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ABSTRACT

Carbonyl sulfide (OCS) is emitted to the atmosphere through the outgassing of
ocean surface waters. OCS is also the primary source of sulfur-containing compounds in
the stratosphere and contributes to the formation of the stratospheric sulfate layer, an
essential controller of the radiative balance of the atmosphere. During the 2016 Student
Airborne Research Program (SARP), 15 whole air samples were collected on the NASA
DC-8 aircraft over the Santa Barbara Channel. Five additional surface samples were
taken at various locations along the Santa Barbara Channel. The samples were analyzed
using gas chromatography in the Rowland-Blake lab at UC Irvine, and compounds
associated with ocean emissions including OCS, dimethyl sulfide (DMS), carbon
disulfide (CS,), bromoform (CHBr3), and methyl iodide (CH3l) were examined.
Excluding OCS, the vertical distribution of marine tracers that were analyzed showed
dilution with increasing altitude. For OCS, the surface samples all exhibited elevated
concentrations of OCS in comparison to samples taken from the aircraft, with an average
of 666 + 26 pptv, whereas the average concentration of OCS in the aircraft samples was
581 + 9 pptv. 2016 Surface samples were compared to surface samples from SARP
campaigns between 2009-2015 taken near or within the 2016 study region. The 2009-
2015 samples exhibited an average OCS concentration of 526 + 8§ pptv. It is evident that
the 2016 surface samples measured higher concentrations of OCS than ever recorded
during previous SARP campaigns and in comparison to global averages: 525 + 17 pptv in
the Northern hemisphere and 482 + 13 pptv in the Southern hemisphere (Sturges et al.,
2001). OCS emissions should be measured using surface samples if emission estimates
from the ocean are to be evaluated since measurements from the aircraft (500 ft) are not
sufficiently capturing surface concentrations. Additionally, OCS enhancements seen in
2016 had never before been detected by surface samples, revealing a potential
phenomenon at work causing the elevation during this year’s campaign.

INTRODUCTION
On a global scale, carbonyl sulfide (OCS) is the most abundant sulfur-containing

trace gas species in the atmosphere, with an average global mixing ratio of 500 parts per
trillion by volume (pptv) and a relatively long atmospheric lifetime of 2-7 years (Xu et
al., 2001). It is derived via the atmospheric oxidation of dimethyl sulfide (DMS) through
a presently unknown mechanism (Arsene et al., 1999), and via oxidation of carbon
disulfide (CS,) shown in equation 1:

OH + CS; — OCS + HS (1)



where a reaction initiated by an OH radical occurs with CS; to produce OCS and sulfanyl,
a radical molecule made up of one hydrogen and one sulfur atom (Sze & Ko, 1980). OCS
is also derived from the photolysis of CS, as shown in equation 2:

CS; + hv — OCS + CO + SO, (1)
where OCS, carbon monoxide (CO) and sulfur dioxide (SO,) are produced (Sze & Ko,

1980).

Emissions of Sulfur Compounds

Nearly half of atmospheric OCS is a result of direct and indirect emissions from
the ocean (Kettle, 2002; Commane et al., 2013). Direct emissions stem from ocean areas
of high biological productivity where OCS is produced photochemically from biogenic
organosulfur compounds in the marine euphotic zone (Andreae & Ferek, 1992; Xu et al.,
2001; Svoronos & Bruno, 2002). Surface waters, coastal, and shelf regions are the
dominant areas for ocean emissions of OCS, being up to ten times higher than
concentrations in the open ocean (Andreae & Ferek, 1992). Indirect emissions are
produced via the oxidation of DMS and CS; as shown in equation 1 (Crutzen, 1976).
With the recognition that ocean surface waters are generally supersaturated with OCS, it
is understood that oceans release sulfur gases into the atmosphere, and are ultimately
large contributors to the atmospheric budget of OCS (Bruhl et al., 2012; Launois et al.,
2015). OCS is also released to the atmosphere via biomass burning, anoxic soils,
wetlands, and volcanism, and is removed by uptake from terrestrial vegetation, soil,
photolysis, and reactions with OH and O radicals (Watts, 2000; Blake et al., 2004; Briihl

etal., 2012; Commane et al., 2013).



DMS and CS; are also produced in the surface waters of the upper ocean and are
outgassed to the atmosphere where they are oxidized into gaseous sulfur-species,
including OCS (Barnes, Becker, & Patroescu, 1994; Kettle et al., 2002). DMS is the most
abundant biological sulfur-containing compound in the atmosphere, derived from the
primary production of marine phytoplankton and through complex biological cycling
(Keller et al., 1989). DMS is present due to its release along with its precursor,
dimethylsulfonioproprionate (DMSP), by phytoplankton to regulate the osmotic pressure
of their cells (Jodwalis et al., 2000). It is also sourced from salt-marshes and estuaries,
soils, tropical forests, and vegetation (Watts, 2000). CS,, in addition to being produced in
the ocean surface layer, can also be sourced from anoxic soils, photochemical reactions,
microbial processes in wetlands, and volcanic eruptions (Khalil & Rasmussen, 1984).

A table summarizing the sources of the previously described sulfur-containing
compounds is provided below:

Table 1. Summary of the main natural sources of OCS, DMS, and CS..

Species Natural Sources

OCS Ocean surface layer
Biomass burning
Oxidation of DMS and CS,
Volcanic eruptions

DMS Ocean surface layer
Marine phytoplankton
Marshes and estuaries
Vegetation and soils
Tropical forests

CS, Ocean surface layer
Photochemical reactions

Microbial processes

Volcanic eruptions




OCS as a Source of Stratospheric Sulfate Aerosols

Due to its chemically inert state in the troposphere, the majority of tropospheric
OCS persists long enough to be transported to the stratosphere where it is oxidized into
sulfuric acid and condensed into stratospheric aerosols (Crutzen, 1976; Chin & Davis,
1995; Blake et al., 2008) as shown in equation 3:
OCS+hv—CO+S('D) A1<289.5nm (3-I)

OCS+hv— CO+S('S) A<210.5nm (3-II)

S+0,—S0+0 (3a)
S+0; — SO +0;, (3b)
SO+0,—S0,+0 (3¢)
SO, + OH — HOSO, (3d)

HOSO; + O, - HO, + SO; (3e)

SOs3 + H,O — H,SO4 (39)
The mechanism of OCS loss is dominated by the photodissociation of OCS, reaction (I-
IT), which is the rate determining step of the reaction sequence. Atomic sulfur from the
photodissociation of OCS forms sulfur monoxide (SO) in reactions (3a) and (3b), with
the generation of SO, and sulfuric acid (H2SOj) in reactions (3c¢) through (3f) (Jacobson,
2005; Calvert et al., 2015).

Briihl et al. (2012) discuss how volcanoes are the main contributors to the
stratospheric aerosol layer, but during volcanically quiescent periods, the conversion of
OCS into H,SOy is the dominant contributor to the presence of a thin stratospheric
aerosol layer. This layer of sulfate aerosols is highly effective at reflecting incoming solar
radiation back to space and thus enhances the Earth’s albedo (Figure 1) (Charlson et al.,

1990; Blake et al., 2008).
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Figure 1. Diagram illustrating the transfer of OCS from the troposphere to the
stratosphere where it is then oxidized into H,SO4 and condensed into stratospheric
aerosols, creating a layer that is able to reflect incoming solar radiation back to space
(Blake et al., 2008; created by Julia Black).

Radiative forcing, a measure of how the energy balance of the Earth-atmosphere
system is influenced when climate-related factors are altered, has both natural and
anthropogenic constituents as illustrated in figure 2 (Forster et al., 2007). This energy
balance controls Earth’s surface temperature and refers to the balance between incoming
solar radiation and outgoing infrared radiation in Earth’s atmosphere (Forster et al.,
2007). It is thus important to understand natural emissions of OCS and other sulfur-
containing compounds as natural climate coolers that cause a negative radiative forcing

as aerosols, while simultaneously recognizing that anthropogenic-sourced sulfur

emissions are “cooling” the planet at a substantial price.
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Figure 2. Summary of the main components of radiative forcing of climate change
associated with natural processes or human activities (Forster et al., 2007).

Objectives of the Study

The purpose of this study is to analyze and compare concentrations of compounds
associated with ocean emissions and stratospheric aerosols including OCS, DMS, CS,,
bromoform (CHBr3), and methyl iodide (CH;3I). A further objective is to compare
concentrations and sampling altitudes for samples collected over the Santa Barbara
Channel. OCS is the main compound being analyzed for this study with the inclusion of

other marine-sourced compounds for general profile comparison.



METHODS
Air samples were collected onboard the NASA DC-8 and at various surface

locations on the Santa Barbara Channel during the Student Airborne Research Program
(SARP) in June, 2016. Funded by the National Suborbital Education and Research Center
(NSERC), SARP utilizes NASA’s flying laboratories to expose undergraduate students to
airborne science, providing participants with the opportunity to experience a scientific
research campaign. Students assist in instrument operations onboard the aircraft to take
whole air samples as well as to image the Earth’s surface. A fleet of aircraft, including
the DC-8 and ER-2, are used for studying Earth system processes. Whole air samples
were collected on the DC-8 on June 18", 2016, with additional samples taken on the
Santa Barbara Channel from a dive boat on June 21%, 2016. Similar methods were used
for past SARP campaigns, with data collection occurring on or near the same days as the

2016 SARP campaign.

Study Region
Research flights for this study were based out of the NASA Armstrong Flight

Research Center in Palmdale, California. The research flight for this study on June 18",
2016, focused on the San Joaquin Valley, flying over agricultural regions and cities in the
Central Valley including Bakersfield, Fresno, and Merced, and over the Santa Barbara
Channel (Figure 3). The focus region for this study was constrained to data collected over
the Santa Barbara Channel and from samples obtained at the ocean surface from a dive
boat. Samples over the study region from the first flight on June 17", 2016 were excluded
due to the presence of the Sherpa brush fire that burned in the Santa Ynez Mountains in
Santa Barbara County because OCS, the main compound examined in this study, is also

associated with biomass burning (Blake et al., 2004). The data were constrained between
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the longitudes of 119° 56' 24" W and 119° 55' 12" W, and between the latitudes of 34° 25'

48" N and 34° 13' 12" N as shown in figure 6.
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Figure 3. The full geographic range of the research flights conducted during the 2016
NASA SARP campaign in June, with the region of focus circled in green.

Data Collection

Using the University of California, Irvine’s whole air sampler instrument, whole
air samples were collected onboard the DC-8 at 1-8 minute intervals depending on the
aircraft’s altitude and position in relation to various sources of pollutants (Figure 4). For
each sample, unfiltered air entered the aircraft from the outside through an air inlet using
a dual bellows pump. An evacuated, 2-L stainless steel canister equipped with a bellows
valve was then filled to a pressure of 40 psi by opening the canister valve and allowing it
to fill for about 45 seconds. More than 220 canister samples were collected during the

two research flights (Figure 5).
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of the modified DC-8 with intake probes (right).
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Figure 5. Sampling location of all the canisters collected during the research flights.

Figure 4. UCI Whole Air §ampler instrument onboard the DC-8 aircraft (left) and a view
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Five additional air samples were collected along the surface of the Santa Barbara
Channel on June 21%, 2016. The canisters were filled from a height approximately 5
meters off the ocean surface on a small dive boat at various locations on the Santa
Barbara Channel. The first sample was taken in a region with little kelp present to serve
as a background concentration. The second and third canisters were taken over the
Mohawk Kelp Forest and the Isla Vista Kelp Forest respectively. The fourth sample was
collected roughly 80 meters from Platform Holly, an offshore oil well that is part of the

Ellwood Oil Field. The final surface sample was taken at Coal Oil point on the periphery

of an oil slick (Figure 6).
345 § s S A ; ¥ ;
\'\ 3.Isla Vista Kelp Forest
snd ] X_A‘. j‘\_\Z.Moh :
’ 4.Platform Holly 25 551 G Point A A\1.Background
S 343
=
©
-
34.2 -
34.1 - .
Flight Path2
Surface Can
T T T T T | |
-120.0 -119.9 -119.8 -119.7 -119.6 -119.5 -119.4
Longitude

Figure 6. Surface can sampling sites in the Santa Barbara Channel on June 21*, 2016.
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Sample Analysis

Canisters were analyzed in the Rowland-Blake laboratory at the University of
California, Irvine (UCI) utilizing gas chromatography (GC) with flame ionization
detection (FID), electron capture detection (ECD), and mass spectrometric detection
(MSD). Each sample was analyzed for more than 100 selected trace gases, including C1-
C10 nonmethane hydrocarbons (NMHCs), C1-C2 halocarbons, C1-C5 alkyl nitrates, and
selected sulfur compounds. For more information regarding sample analysis, readers are

referred to the Colman et al. (2001) and Simpson et al. (2010) publications.

Sample Grouping

After the lab analysis, the concentrations of sulfur-containing compounds,
specifically OCS, DMS, CS,, CHBr3, and CH3l were compared for twenty samples
collected in the study region over the Santa Barbara Channel from aircraft and surface
sampling (Figure 7). The vertical distribution of samples collected were used to
categorize them into three groups. The first group was comprised of the five samples
taken at the surface. The second group included four samples taken from 50-1,500 ft (15-
460 m). The third group included eleven samples taken from 1,500-4,000 ft (460-1,250
m) (Figure 8). A vertical profile was analyzed to determine the boundary layer height for
the day of sampling. The planetary boundary layer (PBL) is the lowest layer of the
atmosphere that makes contact with the Earth’s surface and is highly influenced by
surface energy and moisture. It’s height fluctuates due to radiative forcing (Dai et al.,
2014), and this layer is generally homogenous so theoretically should have similar
concentrations of given compounds throughout the PBL. With an approximated boundary

layer height of 1,500 ft., these three distinct groups were chosen to produce a vertical

14



profile of the compounds from the surface, below the boundary layer, and above the

boundary layer.

Data Analysis
To eliminate any samples potentially affected by the Sherpa fire (County of Santa

Barbara, 2016), the samples were plotted against acetonitrile (CH3;CN) concentrations
measured by the Proton-Transfer-Reaction Mass Spectrometer (PTR-MS) instrument
onboard the DC-8. This instrument measures in-situ detection of gaseous volatile organic
compounds (VOCs) at trace levels (pptv), and is designed to resist aircraft vibrations
during boundary layer flights, take-off and landing (Wisthaler et al., 2013). Since
acetonitrile and OCS are both indicators of biomass burning, any samples collected in
regions of elevated acetonitrile were excluded from the analysis to isolate marine-sourced
compounds (Figure 9). Two samples in the 50-1,500 ft (15-460 m) group were collected

in regions with elevated acetonitrile and thus removed from the study.

15
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Figure 7. OCS concentration for each sample overlaying the second flight path. Sample
diameter sized and colored by OCS concentration with high concentrations centered on
Santa Barbara Channel.

34.5 —
34.4
S 343
=
©
4
34.2 H
YR N — Flight Path 1.Background
) ® Surface Samples 2.Mohawk Kelp Forest
50 - 1500 ft Sampl@_&l- " 3.Isla Vista Kelp Forest
: = - o w 5 4.Platform Holly
\’ 4000 ft Samples, . i1 " 5.Coal Oil Point
T T T T T T T
-120.0 -119.9 -119.8 -119.7 -119.6 -119.5 -119.4
Longitude

Figure 8. Three sample groups based on sampling altitude and plotted on flight path.
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Figure 9. Samples plotted against acetonitrile concentrations measured by the PTR-MS
instrument on June 18th, 2016.

The final step for processing the 2016 data was analyzing the concentrations of
the higher altitude samples to calculate an average mixing ratio above the study region
for OCS, DMS, and CS,. A mixing ratio refers to the abundance of one constituent in a
mixture relative to abundance of all other components (Jacobson, 2005). The
concentrations of samples collected from altitudes near and above 1 km were averaged.
These mixing ratios as shown in table 2 were then used as background concentrations to

show any enhancements in the 2016 sample groups.

Table 2. Calculated mixing ratios using concentrations from samples collected at or
above 1 km over the Santa Barbara Channel for OCS, DMS, and CS,.

Average Mixing Ratio, pptv (mean + SE)

OCS 594 + 31
DMS 1.3+£1.1
CS, 22+0.6

17

(mdd) uonenuasuo)d a|1)Iu01RoY



Comparison Between SARP Campaigns
Concentrations of OCS in the five surface samples from the 2016 SARP

campaign were then compared to OCS concentrations from samples collected during
previous SARP campaigns (2009-2015). Thirty five samples were taken during or near
the same week of the year at various sites including Gaviota State Beach, El Capitan
Beach, Haskell’s Beach, UCSB, Monterey Bay, and several locations throughout the
Santa Barbara Channel during the 2009, 2012, 2014, and 2015 SARP campaigns

(Appendix, Table A1).

Sea Surface Temperature Data

Sea surface temperature (SST) has a major influence on the outgassing of marine
tracers due to changes in biological productivity (Behrenfeld et al., 2006), therefore, SST
data from the Santa Barbara Channel was obtained from the National Oceanic and
Atmospheric Administration’s (NOAA) National Data Buoy Center. Two buoy stations
were selected from the Santa Barbara Basin to compare SST during the current and
previous SARP campaigns (Appendix, Figure Al). Station ID 46054 is a 3-meter discus
buoy that measures SST from 0.6 meters below the water line and is located 38 nautical
miles west of Santa Barbara, CA. The second station, ID 46053 is a 2.3-meter discus
buoy measuring SST from 1 meter below the water line and located 12 nautical miles
southwest of Santa Barbara, CA (Figure 10). The SST data from these stations was
obtained for the years of 1997-98, 2009, 2012, 2014-2016, and averaged for three months,
May-August, to account for the time of year sampling occurs (Table 3). The years 1997-
98 were chosen because of the high SST anomalies recorded by buoys during that year’s

record-breaking El Nifio event (Hall et al, 2010). The years 2009, 2012, and 2014-2016

18



were chosen because of the presence of surface samples collected during these specified

years’ SARP campaigns.
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Figure 10. Final analysis samples and buoy stations plotted.

Operational SST Anomaly Charts from NOAA/NESDIS (National Environmental
Satellite, Data and Information Service) for 1997-98, 2009, 2012, and 2014-2016 were
obtained for data comparison with samples from the SARP campaigns (Appendix,
Figures A2-A7). NOAA/NESDIS produce the SST anomaly by subtracting the long-term
mean SST for a given location and the time of year from the current instrument reading.
A positive anomaly value can be interpreted as a warmer than average SST whereas a
negative anomaly means a cooler than average SST. SST anomalies are useful in

assessing the development of ENSO events and were used to investigate potential effects
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on marine tracers in collected samples.

Table 3. Hourly SST data extracted from NOAA’s buoy stations located in the Santa
Barbara Channel and averaged for three months, May 18" — August 18™ of 1997-1998,
2009, 2012, 2014-2016. Buoy station IDs are 46054 and 46053.

Year Station ID 46054 SST, °C Station ID 46054 SST, °C
1997 15.59 no data

1998 15.24 16.90

2009 15.96 16.32

2012 13.88 15.83

2014 15.83 17.79

2015 15.61 17.49

2016 14.56 15.38

Statistical Analysis

The average concentration of OCS, DMS, and CS, were calculated for each
sample group from the 2016 study region with a standard deviation and standard error.

The standard deviation, 6, was calculated as shown in equation 4:

o= IEl:x—.rl:‘ (1)

LTI A
where x is the sample mean and # is the sample size. The standard error was calculated by
dividing the standard deviation of the mean by the square root of n, the sample size.
A one-way analysis of variance (ANOVA) test was used to determine statistically
significant differences between the means of surface samples from previous SARP
campaigns and data collected in 2016. A Tukey’s HSD (honestly significant difference)

test was used to confirm where the differences detected by the ANOVA test occurred.

20



RESULTS
Whole air samples, 13 taken from the aircraft and 5 taken from the ocean’s

surface, were analyzed for sulfur-containing compounds including OCS, DMS, and CS,.
Other marine tracers such as CHBr; and CHsl were also measured during the study and
were also analyzed. Samples were divided into three groups based on sampling altitude:
0-50 ft (0-15 m, taken at the surface), 50-1,500 ft (15-460 m, taken from the aircraft
within the boundary layer), and 1,500-4,000 ft (460-1,250 m, above the boundary layer).
The 2016 samples were also compared to data from the 2009-2015 SARP campaigns
collected near the 2016 study region and categorized using the same methods. Box and
whisker plots were used to compare samples collected at varying altitudes. The boxes
encompass the median, the upper quartile, and the lower quartile. The solid line in the
box is the median, the upper edge of the box or 75" quartile is where 25% of data is
greater than that value, and the lower edge of the box or 25" quartile is where 25% of
data is less than that value. The two lines, or whiskers, represent the maximum and
minimum values, points outside of this range are considered outliers. Lastly, SST data
collected from two buoy stations in the Santa Barbara Channel was examined for any

correlation between SST and elevated concentrations of sulfur-containing compounds.

Concentrations of Sulfur-Containing Compounds

Surface samples all exhibited elevated concentrations of OCS in comparison to
samples taken from the aircraft, with an average of 666 + 12 pptv and a maximum
concentration of 706 pptv (Figures 11-12). The average concentration, 666 pptv was also

greater than the calculated background concentration (Table 2) of 594 pptv.
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Figure 11. Box plot of the concentrations of OCS over the Santa Barbara Channel during

the 2016 SARP campaign.
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Figure 12. OCS concentrations for 2016 aircraft and surface samples with clear

enhancements of OCS in the surface samples.
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The average concentration of DMS in the surface samples was 34.7 = 18.6 pptv
(Figure 13). The surface sample concentration was about 38 times greater than the

calculated mixing ratio of 1.3 + 1.1 pptv (Table 2).
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Figure 13. Box plot of the concentrations of dimethyl sulfide (DMS) over the Santa

Barbara Channel during the 2016 SARP campaign.
The average concentration of CS; in the surface samples was found to be 2.84 +
0.34 pptv (Figure 14). The surface concentrations were close in relation to the calculated

mixing ratio of CS, which was 2.2 + 0.6 (Table 2).
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Figure 14. Box plot of the concentrations of carbon disulfide (CS,) over the Santa
Barbara Channel during the 2016 SARP campaign.
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Concentrations of Marine Tracers
The compounds CHBr; and CHsl were included in the analysis as examples of

marine-sourced gases that had conventional trends of decreasing concentration with
increasing altitude (Palmer, 2010). The box plots show typical profiles for a marine-

sourced gas (Figures 15-16).
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Figure 15. Box plot of the concentrations of bromoform (CHBr3) over the Santa Barbara
Channel during the 2016 SARP campaign.
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Figure 16. Box plot of the concentrations of methyl iodide (CH3I) over the Santa Barbara
Channel during the 2016 SARP campaign .
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Comparison of Carbonyl Sulfide Concentrations from 2009-2016

The 2016 samples taken over the Santa Barbara Channel were compared to
samples taken from previous SARP campaigns in the years 2009, 2012, 2014, and 2015.
The average concentration for the 2016 surface cans was 666 + 12 pptv, whereas the
average concentration for the surface cans from 2009 was 555 + 6 pptv, was 438 + 5 for
the year 2012, was 508 + 6 in 2014, and was 548 = 7 in 2015 (Figures 17-18). The
combined average of the surface cans from previous SARP campaigns was 526 + 8§,

which is substantially less than the surface concentration from 2016.
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Figure 17. Box plot comparison of 2016 OCS concentrations (left) to 2009-2015 OCS
concentrations (right) taken near or in the 2016 study region.

There was a statistically significant difference between the surface sample groups
taken in 2009, 2012, and 2014-2016 as determined by a one-way ANOVA

(F(4,35)=69.09, p<0.0001). Post-hoc Tukey’s HSD tests showed that the significant
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differences detected by the ANOVA occurred between all the sample groups (p<0.01)

except for the comparison of 2015 to 2009 which was insignificant.
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Figure 18. Box plot comparison of OCS concentrations in surface samples taken from
2009, 2012, and 2014-2016.
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DISCUSSION
The concentrations of OCS, DMS, CS,, CHBr3, and CHsl were analyzed in the

samples collected during the 2016 SARP campaign. It was expected that these
compounds would have higher concentrations over the Santa Barbara Channel since they
are all marine-influenced or sourced. Conventional vertical distribution was anticipated,
with a mixed boundary layer and homogenous distribution in the free troposphere.
However, OCS showed greater concentrations at the surface which was unexpected
considering analysis of data from previous years. The relatively long atmospheric lifetime
of OCS (2-7 years) would lead to a more homogenous boundary layer, therefore,
previous campaigns showed samples collected aboard the DC-8 in the boundary layer to
be relatively similar to samples collected at the sea surface (Xu et al., 2001). The surface
samples showed enhancements in OCS concentration compared to samples collected
aboard the aircraft, with nearly all the samples having a concentration higher than 650
pptv (Figure 12), indicating a unique phenomenon captured during 2016.

Due to the short atmospheric lifetime of DMS of about 12 to 48 hours (Keller et
al., 1989; Briihl et al., 2012), it should not be present at altitudes higher than the second
sample group (50-1,500 ft). The samples showed a conventional trend of dilution with
increasing altitude for DMS concentration (Figure 13). We also expected CS, to follow a
conventional trend of decreasing concentration with increasing altitude. The samples did
show this trend of dilution, with greater variance than the DMS concentrations (Figure
14). CS; has an atmospheric lifetime of 7-12 days (Khalil & Rasmussen, 1984; Briihl et
al., 2015) which is slightly longer than that of DMS, and which may explain the

variability in the sample groups taken above the surface.
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We expected that CHBr3; and CHsl would exhibit conventional trends (Palmer,
2010) and show dilution with increasing altitude, as was shown by the data. These
compounds, both of which have an atmospheric lifetime of about 1-4 weeks (Stemmler et
al., 2013; Stemmler et al., 2014), were included to illustrate a traditional vertical profile
of a marine-influenced compound and its concentration as altitude increases (Figures 15-
16).

The final box plot comparisons were between the 2016 SARP campaign and
previous SARP campaigns. In Figure 17, the gradient of OCS concentrations in the 2016
samples is plotted next to the OCS concentrations from combined data during the 2009,
2012, 2014, and 2015 campaigns. With hundreds of samples collected during SARP
campaigns and thousands of samples processed by the Rowland-Blake Laboratory in UCI,
the OCS gradient evident from the 2016 SARP campaign is showing a unique
phenomenon at work. Elevated levels of OCS have never been seen from the plane before
this year (Figure 18), indicating that OCS emissions must be measured using surface
samples if estimates from the ocean and accurate profiles are to be evaluated. Without
surface samples from this year and relying only on aircraft samples, this elevated OCS
phenomenon would have been missed.

In an attempt to explain this OCS surface phenomenon, SST data was collected
from two buoy stations located in the Santa Barbara Channel to determine whether
changes in SST could have caused an increase in OCS production and thus outgassing
into the atmosphere. The buoy data coupled with SST anomaly maps sourced from
NOAA/NESDIS (Appendix, Figures 2-7) indicate that there was a slight increase in the

surface water temperature for the 2015-2016 year, but that the SST at the time of
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sampling in June was beginning to fall below average (negative anomalies). Previous
years had variance in SST with some small temperature increases occurring (positive
anomalies). Behrenfeld et al. (2006) describes how fluctuations in temperature are
connected to the productivity of phytoplankton in the world’s oceans. For much of the
ocean, warmer surface temperatures correspond to lower oceanic biomass and
productivity (Doney, 2006). Phytoplankton growth depends on temperature, nutrient, and
light availability, with most of the necessary nutrients being supplied to the surface
waters from the mixing and upwelling of cold, nutrient-rich deep water (Doney, 2006).
The highest levels of phytoplankton biomass are found along the Equator, in temperature
and polar latitudes, and near the western boundaries of continents (Doney, 2006). As
shown by Behrenfeld et al. (2006), the increase in phytoplankton in 1997-98 matched the
cold tongue phase of the El Nifio event that year, implicating that increases in
productivity occur with decreases in SST. Therefore, the SST data from the years 2015-
16 may have matched the events of the most recent ENSO event and caused a slight
increase in phytoplankton productivity, thus increasing ocean outgassing. However, the
SST data do not strongly correlate with OCS surface concentrations (R*=0.1028),
requiring further investigation to determine the cause of the 2016 enhancements.
Ocean-surface OCS concentrations were found to highly correlate with surface
water primary productivity (Andreae & Ferek, 1992), therefore warm waters induced by
El Nifio could have an effect on OCS concentrations. Buoy and SST anomaly data were
also collected for the years 1997-1998 because of the historical El Nifio event occurring
during this time, and with the intent of comparing them to the 2015-2016 SST data that

marked another historical El Nifio event. The 2015-2016 buoy data do have generally
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higher SST values than the temperatures in 1997-1998 (Table 3), but we lack OCS
concentration data from 1997-1998 to permit correlation between El Nifio events and
OCS concentrations.

In summary, elevated OCS concentrations were detected at the surface from
samples over the Santa Barbara Channel taken in June, 2016. These results are a big deal
because they are implying that aircraft measurements are underestimating emissions of
compounds like OCS at the surface, since aircraft sampling typically occurs at a
minimum altitude of 500 ft which is not low enough to capture surface elevations. This
underestimation has huge influences on global models and accurate estimates of emission
sources. Recognizing the limitation of this year’s data set with only five surface samples,
future work for this study should start with collecting more surface samples from the
Santa Barbara Channel to further track the OCS surface phenomenon from this year. It is
important to continue measuring OCS to both strengthen our understanding of its sources
and sinks, and to better understand its implications for countering global climate change
through its contribution to stratospheric aerosols (Briihl et al., 2012), which exert a

radiative cooling force and act to offset the effects of global warming.
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APPENDIX

Table A1. Surface can samples collected from previous SARP campaigns in 2009, 2012,
2014, and 2015 at various locations on the coast of California and on the Pacific Ocean.
Includes location and carbonyl sulfide concentration for each sample.

Date Latitude Longitude Location OCS (pptv)
7/24/09 36° 36'35.3" N 121° 53'40.3" W Monterey Bay, CA 551
7/24/09 n/a n/a Monterey Bay, CA 561
7/24/09 n/a n/a Monterey Coast 542
7/24/09 n/a n/a Monterey Coast 538
7/24/09 n/a n/a Monterey Coast 547
7/24/09 36° 36'35.3" N 121° 53'40.3" W Monterey Bay, CA 560
7/25/09 35°20'7.2"N 120° 51'45.3" W Morro Bay, CA 587
7/5/12 34° 24’ 18" N 119° 51° 48" W Santa Barbara Channel 451
7/5/12 34° 24’ 8" N 119° 51' 36" W Santa Barbara Channel 436
7/5/12 34° 23 24" N 119° 54’ 36" W Santa Barbara Channel 432
7/5/12 34° 24’ N 119° 53 24" W Santa Barbara Channel 425
7/5/12 34° 23 11" N 119° 50° 55" W Santa Barbara Channel 448
6/25/14 34° 22 48" N 119° 42’ W Santa Barbara Channel 518
6/25/14 34° 22 48" N 119° 42’ W Santa Barbara Channel 529
6/25/14 34° 23 24" N 119° 43 48" W Santa Barbara Channel 486
6/25/14 n/a n/a Santa Barbara Channel 498
6/25/14 34°24'39.5" N 119° 50' 52.2" W UCSB NE of Lagoon 503
6/25/14 n/a n/a UCSB 498
6/25/14 34°24'22.0" N 119° 50' 36.3" W Campus Point Beach, 525
UCSB
6/11/15 36° 55'36" N 121° 55' 54" W Monterey Bay, CA 572
6/24/15 34° 22' 74" N 119°43' 77" W Santa Barbara Channel 582
6/24/15 34°24'38" N 119° 53' 28" W Santa Barbara Channel 581
6/24/15 34° 23' 65" N 119° 43' 92" W Santa Barbara Channel 544
6/24/15 34°24'21" N 119° 53'43" W Santa Barbara Channel 561
6/24/15 34° 27' 32" N 120° 3' 92" W Santa Barbara Channel 532
6/25/15 34° 27 29" N 120° 1" 22" W Refugio State Beach 548
7/12/15 34°24'15" N 120°13'43" W Gaviota State Beach 529
7/12/15 34°24'15" N 120°13'43" W Gaviota State Beach 528
7/12/15 34° 25'54" N 119° 55' 3" W Haskell’'s Beach 516
7/2/15 34° 28' 26" N 120° 8' 24" W Santa Barbara Channel 514
7/2/15 34°27' 37" N 120° 1' 40" W El Capitan Beach 559
7/12/15 34°27' 37" N 120° 1' 40" W El Capitan Beach 551
7/2/15 34°27'31"N 120° 1' 28" W El Capitan Beach 498
7/12/15 34° 25'54" N 119° 55' 2" W Haskell’'s Beach 598
7/2/15 34°24'37" N 119° 52' 36" W UCSB 556
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Figure A1. NOAA’s buoy stations 46054 (left) and 46053 (right) located in the Santa
Barbara Channel at 34°15'53" N 120°28'37" W (left) and 34°15'9" N 119°51'12" W

(right).
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Figure A2. SST anomalies for June, 1997-1998 obtained from NOAA/NESDIS and
highlighting the record-breaking El Nifio event that brought higher than normal SST to
California coast. Violet arrow distinguishing study region.
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Figure A3. SST anomalies for June 18", 2009 obtained from NOAA/NESDIS. Violet

circle indicates study region.
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Figure A4. SST anomalies for June 18™, 2012 obtained from NOAA/NESDIS. Violet
circle indicates study region.
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NOAA/NESDIS SST Anomaly (degrees C), 6/16/2014
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Figure A5. SST anomalies for June 16", 2014 obtained from NOAA/NESDIS. Violet
circle indicates study region.
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NOAA/NESDIS SST Anomaly (degrees C), 6/18/2015
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Figure A6. SST anomalies for June 18" 2015 obtained from NOAA/NESDIS. Violet
circle indicates study region.
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NOAA/NESDIS SST Anomaly (degrees C), 6/20,/2016
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Figure A7. SST anomalies for June 20" 2016 obtained from NOAA/NESDIS. Violet
circle indicates study region.
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