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ABSTRACT: Dry deposition is an important sink of oxygenated
volatile organic compounds (OVOCs) in forest ecosystems. In the
summer of 2021, we measured concentration gradients and
exchange velocities of oxidation products of isoprene and 3-
methyl-3-buten-2-ol (MBO) from a Colorado Ponderosa pine
forest as part of the Flux Closure Study (FluCS). MBO oxidation
products exhibited bidirectional exchange over the forest. Vertical
gradients of MBO oxidation products reveal in-canopy chemical
production as a daytime source, whereas air transported from the
urban outflow of the front range creates periods of enhanced
deposition. Differences between our observed deposition velocities
over the arid, sparse pine forest and those from a previous study
over a temperate, dense mixed forest suggest that ecosystem type may impact deposition rates in ways not currently captured by
GEOS-Chem. We show that a previously inferred increased OVOC solubility threshold on leaf cuticles is not likely to explain the
observed rapid rates of deposition but instead suggest that peroxides/epoxides could undergo reactive uptake to broadleaf vegetation
while organic nitrates could undergo reactive uptake to pine needles. We point to the need to understand the role of reactive OVOC
uptake and its potential implications for bidirectional ecosystem-atmosphere exchange.
KEYWORDS: biosphere-atmosphere exchange, dry deposition, biogenic VOCs, eddy-covariance flux, organic nitrates, organic peroxides

■ INTRODUCTION
Forests simultaneously act as both sources and sinks of volatile
organic compounds (VOCs) and ultimately serve as a major
source of atmospheric reactive carbon.1,2 In the early stages of
chemical transformation, VOCs react with oxidants (e.g.,
hydroxyl radical, OH) to form peroxy radicals (RO2) that can
then react with hydroperoxyl radicals (HO2), nitrogen oxides
(NO and NO2), or other RO2 to yield multifunctional oxidized
VOCs (OVOCs). These OVOCs often contain peroxide,
carbonyl, or nitrate moieties, which can make the molecules
water-soluble and semivolatile in nature.3 Ultimately, forests
mediate processes that drive air pollution including ozone
production, aerosol formation, and atmospheric acidity
through the exchange of OVOCs between the terrestrial
ecosystem and the atmosphere.
While oxidation chemistry is a major source of many

OVOCs originating from forests, dry deposition can be an
important sink.4 Early investigations into forest-atmosphere
exchange focused on relatively volatile molecules�like
monoterpenes, isoprene, small alcohols, aldehydes, and
ketones�that can be measured with proton-transfer reaction
mass spectrometers.5−7 Other studies focused on organic

nitrates like peroxyacyl and alkyl nitrates.8,9 Recently, several
studies have examined the role of dry deposition in controlling
the flux of formic acid from forests.10−13 Among the
population of OVOCs studied to date, few measurements of
speciated early-generation OVOC fluxes exist to understand
the magnitude of their dry deposition sink. Nguyen et al.
(2015) found that the dry deposition lifetimes of several
OVOCs originating from isoprene oxidation were comparable
to their reactive lifetimes. The deposition measurements of
Nguyen et al. (2015) have been used as the benchmark for
OVOC deposition in several modeling studies that constrained
in-canopy aerosol formation,14 organic nitrate hydrolysis
rates,15 and global oxidant production and recycling from
isoprene oxidation.16 However, different populations of
OVOCs are present over different forest ecosystems due to
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varying precursor speciation,17 resulting in diverse chemical
properties of volatility, reactivity, and solubility for the
resulting OVOCs. Further, the physical structure of forest
ecosystems varies substantially, resulting in differences not only
across leaf area but also across soil and leaf properties. These
differences in ecosystem structure impact the underlying
mechanisms of dry deposition of particles,18 and we
hypothesize that rates of OVOC deposition could also vary
significantly across different forest ecosystems.
Our ability to describe and model chemical mechanisms has

become more sophisticated over the past decade, and chemical
transport models are better able to predict oxidation product
concentrations.16,19 However, questions persist regarding the
physical and chemical processes that regulate OVOC exchange
between the forest and atmosphere.20 Competing physical and
chemical processes that induce biosphere-atmosphere ex-
change of OVOCs include dry deposition, direct plant
emission, in-canopy reactive chemistry,12,21 and heterogeneous
or multiphase reactions on the surfaces of leaves,22 water
droplets,23 and other ecosystem surfaces.24 The result of these
competing processes is that many OVOCs show bidirectional
exchange.2,25 This bidirectional exchange influences the fate of
OVOCs and ultimately how they impact the production of
aerosol4 and the budgets of oxidants and NOx.

14,15,26 While
canopy-resolved models have provided insight on in-canopy
ozone fluxes,27 few studies have investigated the in-canopy
processes regulating the flux of key reactive OVOCs that
contribute to oxidant flux and are produced from oxidation of
major precursors, such as isoprene or 3-methyl-3-buten-2-ol
(MBO). While isoprene has major biogenic emission sources
from broadleaf vegetation and grasses28 with broad geo-
graphical significance, MBO is primarily emitted from
coniferous vegetation like Ponderosa or Scots pine with
regional significance as a reactive atmospheric VOC in parts of
western North America.29 Thus, there is a clear need to
understand the underlying processes controlling the forest-
atmosphere exchange of biogenic oxidized organic compounds

in order to improve our capacity to model their sources22 and
sinks−and thus atmospheric lifetimes and impacts.30

Here, we present measurements of concentrations, fluxes,
and vertical gradients of OVOCs collected at a Ponderosa pine
forest. These measurements constrain the mechanisms driving
bidirectional fluxes that determine the dry deposition velocities
for a subset of biogenic OVOCs.

■ METHODS
Site and Sampling Description. The Flux Closure Study

(FluCS) was held at the Manitou Experimental Forest
Observatory (MEFO)31 in the summer of 2021 to study the
biosphere-atmosphere exchange of VOCs within and above a
Ponderosa pine forest. The site is comprised of relatively
sparse (Photo S1) Ponderosa pine (median tree age of 61.5
years)31 new-growth with an understory dominated by grasses
and shrubs. MEFO is located west of Colorado Springs in a
subalpine, semiarid climate. Branch enclosure measurements
revealed direct emissions of MBO and monoterpenes for
Ponderosa pine.32 In contrast, isoprene and sesquiterpenes are
emitted from the understory.33

Gas-phase measurements of OVOCs were collected using an
inlet system, installed along a 30 m tall tower, designed for the
measurement of VOC fluxes using the flux-gradient approach
and eddy-covariance methods.2,13,31 Two independent mani-
folds alternately sampled forest air from an eddy-covariance
flux measurement line and a vertical gradient measurement
system (Figure 1).
The two independent sampling systems were used to

measure gradients and fluxes with two mass spectrometers,
an iodide chemical ionization mass spectrometer (I− CIMS;
HR-ToF-MS, Aerodyne Inc.) and a proton-transfer-reaction
mass spectrometer (PTR-MS; PTR-QiToF Ionicon Analytik).
A complete description of the PTR-MS instrument config-
uration is presented in Vermeuel et al. (2023).33 The two mass
spectrometers alternated inlet systems (Figure S1). Each
instrument spent 30 minutes sequentially sampling the

Figure 1. Measurement tower at the MEFO stands 30 m tall. The top of the forest canopy is approximately 15 m above ground level. For vertical
gradient measurements, three inlets are sampled from within the canopy, and two inlets are sampled above the canopy. The I− CIMS sampled from
the flux line for the first half of every hour and from the vertical gradient system for the second half of every hour. Turbulence measurements were
obtained by sonic anemometry at the three heights indicated in the diagram on the left.
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gradient system followed by 30 continuous minutes on the flux
line. The gradient system used a Teflon valve manifold to cycle
between five identical sampling lines installed between 3 m and
28 m for 5 minutes each. Hourly calibrations occurred during
the last 5 minutes of the 30 minute gradient sampling period.
The flux line inlet was installed directly below a sonic
anemometer mounted at 27.8 m on the tower.
All sampling lines were constructed from PFA tubing (1/2′′

outer diameter, 30 m length) and continuously heated to 50
°C to minimize wall losses. Air was pulled through the gradient
lines at 25 L per minute (lpm) and the flux line at 35 lpm.
These different flow rates caused slightly different line-losses
for some OVOCs and hindered direct comparison of
concentrations for those species between the gradient and
eddy-flux systems. However, the exchange velocities deter-
mined using the flux line are corrected for tubing effects (see
below) and are independent of concentration. The vertical
gradient system employed identical sampling lines for each
height to avoid any line loss differences between them. As a
result, the measured exchange velocities can be directly
compared and interpreted against the measured vertical
gradients.
I− CIMS Measurements. I− CIMS spectra were collected

at 5 Hz and averaged to 10 s for gradient-resolved analyses.
Hourly background subtraction was performed by sampling
ultrahigh purity nitrogen. Instrument performance was
evaluated using hourly three-point calibrations of C1 through
C5 alkanoic acids. We mitigate the well-documented effects of
ambient humidity on instrument sensitivity by introducing a
flow of water vapor-saturated nitrogen into the ion-molecule
reactor (PHd2O in IMR = 0.8 mbar). The ion-molecule reactor
temperature varied by ±2 °C. Commercially available
standards do not exist for the OVOCs at the center of this
study, and synthesis and calibration of authentic standards are
challenging. We present I− CIMS data as mixing ratios
estimated by a voltage scanning procedure described in
Vermeuel et al. (2023), except for formic acid which we
directly calibrated in the field using a permeation tube. We
note that the mixing ratios and fluxes estimated for individual
species from voltage scanning can carry order-of-magnitude

systematic uncertainties,34 but these uncertainties do not
impact the Vex reported herein.
For eddy covariance analysis, we apply standard quality

control filters for stationarity and turbulence as described in
Vermeuel et al. (2023). The compounds measured by the I−
CIMS experienced considerable gas-wall equilibration times
with both the sample tubing and the walls of the ion-molecule
reactor (Figure S8). We correct for high frequency attenuation
through the flux line using the empirical model of Horst
(1997)35 and by applying a flux attenuation factor36 to
exchange velocities for compounds measured by the I− CIMS.
Example lag-covariance and cospectra are presented in the
Supporting Information (Figures S10 and S11), and we point
the reader to Vermeuel et al. (2023) for a detailed presentation
of flux quality control analyses that support the measurements
in this manuscript. The Supporting Information contains
additional information on data processing, instrument
operation, and calibration procedures.

GEOS-Chem Modeling. We performed three model
simulations over two forested domains using GEOS-Chem
v13.3.0 (http://geos-chem.org/) with a full-chemistry mech-
anism to test our current understanding of terrestrial OVOC
deposition. Dry deposition in GEOS-Chem is calculated using
the Wesely (2007)37 resistance model adapted to a global
scale38 with modifications for canopy radiative transfer39 and
observed OVOC uptake.40 Model land cover is driven by leaf
area index (LAI) derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS)41 and the Olson
(2001)42 land maps from which 11 depositional land types
are used.
The first model run uses GEOS-FP (Goddard Earth

Observation System Forward Processing product) assimilated
meteorology for a nested simulation at 0.25° × 0.3125° from
July 6th to October 1st, 2021, over a custom domain
surrounding the MEFO (±3° latitude and longitude). Details
of this configuration can be found in Vermeuel et al. (2023),
including one relevant update that scales the LAI in the
MEFO-containing model grid cell to match the observed
measurement footprint.33 The second model run is configured
identically to the first except that it has a spatial domain of 0.5°
× 0.625° and uses the Modern-Era Retrospective analysis for

Figure 2. Vex for peroxide/epoxide (top) and organic nitrate (bottom) OVOCs. The OVOCs within the dashed box to the left originate from MBO
oxidation, and those in the box to the right originate from isoprene oxidation. Blue and green lines show diel half hour averages from the 16th to
22nd and 26th to 31st of August 2021, and shaded regions show the standard deviation.
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Research and Applications version 2 (MERRA-2)43 assimilated
meteorology. The third simulation uses MERRA-2 meteorol-
ogy for a nested simulation at 0.5° × 0.625° from May 7th to
June 10th, 2013, with a custom domain surrounding the
Southern Oxidant Aerosol Study (SOAS) field study site in
Talladega National Forest near Brent, AL (±4° latitude and
longitude). No changes were made to the standard model code
for this run. Detailed results from the GEOS-Chem simulation
can be found in Vermeuel et al. (2023).33 Here, we only
present (in Figure 5) deposition velocities (Vdep) from the
above simulations for select OVOCs within the model grid
cells containing the FluCS and SOAS field sites.

■ RESULTS AND DISCUSSION
Many of the OVOCs quantified in this study exhibited
bidirectional vertical exchange (Figure 2). The exchange

velocity (Vex) describes the rate and direction of net OVOC
transfer across a plane normal to the surface at the
measurement height (eq 1)

V
w x

xex =
(1)

where w x is the covariance of vertical wind speed with the
OVOC concentration, and x̅ is the mean OVOC concentration
during the 30 min flux measurement period. Net upward
exchange of OVOCs is indicated by a positive Vex, while
downward exchange is negative. Vex values are calculated here
from eddy covariance fluxes (ppt m s−1) and the corresponding
average concentrations (ppt) both measured above-canopy at
28 m.
We focus our analysis on data collected between 16th to 31st

of August 2021 when the MEFO was not strongly impacted by

Figure 3. (a) Median C5H11NO5 (MBO nitrate) concentrations at 3.2 m (in-canopy) and 19.6 m (above canopy). (b) The diel average Vex values
for C5H11NO5 with shaded regions showing the standard deviation. The right y-axis shows the scale for wind direction (purple). The lower panels
(c-f) show averages (black traces) of at least five individual representative 30 minute vertical profiles (colored traces) of C5H11NO5 during the
hours corresponding to the highlighted regions in panels a and b. The dotted lines in panels c-f show the approximate canopy height.

Figure 4. Diel time series of concentration (a), Vex (b), and concentration vertical profiles (c-f) for C5H12O4 (MBO peroxide). All the descriptions
in Figure 3 apply except the lower panels correspond to gradients measured during different times than highlighted in Figure 3. The wind direction
(purple) is plotted with Vex.
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regional or transported wildfire smoke.33 We exclude a two-day
period of high cloud cover and intermittent precipitation (23rd
to 25th of August). We identify two classes of compounds
measured by the I− CIMS that are significant for their chemical
properties of reactivity and water solubility and/or potential
impacts on oxidant production and budgets: peroxides/
epoxides (C5H12O4, C5H10O3, C2H4O3, and CH4O3) and
organic nitrates (C5H11NO5, C5H9NO4, C5H9NO5, and
C4H7NO5). These classes of OVOCs are notable as few
measurements of biosphere-atmosphere exchange of them
exist. Of these OVOCs, we assign C5H12O4 and C5H11NO5 as
MBO oxidation products and the rest of the compounds as
isoprene oxidation products. Above the canopy, MBO
oxidation products shift between deposition and emission by
time of day. Most isoprene oxidation products deposit to the
forest. We hypothesize that a strong local (i.e., within the
measurement footprint, see Figure S11, Vermeuel et al.
(2023)33) source of MBO is responsible for some of the
bidirectional exchange of MBO oxidation products because of
comparable influences of chemical production and depositional
loss, whereas an upwind source of isoprene produces isoprene
oxidation products before they reach the footprint, where they
then deposit with negligible in-canopy sources.
MBO Oxidation Products. In contrast to MBO, which

showed upward flux during the day,33 we observe bidirectional
vertical exchange of MBO oxidation products throughout the
day at the MEFO. The primary source of OH reactivity at the
MEFO is MBO,44 and MBO oxidation by OH should thus be
an appreciable local source of OVOCs. Nearly every morning,
MBO peaked at ∼6 ppb between 7:00 a.m. to 10:00 a.m.
(Figure S5). MBO then stabilized to ∼1 ppb for the rest of the
day. The I− CIMS measured two analytes, observed as iodide
clusters, that likely originated from MBO oxidation: C5H12O4
(first generation MBO hydroxy hydroperoxides) and
C5H11NO5 (first generation MBO hydroxy nitrates) (Figure
S6). Unlike most OVOCs observed in this study, the MBO
oxidation products C5H12O4 and C5H11NO5 exhibited
exchange velocities that changed sign (i.e., between upward/
positive and downward/negative) throughout the day. Patterns
in the concentration gradients of the MBO OVOCs reflect
both differences in dry deposition rates and changing sources
(Figures 3 and 4).
Dry deposition outcompetes production of C5H11NO5, the

MBO nitrate, for much of the day at the MEFO. The
concentrations within and above the canopy (Figure 3a) are
defined by an increase in the morning, followed by a decrease
in the middle of the day that coincides with a pronounced
decrease in the measured exchange velocities (Figure 3b). In
the morning, C5H11NO5 is likely driven by oxidation of MBO
by OH and followed by reaction with NO, which is usually
considerably elevated in the morning (>0.5 ppb) compared to
the rest of the day (<0.1 ppb).45 The vertical concentration
profile shows considerable variability later in the morning but
is consistent with chemical production competing with dry
deposition (Figure 3d). In the afternoon, C5H11NO5 is higher
above the canopy than within the canopy, consistent with
advection of photochemically-aged air from the upslope
outflow bringing polluted air from the urban Front Range
and transported C5H11NO5. At this point, afternoon vertical
concentration gradients indicate a net deposition flux.
Organic nitrates act as long-range NOx reservoirs, and thus,

biosphere-atmosphere exchange of organic nitrates can
influence the regional NOx budget.15,46 However, while

MBO nitrates may provide a temporary reservoir for NOx,
MBO nitrates clearly deposit to the forest, despite near-surface
sources and/or in-canopy chemical production. Dry deposition
of organic nitrates competes with partitioning to aerosol, where
organic nitrates can undergo hydrolysis to form nitric acid,
which then removes NOx from the atmosphere.47,48 At the
MEFO, the forest sequesters gas-phase NOx through dry
deposition of C5H11NO5. C5H11NO5 is relatively long-lived to
OH oxidation (τOH ∼ 6 days; kOH = 1.75 × 10−12 cm3 s−1

molecules−1), meaning that any molecules that are formed in
the canopy and escape will likely be lost to dry deposition (τdep
∼ 16 h for a 1 km boundary layer height and Vdep = 1.7 cm s−1,
as shown in Figure 5) downwind. Thus, MBO nitrate
formation in this pine forest should be considered a permanent
NOx sink due to its fast dry deposition relative to other fates.
In contrast to C5H11NO5, MBO peroxide (C5H12O4)

concentrations reflect local source production (Figure 4).
In the morning, a vertical gradient forms with higher

C5H12O4 concentrations above the canopy than below; Vex is
negative, indicating deposition and either a nonlocal source of
the peroxide to the MEFO or accumulation of the peroxide in
the stratified nocturnal layers above the forest overnight that
then deposits in the morning. However, as a stable boundary
layer forms later in the morning, increased in-canopy
concentrations (Figure 4d) indicate an in-canopy source of
C5H12O4. OH oxidation of MBO forms RO2 radicals, which
then react with HO2 to make C5H12O4. The field measure-
ments of DiGangi et al. (2012) from summer 2009 showed
that RO2 should dominantly react with HO2 in the afternoon
at the MEFO.45 Our concentration gradient measurements
support the hypothesis that in-canopy C5H12O4 production
outcompetes dry deposition.

Deposition to Different Forests. We calculate deposition
velocities (Vdep = −Vex) for select OVOC compounds
measured at the MEFO, during FluCS, using the “big-leaf”
resistance model of Wesely (2007) which treats the canopy as
a big leaf with resistors in series. Each resistor represents a
micrometeorological or biotic process that, when taken
together, determine the first-order rate constant (Vdep, cm
s−1) for gaseous dry deposition:

V
R R R

1
dep

a b c
=

+ + (2)

Ra is identical for all gases and represents the aerodynamic
resistance between the surface and the measurement height; Rb
is the quasilaminar sublayer resistance at the surface of a
roughness element; and Rc is surface resistance modeled as a
set of resistors in parallel. We calculate Ra according to the
parameterization outlined in Wesely and Hicks (1977)49 and
Rb according to the parameterization of Jensen and
Hummelshøj (1995).50 Here, we focus on the treatment of
the Rc term to evaluate the potential effects of solubility and
reactivity on OVOC deposition. We note that our analysis
does not consider contributions from soil or leaf litter. We
follow the method of Nguyen et al. (2015) and assume a
closed canopy. The Rc term is thus composed of stomatal (rs),
mesophilic (rm), and cuticular (rcut) resistances:

( )
R

1

r r r

c 1 1

s m cut

=
++ (3)

The contribution of rm to the Rc term in our study was
negligible for most compounds, so we will only describe the

ACS ES&T Air pubs.acs.org/estair Article

https://doi.org/10.1021/acsestair.3c00074
ACS EST Air XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acsestair.3c00074/suppl_file/ea3c00074_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.3c00074/suppl_file/ea3c00074_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.3c00074/suppl_file/ea3c00074_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.3c00074/suppl_file/ea3c00074_si_001.pdf
pubs.acs.org/estair?ref=pdf
https://doi.org/10.1021/acsestair.3c00074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 5. Mean Vdep values for the OVOCs measured (black) during FluCS (blue shading) and SOAS (no shading). Vdep values calculated from
GEOS-Chem (MERRRA-2 simulations; yellow) are also shown. Error bars on the FluCS measurements are calculated similarly to Nguyen et al.
(2015), representing the standard deviation of Vdep measured between 10:25 a.m. and 4:45 p.m. (a) The resistance model values using the Wesely
parameterization modified for increased water solubility sensitivity to the cuticular resistance (rcut), as presented by Nguyen et al. (2015). (b) The
resistance model values were calculated using the original Wesely parameterization (Wesely, 2007). The striped bar sections show how Vdep is
increased when the reactivity factor ( f 0) is equal to 0.1.

Figure 6. Vdep as a function of the inverse square root of the molecular weight (MW) is shown for HCOOH, CH4O3, C2H4O3, C5H10O3,
C4H7NO5, C5H9NO4, C5H9NO5, C5H12O5, and C5H11NO5 for measured (solid squares) and resistance model (solid circles) values from FluCS
(a) and SOAS (b). The representation of Vdep as a function of MW was originally presented by Nguyen et al. (2015). C5H12O5 and C5H11NO5
were not measured during SOAS. The color of the resistance model values shows Henry’s Law constant (102 M atm−1 is the lower limit, blue; 105
M atm−1 is the upper limit, red) used herein. The dashed lines with higher Vdep show the upper limit for deposition without surface resistance (Ra +
Rb). We show an additional calculation of the upper Vdep limit for FluCS to demonstrate the uncertainty associated with LAI. The dashed lines with
lower Vdep show the lower limit for deposition when Vdep is controlled by high cuticular resistance (Ra + Rb + Rc (i.e., rs only case)). The direction
of the arrow shows that when cuticular resistance (rcut) decreases, the Vdep increases beyond the lower limit controlled by stomatal uptake. A value
of f 0 = 0.1 is applied to organic nitrates for FluCS and to peroxide/epoxides for SOAS.
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effects of stomatal and cuticular resistance contributions to the
surface resistance. Both the Rb and rs terms depend on the
gaseous diffusivity of an OVOC, and thus, through Graham’s

Law (i.e., Dx = DHd2O
MW

MW
H2O

OVOC
; where D is the gaseous

diffusivity and MW is the molecular weight of an OVOC or
water), both terms are directly proportional to the MW of an
OVOC. The stomatal resistance models how efficiently an
OVOC can diffuse into leaf stomata relative to water vapor.
We expect OVOC deposition to vary with forest types. To

investigate the role of forest type in controlling OVOC
deposition, we compare Vdep for select OVOC compounds
measured at the MEFO, during FluCS, to the same
compounds measured by Nguyen et al. (2015) over the
Talladega National Forest (TNF) during the Southeastern
Oxidant and Aerosol Study (SOAS; summer 2013) and to
resistance-model calculated Vdep from GEOS-Chem (Figure 5).
These forests differ by composition (The MEFO is a pine

forest; the TNF is a mixed broadleaf and coniferous forest.),
canopy denseness (The MEFO is a sparse canopy; the TNF is
dense.), and climate (The MEFO is arid; the TNF is humid
and subtropical). Vdep values measured from the MEFO (Table
S3) are generally consistent within a given class of molecules
with values falling within 25% for peroxides/epoxides (except
for hydroxy methyl hydroperoxide, HMHP, CH4O3) and
within 30% for organic nitrates. The measured Vdep values for
organic nitrates fall within the range of literature values for
organic nitrate fluxes.9,26 Our MEFO Vdepvalues for peroxides/
epoxides generally fall on the lower end of previous reported
ranges.26,51 Overall, despite the different compositions and
climates of these two forests, most OVOC Vdep values
measured during FluCS and SOAS agree within the range of
reported error. Notable exceptions include CH4O3, C2H4O3,
and C5H10O3, all of which have higher deposition velocities at
SOAS compared to FluCS.
To investigate why some OVOC Vdep agreed well between

the two sites and others did not, we compared resistance
model Vdep for FluCS versus SOAS (Figure 5, black bars). We
also compared these Vdep values to those used by GEOS-Chem
in model simulations (Figure 5, gold bars). For FluCS, GEOS-
Chem either underpredicts or overpredicts by more than 20%
with the Wesely resistance model Vdep (with f 0 = 0.1 for
organic nitrates) for all compounds except C2H4O3. GEOS-
Chem calculates Vdep from a “big leaf” resistance model that
determines the surface resistance (Rc) as a function of LAI and
photosynthetically active radiation. Nguyen et al. (2015)
modified cuticular and mesophilic resistance elements,
increasing sensitivity to water solubility and bringing model
Vdep values into agreement with measurements. The Vdep
predicted from the Nguyen resistance model agrees with
SOAS measurements but not with the GEOS-Chem
predictions for the peroxides/epoxides (CH4O3, C2H4O3,
and C5H10O3). This discrepancy suggests that the Nguyen et
al. (2015) optimization of the Wesely “big-leaf” resistance
model for gaseous dry deposition may have been appropriate
for the SOAS ecosystem but not for other sites. Taken another
way, our FluCS data is not consistent with the strong role of
solubility in determining Vdep suggested by Nguyen et al.
(2015).
Previous studies have proposed that OVOC Vdep can be

parameterized simply as a function of MW.37,26 Thus, we use
our resistance model for three cases to describe a range of

useful upper and lower limits for OVOC Vdep as a function of
MW (Figure 6).
The first case describes the upper limit of gaseous Vdep, in

which deposition occurs with negligible surface resistance (i.e.,
Rc → 0 s cm−1) and is determined by the Ra and Rb terms.
Nguyen et al. (2015) showed that prototypical molecules for
deposition with no surface resistance (e.g., the aerodynamic
limit) included nitric acid, hydrogen peroxide, and HMHP.
Compared to this Vdep upper limit for FluCS and SOAS, the
maximum rate at which OVOCs can deposit is highly
dependent on LAI, and thus, the upper limit for SOAS is
higher than the MEFO. The TNF is dense with an LAI of 4.7
m2 m−2, whereas the MEFO pine forest is sparse and has a
previously reported31 LAI of 1.14 m2 m−2 and a recently
determined value33 of 2.36 m2 m−2. We show how these two
LAI values for FluCS shift the Vdep upper limit calculated for
FluCS (Figure 6a, gray dashed line). Differences in LAI have a
large effect on predicted Vdep and represent a substantial
uncertainty in our analysis. However, it is clear that sticky
OVOCs that are not subject to surface resistance will deposit
more quickly at SOAS than at the MEFO. For example,
C5H11NO5 deposited at the aerodynamic limit during FluCS,
whereas HMHP deposited at aerodynamic limit for SOAS.
The second case describes the lower limit for OVOC Vdep, in

which molecules experience high cuticular resistance (i.e., rcut
→ ∞) and will only deposit at a rate that is limited by diffusion
into stomata (rs). rs is dependent on water vapor
concentrations ([H2O]g, mmol m−3) and the stomatal
conductance to water (gs)

i
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(4)

where gs is a measure of how open the stomata of the leaves
are. For this case, if molecules experience high cuticular
resistance, they will deposit faster at the TNF compared to the
MEFO. This trend is explained by a higher stomatal resistance

to water vapor at the MEFO compared to the TNF (i.e.,
g

H O g2

s

[ ]

for MEFO > TNF). Our value for gs, 5 mmol m−2 s−1, is the
campaign average from needle-level measurements. If the gs
value was similar to previous reports (e.g., 30 mmol m−2 s−1),31

we would expect molecules at the high cuticular resistance
limit to deposit faster. At FluCS, C2H4O3, C5H10O3, C5H12O4,
and formic acid, all have measured Vdep close to the lower Vdep
“high cuticular resistance” limit. In contrast, at SOAS, formic
acid was the only molecule that deposited near the “high
cuticular resistance” limit; however, the strong upward flux of
formic acid measured during both SOAS and FluCS acts as a
systematic offset in the determination of Vdep.
The third case varies the reactivity factor ( f 0; a number

between 0 and 1 describing how reactive an OVOC is within
the cuticle compared to ozone) to be non-zero and/or the
Henry’s Law constant (kH) to be between 102 and 105 M
atm−1 (Figure 6, coloring on resistance model markers). In this
case, the lower limit to Vdep that is created by stomatal
resistance is now increased due to reactions or aqueous uptake
into leaf cuticles. In other words, Rc is decreased as rcut
decreases (Figure 6) and depends on OVOC reactivity and
solubility as described from the original Wesely parameter-
ization:
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Nguyen et al. (2015) updated the treatment of rcut to
decrease the threshold for which solubility begins to be
important in affecting rcut (eq 6).
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From eq 6, R is the ideal gas constant, and T is temperature.
Within the Nguyen et al. (2015) updated framework,
molecules with a kH < 102 M atm−1 will deposit at the “high
cuticular resistance” Vdep lower limit, while molecules with a kH
> 104 M atm−1 will deposit at the aerodynamic limit.
For many of the molecules under consideration here, kH has

not been directly measured. Recent measurements for 1,2-
ISOPOOH52 and 1,4-isoprene hydroxynitrate (an isomer of
C5H9NO4)

15 show that the ISOPOOH isomer is less soluble
than previously assumed by Nguyen et al. (2015), while the
measured C5H9NO4 isomer is more soluble (Table S2).
Figures 5 and 6 show Vdep predictions from our resistance
model for FluCS and SOAS using updated kH values (Table S2
for details). Our analysis ignores the isomeric composition of
the OVOC population, causing substantial uncertainty in our
assumed kH values. However, we see that the increased
sensitivity to solubility proposed by Nguyen et al. (2015)
overpredicts Vdep for the organic nitrates at SOAS (Figure 5a)
and three peroxide/epoxide species at FluCS (C5H10O3,
C5H12O4, and C2H4O3).
The original Wesely solubility threshold (105 M atm−1)

gives better model-measurement agreement (Figure 5b) than
the updated solubility threshold (104 M atm−1) proposed by
Nguyen et al. (2015) for almost all OVOCs at both campaigns.
The notable exceptions are the two peroxides/epoxides at
SOAS (C5H10O3 and C2H4O3) and two organic nitrates at
FluCS (C5H9NO4 and C5H9NO5). In both cases, Vdep is
underpredicted. We propose that this underprediction is due to
surface reactivity, as described by the reactivity factor ( f 0). The
patterned portions of the bars in Figure 5b show how Vdep
increases for f 0 = 0.1 (10% as a reactive as ozone in the cuticle)
versus f 0 = 0. Using a f 0 = 0.1 brings Vdep for C5H10O3 and
C2H4O3 (SOAS) and C5H9NO4 and C5H9NO5 (FluCS) into
better agreement with measurements. We thus assign an f 0 =
0.1 in the original Wesely derivation of the resistance model for
these compounds (Figure 6). Applying a reactivity factor to
C4H7NO5 (likely a ketone or aldehyde hydroxy nitrate)

53 does
not improve model/measurement agreement, suggesting that
reactive uptake of organic nitrates is limited to compounds
without additional ketone or aldehyde functionalities.
The reactivity factor reconciles our resistance model with

deposition measurements and points to a reactive uptake
mechanism in broadleaf vegetation for peroxides/epoxides22

and pine needles for alkyl nitrates.54 Canaval et al. (2020)
reported reduction of ISOPOOH to methyl ethyl ketone
(MEK) in broadleaf poplar leaves. Place et al. (2022) reported
stomatal uptake and subsequent mesophilic processing of alkyl
nitrates to pine needles, which could explain the need for a
reactivity term for organic nitrates at FluCS. The Wesely
resistance model is typically insensitive to mesophilic
resistance, so we assign the reactivity for organic nitrates as a
cuticular process. More fumigation studies of plants could

provide insight into mechanisms of OVOC uptake to (and
emission from) plants.
The MBO oxidation products showed evidence of in-canopy

chemistry in the gradient measurements that resulted in an
upward flux contribution to the exchange velocity. This
chemistry-induced upward flux may have occurred persistently
and thus cannot be decoupled from our estimates of deposition
velocity. Like the MBO oxidation products, the other OVOCs
could have a chemistry-driven emission source that would
systematically bias our deposition velocity estimates low. In
other words, the MBO OVOC in-canopy source would need to
be completely inactive to get a true measure of Vdep. To
consider the effect of this bias on the interpretation of our
results, we can consider an extreme example. If we increase
Vdep measured from FluCS for C2H4O3, C5H10O3, and
C5H12O4 by 50% (the approximate relative uncertainty on
measured Vdep for the peroxides/epoxides), then it is possible
the increased sensitivity of rcut to water solubility proposed by
Nguyen et al. (2015) could explain deposition for C5H10O3 but
not for C2H4O3 or C5H12O4. On the other hand, if we increase
the measured Vdep for organic nitrates (C5H9NO4 and
C5H9NO5) by 20% (the approximate relative Vdep uncertainty
for C5H9NO4 and C5H9NO5), increased sensitivity of rcut to
water solubility alone slightly underpredicts (29% for
C5H9NO4 and 39% for C5H9NO5) deposition of the organic
nitrates at FluCS. Here, we have identified the potential
importance of reactive uptake for organic nitrates at the MEFO
and peroxides/epoxides at SOAS, but the combined
uncertainties of our measurement and resistance model still
allow for the possibility that solubility could play a more
important role in regulating OVOC deposition than assumed
in the original Wesely rcut parameterization.

■ CONCLUSIONS
Vertical gradients and fluxes of MBO and isoprene oxidation
products over a pine forest highlight features of bidirectional
OVOC exchange driven by deposition, reactive uptake on leaf
surfaces, and in-canopy chemistry. Plant composition and
climate differences regulate OVOC deposition, with the pine
forests taking up several organic nitrates, and surface moisture
at the more humid mixed forest site enhanced peroxide
deposition. Larger LAI at the mixed broadleaf forest increased
the upper limit of Vdep, highlighting the importance of accurate
measurements (and models) of LAI across land use types. For
OVOCs that experience either no surface resistance (upper
Vdep limit), or high cuticular resistance (lower Vdep limit), Vdep
can be approximated as a function of sqrt(MW)−1. We propose
that there is a reactive uptake mechanism for hydroxy nitrates
to pine needles−and that vegetation-dependent reactivity
explains the rapid OVOC dry deposition observed both at
FluCS and previously at SOAS, rather than the previously-
proposed solubility mechanism. Future measurements of
canopy-scale OVOC concentration gradients in ecosystems
with vegetation types and climates that add to the types of
ecosystems highlighted in our work, and the work of Nguyen
et al. (2015), could be used to further constrain the role of
solubility and surface reactivity in regulating their deposition
flux.
GEOS-Chem predicted Vdep well (within 25% of measured

values) for most compounds at FluCS. We see a clear need to
understand the mechanisms of OVOC deposition across
different climate and forest types, as it determines the lifetime
of OVOCs in the atmosphere.

ACS ES&T Air pubs.acs.org/estair Article

https://doi.org/10.1021/acsestair.3c00074
ACS EST Air XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acsestair.3c00074/suppl_file/ea3c00074_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.3c00074/suppl_file/ea3c00074_si_001.pdf
pubs.acs.org/estair?ref=pdf
https://doi.org/10.1021/acsestair.3c00074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


For example, Singh et al. (2004) originally proposed an
unexplained global biogenic source of methyl ethyl ketone55

that was recently nearly reconciled as ISOPOOH deposition
and subsequent methyl ethyl ketone production and emission
over broadleaf vegetation.22 Such processes may be at play
with other OVOCs, such as the peroxide/epoxide and organic
nitrate cases described here.
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