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Abstract

Despite the significant contribution of biogenic volatile organic compounds (BVOCs) to organic aerosol
formation and ozone production and loss, there are few long-term year-round measurements of their concentrations,
and even fewer sites that are still collecting data. To address this gap, we present 1 year of hourly measurements of
chemically resolved BVOCs, collected at a research tower in Central Virginia in a mixed forest representative of
ecosystems in the Southeastern U.S. Concentrations of isoprene, isoprene reaction products, monoterpenes and
sesquiterpenes will be presented and examined for their impact on ozone reactivity. Concentrations of isoprene range
from negligible, in the winter, to typical summertime 24-hour averages of 4-6 ppb, while monoterpenes have more
stable concentrations in the range of tenths of a ppb up to ~1 ppb year-round. Sesquiterpenes are typically observed
at concentrations of <10 ppt, but this likely represents a lower bound of concentrations. In the growing season, isoprene
contributes ~20-40% to for ozone reactivity while sesquiterpenes contribute a negligible amount year-round.
Monoterpenes are the most important BVOCs for ozone reactivity throughout the year. To better understand the impact
of this compound class on ozone reactivity, the role of individual monoterpenes is examined. Despite the dominant
contribution of a-pinene to total monoterpene mass, the average rate constants for reaction of the monoterpene mixture
with atmospheric oxidants is between 30% and 270% faster than a-pinene due to the minor contribution of more-
reactive compounds. A majority of reactivity comes from a-pinene and limonene (the most significant low-
concentration, high-reactivity isomer), highlighting the importance of both concentration and structure in assessing

atmospheric impacts of emissions.

Introduction

Biogenic volatile organic compounds (BVOCs) are
a significant source of reactive carbon in the atmosphere,
with an estimated 90% of BVOCs emitted from natural
ecosystems 2, In the presence of nitrogen oxides (NO
and NO;) BVOCs can react to form tropospheric ozone
(Os3), which has deleterious effects on human health and
alters vegetative function. 3-8, These reactions also result
in the formation of lower volatility gases and secondary
organic aerosol (SOA) 62 which have direct and
indirect effects on the radiative balance of the
atmosphere °. BVOCs are emitted by plants for growth,
reproduction, defense, and communication between
organisms *°. Once emitted, BVOCs can react with and
destroy Oz or can produce Os through reactions with
other oxidants (in particular, the hydroxyl radical) %12,
The impact of plant emissions on net O3 production
versus loss depends on concentrations of nitrogen oxides
(NOy), as well as the specific chemistry of the BVOCs
emitted *15, Changes in meteorological or biological
conditions stress plants and ecosystems in ways that
change their BVOC emissions and ozone uptake 68,

BVOC emissions are largely comprised of terpenes,
including isoprene (CsHg), monoterpenes (CioHis),
sesquiterpenes (CisHa4), and diterpenes (CaoHasz) 21019,
These compounds vary widely in their reaction rates with
atmospheric oxidants, so the impacts of BVOC
emissions on regional atmospheric chemistry and
composition varies with region and vegetation type 20,
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Compounds with endocyclic double bonds tend to react
faster with oxidants due to the higher substitution of
alkenyl carbons in contrast to exocyclic double bonds,
which often have one unsubstituted alkenyl carbon 2.
Faster-reacting, endocyclic monoterpenes (e.g., o-
pinene and AS-carene) and sesquiterpenes (e.g., o-
humulene and B-caryophyllene) 7?7 also have a greater
aerosol formation potential because C-C scission of the
double bond is less likely to produce high-volatility
fragments 28, Therefore, detailed speciated BVOC data is
important in understanding reactivity and formation of
ozone and SOA.

BVOCs play a crucial role in atmospheric
composition as they can account for 5-10% of net carbon
exchange in the atmosphere 2°. As such, isoprene has
been shown to play a central role in the recycling of
hydroxyl radicals in tropical forests making it an
important species for buffering the oxidative capacity of
the atmosphere *. Previous studies that have assessed
the reactivity of O3 have found that higher molecular
weight BVOCs are emitted at lower rates, but that they
make up an outsize percentage of O reactive loss due to
their faster reaction rates 3-%3, Additionally, a gap in the
understanding of the spatial and temporal variability of
BVOCs, results in inaccuracies in modeled ozone and
SOA formation .

The chemical complexity of BVOCs presents a
challenge in understanding both atmospheric oxidant



interactions and SOA production and composition. This
problem becomes more complex in a changing climate
and subsequently, with changing ecosystems. For
example, emissions have been found to increase during
a forest thinning event % and decrease during times of
severe drought and elevated CO, 3%. Additionally,
increased herbivory has been shown to increase plant
emissions and decrease the ratio of monoterpenes to
sesquiterpenes emitted, which in turn affects SOA
production and  composition 3. Therefore,
understanding oxidant budgets, SOA formation, and
future changes to ecosystems and atmospheric
composition requires a detailed chemical understanding
of BVOCs.

To better understand the role of biogenic emissions
with reactions of ozone, we present one year of
temporally and chemically resolved measurements of
BVOCs in a forest canopy representative of many
ecosystems in the eastern and southeastern U.S. We
examine here the temporal and seasonal patterns of
BVOCs that drive ozone reactivity. The specific focus of
this work is to understand the extent to which
composition of major BVOC classes may vary, and how
minor but reactive components may drive ozone
chemistry. A major outcome of this work is an average
characterization of monoterpenes that may allow model
descriptions of this chemical class to be more
representative of this environment.

Methods

Instrument location and operation

In-canopy BVOC concentrations were measured at
the Virginia Forest Lab (37.9229°N, 78.2739°W),
located in Fluvanna County, Virginia. The site is located
on the east side of the Blue Ridge Mountains and
receives some anthropogenic influence  from
Charlottesville, VA, located 25 km to the west of the site.

|

The forest canopy is comprised predominantly of maple,
oak and pine trees and is approximately 24 m tall. The
site houses a 40-meter meteorological tower, with a
climate-controlled, internet-connected lab at the bottom
supplied by line power. The measurement period
included in this work extends from September 15™, 2019
to September 15™, 2020, though measurements are
ongoing and are anticipated through at least 2021. All
results describing seasonality are divided into two
separate seasons based on approximate frost dates: the
growing season (May-October) and non-growing season
(November-April).

Figure 1 depicts the sampling and instrumentation
configuration for the automated gas chromatograph-
flame ionization (GC-FID) detector used to quantify
BVOC concentrations (the “VOC-GC-FID”). Air is
pulled from mid-canopy (~20 m above ground level) at
1300 sccm through a 1/4” ID Teflon tube in an insulated
waterproof sheath held at 45°C. Ozone is removed from
the sample using a sodium thiosulfate permeated quartz
fiber filter % at the front of the inlet, which is replaced
every 4-6 weeks. A subsample of ~70 sccm s
concentrated onto a multibed adsorbent trap composed
of : (in order of inlet to outlet) 10mg of Tenax TA, 20
mg of Carbopack X, and 20 mg of Carbopack B, with 15
mg of glass beads between each layer and at the inlet
(form Sigma-Aldrich); prior work % used a trap
composition and analytical system similar to this
instrument to sample compounds between Cs and Ci4. A
custom-built LabVIEW program (National Instruments)
operates the instrument for automated sample collection
and analysis, with sample collected for 54.5 minutes of
each hour (total sample volume: 3.8 L). Following
sample collection, the trap is thermally desorbed under a
helium backflush at 140+10 °C for 5.5 minutes,
transferring analytes through a heated 6-port valve (150
°C) to the head of the gas chromatography column in a
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Figure 1. A schematic of the VOC-GC-FID set up at Pace tower.
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GC oven (Agilent 7890B) with a helium flow rate of 5.5
sccm. GC analysis begins at the end of thermal
desorption and proceeds throughout the subsequent
sample collection, enabling hourly sample collection and
analysis. Analytes in the sample are separated using a
mid-polarity (DB-624) GC column (60m x 0.32mm X
1.8um) and detected by a flame ionization detector
(FID). Sample flow is controlled and measured by a mass
flow controller (MFC1 in Figure 1, Alicat Scientific),
and GC flow is controlled by an electronic pressure
controller (EPC in Figure 1) on-board the GC. Ultrapure
hydrogen and helium are provided from compressed gas
cylinders (5.0 grade, AirGas) as FID fuel gas (Hy), FID
makeup gas (He), and GC carrier gas (He). Air for the
FID is generated onsite at 30 psig with a zero-air
generator (Series 7000, Environics, Inc.).

Calibration and compound identification

For calibration, the sample inlet is overblown with
~1300 sccm zero air from the zero generator, optionally
mixed with a multi-component calibrant (Apel-Riemer
Environmental Inc.) at one of four different flows
(generating four different concentrations of calibrant-
zero air mixtures). A calibration sample occurs each 7t
hour, rotating between zero air only, a calibrant at a fixed
“tracking” concentration, and a calibrant at one of three
other  concentrations.  Composition and  pure
concentration of the multi-component calibrant are 40.3
ppb isoprene, 4.35-17.60 ppb monoterpenes and
sesquiterpenes, and diluted into zero air at flows of 10,
25, 50, and 100 sccm to generate dilutions of
approximately 140, 60, 30, and 15 times respectively.
Estimated limits of detection for isoprene, isoprene
oxidation products, monoterpenes, and sesquiterpenes
are 2.54 ppt, 4.29ppt, 2.18ppt, and 2.68 ppt, respectively.
LOD was estimated as the concentration that would yield
a chromatographic peak and calculated as three times the
standard deviation of the noise in the chromatographic
baseline 20 seconds prior to peak detection and added to
the mean. Concentrations reported above these levels
have an estimated uncertainty of 15%, primarily driven
by uncertainty in chromatographic integration °. In most
cases, concentrations calculated below these values are
either reported as 0.0 ppt (in cases when peaks were too
small to be integrated), or reported as calculated, but can
be assumed to high substantial error.

While an  FID  provides nearly-universal
quantification of analytes as a function of their carbon
content 442 it does not provide any chemical resolution.
To identify analytes in the samples, a mass spectrometer
(MS, Agilent 5977) was deployed in October 2019 and
September 2020 in parallel with the FID. Retention times
of analytes detected by the two detectors were aligned
using the retention time of known analytes (e.g.,
calibrants). Analytes were identified by mass spectral
matching with the 2011 NIST MS Library and reported
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retention indices *. All analytes reported in this work
matched the identified compound within the range of
reported retention indices and with a cosine similarity of
at least 0.85, which previous work has shown indicates a
high probability of correct identification 4 . Data was
analyzed using the freely-available TERN software
packaged “° within the Igor Pro 8 programming
environment (Wavemetrics, Inc.).

Atmospheric oxidant reactivity and reaction rate
calculations
Reactivity of an individual BVOC and/or a BVOC
class to ozone (O3R) and is calculated as the sum of the
products of the concentration and oxidation reaction rate
of each BVOC, i:

OXRot (S'l) = Z(kOx+BVOCi [BVOCi]) (1)

Published rate constants (units: cm® molec? s?) are
used where available 7455446-53 and otherwise calculated
from structure-activity relationships using the Kwok and
Atkinson structure activity relationships as implemented
by the Estimation Program Interface provided by the
U.S. Environmental Protection Agency 525455

Table 1. Compound identities on example chromatogram

Compound Symbol Peak location koz (cm® molec™ s™)
Isoprene | 308 127 x101"2
Methyl Vinyl Ketone  IRP1 504 1.00x10%:¢
Methacrolein IRP2 597 1.00 x10%¢
Thujene M1 1397 6.20x10"®
Tricyclene M2 1409 0
a-pinene M3 1423 9.00x10™""?
a-fenchene M4 1463 1.20x10™"¢
camphene M5 1470 9.00x10™*®
sabinene M6 1507 8.30x 10779
B-pinene M7 1522 2.10x10*"0
cymene M8 1608 0
limonene M9 1600 6.40 x 107269
B-phellandrene M10 1620 1.80 x 107%6:9
y-terpinene M11 1648 1.40 x 10769
a-cedrene s1 2257 2.78x107"
B-cedrene S2 2279 1.20x 107"

@ Atkinson et al. (2006), ® Paulot et al. (2009), ¢ Atkinson et al.
(1990), * Kerdouci et al. (2010), ¢ Pinto et al. (2007), " Pfrang et al.
(2006), ¢ Atkinson and Arey (2003), " Corchnoy and Atkinson
(1990), ' Shu and Atkinson (1994), | Estimated using King et al.
(1999), ¥ U.S. Environmental Protection Agency (2012)
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Figure 2. A typical GC chromatogram of sampled ambient air collected at the site. The compounds identified on
the figure show the range of species found by the instrumental methods. These include isoprene (1), isoprene
reaction products (IRP), monoterpenes (M), and sesquiterpenes (S).

Results and Discussion
Temporal trends in BVOC concentrations
Observed and quantified BVOCs include isoprene, its
oxidation products methyl vinyl ketone and
methacrolein, eleven monoterpene species, and two
sesquiterpene species. A sample chromatogram is show
in Figure 2. The detected monoterpene species include
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a-pinene, B-pinene, P-phellandrene,  camphene,
limonene, tricyclene, fenchene, thujene, cymene,
sabinene, and y-terpinene (Table 1). The sesquiterpene
species regularly detected include a-cedrene and f-
cedrene, but are generally present at very low
concentrations. Consequently, we expect that not all
sesquiterpenes are captured by this instrument and
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Figure 3. Binned hourly boxplots in the months of May-October and November-April for the three terpene
classes, Isoprene, Monoterpenes, and Sesquiterpenes. The plots show the median value as a horizontal
line, the bottom and top of each box indicates the 25" and 75 percentiles while the whisker represent 1.5
times the interquartile range. Each box represents the data for each hour of the day.
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caution that all reported concentrations of sesquiterpenes
represent lower bounds.

Diurnal trends in concentrations during the growing
season (May-October) and non-growing season
(November-April) are shown in Figure 3 for isoprene,
summed isoprene reaction products, summed
monoterpenes, and summed sesquiterpenes (a- and B-
cedrene). All terpene classes exhibited the highest
concentrations in the growing season (May-October).
Isoprene and isoprene reaction products peak in late
afternoon hours, as expected due to isoprene’s light
dependence 5%, |soprene concentrations and its
reaction products were typically below limits of
detection in the cold season, with little clear diurnal
pattern. Average isoprene concentrations in the warm
season were 1.26 ppb in the warm season, with a daytime
average of 2.88 ppb and a nighttime average of 0.65 ppb.
Warm season concentrations of isoprene reaction
products were 0.27 ppb with a daytime average of 0.30
ppb and a nighttime average of 0.25 ppb, and a maximum
observed 24-hour concentration of 1.00 ppb.

In contrast to isoprene, monoterpenes exhibit peak
values in the evening hours, which is consistent with
previously reported findings . Evening peak values
were higher in the warm season than in the cold season.
Additionally, daytime lows lasted for longer periods of

time in the warm season than in the cold season due to
longer daylight hours driving more photolytic reactions
with OH radical and shorter-lasting nighttime boundary
layers €. Hourly monoterpene concentrations ranged
between 0.10 ppb and 2.94 ppb throughout the year, with
the lowest values occurring in the cold season (Figure
3b). Mean values were 0.20 ppb in the non-growing
season with a daytime average of 0.17 ppb and a
nighttime average of 0.23 ppb. In the growing season
mean values were 0.54 ppb, with a daytime average of
0.42 ppb and a nighttime average of 0.65 ppb in the
growing season.

Sesquiterpene concentrations also exhibited peak
diurnal concentrations in the evening in the warm
season. Summed concentrations of sesquiterpenes
(Figure 3g and 3h) includes only two species, and so
represents a lower bound of possible total sesquiterpene
concentrations. However, the limit of detection for
sesquiterpenes is 2.68 ppt so other sesquiterpenes are
unlikely to be present at concentrations significantly
higher than this. Measured sesquiterpenes therefore do
provide some insight into the total concentrations of
sesquiterpenes. Mean sesquiterpene (i.e., sum of a- and
B-cedrene) values ranged between 5.00 ppt in the non-
growing season with the mean daytime and nighttime
values also 5.00 ppt. In the growing season, the mean

1.5+

—
[ =]
| |

Reactivity (X 10°s™)

M

== All Terpenes
== Monoterpenes
== Monthly Mean Reactivity

100 B

80

60

40

Contribution (%)

20

k] L]
ENJIN
f»;\'?

JRYEJEIE PRI
X o' 0" A7 & o
o &9 0‘5” W @ & R 4;5" N S "?"}q &

Isoprene
| MVK + MACR
. Monoterpenes
. Sesquiterpenes

S N 0
oy ol
A S
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sesquiterpenes was 7.00 ppt with a daytime mean of 6.00
ppt and a nighttime mean of 5.00 ppt. Outside the
growing season, sesquiterpenes exhibited little
discernable diurnal variability.

Reactivity with atmospheric oxidants

Ozone reactivity

Reactivity of all detected terpenes with ozone is
calculated and summed in Figure 4a while the amount
that each terpene class contributes to total ozone
reactivity is shown in Figure 4b. Total reactivity ranges
between 0.1 x 10° s and 1.5 x 10° s, and is almost
entirely dominated by monoterpenes, even during the
warm season peak (monoterpenes: ~70 %), due to the
relatively slow reaction rate of isoprene and its reaction
products with ozone. Ozone reactivity decreases in the
cold season due to both the decline in isoprene, and the
decrease in monoterpenes. The measured isoprene
reaction products and sesquiterpenes are not strongly
reactive with ozone, and therefore contribute very little
to ozone reactivity. However, unlike with OH reaction
rates, Os reaction rates of sesquiterpenes are frequently
orders of magnitude larger than dominant monoterpenes,
so it is possible that low-concentration, highly reactive
sesquiterpenes may still contribute non-negligibly to
ozone reactivity. Important contributions by low-
concentration, high-reactivity sesquiterpenes have been
previously shown in other environments, and cannot be
excluded by these measurements 1:31.6465,

Isomer composition of monoterpenes

Monoterpenes are detected year-round, but small
changes in their compositional breakdown (i.e., relative
contribution of different isomers) leads to important
changes in their reactivity and chemistry. Total
monoterpene 24-hour average concentrations ranged
between 0.10 ppb and 2.00 ppb with the lowest
concentrations occurring in the cold season daytime and
highest concentrations occurring in the warm season
nights (as shown in Figure 3). In Figure 5a-b, the eleven
detected monoterpene species that could be identified are
shown as their contribution to total monoterpene
concentration averaged over a six-month period of May-
October and November-April.

Relative contributions from monoterpene isomers are
similar for the highest concentration species between the
warm and cold seasons. At nearly all times, a-pinene
contributes the most followed by B-pinene, camphene,
limonene, cymene.

The role of structure on atmospheric reactions is
apparent and critical when considering the reactivity of
monoterpenes with ozone. Despite its relatively low
concentration, limonene is the greatest contributor to
reactivity with ozone at 59% and 48% in the warm and
cold season respectively (Figure 5¢ and 5d). Nearly all
the rest of ozone reactivity is contributed by the
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Figure 5. A breakdown of concentration in the warm and cold
season (a. and b.) ozone (c. and d.), and nitrate reactivity (s
with all detected monoterpene species. *Values were rounded
to the nearest percent and values below 1% are not depicted.

dominant isomer a-pinene (30% and 42%), with a minor
contribution from p-phellandrene (5% and 4%), B-
pinene (2% and 2%), and y-terpinene (1% and 1%),
while the other isomers are either not reactive with ozone
(cymene, tricyclene) or react very slowly with ozone
(camphene). Though the general breakdown of ozone
reactivity is qualitatively similar during both the growing
and non-growing seasons, there are significant
quantitative differences. Due to the greater contribution
of limonene in the warm season compared to the cold
season, the relative importance of limonene compared to
a-pinene increases substantially in the growing season,
from 1.25:1 to 2.1:1. Reactions of monoterpenes with
0zone, at least in this canopy, are dominated by reactions
with limonene, with a minor (but still important)
contribution from a-pinene. The average ozone reaction
rate with monoterpenes is more seasonal due to the
changes in limonene, with a cold season low of Koz+mt =
4.38x10Y" cm3-molec-s? (only 35% higher than that of
a-pinene), and a growing season high of 1.25x10- ¢
cm®-molec?-s? (1.5 times that of a-pinene).

Conclusion

Long-term BVOC collection is imperative to
understanding SOA production and the ozone budget,
but this is made difficult without robust measurement
techniques that do not require significant maintenance.
The use of an automated GC-FID adapted to collect air
samples makes long-term collection of BVOCs in an
unmonitored location possible. Using this method, we
have collected and are continuing to measure a range
BVOCs in the canopy of a forest representative of the
Southeastern U.S.



From this study we have gained a greater
understanding of the seasonality of BVOCs ranging from
isoprene, isoprene reaction products, monoterpenes, and
sesquiterpenes. Isoprene, isoprene reaction products, and
sesquiterpenes were shown to be unimportant for ozone
reactivity while monoterpenes were shown to be a major
contributor. Monoterpenes are observed to be a diverse
class of BVOCs with 11 identified compounds detected
at the site year-round. However, while a-pinene is the
most dominant species, a few species with lower
concentrations but high reactivities (particularly
limonene and pB-phellandrene) were found to be
important contributors to ozone reactivity. The
distribution of monoterpenes is qualitatively stable
throughout the year, though some important quantitative
differences are observed. Consequently, the distribution
measured here may be a useful description of the
“typical” monoterpene chemical class observed in
mixed, temperate forests. The average reaction rates of
the monoterpene class with ozone presented here
therefore provide an improved means to estimate the
reactions and impacts of monoterpenes in cases where
isomer-resolved measurements are not available (e.g.,
when measured using direct-air-sampling mass
spectrometers 0.7),
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