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Biogenic volatile organic compounds (BVOCs) contribute the majority of reactive 
organic carbon to the atmosphere and lead to aerosol formation through reaction with 
atmospheric oxidants including ozone and hydroxyl radicals. One class of BVOCs, sesquiterpenes, 
have a high reactivity with ozone but exist at lower concentrations compared to other BVOCs, 
and there are relatively few measurements of their concentrations in different environments or 
their importance in the atmospheric oxidant budget. To help close this knowledge gap, we 
examine concentrations of isomer-resolved sesquiterpene concentrations collected hourly at two 
sites in Virginia that are representative of different ecosystems in the southeastern US. 
Sesquiterpene concentrations are presented and discussed in relation to their diurnal patterns 
and used to estimate their contribution to reactivity with common gas-phase oxidants. Twenty-
four sesquiterpenes were identified at the sites, eleven of which were observed at both sites. 
Total sesquiterpene concentrations were found to range between 0.8 and 2 ppt with no single 
isomer dominating throughout. Hydroxyl activity is similarly diverse, with no particular isomer 
dominating activity at either site. Ozone reactivity, however, was found to be dominated (~3/4 
total reactivity) by β-caryophyllene and humulene despite these compounds representing 
roughly only 10 % of total sesquiterpene mass, highlighting their importance as the major driver 
of sesquiterpene-ozone reactivity. Average reaction rate constants for sesquiterpenes with ozone 
and hydroxyl radicals were calculated for both sites as a method to simplify future atmospheric 
modelling concerning sesquiterpenes. This work provides broad insight into the composition and 
impacts of sesquiterpenes, suggesting that sesquiterpene composition is relatively similar 
between sites. Furthermore, while the calculated average sesquiterpene-ozone reaction rate 
constants are at least an order of magnitude higher than that of more prevalent BVOC classes 
(isoprene and monoterpenes), their low concentrations suggest their impacts on atmospheric 
reactivity are expected to be limited to periods of high emissions.

 
A Introduction 

Emissions of biogenic volatile organic 
compounds (BVOCs) constitute the largest source of 
reactive organic carbon to the atmosphere.1,2 These 
compounds, primarily terpenoids, are comprised of one or 
more isoprene (C5H8) units in a variety of configurations 
that result in monoterpenes (C10H16), sesquiterpenes 
(C15H24), and diterpenes (C20H32). Globally, isoprene 
represents the majority of these emissions at rates of 
approximately 500 teragrams of carbon per year (TgC/Y), 
while monoterpenes account for somewhat less (~160 
TgC/Y), sesquiterpenes are even lower (~30 TgC/Y), and 
emissions of diterpenes are largely unconstrained.1,3  

Notably, the information on the higher molecular weight 
BVOCs is more sparse in the literature than for the more 
dominant classes of lighter compounds, leading to 
substantial uncertainty in their emissions and 
concentrations.  

Upon emission into the atmosphere, these 
compounds react with atmospheric oxidants to form a 
plethora of oxygenated compounds, significantly 
impacting atmospheric oxidant budgets, radiative balance, 
and the global carbon cycle. 4–10  Emissions of 
sesquiterpenes from plants is complex, driven by a wide 
range of biologically and ecologically diverse external 
stimuli including predation, changing environmental 
parameters, and oxidant concentrations influencing 
sesquiterpene emissions in addition to differences in plant 
species dependent sesquiterpene production .11–

18Laboratory experiments provide insight into the 
oxidation of BVOCs and their fate but challenges 
remain.19,20 In particular, there are relatively few real-
world, time resolved measurements of higher molecular 
weight terpenoids (e.g., sesquiterpenes). Sesquiterpenes 
tend to react faster with atmospheric oxidants and have 



higher yields of secondary organic aerosol (SOA) compared 
to lower mass terpenoids.21,22 Furthermore, dozens of 
isomers are known within each terpenoid class, and their 
physicochemical properties and reaction rates vary by 
orders of magnitude, so it is difficult to accurately use an 
average or proxy reaction rate to describe the compound 
class.21 Due to the low volatility of higher molecular weight 
terpenoids, their high ozone reactivity and lower 
concentrations, and the diversity of their molecular 
structures, measuring them with sufficient chemical and 
temporal detail to understand atmospheric impacts 
requires high sensitivity, careful inlet design to avoid 
losses, and isomer resolution.23,24 These difficulties have 
resulted in a limited understanding of these compounds 
relative to more abundant, higher volatility terpenoids 
(isoprene, monoterpenes). However, previous work 
demonstrates that even low concentrations of certain 
sesquiterpenes can dominate ozone reactivity, so it is 
critical to further understand this class of reactive 
carbon.25 

Field observations and laboratory experiments 
show monoterpenes and isoprene can be significant 
contributors to SOA.20 In contrast, a large amount of 
uncertainty exists regarding the role of sesquiterpenes in 
SOA formation. 26 In laboratory conditions, higher 
molecular weight terpenoids have higher SOA yields, but it 
is not clear that these higher yields are sufficient for the 
low concentrations observed to contribute substantially to 
SOA.9,27,28 Modelling suggests that sesquiterpenes 
contribute to SOA formation as much or more than 
isoprene, but observations from several environments 
suggest this contribution may be far lower.29–31 A lack of 
ambient observations of sesquiterpenes limits 
understanding of this model-measurement disparity. A 
wide variety of sesquiterpenes and their respective 
oxidation products have been measured in the Amazon 
rainforest and other environments.25,32–35 However, 
ambient observations are quite limited for many 
environments, especially in comparison to other BVOC 
classes. Geographically and environmentally diverse 
measurements are necessary for a broader understanding 
of the composition, concentration, and impacts of 
sesquiterpenes, as anthropogenic and biogenic factors 
influence emissions and alter their impacts on the 
atmosphere.35–38 Sesquiterpene emission profiles vary 
between plant species and changes in the dominant 
vegetation can results in varied sesquiterpene emission 
profiles from one locale to another.19,39–41 Furthermore, 
anthropogenic and biogenic factors may influence 
emissions and alter their impacts on the atmosphere, so a 
complete understanding requires measurements across 
multiple ecosystems and environments.42 The uncertainty 
is reinforced by the wide range in sesquiterpene’s ozone 
reactivity, where the use of one or a minimal number of 
reaction rate constants can over or underestimate 
sesquiterpenes influence on atmospheric chemistry and 
the atmospheric oxidant budget. 

 This work seeks to improve the understanding of 
sesquiterpenes through use of time-resolved 
measurements of sesquiterpene concentrations to 
estimate their contributions to atmospheric reactivity at 
two geographically close but ecologically distinct field sites 
in Virginia. Both sites have similar sesquiterpene speciated 
emission profiles, which we hypothesize represents an 
average description of sesquiterpenes in the southeastern 
United States and provides generalizable insight into their 
potential impact on the regional atmosphere. However, 
we demonstrate that anthropogenic activities can 
significantly impact their composition. Understanding 
sesquiterpene concentrations in this environment area 
helps to resolve uncertainties in oxidant reactivity and 
potential secondary aerosol formation.29 

B  Methods 

SV-TAG instrumentation. The primary instrumentation 
used in this work is the Semi-Volatile Thermal desorption 
Aerosol Gas chromatography, SV-TAG, for hourly 
quantification of gas- and particle-phase semi-volatile 
organic compounds. SV-TAG has been described in detail 
in previous work and will only briefly be described here.43–

45 Air is sampled at 10 lpm for 40 minutes through a 
cyclone with a cutpoint diameter of  2.5 μm. Sample inlet 
varied by site as described below, but both used 3/8” O.D.  
conductive perfluoroalkoxy tubing(cPFA, Flurostore), 
material shown to minimize sampling artifacts for both 
gases and particles.46 While sesquiterpenes in the gas 
phase may partition to the cPFA line during sampling, the 
high sampling flow rate and short inlet length are used to 
minimize losses from possible absorption and equilibration 
with the inlet walls. Based on the equations presented by 
Pagonis et al. and the operating conditions of SV-TAG, 
equilibration of the inlet is calculated to occur within the 
first minute of sampling at the tower and 3 minutes of 
sampling at the farm site, resulting in maximum sample 
loss of 3-8%.47 Sample flow then passed either through a 
multi-channel carbon denuder to remove all gas-phase 
compounds or a cPFA bypass line before sample 
concentration in a collection and thermal desorption cell 
(CTD) consisting of a passivated metal fiber filter within a 
temperature controlled stainless steel housing held at 30 
°C. Using a two-step desorption process, the sample was 
then transferred to a gas chromatograph with a mass 
spectrometer as a detector (GC-MS). The sample was 
desorbed from the filter cell under a flow of 80 ccm helium 
during which the CTD is ramped from 30 to 330 °C over 13 
minutes. Previous work has shown that the SV-TAG cell 
can collect gas-phase compounds as volatile as 
tetradecane (similar to sesquiterpenes) with no observed 
decrease in collection efficiency.48 The sample then passes 
through a passivated stainless-steel valveless manifold 
held at 300 °C, and is reconcentrated onto a focusing trap 
consisting of a short length of chromatography column 
kept at 30 °C.45 During this desorption process, part of the 
helium flow volume passed through an N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA) reservoir before 



passing to the CTD to enable derivatization of hydroxyl 
containing species The focusing trap was then heated to 
330 °C over 5 minutes while being backflushed with helium 
through the valveless manifold to the head of a GC 
column. The GC consists of a non-polar metal capillary 
column (MXT-1, 17m x 0.25 mm x 0.1 μm, Restek) 
wrapped around a temperature-controlled metal hub 
connected to an electron impact quadrupole MS (5977, 
Agilent Technologies). GC analysis occurs over 18 minutes, 
with a ramp of 15 °C min-1 from 60 to 300 °C and then held 
at 300 °C for 2 minutes. Data is collected over a mass 
range of m/z 30-550 at a scan rate of 2.8 Hz.  

 Calibration occurs through regular injections of 
liquid standards using an automatic injection system.49 A 5 
μL sample loop is loaded and injected from one of four 
chilled reservoirs. Internal standards consisting of 7 
deuterated compounds are injected into every sample 
before cell desorption begins and include: C14, C16, C18, C20, 
and C24 linear alkanes (CDN Isotope), and palmitic and 
lauric acids (Sigma Aldrich). External standards for 
calibrants occur every 6 runs at variable concentrations to 
create a multi-point calibration curve and include: C14 - C28 
linear alkanes, levoglucosan, dodecanediol, eugenol, 
adipic, and azelaic acid (Sigma-Aldrich). Kreisberg et al. 
have previously shown that liquid injections of calibrants 
provide accurate signal response compared to thermally 
desorbed standards, providing a reliable alternative to gas 
phase standards.50  

 Field Sites overview 

Tower site. Sesquiterpene concentrations were measured 
at the Virginia Forest Lab (37.9229°N, 78.2739°W), located 
in Fluvanna County, Virginia. The tower sampling site is 
located in the Piedmont region on the eastern side of the 
Blue Ridge Mountains and receives some anthropogenic 
influence from Charlottesville, VA, which is located 25 km 
to the west of the site. The forest canopy is predominantly 
composed of maple, oaks, and pines and is approximately 
24 meters tall.51 The site features a 40 m tall tower for 
atmospheric measurements and a climate-controlled, 
internet-connected lab with line power available. 
Measurements occurred between August 8th and August 
19th, 2019, and were collected hourly using an SV-TAG 
mounted directly on the tower at ~20 m, with an inlet of 
length ~1 m. 

Farm site. Sesquiterpene concentration were measured at 
a small agricultural site located at 37.3621°N, 77.5222°W, 
in Powhatan County, Virginia. The farm sampling site is 
located at a rural suburban interface that is roughly 55 km 
west of Richmond, VA and 50 km southeast of the tower 
site. Measurements occurred between April 17th and May 
15th, 2020. Measurements at this site were collected 
hourly using an SV-TAG mounted near the ceiling of a barn 
(approximately 3 m) located directly adjacent to 
agricultural fields used for hay production. The inlet was 
located on the outside of the barn near the roof, extending 
1 m away from the building with a total inlet length of 6 m. 

The site is situated approximately 300 m from a mixed 
forest, that is ecologically similar to the tower site.  

Quantification of analytes. Though SV-TAG captures a 
large variety of analytes, the scope of this work is limited 
to sesquiterpenes. Each sesquiterpene is identified by 
comparison of background subtracted mass spectra and 
associated retention index to the 2011 NIST Mass Spectral 
Library (National Instruments for Standards and 
Technology 2019). Analytes not included in the library are 
identified by comparison to previous field observations of 
sesquiterpenes, which are also used to validate all 
retention times and retention order.25 Data are analyzed 
using the freely-available TERN software package within 
the Igor Pro 8 programming environment (Wavemetrics, 
Inc.).52  

 Sesquiterpenes were calibrated based on the 
response factor of the nearest alkane available in-field 
multi point calibrations, n-tetradecane. Tetradecane 
calibration standards were introduced as low as 0.1 ng on 
column (translating to 0.25 ng m-3) and observed to be 
near the limit at which chromatographic peaks could no 
longer be reasonably integrated. Furthermore, calibrants 
present in blanks exhibit variability of ~0.009 ng, and no 
sesquiterpene signal is observed in blanks. Limits of 
detection are consequently estimated to be roughly 0.25 
ng m-3 (30 ppq) and concentrations below this threshold 
are reported as zero. Uncertainty for concentrations is 
given as 15%. Previous work has shown that the total ion 
response factor of tetradecane was determined using the 
quantification ion m/z 57 adjusted by the contribution of 
this quantification ion to the average mass spectrum, 
where the fraction of mass spectrum represented by the 
tetradecane quantification ion is fquant. Each sesquiterpene 
is integrated using the quantification ions corresponding 
to the most abundant unique m/z such as 93, 105, 119 or 
161, adjusted by their fquant and quantified based on the 
total ion response factor of tetradecane. Analytes with 
fquant lower than 5% were quantified using 5% as a 
conservative estimate, or if available, assigned the fquant 

observed in the NIST library mass spectrum. 

 Data from both measurement sites was 
quantified using the response factors determined at the 
farm site. Due to hardware issues with the calibrant 
system at the tower site, multi-point calibrations were 
limited and exhibit substantial error. The response factors 
for sesquiterpene and tetradecane’s fquant determined 
from the farm site reasonably describe the calibration data 
that is available from the forest site. At the start of each 
campaign, the MS was re-tuned to its baseline (maximum) 
sensitivity. Instrument sensitivity determined by MS tune 
files collected at the start of both measurement periods 
was similar, supporting similarity in the response factors 
between sites. At the farm site, long-term decay in 
instrument sensitivity due to the length of the sampling 
campaign (~15% per week) was corrected using a 
monotonic, smoothed trend line calculated from observed 



changes in alkane sensitivity throughout the measurement 
period. This drift has been observed in previous work and 
arises from changes to the MS detector; a simple linear 
correction factor accounts for signal changes.50 Due to the 
short time-period of the forest site measurements and the 
scarcity of calibration information, no such drift correction 
was applied to these data, introducing a potential error of 
roughly 15%.  

All reported observed sesquiterpenoid 
concentrations represent only those species that could be 
resolved and identified. To quantify the potential presence 
of unresolved sesquiterpenes and consequent 
unmeasured mass and reactivity, we also applied an 
alternative technique for chromatographic data analysis to 
estimate an upper bound of sesquiterpene concentrations. 
The mass spectral ion representing the molecular weight 
of C15H24 (m/z 204) was integrated across the full 
chromatographic range known to encompass the 
sesquiterpene compound class and calibrated using an 
average fquant based on spectra from NIST Mass Spectral 
Library. This approach has been previously used by both 
Chan, et al. and Isaacman-VanWertz, et al. and provides a 
robust estimate of concentrations for hydrocarbon 
chemical classes, even for those that suffer high degrees of 
mass spectral fragmentation such as sesquiterpenes.53,54 
The method is most effective for samples containing 
primarily hydrocarbons, with increased uncertainty for 
compounds dominated by oxidized compounds or other 
heteroatom-containing functional groups. We 
consequently apply this approach only to data from the 
tower site, which is dominated by biogenic hydrocarbons, 
and do not extend it to data from the farm site, due to the 
presence of other species with m/z 204 in the 
sesquiterpene retention time window. Uncertainty in 
concentrations using the binned integration approach is 
estimated at roughly 30% based on the previous work. 

Calculation of ozone and OH reactivity. Sesquiterpene 
reactivity with hydroxyl radicals (OHR) and ozone (O3R) is 
defined as the sum-product of the concentration (molec 
cm-3) of each sesquiterpene, i, and oxidant specific 
reaction rate, k: 

𝑂𝑥𝑅(𝑠−1) = ∑ 𝑘𝑂𝑥+𝐵𝑉𝑂𝐶𝑖
[𝐵𝑉𝑂𝐶𝑖]      𝐸𝑞. 1 

Rate constants (cm3 molec-1 sec-1) are used from previous 
literature when available and are otherwise calculated 
from structure-activity relationships developed by Kwok 
and Atkinson as implemented by the Estimation Program 
Interface provided by the U.S. Environmental Protection 
Agency.5,55–57 

C Results and Discussion 

Sesquiterpene composition and concentration. A total of 
24 sesquiterpenoid species were observed in the gas 
phase during the two field campaigns, including 22 
sesquiterpenes and two C15H22 sesquiterpenoids. Eleven of 

these compounds were identified at both sites including 
both C15H22 species (Figure 1). Compounds observed at 
both sites accounted for similar fractions of total 
sesquiterpene mass at each site (Figure 2), and less than 
35% of total sesquiterpene mass is unique to each site. 
While the total contribution by shared isomers is nearly 
identical between sites, there are some differences in the 
composition, likely due to environmental and location 
factors discussed below. While compounds with lower 
hydroxyl reaction rate constants (kOH) appear to account 
for a larger amount of composition compared to 
compounds with higher reaction rate constants, the 
similarity in OH values across the observed sesquiterpene 
isomers makes such inferences difficult without further 
study. The similarity in composition between sites 
suggests a dominant group of compounds commonly 
emitted throughout the region, though with some 
differences likely due to external stress, growth cycle, and 
other factors that warrant further study.  

At both sites, total sesquiterpene concentrations 
vary diurnally, with the maximum concentrations observed 
in the early morning (Figure 3). Average total 
sesquiterpene concentration at the tower and farm sites 
were 22.1 ± 12.4 and 13.7 ± 6.5 ng m-3 (average ± standard 
deviation), with average nighttime concentrations (12-6 
AM) of 31.8 ± 18.1 and 17.2 ± 13.7 ng m-3 at the tower and 
the farm respectively. Measured concentrations during 
both field deployments were found to fall within 
previously observed sesquiterpene concentrations, ranges 
of 0.1 - 38.4 ng m-3 (01 - 4.6 ppt).25,35,54,58 The upper bound 
estimates for sesquiterpene concentrations at the tower 
sites, calculated using binned integration of the molecular 
ion within a specific chromatographic window as described 
in the methods, is 28.8 ± 12.0 ng m-3 with a nighttime 
upper bound estimate of 31.4 ± 16.1 ng m-3. The 
agreement between the resolved and upper bound 
concentrations for the tower site indicates that while the 
presence of some unresolved sesquiterpenes cannot be 
ruled out, there does not appear to be some significant 
pool of sesquiterpenes not resolved by identified isomers. 
A similar upper bound analysis was not performed at the 
farm site due to the presence of several large peaks within 
the sesquiterpene region that represent oxygenated 
compounds but share some of the mass spectral 
fragments (e.g., the peak at 1520 s in the lower panel of 
Figure 1); nevertheless we note that nearly all molecular 
ion signal in the sesquiterpene region of the farm data was 
qualitatively accounted for by resolved species and the 
known non-sesquiterpenes, suggesting the presence of 
little or no unresolved sesquiterpene mass. 

Differences in total concentration between sites 
may be attributed to a number of factors including 
location of sampling at the tower site, which occurred 
within the forest canopy and was consequently dominated 
by forest emissions. In contrast, the farm site was located 
further away from adjacent forest and sampling was 
influenced by emissions from the fields and isolated trees 



in addition to the forest. During transport from the forest, 
ambient ozone may react with sesquiterpenes before they 
reach the sample inlet.59 However, travel from the forest 
to the farm site is expected to occur on the timescale of 
minutes while atmospheric lifetime of sesquiterpenes is on 
the order of 10’s-1000’s of minutes. Consequently, while 
some sesquiterpenes may be lost due to reactivity, the 
losses will be relegated to small portions of the most 
reactive isomers.  Sesquiterpene concentrations observed 
at the tower site can be surmised to be represent ambient 
forest concentrations due to the sample inlet location in 
the canopy while concentrations observed at the farm may 
be somewhat lower than those in the nearby forest due to 
reactive losses before reaching the sample inlet. Ozone 
scrubbers have been shown to trap other SVOC’s and as 
such no scrubber was installed at either site, leading to the 
loss of a of sesquiterpenes trapped on the sample cell 
through surface assisted ozonolysis.54. Additionally, higher 
volatility sesquiterpenes (longifolene, α-cubebene) may 
not be adequately captured by the focusing trap, and 
consequently may be underestimated at both sites. 
Therefore, sesquiterpene measurements in this study 
should be considered as the lower limit measurements of 
ambient sesquiterpene concentrations. 

 Seasonal changes also play a role, as the farm 
site experienced cooler temperatures during sampling 
which occurred in late spring compared to late summer for 
the tower site. Temperature, light, and seasonal patterns 
have been shown to have a strong impact on BVOC 
emissions including sesquiterpenes.37,60–62 Generally, 
sesquiterpene emissions have been found to increase with 
temperature and emissions peak during the summer but 
dependance on these factors can vary. Observations of 
sesquiterpenes in the Amazon have shown a daily 
variation driven largely by temperature rather than 
temperature and light.60 The overall relation between 
emissions and temperature may arise due to lower 
sesquiterpene production observed from mid-fall to mid-
spring and correlates with typically lower temperatures 
but the complexity of emissions appears to be greatest 
during spring.37,63 The degree to which sesquiterpene 
emissions correlate to seasonality and temperature 
dependance vary between species and even a small 
change in ecosystem composition could lead to changes in 
sesquiterpene composition; highlighting the need for 
greater analysis of the different species’ emissions and 
influence of the variables described above.61 In fact, given 
the differences in season and proximity to the source, it is 
notable that the total concentration of shared isomers has 
such a high degree of similarity between the two 
experiments. 

Sesquiterpene Variation due to Human Agricultural 
Activity. Agricultural activity took place at the farm site in 
the form of cutting several acres of hay field adjacent to 
the sampling location. This cutting occurred May 11th and 
12th. Following this event, the sesquiterpene emissions 
profile changed drastically, and several other compounds 

were observed. Figure 4, an early morning sesquiterpene 
profile shows the changes to the sesquiterpene emissions, 
in contrast to the representative sample shown in Figure 1. 
Longifolene, observed at low intensities during the 
campaign, increased to the same relative intensity as α-
cedrene, the usually dominant species. Many other 
sesquiterpene species identified at the farm site prior to 
the cutting were found to be either non-existent or below 
limits of detection after the cutting in addition to several 
non-sesquiterpenes not observed during the rest of the 
study. For example, several oxygenate species including 
methyl salicylate and trans–coumaric acid were observed 
in the early morning period for three days following the 
cutting. These compounds have been observed to be used 
as a defense mechanism against herbivore predation and 
indicate that the farm activity results in large changes to 
plant behavior. This change in sesquiterpene profile due to 
the influence of human agricultural activity illustrates the 
large impact anthropogenic or natural disruptions may 
have on emission profiles and supports the conclusion that 
transient events can significantly modulate the impact of 
sesquiterpenes, in addition to other VOCs, on local 
atmospheres.64–66 However, the data here provides only a 
small section of information, and calls to the need for an 
in-depth study of human agricultural activity and impact 
on BVOC emissions, particularly with regards to 
sesquiterpenes. 

Hydroxyl Reactivity. The average calculated OH reactivity 
for the tower and farm sites were (7.17 ± 3.6) × 10-3 and 
(4.65 ± 2.0) × 10-3  s-1, respectively, with calculated 

nighttime OH reactivity of (11.3 ± 6.1) × 10-3 and (5.2 ± 4.0) 
× 10-3 s-1 for the tower and farm sites respectively. The 
difference in OH reactivity between the two sites (Figure 5 
and 6) is attributed to the increased sesquiterpene 
concentration at the tower site rather than differences in 
site profiles. The contribution of each species to reactivity 
is relatively evenly distributed between detected 
compounds (Figure 5), which is expected due to the 
narrow range of sesquiterpene reaction rates, from 0.9 - 
32 x 10-11 cm3 molec-1 s-1 for species identified in this study 
(reaction rates provided in supplementary data); 
sesquiterpenoids have somewhat lower reaction rates due 
to having fewer double bonds, but this effect has relatively 
little overall impact on the distribution of reactivity. A few 
highly reactive sesquiterpenes (humulene, farnesene, and 
δ-cadinene) do contribute an outsize amount of total 
reactivity despite their small concentrations, but the 
diversity of sesquiterpenes is nevertheless represented in 
their OH reactivity.  

The observed hydroxyl-sesquiterpene reactivity 
is several orders of magnitude smaller than monoterpene 
and isoprene reactivity measured around the same period 
at the tower site. Literature values of isoprene and 
monoterpenes range from 1-21 s-1 and OH reactivity is 
shown to be as high as 32 s-1 at the tower site, largely 
driven by isoprene in warmer seasons.67,68 Most observed 
sesquiterpenes have similar reaction rate constants as 



monoterpenes compounds but are present at much lower 
concentrations, rendering sesquiterpene impact on OH 
reactivity negligible in comparison to other biogenic 
emissions. This agrees with a recent comparison between 
measured and calculated OH reactivity in the southeastern 
US that did not include sesquiterpenes, which found little 
to no “missing” reactivity, suggesting these higher 
molecular weight terpenoids do not contribute 
substantially to OH reactivity.58 This is likely to be 
generalizable across most ecosystems, as global emissions 
of sesquiterpenes are thought to be substantially lower 
than that of monoterpenes, and reaction rate constants 
with OH are not substantially faster.1 

Ozone Reactivity. In contrast to OH, reaction rate 
constants of sesquiterpenes with ozone are much faster 
than that of monoterpenes and can vary by several orders 
of magnitude (10-17  to 10-14 cm3 molec-1 sec-1, reaction 
rates constants provided in Supplementary Data). 
Consequently, both magnitude and composition of 
sesquiterpenes are expected to be important in 
considering total calculated ozone reactivity. Calculated 
average ozone-sesquiterpene reactivity for the tower and 
farm sites averaged 10.1 (± 6.2) × 10-8 and 2.3 (± 3.6) × 10-8 
s-1. Nighttime (12-6 AM) reactivity for the tower and farm 
sites were 18.7 ( ± 8.9) × 10-8 and 3.8( ± 1.8) × 10-8  s-1. At 
both sites, the calculated sesquiterpene-ozone reactivity is 
dominated by β-caryophyllene and humulene, accounting 
for roughly three - quarters of the reactivity (Figure 7, 83% 
and 69% for the tower and farm sites, respectively). This is 
due to β-caryophyllene and humulene’s ozone reaction 
rate constant that are two orders of magnitude faster than 
most other sesquiterpenes. Even at their low abundance 
relative to other compounds (roughly 9% for β-
caryophyllene at both sites), β-caryophyllene and 
humulene (roughly 5% at the tower site) represent the 
majority of sesquiterpene related ozone reactivity at the 
sites and other locales of the same representative 
ecosystem. The importance of such minor constituents of 
the compound class on the relative atmospheric impacts 
highlights the need for isomer-resolved measurements of 
these compounds and an understanding of their impacts. 

Although sesquiterpenes are more reactive than 
other BVOC, their small concentrations result in 
uncertainty about how large a role they play in 
atmospheric chemistry. At the tower site, summertime 
BVOC ozone reactivity is on average 5 × 10-6 s-1, with 
concentrations of isoprene and monoterpenes in the ppb 
range, in contrast to ppt-level sesquiterpene (and ppq-
level β-caryophyllene). This suggests that sesquiterpenes 
contribution to ozone reactivity is typically low (roughly a 
few percent at most), but it could become non-negligible 
during peak periods or during certain emission events. In 
particular, environmental factors resulting in enhanced 
emission of β-caryophyllene or other highly-reactive 
sesquiterpenes (e.g., herbivory) could significantly alter 
the ozone chemical loss in the local atmosphere.11,62,69 We 
note that the calculated ozone reaction rate constant for 

some sesquiterpenes is several orders of magnitude lower 
than experimentally determined values (e.g., β-
caryophyllene, 4.4 × 10-16 compared to 110 × 10-16), so it is 
possible that the contribution to ozone reactivity of less-
studied isomers (i.e., those without experimentally 
determined rate constants) could be significantly 
underestimated. 

Average Sesquiterpene Reaction Rates. Because of the 
scarcity and difficulty of ambient sesquiterpene 
measurements, there is rarely sufficient information 
regarding the composition of sesquiterpenes in an 
environment to properly model their atmospheric impacts. 
Here, we provide a calculated average reaction rate of the 
sesquiterpene mixture (i.e., 𝑘𝑂𝑥+𝑆𝑄𝑇𝑚𝑖𝑥

) that improves and 

simplifies modelling of this complex compound class. 
Oxidant rate constants for each site were calculated 
through linear regression of the calculated hourly total 
reactivity and the concentration of identified 
sesquiterpenes, yielding an average rate constant that 
bests converts concentration to total reactivity.51 The 
calculated hydroxyl-sesquiterpene rate constants were 
observed to be 11.4 × 10-11 and 11.5 × 10-11 cm3 molec-1 s-1 
at the tower and farm sites respectively; uncertainty in 
these values is similar to uncertainty in any speciated 
calculated reactivity and driven by uncertainty in 
concentrations measurements (~15%), in addition to 
uncertainty in the calculated rate constants. Differences 
between calculated hydroxyl reactivity using speciated 
data versus the average rate constant with total 
concentration values are minimal, indicative of the 
relatively low variability of OH reaction rate constants 
between isomers. These average rate constants lie in the 
middle of the range of sesquiterpene-hydroxyl reaction 
rates are similar to the reaction rates of common 
monoterpenes, and are not substantially faster than the 
average reaction rate of monoterpenes with OH.51 
Consequently, only high concentrations of sesquiterpenes 
comparable to other terpenoid classes would be able to 
significantly contribute to OH reactivity, and the 
contribution is likely low or negligible under most 
conditions. This is supported by previous work in the 
southeastern U.S. that leaves little room for a large 
contribution to OH reactivity by sesquiterpenes.58  

The average ozone-sesquiterpene rate constants 
for the tower and farm sites were 17.5 ×10-16 and 18.5 ×10-

16 cm3 molec-1 s-1, respectively. These average reaction 
rate are significantly faster than that of the typical 
monoterpenes observed at the site and an order of 
magnitude faster than the average reaction rate of 
monoterpenes with ozone (1.16 × 10-16) 51, suggesting 
sesquiterpenes could contribute significantly to ozone 
reactivity compared to other compound classes under 
some conditions. These rate constants are highly 
influenced by β-caryophyllene’s reactivity (in addition to 
humulene at the tower) despite β-caryophyllene 
representing less than 10% of total observed 
sesquiterpenes and humulene representing less than 5% 



of observed sesquiterpenes at the tower. It is worth noting 
that, although β-caryophyllene is, perhaps, the best 
studied sesquiterpene, using its ozone reaction rate as a 
proxy for all sesquiterpenes results in overestimating 
sesquiterpene ozone reactivity by an order of magnitude. 
As demonstrated by β-caryophyllene and humulene, the 
wide range of sesquiterpene reaction rates with ozone  
suggests that low-concentration sesquiterpenes, below 
resolvable levels of detection, could contribute non-
negligibly to total ozone reactivity.51 Nevertheless, these 
results suggest that contributions by sesquiterpenes to 
total ozone reactivity in this ecosystem is small on 
average. In contrast to OH reactivity, the average ozone 
reaction rate is variable due to changes in composition. 
Calculated speciated reactivity can diverge from reactivity 
calculated using the average rate (Figure 7), though 
deviations tend to be on orders of tens of percent and the 
calculated average rate constants serve well for 
approximating overall sesquiterpene-ozone reactivity. It 
should again be noted that, as illustrated by the change in 
sesquiterpene composition at the farm site during an 
anthropogenic influence event, particular events may have 
transient impacts on this mixture that could significantly 
change the average reaction rates and contributions to 
overall ozone reactivity could be non-negligible when 
concentrations are relatively high. 

Owing to the high SOA yields of sesquiterpenes, 
this compound class is also often considered as a potential 
major contributor to organic aerosol. However, the low 
concentrations observed at this site indicate that 
sesquiterpenes will not contribute strongly to SOA mass 
downwind of this ecosystem; even complete conversion of 
sesquiterpenes to SOA (i.e., a yield of 100%) would 
generate only tens of nanograms per cubic meter of 
additional aerosol, on top of a typical aerosol 
concentration of micrograms per cubic meter. 
Consequently, the downwind SOA formation potential is 
consequently very low. While this complete conversion of 
sesquiterpenes to SOA is low, but this does not necessarily 
preclude sesquiterpenes playing a role in the aerosol 
processes or contributing significantly in other ecosystems. 
For example, previous studies have shown that 
sesquiterpenes represent large portions of the condensed 
phase of particles during specific events in some 
ecosystems, and can influence the local aerosol properties 
despite their trace concentrations.70 Sesquiterpenes could 
potentially influence the local aerosol properties despite 
their trace concentrations.71 Additionally, it is possible that 
highly reactive sesquiterpenes, such as farnesene or β-
caryophyllene may be emitted at high rates and chemically 
depleted prior to the measurements made here, 
contributing substantially to SOA formation through rapid 
aerosol formation within the forest canopy and low 
measured concentrations, which has been observed for 
other environments.71 However, such a conclusion would 
not be supported by previous works where SOA 
composition has been more comprehensively measured in 
the southeastern US, in which organic aerosol could be 

explained almost completely by monoterpenes, isoprene, 
and other sources.29,35 No such comprehensive 
characterization of organic aerosol was available at this 
site to assess the prevalence of in-canopy aerosol 
formation from sesquiterpenes and future studies are 
needed to better assess the impact of sesquiterpenes on 
SOA formation and characteristics in this region of the 
southeastern US. The location of the measurements within 
the canopy would require such formation to occur very 
rapidly, so would depend on only the most reactive 
isomers, which may be probed by future analyses of 
oxidation products of these compounds. SV-TAG measured 
concentrations of potential oxidation products in the 
aerosol, but identification of individual components as 
sesquiterpene products is ongoing and non-trivial due to 
molecular structural features and fragments shared with 
monoterpenes. 

Implications for the Broader Atmosphere 

Better understanding of the composition and 
concentrations of sesquiterpenes is necesarry to bridge 
the discrepencies between modeled and observed impacts 
of this compound class on atmospheric chemistry. Using a 
field deployable GC-MS (SV-TAG), concentrations of 
sesquiterpenes at two field sites in the Southeastern U.S. 
were measured on the order of tens of ng m-3, and these 
data can provide several broader insights into the role of 
sesquiterpenes in the atmosphere. The similarity in 
composition observed at the two sites suggests the 
observed sesquiterpene mixture serve as a reasonable 
reaction rate proxy for the studied ecosystem in the 
Southeastern U.S. 

Due to their low relative concentrations and 
reaction rates compared to other major BVOC chemical 
classes, we conclude that sesquiterpenes under normal 
circumstances do not contribute significantly to total OH 
reactivity. This conclusion is expected to generally apply 
across environments , as the range of OH reaction rates for 
sesquiterpenes is not significantly different than that of 
monoterpenes and other more abundant biogenic 
compound classes However, sesquiterpenes, in particular 
β-caryophyllene, may contribute non-negligably to ozone 
reactivity due to their fast ozone reaction rates and may 
play a larger role under different environmental 
conditions. Notably, β-caryophyllene and humulene have 
experimental reaction rate constants that are 
approximately 150 times greater than that estimated by 
structure-activity relationships; if such a discrepency were 
to exist for other sesquiterpenes, the contribution of the 
compound class to ozone reactivity would be significantly 
more important. We highlight a critical need for improved 
experimental data on the reactions of dominant 
sesquiterpenes to better constrain the impacts of the 
compound class.  

We further present average reaction rates for 
the reaction of the total sesquiterpene class with common 
atmospheric oxidants, in combination with those 



estimated for monoterpenes by McGlynn et al., present an 
alternative  approach to determine the potential impacts 
of terpene compounds to the local atmosphere.51 These 
reaction rate constants present a novel approach to 
accounting for sesquiterpene influence on tropospheric 
oxidant budget in addition to other situations that utilize 
modelling. Furthermore, they represent an effective 
approach to better understand and model the impacts of 
these compound classes when little or no speciated 
information is available. For example, this can be used in 
the case of emissions models with few sesquiterpene 
emission categories or measurements by direct-sampling 
mass spectrometers that cannot resolve compound classes 
by structure or isomer.1,72–74 This can provide a method for 
improving our understanding of sesquiterpene chemistry 
and better bridge the observations of sesquiterpenes in 
ambient conditions and those predicted by modelling. It is 
unlikely, however, that sesquiterpenes at present 
represent substantial SOA formation potential downwind 
of the emitting ecosystem(i.e., mixed forest) within the 
southeeastern US, as even complete conversion would not 
generate significant aerosol. We cannot determine in this 
work whether or not rapid aerosol formation within the 
canopy contributes significantly to aerosol composition 
within the ecosystem as has been observed for other 
ecosystems, but the most likely interpretation of the 
present and previously published data is that 
sesquiterpenes simply do not contribute significantly to 

SOA concentrations in the southeastern US.71 in other 
environments, sesquiterpeens have been shown to 
contribute significantly to SOA particularly during certain 
episodes, suggesting a need for both expanded 
measurements of this compound class and associated 
oxidation products in addition to a better understanding of 
the drivers of the sesquiterpene emissions that may lead 
to intermittent or episodic periods of high sesquiterpene 
concentrations.71 
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Figure 1: Sample chromatograms depicting identified sesquiterpenes at the tower (a) and farm (b) site. Compounds are labeled 
in order of increasing OH reaction rate constant and are as follows: 1.* cuparene, 2.* calamanene, 3. longifolene, 4. β-cedrene, 
5. alloaromadendrene, 6. β-gurjunene, 7. α-cedrene, 8. α-copaene, 9. thujopsene, 10. α-cubebene, 11. β-selinene, 12. α-selinene, 
13. γ-cadinene, 14. γ-muurolene, 15. γ-cuprenene, 16. α-bergamotene, 17. α-muurolene, 18. α-amorphene, 19. α-cadinene, 20. 
β-caryophyllene, 21. δ-cadinene, 22. azulene, 23. humulene, 24. farnesene. Sesquiterpenoids (C15H22) are denoted with an ‘*’ 
next to their number. α-cubebene, γ-cuprenene, and α-cadinene are outside of the presented retention index. Ions common for 
sesquiterpenoids are different than those for sesquiterpenes and are not shown in the figure above, only their location relative 
to other sesquiterpenes. 



 

 

Figure 2: Percent composition of sesquiterpenes identified at the farm and tower sites with bars representing composition of 
sesquiterpenes identified at both sites and isomers identified solely at either the farm or the tower. Sesquiterpenes are colored 
according to increasing their rate constant for reaction with hydroxyl radicals. Specific values for kOH of each isomer are found 
in the supplemental. 



 

 

 

 

 

 

Figure 3: Concentrations of identified sesquiterpenes and sesquiterpenoids at the tower (a-b) and farm (c-d) sites. Timeseries of 
total concentrations are shown on the left (a,c) with diurnal behavior on the right (b,d).The dashed line in the tower time series 
represents the sesquiterpene concentrations estimated by unresolved binned integration as defined in the methods. 

 

 

 

 

 

Figure 4: Sesquiterpene profile for the morning following hay cutting. Only species observed after hay cutting are identified. 



 

 

 

 

 

Figure 5: Composition weighted hydroxyl reactivity of sesquiterpene species identified and quantified at the tower and farm  
sites. The top three sesquiterpene contributors to hydroxyl reactivity for each site are listed next to their corresponding slice. 

 

 

 

 

Figure 6: Time series of hydroxyl reactivity for the tower (a) and farm (b) sites as well as ozone reactivity time series for the 
tower (c) and farm (d) sites. Solid lines represent calculated reactivity using speciated sesquiterpenes while dashed lines 
represent reactivity based on average sesquiterpene reaction rates. 

 



  

 

Figure 7: Composition weighted ozone reactivity of sesquiterpene species identified and quantified at the tower (a) and farm (b) 
sites. 
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