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Abstract

The Arctic is a climatically sensitive region that has experienced warming at almost 3 times the 

global average rate in recent decades, leading to an increase in Arctic greenness and a greater 

abundance of plants that emit biogenic volatile organic compounds (BVOCs). These changes 

in atmospheric emissions are expected to significantly modify the overall oxidative chemistry 

of the region and lead to changes in VOC composition and abundance, with implications for 

atmospheric processes. Nonetheless, observations needed to constrain our current understanding 

of these issues in this critical environment are sparse. This work presents novel atmospheric 

in situ proton-transfer-reaction time-of-flight mass spectrometry (PTR-ToF-MS) measurements 

of VOCs at Toolik Field Station (TFS; 68°38′ N, 149°36’ W), in the Alaskan Arctic tundra 

during May–June 2019. We employ a custom nested grid version of the GEOS-Chem chemical 

transport model (CTM), driven with MEGANv2.1 (Model of Emissions of Gases and Aerosols 

from Nature version 2.1) biogenic emissions for Alaska at 0.25° × 0.3125° resolution, to interpret 

the observations in terms of their constraints on BVOC emissions, total reactive organic carbon 

(ROC) composition, and calculated OH reactivity (OHr) in this environment. We find total 

ambient mole fraction of 78 identified VOCs to be 6.3 ± 0.4 ppbv (10.8 ± 0.5 ppbC), with 

overwhelming (> 80 %) contributions are from short-chain oxygenated VOCs (OVOCs) including 

methanol, acetone and formaldehyde. Isoprene was the most abundant terpene identified. GEOS-

This work is distributed under the Creative Commons Attribution 4.0 License.

Correspondence: Lu Hu (lu.hu@mso.umt.edu) and Vanessa Selimovic (vanessa.selimovic@umontana.edu).
anow at: Ecole Polytechnique Fédérale de Lausanne (EPFL), Extreme Environments Research Laboratory, Sion, Switzerland
Author contributions. DH, LH, AF, and DBM designed the experiments and acquired funding. HA acquired and processed GC-MS 
data. CW acquired PTR-ToF-MS data during the field campaign, and DK contributed to post-processing PTR-ToF-MS data and data 
analysis. WP helped to refine the sampling technique and procedure. SC was responsible for initializing GEOS-Chem model runs and 
outputs. VS analyzed the data and prepared the manuscript with contributions from all authors.

Supplement. The supplement related to this article is available online at: https://doi.org/10.5194/acp-22-14037-2022-supplement.

Competing interests. The contact author has declared that none of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

HHS Public Access
Author manuscript
Atmos Chem Phys. Author manuscript; available in PMC 2023 July 20.

Published in final edited form as:
Atmos Chem Phys. 2022 ; 22(21): 14037–14058. doi:10.5194/acp-22-14037-2022.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chem captures the observed isoprene (and its oxidation products), acetone and acetaldehyde 

abundances within the combined model and observation uncertainties (±25 %), but underestimates 

other OVOCs including methanol, formaldehyde, formic acid and acetic acid by a factor of 3 

to 12. The negative model bias for methanol is attributed to underestimated biogenic methanol 

emissions for the Alaskan tundra in MEGANv2.1. Observed formaldehyde mole fractions increase 

exponentially with air temperature, likely reflecting its biogenic precursors and pointing to a 

systematic model underprediction of its secondary production. The median campaign-calculated 

OHr from VOCs measured at TFS was 0.7 s−1, roughly 5 % of the values typically reported in 

lower-latitude forested ecosystems. Ten species account for over 80 % of the calculated VOC OHr, 

with formaldehyde, isoprene and acetaldehyde together accounting for nearly half of the total. 

Simulated OHr based on median-modeled VOCs included in GEOS-Chem averages 0.5 s−1 and 

is dominated by isoprene (30 %) and monoterpenes (17 %). The data presented here serve as a 

critical evaluation of our knowledge of BVOCs and ROC budgets in high-latitude environments 

and represent a foundation for investigating and interpreting future warming-driven changes in 

VOC emissions in the Alaskan Arctic tundra.

1 Introduction

The Arctic is a climatically sensitive region that has experienced temperature increases 

at almost 3 times the global average rate in the past century (AMAP, 2021; Post et al., 

2019; Hansen et al., 2010). This rapid warming has increased Arctic greenness to include 

a larger abundance of shrubs and graminoids in the tundra ecosystem over the last few 

decades (Frost et al., 2020; Lindwall et al., 2016; Rinnan et al, 2014; Koesselmeier and 

Staudt, 1999). Similarly, present woody cover in the Arctic is predicted to increase over 50 

% by 2050, which will amplify warming due to decreased surface albedo (Pearson et al., 

2013; Guenther et al., 2012; Rinnan et al., 2011). These ecological changes are expected 

to increase emissions of biogenic volatile organic compounds (BVOCs) including isoprene 

and monoterpenes, which are emitted by plants partially in response to abiotic factors such 

as temperature and sunlight. Many other BVOCs are oxygenated VOCs (OVOCs), including 

alcohols, aldehydes, ketones and organic acids. OVOCs are ubiquitous in the atmosphere 

and often have both direct biogenic sources and photochemical sources, but their global 

budgets are poorly constrained, in part due to sparse availability of observational data. 

Among other factors, continued increases in warming have the potential to create positive 

feedback cycles associated with BVOC emissions, with likely impacts on tropospheric 

oxidative capacity in the Arctic related to ozone production and formation of secondary 

species. Though boreal, temperate and tropical vegetation ecosystems have been surveyed 

for emission potentials of various BVOCs, observations are lacking to constrain BVOC 

emissions and their chemical impact in the highly sensitive and changing Arctic tundra 

ecosystem. Quantifying changes in Arctic VOC emissions and evaluating model predictions 

thus requires high-quality baseline data along with an accurate understanding of the 

underlying processes driving VOC emissions in the region.

Global emission inventories assume BVOC fluxes in the Arctic to be minimal (~ 5 % 

of total global isoprene and monoterpene fluxes, despite being 18 % of total global land 

area) due to lower average temperatures, shorter growing seasons, sparse vegetation cover, 
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and lower basal emission factors in Arctic plants than compared with those in low and 

midlatitudes (Kramshøj et al., 2016; Sindelarova et al., 2014; Guenther et al., 2012). Field 

experiments focused on the warming effects on BVOC emissions have often observed 

stronger temperature sensitivity of Arctic and subarctic vegetation emissions than those 

in the lower latitudes (Angot et al., 2020; Lindwall et al., 2016; Kramshøj et al., 2016; 

Potosnak et al., 2013; Faubert et al., 2010). These field observations often suggest a higher 

emission response to increased ambient temperature than predicted by BVOC emission 

inventories, which are generally based on responses to light and temperature among other 

environmental variables (Tang et al., 2016; Kramshøj et al., 2016; Potosnak et al., 2013; 

Guenther et al., 2012; Faubert et al., 2010). Studies have found that a steeper model 

temperature dependence yields isoprene emission rates more consistent with observations 

(Tang et al., 2016). More recently, Angot et al. (2020) found a 180 %–215 % increase 

in isoprene emissions from Alaskan tundra vegetation in response to a 3–4 °C warming, 

similar to increases predicted by a commonly used biogenic model (Model of Emissions of 

Gases and Aerosols from Nature version 2.1, or MEGANv2.1) for the 0–30 °C temperature 

range (Guenther et al., 2012). These studies highlight the extreme temperature sensitivity of 

BVOC emissions from Arctic tundra ecosystems.

The limited number of previous model evaluation studies of high-latitude atmospheric 

chemistry have mostly utilized short periods or “snapshots” by aircraft field observations, 

but they have helped to identify knowledge gaps in our current understanding of OVOC 

budgets in the Arctic. For instance, a recent study coupling the GEOS-Chem chemical 

transport model (CTM) to observations from the Atmospheric Tomography (ATom) aircraft 

mission found underestimations in remote methanol abundance by over 50 % in simulations 

from the base model. This underestimation was largest in the Arctic (> 70 %), except 

during wintertime, likely reflecting model errors in biogenic sources (Bates et al., 2021). 

Early intercomparisons of model results to surface observations have shown that CTMs have 

notable limitations in accurately simulating Arctic tropospheric composition, and that some 

of the largest discrepancies among models are found for OVOCs such as acetaldehyde 

and acetone. In one case, spring and summertime concentrations of acetaldehyde and 

acetone were both underestimated by CTMs (10 %–100 % negative bias depending on the 

model) (Emmons et al., 2015). Other research has shown that biogenic emission inventories 

such as MEGAN overestimate acetone and its precursors in high latitudes (Wang et al., 

2020). However, biogenic emissions are thought to only play a minor role (< 10 %) in 

formaldehyde vertical column densities observed from various observational platforms in 

Alaska during boreal summer, while methane oxidation (> 60 %) and wildfires (15 %) are 

implied as more important sources (Zhao et al., 2022).

Emissions of formic and acetic acid are critical contributors to cloud water acidity in 

remote regions (Paulot et al., 2011). However, despite in situ measurements at high latitudes 

showing mixing ratios of over 1 ppb for formic and acetic acid, modeled concentrations for 

both acids in the Arctic are very low (several ppt or less) (Mungall et al., 2018). Several 

explanations for this discrepancy have been suggested, including a direct biogenic source 

and photochemical production from anthropogenic, biogenic and fire sources (Chen et al., 

2021; Alwe et al., 2019; Schobesberger et al., 2016; Millet et al., 2015; Stavrakou et al., 

2012). Recently, chamber studies by Franco et al. (2021) report efficient production of 
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formic acid from formaldehyde via a multiphase reaction pathway that involves the hydrated 

form of formaldehyde, methanediol, in warm cloud droplets. The results mentioned above 

highlight the limited observational constraints and potential knowledge gaps of OVOC 

sources in high latitudes.

We note that some of these species are photochemically interrelated and therefore 

enhancements and underestimation in one species are likely correlated with those from 

another. For example, reactions of isoprene and its oxidation products methacrolein (MACR) 

and methyl vinyl ketone (MVK) will readily produce formaldehyde via reactions with 

OH, as will oxidation of methanol and acetaldehyde. Reactive organic carbon (ROC) is 

expected to consist of hundreds of compounds which can contribute to the formation of 

secondary species (Heald and Kroll, 2020). However, only a subset of these compounds is 

routinely measured, and an even smaller subset is modeled. As a result, our understanding 

of ROC abundance, distribution, and chemical impact remains poor for Arctic environments. 

In addition to the commonly studied VOCs mentioned earlier, recent studies utilizing 

advanced mass spectrometry instrumentation suggest that there are at least hundreds of 

organic compounds undergoing exchange between ecosystems and atmosphere (Goldstein 

and Galbally, 2007). Current CTMs do not account for that many species and are thought 

to underestimate ROC and reactivity as a result. Comparison to flux measurements in a 

mixed temperate forest indeed reveals that GEOS-Chem underpredicts total VOC carbon 

and reactivity by 40 %–60 % on average, and these fluxes are dominated by compounds 

already explicitly included in the CTM. The results of this study suggest that the largest 

unknowns surrounding simulations of VOC carbon and reactivity in mixed temperate forests 

are associated with known, rather than unaccounted species (Millet et al., 2018), but to date, 

no one has probed this critical issue in Arctic tundra environments.

This work presented here builds upon Angot et al. (2020) and showcases novel in 

situ proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS) ambient 

measurements of the entire VOC mass spectrum and a suite of other chemical and 

meteorological parameters at Toolik Field Station (TFS) in the Alaskan North Slope in the 

early summer of 2019. We compare observed mixing ratios of several major VOCs, and their 

temperature dependencies, with GEOS-Chem + MEGANv2.1 predictions, to identify if there 

are any key knowledge gaps for reactive carbon in the Arctic. Additionally, we investigate 

the full mass spectrum and identify contributions from previously unaccounted VOCs, as 

well as their potential to impact regional oxidative chemistry and estimates of total VOC 

carbon and OH reactivity (OHr).

2 Methods

2.1 Study site

Ambient VOC, nitrogen oxides (NOx, where NOx = NO + NO2), O3, and meteorological 

measurements were conducted from a weatherproof shelter roughly 350 m to the west of the 

base camp of Toolik Field Station (TFS) from 23 May to 23 June 2019. TFS is a long-term 

ecological research center located in the Arctic tundra on the northern flank of the Brooks 

Range in northern Alaska (68°38′ N, 149°36′ W), roughly 178 km southwest of Prudhoe 

Bay (population of roughly 2000), and 600 km north of Fairbanks. The site is located ~ 250 
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km north of the Arctic Circle and is at an average elevation of 720 m above sea level. The 

Trans-Alaska Pipeline system and the Dalton highway, which run from north to south, are 

approximately 2 km to the east of the site. This area is typical of the northern foothills of 

the Brooks Range, with vegetation at this site largely categorized as Tussock tundra within 

~ 75 km radius (Angot et al., 2020, Elmendorf et al., 2012; Kade et al., 2012; Shaver and 

Chapin, 1991; Survey, 2012; Walker et al., 1994). Common plant species at the site include 

deciduous shrubs such as Betula (birch) and Salix (willow), as well as grasses such as 

Eriophorum (cotton grass), and moss such as Sphagnum angustifolium (peat moss) (Angot 

et al., 2020).

2.2 Meteorological data

Figure 1 shows meteorological conditions at TFS during the monitoring period, measured 

from a meteorological tower located ~ 30 m from the instrument shelter (Angot et al., 2020). 

Average wind speed was 2.8 m s−1, with a maximum of 9.0 m s−1. Wind was primarily 

from the north and south, with occasional influences from the northwest (lake) and northeast 

(camp). Average hourly temperature for the entire study was roughly 7.5 °C and ranged 

from a minimum of −2.8 °C to a maximum of approximately 21 °C. A 10-year average 

of temperatures for this area suggests typical daily ranges of −6 to 10 °C between May 

and June. This range, and our campaign average reflects the seasonal transition, as the field 

intensive started near the onset of snowmelt (mid-May) and extended into the early growing 

season (mid-June). Both surface air temperature and photosynthetically active radiation 

(PAR) had distinct diurnal cycles, peaking between roughly 10:00 and 15:00 LT (Alaskan 

Standard Time; AKST).

2.3 Proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS)

Ambient VOC mixing ratios were measured by proton-transfer-reaction time-of-flight mass 

spectrometry (PTR-ToF-MS 4000, IONICON Analytik GmbH, Innsbruck, Austria). Air was 

pulled continuously from a sample inlet located 4 m above ground on a meteorological 

tower to the instrument at 10–15 L min−1 via ~ 30 m of 1/4″ (6.35 mm) outer diameter 

(OD) perfluoroalkoxy (PFA) tubing maintained at 55 °C, which was then subsampled by the 

instrument through ~ 100 cm of 1/16″ (1.59 mm) OD polyetheretherketone (PEEK) tubing 

maintained at 60 °C. The VOCs with proton affinities higher than that of water (> 165.2 

kcal mol−1) were ionized via proton-transfer reaction, utilizing H3O+ as primary ions, then 

subsequently separated and detected by a ToF-MS with mass-resolving power of ~ 4000 

amu/Δamu. Ions were measured from m/z 17–400 every 2 min. Residence time from the 

sample inlet on the 4 m tower to the drift tube was less than 5 s. Instrument backgrounds 

were quantified roughly every 5 h for 20 min by measuring VOC-free air generated by 

passing ambient air through a heated catalytic converter (375 °C, platinum beads, 1 wt 

% Pt: Sigma Aldrich). Calibrations were performed every 4 d, via dynamic dilution of 

gas standard mixtures containing 25 individual VOCs (stated accuracy 5 % at ~ 1 ppmv; 

Apel-Riemer Environmental, Inc., Miami, FL; Permar et al., 2021) with overall uncertainty 

< 15 % (Supplement Table S1). Formaldehyde was calibrated post campaign with a certified 

standard via the method above, and humidity dependence was also accounted for, leading to 

higher uncertainty (40 %). Formic acid and acetic acids were calibrated with a permeation 

device deployed in the field, and have uncertainties of ~ 30 % (Table S1, Permar et al., 
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2021). Instrument sensitivities for all remaining VOCs that are not directly calibrated were 

estimated theoretically based on their molecular dipole moment, polarizability, functional 

groups (Sekimoto et al., 2017), and following procedures developed in our previous field 

campaign (Permar et al., 2021). The overall uncertainty for this method is estimated to be 50 

% for most species, consistent with previous work (Table S1, Sekimoto et al., 2017; Permar 

et al., 2021).

Peak fitting and integration were performed with the PTR-MS Viewer 3.2.12 post-

processing software (IONICON Analytik GmbH, Innsbruck, Austria). Molecular formulae 

and compound names were assigned utilizing the workflow published in Fig. S1 of Millet 

et al. (2018), and based on comparison with previously published PTR-MS libraries (Permar 

et al., 2021; Pagonis et al., 2019; Koss et al., 2018). The limit of detection (LOD) for 

each species was defined as 2 times the standard deviation (σ) of instrument blank or zero 

values. Species with LOD larger than the 95th percentile of measured ambient values were 

removed from the analysis (~ 50 of 126 ions removed, collective contribution < 5 % of 

instrument signal). Wind, NOx, and C6–C8 aromatic VOC measurements were used to filter 

local-anthropogenic influence from camp activities. Specifically, we removed data points 

that were simultaneously associated with the direction of the camp (15° to 60° NW), low 

wind speed associated with stagnant conditions (< 1.5 m s−1), high NOx (> 0.5 ppbv, 95th 

percentile), and high individual anthropogenic VOC abundance (C6–C8 aromatics > 0.6 

ppbv, 95th percentile). This removed approximately 15 % of measurements. All viable 75 

VOC species/masses measured by PTR-ToF-MS and their measurement statistics are listed 

in Table S1.

2.4 Ancillary measurements

Nitrogen oxides (NOx – sum of NO and NO2) were measured using a custom-built 

high-sensitivity (~ 5 pptv detection limit) single channel chemiluminescence analyzer as 

described by Fontijn et al. (1970), that monitors NOx in ambient air using a photolytic 

converter and automated switching valves to alternate between NO and NO2 modes every 30 

min. Calibration was completed once a day by dynamic dilution of a 1.5 ppmv compressed 

NO gas standard (Scott-Marrin, Inc., Riverside, CA, USA). Ozone (O3) was measured using 

an ultraviolet (UV) absorption monitor (TEI model 49C, Thermo Fisher Scientific, MA, 

USA). The instrument underwent automated daily zero and span checks and was calibrated 

before and after the field campaign against a TEI model 49C primary standard calibrator. 

Overall uncertainty in O3 measurements is estimated to be ±1 ppbv for 10 min averaged 

data. Gas chromatography and mass spectrometer with flame ionization detection (GC–MS/

FID) was utilized to measure a select number of hydrocarbons, including butane, pentane, 

and isohexane. These measurements are discussed in more detail in Sect. 3.3. For a full 

description of the GC–MS/FID technique, see Angot et al. (2020).

2.5 GEOS-Chem chemical transport model

We applied a nested grid version of the GEOS-Chem chemical transport model 

(CTM) to simulate VOC mixing ratios at TFS (version 13.3.2; https://doi.org/10.5281/

zenodo.5711194; Bey et al., 2001). In this study, we implemented a custom nested grid 

centered over Alaska ranging from 50° to 75° N and 130° to 170° W, with 93 × 128 grid 
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cells at 0.25° × 0.3125° (latitude × longitude) and 47 vertical layers (Kim et al., 2015; Wang 

et al., 2004). The model is driven by NASA GMAO GEOS-FP assimilated meteorological 

data and is run with time steps of 5 min for chemistry and transport, and 10 min for 

emission and deposition. Chemical boundary conditions were taken from a 4° × 5° global 

simulation every 3 h. Model spinup for initialization employed a 2-year simulation at the 

global 4° × 5° resolution followed by 1 month at the nested domain prior to the study 

period. Emissions were computed using the HEMCO module (Keller et al., 2014), using the 

Community Emission Data System (CEDS) for anthropogenic emissions (McDuffie et al., 

2020; Hoesly et al., 2018), and the Global Fire Assimilation System (GFAS) for biomass 

burning emissions (Kaiser et al., 2012).

The Model of Emissions of Gases and Aerosols from Nature (MEGANv2.1) within GEOS-

Chem implemented by Hu et al. (2015) was used to calculate BVOC emissions (Guenther 

et al., 2012). Average monthly biogenic emissions of isoprene, methanol, and acetone for 

the Alaska model domain during June 2019 are shown in Fig. 2. MEGANv2.1 computes 

biogenic emissions for each model grid cell based on the fractional coverage of 15 plant 

functional types (PFTs) and the corresponding base emission factor for each VOC under 

standard conditions. The PFT distributions from the Community Land Model version 4 

(CLM4; Lawrence et al., 2011) within ~ 50 km radius of TFS include broadleaf deciduous 

boreal shrub (56 %), bare land (34 %), and Arctic C3 grasses (7 %), with minimal (< 3 % 

total) contributions from other PFTs (Fig. S1; Guenther et al., 2012). The MEGANv2.1 

base emission factor for isoprene is 4000 μg m−2 h−1 for broadleaf deciduous boreal 

shrub but just 1600 μg m−2 h−1 for Arctic C3 grass, resulting in large predicted isoprene 

emission gradients in the Alaskan North Slope region. MEGANv2.1 accounts for the major 

environmental processes driving emission variations, including light, temperature, leaf age, 

leaf area index and CO2 inhibition.

Later, we evaluate the temperature (and light) dependence used to drive biogenic emissions 

in MEGAN. For isoprene, emissions are treated as 100 % light-dependent, with temperature 

activity factor (γT) calculated as

γT = Eopt 200 exp CT1x
200 − CT1(1 − exp(200x)) , (1)

where

x =
1

Topt
− 1

T
0.00831 , (1a)

T opt = 313 + 0.6 T 240 − 297 , (1b)

Eopt = Ceo × exp 0.08 T 240 − 297 . (1c)

In the above equations, T is the 2 m air temperature which is assumed to be equivalent to 

the leaf temperature, and T240 is the average surface air temperature over the past 240 h; CT1 
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and Ceo are both VOC-dependent empirical coefficients, equal to 95 and 2, respectively for 

isoprene.

On the other hand, γT for methanol is computed as a weighted average of a light-dependent 

fraction (80 %) following Eq. (1) and a light-independent fraction (20 %) following Eq. (2):

γT = exp [β(T − 303)], (2)

where β is an empirically determined coefficient (set equal to 0.08 for methanol; Guenther et 

al., 2012).

Evaluation of temperature and light response within models on the effect of BVOC 

emissions in higher latitudes is crucial for addressing discrepancies in model simulations, 

as Arctic plants appear to respond to warming differently than plants from low latitudes 

(Rinnan et al., 2014). In addition to landscape changes in plant composition and functional 

type, tundra plants with relatively dark surfaces and low growth forms may also experience 

higher leaf temperature than air temperature measured at heights (~ 2 m) provided by 

weather stations. Studies have observed large temperature oscillations among surface 

vegetation (10 to 26 °C), and differences of between 7–20 °C when comparing air 

and surface temperatures (Seco et al., 2020; Lindwall et al., 2016). This could lead to 

larger emissions than anticipated in current models, and identified challenges in accurately 

estimating BVOC emissions are thus closely related to having accurate estimations of 

temperature and PFTs, along with representation of long-term vegetation changes (Tang et 

al., 2016).

For comparison with observations, we sample the surface model grid cell over TFS on an 

hourly basis. The CLM4 indicates that the vegetation distribution is relatively consistent 

over the spatial scale of the GEOS-Chem grid surrounding (~ 100 km) TFS. Plant 

survey data support this (Fig. S1; Angot et al., 2020). Figure 1 shows the GEOS-FP 

meteorological inputs used to drive GEOS-Chem and MEGANv2.1 biogenic emissions. 

In general, simulated and observed temperatures agree within ~ 3 °C, and PAR agrees 

within 20 %. Modeled hourly surface temperature was on average only 0.4 °C higher 

than observed ambient temperature during peak PAR hours (10:00 to 15:00 LT). However, 

simulated hourly temperature exhibited a larger deviation from observational “nighttime” 

values (±2.0 °C) between 20:00 and 04:00 LT, and when PAR was lower. We discuss how 

these discrepancies can affect BVOC emission predictions in later sections.

3 Results and discussion

3.1 Major VOCs in the Alaskan Arctic tundra

We present measurements of 78 identified VOCs in this study, including 75 compounds 

measured by PTR-ToF-MS, and 3 complementary VOCs measured by GC–MS/FID that 

were not included as part of Angot et al. (2020), but were quantified and are useful in 

attributing anthropogenic sources of VOCs (butane, pentane, isohexane, Table S1). Among 

the 78 measured species, 8 major masses account for over 80 % of the measured total 

carbon mass. These eight major VOCs include formaldehyde, methanol, acetaldehyde, 
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formic acid, acetone, acetic acid, isoprene, and the sum of isoprene oxidation products 

methacrolein (MACR) and methyl vinyl ketone (MVK). We primarily focus on these species 

in this section due to their widespread global abundance and potential to significantly 

alter oxidative chemistry. Additionally, these species represent some of the most commonly 

globally studied VOCs to date, which allows us to compare our rare measurements from the 

Arctic tundra to lower-latitude ecosystems, as well as to evaluate our current understanding 

of VOC emissions within CTMs. In later sections, we examine the measured total VOCs and 

their role in OH reactivity (OHr) and ROC. Table 1 lists measurement statistics for the eight 

major VOCs mentioned. Figure 3 shows the time series of hourly averaged ambient mixing 

ratios and corresponding GOES-Chem outputs. For the first 4 weeks of the field campaign, 

all VOCs remained at relatively low levels, reflecting cooler daily average air temperatures 

(7.4 ± 2.6 °C) that occasionally dropped to freezing and limited biological activity. During 

the last few days of the study (19–22 June), rising daily average temperatures (13.7 ± 3.2 °C) 

led to a 3-fold enhancement in the abundance of several BVOCs relative to their campaign 

average.

The most important terpenoid BVOC, isoprene, and the sum of its oxidation products 

MACR + MVK reached hourly maximum values of 0.54 and 0.45 ppbv, respectively, near 

the end of the campaign when air temperatures were highest (> 20 °C). These maximum 

values are roughly 1 order of magnitude higher than the corresponding campaign mean 

values (i.e., isoprene 0.06 ± 0.06 ppbv and MVK + MACR 0.06 ± 0.06 ppbv; mean ± 1σ; 

Table 1), and these values are consistent with ambient measurements from GC–MS/FID 

measurements within 10 % (Angot et al., 2020). Our observations also appeared to capture 

the beginning of the isoprene seasonal cycle for the Alaskan Arctic tundra. The onset 

of isoprene emissions near TFS is about 1 month later than in midlatitude ecosystems, 

reflecting the seasonal and latitudinal gradient in plant phenology (i.e., late May or early 

June in midwestern, northeastern, or southeastern US; McGlynn et al., 2021; Hu et al., 

2015; Goldstein et al., 1998). Additionally, it is well known that the capacity for leaf-level 

isoprene emissions is delayed developmentally, with leaves becoming photosynthetically 

active weeks before isoprene emission begins. This delay is significantly affected by growth 

temperature, and the air temperature of previous days to weeks can affect the basal rate of 

isoprene emissions (Sharkey et al., 2008). As shown here, a rapid ~ 10-fold enhancement 

in isoprene concentrations was observed within just a few weeks. Our observed maximum 

isoprene mixing ratio is roughly a factor of 3 lower than previous measurements at a nearby 

site (i.e., hourly mean up to 1.5 ppbv; Potosnak et al., 2013), likely due to seasonal variation. 

Elevated isoprene abundance was primarily associated with northerly and southerly wind 

directions (Fig. 4).

As with observations in other ecosystems, isoprene and MACR + MVK measured at TFS 

were well correlated with each other (r2 > 0.75). Concentrations of MACR + MVK showed 

a diurnal pattern similar to that of PAR and temperature, highlighting biogenic sources 

(Fig. 5). The ratio between isoprene and MACR + MVK depends upon several factors, 

including atmospheric mixing, distance from isoprene emitters, and local oxidant chemistry, 

which hinges on the concentration of NOx (Hu et al., 2015; Apel et al., 2002; Stroud et al., 

2001). The average hourly isoprene / MACR + MVK ratio was ~ 1 and decreased slightly 

during the enhancements observed at the end of the campaign (0.9), likely due to enhanced 

Selimovic et al. Page 9

Atmos Chem Phys. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



photochemistry. Lower-latitude studies investigating the isoprene / MACR + MVK ratio 

suggest that values ≥ 1 indicate an approximate transport time less than 1 isoprene lifetime, 

with values less than 0.5 indicating more regional-aged emissions (Hu et al., 2015). Isoprene 

lifetimes, modulated by OH abundance, are estimated to be < 1 h at lower latitudes based on 

typical OH concentrations (~ 1 × 106 molecules cm−3) (Wells et al., 2020; Hu et al., 2015; 

Warneke et al., 2004). The 24 h median OH concentration simulated by GEOS-Chem during 

this period (7.8 × 104 molecules cm−3) implies an isoprene lifetime of approximately 3.6 h 

in the area around TFS. Based on this lifetime and the average daytime (08:00 to 20:00 LT) 

wind speed of roughly 3.5 m s−1, this would indicate an average transport range of roughly 

50 km, an area whose PFT is mostly broadleaf deciduous boreal shrubs according to CLM4 

land cover (Sect. 2.5, Fig. S1).

Of the major OVOCs listed in Table 1, methanol showed the highest mean mixing ratio 

(3.1 ± 1.5 ppbv), followed by acetone (1.1 ± 0.31 ppbv), formaldehyde (0.84 ± 0.2 ppbv), 

formic acid (0.50 ± 0.63 ppbv), acetic acid (0.28 ± 0.39 ppbv), and acetaldehyde (0.24 ± 

0.15 ppbv). During the ATom aircraft mission, ~ 0.70–1.40 ppbv of methanol (25th–75th 

percentile range) were observed in the Arctic boundary layer during summer 2016 (Bates 

et al., 2021), but higher levels were measured in the free troposphere (~ 2.50 ppbv). The 

mean mixing ratio of acetone reported in this study is comparable to that measured at 

Utqiagvik, AK, during the OASIS-2009 field campaign in March–April 2009 (0.90 ± 0.30 

ppbv, Hornbrook et al., 2016), but roughly 75 % higher than the mean mixing ratio reported 

in Pernov et al., 2021 from measurements at Villum Research Station in Greenland (0.61 

ppbv) between April and October.

Highly variable mixing ratios of formic and acetic acid that are 3–5 times higher than those 

observed at TFS (formic acid 1.23 ± 0.63 ppbv, acetic acid 1.13 ± 1.54 ppbv; Mungall et 

al., 2018) were observed under diverse environmental conditions (cold, cloudy and warm, 

sunny) during early summer near the ocean in Alert, Nunavut, Canada. However, Pernov et 

al. (2021) reported measurements (with 1σ in parenthesis) of formic (0.45 ± 0.37 ppbv) and 

acetic acid (0.20 ± 0.15 ppbv) in Greenland that are in closer agreement to our observed 

values. Previous global simulations of acetaldehyde mixing ratios suggest there is between 

50–200 pptv of acetaldehyde in the Alaskan Arctic tundra between the boundary layer and 

middle troposphere (Millet et al., 2010), with the highest mixing ratios correlated to high 

biogenic emissions and precursor alkenes. This range is within the variability of the average 

value of acetaldehyde measured at TFS.

Enhancements of all major OVOCs at TFS tended to be strongest in air flow from both 

the north and south (Fig. 4), and correlated with elevated isoprene. Given the low wind 

speed and low abundance in anthropogenic tracers such as aromatic compounds, it is 

unlikely that measured OVOCs were chemically produced from precursor alkenes that 

may have been emitted from Prudhoe Bay to the northeast (~ 200 km away). It also is 

unlikely that any significant OVOC enhancements observed during this campaign were 

due to biomass burning for several reasons. First, wildfire detections within Alaska were 

minimal throughout the duration of the campaign (May to June 2019) and located primarily 

south of the Brooks Range, according to a global biomass burning emission inventory and 

satellite remote sensing of formaldehyde (Zhao et al., 2022). The abundance of formic 
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and acetic acid can also be indicative of whether wildfire emissions impacted our dataset. 

For instance, studies have long shown significant secondary production of organic acids 

in wildfire plumes, with acetic : formic acid ratios ≫ 1 (Akagi et al., 2011; Trentmann et 

al., 2005; Yokelson et al., 2003). We observed formic acid abundance roughly twice that 

of acetic acid throughout the campaign, which is inconsistent with biomass burning as a 

significant source. Additionally, though maleic anhydride, a secondary VOC formed from 

rapid oxidation of smoke and a marker for aged biomass burning (Coggon et al., 2019) 

exhibited a large enhancement of 30–60 pptv at the end of the campaign, this enhancement 

only lasted for < 10 h. The rest of the monitoring period, maleic anhydride was close to, 

or below the limit of detection (~ 5–10 pptv). Finally, model simulations comparing OVOC 

abundance with and without the inclusion of biomass burning emissions show negligible 

(< 5 %) differences in simulated OVOCs within this domain (Fig. S2), again reflecting 

minimal wildfire activities during the campaign period. For these reasons, we believe that 

biomass burning was not a significant contributor of the measured VOCs throughout the 

field campaign.

3.2 GEOS-Chem + MEGANv2.1 simulated major VOCs

Table 3 shows statistics of all VOCs included in GEOS-Chem along with corresponding 

observations at TFS. Observation–model comparisons indicate good agreement within ~ 10 

% for both isoprene and MACR + MVK. Good model:measurement correlation is obtained 

for these species throughout the campaign (r2 > 0.6). The simulated hourly isoprene / MACR 

+ MVK ratio (1.24 ± 0.03) is within 15 % of the observed value (1.07 ± 0.03), showing 

that fresh emissions without extensive chemical processing are accurately captured in the 

model (Fig. S3). The model is also generally able to capture the NOx levels at TFS, which 

on average were measured to be 0.10 ± 0.07 ppbv throughout the campaign, and simulated at 

0.15 ± 0.10 ppbv, reflecting a low NOx environment.

We found that the overall simulated temperature activity factor (γT) for isoprene is 

underestimated by approximately 20 % for both campaign-mean observed γT, and during 

daytime only values (08:00 to 20:00 LT) (Fig. S4), yet the model can reproduce observed 

isoprene abundance to within 10 %. The γT was enhanced by a factor of ~ 2.5 at the 

end of the campaign relative to the rest of the monitoring period, which supports the 

idea that increased biogenic activity was primarily responsible for the VOC enhancements 

observed towards the end of the campaign and reinforces the notion that wildfires were not 

a significant source of these enhancements. We also derive β coefficients for isoprene and 

methanol to determine the temperature response of emissions, with higher β indicating a 

steeper temperature response curve and vice versa. Isoprene and methanol both exhibit light 

dependence, thus we controlled this by only looking at γT during daytime hours (08:00 

to 20:00 LT) when PAR was > 400 μmol m−2 s−1. However, we find that the simulated 

(0.114; 95 % CI: 0.09–0.138) and observed (0.161; 95 % CI: 0.149–0.173) β coefficients 

for isoprene (Fig. 6a) are not statistically consistent with one another. Here, β indicates that 

simulated isoprene mixing ratios are less sensitive to assimilated temperature compared to 

the observed relationship, particularly when ambient temperatures are higher than ~ 10 °C, 

thereby implying that the response to temperature should be steeper. However, this may also 

be partially due to differences in observed versus assimilated meteorology during some of 
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the warmest days. Additionally, short-lived species would be very sensitive to any model 

errors in the mixing height, and the β inconsistency found here could suggest model errors 

in emissions and/or mixing. CTMs tend to have difficulties simulating the shallow nighttime 

mixing layer and its evolution, and a small discrepancy could result in large errors for 

the calculation of atmospheric concentrations. We utilize balloon data reported in Angot et 

al. (2020) to evaluate the vertical mixing dynamics within GEOS-Chem. Figure S5 shows 

vertical profile and mixing data of ambient isoprene concentrations measured by a tethered 

balloon between 15 July 2019 and 16 July 2019 (see Angot et al., 2020 for full description 

of methods), and concentrations simulated by GEOS-Chem for the bottom three layers (0–

350 m above ground level). Observations show isoprene to be well-mixed between 0–250 

m during the day, which the model is generally consistent with. However, at night (21:00 to 

06:00 LT) concentrations of isoprene become more stratified, which is challenging for the 

model to capture.

On some days, observations of PAR are overestimated, while in other instances PAR is 

underestimated (Fig. 1b), leading to imperfect agreement between observed and simulated 

PAR (slope = 1.22 ± 0.03; r2 = 0.63). In a situation where γP is overestimated but 

γT is underestimated or vice versa, the error in the activity responses might offset one 

another resulting in no difference between observed and simulated isoprene abundance. 

We controlled this by only looking at γT during daytime hours (08:00 to 20:00 LT) when 

PAR was > 400 μmol m−2 s−1. We find that despite the errors in assimilated environmental 

variables (T, PAR) leading to ~ 20 % underestimation in γT, isoprene is only slightly (~ 10 

%) overestimated by the model (Figs. 3, 5). However, MACR + MVK is a more robust tracer 

to evaluate model isoprene emission due to its longer lifetime and decreased sensitivity 

in model errors due to vertical mixing, OH chemistry, or plant functional type (PFT; Hu 

et al., 2015). Given that the errors caused by assimilated temperature and PAR inputs are 

minimal, we conclude that GEOS-Chem + MEGANv.2.1 can reproduce regional isoprene 

emissions to ±20 %, constrained by our observations at TFS. However, we note that our 

results are limited to the early growing season, and may also be variable in later months 

(July, August) due to large discrepancies between surface and air temperatures (Seco et al., 

2020; Lindwall et al., 2016). Nonetheless, better meteorological inputs can help to further 

improve the prediction of isoprene emissions.

Further comparisons of measured versus simulated OVOC abundance shown in Figs. 3 

and 5 yield varying results. Simulations of acetone and acetaldehyde abundance were both 

underestimated by ~ 20 %–30 % but within the combined variability of measurements 

and model representation errors, suggesting an overall good understanding of their budgets 

in the remote Arctic tundra. Some of the most striking differences are the significant 

model underestimations for methanol, formaldehyde, formic acid and acetic acid. GEOS-

Chem systematically underestimates observed methanol by a factor of almost 4 but is 

substantially correlated with observations (r2 = 0.57). The recently identified secondary 

production of methanol from CH3O2 + OH and self-reaction of CH3O2 is incorporated in 

the model version used in this study, and these reactions have been suggested to account 

for ~ 30 % of global methanol sources (Bates et al., 2021). However, including these 

reactions is insufficient in capturing the observed methanol level at TFS. Biogenic methanol 

emissions increase exponentially with temperature (Guenther et al., 2012), thus evaluating 
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the temperature dependence will allow us to investigate if there is any model bias within this 

relationship that could explain the underestimated methanol abundance. Figure 6b shows 

ambient methanol mixing ratios versus temperature for both observations and simulations 

and the exponential fits following Eq. (2). The two derived β-coefficients are statistically 

consistent with one another, with 95 % confidence intervals of 0.104–0.136 (observations) 

versus 0.097–0.123 (simulation). Such agreement implies the model biogenic temperature 

response is not a significant contributor to the model:observation discrepancy. We further 

conduct a sensitivity test with tripled biogenic methanol emissions in the Alaskan domain 

(Fig. S2). This leads to a significant model improvement (model bias ~ 10 %; r2 = 0.6). 

Thus, the above analyses suggest that the negative bias in the base model is due to 

MEGANv2.1 underestimating biogenic methanol emissions in Alaska by nearly 200 %. 

There appears to be no wind-direction bias in comparison between observed and simulated 

mixing ratio for methanol or for any of the major eight VOC species mentioned here (Fig. 

S6). Thus, we infer that the base emission factors for methanol in the corresponding relevant 

PFTs are too low in MEGANv2.1 (i.e., default 500–900 μg m−2 h−1 recommended values 

for needleleaf evergreen boreal tree, broadleaf deciduous boreal shrub, and Arctic C3 grass 

which together account for > 80 % of land area in Alaska according to the PFT distribution 

in CLM4; Fig. S1).

GEOS-Chem underestimates formaldehyde concentrations by more than a factor of 3 (Figs. 

3 and 5; Table 2). Such underestimation is likely also compounded by some PTR-ToF-MS 

measurement uncertainty associated with varying ambient humidity and the low proton 

affinity of formaldehyde (±40 %; Table S1; Permar et al., 2021), but this alone is not enough 

to explain the large model and observation discrepancy. Though methanol oxidation can 

be a source of formaldehyde (Hu et al., 2011), our sensitivity test with tripled biogenic 

methanol emission only leads to an average increase of 0.03 ppbv (or ~ 3 %) in simulated 

formaldehyde compared to the base simulation, reflecting slow atmospheric oxidation due to 

cool temperatures, low NOx and low OH in the Arctic environment. A recent study of boreal 

environments in Alaska suggests that formaldehyde vertical column densities observed from 

space are primarily driven by background methane oxidation and primary emissions from 

wildfires when available, rather than a biogenic source (Zhao et al., 2022). However, our 

additional sensitivity run with global biomass burning emissions turned off contributes to 

less than 5 % change among modeled VOCs including formaldehyde, and does not affect 

any of the observed species enhancement at the end of the campaign (Fig. S2). In addition, 

observed formaldehyde shows exponential increases towards enhanced air temperature (r2 

= 0.5, Fig. S7), likely indicating the biogenic origin of its precursors, and pointing to the 

systematic model underprediction of secondary formaldehyde production. Indeed, the strong 

diurnal cycle for formaldehyde shown in Fig. 5 compared to almost no diurnal cycle in the 

model suggests that missing VOC precursors, or missing direct sources of formaldehyde 

must be significantly responsible for the discrepancy, rather than methane oxidation alone.

The CTM and box model comparisons of formic and acetic acid to observations have been 

shown to persistently underestimate their mixing ratios, particularly in Arctic and northern 

midlatitude environments (Schobesberger et al., 2016; Stavrakou et al., 2012; Paulot et al., 

2011). Indeed, GEOS-Chem underestimates both formic and acetic acid at TFS by a factor 

of over 12 and 8.5, respectively (Table 2). Additionally, neither compound had observations 
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that were well correlated with model simulations (r2 <0.2). These results highlight the 

complexity and variability associated with formic and acetic acid and imply that current 

CTMs have an incomplete understanding in sources and chemistry associated with these 

compounds. The uncertainty associated with simulating these organic acids is likely also 

compounded by uncertainties in formaldehyde and methanol emissions, as these species 

are interconnected through several photochemical pathways that are not included in the 

GEOS-Chem version used here (Franco et al., 2021).

3.3 Reactive organic carbon (ROC) from measured and modeled VOC species

Reactive organic carbons (ROCs) are critical in the formation of secondary species and 

contextualizing atmospheric processes, but our understanding of their abundance, budget 

and chemical impact has not been probed in Arctic environments. North American studies 

of ROC in midlatitude forests and urban areas suggest alkanes can account for anywhere 

between 15 %–30 % of observed ROC by mass, with organic aerosol accounting for another 

3 %–17 % (Heald et al., 2020; Hunter et al., 2017; Heald et al., 2008). These species were 

not extensively measured at TFS and thus our measurements of ROC in this area should be 

taken as lower limits. However, prior work has shown that the species that were measured 

are expected to account for the majority of ROC and OHr (e.g., Fig. 2 in Hunter et al., 

2017). Thus, despite some limitations, in the following sections we present one of the most 

comprehensive ROC and OHr assessments to date for the Arctic tundra region, utilizing 

data from the entire mass spectrum of PTR-ToF-MS measurements and complementary 

GC–MS/FID data. This information will help to probe whether any significant amount of 

missing “unknown” ROC exists within the Arctic atmosphere, and to what extent “known” 

compounds contribute to overall ROC abundance. We also evaluate GEOS-Chem to test 

whether current models miss a significant amount of reactive carbon or reactivity in this 

remote atmosphere. Figure 7 shows the full mass spectrum of PTR-ToF-MS measurements 

at TFS, as a function of median species concentration (based on hourly data) measured 

throughout the campaign versus mass to charge ratio (m/z). For simplification purposes, 

masses were generally subcategorized based on their structure and functional groups (Table 

S1).

For reasons discussed earlier, we do not attempt to segregate periods with potential wildfire 

influence in our TFS dataset, and instead examine the overall campaign average. The total 

molar mixing ratio based on median VOC abundance (tVOC) measured by the PTR-ToF-

MS was 6.29 ± 0.36 ppbv (10.8 ± 0.5 ppbC; 5.3 μgCsm−3). Adding complementary GC–

MS/FID butane, pentane, isohexane measurements only adds 0.04 ppbv (0.19 ppbC, or 0.10 

μgCsm−3), resulting in contributions less than 1 % of the measured tVOC at TFS. Based 

on these and other anthropogenic tracers measured by PTR-ToF-MS, we conclude that there 

was negligible influence of anthropogenic emission in the Alaskan tundra during the study 

period. The measured tVOC at TFS is considerably lower than the average from midlatitude 

forests (26.7 to 36.5 μgCsm−3, Heald et al., 2020; Hunter et al., 2017), urban environments 

(4.0 to 456 μgCsm−3, Heald et al., 2008), or biomass burning smoke (148.3 ± 29.6 ppbv; 50–

200 μgCsm−3, Permar et al., 2021). However, the tVOC measured at TFS is within the range 

of other remote areas (4.0 to 10 μgCsm−3) reported in Heald et al. (2008) from their cleanest 

sites. The largest contributors to molar tVOC mass (ppbv) were overwhelmingly dominated 
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by OVOCs, including methanol (46 %), acetone (17 %) and formaldehyde (12 %). Notable 

contributions also include formic and acetic acid, which together contribute an additional 8 

%, as well as acetaldehyde (3 %) and ethanol (3 %). These seven OVOCs represent almost 

90 % of the molar tVOC mixing ratio measured by PTR-ToF-MS. Isoprene had a negligible 

contribution (0.5 %) by comparison, but we also note that our results only capture the early 

part of the growing season and isoprene may therefore have a larger contribution than seen 

here. The remaining ~ 10 % of molar tVOC mass was also mostly dominated by OVOCs, 

with minor contributions from N-containing species.

The ROC mass concentrations were also dominated by OVOCs and accounted for over 

80 % of the total ROC carbon mass (Fig. 8a). In particular, acetone (1.59 μgCsm−3; 3.25 

ppbC), methanol (1.41 μgCsm−3; 2.88 ppbC) and formaldehyde (0.36 μgCsm−3; 0.74 ppbC) 

contribute to two thirds of the median ROC mass concentration measured. Lower-latitude 

studies from southeast US forests have found that isoprene can account for almost a quarter 

of the observed ROC (Heald et al., 2020). Here, we find that isoprene only accounts for ~ 

1.5 % of the measured ROC mass at TFS. The ROC mass based on all VOCs simulated 

by GEOS-Chem was 4.83 μgCsm−3 (9.8 ppbC), with sizable contributions from acetone, 

ethane and lumped C4 alkanes (Fig. 8b). Though this absolute value agrees within 10 

% of the average conditions during the TFS campaign, the composition and distribution 

among individual species is variable and points to a larger discrepancy among observed 

and modeled ROC. For example, ethane and lumped C4 alkanes account for over a third 

of simulated ROC, but neither of these species could be confidently quantified by the 

PTR-ToF-MS at TFS aside from butane (part of ≥ C4 alkanes). Assuming model estimates 

of ethane and the rest of ≥ C4 alkanes are correct, this would account for an additional 1.8 

μgCsm−3 (3.5 ppbC), or 7.00 μgCsm−3 (14.3 ppbC) total (Fig. 8c). Interestingly, the isoprene 

contribution to ROC was similar (within 1 %) in both observed and modeled estimates, 

but should be further verified with measurements from later in the growing season (July, 

August) where there is more discrepancy between surface and air temperatures used to 

derive isoprene emissions. The results shown here suggest that differences among known 

(e.g., methanol, formaldehyde) or unmeasured (e.g., alkanes) species are thus significant 

contributors to uncertainty in measured versus modeled ROC. As a result, future studies and 

comparisons of ROC in this environment would highly benefit from inclusion of alkane and 

aerosol measurements in addition to other terpenoid species, particularly because of their 

propensity to be potential organic aerosol (OA) precursors.

3.4 Calculated OH reactivity (OHr) from measured and modeled VOCs

The calculated total OHr from VOCs is the sum of OH reactivity for each species Xi, which 

is the product of the OH reaction rate constant for each species kOH + Xi and its concentration 

[Xi]. Here we use the median mixing ratios throughout the campaign in the calculation 

to reflect the OHr general conditions observed at TFS and simulated in that area. Figure 

9 shows individual contributions to calculated OHr from observations and GEOS-Chem 

simulations. Total calculated OHr based on median VOC concentration at TFS was 0.7 

s−1, which is ~ 5 % of the OHr from VOCs measured during the 2013 SOAS campaign 

from forested areas in the southern USA (~ 15 s−1) (Heald et al., 2020). This result is also 

approximately 1 order of magnitude lower than the OHr due to VOCs from the 2010 CalNex 
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campaign that took place in a more urban environment, and from midlatitude ponderosa pine 

forests (~ 7 s−1) (Heald et al., 2020, Hunter et al., 2017). Other studies from various forest 

environments have found OHr to be in the range of 1–42 s−1 for mixed deciduous forests 

(Hansen et al., 2014), 8–25 s−1 for coniferous forests (Mao et al., 2012), and 3–31 s−1 for 

boreal environments (Praplan et al., 2019; Nölscher et al., 2012; Sinha et al., 2010) due 

to the higher abundance of isoprene or monoterpenes. Simulations of OHr from Safieddine 

et al. (2017) estimate reactivities of 0.8–1, 3–14 and 12–34 s−1, over select regions in the 

remote ocean, continental midlatitudes, and tropics, respectively, with the remote ocean 

estimate most comparable to our estimates in a remote area in the Alaskan Arctic.

Safieddine et al. (2017) show that global mean estimates of OHr are dominated by aldehydes 

and isoprene, with isoprene accounting for anywhere between 3 % to over 50 % of the total 

OHr burden. Figure 9a shows that the largest contribution to calculated OHr in the Alaskan 

Arctic tundra came from formaldehyde (0.17 s−1), isoprene (0.08 s−1), and acetaldehyde 

(0.08 s−1) (together almost 50 % of OHr). Terpenoid species including monoterpenes (0.06 

s−1) and sesquiterpenes (0.02 s−1) make up a little over 10 % of OHr. Though these terpene 

species account for an insignificant fraction of ROC, they contribute disproportionately to 

calculated OHr, highlighting their reactivity and importance.

Calculated model OHr due to VOCs is 0.5 s−1 during the campaign. Modeled OHr is 

dominated by isoprene (0.15 s−1) and monoterpenes (0.08 s−1), which account for almost 

50 % of the total modeled value (Fig. 9b). Concentrations of total monoterpenes were close 

to or below the detection limit in both PTR-ToF-MS and GS–MS techniques (2–20 pptv, 

Angot et al., 2020), but GEOS-Chem + MEGANv2.1 predicts them at levels similar to those 

at TFS (median of 0.02 ppbv) (Table 3). Contributions from acetaldehyde (0.07 s−1) and 

formaldehyde (0.06 s−1) account for another quarter of modeled OHr, with the remaining 14 

VOCs responsible for the last ~ 25 %. As with comparisons of ROC, the disparity among 

observed and modeled VOC OHr is largely due to underestimation in known compounds 

already included in the model (e.g., formaldehyde), similar to findings at lower latitudes 

(Millet et al., 2018). Unmodeled species are estimated to account for less than 5 % of 

observed OHr.

The photochemical formation of ozone depends on the concentration of both NOx and 

total VOCs. Kirchner et al. (2001) proposed an indicator (θ), as the ratio of OHr from 

NOx versus OHr from VOCs, to provide the sensitivity of potential ozone formation in 

response to changes in concentration of VOC or NOx. When θ > 0.2, ozone production 

is limited by VOC abundance (VOC-limited), and when θ < 0.01, this implies that a 

NOx-limited regime and ozone production is insensitive to VOC concentration (Kirchner 

et al., 2001). Here, we utilize the average NOx mixing ratio from both observations (0.10 

ppbv) and simulations (0.15 ppbv) to determine OHr from NOx, then use it to derive θ by 

comparing it to estimated VOC OHr. We find that in this way a value of θ = 0.04 from 

the observations compared to θ = 0.08 from the model simulation. Both of these values 

represent a transitional condition when ozone production is optimal and sensitive to any 

small perturbation, though observations point to somewhat higher NOx sensitivity. Both the 

observations and the simulations imply that moving to a VOC-limited regime would require 

a 2–5 fold increase in the amount of NOx given the current VOC abundance observed. 

Selimovic et al. Page 16

Atmos Chem Phys. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Though this level of increase is unlikely, scenarios do anticipate shipping increases in the 

Arctic which are expected to increase concentrations of NOx (Gong et al., 2018; Eyring et 

al., 2005), resulting in predicted increases in Arctic surface ozone concentrations (Granier 

et al., 2006; Brasseur et al., 2006). Arctic photochemistry could be further complicated by 

enhanced BVOCs due to warming temperatures or elevated VOCs from fire activities.

4 Conclusions and implications

Ambient PTR-ToF-MS and GC–MS/FID measurements of 78 VOCs in the Alaskan 

Arctic tundra show that OVOCs such as methanol, acetone and formaldehyde are the 

most abundant compounds present in this environment, and combined, account for nearly 

three-quarters of the total observed VOC molar mass and more than half of ROC. We 

find that GEOS-Chem can simulate observed isoprene, MACR + MVK, acetone and 

acetaldehyde to within the combined model and observation uncertainties (±25 %) with 

high correlation (R2 > 0.6) during this early-season study period. However, we find 

3-fold model underestimation for formaldehyde and methanol, and roughly 1 order of 

magnitude underestimation in formic and acetic acids, which likely affects the simulation 

of other species. These underestimations reflect significant knowledge gaps which cannot 

be accounted for based on instrument measurement uncertainty alone. A sensitivity test 

that increased biogenic methanol emissions by a factor of 3 resulted in model outputs that 

were in better agreement with observations, implying that the base emission factors for 

methanol may be too low in MEGANv2.1 in the Arctic. Observed formaldehyde increases 

exponentially towards higher air temperature, indicating its precursors are likely of biogenic 

origin and points to the systematic model underprediction of its secondary production. We 

find that the temperature dependence of methanol emissions in MEGANv2.1 is correct 

within the constraints provided by TFS observations. The observed temperature dependence 

of isoprene concentration was greater compared to simulations, for temperatures > 10 °C, 

likely reflecting model errors in emissions and/or vertical mixing which warrants further 

investigation.

Calculated OHr from VOCs (0.7 s−1) and ROC (5.3 μgCsm−3) for the TFS area was only 

5 %–10 % of values seen in lower-latitude forested and urban environments, reflecting the 

more “pristine” and less chemically reactive nature of these high-latitude environments. 

Supplementing unmeasured species with the simulated species (ethane, C5 or higher 

alkanes), we estimate 0.72 s−1 OHr and 7.1 μgCsm−3 ROC at TFS, representing the 

most comprehensive estimate of VOC contributions to ROC and calculated OHr in this 

area to date. Despite contributing < 1 % to total measured VOC mass, isoprene was 

responsible for 12 % of OHr, second only to formaldehyde, which accounted for 25 % of 

the calculated OHr. Modeled OHr was primarily dominated by isoprene and monoterpenes, 

together accounting for almost half of the total. Uncertainties in known species (methanol, 

formaldehyde, organic acids) are some of the largest contributors to discrepancies between 

observations and our current understanding within GEOS-Chem, highlighting the necessity 

for future targeted investigation of these compounds and their sources in high latitudes.

The work presented here ultimately helps to bridge a significant gap in availability of 

observational reference data for this ecosystem. Specifically, this study serves as a crucial 
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evaluation of our knowledge of biogenic VOCs, ROC budgets, and OH reactivity in high-

latitude environments, and represents a foundation for investigating and interpreting future 

changes in VOC emissions as a result of climate warming in the Arctic. The extent to 

which the results of this point study can be extrapolated beyond the Alaskan Arctic tundra 

will depend on surrounding PFTs and land cover as well as oxidative chemistry of the 

environment. However, we expect the implications of this study to be broadly applicable, 

given the widespread distribution of the PFTs surrounding TFS across the broader Arctic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements.

This study was supported by the US National Science Foundation (NSF) (no. OPP1707569), a seed grant from 
the University of Montana University Grant Program (UGP), and NOAA Climate Program Office’s Atmospheric 
Chemistry, Carbon Cycle, and Climate program (no. NA20OAR4310296). Damien Ketcherside was supported 
by the National Institute of General Medical Sciences of the National Institutes of Health (no. P20GM103474). 
Dylan B. Millet acknowledges support from the NSF Grant no. 1932771. The authors would like to acknowledge 
high-performance computing resources and support from Cheyenne (https://doi.org/10.5065/D6RX99HX) provided 
by the National Center for Atmospheric Research (NCAR) Computational and Information Systems Laboratory, 
sponsored by the NSF, and the University of Montana’s Griz Shared Computing Cluster (GSCC). We thank 
CH2MHill Polar Services for the logistical support, and the Toolik Field Station (TFS) staff for the tremendous 
assistance with the installation of the PTR-ToF. We also appreciate Bob Yokelson for the helpful discussions and 
Jacob Moss, Kaixin Cui, Katelyn McErlean, and Anssi Liikanen for assistance collecting the tethered balloon 
dataset used in this paper.

Financial support.

This research has been supported by the National Oceanic and Atmospheric Administration (grant no. 
NA20OAR4310296), the National Institute of General Medical Sciences (grant no. P20GM103474), and the 
National Science Foundation (grant nos. OPP1707569 and 1932771).

Data availability.

Observational data are available for download at https://www.umt.edu/atmoschem/data.php 

(Selimovic et al., 2022). Modeled data and outputs are available upon request from the 

corresponding author.

References

Akagi SK, Yokelson RJ, Wiedinmyer C, Alvarado MJ, Reid JS, Karl T, Crounse JD, and Wennberg 
PO: Emission factors for open and domestic biomass burning for use in atmospheric models, 
Atmos. Chem. Phys, 11, 4039–4072, 10.5194/acp-11-4039-2011, 2011.

Alwe HD, Millet DB, Chen X, Raff JD, Payne ZC, and Fledderman K: Oxidation of Volatile Organic 
Compounds as the Major Source of Formic Acid in a Mixed Forest Canopy, Geophys. Res. Lett, 46, 
2940–2948, 10.1029/2018GL081526, 2019. [PubMed: 31068737] 

AMAP: Arctic Climate Change Update 2021: Key Trends and Impacts. Summary for 
Policy-makers. Arctic Monitoring and Assessment Programme (AMAP), Tromsø, Norway, 
16 pp., https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-
impacts.-summary-for-policy-makers/3508 (last access: May 2022), 2021.

Angot H, McErlean K, Hu L, Millet DB, Hueber J, Cui K, Moss J, Wielgasz C, Milligan T, 
Ketcherside D, Bret-Harte MS, and Helmig D: Biogenic volatile organic compound ambient mixing 
ratios and emission rates in the Alaskan Arctic tundra, Biogeosciences, 17, 6219–6236, 10.5194/
bg-17-6219-2020, 2020. [PubMed: 35222652] 

Selimovic et al. Page 18

Atmos Chem Phys. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.umt.edu/atmoschem/data.php
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508


Apel EC: Measurement and interpretation of isoprene fluxes and isoprene, methacrolein, and methyl 
vinyl ketone mixing ratios at the PROPHET site during the 1998 Intensive, J. Geophys. Res, 107, 
4034, 10.1029/2000JD000225, 2002.

Atkinson R and Arey J: Atmospheric Degradation of Volatile Organic Compounds, Chem. Rev, 103, 
4605–4638, 10.1021/cr0206420, 2003. [PubMed: 14664626] 

Atkinson R, Baulch DL, Cox RA, Crowley JN, Hampson RF, Hynes RG, Jenkin ME, Rossi MJ, 
and Troe J: Evaluated kinetic and photochemical data for atmospheric chemistry: Volume I – gas 
phase reactions of Ox, HOx, NOx and SOx species, Atmos. Chem. Phys, 4, 1461–1738, 10.5194/
acp-4-1461-2004, 2004.

Atkinson R, Baulch DL, Cox RA, Crowley JN, Hampson RF, Hynes RG, Jenkin ME, Rossi MJ, Troe 
J, and IUPAC Subcommittee: Evaluated kinetic and photochemical data for atmospheric chemistry: 
Volume II – gas phase reactions of organic species, Atmos. Chem. Phys, 6, 3625–4055, 10.5194/
acp-6-3625-2006, 2006.

Bates KH, Jacob DJ, Wang S, Hornbrook RS, Apel EC, Kim MJ, Millet DB, Wells KC, Chen X, 
Brewer JF, Ray EA, Commane R, Diskin GS, and Wofsy SC: The Global Budget of Atmospheric 
Methanol: New Constraints on Secondary, Oceanic, and Terrestrial Sources, 126, e2020JD033439, 
10.1029/2020JD033439, 2021.

Bey I, Jacob DJ, Yantosca RM, Logan JA, Field BD, Fiore AM, Li Q, Liu HY, Mickley LJ, and 
Schultz MG: Global modeling of tropospheric chemistry with assimilated meteorology: Model 
description and evaluation, J. Geophys. Res, 106, 23073–23095, 10.1029/2001JD000807, 2001.

Brasseur GP, Schultz M, Granier C, Saunois M, Diehl T, Botzet M, Roeckner E, and Walters S: Impact 
of Climate Change on the Future Chemical Composition of the Global Troposphere, J. Climate, 
19, 3932–3951, 10.1175/JCLI3832.1, 2006.

Chen X, Millet DB, Neuman JA, Veres PR, Ray EA, Commane R, Daube BC, McKain K, Schwarz 
JP, Katich JM, Froyd KD, Schill GP, Kim MJ, Crounse JD, Allen HM, Apel EC, Hornbrook 
RS, Blake DR, Nault BA, Campuzano-Jost P, Jimenez JL, and Dibb JE: HCOOH in the remote 
atmosphere: Constraints from Atmospheric Tomography (ATom) airborne observations, ACS Earth 
Space Chem., 5, 1436–1454, 10.1021/acsearthspacechem.1c00049, 2021. [PubMed: 34164590] 

Coggon MM, Lim CY, Koss AR, Sekimoto K, Yuan B, Gilman JB, Hagan DH, Selimovic V, Zarzana 
KJ, Brown SS, Roberts JM, Müller M, Yokelson R, Wisthaler A, Krechmer JE, Jimenez JL, Cappa 
C, Kroll JH, de Gouw J, and Warneke C: OH chemistry of non-methane organic gases (NMOGs) 
emitted from laboratory and ambient biomass burning smoke: evaluating the influence of furans 
and oxygenated aromatics on ozone and secondary NMOG formation, Atmos. Chem. Phys, 19, 
14875–14899, 10.5194/acp-19-14875-2019, 2019.

Elmendorf SC, Henry GHR, Hollister RD, Björk RG, Boulanger-Lapointe N, Cooper EJ, Cornelissen 
JHC, Day TA, Dorrepaal E, Elumeeva TG, Gill M, Gould WA, Harte J, Hik DS, Hofgaard A, 
Johnson DR, Johnstone JF, Jónsdóttir IS, Jorgenson JC, Klanderud K, Klein JA, Koh S, Kudo 
G, Lara M, Lévesque E, Magnússon B, May JL, Mercado-Díaz JA, Michelsen A, Molau U, 
Myers-Smith IH, Oberbauer SF, Onipchenko VG, Rixen C, Schmidt NM, Shaver GR, Spasojevic 
MJ, Þórhalls-dóttir ÞE, Tolvanen A, Troxler T, Tweedie CE, Villareal S, Wahren C-H, Walker X, 
Webber PJ, Welker JM, and Wipf S: Plot-scale evidence of tundra vegetation change and links to 
recent summer warming, Nat. Clim. Change, 2, 453–457, 10.1038/nclimate1465, 2012.

Emmons LK, Arnold SR, Monks SA, Huijnen V, Tilmes S, Law KS, Thomas JL, Raut J-C, Bouarar I, 
Turquety S, Long Y, Duncan B, Steenrod S, Strode S, Flemming J, Mao J, Langner J, Thompson 
AM, Tarasick D, Apel EC, Blake DR, Cohen RC, Dibb J, Diskin GS, Fried A, Hall SR, Huey LG, 
Weinheimer AJ, Wisthaler A, Mikoviny T, Nowak J, Peischl J, Roberts JM, Ryerson T, Warneke 
C, and Helmig D: The POLARCAT Model Intercomparison Project (POLMIP): overview and 
evaluation with observations, Atmos. Chem. Phys, 15, 6721–6744, 10.5194/acp-15-6721-2015, 
2015.

Eyring V, Köhler HW, Lauer A, and Lemper B: Emissions from international shipping: 2. 
Impact of future technologies on scenarios until 2050, J. Geophys. Res, 110, D17301, 
10.1029/2004JD005620, 2005.

Faubert P, Tiiva P, Rinnan Å, Michelsen A, Holopainen JK, and Rinnan R: Doubled volatile organic 
compound emissions from subarctic tundra under simulated climate warming, New Phytol., 187, 
199–208, 10.1111/j.1469-8137.2010.03270.x, 2010. [PubMed: 20456056] 

Selimovic et al. Page 19

Atmos Chem Phys. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fontijn A, Sabadell AJ, and Ronco RJ: Homogenous chemiluminescent measurement of nitric oxide 
with ozone – implications for continuous selective monitoring of gaseous air pollutants, Anal. 
Chem, 42, 575, 10.1021/ac60288a034, 1970.

Franco B, Blumenstock T, Cho C, Clarisse L, Clerbaux C, Coheur P-F, De Mazière M, De Smedt I, 
Dorn H-P, Emmerichs T, Fuchs H, Gkatzelis G, Griffith DWT, Gromov S, Hannigan JW, Hase 
F, Hohaus T, Jones N, Kerkweg A, Kiendler-Scharr A, Lutsch E, Mahieu E, Novelli A, Ortega 
I, Paton-Walsh C, Pommier M, Pozzer A, Reimer D, Rosanka S, Sander R, Schneider M, Strong 
K, Tillmann R, Van Roozendael M, Vereecken L, Vigouroux C, Wahner A, and Taraborrelli D: 
Ubiquitous atmospheric production of organic acids mediated by cloud droplets, Nature, 593, 
233–237, 10.1038/s41586-021-03462-x, 2021. [PubMed: 33981052] 

Frost GV, Bhatt US, Epstein HE, Myers-Smith I, Phoenix GK, Berner LT, Bjerke JW, Forbes BC, 
Goetz SJ, Kerby JT, Macander MJ, Park T, Raynolds MK, Tømmervik H, and Walker DA: Arctic 
Report Card 2020: Tundra Greenness, administrative report, 10.25923/46RM-0W23, 2020.

Goldstein AH, Goulden ML, Munger JW, Wofsy SC, and Geron CD: Seasonal course of isoprene 
emissions from a midlatitude deciduous forest, J. Geophys. Res.-Atmos, 103, 31045–31056, 
10.1029/98JD02708, 1998.

Goldstein AH and Galbally IE: Known and Unexplored Organic Constituents in the Earth’s 
Atmosphere, Environ. Sci. Technol, 41, 1514–1521, 10.1021/es072476p, 2007. [PubMed: 
17396635] 

Gong W, Beagley SR, Cousineau S, Sassi M, Munoz-Alpizar R, Ménard S, Racine J, Zhang J, 
Chen J, Morrison H, Sharma S, Huang L, Bellavance P, Ly J, Izdebski P, Lyons L, and Holt R: 
Assessing the impact of shipping emissions on air pollution in the Canadian Arctic and northern 
regions: current and future modelled scenarios, Atmos. Chem. Phys, 18, 16653–16687, 10.5194/
acp-18-16653-2018, 2018.

Granier C, Niemeier U, Jungclaus JH, Emmons L, Hess P, Lamarque J-F, Walters S, and Brasseur GP: 
Ozone pollution from future ship traffic in the Arctic northern passages, Geophys. Res. Lett, 33, 
L13807, 10.1029/2006GL026180, 2006.

Guenther AB, Jiang X, Heald CL, Sakulyanontvittaya T, Duhl T, Emmons LK, and Wang X: The 
Model of Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN2.1): an extended 
and updated framework for modeling biogenic emissions, Geosci. Model Dev, 5, 1471–1492, 
10.5194/gmd-5-1471-2012, 2012.

Hansen J, Ruedy R, Sato M, and Lo K: Global Surface Temperature Change, Rev. Geophys, 48, 
RG4004, 10.1029/2010RG000345, 2010.

Hansen RF, Griffith SM, Dusanter S, Rickly PS, Stevens PS, Bertman SB, Carroll MA, Erickson MH, 
Flynn JH, Grossberg N, Jobson BT, Lefer BL, and Wallace HW: Measurements of total hydroxyl 
radical reactivity during CABINEX 2009 – Part 1: field measurements, Atmos. Chem. Phys, 14, 
2923–2937, 10.5194/acp-14-2923-2014, 2014.

Heald CL and Kroll JH: The fuel of atmospheric chemistry: Toward a complete description of 
reactive organic carbon, Science Advances, 6, eaay8967, 10.1126/sciadv.aay8967, 2020. [PubMed: 
32076652] 

Heald CL, Goldstein AH, Allan JD, Aiken AC, Apel E, Atlas EL, Baker AK, Bates TS, Beyersdorf 
AJ, Blake DR, Campos T, Coe H, Crounse JD, DeCarlo PF, de Gouw JA, Dunlea EJ, Flocke FM, 
Fried A, Goldan P, Griffin RJ, Herndon SC, Holloway JS, Holzinger R, Jimenez JL, Junkermann 
W, Kuster WC, Lewis AC, Meinardi S, Millet DB, Onasch T, Polidori A, Quinn PK, Riemer 
DD, Roberts JM, Salcedo D, Sive B, Swanson AL, Talbot R, Warneke C, Weber RJ, Weibring P, 
Wennberg PO, Worsnop DR, Wittig AE, Zhang R, Zheng J, and Zheng W: Total observed organic 
carbon (TOOC) in the atmosphere: a synthesis of North American observations, Atmos. Chem. 
Phys, 8, 2007–2025, 10.5194/acp-8-2007-2008, 2008.

Heald CL, Gouw J. de, Goldstein AH, Guenther AB, Hayes PL, Hu W, Isaacman-VanWertz G, 
Jimenez JL, Keutsch FN, Koss AR, Misztal PK, Rappenglück B, Roberts JM, Stevens PS, 
Washenfelder RA, Warneke C, and Young CJ: Contrasting Reactive Organic Carbon Observations 
in the Southeast United States (SOAS) and Southern California (CalNex), Environ. Sci. Technol, 
54, 14923–14935, 10.1021/acs.est.0c05027, 2020. [PubMed: 33205951] 

Hoesly RM, Smith SJ, Feng L, Klimont Z, Janssens-Maenhout G, Pitkanen T, Seibert JJ, Vu L, Andres 
RJ, Bolt RM, Bond TC, Dawidowski L, Kholod N, Kurokawa J-I, Li M, Liu L, Lu Z, Moura 

Selimovic et al. Page 20

Atmos Chem Phys. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MCP, O’Rourke PR, and Zhang Q: Historical (1750–2014) anthropogenic emissions of reactive 
gases and aerosols from the Community Emissions Data System (CEDS), Geosci. Model Dev, 11, 
369–408, 10.5194/gmd-11-369-2018, 2018.

Hornbrook RS, Hills AJ, Riemer DD, Abdelhamid A, Flocke FM, Hall SR, Huey LG, Knapp DJ, 
Liao J, Mauldin RL, Montzka DD, Orlando JJ, Shepson PB, Sive B, Staebler RM, Tanner DJ, 
Thompson CR, Turnipseed A, Ullmann K, Weinheimer AJ, and Apel EC: Arctic springtime 
observations of volatile organic compounds during the OASIS-2009 campaign, J. Geophys. Res.-
Atmos, 121, 9789–9813, 10.1002/2015JD024360, 2016.

Hu L, Millet DB, Mohr MJ, Wells KC, Griffis TJ, and Helmig D: Sources and seasonality of 
atmospheric methanol based on tall tower measurements in the US Upper Midwest, Atmos. Chem. 
Phys, 11, 11145–11156, 10.5194/acp-11-11145-2011, 2011.

Hu L, Millet DB, Baasandorj M, Griffis TJ, Turner P, Helmig D, Curtis AJ, and Hueber J: Isoprene 
emissions and impacts over an ecological transition region in the U.S. Upper Midwest inferred 
from tall tower measurements: Isoprene emissions in US Upper Midwest, J. Geophys. Res.-Atmos, 
120, 3553–3571, 10.1002/2014JD022732, 2015.

Hunter JF, Day DA, Palm BB, Yatavelli RLN, Chan AWH, Kaser L, Cappellin L, Hayes PL, Cross 
ES, Carrasquillo AJ, Campuzano-Jost P, Stark H, Zhao Y, Hohaus T, Smith JN, Hansel A, Karl 
T, Goldstein AH, Guenther A, Worsnop DR, Thornton JA, Heald CL, Jimenez JL, and Kroll JH: 
Comprehensive characterization of atmospheric organic carbon at a forested site, Nat. Geosci, 10, 
748–753, 10.1038/ngeo3018, 2017.

Kade A, Bret-Harte MS, Euskirchen ES, Edgar C, and Fulweber RA: Upscaling of CO2 fluxes from 
heterogeneous tundra plant communities in Arctic Alaska, J. Geophys. Res.-Biogeo, 117, G04007, 
10.1029/2012JG002065, 2012.

Kaiser JW, Heil A, Andreae MO, Benedetti A, Chubarova N, Jones L, Morcrette J-J, Razinger M, 
Schultz MG, Suttie M, and van der Werf GR: Biomass burning emissions estimated with a global 
fire assimilation system based on observed fire radiative power, Biogeosciences, 9, 527–554, 
10.5194/bg-9-527-2012, 2012.

Keller CA, Long MS, Yantosca RM, Da Silva AM, Pawson S, and Jacob DJ: HEMCO v1.0: a 
versatile, ESMF-compliant component for calculating emissions in atmospheric models, Geosci. 
Model Dev, 7, 1409–1417, 10.5194/gmd-7-1409-2014, 2014.

Koesselmeier J and Staudt M: Biogenic Volatile Organic Compounds (VOC): An Overview on 
Emission, Physiology and Ecology, J. Atmos. Chem, 33, 23–88, 10.1023/A:1006127516791, 1999.

Koss AR, Sekimoto K, Gilman JB, Selimovic V, Coggon MM, Zarzana KJ, Yuan B, Lerner BM, 
Brown SS, Jimenez JL, Krechmer J, Roberts JM, Warneke C, Yokelson RJ, and de Gouw J: 
Non-methane organic gas emissions from biomass burning: identification, quantification, and 
emission factors from PTR-ToF during the FIREX 2016 laboratory experiment, Atmos. Chem. 
Phys, 18, 3299–3319, 10.5194/acp-18-3299-2018, 2018.

Kim PS, Jacob DJ, Fisher JA, Travis K, Yu K, Zhu L, Yantosca RM, Sulprizio MP, Jimenez JL, 
Campuzano-Jost P, Froyd KD, Liao J, Hair JW, Fenn MA, Butler CF, Wagner NL, Gordon TD, 
Welti A, Wennberg PO, Crounse JD, St. Clair JM, Teng AP, Millet DB, Schwarz JP, Markovic MZ, 
and Perring AE: Sources, seasonality, and trends of southeast US aerosol: an integrated analysis 
of surface, aircraft, and satellite observations with the GEOS-Chem chemical transport model, 
Atmos. Chem. Phys, 15, 10411–10433, 10.5194/acp-15-10411-2015, 2015.

Kirchner F, Jeanneret F, Clappier A, Krüger B, van den Bergh H, and Calpini B: Total VOC reactivity 
in the planetary boundary layer: 2. A new indicator for determining the sensitivity of the ozone 
production to VOC and NOx, J. Geophys. Res, 106, 3095–3110, 10.1029/2000JD900603, 2001.

Kramshøj M, Vedel-Petersen I, Schollert M, Rinnan Å, Nymand J, Ro-Poulsen H, and Rinnan R: 
Large increases in Arctic biogenic volatile emissions are a direct effect of warming, Nat. Geosci, 9, 
349–352, 10.1038/ngeo2692, 2016.

Lawrence DM, Oleson KW, Flanner MG, Thornton PE, Swenson SC, Lawrence PJ, Zeng X, Yang 
Z-L, Levis S, Sakaguchi K, Bonan GB, and Slater AG: Parameterization improvements and 
functional and structural advances in Version 4 of the Community Land Model, J. Adv. Model. 
Earth Sy, 3, M03001, 10.1029/2011MS00045, 2011.

Selimovic et al. Page 21

Atmos Chem Phys. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lindwall F, Schollert M, Michelsen A, Blok D, and Rinnan R: Fourfold higher tundra 
volatile emissions due to arctic summer warming, J. Geophys. Res.-Atmos, 121, 895–902, 
10.1002/2015JG003295, 2016.

Mao J, Ren X, Zhang L, Van Duin DM, Cohen RC, Park J-H, Goldstein AH, Paulot F, Beaver MR, 
Crounse JD, Wennberg PO, DiGangi JP, Henry SB, Keutsch FN, Park C, Schade GW, Wolfe GM, 
Thornton JA, and Brune WH: Insights into hydroxyl measurements and atmospheric oxidation in a 
California forest, Atmos. Chem. Phys, 12, 8009–8020, 10.5194/acp-12-8009-2012, 2012.

McDuffie EE, Smith SJ, O’Rourke P, Tibrewal K, Venkataraman C, Marais EA, Zheng B, Crippa M, 
Brauer M, and Martin RV: A global anthropogenic emission inventory of atmospheric pollutants 
from sector- and fuel-specific sources (1970–2017): an application of the Community Emissions 
Data System (CEDS), Earth Syst. Sci. Data, 12, 3413–3442, 10.5194/essd-12-3413-2020, 2020.

McGlynn DF, Barry LER, Lerdau MT, Pusede SE, and Isaacman-VanWertz G: Measurement report: 
Variability in the composition of biogenic volatile organic compounds in a Southeastern US 
forest and their role in atmospheric reactivity, Atmos. Chem. Phys, 21, 15755–15770, 10.5194/
acp-21-15755-2021, 2021.

Millet DB, Guenther A, Siegel DA, Nelson NB, Singh HB, de Gouw JA, Warneke C, Williams J, 
Eerdekens G, Sinha V, Karl T, Flocke F, Apel E, Riemer DD, Palmer PI, and Barkley M: Global 
atmospheric budget of acetaldehyde: 3-D model analysis and constraints from in-situ and satellite 
observations, Atmos. Chem. Phys, 10, 3405–3425, 10.5194/acp-10-3405-2010, 2010.

Millet DB, Baasandorj M, Farmer DK, Thornton JA, Baumann K, Brophy P, Chaliyakunnel S, de 
Gouw JA, Graus M, Hu L, Koss A, Lee BH, Lopez-Hilfiker FD, Neuman JA, Paulot F, Peischl 
J, Pollack IB, Ryerson TB, Warneke C, Williams BJ, and Xu J: A large and ubiquitous source of 
atmospheric formic acid, Atmos. Chem. Phys, 15, 6283–6304, 10.5194/acp-15-6283-2015, 2015.

Millet DB, Alwe HD, Chen X, Deventer MJ, Griffis TJ, Holzinger R, Bertman SB, Rickly PS, 
Stevens PS, Léonardis T, Locoge N, Dusanter S, Tyndall GS, Alvarez SL, Erickson MH, 
and Flynn JH: Bidirectional Ecosystem–Atmosphere Fluxes of Volatile Organic Compounds 
Across the Mass Spectrum: How Many Matter?, ACS Earth Space Chem, 2, 764–777, 10.1021/
acsearthspacechem.8b00061, 2018. [PubMed: 33615099] 

Mungall EL, Abbatt JPD, Wentzell JJB, Wentworth GR, Murphy JG, Kunkel D, Gute E, Tarasick DW, 
Sharma S, Cox CJ, Uttal T, and Liggio J: High gas-phase mixing ratios of formic and acetic acid in 
the High Arctic, Atmos. Chem. Phys, 18, 10237–10254, 10.5194/acp-18-10237-2018, 2018.

Nölscher AC, Williams J, Sinha V, Custer T, Song W, Johnson AM, Axinte R, Bozem H, Fischer 
H, Pouvesle N, Phillips G, Crowley JN, Rantala P, Rinne J, Kulmala M, Gonzales D, Valverde-
Canossa J, Vogel A, Hoffmann T, Ouwersloot HG, Vilà-Guerau de Arellano J, and Lelieveld J: 
Summertime total OH reactivity measurements from boreal forest during HUMPPA-COPEC 2010, 
Atmos. Chem. Phys, 12, 8257–8270, 10.5194/acp-12-8257-2012, 2012.

Pagonis D, Sekimoto K, and de Gouw J: A Library of Proton-Transfer Reactions of H3O+ 

Ions Used for Trace Gas Detection, J. Am. Soc. Mass. Spectrom, 30, 1330–1335, 10.1007/
s13361-019-02209-3, 2019. [PubMed: 31037568] 

Paulot F, Wunch D, Crounse JD, Toon GC, Millet DB, DeCarlo PF, Vigouroux C, Deutscher NM, 
González Abad G, Notholt J, Warneke T, Hannigan JW, Warneke C, de Gouw JA, Dunlea EJ, De 
Mazière M, Griffith DWT, Bernath P, Jimenez JL, and Wennberg PO: Importance of secondary 
sources in the atmospheric budgets of formic and acetic acids, Atmos. Chem. Phys, 11, 1989–
2013, 10.5194/acp-11-1989-2011, 2011. [PubMed: 33758586] 

Pearson RG, Phillips SJ, Loranty MM, Beck PSA, Damoulas T, Knight SJ, and Goetz SJ: Shifts in 
Arctic vegetation and associated feedbacks under climate change, Nat. Clim. Change, 3, 673–677, 
10.1038/nclimate1858, 2013.

Permar W, Wang Q, Selimovic V, Wielgasz C, Yokelson RJ, Hornbrook RS, Hills AJ, Apel EC, 
Ku I, Zhou Y, Sive BC, Sullivan AP, Collett JL, Campos TL, Palm BB, Peng Q, Thornton JA, 
Garofalo LA, Farmer DK, Kreidenweis SM, Levin EJT, DeMott PJ, Flocke F, Fischer EV, and Hu 
L: Emissions of Trace Organic Gases From Western U.S. Wildfires Based on WE-CAN Aircraft 
Measurements, J. Geophys. Res.-Atmos, 126, e2020JD033838, 10.1029/2020JD033838, 2021.

Pernov JB, Bossi R, Lebourgeois T, Nøjgaard JK, Holzinger R, Hjorth JL, and Skov H: Atmospheric 
VOC measurements at a High Arctic site: characteristics and source apportionment, Atmos. Chem. 
Phys, 21, 2895–2916, 10.5194/acp-21-2895-2021, 2021.

Selimovic et al. Page 22

Atmos Chem Phys. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Post E, Alley RB, Christensen TR, Macias-Fauria M, Forbes BC, Gooseff MN, Iler A, Kerby JT, 
Laidre KL, Mann ME, Olofsson J, Stroeve JC, Ulmer F, Virginia RA, and Wang M: The polar 
regions in a 2 °C warmer world, Science Advances, 5, eaaw9883, 10.1126/sciadv.aaw9883, 2019. 
[PubMed: 31840060] 

Potosnak MJ, Baker BM, LeStourgeon L, Disher SM, Griffin KL, Bret-Harte MS, and Starr 
G: Isoprene emissions from a tundra ecosystem, Biogeosciences, 10, 871–889, 10.5194/
bg-10-871-2013, 2013.

Praplan AP, Tykkä T, Chen D, Boy M, Taipale D, Vakkari V, Zhou P, Petäjä T, and Hellén H: 
Long-term total OH reactivity measurements in a boreal forest, Atmos. Chem. Phys, 19, 14431–
14453, 10.5194/acp-19-14431-2019, 2019.

Rinnan R, Rinnan Å, Faubert P, Tiiva P, Holopainen JK, and Michelsen A: Few long-term effects 
of simulated climate change on volatile organic compound emissions and leaf chemistry of three 
subarctic dwarf shrubs, Environ. Exp. Bot, 72, 377–386, 10.1016/j.envexpbot.2010.11.006, 2011.

Rinnan R, Steinke M, Mcgenity T, and Loreto F: Plant volatiles in extreme terrestrial and marine 
environments, Plant Cell Environ, 37, 1776–1789, 10.1111/pce.12320, 2014. [PubMed: 24601952] 

Safieddine SA, Heald CL, and Henderson BH: The global nonmethane reactive organic carbon budget: 
A modeling perspective, Geophys. Res. Lett, 44, 3897–3906, 10.1002/2017GL072602, 2017.

Schobesberger S, Lopez-Hilfiker FD, Taipale D, Millet DB, D’Ambro EL, Rantala P, Mammarella I, 
Zhou P, Wolfe GM, Lee BH, Boy M, and Thornton JA: High upward fluxes of formic acid from a 
boreal forest canopy, Geophys. Res. Lett, 43, 9342–9351, 10.1002/2016GL069599, 2016.

Seco R, Holst T, Matzen MS, Westergaard-Nielsen A, Li T, Simin T, Jansen J, Crill P, Friborg T, Rinne 
J, and Rinnan R: Volatile organic compound fluxes in a subarctic peatland and lake, Atmos. Chem. 
Phys, 20, 13399–13416, 10.5194/acp-20-13399-2020, 2020.

Sekimoto K, Li S-M, Yuan B, Koss A, Coggon M, Warneke C, and de Gouw J: Calculation of the 
sensitivity of proton-transfer-reaction mass spectrometry (PTR-MS) for organic trace gases using 
molecular properties, Int. J. Mass Spectrom, 421, 71–94, 10.1016/j.ijms.2017.04.006, 2017.

Selimovic V, Ketcherside D, Chaliyakunnel S, Wielgasz C, Permar W, Angot H, Millet DB, Fried 
A, Helmig D, and Hu L: VOC Observations at Toolik Field Station (TFS), https://www.umt.edu/
atmoschem/data.php, last access: 31 October 2022.

Sharkey TD, Wiberley AE, and Donohue AR: Isoprene emission from plants: why and how, Ann. Bot, 
101, 5–18, 10.1093/aob/mcm240, 2008. [PubMed: 17921528] 

Shaver GR and Chapin FS: Production: Biomass Relationships and Element Cycling in Contrasting 
Arctic Vegetation Types, Ecol. Monogr, 61, 1–31, 10.2307/1942997, 1991.

Sindelarova K, Granier C, Bouarar I, Guenther A, Tilmes S, Stavrakou T, Müller J-F, Kuhn U, Stefani 
P, and Knorr W: Global data set of biogenic VOC emissions calculated by the MEGAN model 
over the last 30 years, Atmos. Chem. Phys, 14, 9317–9341, 10.5194/acp-14-9317-2014, 2014.

Sinha V, Williams J, Lelieveld J, Ruuskanen T, Kajos M, Patokoski J, Hellen H, Hakola H, Mogensen 
D, Boy M, Rinne J, and Kulmala M: OH Reactivity Measurements within a Boreal Forest: 
Evidence for Unknown Reactive Emissions, Environ. Sci. Technol, 44, 6614–6620, 10.1021/
es101780b, 2010. [PubMed: 20687598] 

Stavrakou T, Müller J-F, Peeters J, Razavi A, Clarisse L, Clerbaux C, Coheur P-F, Hurtmans D, De 
Mazière M, Vigouroux C, Deutscher NM, Griffith DWT, Jones N, and Paton-Walsh C: Satellite 
evidence for a large source of formic acid from boreal and tropical forests, Nat. Geosci, 5, 26–30, 
10.1038/ngeo1354, 2012.

Stroud CA, Roberts JM, Goldan PD, Kuster WC, Murphy PC, Williams EJ, Hereid D, Parrish D, 
Sueper D, Trainer M, Fehsenfeld FC, Apel EC, Riemer D, Wert B, Henry B, Fried A, Martinez-
Harder M, Harder H, Brune WH, Li G, Xie H, and Young VL: Isoprene and its oxidation products, 
methacrolein and methylvinyl ketone, at an urban forested site during the 1999 Southern Oxidants 
Study, J. Geophys. Res, 106, 8035–8046, 10.1029/2000JD900628, 2001.

Survey: Maps – Toolik Lake Area Vegetation, http://www.arcticatlas.org/maps/themes/tl5k/tl5kvg (last 
access: 2 January 2022), 2012.

Tang J, Schurgers G, Valolahti H, Faubert P, Tiiva P, Michelsen A, and Rinnan R: Challenges in 
modelling isoprene and monoterpene emission dynamics of Arctic plants: a case study from a 
subarctic tundra heath, Biogeosciences, 13, 6651–6667, 10.5194/bg-13-6651-2016, 2016.

Selimovic et al. Page 23

Atmos Chem Phys. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.umt.edu/atmoschem/data.php
https://www.umt.edu/atmoschem/data.php
http://www.arcticatlas.org/maps/themes/tl5k/tl5kvg


Trentmann J, Yokelson RJ, Hobbs PV, Winterrath T, Christian TJ, Andreae MO, and Mason SA: An 
analysis of the chemical processes in the smoke plume from a savanna fire, J. Geophys. Res, 110, 
D12301, 10.1029/2004JD005628, 2005.

Walker MD, Walker DA, and Auerbach NA: Plant communities of a tussock tundra landscape in the 
Brooks Range Foothills, Alaska, J. Veg. Sci, 5, 843–866, 10.2307/3236198, 1994.

Wang S, Apel EC, Schwantes RH, Bates KH, Jacob DJ, Fischer EV, Hornbrook RS, Hills AJ, 
Emmons LK, Pan LL, Honomichl S, Tilmes S, Lamarque J-F, Yang M, Marandino CA, Saltzman 
ES, de Bruyn W, Kameyama S, Tanimoto H, Omori Y, Hall SR, Ullmann K, Ryerson TB, 
Thompson CR, Peischl J, Daube BC, Commane R, McKain K, Sweeney C, Thames AB, Miller 
DO, Brune WH, Diskin GS, DiGangi JP, and Wofsy SC: Global Atmospheric Budget of Acetone: 
Air-Sea Exchange and the Contribution to Hydroxyl Radicals, J. Geophys.-Res.-Atmos, 125, 
e2020JD032553, 10.1029/2020JD032553, 2020.

Wang YX, McElroy MB, Jacob DJ, and Yantosca RM: A nested grid formulation for chemical 
transport over Asia: Applications to CO, J. Geophys. Res, 109, D22307, 10.1029/2004JD005237, 
2004.

Warneke C, de Gouw JA, Goldan PD, Kuster WC, Williams EJ, Lerner BM, Jakoubek R, Brown 
SS, Stark H, Aldener M, Ravishankara AR, Roberts JM, Marchewka M, Bertman S, Sueper DT, 
McKeen SA, Meagher JF, and Fehsenfeld FC: Comparison of daytime and nighttime oxidation of 
biogenic and anthropogenic VOCs along the New England coast in summer during New England 
Air Quality Study 2002, J. Geophys. Res.-Atmos, 109, D10309, 10.1029/2003JD004424, 2004.

Wells KC, Millet DB, Payne VH, Deventer MJ, Bates KH, de Gouw JA, Graus M, Warneke C, 
Wisthaler A, and Fuentes JD: Satellite isoprene retrievals constrain emissions and atmospheric 
oxidation, Nature, 585, 225–233, 10.1038/s41586-020-2664-3, 2020. [PubMed: 32908268] 

Yokelson RJ, Bertschi IT, Christian TJ, Hobbs PV, Ward DE, and Hao WM: Trace gas measurements 
in nascent, aged, and cloud-processed smoke from African savanna fires by airborne Fourier 
transform infrared spectroscopy (AFTIR), J. Geophys. Res, 108, 8478, 10.1029/2002JD002322, 
2003.

Zhao T, Mao J, Simpson WR, De Smedt I, Zhu L, Hanisco TF, Wolfe GM, St. Clair JM, González 
Abad G, Nowlan CR, Barletta B, Meinardi S, Blake DR, Apel EC, and Hornbrook RS: Source and 
variability of formaldehyde (HCHO) at northern high latitudes: an integrated satellite, aircraft, and 
model study, Atmos. Chem. Phys, 22, 7163–7178, 10.5194/acp-22-7163-2022, 2022.

Selimovic et al. Page 24

Atmos Chem Phys. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Meteorological data taken from TFS between 22 May to 23 June: (a) probability (0–1) wind 

rose plot depicting wind direction and speed; (b) temporal traces of observed (black) and 

simulated (red) hourly photosynthetically active radiation (PAR) and surface air temperature 

(°C); (c, d) diel plots of observed (black) and simulated (red) PAR and temperature. Shaded 

areas represent 1 standard deviation (1σ).
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Figure 2. 
Monthly averaged biogenic emission estimates for acetone, methanol and isoprene over the 

Alaska domain in June 2019, simulated using GEOS-Chem + MEGANv2.1. The location of 

TFS is represented by the white marker.
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Figure 3. 
Ambient VOC mixing ratios (ppbv) as observed (black) and simulated by GEOS-Chem 

+ MEGANv2.1 (red). Observations shown are hourly averages computed from 2 min 

measurements and have been filtered for local pollution and stagnant air (see text).
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Figure 4. 
Polar wind plots of hourly wind speed, wind direction and VOC mixing ratios (color scales, 

ppbv). Distance from the radius represents wind speed. Data have been filtered for local 

pollution and stagnant air.
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Figure 5. 
Diel cycles for select measured (black) VOCs compared to GEOS-Chem + MEGANv2.1 

simulations (red). Solid lines represent median values, with shaded areas representing the 

25th to 75th percentile values.
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Figure 6. 
Ambient (a) isoprene and (b) methanol mixing ratio (ppbv) versus temperature (°) for 

daytime values (08:00 to 20:00 LT) where PAR > 400 μmol m−2 s−1. Solid lines show 

exponential fits (major axis regression) to observations (black) and modeled (red) outputs, 

following the exponential temperature activity factor in Eq. (2) (Guenther et al., 2012). 

Shaded areas represent 95 % confidence intervals; r2 ≥ 0.5 for both species.
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Figure 7. 
Mass spectra of PTR-ToF-MS signal ions detected and corresponding median molar 

mixing ratios based on hourly data collected during the campaign. Pie chart shown is the 

contribution from most abundant species to total (molar) VOC mass (tVOC). Ions were 

grouped into subcategories based on their structure and functional group. See Table S1 for 

subcategory assignments.
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Figure 8. 
Pie charts of reactive organic carbon (ROC) for observed (a) and simulated (b) species at 

Toolik Field Station (TFS). Also shown is our best guess of ROC at TFS with ethane and 

the other higher alkanes (Lumped C4 alkanes) estimated by the model (c). The relative 

contribution of individual compounds to ROC mass is calculated based on median values 

during the campaign.
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Figure 9. 
Pie charts of calculated OH reactivity (OHr) for observed (a) and simulated (b) species at 

Toolik Field Station (TFS). Also shown is our best guess of OHr at TFS with ethane and the 

other higher alkanes (Lumped C4 alkanes) estimated by the model (c). Relative contribution 

of individual compounds is calculated using median campaign mixing ratios and OH rate 

constant for that species. Rate constants for individual VOCs are compiled from previous 

literature, and rate constants of the dominant species or isomer at the detected PTR-ToF 

mass are used (Koss et al., 2018; Atkinson et al., 2004, 2006; Atkinson and Arey, 2003).
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Table 2.

Comparisons and correlations of main observed VOCs hourly mixing ratios to hourly mixing ratios simulated 

by GEOS-Chem + MEGANv2.1, based on major axis regression.

Compound Slope (Observations/Simulations) r 2

Formaldehyde 3.28 ± 0.05 0.30

Methanol 3.93 ± 0.05 0.57

Acetaldehyde 1.20 ± 0.03 0.11

Formic acid 9.10 ± 0.52 0.04

Acetone 1.18 ± 0.01 0.55

Acetic Acid 10.4 ± 0.50 0.14

Isoprene 0.89 ± 0.02 0.63

MACR + MVK 1.10 ± 0.03 0.62
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