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Contribution of Speciated Monoterpenes to Secondary Aerosol in
the Eastern North Atlantic
Delaney B. Kilgour, Christopher M. Jernigan, Shengqian Zhou, Eduardo Brito de Azevedo, Jian Wang,
Maria A. Zawadowicz, and Timothy H. Bertram*

ABSTRACT: Extension of laboratory results suggests that
monoterpenes, a subset of marine biogenic volatile organic
compounds, might play a competitive role in secondary aerosol
formation in the remote marine atmosphere, where the oxidation
of dimethyl sulfide has traditionally been thought to dominate.
However, the current assessment of the role of monoterpenes in
secondary aerosol formation in the remote marine atmosphere is
limited by the scarcity of speciated monoterpene measurements
and the complete absence of collocated measurements of particle
chemical composition and monoterpene speciation. Here we
present measurements of gas-phase volatile organic compounds,
with particular focus on speciated monoterpenes, and commensu-
rate measurements of aerosol chemical composition in the Eastern
North Atlantic. The average monoterpene concentration in periods of marine air was 14 ± 10 ppt, and the dominant isomer was β-
pinene (46 ± 10%), with other contributions from α-pinene, limonene, and β-ocimene. The total monoterpene concentration in
marine air was greater than that of isoprene by a factor of 3.9 on average, in contrast to prior research and potentially due to the large
β-pinene contribution. Monoterpenes were significantly smaller in concentration than dimethyl sulfide, which was also highlighted
by the substantial contribution of sulfate to non-refractory submicron aerosol. The mean and interquartile range of the sulfate to
organic aerosol mass ratio in clean marine air were 2.7 (0.7−3.4). Finally, a simple box model analysis showed that the BVOC
precursors, dimethyl sulfide, methanethiol, monoterpenes, and isoprene, could sustain the measured sulfate to organic aerosol ratio
in clean marine air.
KEYWORDS: Monoterpene, isoprene, secondary organic aerosol, sulfate, marine, ocean-atmosphere

1. INTRODUCTION
The ocean is a source of volatile organic compounds (VOC),
including organosulfur molecules like dimethyl sulfide (DMS)
and methanethiol (MeSH),1 and non-sulfur organics, including
terpenes, oxygenated VOC, amines, and halocarbons.2,3 The
emission and oxidation of these reactive trace gases regulate
oxidant loadings,3,4 the production of secondary aerosol and
their growth to cloud condensation nuclei sizes,5,6 and cloud
properties.7−9 Secondary aerosol formation in marine environ-
ments is thought to be driven by the oxidation of DMS leading
to the formation of the condensable products sulfuric acid and
methanesulfonic acid,7,10−12 with the oxidation of terpenes and
other organics contributing less. This idea stems in part from
the large and relatively well-constrained emission inventories
for DMS, currently estimated at 27.1 Tg S yr−1.13

However, findings from several recent field studies in remote
marine environments challenge this assumption. For example,
in the Arctic, Willis et al. (2016) measured the growth of small
particles into sizes greater than 50 nm, and the event was
correlated with the presence of organic species.14 In the

Eastern North Atlantic, Zheng et al. reported that 24% of 62
observed growth events over a 14-month period were driven
by organics.15 Both studies lacked collocated measurements of
the chemical precursors but hypothesized the source of
condensable material was marine biogenic VOC (BVOC,
e.g., terpenes)14,15 or abiotic oxygenated VOC (e.g. alkanals)15

produced at the air-sea interface via photolysis or ozone
deposition.
While heterogeneous reactions at the ocean surface can lead

to the production of oxygenated VOC including alkenals and
alkanals at high yield,16−19 little is currently known about the
potential of these molecules to form secondary organic aerosol
(SOA) in low NOx regimes characteristic of the marine
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atmosphere. On the contrary, the oxidation of marine biogenic
organics such as monoterpenes (MT) and isoprene is
comparatively well-studied due to the ubiquitous source of
terpenes in terrestrial environments where NOx is similarly low
and where their oxidation leads to the rapid formation of
highly oxygenated molecules (HOM) and drives particle
formation and growth.20−23 MT react with the hydroxyl radical
(OH) and ozone (O3) at least an order of magnitude faster
than DMS,24 and their reactions with O3 can form HOM at up
to 5% molar yield and SOA at up to ∼20% molar yield.21,25

Given the open questions regarding the extent to which
organics contribute to secondary aerosol formation in marine
environments and the large body of laboratory work
constraining isomer-specific MT oxidation, we focus the
following analysis on measurements of marine MT and their
relative potential to contribute to secondary aerosols in the
remote marine atmosphere.
A variety of MT isomers have been measured in laboratory

monoculture studies of marine phytoplankton, with production
rates dependent on phytoplankton speciation and external
environmental stressors, including solar irradiance, temper-
ature, and nutrient availability.26−28 Meskhidze et al.
conducted temperature- and light-dependent experiments for
two diatom species and found a strong temperature depend-
ence in α-pinene production rates that peaked before falling off
at higher temperatures near 26−30 °C.28 These studies also
showed that MT production rates are often at least an order of
magnitude lower than isoprene production rates for com-
parable experimental conditions.27,28 Many of the same MT
isomers measured in phytoplankton monoculture experiments
are also emitted from terrestrial plants29 and can have light-
and temperature-dependent emission patterns.30 One noted
difference is that marine MT can be halogenated due to the
high dissolved concentration of halides and are more likely to
be acyclic than terrestrial MT.31,32

MT have been measured in the marine atmosphere during a
handful of field studies.26,33−39 Given the large terrestrial
source of MT, marine MT datasets must be collected on
remote cruise transects or carefully quality-controlled. Few
marine MT field measurements exist to date reporting isomer-
specific measurements. In the Southern Atlantic Ocean, Yassaa
et al. (2008) observed α-pinene to be the overwhelmingly
dominant isomer and measured its concentration at up to 225
ppt in blooming, highly biologically active waters.26 However,
all MT values were at or below their detection limits (1−5 ppt,
isomer-dependent) in regions with low biological activity.
They found that α-pinene was moderately correlated with
chlorophyll-a and isoprene, which ranged from approximately
five times greater than MT to roughly equivalent. Hackenberg
et al. (2017) measured six MT isomers on cruises in the
Atlantic and Arctic Oceans and reported significantly lower
total MT concentrations of on average up to 7 ppt.35 All MT
isomers were present in similarly low concentrations in the
Arctic; in the Atlantic, the dominant MT isomer was limonene,
with contributions from two acyclic isomers, myrcene and
ocimene. This work observed no correlation between MT and
isoprene or any water-side biological indicators. Further, while
not in the remote ocean, Uning et al. (2021) reported sea to air
fluxes of speciated monoterpenes, averaging 51% β-pinene,
33% α-pinene, and 17% limonene based on cartridge sampling
in an upwelling region off the east coast of Peninsular
Malaysia; isoprene flux was approximately twice as large as the
total MT flux and was well-correlated.37 Lastly, Tokarek et al.

(2017) reported measurements of speciated monoterpenes
from Vancouver Island and showed that near-shore kelp
vegetation can be a limonene source, though emission rates
from kelp and associated diurnal-dependencies are not yet
known.38,39

At present, there are too few measurements of MT
concentrations and emission rates available to adequately
constrain the spatiotemporal and biogeochemical variability in
marine MT emission fluxes. As a result, parametrizations of
MT emission rates are highly uncertain. A GEOS-Chem study
estimated the global marine MT flux to be 0.01−29.5 Tg C
yr−1 from bottom-up and top-down methods,40 respectively,
where the top-down estimate was based on the α-pinene
measurements by Yassaa et al. (2008). However, using the
dissolved, speciated MT measurements by Hackenberg et al.
(2017), the oceanic MT flux term was more recently estimated
at 0.16 Tg C yr−1.35 Additionally, without more speciated
measurements, it is difficult to constrain how these flux
estimates influence aerosol production and atmospheric
reactivity.
Here we present measurements of marine BVOC concen-

trations, focusing on speciated monoterpenes in the Eastern
North Atlantic. This dataset was collected by a Vocus proton
transfer reaction mass spectrometer coupled to an online gas
chromatograph during the Aerosol Growth in the Eastern
North Atlantic study on Graciosa Island, Azores during
Summer 2022. The measurements provide the first reported
observations of MT in this region and are used to investigate
biogeochemical controls on MT speciation and concentration
in different marine air masses. We last evaluate the extent to
which MT are a competitive secondary aerosol source in clean
marine air at this site, relative to the sulfur species DMS and
MeSH and other organics.

2. MATERIALS AND METHODS
2.1. Site Description. Measurements took place June 1,

2022 to July 15, 2022 (day of year (DOY) 152−196), at the
Eastern North Atlantic (ENA) Atmospheric Radiation
Measurement (ARM) Facility on Graciosa Island, Azores,
Portugal. The site is located on the island’s northern coast,
approximately 400 m from the shore and roughly 100 m from
the runway of Graciosa Airport. A pollution flag (Supporting
Information S1) was developed for this study using continuous
measurements of tracer molecules at the site. VOC
observations reported represent clean air, as defined by this
flag.
2.2. VOC Measurements by RT-Vocus and GC-Vocus.

A Vocus proton transfer reaction time-of-flight mass
spectrometer (Vocus; Aerodyne Research, Inc. and Tofwerk
AG)41 (E/N 141 Td) made continuous measurements of
VOC at a 10 m sampling height through a 3/8″ O.D., 1/4″
I.D. 19 m long perfluoroalkoxy alkane (PFA) tube that was
heated to 30 °C. The full inlet tube was pumped at 5.2 L/min
(lpm), with the Vocus subsampling 0.1 lpm through a tee
immediately in front of the Vocus capillary inlet. Isotopically-
labeled dimethyl sulfide (d3-DMS) from a gas cylinder
standard (1.140 ppm ± 5% d3-DMS; Airgas) was continuously
added to the top of the inlet to track changes in instrument
sensitivity, resulting in a constant d3-DMS concentration of
550 ppt. Instrument backgrounds were determined by
overflowing the full inlet tube with zero air from a zero-air
generator (Sabio 1001) for four min every 30 min.
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A gas chromatography (GC) system with in situ thermal
desorption preconcentration was coupled to the Vocus
(Aerodyne Research, Inc.) for isomer-specific VOC detection
of C5−C12 VOC and C2−C10 OVOC.42 1.5 or 3 L of sample
air was subsampled at 0.15 lpm from the main inlet through a
tee directly in front of the GC inlet. Sample passed through a
heated sodium sulfite (Na2SO3) oxidant trap designed to
remove O3, then into a multibed sorbent tube (Tenax TA/
Graphitized Carbon/Carboxen 1000, Markes International),
and finally into a multibed cold trap (Tenax TA/Carbopack X/
Carboxen 1003, Markes International). The flow was injected
onto a GC column (MXT-624, Restek), which followed a
programmed temperature ramp from 35−225 °C.
Data collection was split between sampling ambient air in

real-time directly through the Vocus (RT-Vocus), saved at 1
Hz, and sampling ambient air first through the coupled GC
preconcentration system (GC-Vocus), with chromatographic
separation saved at 5 Hz. Each day consisted of primarily RT-
Vocus collection, with two to four ambient and zero air
chromatograms collected by the GC-Vocus to capture isomer-
specific diurnal profiles. Extra details on ambient measure-
ments are in Supporting Information S2.
RT-Vocus was used to quantify DMS, MeSH, and total MT,

while GC-Vocus was used to quantify isoprene and speciate
the quantified MT. The GC-Vocus was required for
quantifying isoprene due to non-isoprene molecules fragment-
ing to the RT-Vocus molecular ion for isoprene. RT-Vocus
limits of detection for DMS, MeSH, and MT at a signal-to-
noise ratio of 3 at 5 min averaging time were 1.8, 5.1, and 2.5
ppt, respectively.43 GC-Vocus isoprene limit of detection was
6.8 ppt for 1.5 L preconcentration and 2.0 ppt for 3 L
preconcentration.42

The major MT isomers (α-pinene, β-pinene, and limonene)
(accounting for on average 96% of the total GC-Vocus MT
signal) were identified via monoterpene standards. We note
that there exist numerous MT isomers in the NIST Chemistry
WebBook expected to elute in a narrow retention time range,
and all identifications are best assignments based on standards,
retention indices, and speciation reported in the literature.
Limonene is reported as a combined peak with β-ocimene, as
they eluted too close to each other for separable peak fitting
(Fig. S2). MT isomers were assumed to have equivalent
sensitivity, meaning the fractional MT isomer contribution was
based on the peak area. More details on calibration factors,
VOC uncertainties, the decision to quantify isoprene with the
GC-Vocus,44 and isomer identification are in Supporting
Information S3−S4 and Fig. S1−S3.
2.3. Supporting Measurements. Several continuous

measurements at ENA provided by ARM45 were utilized in
this analysis, including aerosol chemical composition,46 carbon
monoxide (CO),47 O3,

48 and meteorological properties,49 all
measured from a 10 m inlet height. Chemical composition of
non-refractory aerosol was measured with an aerosol chemical
speciation monitor (ACSM; Aerodyne Research, Inc.) and was
corrected for composition-dependent collection efficiency.50

ACSM detections limits were assumed to be equivalent to
those reported in the literature, resulting in 30 min detection
limits of 0.148 μg m−3 for organic aerosol and 0.024 μg m−3 for
sulfate aerosol.51 Points below the detection limit were
replaced with half the detection limit for interpretation of
the sulfate/organic ratio and for reporting statistics.52 A
sensitivity test evaluating how the detection limit treatment
affected ACSM statistics is in Fig. S4. During the entire study,

the percentages of 30 min time points below the detection
limit were 42% for organic aerosol and 2.1% for sulfate aerosol,
and these increased to 46% and 4.7%, respectively, during just
the marine periods discussed in what follows. ACSM data was
not flagged for pollution as no statistically significant
enhancement of organic and sulfate aerosol mass concen-
trations under polluted conditions was observed (Fig. S5). Sea
surface temperature (SST) was recorded by a buoy
approximately three nautical miles east of ENA (39° 05.208′
N, 27° 57.732′ W).53 A near island chlorophyll-a time series
was calculated from weekly MODIS chlorophyll-a,54 and air
mass back trajectories were computed with the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT)
model.55 Details on the supporting instrumentation and
datasets are in Supporting Information S5.

3. RESULTS
3.1. Meteorology Overview and Assignment of Air

Masses. Meteorological properties and ocean biogeochemical
variables observed during the study period are presented in
Fig. 1. The average and interquartile range of wind speed were

4.7 m s−1 (3.3−5.9 m s−1), with maximums generally in the
afternoons (13:00−16:00 UTC) (Fig. 1a). Winds most often
originated from the north and southwest and rarely traversed
the island from the southeast (Fig. 1a). O3 did not exhibit a
diurnal profile and measured 25 ppb (18−31 ppb) average and
interquartile range; a few instances of much higher O3, up to
51 ppb, were recorded, which could signify long-range
transport or photochemical production (Fig. 1b). CO
measured 78 ppb (70−84 ppb) average and interquartile
range. Quick spikes in CO concentration were observed due to
nearby anthropogenic activities but were mostly averaged out
at 1 h time resolution (Fig. 1b). Both air temperature and SST

Figure 1. Study time series at 1 h averaging of (a) wind speed and
wind direction, (b) O3 and CO, (c) air temperature at ENA and SST
near ENA, and (d) chlorophyll-a in the Azores region. Periods of
marine air discussed throughout are boxed in dashed lines.
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increased as the study progressed, ranging between 15−23 and
17−22 °C, respectively. Lastly, chlorophyll-a, derived from the
near island MODIS time series, was low throughout the last 5
weeks, indicating minimal oceanic biological productivity
detected by satellite in the surrounding ocean. The average
and interquartile range of chlorophyll-a concentration was 0.18
mg m−3 (0.12−0.18 mg m−3), which is characteristic for the
Azores region during summer months.56

As discussed previously, MT has both terrestrial and oceanic
sources and short atmospheric lifetimes, with the dominant
oxidants at this site being OH and O3. For an OH
concentration of 2 × 106 molec. cm−3 and O3 concentration
of 25 ppb, when considering the four major observed isomers,
MT lifetime can range 0.5−3 h at 298 K with respect to OH
(bracketed by β-ocimene and α-pinene) and 1−20 h at 298 K
with respect to O3 (bracketed by β-ocimene and β-pinene).
Due to minimal diurnal variability in boundary layer height at
this site, the time-varying loss of VOC was primarily from
oxidation. Periods of primarily marine and minimal terrestrial
influence were determined by filtering for winds 330°−360°
and 0°−90°, resulting in 44% of the data being classified as
marine. This range in wind direction was set to keep the time
of air traveling over land at the average wind speed to less than
10% of the lifetime of the most reactive observed isomer, β-
ocimene. Given that air was sampled from a small island,
making identification of marine periods by the inclusion of
marine chemical tracers or exclusion of terrestrial chemical
tracers difficult, we note that this is a best approximation for
marine air masses, but there could still be some hyperlocal
terrestrial influence affecting the data. Based on the wind filter,
roughly 75% of the marine data fell in three distinct periods,
with Period 1 corresponding to DOY 160.9−165, Period 2
corresponding to DOY 169.2−174.2, and Period 3 correspond-
ing to DOY 185.3−190.5, highlighted in the boxed regions in
Fig. 1 and in subsequent figures. Small wind shifts near the
threshold resulted in 2% of Period 1 and 2.3% of Period 3 not
passing the filter requirement but were included in the analysis.
These three periods had distinct 48 h back trajectories, where
Period 1 came from the west and later northeast, Period 2
came from directly north, and Period 3 came from the
northeast. Representative back trajectories for each period are
plotted over the June 2022 MODIS chlorophyll-a map in Fig. 2
and over the June 2022 MODIS SST map in Fig. S6. These
trajectories were within the boundary layer for the previous 48
h. Since the MT lifetime is short, its biological production is
most sensitively measured in the region close to ENA where
there is little gradient in chlorophyll-a and SST.
3.2. BVOC Observations. The campaign time series of

MT, isoprene, DMS, and MeSH is shown in Fig. 3. MT
concentrations were highest in the early morning hours and
lowest in the afternoons (Fig. 4a), indicating that its diurnal
profile was primarily controlled by daytime OH oxidative
removal rather than light- and temperature-dependent
emission. Daily peak MT concentrations ranged considerably
during the campaign, from 7.0 to 150 ppt, and averaged 20.0
ppt. We observed an increase in daily maximum MT
concentrations in all air masses as the study progressed (Fig.
3a), which was coincident with increased SST and air
temperatures. MT concentrations in marine air masses were
typically lower than closely-matched time points in terrestrial
air masses. The average MT concentration in the first two
marine periods was 9 and 8 ppt and roughly three times higher
at 25 ppt in the third period (Table 1). These total MT

concentrations are similar to Atlantic Ocean observations from
the AMT22 cruise35 and large swaths of the HiWinGS cruise.34

They are also similar to the distant bloom measurements in
Yassaa et al. (2008) where in-situ chlorophyll-a measured less
than 0.5 mg m−3, but they are at least an order of magnitude
lower than the MT measurements made in more biologically
active regions.
While the MT concentration was highly variable, we find

that MT speciation was more stable across the entire campaign
and between marine air masses. The colored background in
Fig. 3a shows the fractions of the major identified MT isomers
using GC-Vocus, which are reported for each period in Table
1. We observed a combination of endocyclic, exocyclic, and
acyclic monoterpene isomers. During the first two marine
periods where total MT concentration was low, MT speciation
was comparable, with approximately 24% α-pinene, 40% β-
pinene, and 32% combined limonene and β-ocimene. The β-
pinene contribution increased to 52% during the third marine
air period, and the remaining composition was roughly equally
split between α-pinene and combined limonene and β-
ocimene. Despite similar concentrations to those reported in
Hackenberg et al. (2017), the major isomers in this study are
different than their measurements, where the largest
contributions were from limonene, ocimene, and myrcene.
Our MT speciation most closely aligns with the distribution of
speciated fluxes reported from the upwelling region off
Peninsular Malaysia.37 Despite atmospheric measurements of
halogenated species like bromoform by the RT-Vocus (Fig.
S7) and high concentrations of dissolved halides in the ocean,
we did not find halogenated terpenes above the detection limit
in this dataset.
Isoprene averaged 8.0 ppt across the entire study and

showed a diurnal profile with near-zero concentrations in the
early morning hours and maximums in the afternoons near
15:00 UTC (Fig. 4b), characteristic of its light- and
temperature-dependent production pathways outweighing
daytime oxidative loss. Because only three to four ambient
chromatograms were collected daily, this diurnal profile in Fig.
3b appears as oscillating between the baseline and non-zero
concentrations in some periods. Average isoprene concen-
trations during marine periods were 7.1, 6.9, and 12 ppt,

Figure 2. (a) Representative 48-hour back trajectories determined for
the three periods of marine air overlaid on the June 2022 chlorophyll-
a map collected by MODIS. The black trajectory arrived on DOY
161.5, the magenta trajectory arrived on DOY 171.5, and the green
trajectory arrived on DOY 188.5. Large triangles represent 24-hour
increments, and small triangles represent 6-hour increments. (b)
Zoom in to 12-hour back trajectories corresponding to red inset box.
Trajectory analysis was completed with the HYSPLIT model55 using
GDAS meteorological data as input.
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respectively, which is within the range of marine isoprene
measurements reviewed by Shaw et al. (2010). Furthermore,
these values closely align with more current remote marine
isoprene measurements reported by Kim et al. (2017) in the
Atlantic Ocean and Mungall et al. (2017) in the Arctic Ocean.
Other field-based studies have observed correlations between
isoprene and MT,26,37 but given the contrasting diurnal profiles
of isoprene and MT (Fig. 4), the significantly fewer data points
available for isoprene quantifications, and lack of dissolved
waterside measurements and sea to air fluxes, we were unable
to draw conclusions on the potential correlation in this dataset.
Contrary to previous laboratory studies measuring isoprene
and MT production rates from phytoplankton monocul-
tures27,28 and field-based observations,26,34,37 we measured
consistently larger atmospheric MT concentrations than
isoprene concentrations, with the average MT to isoprene
ratio greater than 1 during all marine periods (Table 1). This
could also be a result of the atmospheric lifetime. The Henry
law and diffusion constants for isoprene and MT are similar
(0.029 M atm−1 and 9.6 × 106 cm2 s−1 for isoprene and for one
example, 0.050 M atm−1 and 7.5 × 106 cm2 s−1 for β-
pinene),57,58 implying the dissolved concentration ratio in the
ocean is directly related to the emission ratio. Isoprene reacts
with OH faster than β-pinene, suggesting part of the
discrepancy in MT to isoprene ratio compared to prior
measurements could be attributed to atmospheric oxidative
lifetime or an isoprene source farther than the MT source,
resulting in lower isoprene concentrations measured at the site.
Lastly, while we have carefully filtered the data for periods of
primarily marine influence, given that the measurement site
was located on an island and diurnal emission profiles of
terrestrial and marine terpenes are expected to be similar, it is
possible there was a hyperlocal terrestrial MT source that

Figure 3. Study time series of (a) total MT measured by RT-Vocus and colored by fractional contribution of MT isomers measured by GC-Vocus,
(b) isoprene measured by GC-Vocus, and (c) DMS and MeSH measured by the RT-Vocus. RT-Vocus measurements have pollution events filtered
out.

Figure 4. Campaign average diurnal profiles in local time for (a) MT,
(b) isoprene, (c) DMS, and (d) MeSH. Diurnal profiles are averaged
across all study days and not filtered for marine- or terrestrial-
influenced periods. MT, DMS, and MeSH are from the RT-Vocus,
and isoprene is from the GC-Vocus.
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inflated MT concentrations and contributed to the divergence
relative to prior marine MT to isoprene ratios. It is difficult to
determine the extent to which a terrestrial MT source might
have influenced the dataset due to both marine and terrestrial
terpenes having similar light- and temperature-dependent
controls on their production.27,59,60

The campaign DMS and MeSH time series is shown in Fig.
3c. DMS and MeSH averaged 107 ± 69 and 15 ± 12 ppt,
respectively, and were tightly correlated (R2 = 0.60). The sum
of DMS and MeSH did not track with MT during any marine
periods, showing a weak negative correlation (R2 = 0.13)
during the first period, no correlation (R2 = 0.01) during the
second period, and a weak positive correlation (R2 = 0.16)
during the final period. These low correlation coefficients
could be indicative of their different oceanic sources and
biogeochemical controls and a result of the shorter MT
lifetime relative to the dominant sulfur species, DMS. This was
also apparent in the range in MT to (DMS+MeSH) ratios
across all marine periods, which ranged 0.06−0.32 on average
(Table 1). The variability in the MT to sulfur ratio has
important implications for the formation, growth, and
composition of secondary aerosol at this site and will be
revisited in detail in Section 4.2.

4. DISCUSSION
4.1. Potential Controls on MT Speciation and

Concentration. Here we evaluate how ocean biological and
meteorological variables and atmospheric oxidation chemistry
might have impacted the speciation and concentration of MT
during marine periods at this site. The phytoplankton
community in the Azores-region of the Eastern North Atlantic
is dominated by coccolithophores, diatoms, and dinoflagellates
in spring and summer months.61−63 These phytoplankton
species are known MT-producers with unique emission rates
dependent on type and environmental stressors.26,28 Addition-
ally, the surrounding shore of Graciosa Island has documented
occurrences of kelp species, which can be monoterpene
producers and provide a near-shore source in line with our
observations.38,64 During summer months, the water is often
oligotrophic,56 in line with MODIS-derived chlorophyll-a
during this study, and nutrient-limited dependent on mixed
layer depth.62 Without additional measurements of phyto-
plankton or macroalgal speciation and information about the
stage of a potential bloom, we use the bulk MODIS-derived
chlorophyll-a to hypothesize that there was a relatively low
dissolved MT concentration and stable speciation during the
first two marine periods. This could be a result of a low-
producing phytoplankton or kelp community in the near-
Azores region or efficient dissolved MT sinks. Since wind
speeds were relatively low and constant preceding the third

marine period, the increased MT concentration and different
speciation during the third period is likely not reflective of
changes in the mixed layer depth leading to vertical mixing and
enhanced MT at the surface of the water column.
Instead, we suggest that the changing MT speciation and

increased concentration during the third period is due to a
directly offshore localized micro- or macroalgal bloom not
detected by MODIS at 0.1° × 0.1° resolution and/or due to
enhanced emissions from the warmer SST. Prior experiments
showed α-pinene emission rates for the two diatom strains
tested increased over the SST range observed here except
during the low light conditions representative of nighttime
conditions.28 This experiment was only tested at two
temperatures within our field observations, at 18 and 22 °C,
so it is unclear whether this relationship can be explained
mathematically. However, it is well-known that terrestrial MT
emissions are analogously influenced by leaf temperature, and
this temperature dependence can be described by an
exponential relationship with coefficients specific to plant
type.65 We explore whether marine MT could have an
exponential dependence on SST using the data points in the
three marine periods, plotting the MT concentration as a
function of SST in Fig. 5a and the MT concentration as a

function of air temperature in Fig. 5b. MT concentration
displayed an exponential relationship with SST with a
moderate correlation (R2 = 0.45), and total MT at higher
SST had an increased contribution from the dominant isomer,
β-pinene. Conversely, the MT concentration during the marine
periods displayed a much weaker exponential correlation (R2 =
0.09) with air temperature, lending credence to the expectation

Table 1. Trace Gas Concentrations and MT Speciation during Marine Periods 1, 2, and 3, and All Periods That Fit the
Terrestrial Criteriaa

Period DOY
Total [MT]

(ppt)
[MT] /

[Isoprene]
[MT] / [DMS +

MeSH]
Fraction α-
pinene

Fraction β-
pinene

Fraction Limonene +
β-Ocimene

[O3]
(ppb)

Marine 1 160.9−165.0 9 ± 6 1.7 (1.3−2.2) 0.16 (0.05−0.21) 0.25 ± 0.05 0.38 ± 0.10 0.30 ± 0.08 37 ± 5
Marine 2 169.2−174.2 8 ± 4 1.8 (0.7−2.9) 0.06 (0.04−0.06) 0.22 ± 0.07 0.41 ± 0.11 0.33 ± 0.11 26 ± 10
Marine 3 185.3−190.5 25 ± 9 6.2 (1.0−10.) 0.32 (0.18−0.37) 0.21 ± 0.05 0.52 ± 0.04 0.23 ± 0.04 25 ± 7
Terrestrial DOY Fitting Terrestrial

Criteria
23 ± 21 10. (1.8−9.9) 0.30 (0.09−0.35) 0.25 ± 0.05 0.46 ± 0.09 0.26 ± 0.07 22 ± 8

aTrace gas concentrations and speciation are reported as the average and standard deviation, whereas the two BVOC ratios are reported as the
average and interquartile range. [MT]/[Isoprene] is based on linearly interpolating RT-Vocus MT to GC-Vocus isoprene time stamps.

Figure 5. Regression of total MT concentration during the three
discussed marine periods against (a) SST and (b) air temperature at
ENA, both colored by the fraction of MT that is β-pinene. As the GC-
Vocus did not simultaneously sample with RT-Vocus, the GC-Vocus
β-pinene fraction was linearly interpolated to match RT-Vocus time
points.
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that MT in these air masses were primarily sourced from the
ocean. Assuming constant dissolved concentrations and
Henry’s law constants dependent on temperature for the
range 17−20 °C, and ignoring small enhancements in transfer
velocity from greater diffusion over this narrow temperature
range, we calculate a maximum 10−20% increase in airside
concentration for all BVOC discussed. However, SST-depend-
ences are not found for other BVOC reported in Fig. 3, leading
us to believe that the relationship between MT concentration
and SST could be a result of a biological process, such as
phytoplankton stress.28 The moderate SST-dependence
reported here is in contrast to the findings of Hackenberg et
al. (2017), where no relationship between MT and SST was
observed across an approximately 30 °C SST range. Future
field studies should further explore this relationship to
determine whether it is robust across a wider SST range
than observed in this study and across different oceanic regions
and biogeochemical regimes.
Lastly, we explore whether ambient oxidation chemistry can

explain the differences in MT concentration and speciation
among the three marine periods in Table 1. Since this study
occurred during consecutive 6 weeks and at a remote marine
site, for the purpose of this discussion, we assume the average
OH concentration is constant across study days66 and the
nitrate radical concentration is negligible. As a result, O3 is the
dominant variable influencing differences in ambient oxidation
chemistry. If O3 alone was responsible for varying MT
concentration, then it would be expected that periods with
high O3 would have the lowest MT concentration and periods
with similar O3 would have approximately equivalent MT
concentration. The difference in the level of O3 was 11 ppb on
average between periods 1 and 2, which is not large enough to
observe detectable differences in MT concentrations beyond

the variance in each period. However, the idea that ambient O3
concentrations could be the sole driver of MT concentration
differences is inconsistent with observations in periods 2 and 3,
where the level of O3 was approximately equivalent but the
MT concentration was a factor of 3 different. Furthermore, if
we prescribe a constant MT flux speciation and vary the
amount of O3 to match observations, the period experiencing
the highest O3 would have the greatest fraction of the least
reactive isomer, β-pinene, which is again inconsistent with the
measurements. While simple, these exercises demonstrate that
some ocean biogeochemical control, rather than just
atmospheric O3 oxidation, is required to match measurements.
4.2. Contribution of MT to Secondary Aerosol. In the

following section, the VOC measurements are discussed in the
context of aerosol measurements at the site. We focus on VOC
serving as aerosol precursors, which we define here as the
sulfur species, DMS and MeSH, and organic species, including
MT, isoprene, and other large organics (C6 and greater),67 and
denoted as total aerosol precursor concentration. The
collection of C6 and larger organics were measured by the
RT-Vocus at CxHy

+ and CxHyOz
+ ions and were filtered based

on an approximate detection limit, correlation to reduce
overcounting fragments, and calibrated with the mean
calibration factor to known quantified C6 and larger organic
molecules. Approximately half of the C6 and larger organics
were accounted for by five RT-Vocus ions consistent across
marine periods (Fig. S8). The highest concentration ion
contributors (C6H11

+, C7H13
+) corresponded to hexanal and

heptanal, two aldehyde molecules which can have abiotic
sources (Fig. S9).18 The remaining organic precursor
concentration was split among many ions equivalent to sub-
ppt concentrations individually, resulting in their molecular
information falling below the GC-Vocus detection limits.

Figure 6. RT-Vocus study time series of (a) total aerosol precursor concentration in black and colored by fractional contribution of each precursor
and (b) ratio of the sum of DMS and MeSH to MT in black and ratio of the sum of DMS and MeSH to sum of all organics in blue. GC isoprene
was linearly interpolated to match RT time points. Trace gas ratios here represent a mole ratio. (c) ACSM study time series of sulfate and organic
aerosol mass concentrations, where the dots represent 30 min data collection and lines represent 6-hour averages.
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The total aerosol precursor concentration throughout the
study averaged 231 ± 86 ppt, with sulfur species 1.4 times
greater than the collection of organic molecules on average
(Fig. 6a,b). Monoterpenes notably comprised a minor fraction
of the total detected organics (sum of isoprene, monoterpenes,
and other C6 and greater organics) (19 ± 13%) (Fig. 6a). This
is also shown in Fig. 6b, where the ratio of sulfur species to MT
was large and variable throughout the study, whereas the ratio
of sulfur species to all aerosol precursor organics was
considerably lower. The greater concentration of sulfate
aerosol precursors compared to organic aerosol precursors
aligned with aerosol measurements of sulfate and organic
aerosol made by the ACSM at the site, shown in Fig. 6c. The
ACSM aerosol measurements are interpreted as representative
of secondary aerosol based on the following evidence: (1) the
ACSM is largely insensitive to primary organic material in sea
spray aerosol (SSA)68 and non-SSA refractory aerosol as it
cannot efficiently vaporize refractory aerosol,51 and (2)
primary SSA sampled by an aerosol mass spectrometer during
low-oxidant seawater wave channel experiments had sulfate to
organic ratios less than one,69 which is in contrast to what was
observed during this study where secondary aerosol is expected
to be present. During this entire study, the average mass
concentrations of sulfate and organic aerosol were 0.61 ± 0.40
and 0.32 ± 0.35 μg m−3, respectively, and the mass ratio of
sulfate to organic aerosol was consistently greater than one.
This dataset is further discussed for the marine periods

boxed in Fig. 6. In the marine air masses studied, the mean and
interquartile range of the mole ratio of sulfur to organic aerosol
precursors was 1.6 (0.8−2.2) (Fig. 7a), and the mean and

interquartile range of the mass ratio of measured sulfate to
organic aerosol (Fig. 7b) was 2.7 (0.7−3.4). The measured
sulfate to organic aerosol mass ratio in this study closely
matched the value measured in the marine boundary layer
during summer in the Northern Hemisphere as part of the
ATom-1 campaign (2.4)70 and in the Azores marine boundary
layer during summer in the ACE-ENA study (3.1).71

A 0-D chemical box model built in the Framework for 0-
Dimensional Atmospheric Modeling72 was used to evaluate the
extent to which MT, relative to other measured aerosol
precursors, contributed to secondary aerosol in clean marine
air masses. The model implemented chemistry from the
Master Chemical Mechanism v3.3.1 and included reactions for
MeSH oxidation and HPMTF formation and oxidation.1 It was
run with a static boundary layer height of 1000 m and a
constant, first-order dilution term with a 2.3 day lifetime to

approximate mixing out of the boundary layer. The model was
initialized and constrained by the diurnal average of trace gas
concentrations and meteorological measurements for the
average of all of the marine air masses studied. Oxidation by
nitrate and halogen radicals were assumed to be negligible at
this site, so VOC were only oxidized by OH, with an assumed
diurnal profile peaking at 3.3 × 106 molec. cm−3, and O3.
Sulfate was formed by oxidation of MeSH, oxidation of DMS
to SO2 through the HPMTF intermediate, and via cloud
uptake of HPMTF occurring at a rate of 1.2 h−1.73 It was
assumed that no anthropogenic SO2 was present, and long-
range transport was negligible. SOA was formed by OH- and
O3-oxidation of MT and isoprene at a lower limit, using HOM
yields,21 and at an upper limit, using SOA yields (Table
S3),25,74 where formed SOA was estimated to have a molecular
weight of 250 g mol−1. The model was allowed to run
continuously, and the sulfate/organic aerosol mass ratio was
interpreted at steady-state. This analysis assumed that the
representative marine air mass modeled was homogeneous
over the aerosol lifetime.
We find that the mean modeled sulfate/organic aerosol mass

ratio when the only aerosol precursors are DMS, MeSH, and
speciated MT was 7.5 (interquartile range 7.0−7.9) at the
lower limit and 1.6 (interquartile range 1.5−1.6) at the upper
limit. A test including isoprene in addition to MT decreased
the mean calculated sulfate/organic aerosol ratio by 1.5% to
7.4 and 16% to 1.3 at the lower and upper limits, respectively.
These modeled outputs bracket the mean observations of the
sulfate/organic aerosol mass ratio in the marine periods. We
note that dominant pathways to SOA in the model at both
limits are from the oxidation of limonene by OH (0.9−9.2%
aerosol molar yield)23,25 and O3 (5.3−21.8% aerosol molar
yield),21,25 despite limonene constituting just 15% of the total
MT concentration in the representative marine air mass. This
highlights the importance of making speciated MT measure-
ments to constrain SOA production in the marine atmosphere.
4.3. Outlook and Atmospheric Implications. MT

measurements reported here add to an extremely limited
suite of speciated MT measurements in the remote marine
boundary layer and are the first in this region of the Atlantic
Ocean. The short lifetime of MT results in measurements
being exquisitely sensitive to near-island production, where
ocean biogeochemical metrics exhibited little variability. Future
work across wider biogeochemical and spatiotemporal regimes
is needed to validate the exponential relationship observed
between the SST and MT concentrations during this study.
Additionally, the MT concentrations measured in this work are
lower than those reported in Yassaa et al. (2008) and are more
closely in line with those of Hackenberg et al. (2017). As such,
our findings are more aligned with the global oceanic MT
emission source proposed by Hackenberg et al. (2017) (0.16
Tg C yr−1), which is at the low end of the current estimate
range (0.01−29.5 Tg C yr−1).35,40 This should be further
supported with future high-time-resolution flux measurements
of marine MT to directly constrain MT emission inventories.
Interestingly, the speciation measured here is much different
than those for which global emission inventories are estimated,
indicating that even if estimates for the carbon source term
under typical oceanic conditions may be converging, the global
impacts for atmospheric oxidation capacity and SOA still have
considerable uncertainty. Lastly, our findings suggest that
during this remote marine study, on average, marine organic
aerosol is minor relative to sulfate aerosol, and SOA formed

Figure 7. Histogram for all marine periods of (a) (DMS + MeSH) /
sum of all organics measured by the RT-Vocus as a mole ratio and (b)
sulfate to organic aerosol mass ratio measured by the ACSM where
below detection limit points are filled with half the detection limit.
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from a small number of BVOC can potentially explain the
observed sulfate/organic aerosol mass ratio.
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