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Abstract

The hydroxyl radical (OH) is an important oxidant in the troposphere due to its high
reactivity and relative abundance. Measuring the concentration of OH in situ, how-
ever, is technically challenging. Here we present a robust yet simple method of esti-
mating an OH-equivalent oxidant concentration (“effective OH”) in the marine bound-
ary layer (MBL) from the mass balance of dimethylsulfide (DMS). We use shipboard
eddy covariance measurements of the sea-to-air DMS flux from the Vamos Ocean-
Cloud-Atmosphere-Land Study Regional Experiment (VOCALS-REX) in October and
November of 2008. The persistent stratocumulus cloud-cover off the west coast of
South America and the associated strong inversion between MBL and the free tro-
posphere (FT) greatly simplify the dynamics in this region and make our budget es-
timate possible. From the observed diurnal cycle in DMS concentration, the night-
time entrainment velocity at the inversion is estimated to be 4 mm s™'. We calculate
1.4x10° OH molecules cm ™ from the DMS budget, which represents a ~monthly effec-
tive OH concentration and is well within the range of previous estimates. Furthermore,
when fitted to the measured intensity of solar flux, the resultant diel variation in OH
concentration, together with the DMS surface and entrainment fluxes, enables us to
accurately replicate the observed diurnal cycle in DMS (correlation coefficient exceed-
ing 0.9). The nitrate radical is found to have little contribution to DMS oxidation during
VOCALS-REXx.

1 Introduction

While non-reactive towards the major constituents of the atmosphere, the hydroxyl
radical (OH) is the principal oxidizing free radical in the troposphere for trace species
(Levy, 1971). The primary source of OH is the reaction between water vapor and ex-
cited atomic oxygen (O(1 D)); the latter is a product of the photo-dissociation of ozone
(O3) by photons between 290 and 320 nm. Reduction of the hydroperoxy radical by ni-
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trogen oxide (NO) also contributes to the production of OH (Donahue and Prinn, 1990).
OH reacts readily with most trace gases and is often regenerated during the process,
resulting in sustained OH concentrations on the order of 10° molecules cm™ globally
(Prinn et al., 1995; Spivakowsky et al., 2000). The radical is consumed primarily by re-
acting with carbon monoxide (CO), but it also reacts with sulfur dioxide (SO,), nitrogen
dioxide (NO,), and a wide range of hydrocarbons. Models predict higher OH concentra-
tions for the tropics and for the southern hemisphere. The former is attributed to higher
humidity and solar fluxes that promote O dissociation; the latter is presumably due to
less CO south of the equator (a result of lower anthropogenic emissions; Seinfeld and
Pandis, 2006).

Due to the transient nature of the radical, measuring OH in situ was not possible until
the last two decades, when specialized instruments based on absorption, fluorescence,
and mass spectroscopy were developed (e.g. Mount, 1992; Hard et al., 1984; Eisele
and Tanner, 1991). However, direct observations of this radical cannot be made in all
field experiments (such as during VOCALS-REX). Even when in situ OH measurements
are available, they might not represent a temporal or regional average, which is of
importance to large-scale models.

Alternatively, global and regional distributions of OH are often estimated by measur-
ing chemicals with known lifetimes that are exclusively consumed by this radical, such
as methyl chloroform (Prinn et al., 1992). Here we follow a similar approach and use
a budget analysis of naturally-derived atmospheric dimethylsulfide (DMS) to constrain
the equivalent OH concentration in a clean, stratocumulus-capped marine boundary
layer.

Dimethylsulfide (CH3SCHj;) in the open ocean (DMS)) is derived exclusively from
phytoplankton. Due to photochemical destruction and rapid dilution, the atmospheric
concentration of DMS is always orders of magnitude lower than the expected Henry’s
law equilibrium concentration with DMS,,. Consequently, DMS gas always effluxes
from the surface ocean and is the largest source of reduced sulfur to the atmosphere
(Lovelock et al., 1972). The substantial magnitude of the flux and the lack of other
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sources make DMS an ideal gas with which to study air-sea exchange. In the at-
mosphere, DMS is principally oxidized by OH to form sulfur dioxide, dimethylsulfoxide
(DMSO) and methane sulfonic acid (MSA). SO, may be oxidized further to form sul-
fate, which contributes to aerosol growth and formation of cloud condensation nuclei
(CCN). The coverage and lifetime of marine clouds formed from these CCN affect the
earth’s radiative balance and may in turn be linked to biological production in the ocean
(Charlson et al., 1987).

The oxidation of DMS by OH proceeds through two separate pathways: the
hydrogen-atom abstraction at a methyl group that subsequently leads to mostly SO,:

CHZSCHg + OH - 3 CHLSCH, - +H,0 (1)

and the OH addition to the sulfur atom that can lead to a wider range of products,
including DMSO and MSA:

CH4SCH, + OH - 53 CH, S(OH)CH;4 2)

The abstraction pathway is favored under high temperatures; the Arrhenius form for this
rate constant is k1=1.1><10'11 exp(—240/T), equating to 4.9x10 "2 cm®molec™' s~
at 298 K. The addition pathway is favored under low temperatures; this oxygen (O,)
and temperature dependent rate constant is best represented by k,=1 0x107% [O5]
exp(5820/T)/{1+5.0><10'30 [O,]exp(6280/T)} (Sander et al., 2006). At 298K, about
80% of the oxidation of DMS goes through the abstraction pathway; this fraction lowers
to half at 285 K (Stickel et al., 1993; Wallington et al., 1993).

Other oxidants, including nitrate and halogen radicals, may react with DMS as
well. The nitrate radical (NO3) is produced from the reaction between NO, and O,
with NO, being one of the nitrogen oxides (NO,). The DMS-NOj reaction proceeds
through the hydrogen abstraction pathway. The Arrhenius form of this rate constant is
kno,=1 9x10713 exp(500/T), equating to 1.0x10" "2 cm® molec™' s at 298K (Sander
et al., 2006), which is several times lower than that of the DMS-OH reaction. In con-
trast to OH, NO3 can only have an appreciable concentration at night because it is
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photolyzed rapidly during the day. Studies from Equatorial Christmas Island showed
that in the remote Pacific, the contribution to DMS loss from NO; is less than a few
percent due to the low levels of NO, away from anthropogenic activities (Davis et al.,
1999; Chen et al., 2000). The same studies also suggested that the DMS-chorine
reaction, while still very poorly understood, accounts for no more than 5~10% to the
oxidation of DMS.

The aforementioned Christmas Island experiments have demonstrated a clear diur-
nal cycle of DMS in the MBL (Bandy et al., 1996; Davis et al., 1999). While the supply
of DMS to the boundary layer via air-sea exchange is continuous, destruction of DMS
principally takes place during the sunlit hours, when OH is available. As a result, DMS
starts to increase from its daily minimum just before sunset and builds up through the
night until just after sunrise, at which time photolysis causes DMS to decrease until near
the next sunset. This diurnal cycle in DMS would be altered in a pollution-influenced
marine environment where anthropogenically produced NO, level is high, as nighttime
oxidation of DMS by NO5; can be comparable in magnitude to daytime oxidation by OH
(Yvon et al., 1996).

The equivalent OH we estimate here from VOCALS-REX is an effective concentra-
tion, the concentration of OH that would cause the same rate of DMS loss as if OH
were the only oxidant. In all likelihood, our effective OH is slightly higher than the
actual OH concentration, since it includes the minor contributions (mentioned above)
from the other oxidants.

The VOCALS-REx experiment took place in October and November of 2008 in
the Southeast Pacific, off the west coast of Chile and Peru (http://www.eol.ucar.edu/
projects/vocals/). The experiment aimed to address the interactions among the ocean,
atmosphere, and land in this tightly coupled regional climate system. The Andes moun-
tain range to the east forces strong winds parallel to the coast. Ekman transport results
in coastal upwelling of cold, nutrient-rich waters, which leads to stability in the lower tro-
posphere. The warm, dry air over the cool water surface, together with the large-scale
subsidence from the Hadley Cell, creates a widespread and persistent stratocumulus
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cloud deck (Bretherton et al., 2004). These thin, low-lying, and hence radiatively-
cooling clouds form from CCN aerosols. While anthropogenic aerosols dominate the
coastal region, a significant fraction of CCN is likely derived from DMS-derived sulfate
in the clean marine environment offshore (Charlson et al., 1987). From time to time,
hundred-kilometer sized openings (which can be observed from satellites) form in the
stratocumulus cloud-deck and advect with the mean wind. These features have been
coined “pockets of open cells” (POCs) and are hypothesized to be related to drizzle re-
moving CCN from the air (Stevens et al., 2003). To really understand this phenomenon
then, we need to look at the origin and fate of the CCN-precursors, such as DMS and
its oxidants.

A stratus/stratocumulus marine boundary layer is characterized by vigorous mixing
due to the intense longwave radiative cooling at the cloud-top (Lilly, 1968). Air entrains
down from the FT, which is balanced by a deepening of the MBL and wind divergence.
The strong inversion in effect caps the MBL, confining surface-borne scalars like DMS.
Therefore, stratocumulus regions such as the Southeast Pacific can be viewed as nat-
ural analogs to box models, with straightforward inputs and outputs. Our OH estimate
was made possible as a result of these simplified conditions.

2 Experimental and methods

The National Oceanographic and Atmospheric Administration (NOAA) ship Ronald
H. Brown (RHB) was deployed in the Southeast Pacific from approximately 24 Oc-
tober to 30 November 2008. In addition to retrieving and maintaining the Woods Hole
Oceanographic Institute’s Stratus buoy at 85° W and 20° S, a number of zonal transects
were made at latitudes between 18.5° S and 21.5° S to survey eddies and upwelling
features. The edges of such eddies are often associated with higher levels of bio-
logical productivity, hence more DMS , (T. Bates, P. Matrai, unpublished data). In the
same general time frame, multiple aircraft, including the National Science Foundation
(NSF)/National Center for Atmospheric Research (NCAR) C-130, repeatedly flew west-
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ward from its base station in Arica, Chile to the stratocumulus region offshore. Most
of the research flights were designed to survey the 20° S cross-section and study the
formation and development of POCs.

During the experiment, two nearly identical atmospheric pressure ionization mass
spectrometers (APIMS) were used to measure DMS on board of RHB and the C-130,
the largest difference being that the instrument at sea was sampling at a high rate of
20 hz to quantify the sea-to-air flux, whereas the one aloft was measuring concentration
every 10 s. The measurement of DMS by the APIMS with isotopically labeled standard
technique has been described previously (Bandy et al., 2002; Huebert et al., 2004;
Blomquist et al., 2006).

We estimate the OH-equivalent oxidant concentration from the budget analysis of
DMS in the MBL. The conservation equation for any chemical species, S, in the marine
boundary layer is represented in Eq. (3) (with the overbar representing a time-average):
0S +_68 N oS'w'
ot ox 0z
The first term on the left represents the time-rate of change in the concentration of
S. The second term is the horizontal advection of S due to gradients along the mean
wind (u). The third term is the flux divergence, the difference between vertical fluxes
at the bottom and top of the box model. Local (chemical) production and loss of S are
represented by P and L, respectively, on the right side of the conservation equation.

As described in the previous section, DMS fluxes upwards from the surface ocean
to the stratocumulus-topped MBL, in which it is oxidized (principally by OH), diluted by
DMS-free air entrained from the FT, and transported horizontally. DMS is not produced
chemically, so P=0. Therefore the chemical loss due to oxidation can be calculated by
closure if we know the DMS surface flux, entrainment flux, horizontal advection, and
the time-rate of change in column concentration.

=P-L (3)
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2.1 Surface flux of DMS

On the ship, the inlet of our mass spectrometer was located at 18 m above the wa-
ter surface on the jackstaff, where flow-distortion due to the ship’s superstructure is
minimized. A precisely known amount of the triply-deuterated DMS standard was con-
tinuously injected at the inlet and combined with a high ambient air flow. The DMS
concentration was determined from the ratio between the ambient and standard DMS
mass spectrometer signals. Relative wind speeds, acceleration, and rotation in three
axes were recorded at the same frequency as the DMS by a Gill Sonic anemometer
and a Systron-Donner Motionpak accelerometer, respectively. Ship’s motion was re-
moved from relative winds to get true winds following Edson et al., (1998). To obtain
surface flux (Fy) via eddy covariance, DMS concentration was correlated with the ver-

tical wind velocity (w) in the form of F,=DMS’w’ (primes here denote deviations from
the means). Flux was initially computed in ten-minute segments that overlapped by
50%. To remove times when sampling conditions were unfavorable, any ten-minute
segment with relative wind direction more than 90 degrees off the bow or gyro heading
changing by over 30 degrees (ship maneuvering) was screened out. The remaining
“good” segments were averaged to hourly values.

Time-series of DMS concentration and surface flux from the RHB are shown in Fig. 1,
with VOCALS averages of 57 pptv and 3.4 umoles m™2 day'1 , respectively. We limit our
averaging to offshore observations only (73°W~86°W and 18° S~22°S, hereinafter
“the VOCALS region”). Near-shore data were not included in the project average due
to heterogeneities in the atmospheric DMS field caused by spikes in seawater DMS on
the edges of localized, episodic coastal eddies.

Even with the ship steaming at up to 12 knots, the classic sinusoidal diurnal cycle
in DMS was seen clearly on a number of days (Fig. 2). This observation implies a
widespread homogeneity over the region with limited meso-scale variability. Continen-
tal influence, which is usually associated with high levels of NO,, and thus high NO,
should also be minimal.
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2.2 Boundary layer structure

We use DMS concentration measured from the C-130 to infer the boundary layer struc-
ture and exchange between the MBL and FT. Figure 3 shows a typical profile of the
lower troposphere during VOCALS-REx. The DMS concentration decreased gradually
with altitude within the MBL and rapidly dropped to near-zero in the FT immediately
above the stratocumulus cloud-top (as evidenced by the enhanced liquid water con-
tent). Dew point and potential temperature also showed sharp gradients at the same
altitude.

To determine the inversion height, we looked for such sharp gradients in dew point
and potential temperature in profiles from the C-130 profiles. Across a thin layer of a
few tens of meters, the changes in dew point and potential temperature were of the
order of 20 and 10K, respectively. The boundary layer was deeper offshore (~1.5km
at 85° W) than at the coast (~1km), as is typical of this region. The inversion heights
determined from the aircraft agree very well with shipboard observations of cloud top
from a W-band radar (24 m range gate, 50 m pulse length). On average, the stratocu-
mulus cloud top varied from ~1350 m near dawn to ~1200 m near dusk (S. de Szoeke,
personal communication, 2009).

When the MBL is shallow and well mixed, scalars with long lifetimes should be ho-
mogeneously distributed with altitude. Since DMS in the MBL came from the ocean
surface and is diluted by entrainment above, we expect it to exhibit a decreasing con-
centration with height. Because its mixing time within the MBL (~1 h) is shorter than
its lifetime (1~2 days, calculated later), the vertical gradient of DMS within the MBL
is usually only a few pptv (Faloona et al., 2005). With an average inversion height of
1.3km in the VOCALS region, this vertical gradient increased significantly with bound-
ary layer depth. Figure 4 shows the averaged profile from the C-130 during the exper-
iment. Altitude was normalized to the inversion height (z;). DMS concentration aloft
was normalized by its concentration at the lowest level (DMS/DMS;)). On average DMS
immediately below the inversion was ~80% of what was at the surface, and the verti-
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cal gradient appeared to be linear. DMS/DMS,, was linearly regressed against z/z; in
the MBL (r2=0.8). The fraction of DMS relative to surface concentration can thus be
parameterized as 1-a(z/z;), where a represents the “decoupling” parameter of DMS
and is 0.2 on average. This formulation of the MBL structure is similar to what is used
in Wood and Bretherton (2004).

2.3 Advective flux of DMS

During VOCALS, winds almost always came from the South/Southeast (150°). Despite
local patchiness, DMS concentration and flux showed increasing trends away from the
coast due to generally lower wind speeds near shore (Fig. 5). The ratio between the
flux and concentration, however, was nearly constant with longitude. Also plotted is the
inversion height estimated from C-130 profiles within the latitude range of 20+2° S.

We estimate the advective flux of DMS from horizontal gradients computed from
shipboard DMS measurements. Using multi-variate linear regression, DMS in the VO-
CALS regions and to the east was regressed against latitude and longitude. Because
the ship was sampling 24 h a day, we expect temporal biases (e.g. from the diel vari-
ability) to be small; time is thus omitted from the regression analysis. The fitting coef-
ficients are found to be -2 pptv ° Lon™" and -1 pptv ° Lat™", with higher DMS towards
the Southwest. MBL DMS measured from the C-130 shows a similar pattern. For an
average wind speed of 6ms™' from 150°, multiplying the zonal and merdional winds
(-3and 5m s, respectively) by the DMS gradient leads to an advective term (Eq. 3)
of 0.04 pptv h'. Integrating over the 1.3km column gives an advective flux of only
0.05 umoles m~2 day™ ', less than 1% of the DMS sea-to-air flux. The low advective
flux term was due to the fact that the mean wind direction was largely orthogonal to the
horizontal DMS gradient; we will therefore set it to zero.
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2.4 Entrainment velocity

To calculate the entrainment flux of DMS, we need to know the entrainment velocity at
the inversion (@,). While @, was not directly measured during VOCALS-REXx, we can
estimate it from the observed nighttime increase in DMS concentration. To remove the
effect of changing MBL depth on the diurnal cycle in DMS concentration, we integrate
the DMS concentration to the MBL height following the vertical gradient determined
from Sect. 2.2, leading to column concentration is in units of umoles m~2.

The integral form of Eq. (3) from the surface to the inversion height (z;) is shown
in Eq. (4), with the advection and production terms now dropped out. The angular
brackets denote column integrals, with every term now in units of flux:

0<DMS>

ot
The term on the left side of Eq. (4) is the time-rate of change in column concentration.
We have separated the flux divergence into the first and second terms on the right side
of Eq. (4), representing the DMS fluxes at the ocean surface and inversion, respec-
tively. The entrainment flux is formulated as the entrainment velocity, ®,, multiplied
by the concentration jump across the inversion (Lilly, 1968), with z; and z,.+ meaning
just below and above z,. The last term on the right represents the chemical loss of
DMS, which has been expanded to be the product of kprg (a pseudo first order re-
action rate constant) and DMS column concentration. We can parameterize the DMS
concentration just below z; to be a fraction of the surface value ([DMS,]) using the DMS
“decoupling” parameter, a. Since DMS above the inversion, in the FT was practically
zero, Eq. 4 simplifies to:

= Fo — @,{[DMS,-] - [DMS,11} - ke (DS ) @

9 (DMS)
ot
The nighttime build up of DMS column concentration appears to be linear with time
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(Fig. 6). The slope over these hours approximately represents the time rate of change
in DMS column concentration, which includes the flux divergence plus any nocturnal
chemical loss. At night, we assume [OH]=0 and NOj reaction is insignificant (this
assumption is validated in the last section), so the loss term should be close to zero
at night. From hour 01:00 to 10:00UTC (or 20:00 to 05:00 local time), we calculate
a surface DMS concentration increase of 2.6 umoles m™2 day'1. The mean nighttime
surface flux obtained by eddy covariance was 3.2 umoles m™* day'1 , Which means the
nighttime entrainment flux needs to be 0.6 umoles m=2 day‘1 to close the budget.

With a mean nighttime surface DMS concentration of 56 pptv and a decoupling pa-
rameter of 0.2, this entrainment flux corresponds to @,=4 mm s™'. While this ®, only
represents a nighttime value, it does agree very well with diurnal averages from previ-
ous studies in similar regions and seasons. Using a mixed-layer approach, Caldwell et
al. (2005) found a 6-day average @, of 4+1 mm s~ during the East Pacific Investigation
of Climate (EPIC) stratocumulus cruise in 2001. Combining satellite observations with
National Centers for Environmental Prediction (NCEP) reanalysis, Wood and Brether-
ton (2004) determined an @, of 2~6 mm s inthe tropical and subtropical east Pacific,
with a likely value of 4 mm s~ in the VOCALS region. Off the coast of California, where
stratocumulus cloud-deck is also prevalent, direct measurements of @, from eddy co-
variance fluxes of three conserved scalars (DMS, ozone, and total water) immediately
above and below the inversion led to a range of 1.2~7.2mm s (Faloona et al., 2005).
At the limit of zero for the decoupling factor, the entrainment velocity calculated from
Eq. (5) is lowered to 3mm s™', still within the range of previous estimates.

2.5 Estimating effective OH

From the clear diurnal cycle and constant zonal flux to concentration ratio in the project
averages, we observe no month-long trend in DMS. We can thus approximate DMS to
be in a steady-state on that scale (9[DMS]/dt=0 when diurnally averaged).

For the purpose of this derivation we assume that the oxidation of DMS is solely due
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to reactions with OH (Egs. 1 and 2). The pseudo first-order rate constant kpgq in Eq. (5)
can be expressed as kgy, the total second order rate constant of the DMS-OH reaction
(kow= k1+k5), multiplied by [OH]. With an average MBL temperature of ~13°C during
VOCALS-REX, we calculate ko to be 7.9x1 0~ "2 ecm® molec™ s'1, with the abstraction
pathway accounting for 60% of the total oxidation.

Rearranging and expanding Eq. (5) leads to:

Fo — @,(1 — a)[DMS,]
<DMS> kon

[OH] = (6)

Using an @, of 4mm s™' and an a of 0.2, we find an effective OH concentration

of 1.4x10% molececm™ for VOCALS-REX, which is ~40% higher than the estimated
global average, possibly due to high water content and solar radiation and rela-
tively low anthropogenic influence in this region. An effective OH concentration of
1.4x10° moleccm™ implies a lifetime of 1.1 days for DMS with respect to OH in the
MBL, well within the range of previous estimates of 0.5~2 days (e.g., Wine et al., 1981;
Hynes et al., 1986). Allowing for a reasonable uncertainty of £2 mm s~ in the entrain-
ment velocity (due to diel variability, for example), the relative error in the calculated OH
concentration is only ~12% (higher @, lower OH) because photochemical destruction
was much greater than dilution due to entrainment. At a limit of a=0 (i.e. no decoupling
in DMS), OH is lowered to 1.2x10° moleccm™>. The relative error in OH is roughly lin-
early related to the uncertainty in boundary layer height. An added benefit of estimating
OH from the DMS flux and concentration is that both measurements are made by the
same instrument, meaning that any calibration uncertainty in the instrument (such as
flow rate or standard concentration) is negated, not affecting the final outcome.
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3 Discussion

The above OH estimate is a diurnal average over a period of weeks. In reality, OH is
only produced during the day when ozone can be photo-dissociated and is consumed
completely when there is no light. The next logical step is to approximate the diel
variability in OH, which has pronounced impacts on the evolution of sulfur species in
the MBL, from DMS to SO, to sulfate.

3.1 Diel variability in OH

To approximate the diel profile of OH, we assume that the availability of light is the lim-
iting factor in OH production since the reaction between O(1D) and water is rapid and
water vapor is abundant. With CO being relatively constant away from the coast, the
production of O(1 D) from the photolysis of O causes the diel variation in OH. Holland
et al. (1998) found a correlation coefficient of 0.83 between OH concentration and the
ozone photolysis frequencies. If this relationship holds, the concentration of OH can
be approximated from the amount shortwave radiation at the surface. We first binned
solar flux measured by the shipboard radiometer in the VOCALS region to the time-of-
day, which expectedly led to a smooth curve with the peak insolation at ~17:00 UTC.
Hourly hydroxyl concentrations ([OH];) were then made proportional to the magnitude
of the solar flux, with the average equaling the OH-equivalent oxidant concentration of
1.4x10° moleculescm™. The radical peaked at about 5x10° molecules cm™ during
the day and dropped to zero at night. While this method seems rather simplistic in com-
parison to photochemical models containing many photoactive species, the diel curve
of OH agrees rather well with previous direct observations in the tropical/subtropical
Pacific basin (e.g. Hofzumahaus et al., 1998; Davis et al., 2001; Mauldin et al., 2001).
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3.2 Reproducing the diurnal cycle of DMS

The oxidation of DMS in the atmosphere has been modeled previously given an es-
timate of OH (Shon et al., 2001; Nowak et al., 2001). Using a similar approach and
building upon Eq. (5), the surface DMS concentration at time ¢ can be written as:

(DMS) = (DMS)  + Ry = @(1 - O)DMSol,_s — kpro -1 (DMS) )

For simplicity, we use the average @, of 4mm s, neglecting potential diel variation

in the entrainment velocity as a result of infrared cooling. The implied DMS diurnal
variation is not very sensitive to the choice of @, for the same reason as in Sect. 2.5.

We first equate, kpgp ;, the pseudo first order reaction rate constant of DMS, simply
to kon [OHJ;, with [OH]; being the radical concentration calculated from Sect. 3.1.
Figure 7a shows the average observed surface DMS concentration in the VOCALS
region, the approximated diel variability in OH, and DMS calculated from Eq. (7). It
is clear that we can replicate the diurnal cycle of DMS fairly well. One might wonder
whether the inclusion of other DMS oxidants can further improve the fit to observation.
We will explore the importance of the nitrate radical in DMS oxidation next.

3.3 DMS oxidation by NO;

Studies from Allan et al. (2000) in the relatively clean MBL at Mace Head suggested
that the nocturnal level of the nitrate radical hovers on the order of a pptv, with reaction
with DMS being its most important loss mechanism. Platt and Heintz (1994) estimated
a globally averaged concentration of 3 pptv for NO5. Not knowing how much NO3; was
present during VOCALS-REX, we apportion the total oxidative loss of DMS (determined
from the equivalent-OH oxidant concentration) to fractions due to NO5 and OHr (the
prime denotes the “actual” OH concentration). For example, if 10% of DMS oxidation
was due to NOg, the ratio between diurnal averaged kyo, [NO3] and ko [OH]r should
be 1:9. To mimic the diel variability in NO5, we assume its nighttime level to be twice
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the diurnal average and the daytime concentration to be zero. In actuality, NO3 might
not actually achieve steady state through out the night (Allan et al., 2000).

We found that the closest least-square fit (correlation coefficient greater than 0.9) is
achieved between observed and calculated DMS when all of the DMS oxidation was
due to OH, as any addition of NO; would degrade the fit. Schultz et al. (1999) showed
that in the tropical South Pacific, the median NO, level was only 4 pptv in the lowest
2km. In all likelihood, low levels of NO, and O5 were limiting the production of NO4
during VOCALS-REX.

Of course, our OH-equivalent oxidant concentration may still include reactions of
DMS with NO3 and halogen radicals. However, this effective concentration should only
be slightly higher than the actual hydroxyl radical level because it appears that other
oxidants were relatively unimportant.

4 Conclusions

We have demonstrated that a month-long average OH-equivalent oxidant concentra-
tion can be derived from the sea-to-air flux and concentration of DMS measured from
a ship, using a simple mass balance method. To do so, we took advantage of the
relatively well-understood chemistry of this sulfur gas and the simple dynamics in a
stratocumulus-capped marine boundary layer. Judging from aircraft profiles during
VOCALS-REX, the DMS concentration decreased linearly with altitude in the MBL as a
result of boundary layer decoupling. On average, DMS immediately below the inversion
was ~80% of the surface concentration.

MBL DMS concentration displayed the classic sinusoidal diurnal cycle, in which daily
maxima and minima were found to be just after sunrise and just before sunset, re-
spectively, as a result of the continuous build up through air-sea exchange and day-
time consumption through photochemistry. From the nighttime build up of DMS column
concentration, we estimated an entrainment velocity of 4 mm s by difference between
the implied time-rate of change in column concentration and the observed surface flux.
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The advective flux of DMS was found to be insignificant because the horizontal gradi-
ent in DMS was largely perpendicular to the mean wind direction. The calculated OH
concentration of 1.4x10° molecules cm™ from the DMS budget equation agrees well
with previous estimates, and represents a regional OH-equivalent oxidant concentra-
tion. Actual OH will be less by the extent that other DMS oxidants, such as nitrate- and
halogen- radicals react with DMS. The OH estimate is relative insensitive to uncertainty
in the entrainment velocity because the chemical loss term in the DMS budget equation
is much larger than the entrainment flux term. A reasonable uncertainty of 2 mm s 'in
®, leads to a difference of only ~12% in the derived effective OH concentration.

This equivalent OH concentration was fitted to the observed solar flux averaged to
the time of day. We were able to use the resultant diel profile in OH, the mean observed
DMS surface flux, and an entrainment velocity of 4 mm s to replicate the observed
diurnal cycle of DMS in the MBL. The nitrate radical was also considered in the DMS
oxidation, and was found to be unimportant during VOCALS-REXx. The excellent agree-
ment (correlation coefficient exceeding 0.9) between observed and calculated DMS
suggests that our method of estimating equivalent OH is robust.
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Fig. 1. DMS concentration (top) and surface flux (bottom) from the RHB during VOCALS-REX.
Incidents of elevated atmospheric DMS concentration and flux usually corresponded to spikes

in DMS,, on the edges of localized eddies.
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Fig. 2. Examples of diurnal cycle in DMS observed during VOCALS-REX on board of the RHB,
along with solar flux measured from a shipboard radiometer. The maxima and minima in DMS
were usually observed just after sunrise and just before sunset, respectively.
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Fig. 3. A typical profile of the lower troposphere determined from the C-130 (12:24~12:35 UTC
on 25 October during Research Flight No. 5). DMS decreased gradually with altitude in the
MBL (the lower ~1300 m in this case) and dropped to zero in the FT. A strong inversion atop
the stratocumulus cloud deck (indicated by high liquid water content) was defined by sharp
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gradients in dew point and potential temperature.
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Fig. 4. Averaged profile from the C-130: liquid water content, potential temperature, dew point,
and [DMS] normalized to its surface value. Altitude was normalized to the inversion height.
DMS at height is related to DMS at the surface by the linear regression fit 1—a(z/z;), with a
being the DMS “decoupling” parameter and determined to be 0.2 on average for VOCALS.
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Fig. 5. Zonal average of atmospheric DMS concentration and surface flux from the RHB along
20+2° S, as well as the inversion height determined from C-130 flight profiles. The ratio between
DMS flux to concentration was largely constant, while the boundary layer was deeper offshore.
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Fig. 6. DMS surface flux, concentration, and shortwave radiation measured from the RHB in the
VOCALS region averaged to the time of day. DMS concentration shows the classic sinusoidal
diurnal cycle due to continuous build up via air-sea exchange and daytime OH oxidation. The
cloud top was generally higher at night than during the day.
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Fig. 7. Observed and implied DMS diurnal cycle, as well as OH profile estimated from solar
flux. DMS was calculated from observed surface concentration and flux, approximated effective
OH diurnal profile, with an entrainment rate of 4 mm s To investigate the importance of the
nitrate radical, OH-equivalent oxidant concentration was apportioned to OH and NO3. Even 1%
of oxidation of DMS by NO; leads to a lower correlation coefficient between the implied and
observed DMS. That no NO; is required by the fit supports our early assumption that nocturnal
oxidation is negligible.
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