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Abstract Dry deposition is the second largest tropospheric ozone (O3) sink and occurs through stomatal and
nonstomatal pathways. Current O3 uptake predictions are limited by the simplistic big‐leaf schemes commonly
used in chemical transport models (CTMs) to parameterize deposition. Such schemes fail to reproduce observed
O3 fluxes over terrestrial ecosystems, highlighting the need for more realistic treatment of surface‐atmosphere
exchange in CTMs. We address this need by linking a resolved canopy model (1D Multi‐Layer Canopy
CHemistry and Exchange Model, MLC‐CHEM) to the GEOS‐Chem CTM and use this new framework to
simulate O3 fluxes over three north temperate forests. We compare results with in situ measurements from four
field studies and with standalone, observationally constrainedMLC‐CHEM runs to test current knowledge of O3
deposition and its drivers. We show that GEOS‐Chem overpredicts observed O3 fluxes across all four studies by
up to 2×, whereas the resolved‐canopy models capture observed diel profiles of O3 deposition and in‐canopy
concentrations to within 10%. Relative humidity and solar irradiance are strong O3 flux drivers over these
forests, and uncertainties in those fields provide the largest remaining source of model deposition biases. Flux
partitioning analysis shows that: (a) nonstomatal loss accounts for 60% of O3 deposition on average; (b) in‐
canopy chemistry makes only a small contribution to total O3 fluxes; and (c) the CTM big‐leaf treatment
overestimates O3‐driven stomatal loss and plant phytotoxicity in these temperate forests by up to 7×. Results
motivate the application of fully online vertically explicit canopy schemes in CTMs for improved O3
predictions.

Plain Language Summary Ozone is toxic to humans and plants and is also a potent greenhouse gas.
A significant fraction of atmospheric ozone is removed via uptake to Earth's surface through the dry deposition
process. Forests account for a large portion of global dry deposition through uptake into leaf pores and losses to
leaf surfaces and soils. Atmospheric models generally calculate dry deposition using simple parameterizations
that approximate forests as one big zero‐dimensional leaf surface. However, this yields poor predictions of
ozone deposition and surface concentrations. Here, we addressed this situation by linking a commonly used
global atmospheric model to a one‐dimensional canopy model that explicitly simulates chemistry and air
transport through the forest airspace. We used this model hierarchy to simulate ozone concentrations and
deposition over three forests and evaluated the results against observations. Results show that standard
atmospheric models over predict ozone dry deposition by up to 2× and subsequent plant damage by up to 7×,
but incorporation of an explicit canopy leads to excellent agreement with observations. Further, we found that
ozone dry deposition within these canopies occurs primarily through leaf surfaces and soil uptake, and that
chemical reactions within the canopy have only a minor impact on total ozone deposition.
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1. Background
Tropospheric ozone (O3) is a key atmospheric oxidant and the dominant source of hydroxyl radicals (OH). It is
also a potent greenhouse gas (Stevenson et al., 1998, 2006) that is toxic to humans and plants. Elevated near‐
surface O3 concentrations impair global health and food security, causing an estimated 365,000 premature
deaths per year (Delang et al., 2021) and billions of dollars in annual agricultural losses (Avnery et al., 2011; Tai
et al., 2014). Dry deposition to surfaces including leaves, soil, and water makes up an estimated 20% of the global
tropospheric O3 sink (Wild, 2007). The terrestrial biosphere accounts for over 85% of this deposition (Hardacre
et al., 2015; Luhar et al., 2018) due to efficient irreversible uptake through plant stomata plus nonstomatal loss to
other surfaces. Stomatal O3 uptake causes oxidative damage that impairs a plant's ability to control transpiration
and photosynthesis (Lombardozzi et al., 2012), thus reducing carbon assimilation and plant productivity
(Ainsworth et al., 2012; Sitch et al., 2007) and altering the water cycle by decreasing latent heat fluxes and
increasing runoff (Lombardozzi et al., 2015).

Atmospheric ozone predictions use chemical transport models (CTMs) that then inform decision‐making aimed at
controlling surface pollution and its negative health and ecological impacts. Dry deposition in CTMs is estimated
using resistance‐in‐series “big‐leaf” schemes that are based on empirical and computationally efficient param-
eterizations of canopy stomatal and nonstomatal losses (Wesely, 1989; Zhang et al., 2003). Differing imple-
mentations can lead to large O3 deposition disparities among models (e.g., by up to threefold; Wong et al., 2019;
Hardacre et al., 2015; Wu et al., 2018; Clifton et al., 2023), and significant biases have been identified in CTM‐
predicted surface ozone concentrations (e.g., up to 8 ppb; Young et al., 2018) and deposition fluxes (e.g., up to
30% overestimate in the Northern Hemisphere; Hardacre et al., 2015). Keymodel uncertainties arise in classifying
land cover (Hardacre et al., 2015; Silva & Heald, 2018) and in parameterizing the dry deposition process itself
(Visser et al., 2021; Wong et al., 2019; Wu et al., 2018)—in particular, its sensitivity to hydroclimate and
photosynthesis (Kavassalis &Murphy, 2017; Lei et al., 2020; Lin et al., 2019; Sun et al., 2022; Wong et al., 2019,
2022).

Additional processes affecting surface ozone have been identified that are not generally included in CTMs or
deposition models. For example, nonstomatal O3 uptake can be enhanced when leaves are wet (Altimir
et al., 2006; Rannik et al., 2012; Zhou et al., 2017) potentially due to reactions with dissolved organic carbon
(Altimir et al., 2006; Ossola & Farmer, 2024; Sun et al., 2016). In‐canopy gas‐phase reactions with very reactive
emitted volatile organic compounds (VOCs) and nitric oxide (NO) can occur on turbulent timescales and have
also been found to account for a significant portion of surface O3 removal (Fares et al., 2010; Goldstein
et al., 2004; Kurpius & Goldstein, 2003; Rummel et al., 2007; Vermeuel et al., 2021). Meanwhile, turbulence is
only roughly parameterized in deposition schemes but determines the efficiency of nonstomatal losses (El‐
Madany et al., 2017; Neirynck et al., 2012), whereas in‐canopy vertical transport (not represented at all in CTMs)
has been shown to control the offsetting effects of transport versus deposition on surface ozone (Visser
et al., 2022).

One‐dimensional canopy chemistry models provide a vertically resolved framework to explicitly represent the
dry deposition, biogenic emissions, chemistry, and transport occurring within and above a forest canopy (Ash-
worth et al., 2015; Bryan et al., 2012; Ganzeveld et al., 2002b; Wolfe & Thornton, 2011). Since within‐canopy air
experiences different environmental conditions than does the overlying atmosphere, this enables a more physi-
cally accurate treatment of near‐surface loss processes than is possible with zero‐dimensional CTM deposition
schemes. The effects can be significant: Makar et al. (2017) found that the absence of foliage‐modified shading
and in‐canopy vertical diffusion in 3D CTMs biased North American surface O3 forecasts by up to 72%.

To date, one‐dimensional canopy chemistry models have mostly been used in a standalone configuration to
investigate the mechanisms controlling fluxes and surface concentrations of O3, NOx, and VOCs (Clifton
et al., 2023; Seok et al., 2013; Visser et al., 2021, 2022; Wolfe et al., 2011; Yanez‐Serrano et al., 2018; Zhou
et al., 2017). The Multi‐Layer Canopy‐CHemistry Exchange Model (MLC‐CHEM) is one such model that is well
suited for CTM implementation due to its efficient configuration and state‐of‐science treatment for relevant dry
deposition processes (Ganzeveld et al., 2002b, 2002c; Visser et al., 2021, 2022). In particular, MLC‐CHEM
predicts stomatal uptake using a physiologically realistic semiempirical photosynthesis‐stomatal parameteriza-
tion (Ronda et al., 2001) and explicitly resolves nonstomatal deposition to bare, wet, snow, and vegetative surface
fractions. MLC‐CHEM has previously been implemented online in the chemistry‐climate ECHAM/MESSy
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Atmospheric Chemistry (EMAC) model to study the impact of land cover and land use changes on chemistry and
climate (Ganzeveld et al., 2010).

Here, we investigate the extent to which a resolved‐canopy representation can improve CTM predictions of
surface O3 concentrations and forest‐atmosphere exchange. To this end, we use a hierarchy of models to interpret
a comprehensive suite of chemical observations from four field studies over three north temperate forests. The
model set includes the GEOS‐Chem 3D CTM, an observationally constrained standalone implementation of the
MLC‐CHEM 1D canopy model, and a one‐way coupled framework that drives the MLC‐CHEM resolved canopy
with parameters from a parent GEOS‐Chem CTM. We interpret the model measurement comparisons in terms of
the ability of the different simulations to represent the observed O3 fluxes and concentrations and to better un-
derstand the fate and ecological impacts of surface O3. Results from this analysis are used to assess the utility of
incorporating a fully coupled resolved canopy into the GEOS‐Chem CTM.

2. Methods
2.1. Site Descriptions and Observations

We use data from three north temperate forests acquired during four seasonal field studies to test our under-
standing of O3 surface‐atmosphere exchange and its representation in atmospheric models. The following sec-
tions briefly describe the measurement sites and associated chemical and meteorological observations used in the
ensuing analyses. Tables S1 and S2 in Supporting Information S1 outline all acronyms and variables used in this
remainder of this text.

2.1.1. The Flux Closure Study (FluCS) 2021

FluCS 2021 (Vermeuel, Millet, et al., 2023) took place from 6 August to 25 September 2021 at the Manitou
Experimental Forest Observatory (MEFO) in the Colorado Front Range (39.101°N, 105.094°W, 2370 m
elevation) over a semiarid montane forest composed primarily of ponderosa pine (∼15 m height), shrubs, and
grassland. The summertime leaf area index (LAI) within the flux footprint was 2.4 m2 m− 2 (Vermeuel, Millet,
et al., 2023). Meteorological observations during FluCS 2021 included 3D winds and temperatures recorded from
three heights (6.9, 14.6, and 27.8 m) on the 28 m MEFO tower and photosynthetically active radiation (PAR)
measured near‐ground. Concentrations of O3, NOx, CO2, and H2O were quantified at five heights (3.2, 6.9, 10.6,
14.6, and 19.8 m). In addition, net ecosystem VOC, CO2, sensible heat, latent heat, and O3 fluxes were measured
at 27.8 m by eddy covariance (EC) (Stull, 1988). The VOC fluxes were quantified using two high‐resolution time‐
of‐flight mass spectrometers (HR‐ToFMS): a proton‐transfer reaction mass spectrometer (PTRMS; PTR‐QiToF,
Ionicon Analytik) and an iodide anion (I− ) chemical ionization mass spectrometer (ICIMS; HR‐ToF‐MS,
Aerodyne Inc.). Speciated VOC measurements were also collected in ambient air and at the leaf level to char-
acterize ponderosa pine and understory vegetative emissions (Riches et al., 2024). Ozone fluxes were measured
by ICIMS as described next. We direct the reader to Vermeuel, Millet, et al. (2023) for more details on other
FluCS 2021 measurements.

The ICIMS was used to quantify O3 concentrations and EC fluxes at 27.8 m using the total IOx
− signal (x = 1–3),

which accounts for the major secondary reactions of O3 product ions within the ICIMS (Supporting Informa-
tion S1.1) (Bhujel et al., 2020; Dörich et al., 2021; Teiwes et al., 2019). We calibrated the ICIMS IOx

− signal
during FluCS against simultaneous measurements from a UV photometric O3 analyzer along the five lower inlet
heights; the two data sets were tightly correlated throughout the campaign (Figure S1 in Supporting Informa-
tion S1). Furthermore, the above‐canopy to mid‐canopy O3 concentration gradients derived from the two in-
struments agreed to within 5% during daytime when deposition was strongest (Figure S2 in Supporting
Information S1), supporting the robustness of the ICIMS‐measured fluxes. Dörich et al. (2021) report that high
HNO3 signals (as NO3

− ) can affect the O3 calibration at IOx
− , but we did not see such an effect—presumably due

to low ambient HNO3 and its loss in the 45 m inlet (Figure S1 in Supporting Information S1). There were also no
quantifiable O3 interferences from I

− and IO− reactions with organic acids (Supporting Information S1.1; Figure
S3 in Supporting Information S1), which have been previously reported at high acid concentrations (Zhang &
Zhang, 2021) and would be expected to cause correlations between peracetic acid and O3. The ICIMS ion‐
molecule reactor was humidified ([H2O]IMR ≈ 10 parts per thousand; [H2O]ambient = 9.1 parts per thousand)
(Link et al., 2024), mitigating any sensitivity changes due to ambient water fluctuations (Supporting
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Information S1.1). The resulting EC O3 fluxes were filtered using appropriate quality control criteria (Foken &
Wichura, 1996; Lee et al., 2005; Mauder et al., 2013) (Supporting Information S1.2); high‐frequency flux
attenuation was minor (3.1%; Figure S4 in Supporting Information S1) (Horst, 1997) and therefore no correction
was applied. We estimated the average flux uncertainty at 18% using the flux limit of detection method described
by Langford et al. (2015). More details on the ICIMS measurements during FluCS 2021 are provided by Link
et al. (2024).

2.1.2. Program for Research on Oxidants: Photochemistry, Emissions, Transport—Atmospheric
Measurements of Oxidants in Summer (PROPHET‐AMOS)

The PROPHET‐AMOS study took place throughout 2016 July at the University of Michigan Biological Station
near the north end of the lower peninsula of MI, USA (45.559°N, 84.715°W, 232 m elevation). The surrounding
mixed forest is primarily deciduous (Seok et al., 2013) with an average satellite‐derived LAI of 3.7 m2 m− 2 for the
PROPHET‐AMOS measurement period. The chemical and micrometeorological data sets during this study were
collected at two towers: the 34 m PROPHET tower located at the coordinates above, and the 46 m US‐UMB
Ameriflux tower (45.560°N, 84.714°W, 234 m elevation; Gough et al., 2013), ∼130 m northeast of the
PROPHET tower. Data from the PROPHET tower used in the present study include above‐canopy (34 m) VOC
fluxes (PTR‐QiToF; Millet et al., 2018; Alwe et al., 2019) and 3D winds and temperatures measured using sonic
anemometers installed at six heights within and above the forest canopy (34, 29, 21, 13, and 5 m) (Bui
et al., 2021). We also use O3 and NOx concentration gradients measured from 10 positions along the US‐UMB
tower between 0.6 and 27.4 m (Univeristy of Michigan, 2023). Finally, we use a suite of Ameriflux meteoro-
logical data (relative humidity, RH; temperature; solar radiation; windspeed; latent and sensible heat; and friction
velocities) measured at 46 m on the US‐UMB tower (Gough et al., 2023). We assume surface homogeneity
between the towers based on their proximity and the temporally coherent above‐canopy friction velocities
(r2 = 0.87) and sensible heat fluxes (r2 = 0.85) observed at the two sites.

2.1.3. The Chequamegon Heterogeneous Ecosystem Energy‐Balance Study Enabled by a High‐Density
Extensive Array of Detectors 2019 (CHEESEHEAD19)

The CHEESEHEAD19 (C19) field study was conducted in the Chequamegon‐Nicolet National Forest near Park
Falls, WI, amid a landscape that primarily consists of woody wetlands along with some grasslands and decid-
uous + evergreen forests (Butterworth et al., 2021). The site has a mean canopy height of 15 m with a 2019 July
satellite‐derived LAI of 5.3 m2 m− 2. For our analysis, we use Ameriflux meteorological data collected from 30 m
at the US‐PFa site in Park Falls, WI (45.945°N, 90.273°W, 472 m elevation; Davis et al., 2003) during
CHEESEHEAD19 (Desai, 1996). Additional observations during this study included O3 concentrations measured
continuously at two heights (30 and 122 m) from 3–15 July 2019 using both a UV photometric analyzer (Ver-
meuel et al., 2021) and an oxygen anion (O2

− ) CIMS (Ox‐CIMS) (Novak et al., 2020). The Ox‐CIMS was also
used to quantify O3 fluxes by EC at 30 m for 6 days during CHEESEHEAD19 with details provided by Vermeuel
et al. (2021).

2.1.4. Probing Ecosystem Responses Involving Notable Organics (PEcoRINO)

The fourth data set used in this analysis is from the PEcoRINO study that took place at the US‐PFa site in 2020
September. Chemical observations were collected at 30 m, including VOC concentrations and EC flux mea-
surements using a PTRMS (Vocus; Aerodyne Research Inc. and Tofwerk AG) and O3 concentrations using a UV
photometric analyzer (Vermeuel, Novak, et al., 2023). The PTRMS was coupled to a gas chromatograph for
periodic online VOC speciation (Claflin et al., 2021). We use Ameriflux meteorological data collected at 30 m
during the study period (Desai, 1996). Data used here are restricted to 06‐16 September—during the growing
season (as determined from phenological observations and satellite‐based LAI >2 m2 m− 2) and prior to the
senescence‐related VOC enhancements documented by Vermeuel, Novak, et al. (2023).

2.2. Model Descriptions

2.2.1. GEOS‐Chem

We use the GEOS‐Chem CTM v13.3.0 (The International GEOS‐Chem User Community, 2021) to interpret the
above observations in terms of the information they provide on O3 deposition processes and their representation in
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3D models. The GEOS‐Chem implementation used here employs assimilated meteorology (Goddard Earth
Observation System Forward Processing product; GEOS‐FP) from the NASA Global Modeling and Assimilation
Office, which has 0.25° × 0.3125° native horizontal resolution, 72 vertical layers, 3‐hr temporal resolution for 3‐
D meteorological parameters, and 1‐hr temporal resolution for surface quantities and mixing depths. We per-
formed 0.25° × 0.3125° full‐chemistry simulations over custom nested domains surrounding each observation
site (± 3° latitude and longitude) and for the duration of the corresponding field study. These nested simulations
employed 5 and 10 min time steps for transport and chemistry, respectively (Philip et al., 2016). Boundary
conditions were taken from 2° × 2.5° global model runs for the same time periods that were themselves initialized
using output from a yearlong global simulation at 4° × 5°. Simulations for FluCS are the same as those described
by Vermeuel, Millet, et al. (2023).

The full chemistry GEOS‐Chem chemical mechanism used here features comprehensive HOx‐NOx‐Ox‐VOC‐Br‐
Cl‐I chemistry coupled to aerosols and incorporates recent JPL/IUPAC recommendations. It includes chemical
updates for isoprene oxidation (Bates & Jacob, 2019), small oxygenated VOCs (Bates et al., 2021; Chen
et al., 2019), halogens (Wang et al., 2019), small alkyl nitrates (Fisher et al., 2018), sesquiterpenes (SQT), 2‐
methyl‐3‐buten‐2‐ol (232‐MBO), and >C2 organic acids (Vermeuel, Millet, et al., 2023). Surface emissions are
incorporated using the Harmonized Emissions Component module version v3 (Lin et al., 2021) with emissions
from terrestrial plants computed online using the Model of Emissions of Gases from Nature (MEGAN) (Guenther
et al., 2012) as implemented by Hu et al. (2015) and soil NOx emissions following Hudman et al. (2012).
Anthropogenic emissions are obtained from the Community Emissions Data Systems inventory (Hoesly
et al., 2018) and biomass burning emissions from the Global Fire Emissions Database v4 (Giglio et al., 2013).
Lightning NOx, aircraft, and ship emissions are computed using the standard GEOS‐Chem inventories (Holmes
et al., 2014; Murray et al., 2012; Stettler et al., 2011).

GEOS‐Chem estimates dry deposition for a given gas as the product of its concentration in the first model layer
times its calculated deposition velocity (vd; cm s− 1) (Figure 1a). The model uses the Wesley (1989) (hereafter

Figure 1. Generalized deposition schemes for (a) GEOS‐Chem (GC) and (b) MLC‐CHEM (MLC and MLC/GC) simulations. GEOS‐Chem derives the ozone flux (F
(O3)) using a dimensionless dry deposition parameterization constrained by meteorological and chemical information from the first model layer. Our implementation of
MLC‐CHEM resolves a forest into two underlying canopy layers (l= 1,2) and solves for F(O3) as the vertical turbulent flux via Equation 2. MLC runs are constrained to
observations, whereas MLC/GC runs are constrained using GEOS‐FP meteorological and GEOS‐Chem chemical fields. Box outline styles identify individual scalar
budget contributions to F(O3).
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W89) dimensionless big‐leaf deposition scheme that conceptualizes the forest canopy as a single surface and
calculates vd based on in‐series aerodynamic, boundary layer, and canopy resistances (ra, rb, rc, respectively;
s cm− 1):

vd = (ra + rb + rc)− 1. (1)

The rc value encompasses four individual resistances (for stomatal, cuticular, lower canopy, and ground surface
deposition) summed in parallel, each parameterized using land‐type lookup values and associated physical de-
pendencies. The GEOS‐Chem rc algorithm has been adapted from W89 for global use and incorporates modi-
fications for canopy radiative transfer (Baldocchi et al., 1987; Wang et al., 1998). Computation of rc is based on
the summation in parallel of: (a) stomatal (rs) + mesophyll (rm) resistance; (b) plant cuticle resistance (rcut); (c)
lower canopy (rcl) + in‐canopy convection (rdc) resistance; and (c) ground (rg) + ecosystem‐specific in‐canopy
turbulence (rac) resistance:

rc = (
1

rs + rm
+
1
rcut

+
1

rdc + rcl
+

1
rac + rg

)

− 1

. (2)

A more detailed breakdown of the resistances controlling vd(O3) in W89 and GEOS‐Chem is provided in Sup-
porting Information S1 and by Clifton et al. (2023).

2.2.2. MLC‐CHEM

We use the 1D MLC‐CHEM canopy‐chemistry model to perform vertically resolved simulations of forest‐
atmosphere exchange at our four field sites. MLC‐CHEM simulates vertical concentration and flux profiles
explicitly by solving trace gas tendencies at each layer within a model canopy. In the case of O3 we thus have:

d[O3]l
dt

= −
∆Fturb,l

∆zl
−
Fdep,l
∆zl

+ QO3,l, (3)

where ∆zl is the model layer thickness, −
∆Fturb,l

∆zl
is the vertical turbulent flux divergence, Fdep,l is the dry depo-

sitional flux, and QO3,l is the net chemical production or loss of O3 all computed for each model layer l. The
vertical turbulent flux is derived from first‐order closure theory:

Fturb,l = − KH,l
∆[O3]l

∆zl
, (4)

where KH,l is the heat eddy diffusivity (m2 s− 1). The dry depositional flux in each layer is calculated using a
resistance‐in‐series parameterization (Equation 1) (Ganzeveld et al., 1998; Ganzeveld & Lelieveld, 1995; Visser
et al., 2021).

Resistance to leaf uptake in layer l is computed as

rleaf ,l =
rb,leaf + ( 1

rs, l +
1

rcut,l
)
− 1

max {LAIl, 10− 5}
, (5)

where rb,leaf is the resistance to transport across the quasi‐laminar leaf boundary layer. In the upper canopy layer
(l = 2), rc reflects leaf uptake only whereas in the lower canopy layer (l = 1) ground uptake and leaf uptake occur
in parallel:

rc,1 = (
1

rleaf ,1
+

1
rac + rg

)

− 1

. (6)
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Here, we calculate stomatal loss with an assimilation‐stomatal conductance (A‐gs) model (Ronda et al., 2001)
using ecosystem‐specific parameters from Visser et al. (2021) (Supporting Information S2.2). We validate this
parameter choice based on a comparison of simulated and observed above‐canopy CO2 fluxes, which agree to
within 25% on average. Nonstomatal removal is estimated usingW89 landtype‐dependent resistances for soil and
cuticular loss. We update the modeled cuticular uptake to wet leaves by inferring the wet fraction ( fwet) from RH
(Lammel, 1999) as implemented in MLC‐CHEM (Visser et al., 2021). Further details on the MLC‐CHEM dry
deposition calculations are presented in Supporting Information S2.2. Chemical tendencies are solved in each
layer using the carbon bond mechanism IV (CBM IV) scheme, whereas biogenic emissions are calculated using
the MEGAN and Yienger and Levy (1995) parameterizations for plant VOCs and soil NO, respectively.

We configure MLC‐CHEM as shown in Figure 1 with an atmospheric surface layer, an upper canopy layer, and a
lower canopy layer; the latter two each comprise one‐half of the total canopy height. We first simulate radiation‐
dependent process, including biogenic emissions for four canopy sublayers that are then averaged over the two
MLC‐CHEM canopy layers. This approach has been shown to represent atmosphere‐biosphere exchange of O3
and other trace gases as accurately as models with much higher vertical resolution (Ganzeveld et al., 2002a). Here,
we perform two MLC‐CHEM runs for each field study: one (hereafter referred to as MLC) constrained by
meteorological and chemical observations at that site and one (referred to as MLC/GC) constrained by meteo-
rological data and trace gas mixing ratios from GEOS‐FP/GEOS‐Chem. The corresponding CTM‐only GEOS‐
Chem runs are referred to as GC in what follows.

MLC‐CHEM is forced using hourly observed (for MLC runs) or GEOS‐FP (for MLC/GC runs) surface‐layer RH,
solar radiation, temperature, wind speed, and friction velocity (u*). Surface‐layer O3 and NOx concentrations are
nudged to their observed (MLC) or parent‐model (MLC/GC) values. Table S3 in Supporting Information S1
outlines the observations available for each MLC simulation. The MLC‐CHEM surface layer uses a simplified
bulk planetary boundary layer (PBL) representation with transport computed between the middle of the PBL and
the middle of the upper canopy layer. For the observationally constrained MLC runs, we therefore first obtain the
surface‐layer KH (KH,sl) values from the observed sensible heat fluxes and scale KH,sl to the mid‐PBL (altitude
derived from GEOS‐FP) by assuming a linear height dependence within this range. We then derive canopy‐layer
KH (KH,cl) values from measurements at the upper/lower canopy interface; when such data is not available we
instead compute KH,cl by scaling the observational KH,sl values to a prescribed in‐canopy profile that increases
exponentially with height (Cionco, 1972; Harman & Finnigan, 2007; Visser et al., 2022).

For the model‐constrained MLC/GC runs, we obtain KH,sl by linearly scaling the GEOS‐FP layer‐1 KH values to
the mid‐PBL; KH,cl is then computed from KH,sl as above. The GEOS‐FP RH values were scaled by 1.2× to better
match surface observations; we attribute the discrepancy to the fact that the GEOS‐FP values reflect the average
over a ≥100 m vertical layer (and across a heterogenous 0.25° × 0.3125° grid cell) as opposed to the local near‐
canopy environment. The observed (MLC) and GEOS‐FP (MLC/GC) meteorological fields then generally agree
well, including (of particular relevance for simulating deposition) the surface‐layer and in‐canopy KH values
(Figure 2, Figure S5 in Supporting Information S1). There is a 1.5×GEOS‐FP photosynthetic photon flux density
(PPFD) overestimate in the case of the FluCS runs, which we attribute to inhomogeneity in sunlit fraction for
terrain in the surrounding model grid cell.

Concentrations of O3, NOx, and VOCs are provided as chemical constraints to the MLC and MLC/GC model
runs. In the case of MLC/GC, the surface‐layer O3 concentrations are nudged to the corresponding GEOS‐Chem
values, which means we are technically overcounting the impact of local deposition (i.e., at our site) on the
overlying O3 field. However, a comparison of GC surface‐layer O3 concentrations across the model grid cells
surrounding our field site reveals a coefficient of deviation of <5%. This implies that above‐canopy O3 con-
centrations are regionally controlled and more affected by upwind processes than by immediate local effects in
keeping with the ∼3 days GC lifetime for O3 surface uptake in these grid cells. Constraining the MLC/GC
surface‐layer O3 concentrations based on the corresponding GC values is thus a suitable approximation; a future
fully online MLC implementation within GC would fully avoid any such overcounting.

Although all field studies included above‐canopy O3 observations, only the FluCS and PROPHET campaigns
featured above‐canopy NOx measurements. MLC analyses for the remaining studies are instead constrained to the
GC surface‐layer NOx values. A model‐measurement comparison for NOx at PROPHET reveals a 2.5× GC high
bias; given the regional and ecological similarity of the PROPHET and CHEESEHEAD19/PEcoRINO sites this
implies that the corresponding model runs provide an upper limit for in‐canopy O3 loss to NO. Emissions of
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isoprene (C5H8), monoterpenes (MT; C10H16), and sesquiterpenes (SQT; C15H24) are prescribed using canopy‐
level emission factors from MEGAN v2.1 (for GC runs) or using leaf‐level emission factors observed on‐site
(for MLC and MLC/GC). For the FluCS MLC and MLC/GC runs, we also account for 232‐MBO, which
made up 66% of the total observed OH reactivity‐weighted VOC flux (i.e., the OH reactivity flux) during the
study (Vermeuel, Millet, et al., 2023). Specifically, for the MLC and MLC/GC FluCS runs, we scaled the model
isoprene emission factors to also include 232‐MBOwith the latter flux weighted by the kOH+232‐MBO:kOH + isoprene

ratio (∼0.4 at 298 K) (Fantechi et al., 1998; Karl et al., 2004). To maintain consistency with the above‐canopy
constraints in each case, we then scaled the leaf‐level emission factors uniformly so that the simulated
surface‐layer fluxes matched the above‐canopy observations (for MLC) or GC‐derived emissions (for MLC/GC).
CHEESHEAD19 lacked VOC flux observations, and in that case we apply emission factors from PEcoRINO
since the two campaigns occurred at the same site.

All model simulations treat MT as a single isomer, which by default we implement based on α‐pinene since it had
the median O3 reactivity (τ30 ppb O3 = 4.6 hr; Atkinson & Arey, 2003) across all MT isomers detected during
FluCS (Riches et al., 2024; Vermeuel, Millet, et al., 2023) and PEcoRINO (Vermeuel, Novak, et al., 2023).
Sensitivity simulations were also performed instead treating all MT as β‐ocimene (the most reactive isomer
identified in the field studies; τ30 ppb O3 = 44min); we will show in Section 3.5 that this had negligible effect on the
computed in‐canopy O3 loss. SQT chemistry is modeled based on β‐caryophyllene, providing an upper limit for
the resulting O3 reactivity given its short lifetime (τ30 ppb O3 = 2 min).

3. Results and Discussion
3.1. Near‐Surface O3 Fluxes and Concentrations Are Well‐Represented in an Observationally
Constrained Canopy Model

Figure 3 summarizes the observed and simulated O3 fluxes and concentrations during our four field studies. The
measured fluxes and vd(O3) values from FluCS and CHEESEHEAD19 (C19) peak on average near 11:00 local
time (LT) concurrent with the high RH and solar radiation that together maximize stomatal conductance (gs). The
constrained MLC simulations likewise predict a late‐morning vd(O3) peak across all four field studies with the

Figure 2. Observed (black lines) and assimilated (GEOS‐FP, red lines) meteorological fields during the (a–c) FluCS and (d–f) PROPHET studies. The corresponding
data for CHEESEHEAD19 and PEcoRINO are shown in Figure S5 in Supporting Information S1.
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strong daytime model‐measurement vd(O3) agreement at sites featuring O3 flux observations (to within 8% for
FluCS and 20% for C19) showing that the A‐gs stomatal conductance framework in MLC accurately captures the
integrated effects of stomatal uptake. The in‐canopy diel O3 cycles predicted by MLC also agree well (to within 1
ppb) with the observed values (available at FluCS and PROPHET‐AMOS; Figure 3). MLC overpredicts the
measured O3 fluxes and vd(O3) values for FluCS at night (Figure 3a) due to (a) nonnegligible nocturnal in‐canopy
KH, which enhances lower‐canopy and ground loss and (b) concurrently high RH, which enhances cuticular loss
(Figures 2a and 2c). An MLC soil resistance underestimate is also a possibility but if present would have only a
small effect on nocturnal O3 loss at FluCS (e.g., evening vd(O3) values decrease by just 5% with rsoil = 400 s m

− 1

versus the default 200 s m− 1). Overall, the overestimated O3 uptake at night leads to a modest MLC underestimate
of in‐canopy O3 during early morning at this site. This suggests that our treatment of nonstomatal conductance
(gns) overestimates the physical and chemical loss of O3 to wet needle leaves and to the nocturnal understory/soils
at this particular site.

Day‐to‐day flux differences are also seen at these sites, reflecting the influence of environmental drivers and
providing an avenue for testing model processes. At FluCS, Figure 4 shows that the observations exhibit a high
degree of variability, with coefficients of variation (CV; standard deviation divided by mean) of ∼0.6 for the
daytime‐average (7:00‐19:00 LT) O3 fluxes and vd(O3) values. Some of the day‐to‐day variability in vd(O3) and
[O3]surface is explained by vapor pressure deficit (VPD) and PPFD fluctuations (r

2 = 0.19–0.30), reflecting the
role of gs‐controlled deposition. Otherwise, the daytime‐mean O3 fluxes and vd(O3) values do not show a clear
dependence on any single meteorological driver (r2 < 0.1 in all cases).

Figure 3. Diel O3 fluxes (F(O3)), deposition velocities (vd(O3)), surface layer concentrations, and in‐canopy concentrations for four field studies. Observed (Obs.) and
model‐predicted (MLC, MLC/GC, GC) data are plotted for the FluCS (a–d), PROPHET (e–h), C19 (i–l), and PEcoRINO (m–p) campaigns. Lines and shaded regions
show the diel means with associated 95% confidence intervals. Daytime mean values (7–19 LT) are listed inset.
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The corresponding MLC simulations likewise show substantial daytime flux variability (CV ∼ 0.4; Figures 4a
and 4b). These daytime‐mean vd(O3) predictions are mostly driven by VPD and RH (r

2∼ 0.70); the fact that such a
clear dependence is not seen in the observations implies that theMLC treatment of stomatal (VPD‐parameterized)
and nonstomatal (RH‐parameterized) uptake does not capture their full complexity at this site. The resultingMLC
flux predictions reproduce about half of the day‐to‐day changes that are observed (r2 = 0.50).

At C19, the observed O3 fluxes and vd(O3) values have moderate day‐to‐day variability (CV ∼0.40) with a
stronger direct dependence on VPD, PPFD, u*, and horizontal windspeed (U) (r

2 = 0.37–0.70) than is seen at
FluCS. The surface O3 concentrations during C19 and PEcoRINO are positively correlated with u* and U
(r2 > 0.60), showing that transported O3 pollution enhances the downward fluxes in this region. The con-
strained MLC predictions at C19 are broadly similar to the observations in terms of their dependence on
environmental drivers: the daytime‐mean MLC vd(O3) values correlate strongly with VPD and RH (r

2 ∼ 0.70)
while the fluxes depend on u* (r

2 = 0.50) in‐line with the measured relationships. This similarity between the
MLC‐predicted and observed relationships shows that the dry deposition and vertical transport parameteri-
zations used in MLC‐CHEM better represent the physical and chemical canopy processes at US‐PFa (C19 and
PEcoRINO) than at MEFO (FluCS), and as a result the day‐to‐day flux differences are also better captured at
this site (Figure 4).

From the above results, we see that MLC represents the O3 deposition observed at these sites with minimal bias
(<20% in the 24‐hr mean) while accurately predicting the diel flux, vd(O3), and concentration profiles. The
simulations also reproduce over half of the observed day‐to‐day variability in each case, indicating that MLC‐
CHEM captures many of the complex drivers controlling surface O3. Patterns of variability that remain unex-
plained may reflect incomplete treatments of gns and gs, or periods when vertical transport does not adhere to the
first‐order closure assumptions embedded in MLC‐CHEM. Overall, however, the model‐measurement com-
parisons across these sites demonstrate that MLC is a viable tool for predicting the fate of near‐surface O3 and for
diagnosing the micrometeorological and biological drivers of its variability.

Figure 4. Hourly O3 fluxes (F(O3)), deposition velocities (vd(O3)), surface layer concentrations ([O3]surface), and mean canopy concentrations ([O3]canopy) for the FluCS
(a–d) and C19 (e–h) field studies. Observed (Obs.) and modeled (MLC, MLC/GC, GC) data are shown. Model versus observation coefficients of determination (r2) are
listed inset and colored by model run. For panel h, model [O3]canopy values are regressed against observed [O3]surface values. Scales of y‐axes differ across sites.
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3.2. A Chemical Transport Model With Standard Big‐Leaf Canopy Fails to Reproduce Observed O3
Fluxes and Concentrations

In contrast to MLC, the big‐leaf treatment in GEOS‐Chem (GC) fails to capture both the magnitudes and diel
cycle of the observed O3 fluxes and vd(O3) values. First, Figure 3 shows that GC overestimates the ozone fluxes
by up to 2× compared to the observations andMLC at all sites. This bias arises from a vd(O3) overestimate of up to
1.5× combined with a 15%–40% overestimate of the surface O3 concentrations. Second, the vd(O3) diel profile
predicted by GC misses the gs‐driven morning peak that is observed at FluCS and C19, and captured by MLC at
all sites. GC instead simulates a sustained vd(O3) plateau from 11 to 16 LT that scales with site LAI, revealing an
inadequate sensitivity of the W89 parameterization to daytime meteorological drivers that has likewise been
identified in other studies (Clifton et al., 2023; Visser et al., 2021; Wu et al., 2018). The resulting GC‐simulated
fluxes then peak with [O3]surface later in the day—a behavior inconsistent with the observations and with MLC.
Furthermore, the [O3]surface diel amplitude predicted by GC is too weak for all cases except PROPHET with the
observed nighttime [O3]surface decrease underestimated by >10 ppb (Figure 3). This shows that a CTM lacking
near‐surface vertical transport and in‐canopy O3 sinks incorrectly represents the O3 vertical gradient and con-
centrations near ground level.

Figure 4 shows that GC also predicts less day‐to‐day flux and vd(O3) variability than is observed (daytime‐mean
CVs of ∼0.2 vs. 0.4–0.6 at FluCS and C19, where such observations are available), showing that GC does not
represent the underlying processes as well as MLC. Low daytime vd(O3) variability is also simulated by GC for
PROPHET and PEcoRINO (CVs of 0.15 and 0.22, respectively). The GC‐simulated fluxes and vd(O3) values
have a much stronger correlation with u* (r

2 = 0.40–0.70) than is observed, showing that O3 uptake in GC is
primarily limited by transport and depositional area (i.e., LAI) and is less sensitive to other processes that also
affect deposition. This lack of sensitivity to other meteorological drivers implies that GC will underpredict the
impacts on O3 deposition from future environmental changes—for example, rising ambient temperatures or VPD
increases associated with drought.

3.3. A Resolved CanopyWith Updated Dry Deposition Parameterizations Significantly Improves CTMO3
Predictions

The MLC/GC runs that include a resolved canopy reproduce the observed O3 fluxes and vd(O3) values far more
accurately than does GC alone (Figure 3). The vd(O3) values observed during FluCS and C19 are captured by
MLC/GC to within 8%, on average, and all simulated flux and vd(O3) diel profiles more closely match the
observationally constrained MLC output—showing that surface‐atmosphere exchange processes are more
appropriately represented in MLC/GC than in GC alone. The modeled fluxes and vd(O3) values exhibit only
slightly less predictive skill on a day‐to‐day basis than those from MLC (Figure 4), and (like MLC) the daytime‐
mean vd(O3) values predicted by MLC/GC at FluCS and C19 depend strongly on VPD and RH (r2 ∼ 0.60).
Discrepancies that do exist between the MLC and MLC/GC predictions arise primarily from differences in the
meteorological inputs that govern gs and gns; this point is discussed further in Section 3.4.

To test whether the predictive improvements in MLC/GC relative to GC arise mainly from the resolved canopy or
from the updated parameterization of the dry deposition process itself, we repeated the MLC/GC simulations
using the W89 (as in GC) rather than A‐gs representation of stomatal conductance. We find using this imple-
mentation that the deposition overestimates seen in GC are exacerbated, with vd(O3) predictions 1.3× higher than
the GC estimates and up to 2.1× higher than the observations (Figure S6 in Supporting Information S1). This
degradation is primarily due to a poor representation of gs in W89 and shows that there are compensating errors
between the W89 parameterization and the big‐leaf canopy treatment. A model such as GC that uses both will
likely be unable to resolve the true patterns of deposition variability due to this misrepresentation of the un-
derlying physical and biological dependencies. The MLC/GC O3 deposition improvement thus results from the
combination of (a) more representative stomatal/nonstomatal parameterizations and (b) an explicit vertically
dynamic canopy environment. We show in Section 3.6 that the latter is required to explain the (vertically
dependent) flux partitioning as a function of underlying loss process (i.e., stomatal, nonstomatal, and in‐canopy
chemistry) and across model layers where environmental drivers can change.

Furthermore, the inclusion of a vertically resolved canopy enables a representation of concentration gradients that
is otherwise missing from CTMs. This capability manifests in the strong day/night variation in [O3]canopy that is
simulated by MLC/GC, which arises from a more realistic treatment of nocturnal vertical transport to the canopy.
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For example, although the surface O3 concentrations predicted by GC for FluCS only vary by an average of 2.6
ppb between day and night, the in‐canopy O3 concentrations simulated by MLC/GC vary by 12 ppb—in close
agreement with observations (14 ppb) (Figure 3). The absence of near‐surface vertical transport in CTMs thus
translates to an incorrect representation of ground‐level pollutant concentrations, underscoring the importance of
extending the atmospheric column in CTMs below the surface layer. Inclusion of additional model surface layers
would also benefit [O3] predictions beyond the forest canopy and would help to reduce CTM representation errors
arising from O3 gradients in the lower atmosphere (Makar et al., 2017; Travis et al., 2016).

Across all runs, we see that the in‐canopy O3 concentrations predicted by MLC/GC are higher than in MLC (and
higher than the observations) because of the positive surface O3 bias in the parent GC model (Figure 3). Since GC
also overestimates vd(O3) over the examined ecosystems (by ∼40% on average), we might expect the GC surface
O3 bias to be exacerbated over these regions in a fully online regional or global MLC/GC implementation. If so,
this could reflect some offsetting error in another part of the CTM; however, definitive assessment will require
moving beyond the offline approach used here to an online, two‐way coupled MLC/GC capability. Regardless,
based on the analyses above, we conclude that for these ecosystemsMLC/GC provides a significant improvement
in the process‐level representation of near‐surface O3 over current CTM implementations.

3.4. Relative Humidity and Solar Irradiance Are Key Drivers of Remaining O3 Deposition Biases

Prediction biases that do occur in MLC/GC are primarily due to errors in the GEOS‐FP meteorological fields. In
particular, the mismatch in the daytime vd(O3) peak between MLC and MLC/GC seen in Figure 3 is largely
removed when using observed rather than GEOS‐FP solar radiation, RH, and T fields to constrain MLC/GC
(Figure S8 in Supporting Information S1). This vd(O3) improvement arises mainly from a more realistic repre-
sentation of solar radiation (which controls gs) during the daytime and of RH (which controls nocturnal cuticle
uptake) at night: agreement between MLC and MLC/GC thus improves significantly when MLC/GC is con-
strained with RH and solar radiation observations (Figures S8a–S8d in Supporting Information S1). Meteoro-
logical uncertainties also affect the MLC/GC representation of VPD (and thus gs), and better model performance
is likewise obtained when constraining RH and T (Figures S8e–S8h). In the case of FluCS, the GEOS‐FP solar
radiation bias leads to a vd(O3) overestimate unless the radiation observations are also ingested (Figures S8i–S8l
in Supporting Information S1).

Constraining MLC/GC with KH observations rather than with the GEOS‐FP level‐1 values has little effect on the
daytime vd(O3) predictions, with some impact at night through increased nocturnal turbulence and therefore
vd(O3) (e.g., during FluCS; Figures S8m–S8p in Supporting Information S1). This finding, along with the good
model‐measurement agreement for vd(O3) across sites, generally supports the first‐order closure assumptions in
MLC, validates the inference of in‐canopy KH values from the GEOS‐FP layer‐1 quantities, and implies active
daytime coupling between the above‐canopy and in‐canopy air volumes for the sites in this study. This does not
always hold in more closed canopies as shown previously for a dense deciduous forest where vd(O3) was
overestimated by MLC‐CHEM during decoupling periods (Visser et al., 2022). Decoupling conditions were
encountered on 23% of the evenings during PROPHET‐AMOS (Wei et al., 2020). However, this reduced mixing
did not notably affect the mean vd(O3) or [O3]canopy behavior during the study partially due to the low nocturnal
vd(O3) values. Overall, a CTM with a resolved canopy based on MLC‐CHEM will be well suited for predicting
regional lifetimes against deposition, particularly if it incorporates an improved treatment of vertical transport that
accounts for decoupled conditions.

3.5. Nonstomatal Loss Is a Major Component of O3 Deposition, but In‐Canopy Chemistry Is Not

The fact that MLC is able to capture the magnitude and much of the variability in the observed O3 fluxes and
vd(O3) values indicates that we can employ this model to identify the main processes contributing to O3 deposition
at these sites. To do so, we rearrange Equation 2 to express the above‐canopy turbulent vertical flux as the integral
of dry deposition, chemistry, and air storage throughout the canopy (layers l = 1,2) and below the EC sensors
(Figure 1). The diel contributions for each of these terms are then plotted in Figure 5 for MLC with dry deposition
further partitioned into stomatal and nonstomatal components. Additional plots in Supporting Information S1
show the mean concentration tendencies (∂[O3]l∂t ) (Figure S9 in Supporting Information S1) and normalized ten-

dencies ( 1
[O3]l

∂[O3]l
∂t ) for each site (Figure S10 in Supporting Information S1).
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Figure 5 shows that dry deposition provides the vast majority of the total O3 flux at all sites. In most cases, this loss
occurs mainly in the upper canopy (Figures S9–S10 in Supporting Information S1); an exception is FluCS, which
featured the lowest LAI and highest KH,cl values among all of the studies—enabling more efficient exchange with
the lower canopy and ground. This process would not be resolved in big‐leaf representations of deposition, which
do not enable any vertical flux attribution. We find that stomatal uptake accounts for 27%–45% of the campaign‐
mean O3 flux across the studies in line with findings from other north temperate forests (Clifton et al., 2023; Fares
et al., 2010; Neirynck et al., 2012; Visser et al., 2021). In general, this depositional pathway peaks during late
morning and shuts off at night (Figure 5). Nonstomatal O3 losses (to plant cuticles and the ground) are larger than
the stomatal losses during all four studies and represent 52%–66% of the campaign‐mean fluxes—with campaign‐
mean ranges of 0.24–0.37 cm s− 1 and ‒11–− 6.5 nmol m− 2 s− 1 for the nonstomatal vd(O3) values and O3 fluxes,
respectively. Sustained nighttime nonstomatal loss is predicted byMLC at all sites (Figure 5); observations during
FluCS suggest that this nocturnal pathway is overestimated by the model (Figure 3 and Section 3.1), but this does
not have a large impact on the overall O3 budget since flux magnitudes are low at this time. The above dry
deposition partitioning changes significantly if we instead use the W89 parameterization that is widely employed
in CTMs. In particular, W89 strongly underestimates the nonstomatal fraction of dry deposition velocities (21%–
30% vs. 55%–59%; Figure S11 in Supporting Information S1) due to lower gns and higher gs. This finding is

Figure 5. Processes contributing to O3 deposition during four field studies as computed by MLC. The mean diel contributions of stomatal dry deposition, nonstomatal
dry deposition (to cuticles and the ground), in‐canopy chemistry, and air storage to the total O3 deposition velocities are shown for (a) FluCS, (b) PROPHET, (c) C19,
and (d) PEcoRINO.
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consistent with that of Visser et al. (2021) and has important implications for proper estimation of surface toxicity
effects (described further in 3.6).

Nonstomatal fluxes are dominated by cuticular uptake (68%–80% of campaign means; Figure 5) for all cases
except FluCS (40%) with its sparser canopy. Ground O3 uptake is limited by in‐canopy turbulence (rac; Equa-
tion 6), and its fractional contribution to the total nonstomatal flux therefore increases during the day to ∼75%
during FluCS and 25%–40% for the other studies. Leaf‐level O3 uptake measurements during PROPHET revealed
high variability between tree species with high nonstomatal deposition to white pine needles
(vd(O3) ∼ 0.30 cm s− 1; 75% of total vd(O3) during evening) but no detectable cuticular uptake for broadleaf
species (red maple, bigtooth aspen, and red maple) (Wang et al., 2020). However, those findings were based on
only 2 days of measurements.

Chemical loss to reactive terpenes and NO is a minor contributor to the total MLC‐computed O3 uptake for all
studies, accounting for ≤7% of total removal (Table S4 in Supporting Information S1). This is comparable to
previously published estimates of the in‐canopy chemistry fraction (2%–4%) all in pine‐dominated ecosystems
(Wolfe et al., 2011; Zhou et al., 2017). Chemical O3 removal is strongest in the early morning and late evening
(Figure 5, Figure S9–S10 in Supporting Information S1) primarily due to VOC ozonolysis, and its fractional
contribution is higher at this time (e.g., 14% for C19) when stomatal loss is also low. The chemical O3 loss derived
here for C19 (up to 0.15 cm s− 1) is lower than was previously inferred for the same field study (up to 0.70 cm s− 1;
Vermeuel et al., 2021) based on the difference between the observed O3 flux and an estimated stomatal
component. Although the summed nonstomatal dry deposition and chemical loss obtained here agrees with the
Vermeuel et al. (2021) result to within 7%, the updated dry deposition parameterization employed here eliminates
most of the unexplained residual that was attributed previously to chemistry.

For all simulations, reactions with SQT provide the primary in‐canopy chemical loss with MT of minor
importance. When we replace the default kMT+O3 value in MLC (based on α‐pinene, which has the median rate
across observed MT) with the rate coefficient for our most reactive observed MT (β‐ocimene), the total chemical
O3 loss increases by just 1% in the 24‐hr mean and by 2% at night. The net in‐canopy chemical tendencies for O3
were negative (i.e., removal) for all studies except PROPHETwith the PEcoRINO simulation exhibiting a modest
positive tendency during the morning (∼7–8 LT; Figure S9o in Supporting Information S1) when NOx was
sufficiently high to drive net O3 production. For PROPHET, in‐canopy isoprene concentrations were high enough
(averaging 6.3 ppb in MLC) to sustain net daytime O3 production and provide a small offset to daytime depo-
sition. This shows that in‐canopy O3 production can also occur on turbulent timescales and affect observed fluxes.

Prior analyses support the idea that MLC treatment used here captures the gas‐phase chemistry controlling in‐
canopy O3 production/loss, so that the associated contribution to deposition is indeed low at these sites. In
particular, assessments of the comprehensive chemical observations from PROPHET‐AMOS and FluCS
concluded that the total OH and O3 reactivity at these sites is controlled by species treated explicitly in the model
mechanisms employed here—rather than by missing or unrepresented compounds. For example, Millet
et al. (2018) found that 95% of the OH reactivity flux at PROPHET‐AMOS was from known and modeled
compounds, whereas Vermeuel, Millet, et al. (2023) report that MT, SQT, 232‐MBO, and isoprene alone made up
85% of the total O3 reactivity flux at FluCS‐2021. The VOC emission profile at US‐PFa (C19/PEcoRINO) is
broadly similar to that at PROPHET‐AMOS and we therefore expect the dominant reactivity drivers to also be
similar.

We find that storage (∫ l=2
l=1

∂[O3]l
∂t dz) is the smallest vd(O3) component, comprising up to 3% of the total. At all sites,

low turbulence and stable nocturnal stratification causes a net drawdown of the in‐canopy O3 column as non-
stomatal loss continues through the night. During the transition from the nocturnal to daytime boundary layer
(∼8–10 LT), mixing is increased and more O3 enters the canopy than is removed—leading to net accumulation.
This night‐to‐day vertical mixing transition was previously observed during FluCS to affect 232‐MBO (Ver-
meuel, Millet, et al., 2023), which likewise had a small but nonzero storage term.

The O3 flux breakdown derived above on the basis of MLC is very similar if we instead employ MLC/GC (Figure
S12 in Supporting Information S1). Differences arise from the use of GEOS‐FP rather than observed RH, PPFD
and u* values, which leads to slight changes in the mean stomatal fraction (35% inMLC/GC vs. 34% inMLC) and
increases the importance of ground uptake in the case of FluCS (70% of nonstomatal loss in MLC/GC vs. 60% in
MLC). The in‐canopy chemistry contribution decreases when using MLC/GC (to ≤3%) primarily because the
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relevant VOC emission factors are underestimated in GEOS‐Chem. Nevertheless, the overall vd(O3) magnitudes,
the underlying process contributions, and their relative importance are highly consistent between the observa-
tionally constrained best estimates provided by MLC and the GEOS‐FP constrained values from MLC/GC—
supporting the use of MLC/GC in a fully online implementation for north temperate forest ecosystems. Since the
field data sets analyzed here are geographically limited, further MLC/GC evaluation across other ecosystems
would help in assessing its broader suitability in this regard.

3.6. A Resolved‐Canopy Implementation With Updated Dry Deposition Parameterizations Greatly
Improves Estimates of Phytotoxicity

The improved process representation of O3 deposition provided by MLC/GC enables more accurate CTM pre-
dictions of ecological O3 impacts. The cumulative stomatal uptake of O3 (CUO; mmol m

− 2) (Karlsson
et al., 2004) is the leading physiological metric for plant O3 damage and is used in global Earth system models to
forecast the resulting effects on carbon and water cycling (Arnold et al., 2018; Clifton et al., 2020; Lombardozzi
et al., 2015). Effective doses for adverse O3 effects on vegetation are derived from CUO calculations that sum
stomatal fluxes above a detoxification threshold Y in nmol (m2 PLA)− 1 s− 1, where PLA is the one‐sided projected
leaf area to obtain a phytotoxic ozone dose (PODY) over a growing season of n days. A Y value of 1 nmol (m2

PLA)− 1 s− 1 is commonly employed for forest trees (Anav et al., 2016; Eghdami et al., 2022; Finco et al., 2017;
Marzuoli et al., 2018; Mills et al., 2011; Neirynck et al., 2012), so that:

POD1 = 106∫
t=n

t=0
max (

F(O3)stomatal
LAI

− 1
nmol

(m2 PLA)(s)
, 0) dt (7)

POD1 is then used in response functions to predict relative biomass yields (RY) for crops, forest trees, and other
vegetation (Mills et al., 2011). In the calculation above, we divide F(O3)stomatal by LAI to obtain fluxes per leaf
area rather than per ground area.

Figure 6 compares the time‐varying POD1 values derived for our four field studies via Penman‐Monteith (PM)
inversion (Monteith, 1965; Shuttleworth et al., 1984; Supporting Information S3) and via the MLC, MLC/GC,
and GC simulations. We also compute a cumulative growing‐season POD1,season value for each site by extending
a linear fit of POD1 versus time (r

2 ≥ 0.97) through a nominal growing‐season length of 153 days (15 April to 15
September). Although changing leaf phenology means that these fits may not perfectly capture the early and late
growing season outside of our measurement period, we expect the relative differences between the above esti-
mates to be robust. We employ the resulting POD1,season values to then obtain simplified seasonal RY estimates
for deciduous (as beech or birch) and coniferous (as Norway spruce) trees (Mills et al., 2011).

We see in Figure 6 that the MLC POD1,season values range from 4.8 to 10 mmol (m
2 PLA)− 1 across our sites in

good agreement with the observationally based PM estimates. These values fall near the low end of published
estimates derived from flux observations over multiple temperate forests in different years (7.1–22 mmol (m2

PLA)− 1) (Gerosa et al., 2022; Neirynck et al., 2012), reflecting the lower daytime [O3]surface values at our sites
(23–50 vs. 45–70 ppb). Meanwhile, the GC big‐leaf treatment strongly overestimates ozone damage across the
ecosystems examined here—with POD1,season overpredicted by up to 6.9× and RY reductions overestimated by
up to 1.5× relative to both PM andMLC. TheMLC/GC values also exhibit some high bias due to their reliance on
GC [O3]surface (which is overestimated), but the MLC/GC POD1,season predictions are nevertheless 2.6× lower
than GC and in better agreement with the PM‐derived POD estimates due to the more physical representation of
gs, gns, and canopy structure.

Here, the relatively short observational data sets analyzed prevent any assessment of interannual variability.
Regional stomatal uptake of O3 can vary significantly through time with one study finding POD1 changes of up to
2.1× between years at a single site (Gerosa et al., 2022), and another study reporting high CUO variability (CVs
exceeding 20%) across different global regions throughout the 2010s (Clifton et al., 2020). This interannual
variability may arise from climactic and ecological factors (e.g., light, rainfall, phenology) that influence CO2
assimilation (Baldocchi et al., 2018) along with less‐studied mechanisms including the impact of O3 damage on
the assimilation:transpiration ratio. Additional studies leveraging long term O3 flux data sets (e.g., Clifton
et al., 2017; Fares et al., 2010; Visser et al., 2021) are needed to explore such mechanisms and to extend the
analyses here to longer timeframes.
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4. Conclusions
Current CTM deposition schemes provide an overly simplistic representation of surface‐atmosphere exchange,
limiting our ability to predict O3 uptake and near‐surface concentrations. Here, we showed that a vertically
resolved canopy that considers turbulence, dry deposition, and chemistry within canopy layers, implemented with
more physiologically appropriate dry deposition parameterizations, enables more accurate O3 deposition esti-
mates across three north temperate forests. We find that GEOS‐Chem (GC) O3 flux and vd(O3) estimates are
consistently higher than those calculated from the MLC‐CHEM (MLC) vertical canopy model, and the GC O3
fluxes are also up to 2× higher than the observed values. The O3 flux bias in GC arises from overestimates in both
[O3]surface and vd(O3) with the latter up to 1.5× larger than observed. The MLC runs largely reproduce the
observed vd(O3) diel profiles, particularly during daytime, validating the MLC‐CHEM representation of non-
stomatal removal mechanisms and the A‐gs model for representing stomatal loss. One exception occurred during

Figure 6. Phytotoxic ozone dose above a threshold of 1 nmol (m2 PLA)− 1 s− 1 (POD1) for four field studies. Results plotted are computed based on Penman‐Monteith
(PM) inversion (black) or from the MLC (gold), MLC/GC (blue), and GEOS‐Chem (red) simulations. Listed inset are the POD1 values scaled to the growing season
(POD1,season) and the relative yields (RY) for deciduous and coniferous biomass.
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FluCS, where vd(O3) was overestimated at night, pointing to a need for improved representation of fwet and of
reactive O3 uptake to wet needle leaves and ground surfaces.

Incorporating the MLC resolved canopy within GC (MLC/GC) yields O3 flux and vd(O3) predictions that sub-
stantially outperform those from GC alone, thus offering a potential pathway to improved simulation of near‐
surface [O3]. Day‐to‐day variability in the observed O3 fluxes and vd(O3) values was most associated with
VPD, RH, and solar radiation, and we were able to capture half or more of this variability withMLC andMLC/GC
—albeit with a stronger parameterized dependence on these meteorological drivers than was observed. By
contrast, O3 deposition variability in GC was primarily driven by u* and LAI. The MLC and MLC/GC [O3]canopy
predictions provide a better representation of ground‐level O3 than is possible with GC due to their treatment of
vertical exchange between the surface and canopy layers and more realistic dry deposition parameterizations.
Remaining biases in MLC/GC arise mainly from uncertainties in the GEOS‐FP meteorological fields—in
particular for RH and solar radiation, which control predictions of nonstomatal uptake on wet surfaces and
stomatal loss.

Fluxes from all four field studies were dominated by nonstomatal dry deposition (averaging 60% of the total). In‐
canopy chemistry was a small fraction of the MLC/GC deposition (≤7% for 24‐hr mean) consistent with findings
from other canopy‐model studies, whereas air storage was negligible when averaged over the day. We showed
that phytotoxicity arising from stomatal O3 uptake (calculated as POD1) is overpredicted by as much as∼7×when
using CTM deposition schemes, which translates to a 1.5× overestimate of biomass yield reductions for forest
trees. Our analyses are based on 35 days (at most) of data and do not assess how well MLC/GC captures patterns
and drivers of interannual variability; prior work has shown that these are not well‐resolved by current CTMs
(Wong et al., 2022). One recent multiyear comparison found that summertime interannual variability in O3 fluxes
was well‐represented by MLC‐CHEM relative to other schemes (Clifton et al., 2023), lending support to a CTM
implementation for long‐term analyses.

This work motivates the incorporation of a vertically resolved canopy and up‐to‐date dry deposition parame-
terizations within CTMs to improve predictions of atmospheric O3 and its impacts on terrestrial ecosystems.
Some issues should be addressed prior to a global implementation. In particular, our study is based on obser-
vations over three midlatitude forests, and assessment over a wider range of ecosystems is needed. An additional
consideration is the tradeoff between added model complexity and model speed. However, MLC‐CHEM has been
previously applied online in a chemistry‐climate model for simulating in‐canopy transport and chemistry
(Ganzeveld et al., 2002a, 2010), and we estimate that an online implementation in GEOS‐Chem using two canopy
layers would increase model runtimes by just ∼5%. In addition to O3, a fully online global framework of this type
would improve model representation of surface‐atmosphere exchange for other soluble and reactive compounds.
This includes oxygenated VOCs that represent the majority of the reactive carbon pool (Chen et al., 2019;
Safieddine et al., 2017) and influence secondary organic aerosol formation (Hallquist et al., 2009; Jimenez
et al., 2009) and very reactive VOCs such as SQT that have chemical lifetimes on the order of canopy turbulent
timescales and can affect in‐canopy oxidation.

Data Availability Statement
Observational data, GEOS‐Chem input files, and MLC‐CHEM code for the MLC and MLC/GC runs presented
here can be accessed at the Data Repository for the University of Minnesota (Vermeuel et al., 2024) The model
code for GEOS‐Chem v13.3 can be accessed at a publicly available repository (The International GEOS‐Chem
User Community, 2021).
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