitatively agrees with shipboard observations (gray circles, with
error bars corresponding to standard deviation within hour bins).
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