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ABSTRACT: Forests can be both sources and sinks of volatile
organic compounds to the atmosphere. The role that forests play
in controlling organic acid concentrations remains poorly
understood with multiple model-measurement comparisons
reporting missing sources of formic acid. We conducted seasonal
measurements of concentrations and eddy covariance fluxes of
oxidized volatile organic compounds over a ponderosa pine
forest in Colorado in 2016. Diel concentration profiles show
mid-day maxima, consistent with previous studies. We observed
persistent but variable upward fluxes of formic, propionic,
methacrylic, and butyric acids from the pine forest during all
seasons. Formic acid concentrations and fluxes were ~10 times
higher than the other organic acids with daytime exchange
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velocities on the order of 4—6 cm s™'. The other organic acids had similar exchange velocities as formic acid in the warmer
seasons and much smaller exchange velocities in the colder seasons. The upward fluxes for all organic acids increased
exponentially with temperature. The observed net upward flux demonstrated that dry deposition was smaller than ecosystem
sources of the organic acids. Primary emissions from soil and pine trees were small, in contrast to estimates of in-canopy
chemistry. Our study points to an underestimated ecosystem source of organic acids (e.g., in-canopy chemistry of large or
multifunctional terpenoids), an overestimated dry deposition sink (potentially due to the arid environment), and/or an
unresolved sink of organic acids in the upper boundary layer. Forests are potentially large sources of atmospheric organic acids
in warmer seasons but further investigation into dry deposition mechanisms and in-canopy chemistry is warranted.

KEYWORDS: eddy covariance, seasonality, OVOCs, atmospheric budget, biosphere—atmosphere exchange, acetate CIMS

1. INTRODUCTION

Organic acids are both numerous and omnipresent in the
lower troposphere.' ~® Organic acids are molecules with one or
more carboxylic acid functional groups and may account for
~25% of nonmethane volatile organic compounds globally in
the gas and particle phases.” Organic acids can comprise up to
50% of organic aerosol mass, particularly in areas dominated by
biogenic emissions.”® This contribution to aerosol loading
impacts global climate and air quality and thus human and
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ecosystem healt Organic acids contribute to free acidity

and cloudwater acidity and deplete condensed hydroxyl radical

. . 3,11,12
(OH) concentrations in clouds.”" "

Their impacts on the
carbon cycle, human health, and ecosystem health are well-
known but the atmospheric budgets of organic acids are poorly
understood. Atmospheric models consistently underpredict
measured ambient concentrations of formic acid, suggesting an
underestimation of sources and/or an overestimation of

sinks."”>™"> Studies of organic acids, other than formic and
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acetic acids, remain largely unexplored from both modeling
and measurement approaches.'

Atmospheric organic acids have primary and secondary
sources that are both biogenic and anthropogenic. Terrestrial
ecosystems provide several primary, biogenic sources of
organic acids. Terrestrial vegetation emits formic acid on the
order of 2—8 nmol m ™ min~" per plant and globally 0.9—6 Tg
y'r_l.”_20 Formic, acetic, propionic, butyric, lactic, and keto
acids are common volatile products of soil microbes and are
emitted from a variety of soils and leaf litters.”""** Ants of the
Formicinae subfamily are estimated to contribute to global
formic acid emissions of 0.6 Tg yr".** Primary, anthropogenic
organic acid sources include a variety of industrial chemical
processes and combustion reactions. Secondary oxidation of
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hydrocarbons is a prolific source of organic acids.”'>'*'?

Formation reactions include ozonolysis of unsaturated hydro-
carbons,”**® reactions between stabilized Criegee intermedi-
ates and water vapor,”® and addition of OH to carbonyl groups
in the aqueous phase.ll’27 Monoterpene reactions with OH
produce short-chain organic acids, including formic, acetic,
butyric, and methacrylic acid.”® Although the chemical
mechanisms remain unclear, photooxidation of acetone has
been found to be a source of formic acid.”” Biomass burning is
also a source of both organic acids and precursor molecules.*
Overall, Stavrakou et al. estimate global atmospheric sources of
formic acid to be 36 Tg yr™': 69% biogenic, 11% direct
anthropogenic, 8% direct pyrogenic, and 12% indirect
anthropogenic and pyrogenic."

Several sinks are known to remove organic acids from the
atmosphere. Short-chain, water-soluble organic acids are
primarily removed by wet deposition.'® For example, total
organic acids account for 118—244 TgC yr ' lost to wet
deposition.”’ Dawson and Farmer derive an average lifetime
for formic acid with respect to wet deposition of 5 days.*” Dry
deposition of organic acids is poorly constrained by measure-
ments but is estimated as equivalent to wet deposition.’'
Global formic acid removal rates by dry deposition have been
estimated at 12.7—49.5 Tg yr™’, corresponding to a lifetime of
7—14 days."”” Many short-chain alkanoic acids are relatively
inert to atmospheric oxidation. For example, the atmospheric
lifetime of formic acid to photochemical oxidation by OH is
~30 days.14’33 However, many keto acids, unsaturated acids,
and longer-chained organic acids react more favorably with
OH.** Alkanoic acids, like acetic acid, dominantly react with
OH by deprotonation of the acidic hydrogen; similar reactions
may also occur for other small alkanoic acids.”® The
multifunctional, oxygenated products of these reactions possess
lower volatility and thus efliciently uptake onto particulate
matter and cloud droplets.*®

Model studies incorporate these production and loss
processes to investigate the scientific community’s under-
standing of atmospheric organic acids. Most work focuses on
formic and/or acetic acids in the summer, consistently finding
large discrepancies between model predictions and measure-
ments. Using satellite measurements and a global chemical
transport model, Stavrakou et al. find that the standard model
misses 100 Tg yr~' of formic acid production worldwide and
suggest terpene oxidation is the missing source.”” Adding
isoprene oxidation mechanisms to a global model also
underpredicts formic acid, particularly in the northern
midlatitudes.'” Both studies ascribe underpredictions to
multiphase chemistry and subsequent loss of formic acid
during aerosol aging. Millet et al. add even more formation
mechanisms, including formation from stabilized Criegee
intermediates and tautomerization of acetaldehyde, to a
chemical transport model but still underestimate measure-
ments over a deciduous forest in Alabama.'* RO, + OH
reactions pose an intriguing organic acid source but one with
such large uncertainty and shallow vertical gradients that these
reactions are unlikely the cause of model-measurement
discrepancy for formic acid in the boundary layer.'* As such,
Millet et al. show a model-measurement disagreement so large
that unrealistic changes to the model are needed to close the
discrepancy, for example, increasing isoprene chemistry
sources by a factor of 3 or plant emissions by a factor of 26."*

Tower-based measurements of ambient organic acids can
provide insight into landscape sources and sinks. Canopy-scale
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eddy fluxes are direct measurements of net vertical exchange
over a forest, that is, the difference of local sources and sinks.
Several studies have measured organic acid fluxes by direct
eddy covariance.”'>*’~** Most researchers report bidirectional
formic acid fluxes with the bulk of the studies finding net
deposition. For example, Alwe et al. found upward fluxes
dominated during warm and dry conditions over a mixed-
canopy forest, potentially due to in-canopy chemistry."
Schobesberger et al. observed large net emissions of formic
acid over a boreal forest canopy in Hyytiili, Finland;°
observations by Nguyen et al. could account for only half of
the expected deposition over an Alabama forest.*” Mattila et al.
noted vertical gradients over a peri-urban site during both
daytime and nighttime in Colorado consistent with a surface
source of formic acid.** These studies point to a large, missing
atmospheric source of formic acid.

Previous work has been limited to formic and/or acetic
acids, likely due to their prevalence in the atmosphere and ease
of calibration. However, organic acids in the atmosphere are
diverse, and cover a range of relevant chemical properties (e.g.,
Henry’s Law constant, solubility, vapor pressure).”"~* They
present an intriguing opportunity to probe not only ecosystem
sources of organic acids but also the potential of chemical
properties of gas-phase molecules to control their sinks.

A key challenge in probing sources and sinks of organic acids
is the lack of seasonal data coverage. Most published flux
measurements are conducted in summer, when plant photo-
synthetic activity and ecosystem sources are likely at a
maximum and are typically limited to days or weeks due to
high demand for labor, computational power, and instrument
availability coupled with filtering of data for quality assurance.
This may lead to an inherent bias in estimates of terrestrial
sources and sinks.

To this end, we conducted the Seasonal Particles in Forests
Flux studY (SPiFFY), with the aim of investigating interactions
between semivolatile organic compounds and particle fluxes
over a subalpine forest across multiple seasons. Here, we
present seasonally representative eddy covariance flux measure-
ments of six organic acids: formic, propionic, methacrylic,
butyric, valeric, and heptanoic acids from a ponderosa pine
forest where total VOCs are dominated by monoterpene and
2-methyl-3-buten-2-ol (MBO) emissions. To constrain pri-
mary sources of the six organic acids, we measured direct
emissions of the acids from pine trees and soils with branch
and soil enclosures. We reproduce observed fluxes via
implementing temperature-dependent parametrizations. Fi-
nally, we construct flux budgets for the six acids to explore
the relative importance of different sources and sinks for the
organic acids across the seasons.

2. SITE DESCRIPTION

SPiFFY consisted of four, seasonally representative intensive
measurement campaigns at the Manitou Experimental Forest
Observatory (MEFO): winter (February 1—March 1, 2016),
spring (April 15—May 15, 2016), summer (July 15—August 18,
2016), and fall (October 1—November 1, 2016). A preliminary
summer campaign took place in 2015 (July 1 —August 18,
2015) and was used to pilot these experiments; however, only
measurements from the 2016 campaign that were optimized
for data collection in this environment are utilized in this
analysis. Manitou Experimental Forest Observatory
(39.1006°N, 105.0942°W) is an atmospheric observation
station located in central Colorado, U.S.A. Semiarid, subalpine
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Table 1. Seasonal Averages +1 Standard Deviation of Environmental Conditions at MEFO (Measurements Taken at 27.8 m

a.gl)”

relative humidity % temperature °C

u + o (min—max) u + ¢ (min—max)

winter day 27 + 10 (8.0-88) 7+ 5 (=7.0—-16)
night 43 + 20 (15-89) 0+ 5 (-13-11)

spring day 40. + 20 (0.0-93) 10 + 6 (—3.7-21)
night 64 + 20 (0.0-93) 3+ 5 (-81-18)
summer day 33 + 20 (0.0-86) 23 + 4 (11-29)
night 64 + 20 (7.0-91) 14 + 3 (5.7-29)
fall day 25 + 10 (0-92) 1S + 4 (0.5-23)
night 47 + 20 (13-92) 6 + 5 (=7.1-20)

wind speed (m s™")

wind direction (°)

PPED (umol m™> s™")

4 + ¢ (min—max) u u + o (min—max)

35 + 2 (025—11) 314 210 + 300 (0.0—1000)
2.7 + 1 (0.22-6.9) 154

3.6 + 2 (0.0—18) 279 280 + 400 (0.0-1300)
2.3 + 1 (0.0-10) 161

3.0 = 1 (0.0-10) 119 330 + 400 (0.0—1200)
22 + 1 (0.10—10) 145

3.4 + 2 (0.0-11) 343 290 + 400 (0.0-1200)
24 + 1 (020-12) 146

“Seasonal maxima and minima are in parentheses. Daytime hours are taken as 8:00—18:00 local time, and nighttime hours 19:00—7:00. PPED is
measured at the U.S. Forest Service main office (~2 km east of the site) and includes down-welling solar radiation at 3 m a.gl.
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Figure 1. Seasonally averaged temperature (left), relative humidity (center), and ozone mixing ratios (right) during the measurement campaigns
vary across the seasons. Points represent hourly averages with error bars encompassing +1 standard deviation. Hours of day are derived from local
time, which we define as Mountain Daylight time (UTC —6) for spring, summer, and fall seasons and Mountain Standard time (UTC —7) for the

winter season.

(2280—2840 m above sea level) Rocky Mountain ponderosa
pine forest surrounds the site to the north, south, and west.
Ortega et al. provide a detailed description of both the site and
forest.”® Average canopy height at the measurement location
was approximately 16 m with sparse coverage. Various
herbaceous and woody plants grew in the understory.
Approximately 1 km to the east of MEFO is a creek drainage
and Colorado state highway 67. The two-lane highway
typically experienced light traffic from recreational vehicles,
forest workers, and local residents.

Seasonal meteorology is summarized in Table 1. Temper-
ature changed substantially between seasons: —1 + 8 °C
(mean + standard deviation) in winter, 4 & 7 °C in spring, 20
+ 7 °C in summer, and 8 + 8 °C in fall. The maximum
recorded temperature (30 m above ground level, a.gl.) during
our study was 30 °C (July 17, 2016), and the minimum
recorded temperature (30 m a.gl.) was —22 °C (February 3,
2016). Means of relative humidity range from S0 to 70% for all
seasons. Nighttime relative humidity rarely exceeded 80%;
daytime relative humidity seldom falls below 20%. Seasonal
variability in ambient temperature and relative humidity is
shown in Figure 1. Consistent with previous observations at
the site, daytime winds predominantly traveled from north to
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south.”” At night, above-canopy winds drained toward the
north. Average wind speeds (30 m a.g.l.) were light to gentle-
moderate (<4.0 m s'). Total annual rainfall at the site was 30
cm in 2016.°" Light afternoon thunderstorms frequently
occurred in summer, with cumulative precipitation of 2 cm
during the summer campaign. Light snowfall (<10 cm total
precipitation) occurred at the beginning of October 2016,
otherwise the fall campaign was devoid of precipitation. Two
substantial snowstorms (>30 cm accumulation per event)
happened during both winter and spring (February 3—4 and
23, 2016, April 15—16, 2016, and April 28—May 1, 2016).
Most of the snow cover melted between storms. Characteristic
of the Colorado Front Range, sunny days persisted at Manitou.
Down-welling photosynthetic photon flux density (PPFD) at 3
m agl. regularly exceeded 1000 umol m™ s™' during all
seasons characterized in this work.

We installed sonic anemometers and inlets for flux
measurements on the 30 m walk-up “chemistry” tower at the
Manitou site with instruments housed in a nearby mobile
trailer. We also collected measurements of nitrogen oxides
(NO, = NO + NO,), ozone (O;), carbon monoxide (CO),
and sulfur dioxide (SO,) during these seasonal experiments.
Descriptions for these measurements are in Supporting
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Information (S2). Section 4 contains details of the estimated
flux footprint.

3. MEASUREMENTS

3.1. Organic Acid Measurements. We measured gaseous
formic {HCOOH}, propionic { CH;CH,COOH}, methacrylic
{CH,C(CH,)COOH}, butyric {CH;(CH,),COOH}, valeric
{CH;(CH,);COOH}, and heptanoic acids
{CH,;(CH,);COOH} with an acetate high-resolution time-
of-flight chemical ionization mass spectrometer (hereafter
referred to as CIMS; Tofwerk AG and Aerodyne Research,
Inc.). We used acetate reagent ions throughout SPiFFY except
during 5 days in summer and 3 days during fall when we used
iodide reagent ion chemistry. This manuscript focuses only on
acetate CIMS data. The sensitivity of acetate CIMS does not
substantially depend upon ambient water vapor concentrations
unlike I7, CF;07, and H;0" CIMS, which have typically been
used for previous flux measurements. Importantly, we note that
while acetate CIMS cannot distinguish between structural
isomers, the technique has little sensitivity to most other
functional groups, so we relate signals to their most likely
detected structures (i.e., carboxylic acids). However, some of
these structures do have multiple structural isomers that
maintain the acidic functionality. For example, we detect the
deprotonated product of C;HgO,, which represents the sum of
butyric and isobutyric acid (hereafter referred to as “butyric
acid” for simplicity); other isomers, such as acetoin, do not
possess adequately acidic hydrogen atoms for detection by
acetate reagent ions. Similarly, C;H,,O, (hereafter referred to
as “heptanoic acid” for simplicity) represents the sum of all C,-
alkanoic acids. Both CIMS and acetate ionization mechanisms
are described thoroughly elsewhere and are briefly described
here.”*™>

In this technique, sample air enters the ion—molecule
reactor (IMR, 70 mbar) and mixes with an orthogonal stream
of acetate reagent ions. Acetate reagent ions are thought to
initially cluster in the IMR and then decluster in the
atmospheric pressure interface to produce declustered,
deprotonated analyte ions further downstream in the
CIMS.>® Tonized analytes pass through both short and big
segmented, RF-only quadrupoles before entering a series of ion
transfer lenses. A voltage drop of 19 V between the ion lenses
(skimmer and second quadrupole entrance plate) keeps the
CIMS in a declustering mode, minimizing the detection of
acetate—analyte clusters. After transmission, sample ions are
orthogonally extracted, separated, and detected in the time-of-
flight (ToF) region. Signal from the microchannel plate
detector (Photonis Inc.) is amplified by 11 times, preaveraged
on an analog-to-digital converter (ADQ_ 1600, SP Devices),
transferred to a computer (Dell Technologies, Inc.) by USB
2.0, and extracted at 15 kHz into the data acquisition system
(ToFDAQ). All measurements are averaged to S Hz time
resolution. Mass resolutions >3.5 X 10° (m/Am) and total
counts >8 X 10° ions per spectrum are maintained during
winter, spring, and the first 2 weeks of summer, at which point
instrument sensitivity dropped to 2 X 10° ions per spectrum
for the duration of the study.

A reduced pressure inlet (Figure S1), similar to that
described by Brophy and Farmer, samples air, although a
durable perfluoroalkoxy alkane (PFA) inlet replaces the glass
inlet.”” Gases and particles enter a 1/4 in. PFA three-way tee
(Swagelok) and flow through 11 cm of 1/8 in. id. (1/4 in.
0.d.) fluorinated ethylene propylene (FEP) tubing. The flow is
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split with a sample bypass flow (40 L min™", volumetric flow;
30 L min~", standard flow), removing gases orthogonally from
the main flow line with the aim of minimizing particle
interferences, and a particle bypass flow (10 L min~"), pulling
additional sample air through the inlet. Both flows are pumped
by a single Triscroll 600 pump (Varian, Inc.). Gas sample
moves from the inlet through 30 m of 3/8 in. i.d. (1/2 in. 0.d.)
FEP and tubing diameter reduces to 1/8 in. i.d. (1/4 in. 0.d.)
with a Swagelok reducing union. Finally, the CIMS subsamples
at 4.5 L min~". A PFA three-way tee positioned between the
sample bypass line and IMR enables calibration gas addition
(described below). The remaining sample bypass air flow
recombines with the particle bypass flow, modulated by an
inlet flow and pressure control box. Particle bypass and sample
bypass flows are each measured by analog mass flow meters
(MKS Instruments, model 179) prior to recombination. After
recombining the particle bypass and sample bypass lines in the
inlet box, a Baratron pressure transducer (MKS Instruments,
model 750) monitors pressure, which we maintain at 350 mbar
with a fast-acting, bidirectional needle valve (Aalborg Instru-
ment and Controls, Inc., model SMV20-SVD2-A) and a PID
loop automated with LabVIEW (National Instruments
Corporation).

The inlet system described above is designed to minimize
differences in sampling residence times for different measured
species (e.g., reduced inlet and sampling line pressure). We
find little influence of the long tubing length for the inlet from
the tower on instrument time response owing to turbulent flow
in the inlet line (e.g, Reynold’s numbers of >4000 for this
sampling system). The residence time in the inlet tubing
between the inlet tip at the top of the tower and the CIMS
inside the trailer is 3 s. This is a similar to the lag-covariance
time of 4 s determined for the segment of tubing between the
sonic anemometer and the CIMS detector (Figure S2).
Emission peaks for all acids occur at or very close to zero
lag-time lending confidence to the use of one lag time for
multiple organic acid fluxes. Additionally, signal peaks at zero
lag time clearly emerge from background noise evident at
positive and negative lag times. We evaluated the response
time of the system at MEFO by overflowing the inlet at the top
of the tower with UZA and waiting for the detector signal to
fall to zero. The resultant signal-decays from ambient
concentrations are fit well by a single exponential decay
function with e-folding times ranging from 0.59—4.6 s for
calibrated organic acids. Formic acid e-folding times are similar
regardless of UZA overflow location (2.9 s at inlet on top of
tower versus 2.7 s at CIMS inlet in ground trailer), suggesting
that most wall interactions happen in the ion—molecule
reaction chamber of the CIMS (Figure S3). Previous
measurements of other VOCs and OVOC:s typically ignore
potential dampening effects in high-frequency signal fluctua-
tions due to wall interactions. Such interactions are known to
occur and cause delays in response time in even short segments
of Teflon tubing on the order of seconds and up to several
minutes for low volatility compounds.’® Further, spectral
analysis suggests little dampening in the sampling lines
(Section 4). Thus, we ignore attenuation due to wall
interactions for the volatile organic acids described herein.

The CIMS was calibrated online once every 1—2 h using an
automated calibration source. Calibrations included standard
additions of formic, propionic, methacrylic, and butyric acids
during all seasons; external standards of formic acid during
winter and spring; and standard additions of valeric and
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heptanoic acids during summer and fall. System blanks were
performed during every calibration period. Section S1 provides
details of the calibration timeline and sample data.

We process CIMS data according to standard practices using
ToFware version 2.5.7. Prior to high-resolution peak fitting,
CIMS signals (mV ns s™') are baseline corrected and
converted to counts s~' by normalizing with a single-ion
signal. We mass calibrate CIMS data using >10 fully resolved
ions known to be in the spectrum m/z 32—283 (CHO,,
CZHSOZ_) NOZ_) NO3_1 I_; Cl_) 02_, C12H2302_) C13H2502_;
C14Hy,0,7, CisHy0,7, Ci¢Hj 0,7, CisHj30,7, CFyT,
C,F;0,7, and C;,H;CL,O7). We identify and fit peaks based
on exact peak masses and established rules of covalent
bonding. The resulting peak areas are normalized by total
acetate ion signal area and multiplied by the total ion signal
area measured during system blanks. We calculate mixing
ratios of the six organic acids for which we have permeation
standards by subtracting backgrounds (system blank) and
dividing by immediately preceding bihourly sensitivities.
Calibration periods take approximately 15 min. In preparation
for eddy covariance analysis, we truncate each time series into
one, 30 min continuous flux period and realign the mixing ratio
time series forward by 4 s to account for offsets in time
between acquisition of CIMS and wind speed data (Figure S2).
We thus report one 30 min average value of flux per species per
hour.

The CIMS was coupled to a branch enclosure during
summer and soil chambers during fall to constrain direct
emissions of organic acids from ponderosa pine and soils,
respectively. Supporting Information Section S2.1 contains
details of these measurements systems.

3.2. Sonic Anemometer. A Windmaster Pro sonic
anemometer (Gill Instruments Limited, Lymington, U.K.)
mounted 30 m a.gl. measures three-dimensional wind speed
vectors and temperature. Data are transmitted via RS-422 and
logged at 5 Hz time resolution with ToFDAQ_data acquisition
software (Tofwerk AG). The anemometer model requires a
firmware correction affecting vertical wind speeds (w). Positive
w values +16.6% and negative w values +28.9% are corrected
according to the manufacturer’s specifications.”” We flag spikes
in anemometer data with a median absolute deviation filter
following the methods described in Mauder et al.*® Flagged
values are replaced by linear interpolation unless >10
consecutive flags are found in which case the entire flux
period is removed from subsequent analysis. We flagged less
than 0.5% of points from each wind vector or temperature time
series. We rotate wind vectors to a natural coordinate system
by double rotation before trimming the time series to match
the CIMS data flux periods in preparation for eddy covariance
calculations.>”

4. EDDY COVARIANCE CALCULATIONS

We calculate the vertical flux of each of the six organic acids by
the eddy covariance method. Eddy covariance fluxes are gluasi-
continuous and represent a spatially integrated footprint.”” We
calculate the flux between the surface and point of measure-
ment for each flux period from the appropriately lagged 5 Hz
mixing ratio (or temperature for sensible heat flux) and vertical
wind speed data by eq 1

(1)

where F is the vertical flux (ppt, m s™", which can be converted
to nmol m™2 h™}, or °C m s, which can be converted to W

F=w'C
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m™2), C is the mixing ratio (ppt,) (or temperature (°C)), w is
vertical wind speed (m s'), and ' refers to instantaneous
deviations from the 30 min mean. We note that at MEFO
during SPiFFY 1 ppt, m s™' is on average equivalent to 107.5
nmol m™> h™". All fluxes are reported as nmol m™> h™". The
sign convention is such that a positive flux value represents an
upward flux from the surface to the atmosphere. A negative flux
value represents a downward flux from the atmosphere toward
the surface. We do not correct the calculated CIMS fluxes with
temperature heat spectra due to the lack of substantial, high-
frequency spectral attenuation (<1% of total flux) in organic
acid cospectral analyses. Because the sample line pressure is
controlled for constant pressure, we do not apply the Webb—
Pearman—Leuning correction.’’ Relative humidity corrections
are applied to neither flux, nor concentrations as the
instrument sensitivity for acetate CIMS has a negligible
dependence on water vapor at the relative humidity ranges
observed at MEFOQ.>® Horizontal sensor separation between
the sonic anemometer and inlet is also negligible. We
investigate each flux period to ensure that data meet three
key assumptions. Any flux period that fails a test is removed
from subsequent analysis.

(1) Turbulence at the measurement height must be well-
developed. Friction velocity (u*) is a measure of horizontal
wind shear forces, which is closely linked to atmospheric
stability. Here, turbulence is considered to be well-developed
when u* > 0.14 m s™'. We apply u*-filtering to exclude flux
periods for which advection may yield spurious fluxes. Several
studies have tabulated u* thresholds for various types of
environments, finding that minimum u* thresholds for forested
sites vary between 0.1-0.15 m s7L.527% Values of 84%, 78%,
79%, and 77% of the data pass the turbulence test in winter,
spring, summer, and fall, respectively.

(2) Fluxes must remain in steady state within the 30 min
flux period. A stationarity test determines the mean of six
consecutive S min segments relative to the full 30 min flux
period; flux periods are considered to pass when the deviation
is <30%.°° Values of 39—-66%, 38—51%, 89—93%, and 43—
65% of the data meet the stationarity criterion in winter,
spring, summer, and fall, respectively.

(3) During the fall, the United States Forest Service
conducted several prescribed burns to thin vegetative detritus
from forest floors. The burns include a large, adjacent parcel of
forest to MEFO. To exclude biomass burning contributions
from organic acid measurements in the fall, flux periods with
observable CO spikes in the time series are excluded. Values of
98% and 100% of data pass CO filtering in fall and other
seasons, respectively.

Overall, 36—62%, 35—46%, 4—48%, and 36—58% of flux
periods during winter, spring, summer, and fall, respectively,
meet quality control criteria described above (ranges represent
the different organic acid analytes: formic acid most frequently
passed the filters, heptanoic acid least frequently). Eighty-two
percent of the daytime data and 49% of the nighttime flux
periods meet the quality control criteria described above for
formic acid. Heptanoic acid fails to meet quality control criteria
during all summer flux periods.

Fluxes represent the pine forest fetch. We calculate
footprints for each season using a canopy height of 16 m
and displacement height of 10.7 m.°® Under stable conditions
(Monin-Obukhov length (L) > 0), 90% flux contours are long,
>2000 m north—south, and narrow, >1000 m east—west.
Unstable footprints (L < 0) are more evenly distributed,
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Table 2. Seasonal Averages + Standard Deviations of Organic Acid (Parts Per Trillion by Volume, ppt,) and Trace Gas (Parts
Per Billion or Parts Per Million by Volume, ppb, or ppm,) Mixing Ratios at MEFO“

winter
u + ¢ (min—max)
55 + 57 (below detection limit (b.d.l. — 950)
35+ 1.7 (bdl — 25)
043 + 020 (b.dl — 92)
1.1 + 0.7 (b.dl — 22)

CH,0, (ppt,)
C3Hq0, (ppt,)
C4H,0, (ppt,)
C4H,0, (ppt,)

CsH,00, (ppt,) n/a n/a
C;H,;,0, (ppt.) n/a n/a
05 (ppb,) 41 + 10 (0.40—84)

NO, (ppb,) n/a n/a
SO, (ppb,) n/a n/a

spring

u + o (min—max)

30 + 24 (b.dl — 150)
2.0 + 1.0 (b.dl — 11)
0.30 + 0.14 (b.dl. — 2.8)
0.88 + 0.59 (b.dl — 7.4)

41 + 14 (1.5-82)

fall

summer
u + ¢ (min—max)

810 + 480 (86—5200)
29 + 18 (b.dl — 170)
42 + 2.6 (bdl — 27)
12 + 9 (bdl — 87)

63 + 54 (bdl — 59)
9.7 + 9.4 (b.dl — 140)
35 + 9.2 (4.0—60.)

12 + 1.4 (b.dl — 8.1)
0.36 + 030 (b.dl — 1.6)

u + o (min—max)

1200 + 910 (66—8600)
63 + 44 (b.dl — 380)
10. + 8 (b.dl — 140)
45 + 29 (b.dlL — 250)
13 + 9 (bdl — 85)

15 + 13 (b.dl — 210)
41 £ 16 (1.1 — 97)

1.4 + 09 (042 — 6.9)
0.60 + 0.34 (b.dl. — 2.8)

“Seasonal maxima and minima are in parentheses. Daytime hours are 8:00—18:00 local time. Nighttime hours are 19:00—7:00.

Table 3. Percentage of Organic Acid Fluxes (F,;q) That Exceed Corresponding Flux Detection Limits (F,,.) during Each

Season (See Text for Details of Calculation)”

percentage (%) of flux periods in which F, 4 > F,,. (daytime, nighttime)

season formic propionic methacrylic butyric valeric heptanoic
winter 68 (89, 51) 16 (25, 9) 9.0 (14, 5) 26 (42, 14) n/a n/a
spring 68 (90, 49) 35 (52, 20) 17 (22, 13) 45 (69, 24) n/a n/a
summer 65 (86, 46) 40 (53, 29) 27 (41, 16) 47 (68, 28) 40 (55, 26) 23 (37, 11)
fall 64 (92, 40) 21 (35, 9) 12 (16, 8) 29 (48, 11) 19 (29, 11) 10 (14, 6)

“Fluxes in parentheses separate the percentages of qualifying flux periods between daytime (8:00—18:00; left) and nighttime (19:00—7:00; right).
The CIMS was not calibrated for valeric and heptanoic acids in winter and spring, therefore fluxes for these acids during cold seasons are not

available (n/a).

extending >400 m in all directions (Figure S4). Although many
footprints include Colorado Highway 67, 1 km east of MEFO,
we find no statistical difference in the distribution of organic
acid fluxes when flux periods including the highway are
excluded. We exclude no flux periods on the basis of footprints.
During flux periods with low turbulence, trace gases can be
stored in canopy air, particularly in canopies with dense foliage,
which inhibit eddy penetration. Without vertical gradient
measurements of organic acids, we do not estimate the storage
term during any season at SPiFFY. However, a previous
organic acid eddy flux study over a boreal forest (Leaf Area
Index (LAI) = 6.3) determined the storage term for formic and
acetic acids to be negligible. The canopy at MEFO is less dense
(LAI = 1.14) allowing more penetration of eddies carrying
organic acids.”> More importantly, organic acid flux data is
filtered to exclude flux periods with low turbulence, in which
canopy storage of trace gases is more pronounced. We thus
ignore the storage term for organic acid fluxes in this work.
We use spectral analysis to investigate the quality of CIMS
flux measurements. Co-spectral densities of vertical wind speed
and mixing ratio represent the organic acid flux as a function of
frequency, a proxy for eddy size. Average cospectral densities
(Figure SS) are calculated for all organic acids during each
season between 9:00 and 15:00 local time. Here, “local time”
refers to Mountain Daylight time (UTC —6) during spring,
summer, and fall campaigns and Mountain Standard time
(UTC -7) during the winter campaign. Cospectra of
temperature flux (sonic temperature and vertical wind speed)
are similar to organic acid cospectra, demonstrating that high
frequency variations are not significantly attenuated by the
inlet at frequencies <2.5 Hz. Averaging times are long enough,
time resolutions fast enough, and organic acids detection
sufficiently sensitive to observe an inertial subrange in the
spectra for all acids. We hypothesize that reducing and
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controlling inlet pressure in the closed-path system obviates
the need for spectral transformation. We note that substantial
spectral attenuation may occur at frequencies >2.5 Hz;
however, frequencies beyond the Nyquist frequency (2.5 Hz
here) are obfuscated by aliasing.

Time-lagged covariance functions between vertical wind
speeds and mixing ratios of organic acids provide a useful
calculation of uncertainty in eddy covariance fluxes. The
covariance at lag times far exceeding the flux integral time scale
represent the combined random instrument noise and
environmental fluctuations that contribute to measured
fluxes.””*®* We calculate the flux detection limit for an
individual organic acid for a single flux period as 36 of
covariances lagged 30—60 s in both positive and negative
directions. Observed fluxes of formic acid consistently exceed
the detection limit for two-thirds of the flux periods, while
observed methacrylic acid fluxes were often below detection
limit (Table 3). More daytime fluxes exceeded detection limit
than nighttime fluxes.

5. RESULTS

MEFO experienced clean continental air with occasional
intrusions of polluted, urban air from Denver or Colorado
Springs. SO, concentrations are generally below 1 ppb, but
spike above 1.5 ppb, during some evenings when winds are
northeasterly or southeasterly (i.e., from Front Range cities).
NO, concentrations trend similarly with wind direction at
MEFO and are consistent with past measurements. Ozone
rarely exceeds 60 ppb, even during peak photochemistry in the
summer. The ozone maximum was 97 ppb, on 28 July.
Seasonal measurements of trace gases, including organic acids,
are summarized in Table 2.

MEFO is similar to other coniferous forest sites in terms of
formic acid concentrations. Daytime formic acid at MEFO
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Figure 2. Seasonal diel mixing ratios (ppt,, left), fluxes (nmol m™ h™', middle), and exchange velocities (cm s™', right) for six organic acids. Data
points represent seasonal, hourly medians. Fluxes and exchange velocities are filtered according to Section 4. From top to bottom, seasons are
winter, spring, summer, and fall. For mixing ratio and flux plots, formic acid mixing ratio is on the left axis, and propionic, methacrylic, butyric,
valeric, and heptanoic acids are on the right axis. Upward fluxes and exchange velocities are evident for all organic acids during the daytime with
average nighttime fluxes approaching zero. See Figures S9—S14 for additional details.

peaked at 2—6 ppb, in the summer, comparable to peak
observations (2—3 ppb) over a boreal forest in Finland during
summer 2015.°

Formic acid mixing ratios are 10—100 times higher than
other organic acids. Mixing ratios for all organic acids are an
order of magnitude higher in warmer seasons (summer and
fall) than in colder seasons (winter and spring). All six organic
acids follow the same diel trends within a given season. In the
summer, organic acids increase at sunrise, reach a late
afternoon or evening maximum, and then decrease overnight
in all seasons (Figure 2). A midmorning (~9:00 local time)
reduction in all organic acid mixing ratios occurs most days
and is consistent with the breakup of the nocturnal boundary
layer. Formic, propionic, butyric, and valeric acids follow the
same diel trends as previous measurements in the Colorado
Front Range, although summer formic acid at the Boulder
Atmospheric Observatory is about a factor of 2 higher than at
MEFO.*"*

Organic acid fluxes are consistently upward throughout all
four seasons. We note that though this paper focuses on small
organic acids, other compounds, such as isocyanic acid, exhibit
downward fluxes, which will be the focus of future
publications. This indicates persistent ecosystem sources of
all six organic acids (Figure 2). Diel cycles in flux differ from
concentration. Fluxes increase from near-zero at sunrise and
peak at mid-day before decreasing back to zero (within
measurement uncertainty) near sunset. Downward organic
acid fluxes are rare, accounting for only 6—15% of all unfiltered
fluxes and 1—8% of all quality-filtered fluxes exceeding the flux
detection limit. Most (>99%) downward flux events occurred
at nighttime. Organic acid fluxes are approximately an order of
magnitude lower in winter and spring than in summer and fall.

We calculate exchange velocity (V,, cm s7') as the flux
divided by the average concentration of the flux period for each
acid. Positive exchange velocities represent emission rates from
the forest, whereas negative exchange velocities represent
deposition rates. V,, provides a flux normalized by concen-
tration, thus enabling comparison of biosphere—atmosphere
exchange rates across different sites subject to different
concentration regimes. V. is equivalent in magnitude to
deposition velocity (Vy,) but opposite in sign convention (V,,
= —Vdep). V. is commonly used to denote the average vertical
rate of exchange between the measurement height and the
surface, particularly for eddy flux measurements of oxygenated
volatile organic compounds.”'**”**%*~7! Despite formic acid
having orders of magnitude higher concentration than the
other organic acids, the exchange velocities are all of the same
order of magnitude in the spring and summer. In contrast,
during the colder spring and winter months, formic acid
emission rates are again much higher than the other acids,
indicating that the fluxes may be driven by different processes
for the different organic acids.

6. DISCUSSION

The observed organic acid mixing ratio and flux diel cycles
require a daytime source coupled to a rapid (i.e., lifetime of
hours) sink. Summer observations are similar to previous
studies: mixing ratios peak in the mid-day, similar to
summertime measurements in forests”*>’> and urban sites."’
The upward formic acid flux maximizes in the middle of the
day, similar to formic acid flux observations at Hyytidla.’
Large canopy-level emissions at MEFO indicate that formic
acid is potentially an important source of reactive atmospheric
carbon. In summer 2010, Kaser et al. measured 0.50 mg m™>
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Flqe®®(T733) (see eq 2), where F,q is the quality-filtered canopy flux, Fq is standard emission at 303 K, and T is the temperature separated into 2
K bins (all seasons). Error bars represent the standard deviation of each bin. We determine correlation coefficients (r*) for the model versus the
observational data. Winter and spring data are absent for valeric and heptanoic acids due to the lack of calibrations during those seasons.

(37 pmolC m™ h™') mid-day average monoterpene
emission fluxes that were only 10 times larger than summer
2016 mid-day median formic acid fluxes of 3.8 pmolC m™
h_1.39

Despite measuring a sizable range of organic acid
concentrations across the seasons, we observe no evidence of
a compensation point (i.e., no consistent shift from emission to
deposition as ambient concentrations increase), contrary to
observations over a tropical forest by Jardine et al. (Figure
§7).%7

The upward organic acid fluxes persist through the seasons.
Compiling the data demonstrates that organic acid fluxes
increase exponentially with temperature (Figure 3) and vapor
pressure deficit (Figure S8), decrease exponentially with
relative humidity but do not correlate with photoactive photon
flux density (PPFD) (#* < 0.10 for formic acid) or O; (* <
0.15). These correlations initially appear consistent with a
direct plant source of the organic acids to the atmosphere but
closer inspection reveals evidence for other sources.

The strong temperature dependence of the observed organic
acid fluxes follows the exponential temperature equation used
by ecosystem emissions models for light independent plant
VOC emissions. For example, the Model of Emissions of Gases
and Aerosols from Nature (MEGAN)”* models monoterpene
fluxes as

E = E/TD

)
where E; is the basal emission rate (nmol m™ h™!) at a
standard temperature (T, 303 K), T is the ambient
temperature in Kelvin, and f represents a temperature scaling
factor, assigned a value of 0.09 K™' for monoterpenes, which
sets the emission to E; at T,. We fit the canopy-level flux data
from all seasons to eq 2 to derive E; and calculate basal
emission rates of 4700 + 210 nmol m™2 h™! for formic, 59 +
3.2 nmol m™* h™! for propanoic, 12 + 0.9 nmol m™> h™" for
methacrylic, 66 + 3.2 nmol m™> h™" for butyric, 20 + 2.2 nmol
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m™ h™" for valeric, and 17 + 3.2 nmol m™> h™" for heptanoic
acids. The model accounts for only 15—53% of the variance of
the organic acid fluxes.

Nighttime fluxes are particularly problematic as nocturnal
temperatures are high enough to result in a much larger
predicted nighttime emission than the near-zero flux we
observed. Of course, this analysis ignores contributions of dry
deposition to the observed flux, which could improve model-
measurement agreement. Incorporating light into the model, as
with the Parameterized Canopy Environment Emission
Activity (PCEEA) model, provides a better representation of
the diel cycle than the temperature-only MEGAN model but
underestimates daytime upward fluxes and fails to improve the
correlation coefficients (r* = 0.15—0.53 for temperature only;
0.24—0.50 for temperature and 1ight).74 The weak correlation
coefficients suggest that while application of a primary
ecosystem source may improve the model—measurement
discrepancies for formic acid over forests described above, a
direct source may be mechanistically inaccurate. Further,
formic acid basal emissions of 4700 nmol m™> h™' are 7 times
larger than the 30 yg m™> h™' basal emissions used in previous
studies to estimate formic acid emissions from trees and shrubs
in forest ecosystems.”'” Thus, direct plant emissions are
unlikely the sole source of the organic acids.

We observe few downward fluxes, meaning that local dry
deposition is insufficient to overwhelm the sources and control
the atmospheric lifetimes of any of the organic acids.

The observed, net ecosystem organic acid flux is temper-
ature-dependent, occurs only during the daytime, and persists
throughout the seasons. Here, we evaluate four possible
contributing sources of organic acids: primary emissions from
(1) plants, (2) soils, and (3) ants, plus (4) secondary, in-
canopy chemistry of other biogenic VOC emissions. We
compare these sources to predicted dry deposition sinks and
consider the organic acid flux budget at MEFO.

6.1. Plant Emissions. Plants emit C1—C7 alkanoic acids
and are a plausible primary source of observed upward flux.
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Plants produce formic acid by oxidizing glyoxylic acid,
methanol, and formaldehyde and by reducing CO, to
formate.”>’® Biochemical production mechanisms of the
other organic C,—C, acids discussed herein are scarce. To
the best of our knowledge, direct emissions of propionic,
methacrylic, butyric, valeric, and heptanoic acids from plants
may be presented here for the first time. This could also be
evidence of very rapid secondary chemical formation of organic
acids from biogenic precursors.

Correlations of temperature and vapor pressure deficit with
organic acid fluxes are consistent with direct plant emissions as
are the observed seasonal trends in organic acid fluxes. Plant
metabolism, including the formic acid-forming processes of
ethylene synthesis and methanol oxidation, slows during colder
seasons due to reduced temperatures and available sunlight.
Likewise, organic acid emissions decrease by an order of
magnitude between warm (summer and fall) and cold (winter
and spring) seasons.

However, measurements of organic acid emissions from
plants suggest relatively small fluxes, at least an order of
magnitude smaller than known oxidative precursors such as
isoprene and monoterpenes.”* MEGAN incorporates leaf
cuvette and branch enclosure measurements into emission
factors used to predict plant emissions for formic, acetic, and
pyruvic acids.”” Applying the MEGAN temperature para-
metrization to MEFO predicts a summer mid-day leaf-level
formic acid flux of 170 nmol m > h™! in comparison to the
observed 3400 nmol m™> h™".

We can further refine these estimates of primary biogenic
emission using previous studies of pine tree emissions of
formic acid. To the best of our knowledge, there are no
previous measurements of C3—C7 organic acid emissions from
plants, let alone pine trees. Villanueva-Fierro et al. measured a
mass emission rate of 210 ngycoon gy, | h~' from ponderosa
pine in Central New Mexico.”” Kesselmeier et al. measured an
average mass emission rate of 333 ngucoon g, ~ h' from
Italian stone pine (Pinus pinea L).”* Dense pine forests with
LAIs on the order of 2.5—4.0 have pine needle biomass
densities of 400—900 g4,, m~>, and we estimate 200 gy, m™>
pine needle density at MEFO (LAI = 1.14).”” We estimate
formic acid basal emission rates from ponderosa pine trees
(E;), mass emission rate (E,ccqis D€ gq. - h~') and the density
of pine needles in a characteristic area of forest (Ppeedisr au.
m™>) from

Ef = Eneedl?pneedle (3)

Using the two published pine mass emission rates, we
calculate a basal emission rate for formic acid of 910—1500
nmol m~2 h™), smaller than the 4700 nmol m™ h™" calculated
from the ecosystem scale fluxes (Figure 3). Scaling these
emission potentials to MEFO according to eq 2 using & = 0.09
and T, = 303 K, we predict that direct plant emissions from
ponderosa pine would account for mid-day fluxes of 630—1000
nmol m™2 h™! of formic acid in summer and 140—220 nmol
m~> h™' in winter. For comparison, Schobesberger et al.
estimated a summer afternoon primary plant emission of
formic acid at Hyytiala as ~S5 ppt, m s (~500 nmol m™>
h™!).° Besides predicted emissions for Italian stone pine, these
literature-based estimates suggest that plant emissions account
for little of the observed upward flux.

We compare these literature-based estimates of plant
emissions to actual branch enclosure measurements. We
enclosed a ponderosa pine branch ~5 m agl in a Teflon
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bag and sampled the concentration gradient between ambient
air outside versus inside the bag with the CIMS (see Section
S2.1 for details). We observed very small primary plant
emissions of organic acids with these in situ branch enclosures
(Table 4). Scaling our observed leaf-level emission of formic

Table 4. Six Organic Acid Emissions from a Representative
Ponderosa Pine”

branch enclosure soil chamber

% of % of
organic acid flux measured flux measured
name (nmol m™ h™') flux (nmol m™ h™') flux
formic 94 2.5 1.1 x 1072 <1
propionic 26 41 6.9 x 107* <1
methacrylic 2.6 18 -22 % 1077 <1
butyric 15 24 3.8 x 107 <1
valeric 7.3 32 1.8 x 107* <1
heptanoic 2.7 12 6.7 x 107° <1

“Column 3 contains branch enclosure measurements of six organic
acid emissions from a representative ponderosa pine. The percentage
of average daily maximum fluxes represented by enclosure emissions
follow in column 4. Averages of three soil chamber measurements of
six volatile organic acid fluxes from soil and leaf litter and the
percentage of the average daily maximum flux accounted for by the
chamber average complete the table.

acid to the forest leaf area results in a direct plant flux of formic
acid of 94 nmol m™> h™, just 2.5% of the summer daily
maximum.

Our branch enclosure measurements suggest that while
primary plant emissions are negligible for formic acid, they may
be relatively important sources of the other organic acids
during cold seasons. For example, during winter, plant
emissions of butyric acid account for a large fraction (62%)
of the measured flux + dry deposition. During spring, plant
emissions overestimate (190%) the butyric acid flux budget.

6.2. Soil and Leaf Litter Emissions. Soils and leaf litter
can be direct sources of multiple organic acids via microbial
activity.*”®' Microbes of the Propionibacterium genus synthe-
size propanoic acid from succinate or pyruvate intermediaries
following glycolysis. Similarly, butyric acid is synthesized by
glycolytically formed pyruvate oxidizing to Acetyl CoA; butyric
acid can be further processed by fermentation. Mixed acid
synthesis can produce formic, acetic, lactic, butyric, and
succinic acids through alternate end-pathways to fermentation
for many microbes. Ubiquitous methanotrophic bacteria
synthesize formic acid from subsequent steps following the
oxidation of methane prior to initiation of the serine cycle.

Sanhueza and Andreae measured daily average formic acid
emissions of 0.14 nmol m™ s™' from dry, savannah soils in
Venezuela.®” On the basis of these measurements, Paulot et al.
developed an exponential relationship between soil emissions
of HCOOH (E,;) and temperature'”

soil

soil —

E Ae((ﬂXT)_I) (4)
where A is the basal emission rate from soil (nmol m™2h™),
is the temperature sensitivity, and T is soil temperature (°C).
Paulot et al. found A = 1.7 X 107> nmol m™*s™' and # = 0.119
°C 1" The dry, deep, sandy loamy soils at MEFO have
similar attributes to the savannah soils with neutral pH (6.1—
7.8) and minimal organic content (1—4%).’° Mielnik et al.
measured soil formic acid fluxes of a similar magnitude (0.01—
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0.15 nmol m™> s™") from Colorado soils, including samples

from MEFO collected in spring and summer 2018.*' The
Colorado soils showed larger basal emission rates but
suppressed temperature dependences (A = 0.11 nmol m™
s™'and # = 0.028 °C ') relative to the tropical savannah soils.
On the basis of these studies, we calculate that soil emits 49—
300 nmol m™ h™" of formic acid during summer (1.3—8% of
observed ecosystem flux) and 6.2—180 nmol m™> h™' during
winter (2.9—84% of observed ecosystem flux). However, soil
emissions depend on soil moisture, and these calculations do
not consider that or potential emissions from leaf litter, nor do
they provide soil emissions for organic acids other than formic
or acetic acid.

We conducted in situ soil chamber experiments during fall
2016 to observationally constrain soil/forest floor emissions of
formic and other organic acids. Gray et al. describe the soil
chambers in detail.*> We installed three chambers within the
flux footprint into soil that was covered in needle detritus.
Organic acid emissions from the chambers are consistently
small, accounting for <1% of the observed fall fluxes (Table 4).
Soils emit more formic acid than the other organic acids,
consistent with a methanotrophic bacteria source. The
observed formic acid emission is an order of magnitude
smaller than the previous two studies, which we speculate is
due to (i) the cooler ambient temperatures than those
explored in laboratory experiments, (ii) potential organic
acid uptake by the needle litter layer, and (iii) the very dry
conditions during the soil chamber studies. MEFO experienced
no precipitation for ~4 weeks during the fall before soil
chamber measurements were conducted, and the soil was likely
much drier than previous lab or field experiments. Considering
both the literature and in situ chamber constraints, soils are a
small atmospheric source for any of the organic acids.

The persistent upward fluxes observed during winter and
spring raise the question of snow as an organic acid source. A
thick (>30 cm) layer of snow covered the forest floor at MEFO
four times during SPiFFY, twice during winter, and twice
during spring. Surprisingly, these events impacted neither the
diel cycle, nor the magnitude of organic acid fluxes (Figure 4).

6.3. Ant Emissions. Formicine ants emit formic acid for
defense and alarm signaling.”> Formica podzolica is an
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Figure 4. Diel averaged formic acid fluxes from February 25, 2016
(blue) and February 17, 2016 (green) are not substantively different
in magnitude or trend with snow-covered ground (>30 cm) or bare
ground in the same season and at afternoon maximum temperatures
of 9.4 and 13 °C, respectively.
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abundant ant sgpecies at a nearby site in the forest (39.1° N,
105.0833° W).”* We estimate ant emissions at Manitou by eq
5 following Graedel and Eisner”’

_

ants
o

(s)

where F, is formic acid flux from Formica sp. ants, p, is the
estimated density of ants (100—600 ants m™2), m, is average
ant mass (S mg), ¢ is fraction of ant body mass present as
volatilizable formic acid (0.02), and & is the time scale for
formic acid release (0.5 yr). Ant density is based upon two
studies of Formica ant ecology in Colorado, which found
colony densities between 15—115 mounds ha™".%"*® Assuming
5 % 10° ants mound ™!, we estimate ant densities between 100—
600 ants m~> We calculate that ants contribute 54—300 nmol
m~2 h™! of the formic acid flux in the summer, or 1—8% of the
measured daily maximum formic acid flux. Ants hibernate in
the colder seasons, and we assume they are negligible formic
acid sources in winter and spring at Manitou. Ants and other
fauna are not known sources of the other five organic acids.

6.4. In-Canopy Chemistry. Multigenerational oxidation of
volatile organic com%)ounds produces much of the known
formic acid budget.1 1415 Bor example, monoterpenes with
terminal alkenes, such as beta pinene and limonene, can be
oxidized by O; to form stabilized Criegee intermediates
(CH,00). The Criegee biradical can then react with readily
available water vapor (k = 1 X 1077 cm® molec™ s™') and
generate formic acid. In fact, H,O + different Criegee
intermediates and HO, or RO, + a peroxyacyl radical
constitute the primary formation reactions for alkanoic acids
employed by the Master Chemical Mechanism via the Web
site: http://mcm.leeds.ac.uk/MCM.W'88

Organic acid formation throughout a well-mixed boundary
layer should not affect observed ecosystem-atmosphere fluxes
unless there is a strong vertical gradient in production.
However, in-canopy chemistry is a known phenomenon in
which fast chemical reactions on the time scale of forest
canopy residence times (<10 min) create vertical gradients in
concentration below the sensor height and thus an observed
turbulent flux. In-canopy chemistry is thought to cause
enhanced deposition fluxes of O; and enhanced uzpward fluxes
of NO,, NO,, and secondary organic aerosol.*” = Production
reactions must be faster than the canopy air exchange rate
below the sensor height to cause observed upward fluxes,
requiring substantial emissions of very reactive precursors.
However, ponderosa pine trees are strong emitters of
monoterpenes and other VOCs.”””® Alwe et al. speculate
that in-canopy chemistry is responsible for upward formic acid
fluxes, providing correlations between formic acid and oxidized
organic compounds as supporting evidence."” In-canopy
ozonolysis and OH oxidation of biogenic VOC emissions are
thus potential ecosystem sources of organic acids.

Several lines of evidence point to the possible role of in-
canopy chemistry in the observed MEFO ecosystem source of
organic acids. The temperature-dependence of observed
organic acid emissions is similar to that of biogenic VOC
precursors, and monoterpenes in particular. Kaser et al. (2013)
found temperature-dependent fit parameters for eq 2 of E; =
0.50 mg m2 h™" and 8 = 0.12.”" Using these parameters and
ambient temperatures measured during SPiFFY, we estimate
monoterpene emissions of 0—0.49 mg m~> h™", which accounts
for 0—36 umolC m™> h™" of organic carbon atoms, compared
to the 0—3.8 umolC m™ h™' observed emission for formic
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acid. There is little correlation between formic acid flux and
either O; or PPFD, which would influence available O; or OH,
but the oxidant might not be the limiting reactant in the
organic acid production. Thus, a clear correlation is not
necessarily expected.

For in-canopy chemistry to produce an observed upward
organic acid flux, several requirements must be met. First, in-
canopy production must outcompete in-canopy deposition.
Second, the forest must have enough oxidant in the canopy
and emit enough fast-reacting VOCs so as to outcompete
production of organic acids above the sensor height on the
time scale of canopy—atmosphere exchange, thereby producing
a vertical gradient in organic acids. Ponderosa pines at Manitou
emit 2-methyl-3-buten-2-ol (MBO) (50.2% of total BVOC
emissions) and monoterpenes (33.5%), which account for
~62% of the OH reactivity at the site.”* NO* CIMS measured
isoprene concentrations of ~200 ppt, at MEFO.”

Multigenerational reactions of O; and OH with terpenes
produce formic acid. Formic acid yields from MBO are 6—8%
with OH and 3% with O3°° Formic acid yields from
monoterpenes are 4—11% with OH and 7% with 03.”"”* We
calculate the chemical production by

Flu‘XHCOOH = Fluxprecursor X koxidant X Coxidant XTXY

(6)

where Fluxycgoy is the predicted chemical production flux of
formic acid, Flux, ecursor is the average daily maximum flux of
MBO from Kaser et al. or the average daily maximum flux of
monoterpenes calculated from the E; and f parameters of
Kaser et al. given observed meteorological conditions and eq
2,” Kkoxidane 15 the rate constant of the corresponding precursor
with OH or Os, Cqygane is the concentration of OH or O, 7 is
the canopy residence time, and Y is the appropriate molar
yield. The canopy residence time is estimated from the findings
of Martens et al, who report residence times for radon, a
transport tracer for CO, exchange between the atmosphere
and a forest canopy.” Given summertime daily maximum
fluxes of 0.31 mg m™> h™' for monoterpenes and 2.2 mg m™>
h™! for MBO, an estimated canopy OH concentration of 1 X
10° molecules cm™, a canopy residence time of 10 min, and
rate constants (koy) of 1 X 107 and 3.9 X 107" cm® molec™
s™! for monoterpenes and MBO, respectively, we predict 45
and 42 nmol m™ h™' formic acid from in-canopy OH
oxidation of monoterpenes and MBO, respectively. In-canopy
OH oxidation calculated according to eq 6 accounts for at
most 1% (monoterpenes) and 1% (MBO) of the average
midday measured formic acid flux of 3500 nmol m™> h™".
Using the same biogenic hydrocarbon emissions, a measured
average daily maximum Oj concentration of 107 X 10'
molecules cm™ (~60 ppb,), and k... values of 3.9 X 107'
and 8.6 X 107'® cm® molec™ s™" for monoterpenes and MBO,
respectively, we calculate formic acid fluxes of 1190 and 2.5
nmol m™> h™' following eq 6. These afternoon maximum
production fluxes account for 35% and <1% of the net formic
acid flux from monoterpene and MBO ozonolysis, respectively.
We note that formic acid yields vary with oxidant exposure and
in-canopy chemistry must occur within 10 min to contribute to
an observed upward flux, so these i?rields used in these
calculations represent upper estimates.”

These back-of-the-envelope calculations thus imply that in-
canopy oxidation of reactive biogenic VOCs, and ozonolysis of
monoterpenes in particular, may be substantial components of
the observed organic acid flux. Ozone changes little across the

2027

seasons (Table 2), but the temperature decreases substantially
in the winter and spring meaning that the temperature-
dependent monoterpene and MBO emissions will also
decrease. Thus, we estimate that in-canopy chemistry will
cause 120 nmol m™> h™" of formic acid flux in the winter or
59% of the observed flux.

OH oxidation of monoterpenes produces 0.002—0.06%
molar yields of methacrylic and butyric acids, which would
result in upward fluxes of 3.0 and 2.5 nmol m™ h™' of
methacrylic and butyric acids, respectively, in summer.”® Here,
we calculate chemical production with a weighted average
assuming 33.3% of total monoterpenes each represented by
alpha pinene, beta pinene, and limonene. A more detailed
canopy chemistry model may be able to better constrain some
of the potential sources that we identify here. For example,
peroxy radicals are present at MEFO in mixing ratios as high as
180 ppt, and can react with other RO, or HO, radicals to
produce gaseous organic acids.'”

6.5. Flux Budget. We combine the observational and
literature-derived constraints on each of the organic acid
sources and sinks to create a flux budget. We focus on mid-day
fluxes, when the observed ecosystem organic acid sources are
at their largest. We calculate dry deposition with a resistance
model, including canopy resistance improvements from
Nguyen et al.*”'" A detailed description of the resistance
model is provided in Section S3. The observed flux is the net
result of sources minus sinks, so we calculate an organic acid
source term as the sum of observed flux plus calculated dry
deposition.

We compare the “bottom-up” formic acid source (i.e., sum
of individually calculated components discussed above) to the
“top-down” source determined as the sum of observed flux +
calculated dry deposition. We see excellent agreement for
formic acid sources at night, but strong discrepancies in the
day (Figure S). Chemical production, specifically rapid
ozonolysis of monoterpenes in the canopy, is predicted to be
the single largest source of formic acid. Thus, we find a
missing/underestimated formic acid source and potentially an
overestimated formic acid sink. With the exception of
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Figure 5. Diel formic acid flux budget for SPiFFY fall campaign.
Budget totals represent the sum of all sources and sinks, measured
where available and modeled using upper-bound estimates. The
budget total accounts for approximately one-third of the measured
daytime flux. The budget total poorly recreates the substantial
difference between day and nighttime fluxes seen in the measured
fluxes.
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methacrylic acid, canopy-level fluxes are far larger in warm
seasons than cold seasons (Figure 6). During winter, summer,
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Figure 6. Seasonal budgets of (a) formic, (b) butyric, and (c)
methacrylic acid fluxes (nmol m™ h™!) increase in magnitude
substantially during summer and fall. Winter and spring (cold seasons,
blue) are separated from summer and fall (warm seasons, red) for
butyric and formic acid budgets. Brackets relate the scale of cold
season axes to the warm seasons. Budget values are chosen according
to the hour of day at which the sum of the measured flux and dry
deposition is maximized during each season.

and fall, sizable upward fluxes of formic acid are missing in the
budgets. During spring, we overestimate sources (or under-
estimate sinks). This is one season with substantial snow cover,
which we speculate may affect dry deposition, although this
observation may also be the result of uncertainties around the
relatively small observed flux. Secondary chemical production
is the most important predicted source of formic acid across all
seasons. In contrast, neither methacrylic nor butyric acid
sources are controlled by chemical production. Most of these
acids’ budgets are controlled by missing sources except for
during cold seasons when plant emissions become an
important source for butyric acid. Like formic acid, butyric
acid shows a missing sink or overestimated source during
spring.

There are three ways to improve the comparison of modeled
versus observed organic acid fluxes: (1) ecosystem source
component(s) may be missing or underestimated, (2) missing

and/or underestimated source(s) in combination with over-
estimated deposition, or (3) there may be a missing sink that is
greatly enhanced above the sensor height relative to below.
Missing sources could include:

o In-canopy chemistrz of sesquiterpenes, which are emitted
from ponderosa pines'®” and react rapidly with O,,'” though
their organic acid yields are unknown. Ponderosa pines also
emit other terpenoids, including methyl chavicol, which are
also likely oxidized to form organic acids.'”* We also note that
different monoterpene isomers produce different amounts and
distributions of organic acids.”®

e Reactions of O; with ecosystem sources (e.g., epicuticular
waxes, cellulose, or lignin on branch surfaces, exposed pine
resins, and/or organic matter on soil surfaces); although
ozonolysis of plant biomass has been noted to produce formic
acid,'™ the lack of correlation between ozone and upward
organic acid fluxes makes this unlikely.

® Dew or water layers on ecosystem surfaces may act as an
organic acid reservoir, absorbing organic acids at night and
then evaporating and releasing them during the day. Studies of
ammonia have found that surface moisture can account for a
sizable fraction of morning emissions.'”® We would expect a
morning increase in organic acid emissions from the forest,
which is seen in both the concentration and flux data (Figure
2).

e Direct emissions from biogenic sources not constrained
with measurements in this study, such as herbaceous plants on
the forest floor, tree trunks, fallen branches, and pine
resins, 107109

Alternately, the top-down approach may overestimate the
organic acid sinks. Removal of organic acid by OH radicals or
Oj; are negligible relative to dry deposition and cannot account
for the model-measurement discrepancy. However, our
understanding of dry deposition of oxygenated VOCs is
limited, and a more likely source of uncertainty. Although not
included in our dry deposition resistance model, volatile
organic acids can be lost to particles through gas-particle
partitioning and reactions at particle surfaces. However,
previous studies suggest that aqueous-phase partitioning does
not contribute significantly to ambient organic acid mixing
ratios with calculated organic acid losses to particles of 6.1 X
107" to 2.4 x 107* ppb,.** MEFO in the summer and fall is
typically arid and is thus likely to have limited water surfaces to
which the water-soluble organic acids in this study could be
lost. Gases may not be removed to forest surfaces with the
same efficiency as wetter environments. Further investigation
of dry deposition mechanisms for oxidized organic species is
essential for understanding the role of the terrestrial biosphere
in regulating organic acid concentrations in the atmosphere.

Organic acid loss processes that are far faster above the
sensor height than below would create a decreasing vertical
gradient throughout the boundary layer and an apparent
upward flux. That is, the flux discrepancy could be driven by an
atmospheric loss process rather than an ecosystem source.
Possible organic acid loss processes above the sensor height
include entrainment of clean air from the free troposphere,
removal by dissolution in cloud droplets, or more rapid
photolysis or oxidation higher up in the boundary layer. One
possible chemical loss for organic acids that are unexplored in
the atmospheric chemistry literature is the esterification
reaction of carboxylic acids with alcohols, such as methanol.
An atmospheric loss process that is enhanced with altitude
would also explain the diel cycles in organic acid mixing ratio:
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the afternoon drop-off in organic acid mixing ratio requires a
rapid loss process. Although dry deposition is typically invoked
to explain diel cycles from ground observations of nitric acid
(HNO;), the organic acid flux measurements during SPiFFY
are upward throughout the day. Thus, ecosystem sources
consistently outcompete dry deposition. A removal process
higher in the atmosphere would help explain both the observed
upward flux and the short lifetime implied by the mixing ratio
diel cycle. However, we note that Mattila et al. did not observe
any evidence for strong sinks higher in the boundary layer from
vertical profiles of organic acids in the Front Range of
Colorado and that those vertical profile observations were
more consistent with surface-level sources such as ozonolysis
of surzflace organic matter, such as vegetation, soils, or organic
films.

7. CONCLUSIONS

We observe a consistent ecosystem source of organic acids
throughout all four seasons at this semiarid ponderosa pine
forest site. Organic acid fluxes from the forest increase
exponentially with temperature similar to monoterpene fluxes.
MEFO is clearly a net source of organic acids to the
atmosphere throughout the year although the fluxes are largest
in the warmer summer and fall months. The observed emission
fluxes can be partially accounted for by known and observed
primary and secondary sources; however, the relative
importance of these sources varies for each organic acid.
Soils and pine trees are predicted to be negligible sources of
formic acid relative to in-canopy chemical production but may
be more important for other organic acids, particularly in
colder seasons when emissions of reactive terpenoids and
subsequent in-canopy chemistry are small. Formic acid may be
a valuable tracer for the chemical flux of ozone. Assuming a
daytime ozone flux of ~—40 pumol m™ h™!, a production flux
of 1190 nmol m™ h™" suggests that ~3% of the ozone flux
signal could be attributed to formic acid production from
ozonolysis reactions with monoterpenes. A missing source (or
overestimated sink below the canopy height or underestimated
sink above) remains not only for formic acid but also butyric
and methacrylic acids. Potential organic acid sources include
in-canopy gas or surface oxidation chemistry or interaction
with water layers on ecosystem surfaces. We may also be
overestimating dry deposition in the arid Colorado environ-
ment and/or ignoring organic acid sinks higher in the
boundary layer. Our observations highlight the uncertainties
in understanding the sources and sinks of even the simplest
oxidized VOCs in the atmosphere and point to a need for a
deeper mechanistic understanding of dry deposition of organic
gases, emission of larger and multifunctional terpenoids, and
rapid oxidation chemistry occurring in forest canopies.
Removal processes for organic acids remain puzzling, as the
diel concentration profiles suggest a strong afternoon sink, but
our flux observations demonstrate that dry deposition is
insufficient to outcompete the ecosystem sources.
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