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Abstract The Pacific Atmospheric Sulfur Experiment (PASE) is the first sulfur-budget
field experiment to feature simultaneous flux measurements of DMS marine emissions and
SO, deposition to the ocean surface. We make use of these data to constrain a 1-D chemical
transport model to study the production and loss pathways for DMS and SO, over the
equatorial Pacific. Model results suggest that OH is the main sink for DMS in the boundary
layer (BL), and the average DMS-to-SO, conversion efficiency is ~73%. In an exploratory
run involving the addition of 1 pptv of BrO as a second oxidant, a 14% increase in the
DMS flux is needed beyond that based on OH oxidation alone. This BrO addition also
reduces the DMS-to-SO, conversion efficiency from 73% to 60%. The possibility of non-
DMS sources of marine sulfur influencing the estimated conversion efficiency was explored
and found to be unconvincing. For BL conditions, SO, losses consist of 48% dry
deposition, while transport loss to the BuL and aerosol scavenging each account for another
19%. The conversion of SO, to H,SO, consumes the final 14%. In the BuL, cloud
scavenging removes 85% of the SO,, thus resulting in a decreasing vertical profile for SO,.
The average SO, dry deposition velocity from direct measurements (i.e., 0.36 cmsec ) is
approximately 50% of what is calculated from the 1-D model and the global GEOS-Chem

B. A. Gray (<) - Y. Wang - D. Gu - D. D. Davis

School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA 30332-0340,
USA

e-mail: burton.gray@gatech.edu

A. Bandy
Chemistry Department, Drexel University, Philadelphia, PA 19104-2875, USA

L. Mauldin
Atmospheric Chemistry Division, National Center for Atmospheric Research, Boulder, CO 80307, USA

A. Clarke
School of Ocean and Earth Science and Technology, University of Hawaii, Manoa, Honolulu, HI 96822,
USA

B. Alexander
Department of Atmospheric Sciences, University of Washington, Seattle, WA 98195-1640, USA

@ Springer



28 J Atmos Chem (2011) 68:27-53

model. This suggests that the current generation of global models may be significantly
overestimating SO, deposition rates over some tropical marine areas. Although the specific
mechanism cannot be determined, speculation here is that the dry deposition anomalous
results may point to the presence of a micro-surface chemical phenomenon involving partial
saturation with either S(IV) and/or S(VI) DMS oxidation products. This could also appear
as a pH drop in the ocean’s surface microfilm layer in this region. Finally, we propose that
the enhanced SO, level observed in the lower free troposphere versus that in the upper BuL
during PASE is most likely the result of transported DMS/SO,-rich free-tropospheric air
parcels from the east of the PASE sampling area, rather than an inadequate representation in
the model of local convection.

Keywords Sulfur field study - Airborne sampling - Chemical modeling - Dimethy] sulfide
oxidation - Sulfur dioxide formation and losses - Dry deposition - Aerosol scavenging

1 Introduction

The marine biogenic compound dimethyl sulfide (DMS) is of considerable interest due to
its defining the planet’s largest natural sulfur source. It is, therefore, the single largest
natural source of sulfur aerosols (Lovelock et al. 1972; Kritz 1982; Andreac and
Raemdonck 1983; Andreae et al. 1995). Sulfur aerosols, in the form of cloud condensation
nuclei (CCN), are pivotal to our understanding of both local and regional weather patterns.
As such, they represent an important component in advanced modeling efforts designed to
assess global climate trends (Ghan et al. 1990; Hegg et al. 1990; Thomas et al. 2010). This
effort has received increasing attention since 1987 with the publication by Charlson et al.
(1987) of a natural climate feedback system that assigned DMS as the pivotal chemical
species. The proposed scheme has phytoplankton-generated DMS leading to the formation
of CCN which, in turn, modulate solar radiation, and hence, phytoplankton populations.
Though many of the scientific components making up this 1987 hypothesis were at the
time poorly understood, research efforts over the last two decades have provided
considerable enlightenment on a number of these. For example, laboratory studies have
now revealed that several different chemical processes can lead to the atmospheric
oxidation of DMS. One of those of central importance involves the atmospheric oxidant
OH (hydroxyl radical). Interestingly, as first demonstrated by Hynes et al. (1986), the
OH oxidation of DMS proceeds by two independent chemical pathways. The abstraction
channel, having a positive activation energy, is heavily favored under tropical conditions;
but even at elevated temperatures, the addition channel, with a negative temperature
dependence, still contributes upwards of 20-25% to the oxidation process (e.g., valid
over the range 23°-28°C).

These and still other laboratory kinetic studies (Barone et al. 1996; Urbanski et al. 1998;
Williams et al. 2001; Kukui et al. 2003) have focused on quantifying the individual steps in
the overall oxidation mechanism; whereas, field and laboratory chamber studies (Bandy et
al. 1996; Davis et al. 1999; Arsene et al. 1999; Nowak et al. 2001; Arsene et al. 2002; Read
et al. 2008a) have provided more detailed information on the reaction products resulting
from the DMS oxidation process. Two of the more significant of these are SO, and
methanesulfonic acid (MSA). SO,, however, is itself quite reactive and, either by
heterogeneous reactions or gas phase processes, typically converts to S(VI) within one to
2 days under boundary layer (BL) conditions. The product from the gas-phase reaction,
H,SO,, is also removed from the atmosphere quickly but has been directly observed in
several field studies (Davis et al. 1999; Mauldin et al. 1999; Weber et al. 2001). The
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existing evidence suggests that SO, is the major product formed from the abstraction
channel; whereas, the highly reactive sulfur species dimethyl sulfoxide (DMSO) appears to
be the initial major product from addition.

Early field studies carried out at tropical latitudes, the primary focus of this paper,
presented a conflicting picture regarding the chemical link between DMS and the
product SO,. One of the earliest efforts revealing a strong chemical linkage was that
reported by Bandy et al. (1996). In this Christmas Island study, simultaneous measurements of
DMS and SO, were continuously recorded during two 5-day sampling periods. DMS
conversion to SO, was clearly evident in there being observed a strong anti-correlation
between these two species. Yet in a still earlier ship-board tropical study, reported by
Huebert et al. (1993), virtually no relationship was seen between these species, though the
temporal resolution in this study was sufficiently low that it would have been difficult to
see an anti-correlation. And, in another tropical study in the South Pacific, ship-board
measurements reported by Yvon et al. (1996) showed only a modest anti-correlation
between DMS and SO, (i.e., 40%). By comparison, the Bandy et al. Christmas Island
study resulted in a DMS-to-SO, conversion efficiency of 62%. Chen et al. (2000), using
the same data set, employed an updated DMS oxidation mechanism in which the
optimum model-estimated conversion efficiency was quite similar, i.e., 65%. Finally, in
an airborne study also carried out near Christmas Island, Davis et al. (1999), using
simultaneous measurements of DMS, SO,, MSA, H,SO,, and OH in conjunction with
box-model calculations, estimated a DMS-to-SO, conversion rate of 72%. Interestingly,
Faloona (2009) in his survey of the literature found that of nine global 3-D studies in
which DMS emissions were included, the DMS-to-SO, conversion efficiency of the
respective models was greater than or equal to 85%. The latter value, however, unlike the
tropical studies cited above, was undoubtedly influenced by the inclusion of large-scale
DMS oxidation in the free troposphere. In this setting, both the absence of aerosols and
the presence of rather low temperatures favor the production of SO,.

As cited above, although reaction with OH has long been viewed as the major pathway
for oxidizing DMS, more recent laboratory and field studies suggest that even under pristine
conditions halogen species might also be important (Barnes et al. 1991; Ingham et al. 1999;
Dyke et al. 2006; Saiz-Lopez et al. 2007). In one such study, bromine oxide (BrO) was
measured in the North Atlantic under tropical conditions (Read et al. 2008b) with reported
values as high as 4 pptv and a mid-day average of ~2 pptv. Although such low concentrations
might initially suggest the inefficiency of these species, rate constant data suggests that even
at mixing ratios as low as 1 pptv, BrO has the potential to compete with OH as a primary
DMS oxidant.

Further complicating the assessment of the impact of DMS emissions on the sulfur
budget is the array of loss mechanisms by which SO, can be removed within the marine
BL. In addition to the previously mentioned reaction with OH, both deposition to the
ocean’s surface as well as scavenging by local aerosols can form effective sinks for this
species. Quite relevant to the current study, none of the previously listed field work has
been able to clearly establish the relative importance of these removal processes, due in
large part to the absence of an independent method for measuring SO, deposition to the
surface (Faloona 2009).

Although under tropical BL conditions CN (condensation nuclei) formation (e.g., from
the production of H,SOy,) is typically considered unlikely, Clarke et al. (1998) convincingly
showed that even here bursts of CN particles can form in the absence of marine aerosols, e.g.,
under conditions reflecting the impact of a major rain event. The latter occurrence then points to
one of the critical pieces of information required to fully assess the impact of DMS on CN
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production, namely, the efficiency with which this species is transported from the BL to an
environment having a low aerosol loading. This is typically found in the atmospheric marine
regions identified as the buffer layer (BuL) (Russell et al. 1998) and the lower free troposphere
(FT). As will be discussed later in the text, in the current study we have used a 1-D chemistry
and transport model to assess the efficiency of this process.

Of the many uncertainties remaining in defining the role of DMS emissions in the
formation of tropospheric CN, among the larger of these is the ocean-to-atmosphere flux.
For example, from an examination of the five most recent global-study publications
reported in the Faloona (2009) paper (i.e., Liu et al. 2007; Verma et al. 2007; Koch et al.
2006; Kloster et al. 2006; Berglen et al. 2004), estimates of the global DMS flux ranged
from 12 to 28 Tg S per year. Still other uncertainties influencing the atmospheric marine
sulfur budget in the tropical Pacific include: The efficiency with which DMS is converted
to SO, and how the magnitude of this quantity may vary as a function of local chemical
composition; the influence of halogens and possibly unknown additional sulfur sources; the
relative impact of various chemical and physical processes on SO, removal; and the impact
of long-range transport of sulfur relative to that locally generated.

The Pacific Atmospheric Sulfur Experiment (PASE) has provided two major advantages
over previous field experiments in its efforts to evaluate critical aspects of the marine sulfur
budget: 1) the DMS ocean flux is directly measured, thus constraining the largest source of
reduced sulfur to the atmosphere, and (2) the SO, deposition flux to the ocean is also
directly measured, thereby constraining one of the major sinks for this DMS oxidation
product. The overarching objective of this work is that of providing further insight into the
role of DMS emissions in influencing the formation of CN particles under tropical-
tropospheric conditions. Reflecting the uncertainties cited above, the approach taken here
will use a 1-D chemistry and transport model to evaluate the following specific objectives:
a) the chemical efficiency with which DMS is converted to the product species SO,; b) the
contribution that non-OH (i.e., halogen species) oxidants might make in oxidizing DMS; c)
the impact of BuL clouds on the vertical distribution of SO,; d) the relative contributions
made by dry deposition, aerosol scavenging, and vertical transport on BL SO, levels; and
(e) the relative importance of local sulfur sources versus long-range transport in controlling
sulfur levels in the lower free troposphere.

2 Observations
2.1 PASE aircraft data

Fourteen research flights were conducted during the PASE mission using the National
Center for Atmospheric Research (NCAR) C-130 H. Flights were based out of Christmas
Island (2°N, 157°W) and took place between August 8 and September 6 of 2007. All of the
research flights were conducted over the area of 1°S—4°N and 153°-159°W, with the
exception of flight 4, which was flown further north as a cloud sampling mission. All of the
research flights were in excess of 8 h duration, except for flight 7, which was shortened to
just a few hours due to difficulty in procuring aircraft fuel. The aircraft flight patterns are
discussed in detail by Conley et al. (2009) and Faloona et al. (2010).

For this study, flights 2, 3, 5, 8, 11, and 12 are used for a daytime comparison to the
model results. The data from flight 1 were not used due to a lack of DMS measurements.
Flights 4 and 7 were eliminated for the reasons discussed in the above paragraph. Flights 9
and 10 were not included due to errors resulting from problems with the aircraft's inertial
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navigation system. This did not allow for an appropriate measurement of wind speed,
resulting in our inability to define either the BL or BuL heights for those two flights.
Finally, data from flight 14 were removed because the daytime average DMS concentration
was 50% higher than the average from the other six flights chosen for this analysis (Conley
et al. 2009).

Although potentially providing considerable insight regarding the loss of SO, to aerosols
and to dry deposition, nighttime flights 6 and 13 were also excluded from the final database
used in this study. This decision was based on the fact that the observations from these two
flights showed a great deal of inconsistency. As an important example, flight 6 had average
pre-dawn concentrations of DMS and SO, of 87 and 27 pptv, respectively; whereas, flight
13 generated average values of 113 and 28 pptv, respectively. In addition, there were
significant differences seen in the latitudinal gradient for SO,. During flight 6, it was >10
pptv deg ™ '; for flight 13, it was less than 3 pptv deg '. Thus, given that these were the only
two nighttime flights producing data, we chose to restrict the current analysis to the more
consistent daytime flights 2, 3, 5, 8, 11, and 12.

Several PASE aircraft measurements served as primary constraints for carrying out the
modeling analyses presented in the text that follows. Pivotal were the measured values for
BL DMS and OH. Techniques employed to measure the most critical species during the
PASE study covered a wide range of instrumentation. DMS and SO, were measured using
atmospheric-pressure ionization mass spectrometers (APIMS) (Bandy et al. 2002; Thornton
et al. 2002; Huebert et al. 2004; Blomquist et al. 2006). The two vertical fluxes that were
directly measured used eddy covariance methodology (Fairall et al. 2000). Liquid water
content (LWC) measurements were made using a Gerber PV-100 probe. This probe was
also used to determine the presence or absence of clouds in the BuL. LWC measurements of
>0.01 gm > were taken as the basis for the presence of clouds. OH measurements utilized
the technique selected-ion chemical-ionization mass spectrometry (SICIMS) (Mauldin et al.
1998). Ozone observations were recorded using a fast chemiluminescence instrument
(Ridley et al. 1992). Finally, aerosol size and distribution measurements covering the range
of 0.01 to 10 um were carried out using several different instruments, as previously
described by Clarke et al. (2004).

2.2 CHjl aircraft data

Measurements of the short-lived species methyl iodide (CH;I) have been used to constrain
our 1-D model for purposes of assessing vertical transport over tropical regions, e.g., Wang
et al. (2000, 2001). Given, however, that no measurements of this species were recorded
during this study, CH;I observational data recorded during NASA’s PEM-Tropics A and B
field studies were used. Both studies involved field operations in the equatorial Pacific,
Christmas Island being a major base of operation. With a lifetime of ~6 days, these CH;I
data revealed that during PEM-Tropics A (1997), levels were reasonably consistent with
dry season conditions; whereas, during PEM-Tropics B (1999), the profile resembled those
of the wet season.

2.3 Satellite and other data
Sea surface temperature (SST) was used as an indicator of upwelling regions in the
equatorial Pacific as these regions tend to be colder than their surroundings. Since these

cold regions typically reflect areas of elevated nutrients, enhancements in phytoplankton
and bacterial populations are common. Although the latter can frequently lead to major
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increases in DMS, this conclusion is much dependent on phytoplankton types. We have
used SST data from the National Oceanic and Atmospheric Administration (NOAA)
Environmental Modeling Center to identify these likely upwelling regions. The NOAA SST
data are a combination of in-situ and satellite data and are released as weekly- and monthly-
averaged fields.

Measurements of chlorophyll concentration are one of the methods employed to assess
sea-surface biogenic activity, though chlorophyll and DMS concentrations do not always
strongly correlate (Kettle et al. 1999). In this study, data from the NASA National Earth
Observatory (NEO) were used to determine sea-surface chlorophyll concentrations, thus
identifying potential areas having DMS enhancements. The data were obtained via the
Moderate-resolution Imaging Spectroradiometer (MODIS) instrument onboard the Aqua
satellite.

In addition to identifying marine areas with potentially enhanced DMS, satellite imagery
was also used to examine cloud top temperatures. These data provided one estimate of
convection in and around the PASE sampling area. The source of this data was again the
MODIS instrument aboard the Aqua satellite.

3 Model descriptions
3.1 REAM model
3.1.1 General characteristics

The Regional chEmical trAnsport Model (REAM) used in this study is a 1-D version of the
3-D REAM model described by Zhao et al. (2009a). Previously, this model has been used
to study tropospheric chemistry and transport in North America (Zhao et al. 2009a; Choi et
al. 2005, 2008a, b; Wang et al. 2006), Southeast Asia (Zhao and Wang 2009; Zhao et al.
2009b, 2010), the Arctic (Zeng et al. 2003, 2006), and the Antarctic (Wang et al. 2008).
This version of REAM uses meteorological fields from the Weather Research and
Forecasting (WRF) model (Skamarock et al. 2005).

The meteorological fields were assimilated using the WRF model on the basis of the
National Center for Environmental Prediction (NCEP) reanalysis fields. The WRF model
has a horizontal resolution of 10 km with 45 vertical layers below 10 hPa. Meteorological
fields in the 1-D REAM model are updated every half hour, except for those related to
convection, which are updated every 5 min. For each flight, 1-D meteorological parameters
along the entire flight track were used. Hourly averages over the sampling region were
taken for times outside the flight period. Diurnal simulations were run for 30 consecutive
days using the same meteorological fields as defined on a specific flight day to obtain
quasi-steady-state 1-D results. Sensitivity tests indicate that extending the run time out to
60 days returned basically the same results. Carbon monoxide (CO), O3, and water vapor
were constrained according to PASE observations for each flight, as were BL OH levels.
The NO, mixing ratio was fixed at 2 pptv, consistent with previous measurements in this
region (Wang et al. 2001).

3.1.2 Turbulent diffusion in the buffer layer

The WRF model is unable to reproduce the intermittent turbulence typical of the BuL. It
instead yields a sudden transition between a fully turbulent BL and the more stable FT.
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Thus, in the 1-D REAM model, BL and BuL heights were set according to PASE
observations; however, the BuL turbulent diffusion coefficient is specified from the CH;l
profiles generated from the PEM-Tropics A and B studies (see above discussion).

3.1.3 Sulfur module

A sulfur module was added to the standard version of REAM. The modeled species are
DMS, SO,, dimethyl sulfoxide (DMSO), methane sulfinic acid (MSIA), methane sulfonic
acid (MSA), and sulfuric acid (H,SO,). Since this study has as its major focus DMS and
SO,, the final oxidation products MSA and H,SO,4 had little impact on our results. The
addition channel products DMSO and MSIA, on the other hand, represent intermediates
that play a critical role in defining the conversion efficiency of DMS to SO, since under BL
conditions they are predominantly scavenged by aerosols, leading to the production of
methane sulfonate (MS).

Ocean flux Marine DMS emissions are known to be the major source of SO,. Thus, in this
study, DMS was the only sulfur emission species directly measured. In running the REAM
model, DMS concentrations were adjusted in the first layer according to a diurnally-varying
boundary condition. The latter was constructed using PASE observational data as defined
by the subset of PASE flights used in this study, as cited earlier in the text. This was done
by first creating an hourly median using the observational data, and then adjusting the
REAM DMS concentration in the first layer to match the BL observations. The DMS ocean
flux was inferred from the model through a budget analysis.

Gas-phase chemistry The chemical module was that reported by Chen et al. (2000). Rate
constants and branching ratios for the gas-phase reactions were updated from Zhu et al.
(2006) and are shown in Table 1. DMS in the model was given no chemical source and was
oxidized by OH, BrO, or both depending on the science question being addressed. In the
current gas-phase chemical modeling scheme, DMSO and MSIA are the major products
resulting from the DMS addition channel. In this scheme, DMSO either reacts with OH or
is scavenged by aerosols. When reacting with OH, it produces MSIA, which can either
further react with OH or again be scavenged by aerosols. Upon reaction with OH, it

Table 1 Gas-phase sulfur reactions and rate constants™”

Reaction Kk(T), cm® molec 's™"

°DMS + OH — 0.9S0, + 0.1H,SO, (Abstraction) 91.10x 10 exp(—240/T)

DMS + OH — 0.5DMSO + 0.2DMSO, + 0.3MSIA (Addition) (1.0x10"*exp(5820/T)[0])
(1+5.0x 10 *%exp(6280/T)[0,])

DMSO + OH — 0.9MSIA + 0.1DMSO, 9.0x107"

MSIA + OH — 0.9S0, + 0.IMSA 9.0x107"

SO, + OH — H,S0, *k1,=F x ko x ko/(ko+ks)

#Reproduced from Zhu et al. (2006).

® For heterogeneous scavenging processes (e.g., DMSO and MSIA), please see section 3.1.3.
©We assume 100% conversion of CH;SCH,0, to SO, or H,SO,.

4Newer value from Sander et al. (2006).

®log F=log (0.525)/(1+[log(ko/k)]* ), ko=4.5x10"2' (T/300) > [M], k,=1.26x 10" (T/300) 7
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predominately yields SO,. SO, is also the major product resulting from the OH/DMS
abstraction channel even though, as discussed later in the text, it is quite possible that the
sulfur intermediate (CH;SCH,OOH) from the abstraction channel could potentially be lost
to aerosol scavenging. The only gas-phase reaction considered for SO, was that with OH,
but as noted above for several other sulfur species, aerosol scavenging was also included as
a sink mechanism.

Dry deposition The SO, deposition velocity was either fixed according to PASE
observations (Faloona et al. 2010) or calculated using the resistance-in-series scheme of
Wesely (1989), a scheme also used in the GEOS-Chem model (Wang et al. 1998). For
DMSO and MSIA, the deposition velocities were calculated.

Cloud scavenging During the PASE study, clouds appeared in the BuL only. As such,
cloud scavenging in the REAM model was limited to this region. The scavenging rates
for all soluble sulfur species (SO,, DMSO, MSIA) were assigned the same value. Based
on LWC data from the Gerber PV-100 probe, clouds were typically present in only 2-3%
of the BuL flight-track data points. Under these conditions we have estimated that the
lifetime for a soluble species in the BuL would best be given by the time it took a species
to fully mix within the cloud-free portion of the BuL. It was further assumed that a
soluble species would be scavenged immediately upon cloud contact. For this scenario,
the lifetime is given by:

L2
"7k

(1)

where T is the BuL mixing time, K, is the BuL turbulent diffusion coefficient, and L is
the BuL thickness, minus the cloud coverage percentage. This parameterization is
relatively insensitive to cloud volume when the latter is low. For instance, if one assumes
that 2% of the BuL volume is in clouds (where clouds are defined as LWC>0.01 gm_3),
then a five-fold increase in cloud volume (i.e., an additional 8% reduction in L) would
decrease SO, residency time in the BuL by only 16%.

Aerosol scavenging Because of its low solubility (particularly at high temperatures) and
low reactivity, DMS removal by aerosols and its subsequent reaction with O3 was assigned
a negligible rate (Gershenzon et al. 2001; Lee and Zhou 1994). DMSO and MSIA, on the
other hand, are very soluble, and their aerosol scavenging rates were estimated via the
following formula:

2F(Kn,er) dA
=D log D, 2
k g/( D, dlogDp)d 08 5p 2)

Here £ is the scavenging rate in sec ', D, is the gas diffusivity in air, 4 is the aerosol
surface area concentration, D), is the aerosol particle diameter, and F is the transition regime
formula for the diffusion of a gas species from air to an aerosol. F is a function of Knudsen
number (Kn) and sticking coefficient («), and is determined according to the Dahneke
formulation by Seinfeld and Pandis (1998).

In the case of SO,, its uptake is driven by its ability to react with O; in the aqueous
phase. However, since its rate slows with decreasing pH, the uptake to aerosols is limited
by the available alkalinity (Chameides and Stelson 1992). In other words, surface uptake of
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SO, using Eq. (2) is higher than the supply of available alkalinity (for other aerosol
chemical losses of SO,, please see discussion later in this text). Our model calculation
shows that this is indeed the case during the PASE experiment. As a result, most SO,
aerosol loss is confined to the coarse-mode size range of sea salt. In estimating this species
loss, therefore, it was first necessary to calculate the alkalinity flux from the ocean in the
form of emitted aerosols, i.c.,

dv
Fax = pyAlkgs ——— |dlogD 3
Alk pss / (Vddlog Dp) Og P ( )

where F is the alkalinity flux in eqm72 s, pss 18 the sea-salt aerosol density, Alk is the
aerosol alkalinity, v, is the size-dependent aerosol deposition velocity, V' is the aerosol
volume concentration, and D,, is the aerosol particle diameter. This approach is adapted
from Chameides and Stelson (1992). In this formulation, the deposition velocity of sea salts
is determined according to Slinn and Slinn (1981). The sea-salt flux is assumed to be the
same as the deposition flux (Smith et al. 1993). Sea-salt aerosols are also assumed to have
the same composition as seawater. Given an average seawater alkalinity of 0.0025 eq/kg,
this converts to a dry sea-salt equivalent of 0.07 eq/kg (Gurciullo et al. 1999). One mole of
SO, consumes two alkalinity equivalents. In the above calculation, the aerosol size data
employed was that based on direct measurements during the PASE study.

In an earlier method used to estimate the aerosol flux, the assumption was made that a
balance is always reached between the aerosol flux entering the ocean and that leaving
(Smith et al. 1993). According to Petelski (2003), however, this is rarely achieved. Clarke et
al. (2006), on the other hand, have determined that the aerosol flux rate is typically much
larger than that calculated using the Smith et al. approach. Here both options have been
considered, as discussed in section 4, with the Smith et al. approach being used in our
standard REAM model.

Because of the much lower loading of large aerosols in the BuL, SO, uptake by aerosols
was confined to only the BL. For much smaller aerosols, we have assumed that by the time
these particles reach the BuL, their alkalinity will have been consumed by absorption of
various acidic compounds, leaving them ineffective as a removal pathway for SO,.

However, as noted above, some SO, may also be lost to aerosol scavenging via its
aqueous reaction with H,O,. Under PASE BL conditions, though, we estimate this loss to
be negligible. For example, taking a BL H,O, concentration of 2 ppbv with an aerosol
volumetric concentration of 50 pm®/cm® (two to five times more than seen during PASE
flights), we estimate an SO,(g) loss rate of only 0.1% per hour in the BL due to its reaction
with aerosol H,O, using the method outlined by Seinfeld and Pandis (1998).

3.2 GEOS-chem global model

The model setup for GEOS-Chem has been described by Alexander et al. (2005). This
model uses assimilated meteorological data from the NASA Goddard Earth Observing
System (GEOS). GEOS meteorological fields have a horizontal resolution of 1° latitude by
1° longitude, with 30 vertical sigma levels. The horizontal resolution is degraded to 4° by 5°
for input into GEOS-Chem. The sulfur module is as described by Park et al. (2004) with the
exception of ship SO, emission data, as described by Corbett et al. (1999). DMS, SO,,
sulfate, and MSA are all included in the model. For SO,, the gas-phase oxidation is via
reaction with OH, and the in-cloud oxidation is controlled by reaction with hydrogen
peroxide (H,O,) and Os. Cloud water pH is calculated utilizing the ISORROPIA I aerosol
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thermodynamic model (Fountoukis and Nenes 2007). Sea-salt aerosol emissions are
calculated based on local wind speed and sea-surface temperature as described in Jaeglé et
al. 2010.

SO, aerosol loss is driven by available alkalinity. If the total flux of H,SO4, SO,, and
nitric acid (HNO3) to sea-salt aerosols is less than the local alkalinity flux, then the uptake
of SO, by aerosols is calculated as the flux rate to aerosols. This rate is typically much
slower than the aqueous reaction of S(IV) with O3, thereby making it the rate-limiting step.
However, if the local alkalinity flux does not exceed the combined total flux of acidic
compounds to the sea-salt aerosols, the SO, loss rate is then decreased as it must compete
with H,SO,4 and HNOj for the available alkalinity.

3.3 HYSPLIT trajectory model

The NOAA HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
has been used to compute back-trajectories for the PASE sampling region, as well as for
surrounding areas outside this region. These back-trajectories were calculated directly on
the NOAA HYSPLIT website (Draxler and Rolph 2010; Rolph 2010) using the GDAS
(Global Data Assimilation System) meteorology data from NCEP.

4 Results and discussion
4.1 Standard REAM model results

In Fig. 1a, we show the raw data for DMS and SO, as a function of altitude. In Fig. 1b, box
plots reflecting the inner quartiles of the raw sulfur data, as well as for CH;l, are shown
along with the median values generated from our standard model. As noted earlier, since
CH;I was not measured during PASE, we have used the DC-8 and P-3B measurements
recorded during the PEM-Tropics A (9°S to 7°N) and PEM-Tropics B (11°S to 2.5°N) field
studies. These data were filtered according to geographical coordinates so as to generally
overlap the region defined by the PASE sampling flights. The PEM-Tropics methyl nitrate
measurements (not shown) were also used to further confirm the uniformity of biogenic
emissions across this region.

As shown in Fig. 1b, the CH;I model results agree well with those from PEM-Tropics A
and B up to ~1,250 m. The mean BL and BuL heights during PASE were 550 m and
1,300 m, respectively (the BL and BuL height ranges were 425-660 m and 1,130-1,385 m,
respectively). In the model runs, WRF-simulated turbulent diffusion coefficients were used
in the BL and lower FT; whereas, for the BuL, a K, value was specified of 2 m?s ! in an
effort to capture the CH3l gradient. The large differences seen between the PEM-Tropics A
and B profiles for the lower FT versus those predicted by the REAM model reflect the
much weaker convection experienced during PASE than PEM-Tropics A and B (Dasa Gu,
unpublished results). This is seen in the higher BuL heights observed in PEM-Tropics A
(Davis et al. 1999) and PEM-Tropics B (Nowak et al. 2001), e.g., 1,500—1,800 m. A similar
difference is also seen in the respective vertical profiles for relative humidity. In PASE,
relative humidity dropped from 68% to 39% between 1,400 and 1,600 m. However, in both
PEM-Tropics A and B, there is no measurable change between these two altitudes, as
relative humidity remained in excess of 65%.

The model results for DMS and SO, shown in Fig. 1b correspond to the times and
altitudes of the observational data. The “standard” REAM model was used here with BrO
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Fig. 1 a. DMS and SO, PASE observational raw data, with different colors reflecting different flights. b.
Observed and simulated daytime median vertical profiles for CH3I, DMS, and SO,. The green, blue, and
black lines are observation data for PEM-Tropics A, PEM-Tropics B, and PASE, respectively. The red lines
are standard model data. Boxes indicate inner quartiles

levels set equal to zero. For DMS it is quite evident that the simulated median profile is in
excellent agreement with those data generated during PASE over altitudes ranging from the
ocean’s surface up to the lower FT. This suggests that the BuL K, value chosen (based on
CHj;l profiles) was a reasonable approximation of the actual vertical mixing.

The model-estimated mean DMS flux was 2.0+£0.4x10° molec cm *s ', which agrees
quite well with the directly measured mean value of 1.9+0.4x10° molec cm >s ' reported
by Conley et al. (2009). Although our results would seem to support Conley et al.’s
assertion that no oxidants other than OH are required to explain the variability in DMS
levels, as discussed later in the text, within the combined uncertainties of the measurements
and model results, low levels of BrO cannot be ruled out.
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The simulated SO, profile is also seen to be generally in good agreement with the
observations, though the model does fail to reproduce the perturbations in SO, observed at
mid-BuL altitudes and at 1,600 m. Whether these two departures are representative of the
BuL environment depends a great deal on the robustness of the BuL and lower FT data sets.
In this case, it is noteworthy that the PASE study was designed as a BL experiment; thus,
the data reported here for altitudes corresponding to the BuL and FT are quite limited and
therefore not necessarily representative of average conditions for these two altitude regimes.

As revealed in other earlier tropical sulfur studies (Bandy et al. 1996; Davis et al. 1999;
and Nowak et al. 2001), DMS and SO, profiles typically exhibit a strong anticorrelation in
their respective diurnal trends. From Fig. 2, this is again seen to be the case for the PASE
study. Quite significant here is the fact that the model-predicted trends for these two species
are in good agreement with the BL observations. The standard model does seem to slightly
overestimate SO, losses; but the predicted profile is well within one quartile of the
observational median. By comparison, at BuL altitudes the agreement is much worse (see
Fig. 3). As mentioned previously, the BuL data set was quite limited in scope, and when
combined with the natural variability expected in BuL conditions, these results are not that
unexpected. For instance, the variability in relative humidity within the BuL was up to three
times greater than in the BL during PASE. This has implications for the strength of
convection within the BuL, as well as cloud coverage over this region, thereby impacting
both DMS and SO, concentration levels. In spite of these difficulties, the DMS BuL profile
clearly shows a negative trend from mid morning to late afternoon. For SO,, the model-
predicted profile again shows a slightly upward trend during the course of the day, though it
is weaker than its counterpart, DMS.

4.2 BrO sensitivity tests

Previous field studies in which DMSO has been measured have led to speculation that BrO
may be an important oxidant for DMS in the equatorial Pacific (Nowak et al. 2001). In
addition, recent measurements in the equatorial Atlantic have shown that BrO in excess of 2
pptv (Read et al. 2008b) may be present in marine areas near upwelling regions.
Unfortunately, no DMSO or BrO data were recorded during the PASE field study. In lieu of
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Fig. 2 Observed and simulated median hourly time series for DMS and SO, in the BL. Black lines are PASE
observations, and the red lines are standard model data. Boxes indicate inner quartiles
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Fig. 3 Same as Fig. 2, but for the BuL

this, sensitivity calculations were carried out here in an effort to explore the possible impact
of BrO on DMS chemistry. Earlier, the DMS flux was estimated based on only the oxidant
OH, resulting in a value of 2.0+0.4x10° molec cm s '. The DMS/OH conversion
efficiency under these conditions has been estimated at ~73+3% (see further discussion in
section 4.3).

In the current sensitivity test, a maximum value of 1 pptv of BrO was added to the
modeled chemistry such that it defined the maximum high noon value for this diurnally
varying species. The model results revealed that to maintain the same level of BL DMS, the
flux for this species needed to be increased by ~14%, or to a new total of 2.3+0.4x10°
molec cm s '. This increase also leads to a somewhat lower total DMS-to-SO, conversion
rate of 60+7% since the BrO reaction involves only the addition oxidation channel, thus
leading to predominantly DMSO (Ingham et al. 1999). Furthermore, because the latter
species results in virtually no generation of SO, under BL conditions (see detailed
discussion in section 4.3), the calculated conversion efficiency must decrease. Even so, due
to the fact that the DMS flux was increased, the addition of BrO at the 1 pptv level still has
very little impact on the net production of SO,. Although there remain significant
uncertainties regarding several aspects of marine bromine chemistry, the current result
suggests that, within the uncertainties of the PASE measurements and model results, some
BrO oxidation of DMS cannot be ruled out.

4.3 SO, sensitivity to aerosol scavenging

Figure 4 shows the impact of sea-salt scavenging on the model-predicted altitude profile for
SO,. Quite noticeable here is the very modest difference between the profile generated from
the standard model (red) and those runs having no sea-salt scavenging (green line).
Interestingly, the observational data fall between these two lines. These results suggest that
our standard model, using the Chameides and Stelson (1992) formulation for loss of SO, to
sea salt, might slightly overestimate the role of sea-salt scavenging for SO,. However, given
the uncertainties in the measurements as well as in the model calculations, the agreement
shown can be viewed as quite good. Overall, we estimate that 19% of the BL SO, is lost to
sea-salt scavenging (Table 2).
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Fig. 4 Same as Fig. 1b for SO,, 2000
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What is clearly outside any range of reasonable agreement is the profile shown when using
the aerosol flux estimated by Clarke et al. (2006). This flux was based on a 10 m level wind
speed of 8 m/s. The average wind speed observed during PASE was also 8 m/s. But in this
case, even with BuL cloud scavenging turned off, BL SO, is underestimated by 30%. This
suggests that if Clarke et al.’s aerosol flux is considered to be the most applicable to the PASE
study, some other adjustment is needed in the model to bring SO, back in line. One possibility
might involve lowering the aerosol alkalinity.

Also quite significant with regard to aerosol scavenging is the comparison between our
PASE results and those reported by Faloona et al. (2010). The results from this study are

Table 2 Average SO, BL loss and formation rates and DMS fluxes from different studies

Study Location Bandy et al. ~ Yvon et al. Davis et al.  Davis® This Study Faloona
1996 1996 1999 2010 et al. 2010
Xmas Is. 12°S, 135°W  XmasIs.  13°S, 142°W  PASE PASE
Surface Dep. 58% 39% 48% 27%
Aerosol Scav. 37% 46% 19% 56%
OH oxidation 5% 15% 14% 10%
Transport to BuL 0 0 19% 7%
Total 100% 100% 100% 100%
SO, Formation
Conv DMS —S0, (62%° 65%") 40%¢ 72% (40-55%) 73% near unity”
DMS Flux Est. (molec cm ?s™ ") 3x10° 11x10° 2.3x10° 2.0x10° 1.9x10%¢

# Unpublished results, PEM-Tropics B, flight 16.

® Dry 28%, wet 9%.

“Range 43-85%, non-photochemical model assessment.

4 Photochemical model derived conversion rate (Chen et al., 2000) based on Bandy et al. (1996) data.
¢ Average value (range 27-54%).

fCited Range 90—129%.

¢ Direct measurements.
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substantially lower than those reported by the above authors (e.g., 57%). Noteworthy here,
however, is the fact that in the latter study, the authors have justified the “reasonableness”
of a very large SO, aerosol sink by also estimating a very large conversion efficiency for
DMS to SO,, e.g., approaching unity. (For a comparison of conversion efficiencies and sea-
salt scavenging values reported in other tropical sulfur studies, see Table 2.) Though
interesting, this conclusion would seem to run contrary to all recently reported kinetic data,
as well as contrary to the most recent results from other tropical field studies. For example,
under tropical conditions, even one having no BrO, the OH oxidation of DMS proceeds by
two channels, where ~75% occurs by abstraction and ~25% by addition (Sander et al.
2006). For the addition channel, only if the intermediate product DMSO is consumed by
reaction with OH is there any possibility of generating SO,. Even then, only if the resulting
product from the DMSO/OH reaction, MSIA, is itself consumed by reaction with OH is
there any possibility of forming an SO, product (Sander et al. 2006; Kukui et al. 2003).
Although this sequence of reactions can be quite important under free tropospheric
conditions (e.g., sce DMS oxidation results reported by Arsene et al. 1999 involving an
aerosol-free chamber), within the BL the competing reaction involving aerosol scavenging
dominates (e.g., Henry's constant 1.0x 10" Matm ', Campolongo et al. 1999). Furthermore,
as demonstrated in recent field studies (Davis et al. 1998; Jefferson et al. 1998; Davis et al.
1999), the measured levels of MS in marine aerosols are inexplicably high when
considering only the available gas-phase levels of MSA. In each of the above cases, only
when DMSO was assumed to be rapidly scavenged by aerosols (with subsequent
conversion to MS) were the observed elevated levels of MS understood. Confirming these
field observations, laboratory studies have now shown that DMSO in the liquid phase is
converted to MS (Zhu et al. 2006; Sehested and Holcman 1996; Scaduto 1995). In fact, in
the most recent study by Zhu et al., the authors conclude that >97% of all MS found in the
aerosol phase is formed in the liquid phase from organo-sulfur compounds. The above set
of conclusions are also quite consistent with the still more recent sulfur field studies
reported by Legrand et al. (2001) and Sciare et al. (2000), as discussed below in section 4.5.

Given the above setting, it is quite unlikely that DMSO formed in a tropical BL
environment would yield significant SO,. This leaves only the 75% abstraction channel as
the single source of SO,. However, even for this reaction channel, serious questions can be
raised as to the efficiency with which the initially formed radical species (i.e., CH;SCH,)
forms SO,. Though the reaction kinetics for this species have not yet been fully
documented, by analogy with OH-hydrocarbon reactions, this radical species is expected
to react with O,, producing the new radical CH;SCH,00. Again, by analogy with alkyl
peroxide reactions, under the low NO, conditions of the tropics, this new radical species’
tendency would be to react with the most abundant daytime HO, radical available, HO,. If
so, the new species formed would be CH3;SCH,OOH, a species that one might expect to
have reasonable chemical stability. And even though this species has yet to be identified
either in the field or laboratory, its physical characteristics would clearly include some
degree of solubility in water. If so, this would again lead to yet another opportunity for a
DMS oxidation product to be scavenged by marine aerosols. To the extent that this
happens, the DMS-to-SO, conversion efficiency would be reduced still further. In this
context, from an examination of the DMS-to-SO, conversion efficiencies reported in other
tropical sulfur studies (Table 2), only Faloona et al.’s results suggest a different kind of
chemistry may be happening. Approximately half report conversion values significantly
below one of the most optimistic scenarios; namely, that all abstraction channel products
convert to SO,. Thus, at this time questions still remain regarding aspects of the conversion
process. For example, speculation here is that future campaigns are likely to reveal that the
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conversion rate itself may be found to be a function of several other atmospheric variables
beyond just BrO. The list could include: NOy, H,0O,, and Oj levels, as well as HO, radical
and aerosol loadings.

We note that the uncertainty cited here of +3% for the conversion efficiency was that
estimated by varying one of the most sensitive parameters in the model that impacts the
conversion rate, i.e., aerosol surface area. In this case, model runs were made with the
total aerosol surface area first increased by a factor of 2 and then decreased by a factor
of 2. But even when making far more extreme chemical variations, it is quite difficult
to increase the conversion efficiency to a level approaching 90%. As but one example:
1) reduce the aerosol surface area by a factor of 2; 2) then assume a 100% yield of SO,
from the DMS-OH abstraction reaction; 3) also assume that the addition channel product
DMSO, when it reacts with OH, forms MSIA with a 100% yield; and finally 4) also
assume that when MSIA reacts with OH, it forms SO, with a 100% yield. The resulting
DMS-to-SO, conversion efficiency from this analysis is still only 84%. As noted above, a
critical element here is the strong tendency for DMSO and MSIA to be scavenged by
marine aerosols, rather than to react with OH.

4.4 SO, sensitivity to other marine sulfur sources

Although the conversion rate of DMS to SO, appears to be bracketed within the range of
40 to 80% by observational field data, laboratory kinetic studies, and modeling
assessments, these results do not preclude the possibility that observed SO, levels are
influenced by still other primary marine sulfur sources. If this were the case, any estimate
of the conversion rate based on observations of DMS and SO, alone could lead to the
conclusion that the conversion rate was actually much higher than that cited above. In
fact, they could reach levels of near 100%, or even higher, as recently suggested by
Faloona et al. (2010). Earlier, Davis et al. (1999) and Nowak et al. (2001) independently
raised this question as a result of what appeared then to be some atypical sulfur field
observations. These two studies in the tropical Pacific were part of a larger field study
sponsored by the NASA GTE program (e.g., PEM-Tropics A, 1996 and PEM-Tropics B,
1999).

In the case of the Davis et al. study, the suggestion of an additional sulfur source
was made due to the model profile for SO, seemingly having a better fit with a DMS
conversion efficiency in excess of 90%. However, these authors also pointed out that the
reported diurnal sulfur results could just as easily be rationalized by assigning a more
realistic uncertainty to the SO, data itself. They argued that a large uncertainty
assignment could be justified due to the fact that atmospheric conditions, previous to
the airborne data collection flight, had been greatly destabilized by convective activity in
the sampling region. By contrast, in the study reported by Nowak et al., there were real-
time data reported not only for DMS, SO,, and OH, but for DMSO as well. It was the
DMSO observations, in fact, that ultimately led to the hypothesis that an alternate
(unknown) source of sulfur was a likely explanation for the atypical sulfur data reported
in the PEM-Tropics B study. The specifics leading up to this conclusion involved the
recording of a significant portion of a full diurnal BL profile during PEM-Tropics B flight
16. Thus, for all of the species listed above, significant portions of a diurnal profile were
available for analysis. Interestingly, the geographical area sampled during flight 16 was
again the tropical Pacific; however, in this case the location was downwind of the
Marquesas Islands (9°S). This area was quite near to where Yvon et al. (1996) had
previously reported a shipboard marine sulfur study (see e.g., Table 2).
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Quite surprising during flight 16 was the finding that daytime DMSO observations
were ~5 times higher than predicted from a DMS oxidation box model (e.g., a chemical
model similar to REAM, but without vertical transport). Even more surprising were the
data collected under early-morning-dark conditions. These revealed DMSO values that
were nearly two times higher than the daytime observations. By contrast, the modeled
concentration level was estimated at near zero. All efforts to rectify this large
disagreement using multiple versions of a conventional sulfur chemistry model, or by
invoking other DMSO sources (i.e., BrO/DMS reactions producing DMSO directly),
were unsuccessful. However, adding to this mystery were the still older Christmas
Island DMSO data first reported by Bandy et al. (1996). In the latter case, DMSO levels
were observed that exceeded model predictions by factors of 20 or more (Chen et al.
2000). And, once again, large values of DMSO were reported under nighttime conditions.

In sharp contrast to the anomalous DMSO PEM-Tropics B flight 16 results, a model
assessment of the SO, and DMS data from this flight (D. Davis, unpublished results) were
found to be generally inline with other tropical studies. For example, when the model was
constrained by measured values of DMS and OH, the estimated DMS-to-SO, conversion
efficiency ranged from 45-55% (see Table 2). Equally encouraging, the levels of MS
observed were also inline with those predicted when assigning the OH/DMS addition
channel to be 20% of the total oxidation, with its sequential products DMSO and MSIA
being predominantly scavenged by aerosol and thus reacting heterogeneously (section 4.4).

The anomalously high PEM-Tropics B DMSO observations also turn out to be in
conflict with two other independent studies by Legrand et al. (2001) in the Antarctic (85° S)
and by Sciare et al. (2000) at Amsterdam Island (37° S). In both cases, DMS, DMSO,
MSA, and MS were examined over a 1 month or longer time period. A critical finding in
these studies was that the molar ratio of DMSO:DMS was typically in the range of 1 to
2.5%, as compared with the daytime results from PEM-Tropics B of ~5%, and those from
the Christmas Island study (Bandy et al. 1996) of 19%. Equally significant, in the former
two studies, DMSO levels at night were systematically lower than those observed during
daylight hours, a result expected for a photochemically generated species.

The collective evidence, then, strongly suggests that a measurement problem(s), perhaps
involving chemical interferants, may have given rise to the unusually high yields of DMSO in
both the PEM-Tropics B flight 16 study and the Bandy et al. (1996) Christmas Island
observations. However, until a systematic study of this species can be carried out in a tropical
environment similar to that at Christmas Island, involving multiple DMSO measurement
techniques, the possible role of non-DMS sulfur sources cannot be permanently tabled.

4.5 SO, sensitivity to dry deposition

Figure 5 illustrates the sensitivity of SO, levels to the value selected for dry deposition. In
this simulation, we have carried out two types of runs; one using the dry deposition velocity
estimated via the REAM model, and the other using an assumed value of zero, i.e., no SO,
deposition. In general, the treatment of SO, as related to its loss to a water surface (effective
Henry’s constant is 4.5x 107 Matm ') has been to view it as a water-soluble species having
a deposition velocity similar to H,SO,. Here we have estimated this value at 0.71 cmsec™’
based on an assumed ocean pH of 8.3. This REAM-calculated value is double the 0.36 cm
sec ' reported by Faloona et al., which involved a direct measurement. The results from the
current study show that with a dry deposition value set equal to zero (green line), BL SO,
increases by nearly 50%. This strongly suggests, then, that loss of SO, by dry deposition is
a major BL sink for this species. Table 2, however, shows that different tropical studies
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have resulted in a rather wide range of estimated values for this loss pathway, e.g., a high of
58% to a low of 27%.

As shown in Table 5, yet another interesting comparison involving the deposition velocity
of SO, is that of our REAM-estimated value versus that generated from the GEOS-Chem
model. Recall, in the REAM “standard” model the dry deposition velocity is set by the PASE
measurement because the resistance-in-series calculations yield values double that reported by
Faloona et al. Here one can see that the GEOS-Chem model also predicts that SO, deposition
is twice as fast as that derived from direct measurements recorded during PASE. Most global
models like GEOS-Chem calculate the uptake of a soluble species by the ocean’s surface
based on the compound’s effective Henry’s law constant. These new deposition results
suggest that, when addressing tropical BL conditions, global chemical models may need to
reassess their formulations for calculating losses of soluble species to the ocean.

Tables 3 and 4 show the difference we now estimate in the respective budgets for sulfur
in the BL and BuL. For example, in the BL, ~52% of the DMS is lost to oxidation by OH,
with the remaining 48% being entrained into the BuL. Also, approximately half of the SO,
in the BL is lost to dry deposition, while the remaining 52% is nearly evenly divided into
entrainment to the BuL, oxidation by OH, and scavenging by sea-salt aerosol. In the BuL,
56% of the DMS is estimated as lost to reaction with OH, while the remaining 44% is transported
to the lower FT. In the case of SO,, cloud scavenging dominates as a sink, with 85% assigned to

Table 3 24-hour boundary layer budgets™®

Mean Surf Flux® BuL Flux Chem Prod Chem Loss SS Scav
DMS 73(11) 5.6(1.0) =2.7(0.7) 0 -2.9(0.4) 0
SO, 43(6) —1.0(0.2) —-0.4(0.2) 2.1(0.2) —0.3(0.1) —-0.4(0.1)

#Mean mixing ratio in pptv. Flux, chemical production, loss, and sea-salt (SS) scavenging rates in pptv/hr.
Negative values indicate sinks.

b . .
Values in parentheses are one standard deviation.

¢ Positive surface flux indicates emission; negative surface flux indicates dry deposition.
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Table 4 24-hour buffer layer budgets®

Mean BL Flux FT Flux Chem Prod Chem Loss Cloud Scav
DMS 32(12) 1.8(1.0) —-0.8(0.7) 0 —1.0(0.3) 0
SO, 42(9) 0.4(0.3) 0.2(0.4) 0.7(0.2) —-0.2(0.0) —1.1(0.8)

? The budget terms are defined as Table 1.

this process and only 15% being removed by OH oxidation. If we examine the combined BL/
BuL, ~90% of the SO, source is from in-situ chemistry (DMS oxidation), with about ~10%
coming from FT entrainment of SO,. We have not quantified the potential impact of lateral
advection on BL/BuL SO, as it is difficult to constrain 3-D model simulations using aircraft
observations. However, Faloona et al. estimate that advection, on average, has no net impact
on BL SO,. The impact of advection on FT SO, is addressed in section 4.7.

A final comparison of our DMS and SO, results is that shown in Table 5. Here, the 1-D
standard REAM model results are compared with those from the 3-D global GEOS-Chem
model. In this case, it is quite evident that GEOS-Chem predicts a much shorter lifetime for
SO, based on dry deposition. However, GEOS-Chem and REAM agree very well for SO,
loss on sea-salt aerosols. Both models predict SO, oxidation by OH to be one of the
smallest BL and BuL loss processes. Both also give nearly the same weight to the
importance of cloud scavenging of SO, in the BuL.

Regarding the earlier discussion on the disparity between the directly measured dry
deposition velocity of SO, versus that estimated from our model’s use of resistance-in-series
calculations, we do not have the necessary measurements from the PASE experiment to
investigate at an appropriately detailed level the chemical/physical processes of SO, dry
deposition. We speculate here on one factor that may be involved. That factor could involve
shifts in the pH of ocean surface water, e.g., the ocean’s surface microfilm. Given an average
ocean pH of 8.3, the effective Henry’s constant is 4.5x10” Matm ', and all ocean-surface
resistance to SO, uptake effectively disappears. Thus, under these conditions, the SO,
deposition velocity is very similar to most other highly soluble species (e.g., HNOs, H,SOy).
Thus, for the equatorial Pacific, the question that needs to be addressed is: What happens to
the pH of the surface microfilm with continued long term exposure to acidic species? This
could happen if the flux of DMS into the atmosphere were both steady and quite high in
value, leading to a high, steady deposition of H,SO, to the surface. If so, one interpretation of
the measured deposition velocity of 0.36 cmsec " is that this is a value that reflects an ocean
surface pH that is closer to 5.0. Though, at first glance, such a large drop seems quite
unlikely, this possibility needs further exploration before being completely dismissed.

Faloona et al. (2010) also considered the possibility of S(IV) saturation at the ocean
surface being a means to explain the somewhat lower observed SO, dry deposition velocity.
They found only one study that measured the sulfite concentration at the ocean surface
(Campanella et al. 1995), and these results suggested sulfite levels that would be much
lower than required for saturation. However, details regarding this study are lacking and
again further study is needed.

4.6 SO, sensitivity to cloud scavenging
In the cloud sensitivity simulations (see Fig. 6), we contrast the level of SO, predicted in

the Bul for the case where SO, cloud scavenging is removed with that given by our
standard model. As seen in the figure, in the absence of cloud scavenging, the SO, vertical
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Table 5 SO, lifetimes (hours) to

chemical and physical sinks® REAM GEOS-Chem
Boundary Layer SO, Sinks
Deposition 42(6) 17
OH Oxidation 165(40) 150
SS Scav 118(26) 160
Buffer Layer SO, Sinks
Cloud Scav 47(20) 46
*Mean values with one standard OH Oxidation 237(58) 141

deviation values in parentheses.

gradient within the BL becomes virtually flat. This can be contrasted to the results from the
standard model (with scavenging) which shows a definite negative gradient. The latter
behavior is generally in agreement with actual observational data, and suggests the
existence of a strong BuL sink for SO,. Interestingly, in the absence of cloud scavenging,
there is also a 40—50% increase in the absolute level of BL SO,. Indications are, then, that
low-altitude clouds in the BuL can serve as a highly effective sink for BL-generated SO,.

4.7 SO, in the lower free troposphere: local convection versus long-range transport

As mentioned earlier, SO,, as treated in the standard REAM model, is fixed to the observed
PASE value at 2 km. Without this fix value, the model underestimates observed SO, at that
altitude by about 50% (Fig. 7). However, this raises the question of whether the REAM
model is underestimating the impact of local convection, or if this additional SO, is being
transported to the PASE sampling region from afar.

To address this issue, we initially increased the WRF-derived shallow convection by
approximately a factor of 5. The results showed that, indeed, this enhancement improved
the REAM prediction at 2 km (Fig. 7). However, there are at least two reasons for believing
that this approach is not representative of actual conditions. First, by increasing local
shallow convection, DMS also increases in the lower FT. In this case, the model run

Fig. 6 Same as Fig. 1b for SO,, 2000
with the addition of the median

model profile without BuL

cloud scavenging (in blue).
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Fig. 7 Observed and simulated daytime median vertical profiles for DMS and SO,. The black lines are
PASE observation data. The blue lines are standard model data, but without the FT SO, source. The green
lines are the same as the blue, but with WRF convection enhanced by a factor of 5. Horizontal lines and
boxes indicate inner quartiles

predicts levels of 17 pptv, as compared to the observed value of ~5 pptv. Second,
increasing local convection removes virtually all of the gradient in the vertical profile
for SO,. In the standard model (Fig. 1b), SO, shows a decrease from the BL to the BuL,
before increasing slightly in the lower FT. These trends are generally consistent with
PASE observations. With enhanced local convection, no gradient is evident as a function
of altitude.

Given the above result, our effort was directed towards exploring the possibility that the
elevated SO, in the lower FT was the byproduct of long-range transport. This long-range
transport could be associated with DMS sources further to the east of the PASE sampling
region, but still well within the equatorial upwelling region; or it could involve sources still
further to the east, and thus reflect South American pollution. In the text that follows, we
first examine what we believe to be the higher probability source, that involving DMS
emissions to the east. In this scenario, the region from which the airmass advected would
need to have much higher levels of SO, than typically observed during PASE. Thus, to
examine this possibility, monthly-averaged fields for the month of August 2007 were
acquired for three critical parameters: sea-surface temperature (SST), ocean-surface
chlorophyll levels, and cloud-top temperatures. As shown in Fig. 8, superimposed on
these fields is a red box denoting the PASE sampling region, along with three seven-day air
back-trajectories, each having a starting altitude of 1,600 m, but with several different
starting latitudes. These back-trajectories are the average of 31 seven-day runs, one set for
each day of the month.

From the SST plot, a clear “tongue” of upwelling water can be seen around the equator,
with the coolest waters being to the east of the PASE region. This potentially defines, then,
a region that could have enhanced DMS emissions. The air back-trajectories also suggest
that air parcels from this region were advected to the PASE region over a time period of
approximately one week. The corresponding transit time was approximately equal to one
lifetime for SO, if the oxidation by OH occurred under FT conditions.
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Fig. 8 a Monthly-mean sea-surface temperature (SST), b chlorophyll concentration, and c) cloud-top
temperature (CTT) for August 2007. Data sources are described in section 2.3. Seven-day HYSPLIT median
back-trajectories for the month of August are overlaid (the starting altitude for back-trajectories is 1,600 m).
The red box indicates the PASE measurement region

Inspection of the chlorophyll map discloses that, at that time, there was clearly a region
with elevated biogenic activity centered near the equator. Although not proof of higher
emission rates of DMS (see Observations section 2.3), it is encouraging that a region can be
identified having high potential for enhanced DMS emissions. In conjunction with the air
back-trajectories, which suggest that air from this area reached the PASE sampling region in
less than one week, the only remaining requirement is that of having a mechanism for
moving DMS emissions from the BL to the FT. In this case, the cloud-top temperature
distribution for the region has proven helpful. From Fig. 8, it can be seen that cloud-top
temperatures in the area of high upwelling/biological activity are 5—-15° cooler than in the
PASE region. This suggests that the region to the east was substantially more active in
terms of convection than was the PASE sampling area. Thus, based on all available input, it
appears likely that long-range transport of SO, into the PASE sampling area occurred from
a region ~4,200 km to the east.

The possibility that the transport of sulfur may have come from an even greater distance
(e.g., the coast of South America), as suggested by Faloona et al., cannot be ruled out.
However, it is noteworthy that during the PEM-Tropics A and B programs, which sampled
along the west coast of South America, as well as in the equatorial Pacific region, little
evidence of a major sulfur source from South America was evident over a two to three
week time period.

5 Conclusions

Field measurements from the 2007 PASE study, which focused on DMS emission fluxes
and SO, formation and losses, have provided important new observational constraints on
marine sulfur chemistry over equatorial regions. PASE is the first field experiment in which
simultaneous measurements were made of the DMS emission flux from and SO, deposition
flux to the ocean’s surface. These observations, together with in-situ measurements of
DMS, SO,, and OH in the BL, BuL, and lower FT, have greatly facilitated the refinement
of current photochemical models designed to address the role of DMS in controlling
atmospheric sulfur levels under tropical conditions. In particular, they have clearly
identified the importance of vertical transport in linking the chemical and physical
processes in the BL, BuL, and lower FT. Consequently, we have applied a state-of-the-
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science 1-D chemical transport model (REAM) to address major issues related to the
marine sulfur budget.

Specific findings included: 1) In the absence of any oxidant other than OH, the DMS-to-
SO, conversion efficiency was evaluated at ~73%; 2) the addition of BrO at levels of 1 pptv
resulted in an estimated increase in the marine flux of DMS by ~14% and decreased the
overall DMS-to-SO, conversion efficiency to 60%; 3) BL SO, losses consisted of 48% dry
deposition, 19% aerosol scavenging, 19% transport to the BuL, and 14% OH oxidation. In
sharp contrast, BuL SO, losses consisted of 85% cloud scavenging and 15% OH oxidation.

PASE measurements of the dry deposition velocity for SO, were approximately one-half
that predicted by the resistance-in-series scheme used in the REAM and GEOS-Chem
models. The specific process or processes responsible for this difference have not been
identified from the PASE data. Speculation here is that it may involve the presence of a
steady source of DMS oxidation products to the ocean’s surface microfilm layer. The
argument would be that this steady influx of acidic species might shift the pH of this layer,
thereby changing the actual deposition flux.

Finally, as related to observations showing elevated FT levels of SO, in the PASE
sampling area, it appears likely that long-range transport was a major factor. This
conclusion was based on analysis of SST distributions, biogenic activity, and cloud top
temperature data in conjunction with air back-trajectory projections. Thus, it now appears
that an intense DMS source region ~4,200 km to the east of the PASE sampling area may
have been responsible.
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